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— Preface —

Substance abuse by pregnant women is accompanied by passage of these agents to
the fetus through the placenta, and to the infant by way of the breast milk. The
repercussions of such exposure on biological development may be manifested as either
dramatic or subtle changes. Major alterations, such as gross malformations—more
properly the subject matter of classical teratology—are readily understood and appro-
priate public warnings can be issued. When alterations are more subtle and not easily
categorized, yet of extraordinary importance to the well-being of the individual,
consensus is less likely and the formulation of public policy becomes more difficult.
Sometimes adverse influences in the embryonic and/or fetal periods may be short-term
but have vital significance, such as increasing the chance of birth trauma or Sudden
Infant Death Syndrome. In other cases, exposure to abused substances during gesta-
tion could leave an imprint that extends to, or first appears in, adulthood. The
nervous system is particularly at risk for problems because its period of morphogenesis
and functional organization extends through both prenatal and postnatal phases.
Nervous system development is a complex product of gene expression, specification of
cell replication and differentiation, migration, synaptogenesis, choice of neurotrans-
mitter and receptor populations, and patterning of synaptic performance. Although
this plasticity is the reason that learning and adaptability are present throughout
development, the same sequences of temporal and spatial organization contribute to a
lengthy window of vulnerability to external influences such as drug exposure.

Many legal and illegal substances in our society are of special importance in our
understanding the etiology and pathogenesis of congenital malformations, a leading
cause of death for infants under the age of one year. Of course, this is without
reference to the number of infants, children, and adults who suffer functional prob-
lems not classified as “congenital malformations,” which therefore go unregistered.
Although the magnitude of maternal substance abuse is difficult to determine, esti-
mates range as high as affecting 10% of all children born in the United States. The
impact on health care and society can be illustrated for maternal consumption of just
one class of compounds, potent opioids, such as heroin and methadone. Approx-
imately 6000 to 9000 opioid-exposed infants are born each year in the United States,
exceeding the number of individuals born with Down Syndrome or that develop
childhood cancer. In the past four decades, over 300,000 individuals, or more than 1
in 1000 Americans, have been exposed to opioids prenatally. In the wake of the more
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recent epidemic of cocaine use in the United States, 10,000 to 100,000 of all live
births annually are thought to be associated with maternal consumption of this drug.
The impact of maternal substance abuse on human development is typically exacer-
bated by habitual or casual multiple-drug abuse, by paternal drug consumption, and by
the co-abuse of legal substances, such as tobacco or alcohol. If, indeed, maternal
substance consumption leads to modifications of the developing nervous system, then
economic and educational priorities will require considerable adjustment for indi-
viduals who, tragically, begin life with physical, behavioral, learning, and social
disabilities.

The mechanisms of drug action on the fetal and infant nervous system are there-
fore of considerable interest. A major aim of this book is to place basic science and
clinical observations into perspective in order to formulate future scientific inquiries
and public policies. A number of themes are maintained throughout the book. First,
recent evidence indicates that many abused substances act directly or indirectly to
mimic or influence the actions of natural neurotrophic factors, including neurotrans-
mitter-like substances and their receptors. Second, it appears that there is transient
genetic expression of peptides, classical neurotransmitters, and receptors during devel-
opment, and that disturbance of this timetable by drugs can have a profound effect on
neurobiological organization and function. Third, many of the studies reported here
confirm the importance of animal models and tissue culture paradigms in our under-
standing of the etiology and consequences of nervous system damage resulting from
maternal substance abuse. Such experimental approaches may aid in the design of
means to ameliorate adverse actions of these drugs.

In designing this book, we have asked major figures in each field to review the
literature, apprise the audience of their own latest findings, and provide a perspective
on maternal substance abuse and the developing nervous system. Wherever possible,
we have tried to pair basic and clinical presentations so as to indicate how observa-
tions in human populations parallel results from basic research. In some instances,
chapters on the same substance may present different viewpoints or focus on related
elements that may ordinarily be absent from single presentations. The book is
intended to summarize not only where we have been, but also to map directions for
future research efforts, with the ultimate goal of preventing or treating the effects of
maternal substance abuse early in development. Given the broad scope of the prob-
lem, it is our expectation that the information provided by these experts will be of
interest not only to clinical and basic researchers in the field of maternal substance
abuse, but also to individuals in psychology, social work, cellular and molecular
biology, embryology, neuroscience, pharmacology, and in clinical professions such as
pediatrics, neonatology, and obstetrics. Public interest mandates that maternal sub-

stance abuse and its ramifications for science and society be considered by those in all
of these fields.

lan S. Zagon
Theodore A. Slotkin
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Introduction
b O

Duane Alexander

National Institute of Child Health
and Human Development
Bethesda, Maryland 20892

Picture for a moment, if you will, the profile of the woman with the maximum chance
of having an adverse pregnancy outcome. First, she is likely to be in her middle or late
teens and probably has not finished high school. Her pregnancy is probably un-
planned and unwanted, and the father may be unknown. She is likely to be unem-
ployed, in the lowest socioeconomic group, and may be homeless. She is probably
from a minority group, is poorly nourished, and is likely to have received little or no
prenatal care. She is likely to have one or more sexually transmitted diseases. In
addition to this scenario, she may smoke tobacco and abuse alcohol. And in recent
years, added to this profile has been drug abuse—opioids, marijuana, and most re-
cently, cocaine.

All these factors individually portend problems for the infant, but among all of
them, the one that correlates highest with immediate adverse outcome is cocaine
abuse, with a fourfold higher risk of low birth weight and its attendant problems.
Longer-term adverse effects have been more difficult to determine and associate with
drug abuse or any one of these factors, because the most common profile seen in the
substance-abusing pregnant woman combines many of the above, making correlation
of adverse outcome with one factor alone virtually impossible. Further, this profile is
increasing in frequency and, in the inner city, is threatening to overwhelm maternity
and infant health care systems; the attendant social crisis has already begun to reverse
the downward trend in infant mortality.

Indicating the extent to which the problem of drug abuse is being added to already
problematic pregnancies, surveys in major cities reveal that in some hospirals 40 to
50% of women delivering test positive for drugs, usually cocaine. But the problem is
not confined there—surveys in general obstetric practices have indicated that approx-
imately 10% of pregnant women are using some illicit drug, again, usually cocaine.
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Based on these surveys, an estimated 375,000 infants of the nearly 4,000,000 births
each year in the United States have been exposed to illicit drugs prenatally.

The concerns about opioids and cocaine come in addition to relatively recent
discoveries about the adverse effects of tobacco and alcohol on the fetus during
pregnancy. Tobacco clearly reduces birth weight in a dose-related manner, to such an
extent that of all the things we know that will lower the incidence of low birth weight,
stopping smoking in pregnancy would have the greatest impact. Less is known about
the long-term effect of nicotine on brain development, but the immediate adverse
effect on pregnancy outcome is sufficient to have induced legislative requirements for
warning labels on cigarette packs.

By contrast, alcohol use during pregnancy seems to have little effect on immediate
pregnancy outcome, but has devastating consequences for the physical and mental
development of the fetus. The physical anomalies and mental retardation composing
the fetal alcohol syndrome and the milder fetal alcohol effect have been known since
the 1970s and, as its extent has become clearer, it has become evident that fetal
alcohol syndrome is currently the leading known preventable cause of mental retarda-
tion, with an incidence of more than 1% in some population groups. Still being
determined is the extent of alcohol-induced adverse central nervous system effects
short of mental retardation and the timing and dose of alcohol required to produce
these effects. Nonetheless, as with tobacco, legislatively mandated warnings about
adverse effects of alcohol use during pregnancy now appear on alcoholic beverage
containers.

The cocaine epidemic has brought a double threat in pregnancy. Like tobacco,
but even stronger, cocaine clearly has an immediate adverse effect by reducing birth
weight and triggering premature labor. And like alcohol, but weaker, it seems to have
adverse long-term effects on brain function, and may produce some physical anoma-
lies, although evidence of anomalies is inconsistent and so far unsubstantiated. These
effects are still being determined and evaluated, in part because enough time has not
elapsed to assess longer-term subtle effects, and in part because the subtle effects occur
amid a constellation of adverse social circumstances that make it difficult to dis-
tinguish the possible effects of the environment in which the child is raised from the
effects of prenatal cocaine exposure. Conducting these studies is further complicated
by the fact that drug use, unlike alcohol or tobacco use, is illegal, and obtaining
information on which of many drugs is used at what time and in what amount during
pregnancy is extremely difficult. The barriers to conducting definitive studies of drug
use during pregnancy, and possible ways to resolve the attendant problems, have been
well described in a recent report to Congress from the National Institute of Child
Health and Human Development (NICHD, 1991).

The studies presented in the book describe our current state of knowledge of the
effects of maternal substance abuse during pregnancy on the developing nervous sys-
tem of the fetus. From both animal and human studies, they document what is known
and what remains to be learned. Clearly we already know enough to justify even
stronger efforts to curtail the use of tobacco, alcohol, and illicit drugs during pregnan-
cy. It is equally clear that we have no effective means of inducing the necessary
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behavioral changes. It is important that we continue to expand our knowledge in this
area, and that studies of the effects of maternal substance abuse on the developing
central nervous system continue to receive support from federal agencies, such as the
National Institute on Drug Abuse and the National Institute of Child Health and
Human Development, as well as from nonfederal sources.

REFERENCE

National Institute of Child Health and Human Development. (1991). “Effects of Drug Exposure In Utero.”
Report to Congress. Bethesda, MD.
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Fetal Alcohol Syndrome and Fetal Alcohol
Effects: A Clinical Perspective of Later
Developmental Consequences

by B

Ann Pytkowicz Streissguth

Fetal Alcohol and Drug Unit
Department of Psychiatry and Behavioral Sciences
University of Washington
Seattle, Washington

INTRODUCTION

Alcohol is now well recognized as a teratogenic drug: prenatal exposure can cause
death to the embryo and fetus, growth deficiency, malformations, and central nervous
system aberrations that can last a lifetime. Whereas definitive documentation of the
etiology and mechanisms comes from the experimental animal literature (see Goodlett
and West, Chapter 4), the clinical literature is important in understanding the signifi-
cant impact of this most widely used teratogen on our children. The epidemiologic
literature is relevant for establishing public policy and guiding programs of prevention
for this most preventable cause of mental retardation and developmental disability,
and understanding the clinical phenomena of fetal alcohol syndrome (FAS) and fetal
alcohol effects (FAE) is essential for developing appropriate treatment and interven-
tion programs for affected children so that they can lead as productive and fulfilling
lives as possible. There has been a shocking paucity of such research in the United
States in the past 18 years since FAS was identified.

Fetal alcohol syndrome is generally recognized as the leading known cause of
mental retardation (Abel and Sokol, 1987), surpassing Down’s syndrome and spina
bifida. (Most mental retardation cannot be attributed to a specific etiology.) Precise
figures on FAS are difficult to obtain, however, and it seems likely that most attempts
at estimating prevalence [including those most recently proposed by Abel and Sokol
(1991)] are underestimates owing to difficulties with ascertainment and identification,
confusion over diagnostic criteria, and problems in making interpretations based on
literature surveys, including studies of variable validity. FAS is a clinical diagnosis (see
below). The term FAS does not include all individuals affected by alcohol in utero, but

Maternal Substance Abuse and the Developing Nervous System
Copyright © 1992 by Academic Press, Inc. All rights of reproduction in any form reserved. 5
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rather it represents one specific and identifiable end of the continuum of disabilities
caused by maternal alcohol use during pregnancy.

The clinical features of FAS were independently identified in France (Lemoine et
al., 1968) and the United States (Jones et al., 1973; Jones and Smith, 1973). Most of
the patients described have been infants or young children, but increasingly maladap-
tive behaviors among adolescents with FAS (Streissguth et al., 1991) make this an
important topic for further study. A systematic examination of all school-age children
with only mild mental retardation (IQ 55 to 70), born in Sweden during a 2-year
period, indicated that 8% were afflicted with alcohol-related disabilities (Hagberg et
al., 1981a,b). A recent report involving ophthalmology examinations of this same
cohort raised the proportion with suspected FAS to 10% [a larger proportion than was
identified by all known genetic disorders (Hagberg et al., 1981a,b; Stromland, 1990)].
Enough is currently known to indicate that FAS is a major health problem. The fact
that precise figures are not available should not dissuade us from recognizing the
urgency of the need for research on the characteristics and special needs of this
underserved population of disabled persons.

FETAL ALCOHOL SYNDROME AND FETAL ALCOHOL EFFECTS:
DIAGNOSTIC ISSUES AND TERMINOLOGY

Fetal alcohol syndrome is diagnosed when patients have a positive history of
maternal alcohol abuse during pregnancy and (1) growth deficiency of prenatal origin
(height and/or weight); (2) a pattern of specific minor anomalies that includes a
characteristic facies (generally defined by short palpebral fissures, midface hypoplasia,
smooth and/or long philtrum, and thin upper lip); and (3) central nervous system
manifestations (including microcephaly or history of delayed development, hyperac-
tivity, attention deficits, learning disabilities, intellectual deficits, or seizures) (Clar-
ren and Smith, 1978; Smith, 1982). Patients exposed to alcohol in utero with some
partial FAS phenotype, and/or central nervous system dysfunction, but without suffi-
cient features for a firm diagnosis of FAS or strong consideration of any alternative
diagnosis, are identified as possible FAE (Clarren and Smith, 1978).

Fetal alcohol syndrome is a specific medical diagnosis usually given by a dys-
morphologist, a geneticist, or a pediatrician with special training in birth defects or
dysmorphology. It is not appropriately diagnosed by checklists or without a full clinical
examination by a specially trained person. Unfortunately, most physicians have not
received special training in syndrome identification, and as dysmorphology is a rather
new field, many persons with FAS go unrecognized. This is a particular problem with
regard to persons who have not been identified before puberty, as the facial features are
less distinctive in adolescence and adulthood. The optimal age for making the diag-
nosis is between 8 months and 8 years, although the most severely affected children
can be identified at birth by a skilled diagnostician. Diagnosis in the adolescent and
adult is facilitated by photographs from infancy and childhood.

Fetal alcohol effects is a term used in two different ways. In the clinical sense,
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possible or probable FAE refers to individual children given a clinical examination
who were known to be born to an alcohol-abusing mother and who have some, but
not all, of the characteristics necessary for a diagnosis of the full FAS. Partial syndrome
expression is not uncommon in syndromology. The words possible or probable precede
the term FAE as an expression of uncertainty that the observed characteristics (in the
absence of the full syndrome) are all attributable to alcohol. From the standpoint of
understanding the patient’s needs, the distinction may be irrelevant. Clearly for re-
search purposes and for making prognostications for the individual patient, the criteria
used for making the diagnosis are extremely important.

Fetal alcohol effects is also a generic term used for all the “effects” or outcomes
known from epidemiologic studies to be caused by alcohol (low birth weight is an
example). Whereas it is clear from group studies that low birth weight is an effect
associated with maternal alcohol abuse during pregnancy, it is not possible to say with
any degree of certainty that low birth weight in an individual child is indeed caused by
alcohol. There are, of course, many causes of low birth weight, of which prenatal
alcohol exposure is only one.

Considerable confusion exists in the medical literature regarding the use of the
terms FAS and FAE. It is unclear what the relationship of these clinical findings is to
studies that attempt to designate children as FAS or FAE based on checklist criteria, in
the absence of a full clinical examination by a qualified diagnostician. In our own
experience, anomalies tallies by highly trained technicians have not correlated well
with the clinical diagnosis of FAS as determined by an experienced diagnostician
{unpublished data from the Seattle Longitudinal Study on Alcohol and Pregnancy
(1974-1987); see also Clarren et al., 1987). We would not necessarily expect the
findings from long-term studies of clinically diagnosed patients to be congruent with
the findings from studies attempting to identify newborns based on anomalies tallies,
particularly in view of the well-documented differences in minor anomalies among
different racial groups, which are seldom discussed in the studies identifying patients
with anomalies tallies.

In our opinion, the European clinicians diagnosing FAS identify children quite
similar to those identified by dysmorphologists in the United States (e.g., Lemoine et
al., 1968, and Dehaene et al., 1977a,b, in France; Majewski and Majewski, 1988,
Spohr and Steinhausen, 1987, and Léser and Ilse, 1991, in Germany; Olegard and
colleagues, 1984, in Sweden; and Gairi, 1990, in Spain). However, direct extrapola-
tion to U.S. statistics is difficult because European clinicians often use a classification
system, involving light, moderate, and severe categories of FAS which do not trans-
late easily to the nomenclature used in the United States.

For the purposes of this chapter, the terms FAS and FAE will refer to children
whose diagnoses have been established by clinical examination by persons qualified to
make this diagnosis. Most of these patients were referred for clinical examinations,
unless otherwise specified. This chapter will focus on later development, meaning
school-age children, adolescents, and adults. Studies on the early developmental
effects of alcohol (infancy or preschool ages) have been reviewed earlier (Streissguth,
1986). This chapter will also not review the literature on the broader realm of non-
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behavioral fetal alcohol effects deriving from epidemiologic studies, as these have been
recently reviewed elsewhere (Little and Wendt, 1991; Streissguth et al., in press).

CLINICAL STUDIES OF FETAL ALCOHOL SYNDROME, FETAL
ALCOHOL EFFECTS, AND CHILDREN OF ALCOHOLIC MOTHERS

Hundreds of clinical reports on individual children with FAS have appeared in
the medical literature. However, only a few clinicians, mostly from Europe, have
reported clinical findings on groups of school-age children with FAS/FAE or children
of alcoholic mothers.

Majewski and Majewski (1988) reported on 175 children of varying ages (includ-
ing about 50 aged 6 to 15 years) with alcohol embryopathy (AE) ranging from mild to
severe. Parients continued to be growth deficient for age (height, weight, and head
circumference), but were somewhat less deficient in terms of standard deviations at
older ages of childhood. In a subset of 18 who were not severely mentally retarded and
who received intellectual assessment, severity of symptoms corresponded to severity of
mental handicaps. This confirmed earlier work by Streissguth et al. (1978a). In their
full sample, 83% were described as mentally retarded, 81% were microcephalic, 72%
were hyperactive, and 54% had muscular hypotonia. Majewski also noted that among
24 siblings, the younger ones were more likely to be impaired than the older ones,
confirming earlier work by Dehaene et al. (1981) and Olegard et al. (1984). Majewski
concluded that the two precipitating factors for AE are heavy exposure and chronic
maternal alcoholism. The most severely affected children were born to mothers with
the most severe physical manifestations of alcoholism. In unpublished electroen-
cephalogram (EEG) studies conducted with Spohr, one fourth of 61 patients with
various degrees of AE had anomalous EEG patterns, including pathologic dys-
thythmias or hypersynchronic potentials (Majewski, 1984).

Feral alcohol syndrome studies from Berlin have been reported by Spohr and
Steinhausen. A recent paper from this group (Spohr and Steinhausen, 1987) describes
a 3- to 4-year reevaluation of a sample of 54 patients of varying ages, with a mean age
of around 8 years. They concluded that the dysmorphic signs became less apparent
with increasing age, that their neurologic performance improved, that the EEG pat-
terns were less pathologic, and that they showed an improvement in psychiatric status
and cognitive functions. However, these data are difficult to interpret, as many of the
earlier problems they cite (eating problems, for example) would be expected to show
some amelioration with increased age. Furthermore, they used a psychiatric rating
scale developed for preschool children, and only small subsets of the overall were
available for each test. The IQ data are also difficult to interpret, and seem to be
associated with improvement in only four children. The most compelling finding from
the Berlin study was the severity of the educational difficulties of the full group of 54
patients on follow-up (see Table 1). Only 17% of the 35 children older than 7 years
were able to attend normal schools. The most handicapping conditions they had were
hyperactivity and distractibility. Of the entire sample of 54, 70% were described as
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TABLE 1 Educational Status of 35
Patients with FAS/FAE, 7 Years

or Older in Germany*

Normal school 17%
Educationally subnormal schools 51%
Training centers 20%
Too subnormal for training 11%
Hyperactiveb 70%

aFrom data reported by Spohr and Steinhausen (1987).
bThe hyperactivity data is from a larger group of 54
patients.

hyperactive on follow-up. Spohr and Steinhausen also reported that the most severely
affected patients had the poorest educational status, and that changes in 1Q) and
psychopathology were not associated with age, sex, morphology, environment, or
treatment.

Aronson (1984) presented a detailed account of 99 children who constituted the
living oftspring of 30 alcoholic mothers in Goteborg, Sweden (see Table 2). Evaluated
at an average age of 14 years, one half of the children had borderline or retarded
mental development (a much higher proportion of deficit than the 15% who had low
birth weight or the 10% with malformations). Furthermore, 49% had neuropsycholo-
gical symptoms (defined as the presence of at least three of the following: hyperac-
tivity, impulsiveness, distractibility, temper tantrums, short memory span, difficulties
with concentration, perseveration, and perceptual difficulties). The children had sig-
nificantly lower mental abilities than their mothers, and rearing environment was not
related to mental abilities in the children (Olegard et al., 1984). Rearing environment
was, on the other hand, related to psychosocial problems in the offspring (Aronson et
al., 1984).

These Swedish studies are particularly interesting in terms of an early Russian

TABLE 2 Outcome in 99 Living
Children of 30 Alcoholic Mothers
Examined at Mean Age

14 Years in Sweden®

Low birth weight 15%
Malformations 10%
Borderline mental retardation 50%
Neuropsychological symptomsb 49%

aFrom data reported by Aronson et al. (1984).

bAr least three of the following in an individual child:
hyperactivity, distractibility, short memory span, im-
pulsivity, temper tantrums, perseveration, perceptual
difficulties.



10 Ann Pytkowicz Streissguth

study by Shruygin in 1974, which compared children who were born before and after
their mothers became alcoholic. Those born before the mothers’ alcoholism displayed
disorders that were primarily vegetative, emotional, and behavioral with symptom
onset at 9 to 10 years and symptom remission with improved social circumstances.
Many of the children born after full-fledged maternal alcoholism had profound impair-
ments of the CNS (central nervous system) that were manifest early in infancy. Of
these latter, 14 of 23 were mentally retarded.

Seattle clinicians have published a series of clinical reports on children with
FAS/FAE beginning with Jones, Smith, Ulleland, and Streissguth (1973), in which 11
patients were described, all preschool children or infants (Jones et al., 1973; Jones and
Smith, 1973). In 1978, Streissguth and associates (1978a) expanded this group to 20,
including some early school-age children, and noted a direct relationship between the
severity of dysmorphology and lowered IQ. They also noted the very broad range of IQQ
scores associated with FAS (from severely retarded to normal), even in this small
sample.

In a second paper in 1978, Streissguth and colleagues (1978b) reported on IQQ data
obtained 1 to 3 years after the initial evaluation and included the first two adults
reported with FAS, showing IQ scores across their life span. Other clinical reports of
older patients with FAS (e.g., losub et al., 1981) have subsequently appeared. Where-
as the mean IQ for the group remained the same across time, large individual dif-
ferences were observed: two children had IQ scores that increased by at least two
standard deviations (30 IQ points), while two others had IQQ scores that decreased by
the same amount. Age appeared to be a relevant variable, with the greatest increase in
IQQ scores occurring for children moving between the preschool and school-age years.
A more recent test—retest study of IQQ in patients with FAS also shows fairly stable
scores in adolescence, with a small number of patients showing either increased or
decreased IQQ over time (Streissguth et al., 1991).

In 1985, Streissguth, Clarren, and Jones reported a 10-year follow-up study of the
first 11 children diagnosed with FAS in 1973. Of the 8 reexamined, 4 were clearly
mentally retarded and in need of sheltered environments; the other 4 had IQ scores in
the borderline retarded range, and were attending regular classes with remedial help.
The latter 4 were in the least stable living situations. Figure 1 presents data on these 8
children, plotted in terms of standard deviations from the mean for height, weight,
head circumference, and IQ. Although there was considerable individual variation,
most children remained quite stable over time for height, head circumference, and IQ.

FIGURE 1  Growth and IQ curves by age in 11 children originally diagnosed with FAS in 1973. Records
taken at five ages are plotted when available. (A) height; (B) weight; (C) head circumference; (D) IQ. IQ
scores are derived from individual age-appropriate tests of general intelligence and mental development,
including the Wechsler Intelligence Scale for Children—Revised, the Wechsler Preschool and Primary Scale
of Intelligence, the Stanford—Binet Intelligence Scale, form L-M, and the Bayley Scales of Mental Develop-
ment. The Stanford—Binet scores originally reported in 1973 were revised in 1985 according to norms
published since 1973. The first IQ point for patient 11 is circled because it was estimated from the Vineland

Social Maturity Scale and clinical observation. Reprinted by permission from Lancet, Streissguth, Clarren,
and Jones (1985).
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Weight showed a consistent trend toward greater normalcy with increasing age, partic-
ularly in pubescent girls. A general coarsening of facial features associated with puber-
ty (particularly increased growth of the nose and chin) made the facial features less
distinctive than in the infant and the young child. As many dysmorphology syndromes
become less discernible with increasing age, this was not interpreted as an ameliora-
tion of the syndrome, but rather as a normal process in syndrome identification. In
this small clinical study there was the suggestion that psychosocial problems were
already increasing with the onset of adolescence, particularly in those children with
near-normal intelligence.

The first major report on adolescents and adults with FAS was published by
Streissguth et al. {1991a) on 61 patients from two northwestern cities and from four
southwestern Indian reservations, where systematic FAS screening systems had been
previously carried out. The patients were systematically examined on a large battery of
psychological tests; 47% lived on reservations; 74% were American Indians; 70% had
an FAS diagnosis; the rest were classified as FAE. {The small number of patients with
FAE represented a constraint of the study design and should not be interpreted as a
true proportion.) These patients ranged in age from 12 to 40 years, with the mean age
around 17 years.

One important finding was that the physical features of FAS are less distinctive
after puberty (see Fig. 2). The faces of the patients were not so characteristic as they
had been in childhood. Growth deficiency for weight was not so remarkable as in
infancy and childhood, although the majority remained short and had microcephaly.
Whereas the weight—height proportion (weight for height age) of the younger patients
with FAS ranged from 1% to 15% (Streissguth et al., 1985), in this older sample the
weight—height proportion ranged from 3% {(very thin) to 90% (very heavy). These
findings help explain why the initial identification of persons with FAS is difficult in
adolescence and adulthood. It also emphasizes the importance of early identification.

Intellectual development was extremely varied, with some patients being very
mentally retarded and others having normal intelligence (see Fig. 3). The average
intellectual level for the patients with FAS was in the mildly retarded range. Almost
half of them, however, had an IQ of 70 or greater, so would not be technically
classified as mentally retarded. This has important implications for obtaining commu-
nity services, as many persons with FAS are not automatically eligible for programs
designed for the mentally retarded. Although the average academic functioning of
these patients was at the second to fourth grade level, some did read and spell at a fifth
grade level or beyond. In general, arithmetic skills were the most deficient academic
area, probably representing difficulty with abstract thought.

Unlike previous studies of younger children with FAS, which have dealt primarily
with IQQ and achievement scores, this study carried out systematic evaluations of the
patients’ level of adaptive functioning. Despite an average chronologic age of 17 years,
these patients had only a 7-year level of adaptive functioning on the Vineland Adapt-
ive Behavior Scale. Of the three domains making up this adaptive behavior score,
they performed best on daily living skills (at an average 9-year level) and most poorly
on socialization skills (at approximately the 6-year level). Although one or two pa-
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FIGURE 2  Patients with FAS photographed across the life span. (A) Severely retarded American Indian
adolescent, diagnosed FAS at birth, and photographed as a neonate, and at ages 5, 10, and 14 years. He has
been growth deficient and microcephalic throughout life. With increasing age, there is a considerable
relative growth of the nose resulting in a high, wide nasal bridge. Note persistence of smooth philtrum. This
patient was originally described in Jones and Smith (1973). (B) Adolescent gir! diagnosed FAS at birth, with
later intellectual functioning in the borderline range. Photographed at birth, 9 months, 5, and 14 years.
While gradual maturation of facial features is taking place, note persisting small palpebral fissures, relatively
long, smooth philtrum, and narrow upper vermilion. (C) Adult white woman, diagnosed FAS at 4 years of
age; 1Q 85-90; photographed here at 9, 13, and 19 years. Facial manifestations of FAS have evolved, in this
patient, into a fairly normal facial phenotype by adult life, illustrating the value of a photographic record in
the assessment of adults with FAS. At 19, her head circumference was below the first centile, height was
below the fifth centile, and weight was around the tenth centile. Photographs in Fig. 2 reprinted by
permission from J.A.M.A.: Streissguth et al. (1991a).
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FIGURE 3  IQ scores in patients with FAS/FAE. Frequency distribution of IQ scores from the Wechsler
Adult Intelligence Scale—Revised and the Wechsler Intelligence Scale for Children—Revised, whichever
was age appropriate. Mean chronological age was 18 years. The bell-shaped curve represents the normal
distribution. Solid bars indicate fetal alcohol syndrome (n = 38; mean IQ, 66); open bars, fetal alcohol
effects (n = 14; mean IQ, 73). Reprinted by permission from J.A.M.A., Streissguth et al. (1991a).

tients had age-appropriate daily living skills, none was age-appropriate in terms of
socialization or communications skills. These patients with FAS/FAE, who were not
technically retarded, had failed to accomplish specific types of adaptive behaviors
characteristic of adolescents, such as failure to consider consequences of action, lack
of appropriate initiative, unresponsiveness to subtle social cues, and lack of reciprocal
friendships.

These findings underscore the critical importance of keeping adolescents with
FAS/FAE in the school setting, as they certainly do not have the adaptive living skills
to survive well outside of a structured environment, even when they are not tech-
nically retarded. These findings also point to the necessity of schools’ taking a broad
functional approach to education and the importance of job skills training and work
experience. Of those patients on whom information was available, only 6% were in
vocational programs, 2% were working, and none was entirely independent.

Family environments of these patients with FAS/FAE had been remarkably unsta-
ble. On average, they had lived in five different principal homes in their lifetimes.
Only 9% were with both biologic parents; 3%, with their biologic mothers. For those
for whom accurate data could be obtained, 69% of their biologic mothers were known
to be dead. This statistic demonstrates the severe impact of alcoholism in women.
(They died not only of cirthosis, but also of many other types of alcohol-related
accidents and violence.) This information leads to the conclusion that an early diag-
nosis of FAS in a child is important from the standpoint of both mother and child.
Mothers giving birth to children with FAS are clearly at risk for alcohol-related
disability and premature death. Diagnosis of FAS in the child can not only help the
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child to receive proper services early in life, but can also help the mother come to grips
with her own alcoholism (see Giunta and Streissguth, 1988).

This study led to the conclusion that FAS is not just a childhood disorder. There
is a predictable, long-term progression of the disorder into adulthood, in which mal-
adaptive behaviors present the greatest challenge to management. As we point out in
the article, however, the outcomes that we have documented represent the interactive
influences of biology and environment. Most of these patients were born before
mothers were generally aware that drinking during pregnancy was harmful. Most of
these patients were undiagnosed as infants and young children, or if they were, this
diagnostic information was not carried along with them through life. Thus, most were
raised by caretakers who were unaware of their diagnosis and taught by teachers who
had no knowledge that they had a life-long disability.

It is our hope that with more widespread diagnosis of FAS, and with clearer
understanding of the long-term consequences of FAS, more reasonable and appropri-
ate environmental interventions can be developed, at home, in the school, and in the
broader community. Qut of the realization that a child is disabled with FAS can come
the help and resources for each child to develop to his or her own best potential, in an
environment that is ultimately the most enhancing.

The wide variation in intellectual levels in this group of patients confirms what
we have known since the beginning: namely, that the diagnosis of FAS does not carry
with it any particular guarantees or inevitabilities about IQ or about academic
achievement levels. A diagnosis of FAS does not mean that a person cannot graduate
from high school or even attend college. It does mean that some degree of brain
damage has been sustained and that the manifestations of this will be apparent in the
person’s adaptive behaviors. This chapter further suggests that the more serious man-
ifestations of FAS may well be experienced at that time in life when expectations for
independent functioning are the greatest. It is our hope that, out of this greater
knowledge about the long-term consequences of FAS, can grow better programming,
more widespread help and support for parents and teachers, and more realistic and
helpful expectations for the patients themselves. Unrealistic expectations can lead to
frustration, despair, and hopelessness. Knowledge about a disability should garner
support for the disabled person and hope for a happier, more fulfilling future.

EPIDEMIOLOGIC OR CASE CONTROL STUDIES

Children of Alcoholic Mothers

In 1974, Jones, Smith, Streissguth, and Myrianthopoulos published the first
matched comparison study of 23 children of alcoholic mothers compared to 46
matched controls. Mothers had been identified as alcoholic during pregnancy from a
large national prospective study, and control mothers were matched on socioeconomic
status (SES), age, education, race, parity, marital status, and geographic region of
delivery. At 7 years of age, children of alcoholic mothers had significantly lower IQ
scores (IQ 81 versus 95) and significantly poorer scores on tests of reading, spelling,
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and arithmetic (Streissguth, 1976). Furthermore, 44% of the children of the alcoholic
mothers had borderline to retarded mental deficiency {IQQ 79 or below), compared to
9% of the controls. Comparable decrements in height, weight, and head circum-
ference were also noted.

In 1982, Steinhausen, Nestler, and Spohr published a paper from Berlin in which
a large sample (n = 32 to 68, depending on the tests given) of patients with FAS were
compared to a group of 28 healthy children, matched on age, sex, socioeconomic
status, and foster placement. The most frequent problems were mental retardation,
microcephaly, and growth deficiency as well as a variety of measures of psycho-
pathology, including hyperactivity, eating and sleeping problems, and speech prob-
lems. This was the first study to point out the amount of psychopathology characteriz-
ing young children with FAS.

In 1985, Aronson and colleagues reported a study of 21 children born to alcoholic
mothers in relation to a comparison group matched on birth weight, age, sex, and
residence. On follow-up at an average age of 6 years, children of alcoholic mothers had
significantly lower IQQ than those of controls (IQ 95 versus 112), and significantly
more visual, perceptual, and behavioral problems (see Table 3). The behavioral prob-
lems included hyperactivity, distractibility, and short attention spans. Working with
the same groups of patients, Kyllerman and colleagues (1985) found that the children
of alcoholic mothers failed to show a catch-up growth and had significantly poorer fine
and gross motor development (see Table 3).

In a very important study of an entire Canadian Indian village with a high
alcoholism level, Robinson, Conry, and Conry (1987) examined all children under
the age of 18 years and interviewed all mothers regarding their drinking histories. One

TABLE 3 OQutcomes in Children of Alcoholic Mothers
vs. Controls in Sweden®

Alcoholic mothers Controls

Weight (SD) -1.2 -0.1
Height (SD) -1.1 0.0
Head circumference (SD) -0.8 0.3
Gross motor score (mean) 87 103
Fine motor score {mean) 91 103
IQ (WISC or Griffiths) (mean)? 95 112
Marked visual perceptual problems (>1 47% 0%
year delay)

Behavioral problems (hyperactivity, 62% 0%

distractibility, short attention span)

aFrom data reported by Aronson et al. (1985) and Kyllerman et al. (1985). Controls
matched on birthweight, age, sex, and residence; n = 21 per group, mean age 6
years.

5100 = normal.
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in every 8 children had FAS; two thirds of these children were mentally retarded.
When these children were compared with controls matched on age and sex, the
children with FAS/FAE had significantly lower IQ scores (IQ 68 versus 88) with
almost no overlap between the two groups.

Population-Based Studies of School-Age Children Whose Mothers Used
Alcohol during Pregnancy

In this section, we review studies that address the long-term consequences of
prenatal exposure to lower levels of alcohol. The studies use groups of women whose
self-reports of alcohol use during pregnancy constitute the primary outcome data.
Several longitudinal prospective studies on prenatal alcohol use have been initiated,
but data on school-age children are relatively recent.

The Seattle Longitudinal Prospective Study on Alcohol and Pregnancy used a
cohort of approximately 500 children examined at various ages, whose mothers were
interviewed during pregnancy regarding alcohol use patterns and the use of other
drugs, as well as nutrition and health practices during pregnancy. Statistical analyses
involved multiple regression analyses, which permit simultaneous adjustment for a
variety of potentially confounding variables such as parental education, age, race, as
well as smoking and use of other drugs. In more recent reports, partial least squares
analyses have been used to detect the underlying patterns of relationship in these
extremely multivariate data. The study design, research rationale, procedures, and
early findings have been described previously (Streissguth et al., 1981, 1984, 1986).

As this study was conceptualized as human behavioral teratology research from its
inception, several design features made it particularly strong: (1) The mothers were
generally at low risk for adverse pregnancy outcome. They were primarily white,
married, ar.d middle class, and all in prenatal care by the fifth month of pregnancy. (2)
The study began in 1974, at a time when most women (80 to 81%) drank during or
before pregnancy. As there was no general knowledge that alcohol was bad for the
baby, there appeared to be little denial of drinking. [In fact, test/retest studies for
comparability of reporting over a 1-week interval revealed the same high test/retest
reliability for alcohol as for caffeine (Streissguth et al., 1976)]. There was also little use
of cocaine, heroin, and methadone in this population in 1974 and 1975. (3) The
follow-up sample was selected from a larger screening sample of 1529 to maximize the
number of heavier drinkers and smokers to improve the statistical leverage. (4) The
follow-up sample was stratified for smoking across alcohol groups to improve the ability
to separate the effects of alcohol from those of smoking. (5) The outcome variables
were carefully selected based on hypotheses derived from clinical experience with
patients with FAS. (6) Follow-up of the cohort has been excellent over time, with
approximately 85% of the original sample seen at each follow-up examination and no
systematic loss of heavily exposed subjects.

The study has been described as a study of “social drinkers” because it was
population based and aimed at women who were at low risk for adverse pregnancy
outcome. The study screened all available women at two representative hospitals—
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none as specifically chosen for alcohol treatment or alcohol problems. The alcohol use
of this population was representative of that of ordinary, low-risk women during
pregnancy in 1974; we called it “social” drinking. This terminology is consistent with
current usage employed by the National Institute on Alcohol Abuse and Alcoholism
(1990). Fewer than 1% of the women identified themselves as having problems with
drinking using a standard set of questions used in the 1970s for identifying problem
drinkers. Eighty percent of them drank during pregnancy; 5% drank daily. The drink-
ers reported a median of about one drink per day before they knew they were pregnant
and about one third drink per day at midpregnancy. Of the drinkers, 19% had a binge
pattern of use, i.e., drank five or more drinks on occasion at least once during
pregnancy, and 29% before pregnancy recognition. Only 30% of the group smoked,
and many heavier drinkers did not smoke or take other drugs. [Statistics are from the
mothers of the 482 children examined at 7 years of age with valid IQQ and Wide-Range
Achievement Test (WRAT) tests.] All medications used during pregnancy were also
evaluated, and did not confound the alcohol results.

The primary neurobehavioral outcomes of relevance to this chapter derive from a
large neurobehavioral and attentional battery administered when the children were 7
years old. These papers describe the tasks, statistical analysis, and full findings:
Streissguth et al., 1986; Sampson et al., 1989; Streissguth et al., 1989a,b; Streissguth
et al., 1990; Streissguth et al. (in press).

The neurobehavioral outcomes from this longitudinal study have been reported in
a number of publications, and a monograph on the longitudinal evaluation is under
review. After adjusting for a variety of potentially confounding variables (such as other
ingestants, smoking, nutrition, demographic, and family environment variables), pre-
natal alcohol exposure was related to a variety of cognitive/neurobehavioral outcomes
in 7-year-old children examined under highly standardized laboratory conditions and
evaluated as well by their classroom teachers. Attentional and memory deficits and
slow reaction time, as measured on laboratory tasks, were all related to prenatal
alcohol exposure, as were a cluster of behaviors (distractibility, poor organization and
cooperation, and rigid approach to problem solving) displayed in both the laboratory
situation and the classroom, as measured by both psychometrists and the children’s
individual teachers. Deficits in arithmetic functioning, as well as word recognition,
were also associated with prenatal alcohol exposure, but spelling was not, in this group
of 500 children who had, for the most part, just finished the second grade in school.
Recent work shows continuing alcohol-related deficits in academic performance and
classroom behaviors continuing through 11 years, according to teacher reports and
standardized achievement tests (Carmichael Olson et al., 1990). Physical growth, as
assessed by height and weight, was no longer associated with prenatal alcohol exposure
in this cohort of mild to moderately exposed 7-year-old children, and facial dysmor-
phology was associated with only the highest exposure levels (Clarren et al., 1987).
Thus, as anticipated, neurobehavioral tests revealed the most sensitive and long-
lasting effects of prenatal alcohol exposure in this population-based study of children
of low-risk mothers who had all been receiving prenatal care by midpregnancy.

Two recent papers from the Atlanta Alcohol and Pregnancy studies have provided
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partial replication from a different population of drinking mothers, primarily lower
class black mothers. Follow-up of a small cohort (n = 68) of prenatally identified
children between 5 and 8.5 years (mean 5 years, 10 months) revealed deficits in short-
term memory and encoding, overall mental processing, preacademic skills, and teach-
er rating of “externalizing” behaviors (overactivity, aggressiveness, inattention, and
destructiveness) (Coles et al., 1991; Brown et al., 1991). The women in this pair of
Atlanta studies averaged about 11 drinks per week—outcomes were generally worse
for those who drank throughout pregnancy, but the children of those who stopped
drinking during pregnancy were not without effects. This confirms findings reported
earlier by Aronson and colleagues for heavier drinking mothers.

CONCLUSIONS

1. Patients with FAS continue to manifest developmental disabilities as they
mature. Although patients with this diagnosis span a wide range of intellectual abili-
ties, most identified to date continue to fall within the borderline to mentally retarded
range of abilities in adolescence and adulthood. Those who are more severely affected
with respect to physical growth and malformations tend to be more intellectually
impaired.

2. Physical manifestations of FAS change with physical maturity, but remain
recognizable. Shortness of stature and microcephaly remain important characteristics
in the older patient, but the mature facies is less characteristic of the syndrome than
that in the infant and young child, owing partly to increased growth of the nose and
chin and other changes in the midfacial region.

3. Attentional deficits characterize 75 to 80% of the patients with FAS, contrib-
uting to difficulty with classroom learning during the school years and to major
problems with employment during adolescence and adulthood. Significant problems
with academic skills (particularly arithmetic disability) and with adaptive behaviors in
the realm of daily living skills, socialization, and communication are prevalent after
puberty.

4. A large proportion of patients with FAS/FAE have, in the past, become the
responsibility of the community to raise and shelter, because of the high rate of
maternal death, terminations of maternal rights, and abandonment of these children.
There is no indication from present data that such patients will, in general, be able to
be self-sufficient, although the number followed into adulthood remains small. Few
children with FAS continue in the regular classroom as they get older; however, it is
not known how many may simply drop out of school undiagnosed.

5. There is no systematic information available on the effects of specific remedial
programs or intervention efforts with patients with FAS/FAE during the school-age
years, adolescence, or adulthood. These problems should be addressed by educators,
vocational and occupational therapists, and mental health specialists, from the stand-
point of both individual needs and the allocation of community resources.

6. Children of alcoholic mothers, particularly those drinking during pregnancy,
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are at risk for poorer outcome in terms of physical growth, mental development,
academic achievement, fine and gross motor function, visual perceptual problems,
and behavior problems. This group urgently needs further study, even in the absence
of the physical manifestations of FAS.

7. The postnatal environment of children with FAS does not appear to be associ-
ated with changes in IQ scores over time. However, the findings are discrepant
regarding the influence of the rearing environment or psychological problems or
psychopathology. Relevant factors may include age of the children at the time of the
study and severity of the disability in the children studied [i.e., whether the children
have FAS or are children (without FAS) of alcoholic mothers]. Systematic research on
remedial interventions is urgently needed, particularly in terms of preventing second-
ary psychopathology.

8. Recent evidence from the Seattle longitudinal prospective study on the effects
of maternal social drinking during pregnancy on 7-year-old offspring indicates con-
tinued effects on attention, reaction time, intelligence, memory, learning problems
(particularly arithmetic), and other neuropsychologic deficits, even after adjusting
statistically for other significant determinants. A behavioral pattern including distrac-
tibility, poor organization and cooperation, and a rigid approach to problem solving
was also associated with prenatal alcohol exposure. More recent work indicates con-
tinued academic and classroom behavioral problems at age 11 years, associated with
prenatal alcohol exposure in this population-based study.

9. A rough dose—response association is observed, with heavier levels of exposure
associated with greater offspring impairment (observable in the individual clinical
case), whereas the effects of more moderate levels of exposure are observed in group
studies with careful statistical adjustment of potentially confounding variables. Binge
patterns of exposure are emerging as increasingly predictive of neuropsychologic out-
comes in school-age offspring.

10. There is no indication from either the clinical or the epidemiologic studies
that the effects of prenatal alcohol exposure diminish with the age of the child. Only
the types of manifestations change with increasing maturity. Growth deficiency and
facial dysmorphology become less marked with age. On the other hand, cognitive
disabilities become more marked with the increased demands of school and society for
academic performance and abstract problem solving. Problems with adaptive behavior
become particularly noteworthy in adolescence as demands for independent function-
ing are increased.

11. Thus we see an evolving array of disabilities emerging at different ages in
children who are prenatally alcohol exposed. The severity of the outcomes—and to
some extent the types of outcomes—seem to relate to the severity of and pattern of
exposure.

12. Very few data are available on how the postnatal environment might exacer-
bate or ameliorate the effect of prenatal alcohol exposure.

RECOMMENDATIONS
1. Studies of children exposed to prenatal alcohol at all levels should be extended
into the later developmental ages, as it is clear that prenatal alcohol effects do not
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disappear with increasing maturity of the offspring; they only change their manifesta-
tions. Some psychosocial outcomes might be modifiable by the environmental milieu
in which the child lives and learns.

2. Clinical studies of children with FAS/FAE have been sorely underfunded in
the United States. Natural history studies are urgently needed to examine such pa-
tients as they mature, to determine their characteristics and special needs at each
developmental age. There are more studies under way on babies with acquired immu-
nodeficiency syndrome {AIDS) than there are on patients with FAS at all ages com-
bined.

3. Research on remedial efforts with children with FAS/FAE is desperately
needed. If indeed this is the most prevalent cause of mental retardation, then it
behooves us to develop remedial and intervention procedures to enable these innocent
victims to live the most productive lives possible. {Development of intervention
efforts for children with Down syndrome and childhood autism have been primary
research foci with those children for 30 years.)

4. One of the greatest barriers to effective treatment of such children now is
confusion in the field about diagnostic issues. Although the concept of FAS is well
recognized, there is no commonly used term or concept for describing children with-
out the full syndrome. As these children are more likely to pass unrecognized in
society, research is urgently needed on children now loosely defined as FAE. As
behavioral effects appear to be more vulnerable to prenatal alcohol than do physical
effects, and as the physical effects are known to occur at heavier exposure levels, it
seems obvious that more children will experience brain damage from prenatal alcohol
exposure than will be diagnosed with FAS. More research is needed on the behavioral
phenotype of FAE to develop guidelines for better clinical identification. In our own
clinical experience, failure to recognize and appropriately intervene with such chil-
dren can further jeopardize their developmental outcome.

5. More research is needed on children of alcoholics, specifically those with
alcoholic mothers. Several studies have suggested that children of alcoholics are a
particularly high-risk group, not only for alcoholism, but also for psychosocial and
behavioral problems. More research is needed on the prevalence of child abuse, sexual
abuse, and neglect in such homes, in order to understand the multiple risks to healthy
child development and to develop appropriate interventions.

6. Finally, there has been almost no systematic study of the mothers who produce
children with FAS/FAE. If we are to prevent this important cause of mental retarda-
tion, we need in-depth clinical studies of these mothers (investigating both psycho-
social as well as biochemical variables).

It should be no surprise that the important clinical work on children with
FAS/FAE is being carried out in countries other than the United States, or under the
auspices of the Indian Health Service in this country. Long-term tracking of such
children, adolescents, and adults is difficult within the context of our existing health
care delivery system. Furthermore, these are among the most difficult patients to
follow, not only because of their alcoholic families but because of their own transiency
as they grow older. It is highly unlikely that such studies will ever be carried out in an
appropriately systematic and scientific manner without special funding.
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We should not let such problems interfere with our resolve to study alcohol’s
effects on children and to develop remedial studies to help children who have been
damaged by prenatal alcohol exposure. Alcohol continues to be a bigger threat to
larger numbers of children than any illicit drug known to man, including cocaine. In
the 10 years since the Surgeon General recommended not drinking during pregnancy,
there have been at least 70,000 children born in the United States with the full FAS.
It is time to face the magnitude of the problem, continue existing prevention strategies
fsuch as bottle labeling of alcoholic beverages (Wagner, 1991) and the development of
special prevention programs (Little et al., 1984)], and to study the characteristics and
needs of affected children. We know that FAS and all prenatal alcohol effects are
preventable disabilities. We now need to learn how best to help the children born with
these disabilities.
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INTRODUCTION

This chapter reviews current knowledge about the effects of prenatal exposure to
alcohol on the offspring. Research has explored this question from three general
directions: (1) clinical evaluations and studies of the natural history of people with
fetal alcohol syndrome; (2) studies of offspring of alcoholic women; and (3) assessment
of the effects of alcohol use during pregnancy on the exposed offspring.

In general, the findings from these three areas of research converge to define a
continuum of effects. At the most extreme end of the spectrum, people who have fetal
alcohol syndrome exhibit a pattern of growth deficits, mental retardation, behavioral
difficulties, and morphologic abnormalities. At the other end, offspring who are ex-
posed to moderate doses of alcohol during pregnancy may exhibit only a few of the
characteristics of the full-blown syndrome.

At both ends of the spectrum, however, the findings are often quite inconsistent
between subjects and from study to study. The differences between subjects may result
from different levels or patterns of exposure, exposure at different times of pregnancy,
or differing vulnerability to the effects of alcohol. Methodologic issues in research
design, such as case identification, measurement, and selection of covariates lead to
differences in outcomes between studies.

DEFINITION OF FETAL ALCOHOL SYNDROME

Fetal alcohol syndrome (FAS) is defined by a cluster of infant characteristics.
Cardinal features of the syndrome include (1) growth deficiency in both the prenatal
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and postnatal periods; (2) central nervous system anomalies such as microcephaly,
mental retardation, and irritability; and (3) craniofacial anomalies including short
palpebral fissures, frontonasal alterations, thin upper vermilion border, flat midface,
and hypoplastic maxilla and/or mandible (Sokol and Clarren, 1989). Separately, each
of these features is defined as an alcohol-related birth defect or a fetal alcohol effect

(FAE).

METHODOLOGICAL ISSUES IN THE ASSESSMENT OF THE EFFECTS
OF PRENATAL SUBSTANCE USE

A number of methodological issues are important in the evaluation of research on
prenatal substance use. These include the method of identifying cases, selection of the
appropriate comparison group, timing of assessment during pregnancy, the method of
assessment, and measurement of other risk factors for poor pregnancy outcome.

Method of Selecting Cases

To maximize sample size and efficiency of ascertainment, researchers have used
sampling sites that were convenient or that had a large number of cases. A number of
studies, for example, have selected women from clinics or hospitals where they are
being treated for alcoholism. However, women who are in treatment for alcohol abuse
and dependence differ from those who are not in treatment in a number of ways. They
have higher rates of other substance use, more physical and psychiatric comorbidity,
and lower social status. These covariates are, in themselves, risk factors for problems
during pregnancy or for problems in the development of the fetus. Thus, a treatment
population is a biased sample of alcoholics, and the same factors that lead to treatment
will also increase the probability of a less optimal outcome.

Selection of an Appropriate Comparison Group

When women who drink heavily or are alcoholic are compared to a group of
nondrinking women, the probability is very high that these groups differ in a number
of other important features of their lifestyles. Therefore, there is always a risk that
differences are related to correlates of alcohol use during pregnancy rather than to the
alcohol use by itself.

Timing of Assessment during Pregnancy

An additional methodologic factor that must be considered is the time of first
interview and the intervals.and timing of subsequent contacts. If women are inter-
viewed at nonstandardized times during pregnancy, the recall period, and thus the
recall error, will vary. For example, if women are interviewed at the first prenatal visit,
the time of interview may vary from early in the first trimester to late in the third
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trimester. This is particularly a problem as the women most likely to atrive late for
prenatal care are the women who are most likely to use drugs and alcohol.

In the Maternal Health Practices and Child Development (MHPCD) study, one
group of women reported on their first trimester alcohol use in the fourth month of
pregnancy and again at the seventh month of pregnancy (Robles and Day, 1990). A
second group was asked about first trimester use at the fourth month and at delivery.
The correlation between first trimester use reported at the fourth and seventh months
was 0.61. The correlation between first trimester use reported at month four and at
delivery was 0.53. Therefore, reporting on a complex behavior such as a drinking
pattern was not particularly reliable. The direction of etror was difficult to estimate,
since among the women who reported differing rates at the two periods, the reported
amount was more likely to increase than to decrease. This finding has been reported
by other investigators as well (Embhart et al., 1988). There are two interpretations
from these results: one, that this reflects a problem of memory, and the other, that
women may feel safer reporting on a labeled behavior from a greater distance in time.

Assessment of Substance Use during Pregnancy

The pattern of alcohol use can be described using three variables: quantity,
frequency, and duration of use. Quantity, the amount per occasion, can be described
further by three separate elements: usual, maximum, and minimum quantity. Al-
though many studies use only usual quantity, in the MHPCD data, if we use only the
usual quantity and frequency, we miss 27% of the total amount of alcohol that the
women consumed. Maximum quantity per occasion adds an additional 18%, and
minimum quantity adds 9% to the overall average daily volume for the cohort.

An additional problem in ascertaining alcohol use during pregnancy is that wom-
en may not think back to the beginning of pregnancy. In the MHPCD study, we
developed a technique to measure alcohol use during each month of the first trimester
(Day and Robles, 1989). At the beginning of the interview, women are asked to
indicate on a calendar (1) when they got pregnant, (2) when they realized they were
pregnant, and (3) when the pregnancy was diagnosed. After the questions on alcohol
consumption, the interviewer returns to the calendar and asks, for the periods be-
tween conception and recognition and between recognition and confirmation,
whether the subject was using alcohol more like her prepregnancy pattern or more like
what she reported for her first trimester. Fifty percent of the women who drank before
pregnancy reported that from conception to recognition of pregnancy, their alcohol
use was similar to their prepregnancy pattern rather than what they had reported as
their first trimester pattern. Twenty-three percent reported that from recognition to
diagnosis, they were still using alcohol at their prepregnancy rate rather than at their
reported first trimester rate.

The dates of conception, recognition, and diagnosis are used to calculate a
month-by-month rate of alcohol use and a weighted estimate of the average daily use
for the first trimester. In the MHPCD study, 11% of the women reported using alcohol
at the rate of one or more drinks per day during the first trimester, whereas, when we
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calculated the rate based on the responses to the above questions, 20% of the women
were actually drinking at this rate. Also, 65% of the women reported no use during the
trimester, when only 46% were real abstainers. Thus, when women report on their
first trimester use, they do not consider their intake of alcohol before the recognition
of pregnancy, even though they have been instructed to think back to the very
beginning of the pregnancy. This may mean that studies that have reported effects for
drinking before pregnancy actually reflect the effects of alcohol exposure in early
pregnancy before pregnancy recognition.

The measurement of alcohol use during pregnancy is made even more difficult
because most women decrease their use during pregnancy. This decrease occurs during
the first trimester, usually after the recognition of pregnancy. Because of this pattern,
accurate reporting of use during the first trimester is very difficult, since the women are
being asked to recall their use during a period when the use is changing.

Ascertainment and Measurement of Covariates of Substance Use

Race, education, income, marital status, and the use of tobacco, marijuana, and.
other illicit substances are all correlates of alcohol use during pregnancy. These vari-
ables are also independent risk factors for problems during pregnancy and should be
measured with the same amount of accuracy and detail as alcohol use.

EPIDEMIOLOGY

Patterns of Alcohol Use among Women

Sixty-four percent of all women in a national survey reported that they drank
currently, 25% of women drank at least once a week, and 5% drank at least 60 drinks a
month (Hilton, 1988). Few of these women reported that they drank large quantities;
only 20% ever drank as many as five drinks on an occasion. Younger women and-
unmarried women drank more than older and married women in this study, and
women of higher social class were more likely to be drinkers than women of lower
social class. White women were more likely to be drinkers and were heavier drinkers
than black women (Herd, 1988).

During pregnancy, the majority of women decrease their drinking. This decrease
usually begins at pregnancy recognition,which is most often during the first trimester,
and continues through the third trimester. In the MHPCD study, 44% of the women
reported drinking one or more drinks per day before pregnancy. However, after the
first month of pregnancy, only 37% drank at this rate. By the second and third months
of pregnancy, the proportions were 21 and 14%, respectively. By the end of the third
trimester, only 5% of the women reported drinking an average of a drink a day (Day et
al., 1989). However, by 8 months postpartum, the alcohol use of the women had
returned to the rate reported before pregnancy (Day et al., 1990).

The covariates of drinking also change during pregnancy. In the MHPCD study,
there were no significant differences, in terms of sociodemographic factors, between
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women who averaged a drink per day and the women who abstained during the first
trimester. By the third trimester, the women who continued drinking, and particularly
those who continued to drink heavily, were significantly more likely to be black,
unmarried, and to use tobacco, marijuana, and other illicit drugs (Day et al., 1989).
Each of these factors is, by itself, a risk factor for problems with the course and
outcome of pregnancy, so the women who drink the most are at the highest risk of
negative outcomes for a number of reasons.

Prevalence of Alcoholism among Women

The Epidemiologic Catchment Area (ECA) studies provide data on the preva-
lence of diagnoses of alcohol abuse and dependence, as defined by the Diagnostic and
Statistical Manual (DSM-III) of the American Psychiatric Association (1980). The
ECA investigators interviewed subjects from the general population, using a struc-
tured questionnaire, to make psychiatric diagnoses. Among women aged 18 to 29, 3%
received a diagnosis of either abuse or dependence, and for women aged 30 to 44, the
proportion who had ever had alcoholism (abuse and dependence combined) was the
same. A total of 5.4% of women who were drinkers were diagnosed as alcoholic, and
35% of all women who were heavy or problem drinkers had a lifetime diagnosis of
alcoholism (Helzer et al., 1991). Only a portion of the women had received treatment
for alcoholism, and these women had the longest disease duration.

Epidemiology of Fetal Alcohol Syndrome

The risk of FAS in the general population has been estimated by Abel and Sokol
(1991) to be approximately 0.33 cases per 1000. This is considerably revised from
their earlier estimate of 1.9 cases per 1000, and represents data from a prospective
assessment. Offset against this, however, is a report from Little et al. (1990). They
studied the records of 40 infants bom to 38 alcohol abusers. In no case was a diagnosis
of fetal alcohol syndrome made, even though alcohol abuse was documented in the
medical record. Six of the infants met criteria for fetal alcohol syndrome, and 50% of
the 34 liveborn infants were judged to have poor postnatal growth and development.
Therefore, FAS may be considerably underdiagnosed.

The rate of FAS also varies depending on the racial and socioeconomic charac-
teristics of the sample. Abel and Sokol (1991) estimate the rate of FAS among whites
to be 0.29 cases per 1000 and among blacks to be 0.48 per 1000 (Abel and Sokol,
1991). This disparity in rates has been noted earlier by the same authors (Sokol et al.,
1986), who found that four factors predicted FAS: high proportion of drinking days, a
positive score on the Michigan Alcohol Screening Test, high parity, and black race.
Bingol et al. (1987) reported similar findings in a comparison of upper-middle and
lower class alcoholic mothers. In the upper-middle class mothers, only 1 of 36 of the
mothers had an offspring with FAS, compared to a rate of 40.5% among the 48 lower
class mothers. All of the upper-middle class mothers were white; 70% of the lower
class mothers were black, and 30% were Hispanic. The amount of absolute alcohol
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intake was equivalent in the two groups, but 8% of the upper-middle class group and
18% of the lower class group had cirrhosis. Therefore, there are factors in addition to
alcohol intake that affect the occurrence of FAS in offspring of alcoholic mothers.
Whether these factors that increase vulnerability are biological or psychosocial is not
known.

STUDIES OF PATIENTS WITH FETAL ALCOHOL SYNDROME

Follow-up assessments of patients with FAS have been largely limited to case series
of children diagnosed at birth as having FAS. Sample sizes are small, and the popula-
tions are biased, because the subjects were generally selected from clinics or institu-
tions. These follow-up studies have found that subjects with FAS are small for their
age (Streissguth et al., 1985) and mentally retarded, although the range is from
severely retarded to near normal (Landesman-Dwyer, 1982; Streissguth et al., 1978).
People with FAS may have a multitude of behavioral problems including stereotyped
behaviors, irritability, hyperactivity, tremulousness, and hyperdistractibility (Streiss-
guth et al., 1978; Olegard et al., 1979; Majewski, 1978a,b; Shaywitz et al., 1980;
Steinhauser et al., 1982), although these problems are not present in all cases. Motor
and speech development are sometimes delayed, and people with FAS are more likely
to have speech and hearing impairments (Steinhauser et al., 1982; Church and
Gerkin, 1988).

However, although these problems are found at higher rates among cases of FAS,
the variability in cognitive development, growth and morphology, and behavioral
measures demonstrates that there is a broad spectrum of severity even within the
diagnostic rubric of FAS.

A recent study assessed the long-term development for people with FAS.
Streissguth et al. (1991} examined 61 subjects who had been identified in childhood
as having FAS or FAE. Subjects were selected from clinical case-loads and from four
Native American reservations. The subjects, as they reached adolescence and
adulthood, still manifested growth deficits, but the deficits were not as pronounced as
they had been at younger ages; head circumference remained the parameter most
affected. Dysmorphologic features also became less prominent, though they were still
present. IQQ scores ranged from 20 to 105; the mean for the group was 68. Reflecting
this latter finding, only 6% of the subjects were in regular classes in school; the
remainder were unable to achieve this level in school or to maintain regular outside
employment. In addition, the subjects had poor concentration and attention, depen-
dency, stubbornness, social withdrawal, and a number of other problems including
lying, cheating, and stealing.

It should be kept in mind, however, that these subjects were selected as a sample
of convenience and do not represent the entire spectrum of outcome for people with
FAS. Where they belong, along the spectrum of possible long-term outcomes for
people with FAS, is not known.
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STUDIES OF OFFSPRING OF ALCOHOLIC WOMEN

The proportion of offspring of alcoholics who have FAS is quite small. The risk
that an alcoholic woman will have a child with FAS is estimated to be approximately
6% (Abel and Sokol, 1987), although for offspring born after an FAS sibling, the risk
is very high (70%) (Abel and Sokol, 1987). The high probability that all subsequent
offspring will be affected after an initial case means that any cofactor must be a
correlate or a consequence of chronic alcoholism. Even in the absence of FAS, the
babies of alcoholic women may have decreased birth weight, an increased rate of
congenital anomalies (Sokol et al., 1980; Little et al., 1989; Hollstedt et al., 1983),
and an increased incidence of impaired intellectual functioning (Aronson et al.,

1985).

EFFECTS OF DRINKING DURING PREGNANCY ON
OFFSPRING AT BIRTH

In studies of the effect of drinking during pregnancy, each of the specific charac-
teristics of FAS has been used independently as an outcome variable. Growth and
morphology, neurobehavioral effects, and behavioral and cognitive development will
be reviewed separately.

Growth and Morphology

The Maternal Health Practices and Child Development Study began in 1982
(Day et al., 1989). Women were recruited in their fourth prenatal month and followed
subsequently at the seventh prenatal month, delivery, and at 8 and 18 months, and 3
and 6 years postpartum. At each point, women are interviewed, using a standard
protocol, about alcohol and drug use, and sociodemographic and life-style variables.
Children are examined for growth, morphology, and medical problems and are as-
sessed with age-appropriate measures of cognitive and motor development. Among
the initial cohort of 650 women selected for the study, there were 595 liveborn
singleton infants. At the 3-year follow-up, 85% were still in the study.

In the MHPCD study, an increased risk of having a low-birth-weight baby was
associated with alcohol consumption in the first and/or second month of pregnancy.
Maternal drinking during the early first trimester was also associated with an increased
risk of giving birth to an infant who was below the tenth percentile for length or head
circumference (Day et al., 1989).

Smith et al. (1986) reported that birth weight, length, and head circumference
were reduced in offspring of women who drank continuously throughout pregnancy
when compared to offspring of nondrinkers. Further, birth weight was influenced by
both dose and duration of the alcohol exposure. In other studies, a relationship
between heavy alcohol use and decreased birth weight has also been reported, al-
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though in some cases the relationship is to drinking before pregnancy (Hanson et al.,
1978; Little, 1977), in others to drinking during early pregnancy (Kaminski et al.,
1978; Kuzma and Sokol, 1982; Mau and Netter, 1974), and in still others, to drinking
during later pregnancy (Little, 1977; Rosett et al., 1983). As we discussed earlier in
the methodology section, it seems likely that the correlations with drinking before
pregnancy may have, instead, been the effects of drinking early in the first trimester.
In addition, since few women start drinking heavily during pregnancy, it is difficult to
separate the effects of drinking late in pregnancy from drinking throughout pregnancy.

Not all studies have reported an association between alcohol use and decreased
birth weight. In a group of healthy full-term infants, Coles et al. (1985) found no
growth differences between those exposed and those not exposed to alcohol. Ernhart
et al. (1985) also found no neonatal growth effects of prenatal alcohol exposure.

. In the MHPCD study, newborns were not more likely to be premature (<37
weeks), nor was gestational age decreased (Day et al., 1989). This has been reported
by Kaminski et al. (1978) as well. Two other studies did find significant but small
effects on gestational age (Tennes and Blackard, 1980; Hingson et al., 1982).

A positive relationship between minor morphologic malformations and alcohol
use during pregnancy was found in the MHPCD study (Day et al., 1989). This finding
has been replicated in most other studies of alcohol use during pregnancy (Hanson et
al., 1978; Rosett et al., 1983; Ernhart et al., 1985; Russell, 1991). However, other
reports have failed to find a higher rate of morphologic abnormalities related to
prenatal alcohol exposure (Kaminski, 1978; Coles et al., 1985; Tennes and Blackard,
1980; Hingson et al., 1982). '

In summary, results of studies of drinking practices and birth outcome are some-
what inconsistent. The relationship between alcohol exposure and malformations is
strong; an increased rate of malformations was noted among children of heavy drinkers
in most, although not all, studies. The preponderance of evidence also demonstrates
that prenatal alcohol use is related to growth abnormalities at birth, although there are
again inconsistencies in the times during pregnancy that predict growth deficits. Most
studies did not find a relationship between gestational age and alcohol use during
pregnancy.

Neurobehavioral Effects

Studies of neurobehavioral effects of prenatal alcohol exposure have been widely
divergent in their findings. One study found that alcohol-exposed infants were less
able to habituate to aversive stimuli (Streissguth et al., 1983) as measured by the
Neonatal Behavioral Assessment Scale (NBAS) (Brazelton, 1984). In another study,
alcohol-exposed infants exhibited changes in their reflexive behavior, state control,
and motor behavior on the NBAS (Coles et al., 1985). Two additional studies re-
ported that increased irritability on the NBAS was related to prenatal alcohol ex-
posure (Fried and Makin, 1987), and that alcohol use was related to depression of the
infant’s range of state (Jacobson et al., 1984). In an investigation of the effect of dose
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and duration of alcohol use during pregnancy (Smith et al., 1986), differences in
orientation responses on the NBAS were found to be the result of the duration of
drinking, whereas differences in autonomic regulation were attributable to both dura-
tion and dose.

In contrast, Ernhart et al. (1985) found no relationship between NBAS perfor-
mance and prenatal alcohol use. In the MHPCD study, there was also no association
between neonatal behavior and alcohol use during any trimester of pregnancy (Rich-
ardson et al., 1989).

Investigators have monitored sleep cycling and arousal as a measure of neu-
rophysiological development, integrity, and maturation. Rosett et al. (1979) reported
that the infants of mothers who drank heavily throughout pregnancy had a greater
proportion of quiet sleep, were more restless, and had more major body movements.
Electroencephalogram (EEG) power spectra analyses of infants of alcoholic mothers
have shown hypersynchrony of the EEG as well as an increase in the integrated power
in all sleep states, with the greatest increase seen in active sleep (Chernick et al.,
1983; Ioffe et al., 1984). In addition, Ioffe and Chernick (1988) reported that infant
EEG maturation was affected by maternal binge drinking.

In the MHPCD study, relationships between alcohol exposure during pregnancy
and abnormalities of neurophysiological status were found even after the effect of
confounding variables such as other drugs, tobacco, infant gender, and demographic
factors were controlled. Trimester-specific disturbances in sleep cycling, motility, and
arousals were noted (Scher et al., 1988), and there was an effect of maternal alcohol
use on the sleep-state cycling of the infants (Stoffer et al., 1988). It was suggested that
these abnormalities on the sleep-EEG recording might reflect differences in matura-
tion of the central nervous system.

In conclusion, there is little research on the neurobehavioral effects of prenatal
exposure to potential teratogens, and the studies that are available are often contradic-
tory. Again, some of this can be explained by methodologic problems. Some of the
studies have used retrospective reports of substance use over the entire pregnancy or
have had only a single assessment during pregnancy, whereas others have failed to
control adequately for confounding variables in the statistical analyses.

LONG-TERM EFFECTS OF PRENATAL ALCOHOL EXPOSURE

Two separate issues must be considered in the assessment of long-term effects of
prenatal exposure to alcohol. One is an assessment of the persistence of the growth
deficits and morphological abnormalities over time. A second concern is the pos-
sibility that effects that were not present in the immediate neonatal period may
become apparent as the child grows. For example, cognitive deficits, behavioral prob-
lems, and learning disorders all must await the appropriate developmental time points
to occur.
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Growth and Morphology

In our ongoing longitudinal work, we have shown that there is a significant
relationship between exposure to alcohol during pregnancy and the growth of the
offspring at both 8 and 18 months of age. These long-term growth deficits were related
to alcohol exposure during the latter part of pregnancy, the second and third tri-
mesters, and were not related to alcohol exposure during the first trimester or before
pregnancy (Day et al., 1990; Day et al., 1991b). These deficits in growth continued to
be evident at 3 years of age, when the exposed offspring in the MHPCD study were
smaller in weight, length, and head circumference (Day et al., 1991a). These dif-
ferences were still present even after controlling statistically for the effect of the
current environment, use of other drugs during pregnancy, and a number of other
significant covariates.

Therefore, unlike children who are exposed to tobacco during pregnancy, chil-
dren who were exposed to alcohol did not exhibit catch-up growth. A further analysis
of these data, using longitudinal data-analysis techniques, demonstrated that the lag
in growth occurred subsequent to birth and before the eighth month of life. After that,
the exposed offspring remained significantly smaller than nonexposed offspring, but
their rate of growth did not differ (Geva et al., submitted).

Similar results have been reported by Middaugh and Boggan (1991), using the
C57B1/6 strain of mice. In parallel with our findings, these investigators did not find a
significant effect of moderate prenatal alcohol exposure at birth on growth. However,
subsequent to birth, the exposed offspring were significantly smaller, and this decrease
in rate of growth occurred at one specific point in development, the time of weaning.

In a further test of the relationship between prenatal alcohol exposure and
growth, we assessed the differential effects of patterns of drinking. Research on labora-
tory animals has indicated that binge drinking may have a more significant impact on
development than the same exposure spread out more evenly over time, although the
effect was more often on head circumference and cognitive development. We tested
the predictive validity of two measures of drinking: average daily volume, an averaged
measure of total consumption, and frequent heavy drinking, a measure of how often a
subject consumes five or more drinks per occasion. Both measures significantly pre-
dicted growth retardation. However, further analyses demonstrated that average daily
volume was a stronger predictor of effects, and when average daily volume was con-
trolled, the frequency of heavy drinking, or a pattern of binging did not contribute any
additional explanation. Therefore, for growth at least, a pattern of continued toxic
exposure seems to be a more important predictor of deficits than a pattern of frequent
heavy or binge drinking.

Only a few other studies have followed exposed children over time. In one,
growth retardation was reported at 8-month follow-up, but was not present at subse-
quent evaluations (Barr et al., 1984). This study did not have measures of alcohol use
during the later part of pregnancy; however, the time that we have demonstrated is
most likely to be vulnerable to growth deficits. O’Connor et al. (1986) found no
effects of prenatal alcohol exposure on height, weight, or head circumference at 1 year



3 Effects of Prenatal Alcohol Exposure 37

of age, and Fried and O’Connell {1987) found no growth effects on offspring at 12 and
24 months of age.

In contrast, Russell (1991) found significant effects of alcohol use before pregnan-
cy on the height and head circumference of the offspring at 6 years of age. Coles et al.
{1991) reported on 68 children who had been followed from birth through 5 years 10
months and reported that children who were exposed continuously to alcohol
throughout pregnancy had smaller head circumferences, although they were not sig-
nificantly different in weight or height. It should be noted that the studies that found
growth effects (Day et al., 1991a,b; Russell, 1991; Coles et al., 1991) were studies
from lower socioeconomic status samples, whereas those that did not report effects
were from middle class samples.

There was a significant correlation between alcohol exposure and the rate of
minor physical anomalies in the MHPCD study (Day et al., 1990; Day et al., 1991b).
Another study (O’Connor et al., 1986) found that the rate of minor physical anoma-
lies was correlated with maximum quantity of consumption before and during preg-
nancy. Graham et al. (1988) also found a dose-response relationship between dys-
morphology at 4 years of age and prenatal alcohol use before pregnancy recognition.
Coles et al. (1991) found a higher rate of alcohol-related birth defects at 6 years of age
among the offspring of both women who continued to drink heavily throughout
pregnancy and those who drank heavily during early pregnancy and then quit.

Behavioral and Cognitive Effects

In the early postnatal period, Fried et al. (1987) found a significant relationship
between prenatal alcohol use and neonatal reflexes as measured by the Prechtl exam-
ination at 9 days. This effect was gone by 30 days of age, however. Coles et al. (1978),
in contrast, found that the infants of mothers who drank throughout pregnancy
showed less improvement in reflexes and autonomic regulation over the first month of
life when compared to the infants of women who stopped drinking or who never drank
during pregnancy.

Cognitive Development

At 6 months of age, Coles et al. (1987) found that infants of mothers who
continued to drink during pregnancy had significantly lower scores on the Bayley
mental and motor scales than infants of mothers who stopped or abstained during
pregnancy. Streissguth et al. (1980) found that at 8 months, alcohol use before
pregnancy was correlated with decreased scores on the mental and motor scores on the
Bayley scales. Gusella and Fried (1984) reported that infants of women who drank
during pregnancy did less well at 13 months on the mental index and on the verbal
comprehension and spoken language cluster scores of the Bayley scales. In another
study (O’Connor et al., 1986), drinking before pregnancy was found to be associated
with an average deficit of 24 points on the Bayley mental scale at 12 months among
children of heavy drinkers, when their scores were compared to the IQ scores of their
mothers. The children of light drinkers and abstainers did not differ in IQQ scores from
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their mothers. In the MHPCD project, prenatal alcohol use did not significantly
predict either the mental or the motor scores on the Bayley at 8 or 18 months
(Richardson and Day, 1991).

Streissguth et al. (1989) reported that prenatal maternal alcohol use was nega-
tively associated with IQ in the offspring at 4 years of age. Before pregnancy, consump-
tion of 1.5 ounces of absolute alcohol per day predicted an average decrease of five
points in the IQQ score of the child. In the same study, when the children were 7.5
years of age, there was a decrement of seven I{Q points with exposure prenatally to
more than 1 ounce of absolute alcohol per day during pregnancy (Streissguth et al.,
1990). Achievement scores, in this study, were significantly related to binge drinking
before pregnancy.

In another study, the children who were exposed to alcohol continuously through-
out pregnancy did less well on cognitive tests, exhibiting deficits in sequential process-
ing and overall mental processing at age 5 years 10 months (Coles et al., 1991).
Children who were exposed in early pregnancy, but not in later pregnancy, also did less
well on some of the measures of academic skills, specifically in math and reading.

Thus, although the results of cognitive testing conflict, there is a trend toward
decreases in the IQ score, although it must be noted that this statistically significant
effect may not be clinically significant. These findings highlight the potential of
damage to the central nervous system. This conclusion, however, can only be made
after controlling for environmental factors that also affect cognitive development.

Behavior

At 4 years of age, the children who were prenatally exposed to moderate drinking
were less attentive and more active during observations in their home (Landesman-
Dwyer et al., 1981), and were less attentive and had longer reaction times on a
vigilance task in a laboratory (Streissguth et al., 1984). In the same study, attention
and reaction time as measured by a Continuous Performance Test (CPT) vigilance
task, at age 7.5 years continued to be negatively related to prenatal alcohol exposure
(Streissguth et al., 1986).

In another study (Brown et al., 1991), the investigators assessed the prevalence of
symptoms of attention deficit hyperactivity disorder (ADHD). They found that the
children who were exposed throughout pregnancy showed deficits in their ability to
sustain attention and, on teacher’s reports, had attentional and behavioral problems.
However, none of the symptomatology reached clinical or diagnostic level for ADHD.
The children who were exposed to alcohol prenatally differed in symptomatology from
children with diagnosed ADHD, leading the investigators to conclude that although
the alcohol-exposed children had behavior and attention problems, they differed from
those found in children with a diagnosis of ADHD.

In Seattle, Barr et al. (1990) evaluated the gross and fine motor performance of
the 4-year-olds. Prepregnancy alcohol exposure was related to fine motor errors, in-
creased time to correct the errors, and poorer gross motor balance. In the MHPCD
study, at 3 years of age, alcohol significantly predicted the failure of children to be
willing to begin or to complete a gross motor test.
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Therefore, the findings regarding the long-term effects of prenatal exposure to
alcohol on the cognitive development of the child are inconsistent. This may be due
to the difficulty of separating the teratogenic effects of alcohol from the environmental
effects that may accompany the disorganized environments, both psychological and
structural, that often accompany alcohol and drug use.

SUMMARY AND CONCLUSIONS

As noted at the beginning of the chapter, the continuum of effects for prenatal
alcohol exposure ranges from the fully developed picture of fetal alcohol syndrome to
the much milder expression of fetal alcohol effects. The fact that these symptoms fall
along a continuum, and that this continuum correlates with the actual amount of
alcohol to which the fetus was exposed prenatally, is a strong argument that the effects
are related to alcohol exposure and not solely to the poor environments that many of
these children experience. Further, we know that children who are exposed to alcohol
during pregnancy, but not to aleoholism, have fewer effects than children of aleoholic
women, and that people with FAS are usually the offspring of late-stage and chronic
alcoholic women. Therefore, the continuum of effects also follows the spectrum from
drinking to alcoholism.

Studies have shown that children exposed to alcohol and/or children of alcoholics
are smaller at birth and that they have a higher rate of morphological abnormalities.
The findings of neurological differences are less consistent and therefore less convinc-
ing, at this point.

In the long term, some studies have shown that the children who are exposed to
alcohol prenatally have growth deficits, whereas others have not found this to be true.
The studies that have found growth deficits longitudinally have generally been studies
of low-income populations, populations with more risk factors. Thus, it may be that
prenatal alcohol exposure increases vulnerability to growth deficits, but these growth
deficits are expressed only in populations that have multiple risk factors. Alcohol,
therefore, may contribute to a cumulative burden, and children who are exposed to
alcohol prenatally may have fewer resources for offsetting the growth deficits compared
to children who have fewer risk factors and more optimal environments. There is some
evidence for this hypothesis in the finding that women who are black and/or lower
class are more likely to have children who are more affected by alcohol prenatally,
compared to women who are white and/or middle class. Thus, the impact of prenatal
alcohol exposure seems to be potentiated by other factors.

People with FAS, by definition, have cognitive deficits, and these deficits have
recently been shown even for adults who have FAS. The effects on cognitive develop-
ment of prenatal exposure to lower levels of alcohol again demonstrate a continuum of
effects, and, though not completely consistent, show that alcohol exposure is related
to a small decrease in cognitive abilities. Similarly, people with FAS have behavioral
problems that are present through adulthood. Behavioral problems have also been
reported, though not consistently, among offspring who were exposed to lower
amounts of alcohol prenatally.



40 Nancy L. Day

Therefore, although there are a number of gaps in our knowledge of the effects of
prenatal alcohol exposure on the offspring, we can say that alcohol affects both growth
and development along a continuum with the least exposed offspring exhibiting the
fewest effects, and the most heavily exposed offspring being most seriously affected.
The expression of these effects, however, is moderated by environmental factors.
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TERATOGENIC EFFECTS OF ALCOHOL IN HUMANS

Because ethanol is a legalized psychoactive drug, it has significant social, recre-
ational, and economic importance, but it also carries a strong potential for abuse and
dependence. It is now undeniably established that alcohol abuse by pregnant women
can produce teratogenic effects on the developing fetus (Jones and Smith, 1973; Jones
et al., 1973; Clarren and Smith, 1978; Streissguth et al., 1980; Abel, 1984; Rosett
and Weiner, 1984; Clarren, 1986; Streissguth, 1986). The similarity of characteristics
among the most seriously affected cases led to the recognition of the fetal alcohol
syndrome (FAS), which, as first formally described in 1973, includes prenatal and
postnatal growth deficiency, a particular pattern of facial dysmorphology, and central
nervous system (CNS) dysfunction (Jones and Smith, 1973; Jones et al., 1973). Even
in the absence of the full fetal alcohol syndrome, one or more of the effects can be
manifest in exposed offspring and have been termed fetal alcohol effects or FAE
(Rosett et al., 1981). Certain fetal alcohol effects, particularly growth deficiency and
behavioral effects reflecting alterations in the CNS, have been described in offspring
of mothers who reported only moderate drinking (Hanson et al., 1978; Little et al.,
1989; Conry, 1990; Streissguth et al., 1990).

For the large majority of chemicals or products known to be teratogenic, exposure
of the developing fetus can be prevented by removing them from the environment or
prohibiting access to them. For ethanol, these options are not feasible alternatives. It
is also unlikely that medical advice, social pressure, or legal regulation of alcohol
consumption during pregnancy would be effective in eliminating fetal alcohol effects,
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owing to the difficulty in modifying the drinking habits of alcohol abusers. There has
been recent publicity of the dangers of excessive drinking during pregnancy in medical
advisories (Surgeon General, 1981), in the media, and in literary accounts (Dorris,
1989); legislation requiring the application of warning labels on alcoholic beverage
containers began in November of 1989. Even with the increased public awareness of
the dangers of alcohol abuse during pregnancy, FAS has been and will continue to be a
major known cause of developmental disabilities, producing significant medical and
economic problems for society (Abel and Sokol, 1991).

Not only do significant numbers of women continue to abuse alcohol during
pregnancy, but many more also consume low to moderate amounts, presumably be-
cause of the common belief that such use constitutes no danger to their fetuses. There
appears to exist widespread public sentiment that alcohol consumption during preg-
nancy is dangerous to the fetus only if the drinking is abusive and excessive, as found
perhaps only in the most extreme chronic alcoholic populations (e.g., Kinsley, 1991).
This downplaying of the potential risks of social drinking indicates that an attitude of
acceptance of “moderate” alcohol consumption during pregnancy still exists.

Despite this prevailing public opinion, the question of how much alcohol ex-
posure constitutes a danger to the developing CNS is far from resolved. In contrast to
the established dangers of heavy alcohol use during pregnancy, there is presently no
scientific consensus on the potential dangers of moderate drinking during pregnancy.
This specific question illustrates some of the difficult problems facing investigators of
human fetal alcohol effects. Although human studies were responsible for the identifi-
cation of FAS, many important questions concerning the damaging effects of alcohol
on the fetus cannot be adequately addressed in human populations. The different and
uncontrolled patterns of alcohol consumption, the unreliability of self-report of alco-
hol use, and the numerous, uncontrolled, and interactive variables (environmental,
nutritional, and genetic) present in human studies, combined with clear ethical prohi-
bitions of giving controlled doses of ethanol to pregnant women, make animal studies
necessary to understand the biological effects of alcohol on development.

CURRENT ROLE OF ANIMAL MODELS IN STUDIES
OF FETAL ALCOHOL EFFECTS

With the evolution of relatively sophisticated animal model studies, in which
nutritional factors are controlled and alcohol intake and blood alcohol concentrations
are measured, it has been unambiguously documented that alcohol per se damages the
developing organism (Chernoff, 1977; Randall et al., 1977; Randall and Taylor, 1979;
Webster et al., 1980; Webster et al., 1983; Blakley and Scott, 1984), especially the
developing nervous system (reviewed in Abel, 1984; West, 1986; Jones, 1988; West et
al., 1989; West et al., 1990; Miller, 1992). One or more of the three components of
FAS has been produced in several different animal models: (1) facial dysmorphology
(Sulik et al., 1981); (2) prenatal and postnatal growth deficiencies (Abel and
Greizerstein, 1982; Clarren et al., 1988), sometimes including organ malformations
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(Randall and Taylor, 1979; Webster et al., 1980; Sulik et al., 1981; Blakley, 1988;
Webster, 1989); and (3) alterations in brain growth, structure, and function (e.g.,
Diaz and Samson, 1980; Samson and Diaz, 1982; Abel, 1984; Sulik et al., 1984;
Miller, 1986; West, 1986; Miller, 1987, 1988, 1989, 1990; Clarren, et al., 1990;
Driscoll et al., 1990; Riley, 1990; West et al., 1990; West and Goodlett, 1990). Thus,
the question of whether alcohol acts as a neuroteratogen has been resolved. In the
1990s, the issues facing investigators concerned with alcohol and brain development
are questions about susceptibility, risk factors, intervention strategies, and mecha-
nisms of damage, all of which can be addressed in animal models.

Questions Concerning Thresholds and Intervention Strategies

For convenience, current questions of greatest relevance may be lumped into
three categories. The first group of questions includes what amount of alcohol is
sufficient to damage brain or behavioral development, whether intervention (includ-
ing strict abstinence) imposed at some point during the course of pregnancy can
alleviate some of the deleterious effects of alcohol exposure, and whether any sorts of
therapies (pharmacological, nutritional, educational) can alleviate the consequences
of prenatal alcohol exposure. These questions all bear social and political impact, and
the answers to them can help guide public policy and medical advice.

Questions Concerning Risk Factors

A second group of questions facing fetal alcohol researchers is most relevant to
clinical management of populations at risk for fetal alcohol effects. Most of these
questions are centered around better identification of factors influencing the severity
of alcohol-related damage to developing organisms. These include better specification
of maternal and fetal genetic influences modulating the severity of fetal alcohol effects
(Riley and Lochry, 1982). Matemal influences, some of which are under genetic
control, include factors leading to differences in blood alcohol levels (e.g., Chernoff,
1980), such as differences in alcohol acceptance, alcohol metabolism, or liver func-
tion. Other maternal influences on the severity of fetal alcohol effects are independent
of the blood alcohol levels, but also can have a strong genetic component (Gilliam et
al., 1988; Gilliam et al., 1989; Gilliam and Irtenkauf, 1990). These influences may
include interactions of alcohol with maternal physiology, placental function, or intra-
uterine environment (reviewed in Schenker et al., 1990).

In addition, the genotype of the offspring can influence the severity of CNS
damage (Goodlett et al., 1989a). For example, recent results from our laboratory using
the neonatal rat exposure model (fully described on pages 49-50) have demonstrated
significant strain differences in susceptibility to alcohol-induced brain growth re-
striction induced by early postnatal alcohol exposure in rats from six different inbred
strains (Goodlett et al., 1990b). These differences were not accounted for by strain
differences in blood alcohol profiles or clearance rates of the pups (Goodlett et al.,
1991b). Thus, the strain differences in alcohol-induced brain growth restriction ap-
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pear to be related to differences in vulnerability of the CNS itself. Such genetic
influences illustrate risk factors that may modulate the expression of fetal alcohol
effects. Identifying the mechanisms underlying such influences may provide critical
information concerning the risk for FAS and FAE.

Questions Concerning Mechanisms

The third group of questions facing researchers involves identification of the basic
mechanisms of alcohol-induced damage. A variety of different potential mechanisms
of action have been suggested to account for different fetal alcohol effects (see O’Con-
nor, 1984; Michaelis and Michaelis, 1986; Michaelis, 1990; Randall et al., 1990;
Schenker et al., 1990, for reviews). The search for mechanisms of the teratogenic
effects of ethanol has accelerated, as indicated by the increasing number of reports
addressing these questions. For example, reports have proposed specific biochemical
mechanisms (inhibition of retinoic acid production) to account for major teratogenic
defects (Duester, 1991; Pullarkat, 1991); differential alteration of cell-cycle kinetics of
the two neocortical proliferative zones to account for the aberrant cortical architecture
following gestational exposure (Miller and Nowakowski, 1991); and interference with
cyclic adenosine monophosphate (AMP)-dependent kinase catalytic activity to ac-
count for growth suppression (Pennington, 1990). Nevertheless, the specific mecha-
nism of any effect of alcohol on the developing CNS has yet to be fully elucidated.

Because alcohol interferes with biological processes at many different levels (mo-
lecular, cellular, and physiological), there are likely to be many different mechanisms
mediating the various effects of alcohol. It is unlikely that the multifaceted effects of
alcohol on development can be uniformly accounted for under a single mechanism of
action. Specific identification of the mechanism of a given fetal alcohol effect would
be of great value. Such an identification of how alcohol produces its effects (e.g.,
impaired growth, cell loss, altered brain architecture, or changes in biochemical or
functional properties) would then allow rational use of that knowledge to guide strat-
egies for counseling, intervention, and treatment.

Animal Models and Progress in Fetal Alcohol Research

The task of making significant progress on each of these three sets of questions is
the current challenge facing fetal alcohol researchers. The recent history of the field
shows that progress toward understanding these types of questions can best be accom-
plished with judicious use of animal models. Through the use of animal model studies
over the past few years, great strides have been made toward understanding some of
the most important variables and conditions that influence the expression of fetal
alcohol effects. Data reflecting the types of effects resulting from alcohol exposure
during development have now accumulated from many different investigators, often
using different experimental models or those that incorporate different animal species,
and evaluating a wide range of dependent variables (reviewed in Abel, 1984; West,

1986; Randall et al., 1990; Schenker et al., 1990; Miller, 1992).



4 Alcohol Exposure during Brain Growth Spurt 49

This chapter will not attempt to review exhaustively the multitudinous effects of
alcohol on the developing CNS. Neither will it attempt to integrate all of the findings
into a unifying account of fetal alcohol effects, which would be, at best, premature
owing to the many differences in procedures and dependent variables and the lack of
understanding of basic mechanisms of the damaging effects of alcohol. Instead, the
chapter summarizes some of the recent findings using a rat model of alcohol exposure
during the brain growth spurt, focusing on alcohol-induced alterations of mor-
phological development of the brain. Two factors will be emphasized that have been
recently demonstrated to exert critical influences on the types or extent of alterations
in brain morphology or function: (1) the dependence of effects on the blood alcohol
concentration, and (2) the presence of temporal windows of vulnerability to alcohol
during development. Most of the supporting data are derived from studies using the
neonatal rat in a model of alcohol exposure during the period of the brain growth
spurt. However, data concerning prenatal exposure in rats or in other species will also
be included where necessary or appropriate.

AN ANIMAL MODEL OF BINGE DRINKING DURING
THE THIRD TRIMESTER

The formation of the CNS begins early in development, and its maturation
extends over a longer period than that of other organ systems. Moreover, the brain
undergoes various stages of development in a sequence common to all mammals, i.e.,
formation of neural tube, neuronal proliferation and migration, followed later by the
brain growth spurt involving neurite outgrowth, synaptogenesis, glial and micro-
neuronal proliferation, and myelination. Thus, alcohol exposure at different stages of
brain development will impinge on different developmental processes, so the effects on
the brain and the mechanisms mediating those effects will be a function of the stage of
brain development.

In humans, the brain growth spurt begins around the twenty-fourth week of
gestation and extends through the third trimester and into the first 2 years of birth
(Dobbing and Sands, 1973). Clinical studies have shown that when heavy alcohol
consumption continues through the third trimester of pregnancy, the severity of fetal
alcohol effects is increased (Rosett et al., 1980; Rosett et al., 1983; Coles et al., 1985;
Smith et al., 1986). Most women who abuse alcohol during the third trimester do so
in patterns of short episodes of heavy use, i.e., binge drinking (Stephens, 1985). In
rats, the period of rapid brain growth, comparable to the brain growth spurt of the
third trimester in humans, occurs neonatally during the first 2 weeks after birth
(Dobbing and Sands, 1979). Consequently, to model binge drinking during the third
trimester in humans, rats must be exposed during the early postnatal period.

To administer alcohol to neonatal rats in a controlled manner without interfering
with adequate nutritional intake, several laboratories are now using artificial rearing
procedures in which alcohol (as well as a nutritionally adequate diet) is infused via a
surgically implanted gastrostomy tube (Samson and Diaz, 1982; West et al., 1984).
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This procedure allows precise control of the concentration and timing of the alcohol
exposure, provides for adequate body growth during the period of alcohol exposure,
and allows delivery of the alcohol during the period of rapid brain growth comparable
to the human third trimester.

In using the artificial rearing method, we have taken advantage of the ease of
controlling the time of administration and concentration of alcohol to produce a
model of binge exposure during the brain growth spurt. The essence of this model is to
concentrate a given amount of alcohol into just a few (usually 4 or fewer) of the 12
daily feedings, rather than giving alcohol in each of the feedings throughout each day.
This concentrated exposure during just part of the day results in a cyclic daily pattern
of blood alcohol concentrations that reach a peak 1.5-2 hr after the last feeding, then
decline to zero over the next 12-16 hr. This cyclic pattern of alcohol exposure
resulting from short but relatively concentrated alcohol intake thus models several
aspects of alcohol exposure in binge drinking during the third trimester, and will be
referred to as “bingelike” exposure.

ALTERATIONS IN BRAIN MORPHOLOGY

Qur studies of bingelike alcohol exposure in neonatal rats [usually between
postnatal day (PD) 4 and PD9] have focused on the short-term (PD10) and long-term
(adult) alterations in brain growth and morphology, and depletion of neuron numbers
in several different brain regions. Over the last 5 years, we have conducted numerous
studies in which either the daily dose, concentration, pattern, or developmental
timing of alcohol exposure was manipulated during this neonatal period. The signifi-
cance and outcomes of these manipulations related to blood alcohol concentration
and temporal windows of vulnerability will be discussed in the subsequent sections
(pages 58~69). However, across all these studies there is a general consistency of the
types of effects on brain, and these will first be reviewed and placed in the context of
other known effects on brain development demonstrated in other animal models.

Microencephaly

One of the classic features of FAS is microcephaly, usually defined as a head size
two standard deviations or more below the norm. The analog of microcephaly is
microencephaly, or small brain for body size. The bingelike neonatal exposure in rats
consistently produces microencephaly. Dose-dependent reductions in brain weight
(and brain-weight to body-weight ratios) are present at PD10 (Bonthius et al., 1988;
Pierce et al., 1989; Bonthius and West, 1990) and in adults (Bonthius and West,
1991; Goodlett et al., in press). There is some degree of “catch-up” in brain weights in
adulthood compared to PD10; nevertheless, significant and permanent reductions in
brain weight are produced without significant reductions in body weight. This micro-
encephaly in the neonatal model contrasts with prenatal exposure in rats, in which
deficits in brain weight generally are associated with deficits in body weight, and long-
term brain-weight deficits may not be observed with prenatal exposure.
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Gross Morphological Abnormalities

With the neonatal bingelike exposure, especially paradigms that result in rela-
tively high peak blood alcohol concentrations (BACs), the reduction in brain weight
can be accompanied by gross alterations in the morphology of various brain regions. In
particular, in rats given exposure on PD4 to PD9 (resulting in mean peak BACs of 318
mg/dl), then evaluated on PD90, enlargement of the lateral ventricles and alterations
in size and shape of the cerebellum were noted (Bonthius and West, 1991).

The cerebellum appears to be very susceptible to permanent morphological
changes following neonatal bingelike exposure (Bonthius and West, 1991; Goodlett et
al., in press). Figure 1 shows midsagittal sections through the vermis of the cere-
bellum, illustrating typical gross morphological changes in the cerebellum that can
occur when peak BACs exceed 250 mg/d]; in the cases illustrated, the measured peak
BACs on PD6 were 390 mg/dl (Fig. 1C) and 530 mg/dl (Fig. 1B). Note the reduction
in overall sizes of the sections from the alcohol-exposed rats, which was particularly
severe for the rat exposed to the highest peak BAC. Note also the loss of appropriate
lobular shapes, especially obvious for the high-exposure rat. We have found that such
alterations in cerebellar morphology can occur even when the binge exposure is
limited to just 2 days of exposure {peak BACs between 350 and 400 mg/dl), on PD4
and PD5 (Hamre and West, 1990). Furthermore, when the treatment on PD4 to PD9
produces peak BACs greater than 400 mg/dl, the granule cell layer can assume abnor-
mal shapes (e.g., Fig. 1B). When BAC:s are extremely high (greater than 500 mg/dl),
occasional cases are found with large portions of the cerebellum missing. Figure 2
shows the most severe instance of gross morphological defects in the adult cerebellum;
the rat had a peak BAC on PD6 of 530 mg/dl.

The gross morphological changes in the cerebellum in this animal model of binge
exposure suggest that alterations in the cerebellum would occur in FAS cases in which
binge drinking occurred during the third trimester. Such changes in the vermis could
be observable with careful magnetic resonance imaging, a technique that has been
used to demonstrate cerebellar morphological changes in Williams syndrome and
Down’s syndrome (Jernigan and Beluggi, 1990), and in autism {(Courchesne et al.,

1988).

Neuronal Depletion

Reduction in the numbers of neurons in the brain is thought to be a common
outcome following developmental alcohol exposure, and one that often accompanies
microencephaly. Studies from other laboratories using prenatal alcohol exposure have
demonstrated reductions in cell numbers in the cortex (Miller and Potempa, 1990)
and in CAl in the hippocampus {Barnes and Walker, 1981; Wigal and Amsel, 1990).
With postnatal exposure, other investigators have documented cell loss in the cere-
bellum (Bauer-Moffett and Altman, 1977; Cragg and Phillips, 1985).

The studies in our laboratory using bingelike exposure in the neonatal rat model
have documented reductions in the number of cells in several different neuronal
populations (reviewed in West et al., 1990). Neuronal populations known to be
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FIGURE 1 Midsagittal, Nissl-stained sections through the vermis of the cerebellum of adult rats (litter-
mates) from (A) the gastrostomy control group, (B) from the group given neonatal bingelike exposure of 7.5
g/kg/day of alcohol (peak BAC, 530 mg/dl), and (C) another littermate from the group given neonatal
bingelike exposure to 6.6 g/kg/day {peak BAC, 390 mg/dl). Roman numerals in {A) indicate the different
lobules of the vermis. Note the alterations in shape and size of the lobules as a function of alcohol exposure.
Magnification bar = 1000 pm.
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FIGURE 2 A posterior view of the cerebellum of adult rats from (A) the gastrostomy control group, and
(B) its littermate from the group exposed neonatally to 7.5 g/kg/day of alcohol, a treatment that produces
high peak BACs during the brain growth spurt. The peak BAC on postnatal day 6 of this alcohol-exposed
rat was 531 mg/dl. Note the gross defects in the cerebellum of the alcohol-treated rat. This is the most
severe cerebellar defect seen in our laboratory; many other rats have been exposed to BACs this high or even
higher without exhibiting such severe cerebellar hydrocephalus.

depleted in this animal model include cerebellar Purkinje and granule cells (Pierce et
al., 1989; Bonthius and West, 1990; Goodlett et al., 1990a; Hamre et al., 1991),
pyramidal cells in field CAl of the hippocampal formation (Pierce et al., 1989;
Bonthius and West, 1990; Bonthius and West, 1991), and mitral and granule cells of
the olfactory bulb (Bonthius and West, in press). In addition, studies of a nonhuman
primate model of gestational bingelike exposure found significant cell loss also in the
cerebellum (Bonthius et al., 1991).

Several general conclusions can be derived from the studies using bingelike ex-
posure in neonatal rats. First, neuronal populations differ in their susceptibility to alcohol-
induced depletion. Some neuronal populations (the hippocampal CA3 pyramidal cells
and dentate gyrus granule cells) are relatively resistant to cell depletion, whereas
others (cerebellar Purkinje cells; olfactory mitral cells) are quite vulnerable. Even
within the same structure, different neuronal populations may have markedly different
vulnerabilities to depletion. For example, hippocampal CA1 pyramidal neurons are
significantly depleted when the neonatal alcohol treatment produces BACs greater
than 280 mg/dl; in the same rats, CA3 pyramidal neuron numbers are not significantly
affected. Interestingly, similar patterns of alcohol-induced cell loss in the hippocampus
have been reported following prenatal alcohol exposure (Barnes and Walker, 1981;
Wigal and Amsel, 1990).

Second, certain populations of large projection neurons that are postmitotic at the time
of the neonatal alcohol exposure (i.e., cerebellar Purkinje cells, hippocampal CA1 pyra-
midal cells; olfactory mitral cells) may be depleted at least as severely as (and in some cases
more severely than) the proliferating microneuronal populations of the same brain regions
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(i.e., cerebellar granule cells, dentate gyrus granule cells, olfactory granule cells). The
hippocampal formation provides the best illustration of greater vulnerability of
postmitotic projection neurons, in that alcohol can deplete CA1 pyramidal cell num-
bers without significantly altering dentate gyrus granule cell numbers.

Third, within a given brain structure, the extent of loss of a given neuronal population
has been shown to vary as a function of location within the structure. For example, the
extent of alcohol-induced Purkinje cell loss in the vermis of the cerebellum is less in
some lobules (e.g., VI and VII) than in the others (Pierce et al., 1989; Bonthius and
West, 1990; Goodlett et al., 1990a). Interestingly, the lobules that are less affected are
those that mature relatively late in the neonatal exposure period. The upper panel of
Fig. 3 (based on data from Bonthius and West, 1990) shows that regions of the vermis
that mature relatively early (lobules I and X) suffer more severe Purkinje cell depletion
(determined on PDI10) than do regions that begin to mature late in the neonatal
period (including distal VIA, VIB, and VII) (Bonthius and West, 1990).

The neuronal depletion in the cerebellum, hippocampus, and olfactory bulb we
initially documented on PD10 has also been observed at PD21 (Hamre and West,
1990; Hamre et al., 1991), and in adults (Bonthius and West, 1991; Bonthius and
West, in press; Goodlett et al., in press). For each brain region, the same pattern of
selective cell loss observed at PD10 was observed in older animals. For example, the
regional differences in Purkinje cell loss across the cerebellar vermis followed the same
pattern in the adults (based on data from Bonthius and West, 1991) as in the PD10
animals (compare Fig. 3B with Fig. 3A). Likewise, as in the PDI10 study, depletion of
CA1 pyramidal cells in the hippocampal formation was observed in adults exposed
neonatally to BACs greater than 250 mg/dl, but the number of CA3 pyramids and
dentate gyrus granule cells was not significantly affected (Bonthius and West, 1991;
Goodlett et al., in press).

Aberrant Connections

Although neuronal depletion represents one of the most extreme and perhaps
most serious effects of developmental exposure to alcohol, morphological alterations
in neuronal connections have also been demonstrated. In the midtemporal hippocam-
pal formation, alcohol exposure throughout gestation results in aberrant mossy fiber
projections into the infrapyramidal zone of CA3a, which normally does not receive
mossy fiber afferents. Furthermore, neonatal alcohol exposure on PD1 through PD10,
as compared to gestational exposure, produces even more extensive aberrant mossy
fibers (West and Hamre, 1985). These aberrant mossy fiber projections are present in
adulthood, and have been documented using Timm stain (West and Hodges-Savola,
1983) and with horseradish peroxidase tract-tracing (West and Pierce, 1984).

Acute Cortical Astrogliosis

Recently, neonatal bingelike alcohol exposure on PD4 to 9 has been shown to
produce a large but transient increase in the size and numbers of astrocytes labeled
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FIGURE 3 Graphs of mean (+ SEM) linear frequency of Purkinje cells in the vermis of the cerebellum
in groups exposed neonatally to alcohol and in control groups, evaluated on postnatal day 10 (A) or
postnatal day 90 (B). Legend for (A) and (B) for the groups from left to right (treatments administered on
PD 4-9)—SC, suckle control; GC, gastrostomy control; EtOH-12, group administered 6.6 g/kg of alcohol
per day distributed over all 12 feedings of each day, using low concentrations each feeding (mean peak BAC
= 50 mg/dl); EtOH-4, group administered 4.5 g/kg of alcohol per day in four consecutive feedings each day
(mean peak BAC =~ 200 mg/dl); EtOH-2, group administered 4.5 g/kg of alcohol per day in two consecutive
feedings each day (mean peak BAC = 350 mg/dl); * *, significantly different from all other treatment groups
(p < .0l).



FIGURE 4 Bright field photomicrographs of sections through parietal cortex of 10-day-old rats from
groups given either (A, B) bingelike alcohol exposure on postnatal days 4-9 (BACs =~ 300 mg/dl), or (C,
D) a gastrostomy control littermate. The sections were processed for GFAP peroxidase-antiperoxidase
immunocytochemistry using a polyclonal antibody to GFAP (Dakopatts, Inc.), and counterstained with
cresyl violet. For the alcohol-exposed pup, Panels A and B are photomicrographs from the same section:
Panel A shows the GFAP immunoreactivity (cresyl violet stain filtered out with a Kodak Wratten Filter
#47B); Panel B shows the cresyl violet staining from a portion of the same section (immunoreactivity
photographically suppressed with a Kodak Wratten Filter #29). Likewise, for the gastrostomy control pup,
Panel C and D are of the same section; Panel C shows the GFAP immunoreactivity, and Panel D shows
the cresyl violet stain. Landmarks (blood vessels) denoting the same locations on the two sets of panels from
the alcohol-exposed pup (A and B) and the gastrostomy control pup are indicated with arrowheads.
Note the cortical astrogliosis induced by alcohol, including the massive gliosis around a disrupted blood
vessel and the generalized gliosis in layer V. Magnification bar = 200 pm.
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FIGURE 5 Higher magnification of boxed area of Fig. 4, showing reactive astrocytes labeled with GFAP
immunocytochemistry. Note the thick, densely labeled fibrillary processes that are directed toward the area
of vascular disruption, and the heavy immunoreactivity in the somas of the astrocytes. The cresyl violet
counterstaining was photographically suppressed with a Kodak Wratten 47B filter. Magnification bar = 100
pm.

immunocytochemically with an antibody to glial fibrillary acidic protein (GFAP) in
the cerebral cortex (West and Goodlett, 1990; Goodlett et al., submitted). Radioim-
munoassays of different brain regions indicated that groups exposed to mean peak
BAC:s of 300 mg/dl had more than 300% more GFAP in the cortex than did controls.
Sections processed for GFAP immunoreactivity revealed that GFAP-positive astro-
cytes in alcohol-exposed pups were larger and more numerous. The alcohol-related
astrogliosis was apparent in two distinct anatomical locations (see Figs. 4, 5, and 6):
(1) in all alcohol-exposed pups, in layer V throughout most regions of the cortex; and
(2) in pups exposed to high BACs, loci of intensely reactive glia were frequently seen
surrounding blood vessels.

The astrogliosis involved an increase in density of GFAP-labeled astrocytes in the
deep layers of the cortex (see Figs. 4 and 6). Perhaps more significantly, the labeled
astrocytes were hypertrophied, containing thick, heavily labeled fibrillary processes,
and somas that were also densely immunoreactive. The reactive astroglia were particu-
larly hypertrophied in the loci surrounding the vascular disruptions in the cortex of
pups exposed to peak BACs reaching 300 mg/dl (see Figs. 4 and 5). In contrast, the
increased density and morphological hypertrophy of immunolabeled astrocytes in the
deep cortical layers occurred even in the group exposed to low alcohol concentration
(Fig. 6). None of the alcohol-induced changes in GFAP-labeled astroglia were observ-
able immunocytochemically after PD12.
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FIGURE 6 Dark-field photomicrographs of GFAP immunoreactivity in the somatosensory cortex on
postnatal day 10 of a gastrostomy control rat (A, a rat given exposure producing peak BACs near 50 mg/dl
(B), and a rat given bingelike exposure producing peak BACs near 300 mg/d!l (C). GFAP immunoreactivity
appears bright against the black background in these dark-field photomicrographs. Note that both alcohol
treatments resulted in increased size and density of GFAP-labeled astrocytes in layer V. Note also that the
astrogliosis in the deep cortical layers was similar in the two alcohol treatments. Magnification bar = 200
pm.

The increased size, change in morphology, and increased number of GFAP-
positive astrocytes are all characteristic of reactive astrogliosis, which is usually associ-
ated with neuropathological processes (Nathaniel and Nathaniel, 1981, Eng and De-
Armond, 1982; Norenberg et al., 1988). However, the mechanism of the transient
alcohol-induced astrogliosis is unknown. At least three alternatives are possible: (1)
breakdown of the blood-brain barrier, allowing stimulation of astrocytes by circulating
cytokines or other blood-borne factors; (2) reactive gliosis in response to alcohol-
induced neuronal damage or degeneration; or (3) direct stimulation of GFAP produc-
tion by alcohol. Determining whether these or perhaps other possible mechanisms are
responsible will require further studies.

DEPENDENCE OF EFFECTS ON BLOOD ALCOHOL CONCENTRATION

After nearly two decades of animal research concerning fetal alcohol effects, the
relationship between the extent of CNS effects observed and the degree of alcohol
exposure (as confirmed by determining profiles of blood alcohol concentrations) is still
not well defined. Several factors complicate the specification of effects as functions of
BAC:s in fetal alcohol animal studies. Many studies use prenatal rodent models in
which alcohol is administered to pregnant dams in liquid diets or in drinking water.
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The most severe limitation of these types of studies is that the dam controls the rate of
administration by its pattern of intake of the liquid diet. Consequently, the experi-
menter has limited control over the dose and timing of alcohol exposure. The peak
BAC:s attained with liquid diet procedures can vary widely owing to individual dif-
ferences in alcohol acceptance and metabolism. In addition, many studies fail to make
even cursory determinations of BAC profiles, and those that have usually do so in
dams that are used solely for BAC determinations. Furthermore, the daily pattern of
intake generally is not monitored, with investigators relying simply on recording the
total daily intake to report daily consumption of alcohol in g/kg. However, the actual
BAC attained is a function of the pattern of intake, so the daily intake gives no
information about the actual BAC reaching the fetuses. Finally, even though some
studies have manipulated the concentration of alcohol in liquid diets (e.g., comparing
the effects of diets containing 17 versus 35% ethanol-derived calories), practical
requirements, such as having adequate numbers of litters in each group, pair-feeding,
and surrogate fostering, restrict the number of different dose groups that can be
included in a given study.

The sum effect of these limitations is that there has been no systematic evaluation
of the dependence of CNS dysfunction on the BACs attained with prenatal rodent
models using liquid diet administration. Studies in which alcohol is administered to
pregnant dams by intragastric gavage overcome some of these difficuities, in that dose
and timing are controlled by the experimenter. Dose—effect studies of this sort have
been prominent in teratology studies in mice (e.g., Webster et al., 1980; Webster,
1989). Studies of CNS dysfunction using gavage require carefully matched groups to
control for stress effects and nutritional status; usually only one or two doses are
feasible. Furthermore, BAC determinations on an individual or litter basis are usually
lacking, thereby limiting the analysis to reporting representative means and variances
of the BACs produced by a given treatment. Variation in alcohol-induced effects due
to differences in BAC profiles among litters goes unrecognized.

Artificial rearing of neonatal rats is used primarily as a means to administer
alcohol to rats during the brain growth spurt. However, this procedure also provides
the great advantage of very precise control over the concentration, timing, and total
daily dose of alcohol delivered to individual pups. Thus, the experimenter can manip-
ulate the concentration of alcohol in the infused diet, the number of feedings that
contain alcohol, the developmental timing of alcohol-containing feedings, and the
daily pattern of the alcohol exposure. Furthermore, estimates of the peak blood alco-
hol concentrations attained with a given alcohol exposure paradigm can be obtained
from individual pups.

These aspects of the neonatal artificial rearing procedure provide the significant
advantage of using correlational and regression analyses of alcohol effects based on
estimated peak BACs. Over the past few years, we have exploited the experimental
control provided by the artificial rearing method to specify to what extent the alcohol-
related effects (e.g., brain weight restriction; cell depletion in various brain regions;
glial reactions), depend on the actual alcohol exposure (determined from estimates of
peak BACs of each individual).
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Brain Weight Restriction Is a Linear Function of Peak Blood
Alcohol Concentrations

In nearly every study petformed in our laboratory over the past 5 years, whole
brain weight and regional brain weights (forebrain, cerebellum, brain stem) have been
obtained following perfusion and brain extraction. Retrospectively, summarizing many
studies that involved literally thousands of pups, it is clear that alcohol exposure
during this period consistently restricts brain weight (but not body weight), and that
the severity of restriction increases with BAC. Typically, the threshold peak BAC that
produces significant brain weight restriction in any given study using bingelike ex-
posure on postnatal days 4 to 9 lies between 140 and 180 mg/dl. Interestingly, this is
approximately the same BAC found to produce neuroteratological effects in a primate
model of gestational binge exposure to alcohol (Clarren et al., 1988; Clarren et al.,
1990).

The experimental control inherent in the neonatal rat model using artificial
rearing has allowed us to evaluate brain-weight restriction as a mathematical function
of peak BACs from individual pups. Different groups of pups were given daily doses of
alcohol ranging from 2.5 to 7.5 g/kg/day delivered in four consecutive feedings each
day from PD4 to PD9, which produced peak BACs that ranged continuously across
groups from 30 to 500 mg/dl. On PD10, whole brain weights of the alcohol-exposed
pups were an inverse linear function of BAC, and BAC accounted for 84% of the
variance in brain weight of alcohol-exposed pups (Bonthius and West, 1988).

A more recent study evaluated rats killed at 260 days old, following exposure to
one of three different daily doses (2.5, 4.5, and 6.6 g/kg/day) administered on PD4
through PD9, which produced a BAC range from 30 to 580 mg/dl across groups. As
shown in Fig. 7, the neonatal treatment also restricted total brain weight in these
adult rats as an inverse linear function of estimated peak BAC (R = 0.59). Note that
the high dose produced much more variable peak BACs than did the two lower doses;
consequently, the value of BAC in accounting for variance in brain-weight restriction
(and also neuronal loss) was greatest for higher doses. These data show that with
precise control over the neonatal alcohol exposure and estimates of the peak BACs,
the effects of alcohol on brain weight can be predicted relatively accurately for
Sprague—Dawley rats.

Departures from Linearity in the Cerebellar Weight-Restriction Curve

One exception to the general rule of a linear decline in brain weight as a function
of increasing BAC was found for the cerebellum at extremely high doses (BACs). In
the dose—response study by Bonthius and West (1988), a departure from linearity of
the dose-dependent restriction of cerebellar weight was observed at the highest dose
(7.5 g/kg/day). The restriction of cerebellar weight was more severe than predicted by
the effects produced by the lower doses, owing to a precipitous decrease in cerebellar
weight when BACs exceeded 400 mg/dl. This effect was seen only in the cerebellum,
not in the forebrain or brain stem. We have also observed that gross defects in the
cerebellum can occasionally occur when BACs exceed 500 mg/dl (see Fig. 2).
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FIGURE 7 Scatterplot of whole brain weight (on postnatal day 260) as a function of peak BAC (on
postnatal day 6) in rats exposed to one of three doses (2.5 (A); 4.5 (H); or 6.6 (@) g/kg/day) on postnatal
days 4-9. The range of values is also indicated for the suckle controls (===} and gastrostomy controls
( ). There was a highly significant linear decline in whole brain weight as a function of BACs [F(1,40)
= 56.9, p < .0001], and the regression line accounted for 59% of the variance of the alcohol-exposed pups
(R = 0.59).

Blood Alcohol Concentration Profiles Are the Critical Determinant of
Central Nervous System Effects

One of the most important generalizations derived from our recent studies is the
BAC profile—not the total daily dose—is the critical determinant of brain-weight
restriction and neuronal depletion. A given daily dose condensed into only a few
feedings each day (using higher concentrations of alcohol each feeding), produces
peak BACs that are higher than when the same daily dose, or even a higher one, is
distributed over more feedings throughout each day (less concentrated in each feed-
ing) (reviewed in West et al., 1989). This increased damage to the CNS produced by
bingelike exposure has been documented using several different dependent measures,
including brain-weight restriction (Bonthius et al., 1988; Bonthius and West, 1990,
1991), loss of cerebellar Purkinje cells or granule cells (Bonthius and West, 1990,
1991), loss of hippocampal CA1 pyramidal cells (Bonthius and West, 1990, 1991),
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loss of olfactory bulb mitral and granule cells (Bonthius and West, in press), and
behavioral outcomes (Goodlett et al., 1987; Kelly et al., 1987b).

The severity of effects of a given daily dose of alcohol depends on the peak BACs
attained, which is a function of the daily pattern of exposure. Generally, as the peak
BAC increases, cell loss increases, brain weight restriction becomes more severe, and
behavioral deficiencies increase. These studies demonstrate that one way to increase
the peak BAC and thereby to increase CNS damage is to administer a given dose in
higher and higher concentrations over shorter and shorter intervals. These results
clearly indicated that one of the factors that puts the CNS of the fetus at risk for
damage is a pattern of binge drinking (marked by episodes of concentrated alcohol
consumption) that produced BACs sufficient to induce pronounced intoxication.

Depletion of Different Neuronal Populations Can Follow Different Blood
Alcohol Concentration Curves

Within-subjects analyses of cell counts in different brain regions (hippocampus,
cerebellum, and olfactory bulb) in rats exposed neonatally to alcohol have indicated
that neuronal populations have different thresholds of peak blood alcohol concentra-
tions necessary to produce significant depletion (West et al., 1990). Of structures
evaluated so far, the cerebellum and the olfactory bulb appear to have relatively low
thresholds for significant cell loss. In the vermis, significant (and permanent) Purkinje
cell and granule cell loss has been documented in groups exposed to bingelike treat-
ments on PD4 to PD9 (producing mean peak BACs at or greater than 180 mg/dl), but
not following treatments producing mean peak BACs around 50 mg/dl. In an impor-
tant exception, the flocculi of the cerebellum were found to have significant cell loss
even with exposures producing BACs near 50 mg/dl, and the loss was as severe as that
produced with high BACs (Napper and West, 1991). In the olfactory bulb, significant
loss of mitral and granule cells was also documented at 180 mg/dl. In contrast, in the
hippocampal formation, significant loss of pyramidal cells in field CA1 occurred only
in the group that was exposed to mean peak BACs greater than 300 mg/dl. Further-
more, no significant reductions were observed for field CA3 pyramidal cells or for
granule cells of the dentate gyrus in any group.

Blood Alcohol Concentration Dependence of Behavioral Effects

In addition to the morphological studies, we and others have evaluated behavioral
effects in several different tasks, including sensorimotor development, activity, motor
competence, passive avoidance, spatial navigation in a water maze, and spatial learn-
ing and memory in a radial maze (see West et al., 1989; Goodlett et al., in press for
reviews). Some of these tasks were specifically chosen because performance on them is
known to depend on the functional integrity of the cerebellum (motor competence) or
the hippocampal formation (activity, passive avoidance, and spatial learning).

Neonatal alcohol exposure delays sensorimotor development (Kelly et al., 1987a),
and impairs suckling behavior on PD15 (Barron et al., 1989); the severity of the
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effects is a function of the BAC attained. Alcohol-related hyperactivity occurs both in
developing pups (Kelly et al., 1987a) and in adult rats (Kelly et al., 1987b), but only
in groups exposed to binge exposure producing relatively high peak BACs. Deficits in
motor function have been revealed with gait analysis, showing that locomotor pat-
terns of neonatally exposed rats were abnormal because of an increased stance width
and a decreased stride length (Meyer et al., 1990a). It should also be noted that rats
exposed to alcohol prenatally exhibit a similar disturbance in gait (Hannigan and
Riley, 1988).

Several reports from different laboratories indicate that at least one test of motor
competence that incorporates substantial practice effects (i.e., traversing parallel bars)
consistently reveals deficient performance of rats exposed to alcohol during the brain
growth spurt (Meyer et al., 1990b; Thomas et al., 1991). The deficits were BAC
dependent, in that they were not significant in groups with mean peak BACs less than
100 mg/dl; the deficits were more severe in groups exposed to BACs greater than 300
mg/dl than in groups exposed to BACs between 150 and 250 mg/dl. Another test of
motor competence—balancing on a rotarod—gave inconsistent results, in that rats
exposed to relatively high BACs neonatally showed no impairments as young adults
(Meyer et al., 1990b; Thomas et al., 1991); others tested at 13 months of age were
significantly impaired (Goodlett et al., 1991b). Traversing parallel bars appeared to be
more difficult to learn than balancing on the rotarod, and rotarod competence acquisi-
tion of the older (and bigger) adult rats was slower than that of younger (and smaller)
adult rats. Thus, the differences in outcomes appear to be related to differences in task
difficulty, suggesting that even with relatively severe cerebellar cell loss, deficits may
be apparent only with relatively challenging tasks or tasks that require substantial
motor learning.

Alterations in passive avoidance and spatial learning have also been described,
and were especially apparent in juvenile rats following neonatal alcohol exposure. The
passive avoidance deficits (Barron and Riley, 1990) were observed in 23-day-old rats,
were dose dependent (found in groups given binge exposure of 6 g/kg/day but not 4
g/kg/day), and were gender dependent (found in females but not males). Severe
deficits in acquisition of spatial navigation in the Morris maze swimming task were
present in rats of both sexes when tested between PD19 and PD40 (Goodlett et al.,
1987; Goodlett et al., in press). These spatial navigation deficits depended on the
BAC achieved during the treatment period. Rats exposed to BACs less than 150 mg/dl
were not significantly affected, whereas those exposed to relatively high BACs (>300
mg/dl) were severely impaired. When tested initially as adults, the spatial navigation
deficits were substantially less severe, and were significant only for females (Kelly et
al., 1988; Goodlett et al., in press). In contrast, acquisition of spatial learning in the
radial maze as adults was significantly impaired following exposure to high peak BACs
(>300 mg/dl) during PD4 to PD9 , both in males and females (Goodlett et al., in
press).

Thus, effects on performance both of motor tasks and of cognitive tasks can occur
following neonatal alcohol exposure. Consistent impairments,-on the tasks used thus
far, emerge when peak BACs during the neonatal exposure exceed 250 mg/dl. How-
ever, other tasks or other procedures may reveal deficits at lower exposure levels.
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CENTRAL NERVOUS SYSTEM EFFECTS INDUCED BY LOW BLOOD
ALCOHOL CONCENTRATIONS

One aspect of the discussion on page 62 is that, with the important exception of
the cerebellar flocculi, significant reductions in cell numbers following neonatal ex-
posure were not observed in groups exposed to low peak BACs (<100 mg/dl). How-
ever, neuronal depletion probably represents one of the most extreme effects of alcohol
exposure during development, so cell loss may not be an appropriate indicator of
susceptibility of the CNS to low to moderate levels of exposure. In that regard, two
other morphological measures have revealed deleterious effects of low-level alcohol
exposure during the neonatal brain growth spurt—permanent reductions in zinc den-
sity in the mossy fibers, and acute astrogliosis in the cortex.

Mossy fiber zinc density was measured in stratum lucidum of hippocampal field
CA3 on PD45 using quantitative zinc: TS-QQ histofluorescence (Savage et al., 1991¢).
Three groups of rats were exposed to alcohol on PD4 to PD9, in patterns producing
mean peak BACs of 57, 229, or 430 mg/dl, respectively. Compared to suckle controls
and artificially reared gastrostomy controls, all three alcohol-treated groups had signif-
icantly lower mossy fiber zinc densities, with reductions of 28 to 36% in the dorsal
hippocampus and 20 to 25% in the ventral hippocampus. Importantly, the extent of
mossy fiber zinc reduction did not differ among the three alcohol-exposed groups,
despite the massive group differences in peak BACs. Thus, exposure to low levels of
alcohol produced deficits in zinc content that were just as severe as those following
heavy exposure. Interestingly, a comparable depletion of zinc density also occurred
with gestational exposure to low BACs (Savage et al., 1989), suggesting that the
developmental timing of the exposure is not a critical determinant of this effect.

The astroglial reactions in the deep layers of the cortex described earlier (pages
54-58) also are discernible on PD10 following postnatal alcohol treatments that
produce BACs averaging about 50 mg/dl (Fig. 6). In layer V of the cortex of the
alcohol-exposed pups, the density of astrocytes was greater, and the astrocytes were
hypertrophied, having dense immunoreactivity in the soma and thick, heavily labeled
fibrillary processes. The astrogliosis in the deep cortical layers in the low-dose group
was qualitatively similar to that of the high-dose group having a mean BAC of 300
mg/dl (compare Fig. 6B and 6C). However, BAC-dependent differences were apparent
in other aspects of the transient alcohol-induced gliosis. As mentioned earlier, the
total GFAP content in the cortex, measured using radioimmunoassays, increased
linearly with increasing peak BAC (ranging from 30 to 400 mg/dl). In addition, the
reactive glia surrounding what appeared to be areas of vascular disruption (see Fig. 4
and pages 54—57) were seen only in cases exposed to high BACs (<250 mg/dl).

With regard to the controversial issue of what degree of alcohol consumption
constitutes a risk to the developing CNS, these studies suggest that identifiable,
presumably deleterious effects on CNS structure can result from even moderate levels
of exposure. Other studies, using a prenatal exposure paradigm via a liquid diet
producing low maternal BACs (peak BACs of 30 to 40 mg/dl), indicate that neuro-
chemical and neurophysiological alterations are very sensitive markers of long-lasting
neurological effects of gestational alcohol exposure.
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Savage and his collaborators demonstrated that such prenatal alcohol exposure
resulted in significant reductions in total glutamate binding in 45-day-old rats (Farr et
al., 1988). In a follow-up study of binding to the N-methyl-p-aspartate (NMDA)
glutamate receptor subtype, NMDA-sensitive glutamate binding density was also re-
duced in CA1 and the dentate gyrus of the dorsal hippocampal formation, in a pattern
similar to that of the alcohol-induced change in total glutamate binding (Savage et
al., 1991a). The reduction in NMDA-sensitive binding is apparently attributable to a
long-lasting shift in the NMDA receptor population from an agonist-preferring state to
an antagonist preferring state (Savage et al., 1991b). These findings converge with
electrophysiological studies in hippocampal slices of adult rats given identical prenatal
alcohol exposure. Morrisett et al. (1989) demonstrated reductions in responsiveness of
CA1l pyramidal neurons to NMDA, and Swartzwelder et al. (1988) demonstrated
decreased long-term potentiation [neuronal plasticity that is mediated in part by
NMDA receptors, (Collinridge, 1985)).

Taken together, both the prenatal-exposure studies and the neonatal-exposure
studies indicate that BACs in the range typically produced by low to moderate drink-
ing can result in significant and long-lasting changes in the brain. The functional
significance of these changes is presently unknown. However, it is likely that these
demonstrated changes are associated with altered function or even with neu-
ropathological processes. For example, NMDA-mediated neurotransmission and long-
term potentiation in the hippocampus have been critically linked to processes of
learning and memory, and disruption of these processes can interfere with cognition
(Morris et al., 1986; Olds et al., 1990). Additionally, astroglial reactions often are a
consequence of an underlying neuropathological process (Nathaniel and Nathaniel,
1981; Eng and DeArmond, 1982; Norenberg et al., 1988), suggesting the transient
cortical reactions may mark a significant alcohol-induced neuropathological effect.
Given these considerations, and in light of the limited information presently available
on the mechanisms of these known effects, the only prudent conclusion is that alcohol
can affect the developing brain even at low exposure levels. Abstinence during preg-
nancy is the only way to avoid such effects.

TEMPORAL WINDOWS OF VULNERABILITY

Because of the protracted length of mammalian CNS development and the stereo-
typed sequence of different developmental events, the specific effects of alcohol on the
CNS and the mechanisms producing those effects are likely to depend on the develop-
mental timing of the alcohol exposure. If the period of vulnerability to a given effect is
relatively limited, it may be possible to define experimentally the “temporal window
of vulnerability” for that effect by careful manipulation of the time of exposure. One
such example of a temporal window of vulnerability is the induction of FAS-like facial
anomalies with alcohol exposure during embryogenesis in mice (Sulik et al., 1981).
Structural malformations resembling FAS-like midfacial dysmorphology were pro-
duced at the greatest frequency by intraperitoneal injections of alcohol during a
window of time centered around gestational day 7. Injections only a few hours earlier
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or a few hours later (7 days = 4 hr) were not nearly so effective in producing these
FAS-like features.

If defined temporal windows of vulnerability can be identified for a given effect in
the CNS, it would provide an essential step toward understanding the specific mecha-
nisms of alcohol-induced damage. Knowledge of mechanisms underlying CNS dys-
function is predicated on specifying the critical developmental events associated with
such vulnerability. This in turn requires knowing when a given teratogenic effect of
alcohol can be produced, and whether the slopes of the temporal boundaries of the
vulnerable period are steep or broad.

For the CNS, relatively little is known about potential windows of vulnerability to
fetal alcohol effects, but periods of heightened susceptibility as well as temporal con-
straints in producing those effects have long been postulated (see West, 1987, for
review). Studies in our laboratory and in others (e.g., Cragg and Phillips, 1985) have
shown that even in the context of exposure during the brain growth spurt, relatively

sharp windows of vulnerability to some effects, most notably cell depletion, can be
established.

Purkinje Cell Depletion

A study manipulating the developmental timing of neonatal alcohol exposure
indicated that cerebellar weight was significantly restricted by bingelike alcohol ex-
posure even when given on only a single day, but only when that day was PD4 or, to a
lesser extent, PD5 (Goodlett et al., 1989b). This suggested that alcohol exposure
limited to one of those days could produce depletion of cerebellar neurons. This was
confirmed in a subsequent study, in which significant reductions in Purkinje cells
occurred following alcohol exposure on PD4 in which BACs reached 360 mg/dl
(Goodlett et al., 1990a).

The alcohol-induced depletion of Purkinje cells during the brain growth spurt is
now well established. Whether the brain growth spurt constitutes a period of height-
ened vulnerability requires additional comparisons with prenatal exposure. We com-
pared the effects of neonatal alcohol exposure (PD4-PD9) with gestational alcohol
exposure (G13-G18), in which the temporal patterning of the alcohol administration
and the resulting BAC profiles in the pups and the dams, respectively, were matched
as closely as possible (Marcussen et al., submitted). Pups from both treatments (and
from the appropriate matched controls) were perfused on PD10, and Purkinje cells in
the vermis were counted. The group exposed to alcohol neonatally suffered significant
Purkinje cell loss; the group exposed prenatally were not different from controls. Thus,
the postnatal brain growth spurt constitutes a period of enhanced vulnerability to
Purkinje cell loss. It should be noted that during this neonatal period of vulnerability
in rats, Purkinje cells are postmitotic and are undergoing differentiation. During the
relatively invulnerable late gestational period, the Purkinje cells are proliferating and
migrating. Thus, for this population -of neurons, the differentiation phase renders
them most vulnerable to alcohol-induced depletion.

Once it was established that the early postnatal period was the period of greatest
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FIGURE 8 Mean (* SEM) linear frequency of Purkinje cells in the lobules [X and X of the vermis of the
cerebellum on postnatal day 21 of control groups (SC and GC) and groups given bingelike alcohol exposure
restricted to 2 days during the brain growth spurt (on the postnatal days indicated along the abscissa). These
lobules correspond to the early-maturing region of Fig. 3. Note that alcohol exposure resulted in significant
Purkinje cell deficits only if treatment began before postnatal day 7. * *Significantly different from the
control groups and from all groups exposed to alcohol beginning on or after postnatal day 7.

vulnerability of the Purkinje cells, an extensive study of temporal windows of vul-
nerability over PD4 to PD13 was performed (Hamre and West, 1990; Hamre et al.,
1991). Pups were administered 6.6 g/kg/day of alcohol, limited to two consecutive
days beginning on one of seven postnatal ages, either PD4, PD5, PD6, PD7, PDS,
PD9, or PD12. The bingelike alcohol treatments produced peak BACs between 360
and 440 mg/dl; however, the groups exposed on different days did not differ signifi-
cantly in terms of BAC. Purkinje and granule cells were counted in the cerebellar
vermis on PD21. Significant alcohol-induced cerebellar cell loss (relative to artificially
reared or normally reared controls) was found to occur only if the treatment began
before PD7 (Fig. 8). Furthermore, Purkinje cell depletion was greatest with the earliest
alcohol treatment used (PD4-PD5). A dramatic and significant difference in Purkinje
cell number was apparent between the groups in which treatment began before PD7
(i.e., PD4/5, PD5/6, and PD6/7) and those in which it began on PD7 or thereafter.

Considering these findings, the vulnerability of the cerebellum to alcohol-
induced cell loss clearly depends on the developmental timing of exposure. Given the
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ineffectiveness of the late gestational exposure in producing Purkinje cell loss, and the
ineffectiveness of exposure beginning on PD7, these studies appear to define a tem-
poral window of vulnerability. Precise definition of the exact boundaries of this tem-
poral window will require alcohol treatments that include G19-G21 and/or PDO-
PD3. Furthermore, the precise temporal boundaries may depend on the peak BACs
that are produced by the treatments on specific days. Nevertheless, the data support
the contention that vulnerability to alcohol-related cerebellar cell loss changes over
development, and the period early in the brain growth spurt that includes onset of
Purkinje cell differentiation, appears the time of greatest vulnerability.

N-Methyl-D-Aspartate-Sensitive Glutamate Receptor Binding

As discussed earlier, both prenatal and neonatal alcohol exposure can reduce the
number of pyramidal neurons in field CAl of the hippocampus if the BACs are
relatively high. However, as indicated on page 65, Savage and collaborators demon-
strated that neurochemical and neurophysiological alterations can occur in the hippo-
campal formation when peak BACs are much lower (<50 mg/dl), including decreased
density of N-methyl-p-aspartate-sensitive glutamate receptor binding (Savage et al.,
1991a). This effect has been shown to depend on the developmental timing of alcohol
exposure (Savage et al., 1991d).

Alcohol treatments that produced peak BACs under 60 mg/dl were administered
during different periods of development, either during gestational periods (via liquid
diets): G1-G21, G1-Gl11, G11-G21, OR G16—~G21; or during the neonatal brain
growth spurt (via artificial rearing), from PD4-PD9). Hippocampal NMDA-sensitive
[PHlglutamate binding site density was determined when the rats were 45 days old
using in vitro radiohistochemical techniques. Significant decreases in NMDA.-
sensitive glutamate binding site density occurred only when the alcohol exposure
included the last week of gestation. Neither the exposure during the first half of
gestation nor the exposure during the neonatal brain growth spurt altered binding
density. Exposure restricted to the last third of gestation (G15—-G21) reduced binding
density as severely as exposure throughout gestation (G1-G21) or during the last half
of gestation (G11-G21). Thus, in the rat, the window of vulnerability to the de-
creased hippocampal NMDA agonist binding induced by low levels of alcohol ex-
posure appears to occur during the time of neurogenesis of the hippocampal pyramidal
neurons.

Aberrant Mossy Fibers

Disruptions of the hippocampal connections in the form of aberrant mossy fiber
projections can also be induced by developmental alcohol exposure (see page 54). This
effect also has a period of vulnerability, albeit one of degree. Gestational alcohol
exposure (via liquid diets) during G1 to G10 or during G11 to G21 failed to produce
aberrant mossy fibers. Exposure during PD1 to PD10 produced severe cases of aberrant
projections into the midtemporal intra- and infrapyramidal region of CA3a and CA3b
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(West and Hamre, 1985). Alcohol exposure throughout gestation (G1-G21) was
sufficient to produce aberrant mossy fiber projections in CA3a, but to a much lesser
extent than that produced by exposure during PD1 to PD10 (see West and Goodlett,
1990). Importantly, postnatal alcohol exposure limited to PD4 to PDI10 does not
produce aberrant mossy fiber projections (Kelly and West, unpublished observations,
1987), suggesting that the most vulnerable time for this effect in the rat occurs in the
first few days of postnatal life.

Enhanced Neuroendocrine Response to Stress

Stress-induced activation of the hypothalamic-pituitary—adrenal (HPA) axis has
been shown to be enhanced in juvenile and adult rats previously exposed to ethanol
throughout gestation (Weinberg et al., 1986; Nelson et al., 1986). Recent studies by
Rivier and her colleagues (Lee et al., 1990) demonstrated that alcohol exposure
restricted to the second gestational week, but not exposure restricted to the first or the
third gestational week, enhanced stress-induced HPA activation in 21-day-old rats.
Compared to controls, offspring exposed during the second gestational week (but not
the first or the third week) had significantly higher levels of plasma adrenocor-
ticotrophic hormone (ACTH) after a session of inescapable footshock. Furthermore,
exposure during the second gestational week also resulted in increased biosynthesis of
corticotropin-releasing factor (CRF) on postnatal day 21, compared to the other
groups. Northern blot analysis indicated that CRF mRNA levels were significantly
increased in the hypothalamus, and in situ hybridization revealed a significant in-
crease in CRF mRNA in the parvocellular division of the paraventricular nucleus.
These data indicate that the second gestational week in rats constitutes a temporal
window of vulnerability to altered development and regulation of the HPA axis, in
which a primary effect appears to be a long-term compensatory increase in CRF
expression in the brain.

SUMMARY

The bingelike exposure during the neonatal brain growth spurt in rats has pro-
vided an animal model system affording control over two variables that are critical for
precise understanding of the teratogenic effects of the alcohol: the profile of BACs
produced and the developmental timing of exposure. In terms of alcohol exposure
during the brain growth spurt, use of this model has now established several funda-
mental characteristics of CNS effects, summarized as follows:

¢ certain effects in the CNS can occur with relatively low BACS;

* the number and severity of effects increase with increasing BAC;

¢ when the alcohol exposure is precisely controlled, many effects appear to be a
linear function of peak BAC attained,;

¢ effects differ in terms of the peak BAC at which they are consistently observable,
suggesting they have different thresholds;
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e some effects, even severe ones such as neuron loss, can occur with exposure
restricted to a relatively short period, even 1 day; and

e temporal windows of vulnerability exist for some of the morphological effects
described, and are likely to occur for others.

The studies reviewed here, as well as others using different animal models, provide
the basic information necessary to begin more specific in vivo studies directed toward
mechanisms of teratogenic effects of alcohol. For example, knowledge that a single day
of exposure with peak BACs exceeding 300 mg/dl administered on selected postnatal
days can produce Purkinje cell depletion allows one to begin to evaluate the molecular
and cellular events associated with this temporal window of vulnerability. Also, alco-
hol-induced changes in gene expression or cellular reactions to the alcohol insult can
now be evaluated to determine the time course (onset, peak, decline) of such re-
sponses. These can then begin to provide critical insight into factors controlling
neuronal survival or death (in postmitotic populations), alterations in cell cycles (in
proliferating populations), or changes in the synaptic organization, neurochemical
constitution, or functional status of a given region following alcohol exposure. Knowl-
edge concerning the time course and mechanisms of these (or other) effects is neces-
sary before any rational strategy of intervention can be formulated.
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INTRODUCTION

In the past two decades there has been an explosion in the number of investiga-
tions inquiring into the effects on development of prenatal exposure to a variety of
substances. Of the various potentially harmful agents that pregnant women may ingest
or otherwise absorb, cigarette smoking ranks very high among the most widely re-
searched topics in teratology. A review of the literature suggests that a conservative
figure for the number of babies who have been examined with respect to birth weight
would be approximately 140,000 newborns studied, whose mothers smoked during
pregnancy. The voluminous literature presumably reflects both the relative ease in
collecting information with respect to smoking habits of the mothers-to-be (in con-
trast to gathering facts pertaining to usage of illegal drugs or substances that are not
taken in a fairly regular, habitual manner) and the significant number of women who
do smoke during pregnancy.

Maternal cigarette use has consistently been established as a reproductive toxin
and a teratogenic agent. Perinatal exposure has been shown consistently, in a very
large number of reports, to be related to a variety of negative pregnancy outcomes,
particularly with respect to the course of pregnancy itself and the growth of the fetus
and infant. The literature pertaining to neurobehavioral outcomes is not nearly so
extensive and is not so unequivocal in its findings. The focus of this chapter is an
examination of the potential long-term effects of perinatal exposure to maternal smok-
ing. At the outset, it must be noted that the approach to be taken is one that
empbhasizes that effects of fetal exposure to cigarettes are likely to emerge in complex
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interactions with life-style, environmental factors that make up the child’s environ-
ment—the transactional framework of Sameroff and Chandler (1975).

THE OTTAWA PRENATAL PROSPECTIVE STUDY

As much of the data that will be described in this chapter is derived from mothers-
to-be, infants, and children taking part in the Ottawa Prenatal Prospective Study
(OPPS), the protocol and the limitations of this work will be described in some detail.
Additional procedural information can be found in an earlier report (Fried et al.,
1980).

In 1978, the OPPS was initiated to examine the effects of marijuana when used
during pregnancy. As part of the protocol, extensive background information was
gathered, including data pertaining to cigarette use. Table 1 outlines the general
testing procedures that have been and are being followed in this work, portions of
which are described in this chapter.

Data have been, and continue to be, collected in a prospective fashion from
approximately 700 women residing in the Ottawa, Canada region. Pregnant women
were informed of the study by their physicians, by notices in waiting rooms of obstetri-
cians, or by notices in reception rooms of prenatal clinics in the three major hospitals
in Ottawa. The information that was imparted at this point discussed, in general
terms, how life-style habits followed during pregnancy may influence the fetus. If she

TABLE 1 Protocol of the Ottawa Prenatal Prospective Study (OPPS)

Birth Date

Brazelton
Neonatal Assessment

(Day 4)

Precht!
Neurological Test
(Day 9 and 30)

Neonatal Perception
Inventory

(Day 9 and 30)

Bayley Scales of
Infant Development
(6, 12, 18, 24

months)

Visual & Auditory
Evoked

Potentials

(Once at 3-5
Years)

Postnatal
Questionnaire
(after Ist and 5th
birthday)

Physical Anomaly
Assessment

(one examination
between 18 months
and 4 years)

Reynell Expressive
Language & Verbal
Comprehensive Scale

(18, 24, 36, 48 months)

Home Inventory

(24 and 48 months)

McCarthy Scales or
Children’s Abilities
(36, 48, 60, 72 months)

Pegboard fine motor
coordination test
(48, 60, 72 months)

Tactile Form
Recognition Test

(48, 60, 72 months)

Peabody Picture
Vocabulary Test
(48, 60, 72 months)

Conners’ Parent
Rating Scale
(48, 60, 72 months)

Gordon Diagnostic
System (vigilance
and impulsivity

(60 and 72 months)
Neuropsychological

Battery
(60 and 72 months

Wide Range
Achievement Test
(60 and 72 months)
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desired, the mother-to-be could contact our research facility at the psychology depart-
ment of Carleton University either by telephone or by returning a prepaid postcard
that was attached to an information pamphlet. At this time, the potential subject was
given further details about the particular habits we were interested in—marijuana,
alcohol, and cigarette use. It was emphasized that, for purposes of comparison, we also
wished to recruit women who did not use any of these substances during pregnancy.
After volunteering and signing an informed consent, the mother-to-be was inter-
viewed once by a female during each of the trimesters remaining in her pregnancy,
typically in the subject’s home.

This volunteer method of recruiting subjects had both strengths and weaknesses.
The self-selection procedure places a limit on the degree of generalization that can be
made in terms of the epidemiological information collected, the possibility of selection
bias being obvious. However, as reported elsewhere (Fried et al., 1980, 1984) on
several key demographic variables (e.g., parity, age, family income), the volunteer
sample participating in the OPPS is quite similar to nonparticipating women living in
the Ottawa area giving birth in the hospitals involved in our study.

The recruitment procedure that was utilized has the advantage of increasing the
likelihood of the reliability of self-report and to increase the probability of a long-term
commitment to the study. Aside from subjects moving from the Ottawa region (about
one third), a retention rate of over 95% has been maintained over the past decade.

In each of the interviews conducted during the pregnancy, information was col-
lected on such variables as socioeconomic status, mother’s health (both current and
before pregnancy), the health history of the father, obstetrical history of previous
pregnancies, a 24-hour dietary recall (including an assessment of caffeine intake), as
well as past and present drug-use patterns, with particularly detailed information being
gathered regarding marijuana, alcohol, and cigarettes. For determination of these
three drugs, information was gathered for the year preceding pregnancy, as well as for
each trimester of the pregnancy.

The average number of cigarettes smoked per day was recorded, and a nicotine
score was derived by multiplying the number of cigarettes smoked daily by the nicotine
content of the brand specified. During each pregnancy interview, women were also
asked whether they were regularly exposed to a smoked-filled environment. Informa-
tion was also obtained on the father’s and current partner’s smoking habits. Marijuana
use was calculated in terms of the average number of joints smoked per week in the
year before pregnancy and during each trimester of pregnancy. Alcohol consumption
was determined using a quantitative-frequency formula and reported as average ounces
of absolute alcohol per day.

For descriptive and some statistical analyses, the cigarette data were treated cate-
gorically. Smoking was categorized into three groups: nonsmoking, light, and heavy.
The latter were women who smoked the equivalent of 16 mg nicotine/day or more.
The minimum amount in this category approximates one package of cigarettes of
average strength.

The women who smoked cigarettes during their pregnancy tended to differ from
nonsmokers on a number of variables that had the potential of influencing the devel-
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opment of the offspring. Decreasing trends of age, formal education, maternal and
paternal occupational status, and family income were among possible confounding
factors noted.

The self-report procedure utilized to assess drug habits raises the fundamental issue
of validity and reliability. Despite the obvious limitations of this method of determin-
ing drug use, at the time of the collection of data, no practical alternative was
available. In the OPPS, a number of procedures were employed to enhance the
likelihood of accurate data collection. A nonthreatening, nonjudgmental relationship
in a comfortable environment. (typically the home of the mother) was established
between the subject and the female interviewer with the same interviewer following
the mother-to-be throughout her entire pregnancy. A second procedure designed to
enhance the accuracy of the responses to the orally posed questions centered on the
number of times the same drug-related questions were asked. The interview took place
once during each trimester, and during each of the interviews, the queries pertaining
to drug use for each 3-month period of pregnancy that had passed and for the year
before pregnancy were repeated, permitting test—retest reliability measurement.

PREVALENCE AND PATTERNS OF SMOKING

Data collected during the latter half of the past decade from a number of countries
have reported relatively consistent findings with respect to smoking trends. In Cana-
da, in the most recent national survey (Health and Welfare, 1988), the overall
prevalence of smoking by individuals 15 years and older was found to be declining in
all age groups. The figures indicated that 30% of the adult population smoked on a
daily basis in the mid-1980s compared to 41% in 1970. Males accounted for the largest
share of this reduction, with a diminution from 49 to 32% between those two periods.
Although the numbers for the females also follow this downward trend, the rate of
change was substantially less. The smoking rate among the overall female population
was 32% in 1970 and had decreased to only 29% by the mid-1980s. Particularly
germane to this chapter, among women of reproductive age (between 15 and 44 years)
one third reported that they smoked on a regular basis. These figures are within one or
two percentages of those noted in the United States (Williamson et al., 1989) and
Sweden (Cnattingius, 1989).

Another statistic having bearing on smoking habits and pregnancy is that the
proportion of heavy smokers (a package a day or more) has increased in the past
decade. For example, in Canada, the relative increase in the number of heavy smokers
was 31% for males and 57% for females. In Sweden, the proportion of heavy smokers
has almost doubled. Many smokers appear to have switched to cigarettes with lower
tar and nicotine levels, but smoke more of them. This has important implications
since the relationship between the consequences of maternal smoking and the imme-
diate and long-term effects on the offspring may be related to carbon monoxide, which
increases directly with the number of cigarettes smoked.

The extent of cigarette use by women during pregnancy in nonghetto, urban
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regions has been reported to be between 22 and 28% (Fried et al., 1984, 1985; Stewart
and Dunkley,1985; Streissguth et al., 1983; Williamson et al., 1989). Among the
subjects in the OPPS, the percentage of heavy smokers diminished from 12% in the
year before pregnancy to 7% in the first trimester, and to 5% by the third trimester
(Fried et al., 1985). In the OPPS we have noted that 50% of the light smokers (less
than a package a day) and 90% of the heavy smokers continued to smoke to some
degree once pregnancy was confirmed. However, given the dose-dependent risk posed
by cigarette use during pregnancy, even a reduction in smoking is of benefit to the
fetus. As such, the success or failure of programs designed to encourage pregnant
women to alter their smoking habits ought not to be evaluated solely in terms of the
number of women who give up cigarettes entirely.

Interestingly, cigarette use that had declined during pregnancy, continued to
decline during the first month after birth, with the nonsmoking rate being 80% and
the heavy smoking rate being 4%. One year following the birth of the baby, the
nonsmoking rate was 75%, whereas the heavy smoking rate was approximately equal
to that noted in the third trimester. The reasons for the continued reduction in
smoking in the first month after delivery may reflect, in part, a concern among women
about the effects of smoking on breast feeding. In the OPPS sample 82% of the sample
were breast feeding 1 month postpartum (Mackey and Fried, 1981). Parenthetically,
cigarette smoking was associated with the type of feeding method employed. Non-
smokers were significantly more likely to breast feed than were heavy smokers. A
similar finding was reported in an Irish sample by Hill (1988). In the OPPS sample,
among the smokers who did breast feed, there was a dose-dependent tendency to wean
earlier (Goodine and Fried, 1984).

That the decline in smoking associated with pregnancy lasts for a least a year is,
clinically, very encouraging. It has obvious benefits for the mother and, in terms of
secondhand smoke, for the child. Additionally, knowing that there is a fair probability
that the reduction during pregnancy will persist beyond the birth of the baby may
provide additional motivation for the smoker to reduce her habit before becoming
pregnant.

COURSE OF PREGNANCY AND BIRTH WEIGHT

Maternal cigarette smoking has been linked to a number of adverse pregnancy
outcomes. In well-controlled large studies, these include spontaneous abortion (e.g.,
Risch et al., 1988), still births and perinatal death (e.g., Cnattingius et al., 1988;
Malloy et al., 1988), and sudden infant death syndrome (e.g., Hagland and Cnat-
tingius, 1990).

Birth weight has been of particular interest as a measure of assessing the success of
pregnancy because of the well-documented association between small-for-date babies
and morbidity at birth or in the neonatal period. Maternal smoking has been consis-
tently reported, in many countries and across many social strata, to be associated with
a lowered birth weight. The effect is dose dependent and is not the result of a
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shortened gestation period. Compared to nonsmokers, light and heavy smokers have
54 and 130% increases in prevalence of newborns weighing less than 2500 g (the
operational definition of low-birth-weight infant), respectively (Meyer et al., 1976).

In the OPPS sample we noted an interaction between the timing of cigarette use
during pregnancy and its relative differential effects on growth parameters at birth
(Fried and O’Connell, 1987). Although both first and third trimester smoking signifi-
cantly influenced birth weight (after statistically adjusting for a host of possible con-
founding variables), the effect of third trimester use was more marked, with a decrease
of 181 g associated with a pack-a-day use versus a decrease of 134 g with a similar use
in the first trimester.

The importance of maternal weight gain during pregnancy in determining birth
weight has been noted (Rush, 1976). In the OPPS this variable was found to be an
important contributor to the variance in growth parameters at birth. However, even
after controlling for the influence of maternal weight gain, a significant proportion of
the variance in birth weight was explained by the smoking habits of the mothers. As
the maternal nourishment in the OPPS sample did not differ between the heavy
smokers and the rest of the sample, it was hypothesized that the lowered birth weight
might reflect an impairment in the fetal ability to utilize nourishment in utero (Fried

and O’Connell, 1987).

NEONATAL BEHAVIORAL CORRELATES OF PRENATAL EXPOSURE
TO CIGARETTES

Although not totally consistent (e.g., Richardson et al., 1989), a number of
studies have observed relationships between maternal smoking during pregnancy and
altered behavior in the neonate. In the OPPS, prenatal cigarette exposure was associ-
ated with decreased auditory habituation in babies between 3 and 6 days of age (Fried
and Makin, 1987). Habituation of various responses to repeated stimuli is thought to
be an indication of nervous system integrity. The observation of altered auditory
habituation is consistent with the observations of a number of workers who have
described a relationship between the auditory senses and smoking during pregnancy.
Saxton (1978) noted a decreased hearing response as well as a decreased rate of
habituation in 4- to 6-day-old babies born to smokers, whereas Picone et al. (1982)
observed decreased auditory responsiveness but faster auditory habituation in 2- and 3-
day-old offspring of maternal smokers. Jacobson et al. (1984) also reported, at marginal
statistical significance, poorer auditory responsiveness in the 3- and 4-day-old babies
born to smokers.

In the OPPS work (Fried and Makin, 1987), maternal use of cigarettes was
associated with increased tremors, and Picone et al. (1982) noted poorer autonomic
regulation in the offspring exposed prenatally to constituents of cigarette smoke.
Interestingly, in both the OPPS and in the work of Jacobson et al. (1984), lower
irritability seemed to be associated with maternal smoking. Jacobson attributed the
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finding to a delayed onset of crying in his 3- and 4-day-old subjects. This hypothesis is
consistent with the observations of Fried and Makin {(1987) in the OPPS work. Infants
were tested between 3 and 6 days of age, and when age was included in the regression
equation, the decreased irritability did not remain significant.

A further observation with regard to the irritability dimension is that, in statis-
tical terms, the regression equations revealed that nicotine scores appeared to suppress
a portion of error variance in alcohol so that the relationship of alcohol with irri-
tability was enhanced. This emphasizes the importance of the statistical control of
cigarettes when examining alcohol effects.

In the OPPS the neurological status of 9- and 30-day-old infants was examined
(Fried et al., 1987) using a slightly modified version of the Precht! neurological
examination (Prechtl, 1977). The examination comprised 140 items including tremor
incidence, limb power and resistance, various reflexes, posture in various positions,
eye movements, and spontaneous motor movements. The data were analyzed using
discriminant function analysis, controlling for potentially confounding variables. For
statistical reasons (Fried et al., 1987), the sample was dichotomized into smoking
versus nonsmoking. At 9 days of age, the primary Prechtl variables distinguishing
between the smoking and nonsmoking group were the increased incidence of fine
tremor and some heightened motoric reflexes in the infants born to maternal smokers.

At 30 days of age, the Prechtl variables that assessed aspects of muscle tonus
differentiated the two groups. Maternal smoking was associated with increased tonicity
and heightened motoric reflexivity. The hypertonicity correlation was maintained
after controlling for the birth weight of the baby, indicating that the relationship was
not mediated by the infant’s weight at birth. Increased startles and tremors were also
associated with prenatal cigarette exposure, and the combination of these observa-
tions, coupled with the hypertonicity, was interpreted as suggestive of central nervous
system excitation (Fried et al., 1987). The increased incidence of tremors at this age is
consistent with the observations previously described in newborns from both the
OPPS and from the laboratory of Picone et al. (1982).

A number of reports have linked maternal smoking and hyperactivity in young
children (e.g., Denson et al., 1975; Nicols and Chen, 1981) and poor orientation and
impaired attention in a vigilance task {Streissguth et al., 1984; Kristjansson and Fried,
1989). These will be discussed later in this chapter, but at this juncture, it appears
appropriate to indicate the consistency between these long-term associations of mater-
nal smoking and the notion of increased nervous system excitation already mentioned.

However, one must be extremely cautious in postulating that the same fundamen-
tal processes underlie the infant’s neurological functioning and the behavior of the
young child. Even if one makes the reasonable assumption that development is a
continuous process with common substrates underlying behavioral performances (Mc-
Call et al., 1977), the impact of the child’s environment must not be negated or
neglected (Sameroff and Chandler, 1975). As described earlier in this chapter, we
have noted that environmental factors may well be different in the home of the
smoker as compared to the home of the nonsmoker.
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INFANT BEHAVIORAL CORRELATES OF PRENATAL EXPOSURE
TO CIGARETTES

The Bayley Scales of Mental and Motor Development (Bayley, 1969) have typ-
ically been used to examine the relationship between maternal smoking and effects on
the offspring. The Bayley test consists of three scales. The Mental Developmental
Index (MDI) assesses sensory perceptual abilities, early acquisition of object constan-
cy, memory, problem solving, and vocalization. The Psychomotor Developmental
Index (PDI) assesses gross and fine motor movements. The Infant Behavior Record
(IBR) evaluates the infant’s attitudes, interests, and temperament.

Streissguth and her co-workers (1980), after adjusting for alcohol, caffeine, and
gestational age, found no effects of maternal nicotine in 8-month-old babies. How-
ever, Gusella and Fried (1984), in a pilot study using a sample derived from the OPPS,
observed a decrease in verbal comprehension (assessed by a cluster derived from the
mental portion of the Bayley scales) after adjusting for confounding variables.

We have examined 217 children from the OPPS at 12 months of age using a
multiple regression analysis (Fried and Watkinson, 1988). Cigarette use contributed
significantly to the prediction of MDI scores. Further, when examining the inverse
relationship between maternal smoking and lower MDI values, 39% of the heavy
smokers had infants with MDI scores under 85 in contrast to 6% of the remaining
subjects. No relationship was observed between the PDI and maternal smoking. In-
terestingly, there was a significant negative association between auditory-related items
on the IBR and prenatal exposure to cigarette smoke, consistent with the neonatal
observations described earlier, and the continuity supports the interpretation of a
direct effect of prenatal maternal smoking rather than postnatal, maternal life-style
habits, including postnatal secondhand smoke exposure.

Before leaving the data derived from infants approximately 1 year of age, an
interpretative issue ought to be raised—one that becomes more and more an issue as
the child being assessed gets older, and one that underlies much of teratological
research in which the drugs in question have relatively subtle effects. Although statis-
tical significance may be found, the amount of variance accounted for by the drugs is
relatively small. In the OPPS work, the behavioral effects uniquely associated with
maternal drug use (tobacco, alcohol, or marijuana) range from 1.5 to 5% after the
variance due to other potentially confounding factors is partialled out. In Streissguth’s
work (1980), where alcohol significantly contributed to mental and motor scores in 8-
month-old offspring, the amount of variance accounted for by that drug was approx-
imately 1%.

However, whether the unique contribution of the drugs, in fact, reflects the
“true” relationship between maternal drug use and the outcome observed in offspring
is problematic. We have argued (Fried and Watkinson, 1988) that it is more likely that
the real association of the drug with the behavioral outcomes in question may lie
between the unique contribution of the drug (in a standard regression model) and its
zero-order correlation (with no potential confounds considered). In the latter ap-
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proach, variance attributable to drugs may be as high as 12% whereas, as stated before,
the unique contribution is often in the region of 1 or 2%. The likely contribution or
- influence of the drug may well fall between these two figures.

At 2 years of age, children from the OPPS were examined (Fried and Watkinson,
1988) using the Bayley test and the Reynell Developmental Language Scale (1977).
This latter test was used to measure language comprehension and expression. At this
age, maternal smoking continued to have a significant relationship with auditory-
related behaviors, as assessed by the IBR of the Bayley, but it no longer contributed a
unique significant explanation of variance of the MDI or the two Reynell language
scores.

The question arises as to why maternal smoking was no longer associated with
cognitive functioning at 2 years of age. It may be that as the child gets older, postnatal
factors play an increasing role in determining the offspring’s performance, particularly
when the outcome measures are relatively global. Several reports have noted an
increased predictive power on mental test scores of variables that assess the child’s
home environment (e.g., Elardo et al., 1975; Gottfried and Gottfried, 1984). In the
OPPS examination of 24-month-old infants (Fried and Watkinson, 1988), the assess-
ment of the home environment and parental involvement with the baby was carried
out using the HOME (Home Observation for Measurement of the Environment) scale
{Caldwell and Bradley, 1979). The scores on the HOME were highly positively associ-
ated with the 24-month MDI and the Reynell tests and negatively correlated with
maternal smoking. This combination resulted in the loss of unique explanatory power
of the mother’s prenatal smoking habits. It is not possible to identify the contribution
of maternal smoking to this shared variance.

Although it may be that prenatal smoking has no effect on 24-month cognitive
measures, this would appear unlikely. A more plausible interpretation is that the
postnatal environment may act as an intervening variable between the cognitive
outcomes of the 2-year-old and maternal smoking. The information collected via the
HOME instrument when the child was 24 months of age, coupled with information
collected earlier (Goodine and Fried, 1984; Mackey and Fried, 1981), suggests that the
woman who smokes during pregnancy may have a life style that included less mater-
nal/child involvement, which may have an impact on the child’s cognitive develop-
ment.

There is some evidence that the decreased involvement is seen very early. For
example, as mentioned earlier, maternal smokers are less likely to breast feed. Impor-
tantly, the decision as to the method of infant feeding is typically made before the
birth of the child (Mackey and Fried, 1981), and the causal sequence involves the
mother’s life style influencing her behavior toward the infant, rather than the baby’s
behavior causing a maternal reaction. However, this interpretation does not preclude
the additional likelihood that the infant’s behavior (as outlined in the preceding
sections) affected by the in utero exposure to cigarettes will have an influence on the
mother’s behavior—the transactional relationship described by Sameroff and Chand-

ler (1975).
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CHILDHOOD BEHAVIORAL CORRELATES OF PRENATAL EXPOSURE
TO CIGARETTES

The relationship between lowered cognitive skills in childhood and maternal
smoking has been relatively consistent (recently reviewed by Rush and Callahan,
1989), with the majority of studies reporting the association either to be statistically
significant or to approach significance. Recently, two studies focusing on prenatal
alcohol exposure have reported being unable to find cognitive deficits in young chil-
dren associated with prenatal cigarette exposure (Streissguth et al., 1989; Greene et
al., 1991). In both of these longitudinal studies, environmental variables above and
beyond the cigarette use may have masked the opportunity to detect maternal smoking
effects, as the women who did smoke were subject to other risk factors (e.g., poorly
educated, socioeconomically disadvantaged).

In the OPPS, 3-year-old children were examined (Fried and Watkinson, 1990)
using the Reynell language test plus the McCarthy Scales of Children’s Abilities
(McCarthy, 1972). The latter test is based on six scales: verbal, perceptual, perfor-
mance, quantitative, memory, and motor. A general cognitive score is derived from
the first three scales. A stepwise discriminant function analysis and multivariate
analyses of covariance were carried out with such potential confounding variables as
other drug use, family income and education, nutrition, maternal age, parity, birth
weight, and home environment being considered.

The results revealed a negative dose—response association between cognitive
scores, particularly the verbal subscale of the McCarthy test and levels of maternal
smoking (Table 2). Even though, as at 24 months, the HOME scores were highly
related to both the cognitive measures and maternal smoking, unique discriminating
power was observed. Although the verbal component of the McCarthy test was,
statistically, the most significant, on each of the six subscales and on the expressive
portion of the Reynell test, the children of the heavy smokers had means that were
lower than did the children born to the light smokers, who, in turn did not perform so
well as those born to nonsmokers.

At 4 years of age, children from the OPPS were examined once more (Fried and
Watkinson, 1990) using the same battery as was used at 36 months, with the addition
of three tests. One was the Tactile Form Recognition Task (Jarvis and Barth, 1984) in
which the child was required to identify flat plastic shapes that were placed in the
subject’s hand out of sight. Recognition of the stimuli was indicated by the child
pointing to the one of a set of four stimulus shapes that was identical to the one being
felt. This was carried out with both the dominant and nondominant hand. Also
administered was the Pegboard test (Knights and Norwood, 1980), which measures
speed and accuracy in an eye—hand coordination task. The requirement of this test is
for the child to place, as rapidly as possible, keyhole-shaped pegs into rows of holes in
a board. Both speed and dropped pegs for each hand were recorded. The final addi-
tional test was the Peabody Picture Vocabulary Test (Dunn and Dunn, 1981), a widely
used measure of receptive vocabulary.

The results were strikingly similar to those obtained when the children were a year
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TABLE 2 Outcome Variables at 3 and 4 years of age®

3.year-olds 4.year-olds

Smoking group None Light Heavy None Light Heavy?
Number of subjects 61 51 21 66 47 17
McCarthy variables

Verbal 62.7 58.1 54.1°" 65.0 64.9 57.2°°

Perceptual 60.0 58.2 54.3° 64.2 62.7 59.8

Quantitative 58.9 56.8 52.7° 62.2 60.7 57.3

Cognitive index 119.5 113.7 107.2°" 125.7 124.4 115.3°

Memory 61.1 57.1 55.0° 60.1 59.8 54.2°

Motor 56.6 53.8 51.5 55.1 55.2 54.6
Reynell Language

Expressive 0.53 0.20 -0.17° 0.72 0.49 -0.09*

Comprehension 1.16 1.18 0.82 1.35 1.30 1.01°
Peabody —_ — _

Vocabulary — — — 119 114.2 109.27°

aThe statistical tests used for this table were one way between-subjects ANOVAs. Light smokers are >0 to

<0.16 mg nicotine/day; heavy smokers are >0.16 mg nicotine/day. Adapted from Fried and Watkinson
(1990).
b* p<0.05 **,p<0.0l

younger. Employing the same statistical procedures as described above for the 36-
month-old subjects, the discriminant function differentiated among the smoking
groups in a dose-related fashion (Table 2). The primary variables responsible for the
discrimination were three language-associated tests: the Peabody test, the McCarthy
verbal subscale, and the Reynell expressive component, all negatively related to
smoking. As with the data derived from the 3-year-old children, on each of the six
McCarthy subscales and on the two Reynell scales, a dose—response relationship was
noted. No significant association was found on the motor and tactile tests.

As mentioned in the section of this chapter describing neonatal findings, re-
searchers (e.g., Denson et al., 1975; Nicols and Chen, 1981) have noted an associa-
tion between maternal smoking and children diagnosed as hyperactive or attention-
deficit disordered. Recently, in order to evaluate and quantify sustained attention in
children, computer-controlled continuous performance tasks have been utilized. Chil-
dren who have been diagnosed as hyperactive or as having an attention deficit perform
more poorly on these vigilance tasks than do normal children. The impairment can
manifest itself as fewer correct hits (more omission errors) and/or more false alarms
(more commission errors).

Using a computer-controlled performance task, Streissguth and her co-workers
(1984) required 4-year-old children to press a button whenever a particular stimulus
appeared. The researchers note that, when confounding variables were statistically
controlled, maternal smoking was significantly related to a poorer performance on the
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vigilance task. With more or less the same sample at 7 years of age and using a
computerized continuous performance task, prenatal cigarette exposure was not found
to be related to attentional behavior (Streissguth et al., 1986).

Recently the attentional behavior of 4- to 7-year-old children from the OPPS was
examined using both visual and auditory continuous performance tasks (Kristjansson
and Fried, 1989). In addition to the vigilance tasks, each child’s activity level was
monitored using a sensor placed under the cushion of the subject’s chair. Linear and
logistic regression analyses were carried out on errors of omission, commission and
activity. Potentially confounding variables that were considered were similar to those
described in the earlier OPPS studies plus postnatal cigarette exposure, computer
experience, the child’s behavior (as coded by the experimenter), and the child’s age.

Maternal cigarette use during pregnancy was more strongly related to the objec-
tive measure of activity level than any other dependent variable and accounted for 8%
of the variance in that dimension. As discussed earlier, the typical explanatory power
of prenatal drug exposure on long-term effects in offspring is in the area of 1 to 5%, and
thus the 8% figure is quite robust indeed.

After statistically controlling for potential confounds, the analyses of the perfor-
mance on the vigilance tasks suggested a significant association between maternal
cigarette use and errors of auditory commission and a marginally significant rela-
tionship between visual errors of commission and prenatal cigarette exposure. Omis-
sion errors were not significantly related to maternal cigarette use after control vari-
ables were included in the regression equation.

Whereas omission errors are thought to reflect lapses in attention, commission
errors are thought to be related to both poor attention and impulsivity (e.g., Douglas
and Peters, 1979). The subjective observations recorded by an observer blind to the
maternal drug history on the children’s behavior during testing are consistent with this
interpretation. The children who made the most commission errors tended to be quick
to respond to the stimuli and appeared to have difficulty in inhibiting themselves from
responding to noncritical stimuli. Commission errors were also made by children
whose attention wandered and who then responded after missing the critical stimulus.

Commission errors may be more reflective of impulsive responding and increased
overall activity rather than of inattentiveness. This conclusion would be consistent
with the two observations in the work by Kristjansson and Fried (1989), that a
relationship existed both between maternal smoking and activity and between mater-
nal smoking and errors of commission (particularly in the auditory modality).

INVOLUNTARY SMOKING DURING PREGNANCY

As mentioned earlier in this chapter, the proportion of women who smoke during
pregnancy is reported to be between 22 and 28%. Estimates indicate that between one
third and one half of nonsmoking pregnant women are involuntary or passive smokers

(Karakostov, 1985; Martin and Bracken, 1986; Smith et al., 1982). Involuntary

smoking occurs when nonsmokers are exposed to the sidestream smoke of smokers in
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enclosed environments. Sidestream smoke and the smoke inhaled by the smoker
(mainstream smoke) contain a number of similar components, including nicotine and
carbon monoxide, the two constituents identified as the most likely to be the
causative agents in producing effects in the offspring of maternal smokers (Fried and
Oxorn 1980). Further, as summarized in several reports (Department of Health and
Human Services, 1986; National Research Council, 1986; Fielding and Phenow,
1988) the carbon monoxide and nicotine levels in sidestream smoke are of a higher
concentration than that found in mainstream smoke.

Published reports describing the consequences on the offspring of involuntary
smoking by nonsmoking mothers-to-be are quite limited, with the majority consider-
ing paternal smoking as the only source of environmental smoke. Approximately 75%
of these studies have noted a relationship between this source of secondhand smoke
and reduced fetal growth and higher perinatal mortality (e.g., Karakostov, 1985;
Rubin et al., 1986; Koo et al., 1988). Martin and Bracken (1986), examining passive
smoking exposure arising from both the home and workplace, reported that involun-
tary smoking doubled the risk of delivering a low-birth-weight baby.

In a study in which children were followed to the age of 14 years (Rantakallio,
1983), paternal smoking showed about as strong a negative association with mental
and physical development as did maternal smoking during pregnancy, although it is
not clear whether or not this was after controlling for the maternal smoking.

Using children from the OPPS between the ages of 6 to 9, we have attempted to
compare the effects of maternal active and passive smoking using mental develop-
ment, language development, and behavior as outcome measures (Makin et al.,
1991). A three-group design was employed in this study, utilizing women who smoked
during pregnancy, women who were passively exposed (either at home and/or “regu-
larly exposed to a smoke-filled environment”), and women who were neither active or
passive smokers during their pregnancy.

For almost half of the women in the passive smoking condition, the involuntary
exposure occurred outside the home; i.e., paternal smoking was not the source. This is
an important fact as, by failing to consider nonpaternal sources—as indeed is the case
in all but Martin and Bracken's (1986) work—an inadequate index of involuntary
exposure is likely to be obtained. Further, problems are created with respect to the
potential comparison groups who may well be exposed during pregnancy to sources of
smoke that are unknown to the researcher.

In addition to the collection of background variables described earlier in this
chapter, at the time of testing of the child, the mother completed a behavioral check
list (Conners, 1970) and a short questionnaire pertaining to the child’s school history,
current smoking habits of the family, and a yearly account from birth of the child’s
exposure to secondhand smoke. Additionally, the examiner completed a rating scale
that considered such variables as attention to the task, amount of motor activity,
manual dexterity, and degree of cooperation.

Using a stepwise discriminant analytical approach, the results of this study indi-
cated that the consequences of passive smoking were similar, in some respects, to
active maternal smoking, but smaller in magnitude. The measures of oral language and
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speech articulation followed this pattern, with both smoking groups performing more
poorly than the nonsmoking group in all four of the language measures, with the
children of the passive smokers demonstrating a smaller deficit than the children of
active smokers on three of the four tests.

Children in both smoking groups were rated on all scales in the Conners Parent
Questionnaire as showing more behavioral problems than the nonsmoking group.
These scales included the areas of conduct problems, learning problems, psychosomat-
ic symptoms, impulsivity, anxiety, and hyperactivity. On five of the six scales, the
active group was rated, by the mothers, as having the most behavioral problems. The
exception was the anxiety subscale, on which the passive group was rated slightly
higher than the children in the active group.

Compared to children born to nonsmokers, twice as many children in the active
smoking group were rated by their mothers as having problems at school. The percep-
tion of the mothers is consistent with several reports that have noted an association
between poorer adjustment at school and the mother’s active smoking during pregnan-
¢y (Denson et al., 1975; Dunn et al., 1977) and is also congruent with the increased
impulsivity and activity described earlier in this chapter (Kristjansson and Fried, 1989)
associated with maternal smoking.

To examine cognitive functioning the Wechsler Intelligence Scale for Children-—
Revised (WISC-R) (Wechsler, 1974) was used employing the three factor scores
developed by Kaufman (Kaufman, 1979), i.e., verbal comprehension, perceptual or-
ganization, and freedom from distractibility. This latter factor score has been found to
be sensitive to attentional and information-processing problems in children. The
Wide Range Achievement Test (Jastak and Wilkinson, 1984), with its subtests for
reading, spelling, and arithmetic, was also administered. The results were quite consis-
tent with the scores on the verbal comprehension and freedom from distractibility
factors of the WISC-R and the scores on the achievement tests, being lower for the
active-smoking group, intermediate for the passive group, and higher for the nonsmok-
ing group.

Overall, this work suggests that maternal passive exposure to cigarettes is associ-
ated with long-term negative effects that are similar to but milder in degree than the
long-term effects of maternal active smoking. This linear trend was most evident in
the specific areas of speech and language development, intellectual ability, and behav-
ioral problems.

The results also highlight an interpretative aspect concerning the findings of
children born to women who actively smoked during their pregnancy. In the work by
Makin et al. (1991), 97% of children born to women who had smoked during preg-
nancy continued to be exposed, for various lengths of time, to secondhand smoke after
birth. Thus, the marked effects found in the offspring of active smokers may be the
result of the combination of in utero exposure and postnatal secondary smoke. The
role of the passive exposure in these children remains ro be determined and will
require studies with large numbers of subjects in order to evaluate this variable.

This work on passive exposure by Makin et al. (1991) represents a first attempt at
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delineating the long-term cognitive and behavioral consequences of being an involun-
tary smoker during pregnancy. Clearly, the quantification of secondhand smoke ex-
posure, although somewhat more comprehensive than that reported previously in the
literature, still leaves much room for improvement. In spite of this, however, the
results, combined with the number of pregnant women exposed to the smoke of
others, emphasize the importance of and the need for further research in this area.

SUMMARY AND CONCLUSIONS

The work that has been described in this chapter—both that of the OPPS and
that of other studies—is an example of the relatively new field of behavioral teratology
(Riley and Vorhees, 1987). Animal models have been used extensively in this area in
order to experimentally control such variables as genetic background, timing and type
of drug administered, and the environmental milieu during pregnancy and during the
rearing of the offspring.

In work with humans the enormous number of uncontrollable events that occur
between the putative teratogenic exposure and the identification of the behavioral
deficit make the task of establishing a cause-and-effect relationship very difficult.
Many of the complex variables (e.g., social, environmental, demographic, psycholog-
ical) that influence human behavior are difficult to quantify or even identify, and
those that we do know about can often not be controlled in an experimental sense. In
the absence of being able to manipulate such variables, factors known to influence the
outcomes of interest must, if possible, be measured and, in the statistical sense,
adjusted for as much as is feasible.

Despite the impediments to ideal experimental control and the consequent diffi-
culty in determining cause-and-effect relationships, research in this area is essential
and can be informative. However, the interpretation of the findings must be made in
light of the caveats associated with the research designs employed.

In assessing the possible role of smoking during pregnancy, it is important to
recognize that the decrements in performance on the various outcome measures are
relatively small, particularly in relationship to other predictors of child behavior. For
example, as mentioned earlier, the drug variable typically accounted for less than 5%
of the variance associated with cognitive outcome, whereas other life-style habits
accounted for up to 35% of the cognitive outcome variability (Fried and Watkinson,
1988).

In the work of the OPPS described in this chapter, in addition to the attention
paid to the potential confounding factors such as other drug use, maternal and pater-
nal health, nutrition, and demographic variables, the prospective longitudinal design
is a vital factor in contributing to the understanding of the long-term consequences of
in utero exposure to cigarettes. One of the principal reasons for carrying out this
difficult design is to determine whether there is a continuity in the observations made
at different ages in the neonates, infants, and young children in the different drug
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groups. In attempting to establish whether there are effects of prenatal exposure to
cigarettes beyond the neonatal period, the repeated measurements over time add a
degree of credence to the interpretation of a cause-and-effect role.

If, on related behaviors, consistencies are observed from the earliest measure-
ments until childhood, the link between prenatal cause(s) and the recurring outcome
measure can be made with more confidence than if only a single measure were taken.
Obviously, however, there are many interpretative problems with this approach. As
often alluded to earlier in this chapter, there is a reciprocal relationship between the
offspring’s behavior and the parents’ interaction with the child. This transactional
state of affairs (Sameroff and Chandler, 1975) may well serve to exacerbate certain in
utero effects. In terms of the actual world in which the child is raised, the effects noted
in the offspring are not only owing solely to fetal cigarette exposure but also to the
lifestyle and parent—child interaction, which are integral parts of homes in which the
mother smokes. Thus, as described earlier in this chapter, looking for the statistically
unique contribution of maternal cigarette smoking during pregnancy after controlling
for so-called confounding factors may well obscure the reality of the total drug effect.

The results of the OPPS suggest considerable continuity in aspects of behavior
that appear associated with prenatal exposure to cigarettes. As outlined in this chap-
ter, at less than 1 week of age, altered auditory responsiveness was noted (Fried and
Makin, 1987) in the babies born to mothers who smoked during pregnancy. At 1 year
of age, maternal cigarette smoking was uniquely significantly related to lowered cog-
nitive scores and auditory measures (Fried and Watkinson, 1988). At 24 months,
cigarette use retained a significant association with some auditory-related behaviors,
although its explanation of variance of cognitive scores was attenuated by the strong
relationship between postnatal environmental factors and prenatal maternal smoking
(Fried and Watkinson, 1988). In the 36-month-old children, a negative dose—
response association was observed between cognitive scores, particularly the verbal
subscale of the McCarthy test, and levels of smoking (Fried and Watkinson, 1990).
Statistically unique discriminating power was retained after controlling for postnatal
environmental factors, even though the latter were highly related to both cognitive
measures and maternal smoking. In a similar fashion, at 48 months, after controlling
for the home environment, the McCarthy variables, particularly the verbal compo-
nents, the Peabody, and the Reynell expressive component, were all negatively associ-
ated with maternal smoking (Fried and Watkinson, 1990).

In the study on attention and impulsiveness in 4- to 7-year-old children (Krist-
jansson and Fried, 1989), deficits in the auditory mode seemed particularly associated
with maternal smoking during pregnancy. The examination of the long-term effects of
maternal passive smoking and a comparison of its effects to active smoking during
pregnancy (Makin et al., 1991) also found that speech and language were among the
most vulnerable to maternal secondhand smoke exposure.

The continuity over approximately 7 years of the relationship between audito-
ry/language outcome variables and maternal smoking suggests that these aspects of
behavior are mediated, at least to some degree, by the direct consequences of in utero
exposure to constituents of cigarettes. However, as emphasized throughout the chap-
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ter, this does not preclude the possible effects of postnatal life-style habits and/or
exposure to secondhand smoke that may also influence directly or indirectly the child’s
performance on the language-related variables.

The overall poorer cognitive performance of the children born to mothers who
had smoked heavily during pregnancy found at all the ages tested and the intermediate
effects noted in the offspring of passive smokers are consistent with an interpretation
that at least a partial etiology of the longitudinal observations is the result of maternal
smoking habits during pregnancy.

Although a causal relationship between maternal smoking during pregnancy and
adverse behavioral outcomes cannot be posited with certainty, the evidence, as dis-
cussed in this chapter, certainly makes such a hypothesis tenable. The observations are
consistent enough to warrant advising prospective parents that, at this time, the state
of knowledge implicates prenatal exposure to cigarettes as limiting the child’s potential
for achieving optimal cognitive development.
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INTRODUCTION

It has become generally accepted that cigarette smoking during pregnancy results
in intrauterine growth retardation and a resultant shortfall of birth weight (Butler and
Goldstein, 1973; Naeye, 1978; Eriksson et al., 1979; Meyer and Carr, 1987). Mater-
nal tobacco use has also been implicated as the leading contributory factor in sudden
infant death syndrome (Haglund and Cnattingius, 1990). Because of the profound
effects of nicotine on the nervous system, a number of investigations have been
undertaken to define potentially adverse behavioral effects on offspring of smoking
women, and evidence for neonatal hyperactivity (Longo, 1977) and later learning
deficits (Butler and Goldstein, 1973; Longo, 1977; Eriksson et al., 1979) has been
presented. Be that as it may, it has been difficult to attribute these alterations to
nicotine exposure per se because of the presence of substantial hypoxic/ischemic insult
during cigarette smoking. Indeed, hypoxia/ischemia produces fetal effects quite similar
to those reported for smoking (Cole et al., 1972; Dow et al., 1975), and these
variables thus probably contribute to the net deleterious effect.

In light of the large population at risk, it has been critical to examine animal
models of nicotine exposure with regard to identification of the specific factors that
elicit growth retardation and nervous system alterations, in particular the roles of
acute hypoxia/ischemia. Until recently, nearly all investigations have utilized acute
injections of nicotine in fairly high doses; in these cases, growth shortfalls and behav-
ioral alterations have been obtained that approximate those in humans whose mothers
smoked cigarettes. Intrauterine growth retardation and postnatal behavioral hyperac-
tivity have been reported in offspring of pregnant rats given 3 mg/kg twice daily
throughout the gestational and nursing periods (Sonawane, 1982; Nasrat et al., 1986;
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Slotkin et al., 1986b; Slotkin et al., 1987a), and learning deficits could also be readily
identified (Martin and Becker, 1971); this exposure level, after correction for meta-
bolic differences between human and rat, is often presented as representative of heavy
cigarette smoking (Martin and Becker, 1971; Sonawane, 1982; Nasrat et al., 1986),
but we have been able to show, as described in this chapter, that the underlying
biochemical and neuronal mechanisms most closely resemble those of nonspecific
damage, such as that associated with heavy metal intoxication or hypoxia (Slotkin et
al., 1986a; Slotkin et al., 1986b; Slotkin and Bartolome, 1987; Slotkin et al., 1987a;
Slotkin et al., 1987d; Navarro et al., 1988; Seidler and Slotkin, 1990). Indeed,
behavioral similarities between the effects of maternally injected nicotine and hypoxia
alone are marked (Martin and Becker, 1970; Martin and Becker, 1971). This does not
mean that these effects are unimportant: such treatments clearly result in increased
neuronal death (Krous et al., 1981) as well as alterations in synapse formation
(Jonsson and Hallman, 1980; Slotkin et al., 1986a; Slotkin et al., 1987a) and could
contribute significantly to the perinatal effects of maternal smoking.

The evidence thus seems convincing that cigarette smoking in humans (which
represents the combined effects of acute nicotine with hypoxia/ischemia) does influ-
ence nervous system development adversely; similarly animal models that duplicate
these circumstances (acute nicotine injections in doses that cause hypoxia/ischemia)
may produce the same types of effects. Nevertheless, because of these confounding
factors in the nicotine-injection model, the pursuit of the actual mechanism(s) by
which smoking alters perinatal nervous system development has remained elusive:
stated more explicitly, until the last 5 years, there has been no clear-cut demonstration
that nicotine itself, acting on the fetus, is responsible for any of these effects. This
question becomes more relevant in view of modern alternatives to smoking, including
smokeless tobacco, nicotine skin patches, or nicotine-containing chewing gum. It has
thus proven critical to develop animal models in which nicotine exposure occurs in
the absence of hypoxia/ischemia and other variables relevant to cigarette smoking.
These potential confounds are illustrated in Fig. 1. Whereas it is of key interest to
identify neurobehavioral effects attributable to nicotine acting directly on the fetal
brain, nicotine also can influence fetal growth and general development, which can
contribute to growth retardation, which itself might be responsible for behavioral
abnormalities. In parallel with this problem, actions of smoking in the maternal—fetal
unit are likely to be of importance: an acute bolus of nicotine produces ischemia,
attendant placental blood-flow restriction, and fetal hypoxia. In addition, smoke itself
produces hypoxia due to carbon monoxide, and the anorexic effects of nicotine con-
tribute to maternal nutritional impairment. Again, these factors can all contribute to
growth retardation and neurobehavioral deficits.

An appropriate animal model of fetal nicotine exposure would thus have to
separate the contributing variables of actions in the maternal—fetal unit and growth
retardation from effects attributable to nicotine acting in fetal brain, presumably by
administering nicotine itself as opposed to exposing gravid animals to cigarette smoke.
Initially, attempts were made to include nicotine in the drinking water of pregnant rats
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MATERNAL CIGARETTE

SMOKING
NICOTINE EFFECT IN FETUS MATERNAL-FETAL UNIT
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FIGURE 1 Variables contributing to neurobehavioral abnormalities associated with maternal cigarette
smoking.

(Peters et al., 1979; Peters, 1984), but most investigators now agree that this manip-
ulation is aversive and will reduce animals’ fluid intake drastically rather than eliciting
drinking of the nicotine-laced water (Naquira and Arqueros, 1978; Murrin et al.,
1987; Slotkin et al., 1987d). This problem has been circumvented with the advent of
the implantable osmotic minipump, which has enabled development of models of
continuous exposure to nicotine at doses that simulate plasma levels found in human
smokers, but without contributions of hypoxia/ischemia (Lichtensteiger and
Schlumpf, 1985; Murrin et al., 1985; Murrin et al., 1987; Slotkin et al., 1987b;
Slotkin et al., 1987d; Navarro et al., 1988; Navarro et al., 1989a; Navarro et al.,
1989b; Ribary and Lichtensteiger, 1989; Navarro et al., 1990b; Slotkin et al., 1990b).
Using this paradigm, we have been able to separate the direct effects of nicotine from
those of nicotine plus hypoxia/ischemia on cellular development in brain regions, on
synaptogenesis and synaptic activity in the central nervous system, and on develop-
ment of central nervous system nicotinic receptors (Slotkin et al., 1987b; Slotkin et
al., 1987d; Navarro et al., 1988; Navarro et al., 1989a; Navarro et al., 1989b; Ribary
and Lichtensteiger, 1989; Navarro et al., 1990a,b; Slotkin et al., 1990b). The results
summarized in this chapter thus will compare and contrast the effects of prenatal
exposure to nicotine via the injection route, which include the effects of hypox-
ia/ischemia, as well as by the infusion route, which do not. The rat has been chosen as
the species of interest because it is born with a relatively immature nervous system,
thus permitting postnatal study of phases of neural maturation corresponding to late
gestation through neonatal development in humans (Dobbing and Sands, 1979; Re-
inis and Goldman, 1980).
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THE NICOTINE-INJECTION MODEL

Injection of nicotine into pregnant animals produces many of the features com-
mon to cigarette smoking. Nicotine injections, like smoking, produce ischemia and
resultant tissue hypoxia (Martin and Becker, 1970; Martin and Becker, 1971; Cole et
al., 1972; Dow et al., 1975; Slotkin et al., 1986b; Slotkin et al., 1987d; Navarro et
al., 1988; McFarland et al., 1991), effects that are exacerbated in smoking by the
presence of carbon monoxide, cyanide, and other chemical components of tobacco
smoke. Nevertheless, there are limitations to the utility with which the injection
route can be applied to animal models of smoking. Most important, smoking involves
multiple small doses of nicotine throughout the day, an impractical situation for
animal administration. Instead, most investigations have involved relatively large
doses of nicotine administered once or twice a day during pregnancy, typically 3 mg/kg
(Martin and Becker, 1970; Martin and Becker, 1971; Nasrat et al., 1986; Slotkin et
al., 1986b; Slotkin et al., 1987a; Navarro et al., 1988). Although this delivers net
daily nicotine doses (corrected for metabolic differences between species) comparable
to that in heavy smokers, it does so over a much more restricted period, producing far
more intense short-term ischemia and hypoxia than would be experienced in humans.
Even when an injection route is selected with a slowed rate of drug entry into the
circulation (such as subcutaneous administration), these doses clearly produce blanch-
ing of the skin, cyanosis, and respiratory depression (McFarland etal., 1991). As such,
injection regimens may be viewed as examinations at the top of the dose—response
curve, representative of a worst-case scenario of the fetal toxicity of nicotine. Never-
theless, studies using injected nicotine have provided the pioneering work in this
field, and significant information has been obtained that has led to the development
of animal models more suitable for defining the effects of nicotine on development; it

_is therefore worthwhile to examine the results obtained with the injected-nicotine
model.

Approximately 20 years ago, nearly coincidental with the first reports of the
effects of maternal smoking on perinatal morbidity, mortality, and neurobehavioral
development in humans (Cole et al., 1972; Butler and Goldstein, 1973; Dow et al.,
1975; Naeye, 1978; Eriksson et al., 1979; Meyer and Carr, 1987), Martin and Becker
(1970, 1971) demonstrated that injection of nicotine into pregnant rats results in
behavioral alterations in their offspring. Equally important, they pointed out that the
effects are similar to those obtained with exposure to hypoxia alone, thus indicating a
possible underlying mechanism relevant to both the animal model and human smok-
ing, and opening the door to studies of the underlying biochemical and physiological
variables. Because neural development in the neonatal rat corresponds to late gesta-
tional development in humans (Dobbing and Sands, 1979; Reinis and Goldman,
1980), some of these effects are elicited even with nicotine given postnatally: nicotine
injected directly into newborn rats results in a pattern of noradrenergic hyperinnerva-
tion comparable to that seen in animals receiving drugs that cause lesions in specific
neuronal tracts within the central nervous system (Jonsson and Hallman, 1980).
Subsequently, our group found that a single episode of neonatal hypoxia is also suffi-
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cient to reproduce this effect (Slotkin et al., 1986a). The groundwork was thus laid for
subsequent mechanistic studies of gestational exposure to maternally injected nic-
otine, its relationship to the development of nerve projections, and the role of hypox-
ia in the effect.

Administration of 3 mg/kg of nicotine. subcutaneously twice daily to pregnant
rats, beginning before the implantation of the embryo in the uterine wall and con-
tinued to the end of gestation, produces many of the features common to heavy
cigarette smoking, including retarded maternal weight gain, significant fetal loss, and
intrauterine growth retardation (Slotkin et al., 1986b; Slotkin et al., 1987a; Navarro
et al., 1988). Although growth retardation persists into the postnatal period, weights
generally normalize by weaning. Importantly, brain growth is spared relative to body
weight, a finding common to a wide variety of nonselective fetal insults (Brazier, 1975;
Reinis and Goldman, 1980; Seidler et al., 1982; Bell et al., 1987; Bell and Slotkin,
1988; Bell et al., 1988; Seidler et al., 1990) although brain region weights are signifi-
cantly subnormal after maternal nicotine administration, the effects are much smaller
than those on non-neural tissues and tend to resolve earlier.

In light of the significant growth retardation and brain sparing associated with
fetal nicotine exposure, there are two issues to be addressed in determining the
mechanisms underlying neurobehavioral effects: first, whether the generalized abnor-
malities of growth are associated with more selective alterations in nervous system
development; second, whether these effects are directly attributable to nicotine pen-
etrating to the fetal brain, or instead represent epiphenomena of growth retardation or
hypoxia/ischemia caused by injected nicotine. A number of sensitive biochemical
tools have been developed that permit us to probe cell differentiation and synap-
togenesis within the fetal and neonatal nervous system. One of the most useful is the
activity of ornithine decarboxylase (ODC), the rate-limiting enzyme in the synthesis
of the polyamines, key intracellular regulators of cell replication and differentiation
(Slotkin, 1979; Slotkin and Thadani, 1980; Heby, 1981; Heby and Emanuelsson,
1981; Bell and Slotkin, 1986; Slotkin and Bartolome, 1986). The ODC activity peaks
in each brain region coincidentally with cell replication and differentiation, and
interference with this enzyme during those phases invariably results in structural and
behavioral deficits. Because it is extremely responsive to environmental and drug-
induced perturbations of cell development, ODC provides a sensitive marker for
alterations in the timing of replication/differentiation as well as for establishing pat-
terns of cell damage and death. It is therefore particularly important that prenatal
exposure of rats to nicotine via maternal injections (Fig. 2) results in a persistent
postnatal elevation of ODC that is most prominent in the cerebellum (Slotkin et al.,
1986b), a pattern known to be associated with fetal/neonatal cell damage. When
conventional markers of cell development are examined, such as nucleic acids and
proteins, a similar regional targeting is evident: cerebellum is affected more than other
regions (Slotkin et al., 1986b). It is particularly worthwhile to examine regional DNA
content: because each neural cell has only one nucleus, the amount of DNA gives an
index of the total number of cells. Cerebellar DNA in nicotine-exposed animals is
substantially elevated during the phase of rapid cell division, when this region is
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FIGURE 2  Effects of maternal nicotine injections on ODC (A) and DNA (B) in developing brain
regions (Slotkin et al., 1986b). Data demonstrate a preferential increase in both variables in the cerebellum
of the nicotine-exposed animals. (A) Cerebral cortex (©): CON < NIC, p < 0.01, NIC x Age, p < 0.01;
cerebellum (B): CON < NIC, p < 0.01, NIC x Age, p < 0.01. (B) Cerebral cortex (D): NIC X Age, p <
0.01; cerebellum (8): CON < NIC, p < 0.01, NIC X Age, p < 0.01.

acquiring most of its cells. From prior work with a variety of toxic substances (Slotkin
and Thadani, 1980; Bartolome et al., 1982a; Bartolome et al., 1982¢; Bartolome et
al., 1984; Slotkin et al., 1985b; Slotkin et al., 1985a; Slotkin et al., 1986a; Slotkin et
al., 1986b; Slotkin and Bartolome, 1987; Slotkin et al., 1987a; Slotkin et al., 1987c;
Navarro et al., 1988; Slotkin, 1988; Seidler and Slotkin, 1990}, this pattern is known
to be associated with reactive gliosis, wherein dead or absent neurons are replaced
with glia; because glia are much smaller cells than neurons, more of them pack into a
given volume of tissue, leading to elevations in DNA. Maternal nicotine injections
thus produce central nervous system cell damage and reactive changes in the type of
cell present.
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Despite these dramatic effects on cell development, alterations in cell number and
type do not necessarily dictate behavioral abnormalities, but rather, changes in synap-
tic populations and function are required. Although it is reasonable to assume that the
large shifts in markers of cell maturation are likely to cause functional disturbances, it
is necessary to prove this by direct experiment. Catecholaminergic systems provide a
useful framework within which to examine synaptic function: noradrenergic projec-
tions are prominent throughout the brain, thus permitting evaluations across multiple
regions; readily available biochemical probes give indications of the numbers of nor-
adrenergic synaptic terminals, their ability to synthesize norepinephrine, the degree of
synaptic activity, and the receptive state of the postsynaptic site juxtaposed to the
terminals; and finally, studies in the mature nervous system show that these pathways
are particularly sensitive to nicotine (Balfour, 1973; Yoshida et al., 1980).

Three relevant measures to be discussed in this chapter appear schematically in
Fig. 3. First, the noradrenergic nerve terminal possesses a transporter for nor-
epinephrine that is responsible for removing the transmitter from the synapse. Because
the number of transport sites on each terminal is fixed, measurements of uptake
capabilities give a rough measure of the number of nerve endings; this is generally
studied in the synaptosome preparation, where pinched-off terminals are isolated and
incubated with radiolabeled norepinephrine in witro. Prior work has established that
the development of synaptosomal uptake parallels synaptic proliferation in each brain
region (Coyle and Axelrod, 1971; Kirksey and Slotkin, 1979; Slotkin et al., 1979;
Singer et al., 1980). The second measure is the activity of the enzyme tyrosine
hydroxylase, the rate-limiting factor in norepinephrine and dopamine biosynthesis
(Nagatsu, 1973). In addition to controlling the ability of the neuron to make transmit-
ter, the level of tyrosine hydroxylase is controlled, in part, through impulse flow, thus
providing a measure of nerve activity integrated over a period of many hours or days.
Again, development of tyrosine hydroxylase generally parallels both nerve terminal
proliferation and the onset of tonic activity of the neuron (Breese and Traylor, 1972;
Coyle and Axelrod, 1972; Slotkin et al., 1979). However, the higher degree of
association of tyrosine hydroxylase with dopamine terminals than with nor-
epinephrine terminals is a potential confound, requiring a more specific index of
noradrenergic activity. This is provided by the third measure, norepinephrine turn-
over; turnover is assessed by inhibiting tyrosine hydroxylase with the specific com-
petitive substrate, a-methyl-p-tyrosine, and measuring the subsequent fall-off in nor-
epinephrine levels; because de novo transmitter synthesis has been prevented, the
decline in norepinephrine will depend primarily on how fast the transmitter is being
lost by release into the synapse (Brodie et al., 1966; Costa et al., 1972; Deskin and
Slotkin, 1981; Seidler and Slotkin, 1981; Slotkin et al., 1981; Bartolome et al.,
1982b; Navarro et al., 1988; Seidler et al., 1990; Seidler and Slotkin, 1990). This
index, the “turnover” of norepinephrine, thus provides a measure of impulse activity
that is selective for norepinephrine versus dopamine and is integrated over a much
shorter period (minutes to hours) than that for tyrosine hydroxylase.

Examination of markers for synaptic development and activity in animals exposed
prenatally to nicotine via maternal injections (Fig. 4) reveals at least two interesting
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FIGURE 3  Schematic representation of a noradrenergic nerve terminal, showing three relevant vari-
ables for assessment of development. The ability of the terminal to take up norepinephrine from the synapse
is a measure of the number of nerve terminals. Tyrosine hydroxylase, the enzyme that converts tyrosine to
Dopa, is rate limiting in transmitter biosynthesis and is responsive to nerve impulse activity. Release of
norepinephrine into the synapse is measured by inhibiting tyrosine hydroxylase with a-methyl-p-tyrosine
and measuring the decline in transmitter levels.

features (Slotkin et al., 1987a; Navarro et al., 1988). First, there is substantial hyper-
proliferation of nerve terminals, evidenced by elevations in synaptosomal uptake; this
is accompanied by profound neuronal hyperactivity, as assessed by transmitter turn-
over. The effect is selective for norepinephrine, as no changes in dopamine turnover
are detected, and consequently, there is little or no change in tyrosine hydroxylase
activity. Second, the effects on synaptic development extend beyond the cerebellum,
the region showing the greatest perturbations of cell replication and differentiation.
This indicates that actions on the programming of terminal development are distinct
from more general toxic effects on cell proliferation and survival. The proof of this
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FIGURE 4 (A) Effects of maternal nicotine injections on norepinephrine uptake into synaptosomes,
tyrosine hydroxylase activity, and norepinephrine levels and {B) turnover in cerebral cortex (Slotkin et al.,
1987; Navarro et al., 1988). Data demonstrate the emergence of a hyperinnervation {elevated uptake) and
hyperactivity (elevated turnover) characteristic of the injection model. Uptake (O): *CON < NIC, p <
0.01; tyrosine hydroxylase (A): CON vs. NIC, N.S. Content {{0): “CON < NIC, p < 0.05; turnover ()
*CON < NIC, p < 0.05, NIC x Age, p < 0.05.

interpretation is that similar findings are obtained outside the central nervous system,
in peripheral noradrenergic projections (Slotkin et al., 1987a). Synaptic hyperactivity
is present in renal, cardiac, and sympatho-adrenal pathways, which all share the
adrenergic phenotype, but contain cell populations that proliferate and differentiate
on distinctly different timetables from those of central neurons.

It is thus evident that fetal exposure to nicotine via maternal injections does
produce a wide spectrum of nervous system alterations, ranging from cell damage and
gliosis, to more selective changes in neuronal activity of specific projections. How-
ever, the pattern obtained in these studies speaks against the likelihood that these
reflect actions of nicotine directly on the fetal nervous system: a comparison with the
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TABLE 1 Comparison of Fetal Nicotine Exposure via Maternal Injections
with Hypoxia or Methylmercury Exposure®

Measures Nicotine Hypoxia Methylmercury
ODC and DNA Elevation (cell Elevation (cell Elevation (cell
damage + gliosis) damage + gliosis) damage + gliosis)
Synaptosomal uptake Increase Increase Increase
(hyperinnervation) (hyperinnervation) (hyperinnervation)
Norepinephrine turnover Increase Increase Increase
(hyperactivity) (hyperactivity) (hyperactivity)

aThe findings and conclusions summarized in this table are from Bartolome et al. (1982a); Bartolome et al.
(1982c¢); Bartolome et al. (1984); Slotkin et al. (1985b); Slotkin et al. (1985a); Slotkin et al. (1986a);
Slotkin et al. (1986b); Slotkin and Bartolome (1987); Slotkin et al. (1987a); Slotkin et al. (1987¢);
Navarro et al. (1988); Seidler and Slotkin (1990).

effects of hypoxia or generalized toxic insult with heavy metals, such as methylmer-
cury, indicates virtually identical spectra of effects (Table 1). In each case, there is
growth retardation, postnatal elevation of ODC activity, and increased DNA indica-
tive of cerebellar gliosis, as well as noradrenergic synaptic hyperproliferation and
hyperactivity in both the central and peripheral nervous system (Bartolome et al.,
1982a; Bartolome et al., 1982¢; Bartolome et al., 1984; Slotkin et al., 1985b; Slotkin
et al., 1985a; Slotkin et al., 1986a; Slotkin et al., 1986b; Slotkin and Bartolome,
1987; Slotkin et al., 1987a,d; Slotkin et al., 1987¢; Navarro et al., 1988; Seidler and
Slotkin 1990). Acute administration of nicotine invariably causes ischemia/hypoxia,
and hypoxia alone can produce similar behavioral alterations in the offspring, thus
pointing to significant contributions from these epiphenomena in the neurobehavioral
deficits attributable to the nicotine-injection model. This does not obviate the semi-
nal importance of these earlier findings: hypoxia and ischemia are significant compo-
nents of human cigarette smoking; in addition, these studies point out the need for
development of models that successfully separate the various pharmacologic contribu-
tions of nicotine acting on the maternal—fetal unit, as distinct from nicotine acting
within the fetal brain. Accordingly, the nicotine-infusion model has been developed
to address these issues.

THE NICOTINE-INFUSION MODEL

In contrast to the obvious and immediate effects of a bolus of injected nicotine on
the maternal and fetal vasculature, the slow infusion of nicotine via subcutaneously
implanted, osmotic minipumps provides a means of continuous delivery of drug with-
out the peaks and valleys of plasma levels characteristic of the injection model;
accordingly, there is no evidence of ischemia or hypoxia during infusion, despite the
fact that total doses delivered can match the 6 mg/kg/day achieved with twice-daily
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injections (Slotkin et al., 1987b; Slotkin et al., 1987d; Navarro et al., 1988; Navarro
et al., 1989a; Navarro et al., 1990a; Navarro et al., 1990b; Slotkin et al., 1990b).
Plasma levels achieved with the infusion model generally match those seen in heavy
cigarette smokers (Isaac and Rand, 1972; Murrin et al., 1987).

Nicotine infusions of 6 mg/kg/day, given to pregnant rats over the same period of
gestation as described for the injection model, still cause some signs of gestational
toxicity, including reduced maternal weight gain and significant incidence of fetal
resorption (Slotkin et al., 1987b; Slotkin et al., 1987d); similarly, intrauterine growth
retardation is present with the infusion model, along with impaired brain growth,
brain sparing and other general features common to the nicotine-injection model and
to maternal cigarette smoking in humans (Slotkin et al., 1987b; Slotkin et al., 1987d;
Navarro et al., 1988; Navarro et al., 1989a; Navarro et al., 1990a; Navarro et al.,
1990b; Slotkin et al., 1990b). Notably, there are some differences in general toxicity
markers between the injection and infusion models: maternal weight gain,
fetal/neonatal body and tissue weight gains, and maternal/perinatal mortality are less
affected by the infusion regimen, despite a higher overall incidence of fetal resorption
in the surviving dams and litters. It is, however, in the effects on nervous system
development that the most marked route-related differences can be seen. Despite the
smaller degree of maternal—fetal mortality and growth retardation with maternal nic-
otine infusions, there is a more pronounced and widespread elevation of ODC activity
in all brain regions (Slotkin et al., 1987d; Navarro et al., 1989b); in this case, there is
no apparent preference for cerebellum as was found with nicotine injections (Fig. 5).
The pattern of alteration of ODC, initial postnatal elevations of activity, and a
subsequent additional phase of supranormal ODC during the second postnatal week, is
known to be associated with delays in cell development (Slotkin and Thadani, 1980;
Bell and Slotkin, 1986; Slotkin and Bartolome, 1986). Indeed, examination of mac-
romolecules indicates a similar, widespread interference with cell replication resulting
in shortfalls in total cell numbers (DNA), again, not restricted to the cerebellum. It is
particularly important that this pattern is the opposite of that seen with the nicotine-
injection paradigm, in which elevations in cerebellar DNA were seen, consequent to
neuronal cell damage and reactive gliosis. By implication, the infusion route is not
producing the overt neuronal cell death seen with injected nicotine.

Even greater differences between the two nicotine-exposure models are apparent if
the effects on nerve terminal proliferation and nerve activity are considered (Fig. 6).
Nicotine infusions result in initial hypoactivity of noradrenergic and dopaminergic
projections throughout the brain, as evidenced by reduced transmitter levels and
turnover rates (Navarro et al., 1988). After recovery to near-normal activity by
weaning, the nicotine-exposed animals again show deficits in young adulthood. The
corresponding enzymatic measure, tyrosine hydroxylase activity, also shows subnormal
values in the nicotine group, but notably, synaptosomal uptake does not. Unlike
nicotine injections, in which synaptic hyperproliferation and hyperactivity are the
major findings, nicotine infusions instead slow the development of nerve impulse
activity without altering terminal number. Thus, for the first time, it is possible to
state unequivocally that nicotine, without participation of hypoxia and ischemia,
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FIGURE 5  Effects of maternal nicotine infusions on ODC (A) and DNA (B) in developing brain
regions (Slotkin et al., 1987d). Data demonstrate widespread elevations in ODC activity and suppression of
cell acquisition. (A) Cerebral cortex (®): CON < NIC, p < 0.01, NIC x Age, p < 0.01; cerebellum
(8):* CON < NIC, p < 0.01, NIC x Age, p < 0.01. (B) Cerebral cortex (€): CON > NIC, p < 0.05,
NIC x Age, p < 0.01; cerebellum ():* CON > NIC, p < 0.01, NIC x Age, p < 0.01.

interferes with cell maturation and alters synaptic performance in the developing
brain.

The neurochemical abnormalities associated with prenatal exposure to nicotine
via maternal infusions have been shown to correlate with perturbed behaviors and
neuroendocrine parameters linked to dopaminergic and noradrenergic pathways
(Lichtensteiger and Schlumpf, 1985; Ribary and Lichtensteiger, 1989). Whereas it is
tempting to attribute the functional deficits simply to decreased impulse activity, there
is a logical inconsistency in such a conclusion. In the mature nervous system, long-
term decreases in impulse activity are compensated by up-regulation of postsynaptic
receptor sites juxtaposed to the nerve terminal, with the decrease in input and in-
creased responsiveness offsetting each other to result in normal functional status
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FIGURE 6  Effects of maternal nicotine infusions on norepinephrine uptake into synaptosomes, tyrosine
hydroxylase activity (A) and norepinephrine levels and turnover in cerebral cortex (B) (Navarro et al.,
1988). Data demonstrate no alterations in the numbers of nerve terminals (normal values for uptake), but
two phases of neuronal hypoactivity (reduced levels and turnover and impaired tyrosine hydroxylase ac-
tivity). Uptake (O): CON vs. NIC, N.S.; tyrosine hydroxylase (A); *CON > NIC, p < 0.01; content
(O): *CON > NIC, p < 0.01, NIC X Age, p < 0.01; turnover (): *CON > NIC, p < 0.01, NIC X
Age, p < 0.01.

(Charney et al., 1981; Davies and Lefkowitz, 1984; Kunos and Ishac, 1987; Weiss et
al., 1988). However, direct measurements of adrenergic receptor binding sites in brain
regions of animals exposed to maternal nicotine infusions reveal no significant
changes in the B- or a,-receptor subclasses, and only minor, transient increases in the
a,-receptor population (Navarro et al., 1990b). Why then are theses animals func-
tionally subresponsive? Early in synaptic development, exposure of postsynaptic recep-
tor sites to neurotransmitter provides information that enables the target cells to
“program” their subsequent function. Accordingly, early denervation produces perma-
nent shortfalls in receptor-mediated responses, rather than causing up-regulation of
receptor numbers and responses, as would be the case with denervation in adulthood
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(Deskin et al., 1981; Duncan et al., 1987; Criswell et al., 1989; Hou et al., 1989a;
Hou et al., 1989b; Kostrzewa and Saleh, 1989; Kudlacz et al., 1990b; Kudlacz et al.,
1990d; Kudlacz et al., 1991; Navarro et al., 1991; Wagner et al., 1991). Transmitter
programming of response development appears to be widespread, shared by all adre-
nergic receptor subtypes (Deskin et al., 1981; Hou et al., 1989a; Hou et al., 1989b;
Kudlacz et al., 1990b; Kudlacz et al., 1990d; Kudlacz et al., 1991; Navarro et al.,
1991; Wagner et al., 1991), cholinergic receptors (Slotkin et al., 1987b; Hohmann et
al., 1988; Navarro et al., 1989a; Navarro et al., 1989b) and dopaminergic receptors
(Duncan et al., 1987; Criswell et al., 1989, Kostrzewa and Saleh, 1989). The early
deficits in noradrenergic activity caused by maternal nicotine infusions would thereby
reduce exposure of the sites to transmitter precisely during the critical period in which
responses are being imprinted. Recent work in the peripheral nervous system has
provided key information to illustrate this phenomenon. Over the first 3 weeks
postnatally, cardiac B-adrenergic receptors increase in their number and linkage to
heart-rate control, coincidentally with a developmental surge in noradrenergic neu-
ronal activity (Seidler and Slotkin, 1981; Slotkin, 1986). When this surge is blunted
by prenatal nicotine exposure, the number of B-receptor sites develops more slowly
(Fig. 7); the functional correlate is that heart-rate responses to a 3-adrenergic agonist
(isoproterenol) are subnormal, requiring six times the dose to achieve a 50 beat/min
increase (Navarro et al., 1990a). Although receptor numbers resolve to normal by
young adulthood, the performance deficits do not: heart-rate responses, elicited either
with an adrenergic drug or physiologically through central stimulation of the nerve
supply to the heart, remain subnormal. Because neuronal input was reduced during the
critical period of response programming, the nicotine-exposed animals will never
achieve proper reactivity to neuronal stimuli. The studies with maternal nicotine
infusions thus not only provide a demonstration that nicotine itself is a neurochemi-
cal/neurobehavioral teratogen, but also provide evidence for the underlying cellular
mechanisms by which behavioral patterns are programmed by early neuronal input,
findings that may be of considerable importance in the general understanding of
behavioral teratogenesis.

To this point, none of the studies described here has addressed one of the key
questions in nicotine-induced neurobehavioral anomalies, namely whether these ef-
fects occur independent of gross morphological change and growth impairment. In the
clinical realm, the criterion of low birth weight is considered to be one of the most
critical factors in assessing relative injury associated with fetal drug exposure; in the
case of cigarettes, for example, the Surgeon General’s warning to pregnant women
points out the relationship of smoking to “fetal injury, premature birth, and low birth
weight.” Whereas in clinical studies, factors like growth impairment are difficult to
separate from drug effects targeted to the nervous system, animal models are ideal for
separation of these variables. Using the nicotine-infusion paradigm in pregnant rats,
we have been able to evaluate the dose—effect relationships of prenatal nicotine
exposure on general growth and development as compared to effects on nervous system
development (Navarro et al., 1989b). By lowering the daily dose to 2 mg/kg/day, a
regimen that produces plasma nicotine levels comparable to those in cigarette smokers
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FIGURE 7  Effects of maternal nicotine infusions on development of cardiac B-adrenergic receptors (A)
and on the heart rate response to B-receptor stimulation with isoproterenol (B) (Navarro et al., 1990a).
Data demonstrate the slowing of receptor development and subsensitivity of responsiveness that persists past
the point at which receptor sites have normalized (deficient “programming” of responsiveness). (A) CON
(M); NIC (O). "CON > NIC, p < 0.01, NIC x Age interaction, p < 0.01. (B) CON (M); NIC (O).
*CON < NIC, p < 0.01, NIC x Age interaction, p < 0.01.

consuming approximately one pack per day, drug effects on maternal weight gain, fetal
resorption, litter size, and all standard morphological variables are eliminated from the
model. The offspring also show no evidence of postnatal retardation of body or brain
region growth. Nevertheless, examination of the key biochemical indices of cellular
and synaptic development still indicate profound effects of prenatal nicotine exposure.
Animals in the low-dose nicotine group exhibit the same biphasic elevation of brain
region ODC activity as was seen at the higher dose, accompanied by shortfalls in brain
cell number (assessed by DNA content) and retardation of development of nor-
adrenergic projections (assessed by neurotransmitter levels). Especially important is
that all of these effects are just as robust as those seen with the 6 mg/kg/day regimen,
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but in this case, in the complete absence of the growth effects. Thus, doses of nicotine
that are at the bottom of the dose—response curve for eliciting growth impairment are
already at the top of the dose—response curve for altering nervous system develop-
ment. Comparable behavioral alterations at the lower dose of nicotine have also been
reported (Lichtensteiger and Schlumpf, 1985; Ribary and Lichtensteiger, 1989).

These results indicate that, unlike those in standard teratogenesis, in which brain
development is spared relative to effects on the rest of the organism, nicotine targets
the nervous system. The important corollary is that, for nicotine (and by implication,
for cigarette smoking), the use of a standard marker such as prematurity or birth weight
is inappropriate for assessing whether there is a “safe” level of exposure. Equally vital,
the question of why nicotine is an atypical teratogen opens the door to mechanistic
studies in a relatively new area in the study of birth defects: the targeting of a teratogen
to a highly specific population of cell receptors.

THE ROLE OF NICOTINIC CHOLINERGIC RECEPTORS

The lower dose threshold for adverse effects of fetal nicotine exposure on neuronal
development, as compared to growth impairment, suggests that specific elements
within the nervous system are targeted by nicotine. The most likely candidate is the
nicotinic cholinergic receptor that transduces the cholinergic neuronal signal into
postsynaptic cell depolarization. The presence of nicotinic receptors in the fetal ner-
vous system has been demonstrated biochemically by in witro radioligand binding
techniques and morphologically by in situ receptor autoradiography (Hagino and Lee,
1985; Larsson et al., 1985; Lichtensteiger et al., 1987; Slotkin et al., 1987b; Cairns
and Wonnacott, 1988). However, the presence of receptor-binding sites does not
necessarily imply that the receptors are functionally connected to membrane de-
polarization, an event that must occur before prenatal nicotine exposure can influence
neuronal development. Fortunately, it is relatively straightforward to determine
whether nicotinic receptors have been stimulated chronically by nicotine exposure:
because the receptors are desensitized by long-term stimulation, the cellular response
to prolonged nicotine-induced depolarization is overproduction of the receptor sites
(Schwartz et al., 1982; Clarke et al., 1985; Schwartz and Kellar, 1985). Thus, chronic
nicotine administration in adult rats, where the receptors are definitively coupled to
cellular responses, results in increases in the number of nicotinic receptors, readily
measured with [*H]nicotine binding. Examination of fetal rat brain on gestational day
18 (Fig. 8) indicates that, with either repeated maternal nicotine injections or infu-
sions, substantial increases in [*H]nicotine binding are occurring, indicative of long-
term cellular stimulation by the drug (Slotkin et al., 1987b). Importantly, the same
degree of receptor stimulation is obtained even with the 2 mg/kg/day infusion para-
digm (Navarro et al., 1989b), a finding that explains why neuronal effects are already
maximal at a nicotine exposure level that is not growth suppressing.

But why should cell depolarization by nicotine lead to abnormalities of nervous
system development? The answer is that the act of neurotransmission is a key element
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FIGURE 8 Up-regulation of fetal brain nicotinic receptors, assessed with [*Hlnicotine binding, result-
ing from prenatal exposure to maternal nicotine injections or infusions (Slotkin et al., 1987b; Navarro et
al., 1989b). Note that the degree of increase in receptors is the same with the growth-suppressing infusion
regimen (6 mg/kg/day) and at the lower, non-growth-suppressing dose (2 mg/kg/day). *CON < NIC, p <
0.01.

enabling developing cells to decide between replication and differentiation. A vast
literature describes the role of neurotransmitters as trophic factors in developing cells.
The ability of neurally active substances to alter membrane polarity in cells that
contain specific receptors for these compounds has been demonstrated to control the
expression of genes that are ordinarily turned on only when the cell enters differentia-
tion (Patterson and Chun, 1977; Black, 1978; Mytilineou and Black, 1978; Black,
1980). Recent work shows that acetylicholine, released by developing cholinergic
neuronal projections, provides such trophic signals to selective target areas within the
brain, so that formation of lesions in these tracts leads to architectural disorganization
(Hohmann et al., 1988; Navarro et al., 1989a). It is therefore possible to propose a
model that explains both the exquisite sensitivity of the developing brain to prenatal
nicotine exposure, as well as the pattern of disrupted cell and synaptic development:
fetal stimulation of nicotinic receptors by the drug results in premature onset of cell
differentiation at the expense of replication, leading to shortfalls in cell number and
aberrant patterns of synaptogenesis and synaptic activity.

In order to test this hypothesis, it is necessary to identify when the cholinergic
signal controlling cell differentiation is ordinarily passed to target cells, to evaluate
how prenatal nicotine exposure alters this signal, and to demonstrate conclusively that
premature cholinergic stimulation will directly affect the replication/differentiation
decision. We have recently evaluated cholinergic neuronal activity in developing
brain, using a combination of two biochemical markers related to nerve terminal
development and activity. The enzyme, choline acetyltransferase, converts choline to
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acetylcholine and hence plays a vital role in transmitter synthesis; however, this
synthetic step is not the rate-limiting factor in acetylcholine formation, and choline
acetyltransferase activity is unresponsive to nerve impulse activity (Cooper et al.,
1986). Instead, the relatively constant concentration of this enzyme within the nerve
ending provides a reliable index of the number of cholinergic terminals and correlates
well with the development of projections to target sites (Coyle and Yamamura, 1976;
Ross et al., 1977; Singh and McGeer, 1977; Bell and Lundberg, 1985; Dori and
Parnavelas, 1989; Geula et al., 1990). Acetylcholine synthesis is limited by the ability
of the terminals to take up the precursor, choline, via an active presynaptic membrane
transport system; importantly, it is this transport process that is responsive to nerve
impulse activity and can change acutely over a course of minutes to hours to compen-
sate for increased demand for transmitter release (Simon et al., 1976; Klemm and
Kuhar, 1979; Murrin, 1980). By combining these two factors to evaluate the ratio of
choline uptake: choline acetyltransferase activity, we obtain a measure of the net
impulse activity per nerve terminal. This index has already proven useful in evalua-
tions of central cholinergic tone in developing brain and in neurodegenerative diseases
such as Alzheimer’s disease (Navarro et al., 1989a; Slotkin et al., 1990c¢).

Applying the activity ratio method to developing rat cerebral cortex (Fig. 9)
indicates that cholinergic tone does not develop monotonically from low to high
values, but rather displays a distinct peak centered around postnatal day 10 (Navarro
et al., 1989a). Accordingly, the finding that nicotinic receptors are present in fetal
brain and that prenatal exposure to nicotine stimulates these receptor to produce
depolarization and receptor up-regulation indicates that nicotine does indeed transmit
the cholinergic signal to target cells prematurely. Examination of the postnatal peak of
nerve activity in the nicotine-exposed cohort confirms that the natural signal has been
preempted, and the surge of cholinergic tone, correspondingly blunted.

If receptor stimulation thus occurs prematurely in fetuses exposed to nicotine,
does it have the ability to initiate the switchover from target cell replication to
differentiation? Recent studies indicate that it does (McFarland et al., 1991). Admin-
istration of nicotine to neonatal rats leads to an acute decrease in [H]thymidine
incorporation, a standard biochemical index of cell replication (Fig. 10). The effect on
various brain regions exhibits a hierarchy corresponding to the concentration of nic-
otinic receptors in each region (Slotkin et al., 1987b); thus, within 30 min of ex-
posure to a single dose of nicotine, and persisting for several hours, DNA synthesis is
reduced by as much as 50%, with the rank order of effect midbrain + brainstem =
cerebral cortex > cerebellum. The effect is restricted to replicating cells, as there are
no alterations in factors reflecting general macromolecule synthesis, such as
[*Hlleucine incorporation into proteins. Extensive studies demonstrate that the effect
is, in fact, mediated by nicotinic receptors within the developing central nervous
system. First, peripheral cardiovascular effects of nicotine, such as ischemia or altered
cardiac performance, have been ruled out by the inability of autonomic blocking drugs
to prevent the actions of nicotine on DNA synthesis. Second, the potential role of
hypoxia has also been eliminated by the lack of protection afforded by oxygen-
enriched breathing mixtures. Most conclusively, the direct introduction of small doses
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FIGURE 9 Development of cholinergic nerve activity in cerebral cortex, assessed with the ratio of
choline uptake: choline acetyltransferase activity (Navarro et al., 1989a). Activity peaks at about postnatal
day 10, and prenatal exposure to nicotine infusions reduces the magnitude. CON (H); NIC (O). *CON >
NIC, p < 0.01, NIC X Age interaction, p < 0.01.

of nicotine (2 pg) directly into the brain causes identical reductions in [3H]thymidine
incorporation into DNA, despite the fact that this dose is too low to elicit peripheral
cardiovascular or respiratory alterations. Finally, maternal nicotine administration also
produces the same acute arrest of cell replication in fetal brain, thus indicating that
the fetal nicotinic receptors are fully capable of eliciting the same developmental
switchover to differentiation (McFarland et al., 1991).
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FIGURE 10 Effects of acute nicotine administration on DNA synthesis in developing brain regions,
assessed with [3H]thymidine incorporation over a 30-min period after nicotine {(McFarland et al., 1991).
The selectivity indicates greater effects in regions enriched in nicotinic cholinergic receptors (midbrain +
brain stem, cerebral cortex) as compared to a region poor in receptors {cerebellum). Midbrain plus brain
stem (M); cerebral cortex ({J); cerebellum (). *CON > NIC, p < 0.01, NIC X Region interaction, p <
0.01.
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A critical test of the hypothesis that fetal nicotine exposure affects brain develop-
ment through prematurely eliciting receptor stimulation to alter cell replica-
tion/differentiation patterns, has been provided through studies in which endogenous
cholinergic activity is altered through manipulations that do not involve administra-
tion of nicotine. For this purpose, we can take advantage of the fact that the uptake of
choline into the terminal is rate limiting in acetylcholine biosynthesis and availability
of transmitter for release into the synapse (Simon et al., 1976; Klemm and Kuhar,
1979; Murrin, 1980); accordingly, large increases in dietary choline actually lead to
elevations of cholinergic synaptic activity. By enriching the maternal diet with a
choline-rich lecithin supplement, such that choline intake is increased by approx-
imately fivefold, behavioral development in the offspring can be affected, with gener-
ally adverse effects but precocious maturation of some indices (Bell and Slotkin, 1985;
Bell et al., 1986a; Bell et al., 1986b). These findings suggest that choline enrichment
has a dual effect on nervous system development, similar to that proposed here for
nicotine. Indeed, examination of the cellular mechanisms underlying the effects of
dietary choline on behavior reveals a pattern identical to that seen for nicotine:
reduced cortical cell numbers (measurements of DNA), reduced synaptic activity in
noradrenergic projections (measurements of tyrosine hydroxylase activity), and desen-
sitized cholinergic target cell responses, indicative of chronic overstimulation. Thus, a
treatment that enhances fetal/neonatal cholinergic activity, leading to stimulation of
nicotinic receptors, produces exactly the same syndrome as fetal exposure to nicotine.
These findings confirm conclusively that the selectivity and high sensitivity of the
developing central nervous system to fetal nicotine exposure is a direct consequence of
a specific, receptor-mediated process normally intended to control the timing of cell
differentiation, but elicited prematurely by the drug.

CONCLUSIONS

The use of animal models of fetal nicotine exposure allows the separation of the
multiple variables that operate in producing structural and functional abnormalities in
the offspring of women who smoke. First and foremost, manipulation of the route of
administration allows the investigator to separate components related to nicotine’s
acute actions in the maternal—fetal unit, notably hypoxia and ischemia, from those
attributable to nicotine penetrating the placenta and entering the fetus itself. As
demonstrated with the injected-nicotine model, abnormalities of nervous system de-
velopment are readily produced when nicotine is present, along with the associated
changes in cardiovascular status and oxygenation that are a common component of
smoking or injected nicotine. The resemblance of the effects of injected nicotine to
those associated with hypoxic brain damage, including cellular damage and reactive
gliosis with cerebellum as the most sensitive region, as well as the subsequent ap-
pearance of hyperinnervation and neuronal hyperactivity, all indicate that the hypox-
ic/ischemic changes are significant contributors to neurobehavioral alterations. How-
ever, the fact that injected nicotine also leads to fetal brain nicotinic receptor
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stimulation (as evidenced by receptor binding site up-regulation) indicates that the
net actions must represent effects that are additive to those of nicotine itself.

The infusion model, in contrast, does not actually duplicate the actions associated
with smoking, but provides the best means of determining the mechanisms participat-
ing in the adverse effects of nicotine on nervous system development. By controlling
the rate of infusion so as to deliver relatively large doses of nicotine in the absence of
cardiovascular changes, hypoxia, or other potentially confounding variables, it has
been possible to demonstrate that nicotine by itself impairs acquisition of cells
throughout the central nervous system, leading to suppressed synapse formation and
chronic deficits of impulse activity. With this model, we have been able to show that
alterations in the delivery of neural impulses to target tissues are directly responsible
for functional shortfalls in performance that persist into adulthood, even when struc-
tural markers for cell numbers or postsynaptic receptor sites have normalized. Equally
important, we have demonstrated that nicotine acts through its specific cholinergic
receptors present in fetal brain tissue. By elucidating the role of acteylcholine acting as
a natural neural signal that enables its target cells to terminate replication and initiate
differentiation, we have established that nicotine is duplicating the effects of this
ontogenetic process, but at inappropriately premature stages. Because of the involve-
ment of highly specific neural receptors in the transduction of this developmental
signal, the central nervous system is much more sensitive to disruption of development

_by nicotine than is the rest of the fetus, and consequently standard teratogenic mark-
ers such as premature delivery, low birth weight, or fetal/neonatal morbidity and
mortality, are all inappropriate to predict the sensitivity of the nervous system; unlike
that for malnutrition, hypoxia, or nonselective teratogens, the threshold for nicotine-
induced impairment of nervous system development lies below that for alterations of
general growth and development.

Animal models are obviously critical because they allow separation of the relevant
variables contributing to teratogenesis in a way difficult or impossible in human
substance-abuse settings. However, such exercises are constructive only if the findings
can then be translated back to the human condition, to enable us to make predictions
and recommendations. In the case of smoking and nicotine, recent commercial devel-
opments render such decision making important: if a pregnant woman will not or
cannot cease smoking, would nicotine substitution be beneficial? Based on the animal
models described here, the answer is a qualified “yes.” Certainly, the associated hypox-
ia and ischemia produced by smoking, both as a result of nicotine received in a bolus
and the carbon monoxide and cyanide found in cigarette smoke, will contribute
significantly to alterations in nervous system development. For these epiphenomena of
smoking, the variable of intrauterine growth retardation may provide a partial index of
the degree of sensitivity of the fetus. However, for the factors related to nicotine itself,
the standard indices of safety are inappropriate, because the dose—response curve for
impaired nervous system development lies below that for growth suppression. Further-
more, if nicotine substitutes are chosen that deliver more nicotine than does smoking,
the nicotine-related aspects of fetal nervous system damage may be as bad or worse;
this is especially true when typical abuse patterns include smoking in addition to the
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noncigarette nicotine source. In light of our findings in rats, the only truly safe course
is to discontinue nicotine exposure entirely.

The finding that nicotine acts on developing neural tissue through specific nic-
otinic receptors does, however, produce one particular advantage in dealing with
women who are smoking at the time they become pregnant. Because nervous system
differentiation to produce specific neuron types and receptors is a relatively late gesta-
tional event, the receptor-mediated changes are not likely to be prominent with
exposure during early pregnancy. Unlike most structural teratogens, behavioral
teratogens that operate on receptors appearing late in differentiation would have their
most sensitive periods in the second and third trimesters. Thus, receptor mediation of
the effects of nicotine means that there is a significant period after the initial recogni-
tion of pregnancy in which the mother can taper off and quit smoking before the
elicitation of the neural changes described here. Careful explanation of these factors
to the expectant mother may provide an additional incentive to quit smoking in a
timely fashion.

Finally, it is worthwhile pursuing the relevance of the nicotine model by explora-
tion of the principles behind behavioral teratogenesis in general. Virtually all psycho-
active compounds act through stimulation or antagonism of specific neurotransmitter
receptors, or by altering the actions or release of endogenous transmitters acting at
receptor sites. In light of the fact that nicotine, through its actions on cholinergic
nicotinic receptors, acts on developing cells through mimicking a natural process by
which neural cells control their differentiation, then it is likely that all psychoactive
compounds will affect their targets similarly. The corollary is that psychoactive drugs,
unlike standard structural teratogens, will all target the nervous system more sen-
sitively than the rest of the organism and will also display sensitive periods that occupy
later developmental stages than classical teratogens that act typically during first-
trimester organogenesis. Studies from a variety of laboratories now indicate that drugs
acting on neurotransmitter systems or receptors for serotonin, norepinephrine,
dopamine, or endogenous opiate peptides all display critical developmental periods in
which they affect the “programming” of cellular responses. We have particularly been
able to show that, just as with cholinergic systems, noradrenergic pathways exhibit a
spike of activity that initiates the cessation of target cell replication and onset of
differentiation (Slotkin et al., 1987e; Slotkin et al., 1988c; Duncan et al., 1990) and
that permanent alterations in cell number and activity result from either blocking this
spike or eliciting the stimulation prematurely with noradrenergic agonist drugs
(Slotkin et al., 1988a; Slotkin et al., 1988b; Hou et al., 1989a; Hou et al., 1989b;
Kudlacz et al., 1989; Kudlacz et al., 1990a; Kudlacz et al., 1990b; Kudlacz et al.,
1990c; Kudlacz et al., 1990d; Slotkin et al., 1990a; Slotkin et al., 1990b; Navarro et
al., 1991; Wagner et al., 1991). The effects of nicotine thus provide the underpinnings
for more generalized models to establish how functional perturbations result from fetal
drug exposures that do not cause overt structural damage. We may thus be on the
threshold of understanding the principles of behavioral teratogenesis rather than sim-
ply describing, one by one, the behavioral alterations evoked by fetal exposure to each
individual drug.
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INTRODUCTION

Those who study illicit drug use during pregnancy in human populations cannot
attain the scientific rigor of the animal researcher, at whose disposal are genetically
homogeneous subjects, random assignment to drug exposure, known dose and known
dosing interval, and the ability to control confounding variables through techniques
such as pair feeding. Unfortunately, although often helpful in defining mechanisms of
toxicity, animal studies cannot fully answer questions important for public policy. Drug
toxicity and metabolism vary greatly among species (Hutchings, 1990). Animal tests
are often poorly predictive of human teratogenicity; thalidomide, the most powerful
human teratogen ever identified, was tested without ill effect in a wide range of
laboratory animals, whereas aspirin and caffeine are potent teratogens in animals, but
not in humans (Lewis, 1987). Moreover, no precise animal analog exists for sudden
infant death syndrome (SIDS) or for higher-level cognitive and socioaffective func-
tions, such as verbal memory or attachment, which are of theoretical concern follow-
ing the utero exposure of illicit drugs. Thus, to address critical questions, researchers
must accept a level of methodologic uncertainty intrinsic to the epidemiologic and
clinical methods available for the study of illicit drug use as it actually occurs in free-
living human samples.

Before summarizing the findings of research on in utero cocaine and marijuana
exposure in humans, we shall review the methodologic difficulties that must be consid-
ered before valid conclusions may be drawn to guide public health and clinical inter-
ventions. The methodologic critique outlined here is not unique to the study of
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cocaine and marijuana, reflecting rather the thinking of those who have sought to
evaluate the potentially subtle effects of other possible human teratogens and neu-
rotoxins, including the work of Needleman and colleagues (1979) on childhood lead
toxicity, of the Jacobsons and colleagues (1984) regarding prenatal exposure to poly-
chlorinated biphenyls, and or Streissguth and associates on prenatal alcohol exposure
(1989a,b; Sampson et al., 1989) as well as the recent review of methodologic issues of
cocaine research by Zuckerman (1991).

After reviewing methodologic issues, we shall describe the transactional model of
Sameroff and Chandler (1975) as a context for exploring complex interactions of
biologic and social factors that must be considered in evaluating suspected long-term
effects of prenatal cocaine and marijuana exposure on children. Maternal nutrition
will serve as an example of an important interrelated biologic factor, and domestic
violence and maternal depression, as examples of often unmeasured social issues. We
shall then outline the results of studies on cocaine and marijuana individually, includ-
ing possible mechanisms, effects on intrauterine growth, questions of association with
birth defects, and controversies regarding short and long-term behavioral conse-
quences of prenatal exposure. Finally we shall propose a clinical model for serving
mothers and infants burdened by drug use.

METHODOLOGIC ISSUES

Identification of Exposure

In any study of possible teratogens, issues of accurate identification of gestational
timing of exposure, as well as intensity and frequency of exposure, are critical. The
illegal nature of cocaine and marijuana make accurate identification of exposure
particularly difficult. The first difficulty is determining to which psychoactive sub-
stances the maternal—fetal unit has been exposed. There is no standardization of
dosage or determination of purity for illegal drugs. Potency may vary, over time, by
geographic location, and from exposure to exposure. For example, the potency of
confiscated marijuana specimens, as measured by concentration of delta-9-THC
(tetrahydrocannabinol), increased steadily from 1975 to 1984 (Elsohly and Elsohly,
1989). Thus, generalizations from one region of the country to another or from
experience in the 1970s and 1980s to formulations of illicit drugs currently available
may not be valid. Moreover, the user may be unknowingly exposed to multiple
adulterants, including for example, in the case of cocaine use, amphetamines, lido-
caine, ether, procaine, or talcum, which may influence outcomes of interest in un-
known ways (Washton, 1989).

Because use of cocaine and marijuana are illegal and highly stigmatized during
pregnancy, determination of use by maternal self-report alone will fail to identify many
exposed pregnancies. Women who admit to cocaine and marijuana use are probably
providing truthful information, within the limits of recall bias. In one study, approx-
imately half of all cocaine users were identified on the basis of interview, in spite of
negative urine assays (Frank et al., 1988). Interviews are currently the only method of
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assessing patterns of drug use, distinguishing, for example, binge from daily use. In
addition, interviews are critical for exploring intrauterine exposures in the period
before the pregnancy is recognized and the mother has come to medical attention
(Day and Richardson, 1991).

Knowing that one’s urine will be tested for drugs enhances the likelihood that
respondents will report illicit drug use in pregnancy, without altering reporting of use
of legal substances such as cigarettes and alcohol (Hingson et al., 1986). However, our
own work suggests that even when urine is being tested, reliance on self-report alone
leads to significant misclassification of pregnant cocaine and marijuana users as non-
users (Frank et al., 1988; Zuckerman et al., 1989¢). In a sample of 1226 mothers
consecutively recruited during prenatal care, 24% of those who used cocaine and 16%
of those who used marijuana denied use during a detailed confidential interview and
were identified solely on the basis of urine assays (Zuckerman et al., 1989¢). Inter-
views alone are probably even less able to identify users in clinical, rather than
research settings where confidentiality and protection from prosecution and from
protective service intervention cannot be assured. In one clinically based study, only
43% of cocaine-exposed pregnancies identified by peripartum urine screening were
identified by clinical history taking (Neerhof et al., 1989).

The importance of biologic markers for identification of illicit drug use is now well
recognized by both clinicians and researchers. Most published work and clinical prac-
tice rely on enzyme-mediated immunoassay technique (EMIT) (Syva Company, Palo
Alto, California) of either maternal or infant urine. The duration of positive urine
findings following use of either cocaine or marijuana varies with the amount, mode,
and chronicity of use, as well as with the fluid intake and renal function of the person
furnishing the specimen. Benzoylecgonine, a cocaine metabolite, may be detected in
the urine of adults for 24 to 72 hr after last use by EMIT (Hamilton et al., 1977). Use
of more sensitive radioimmunoassay methods extends the period of potential detection
after last use to 7 days (Hamilton et al., 1977). Marijuana metabolites are excreted
more slowly, and in chronic users may be detected as long as 70 days after last use
(Nahas, 1976) by EMIT.

No large neonatal samples have been studied, so that duration of neonatal excre-
tion following prenatal exposure are unknown, but assumed to be prolonged toward
the outer limits of adult norms (Chasnoff et al., 1986), at least for cocaine. Fulroth
and colleagues (1989), using thin-layer chromatography with EMIT confirmation,
reported marked discrepancies in detection of cocaine metabolites measured in urines
obtained at time of hospital admission for mothers in labor and immediately following
delivery for newboms. Among 52 mother—infant pairs, cocaine metabolites were
found in the urine of both mother and infant in only 26, whereas in 11 exposed dyads,
maternal urines were positive, but infants’, negative. Conversely, 17 infants were
excreting cocaine metabolites even though their mother’s urines were negative. It may
be that when mothers use very close to delivery, insufficient transfer to the fetus occurs
to be detected right after birth. On the other hand, one may speculate that immature
metabolism may result in continued excretion by the newborn of drugs no longer
detectable in maternal urine. Thus, although urine assays detect more drug-exposed
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pregnancies than self-report alone, reliance on either maternal or newborn urine alone
for identification of illicit drug exposure may still miss exposed cases.

Because of the relatively short duration of excretion of cocaine and marijuana
metabolites in urine following last use, identification of cocaine or marijuana use on
the basis of urine assays obtained at delivery biases research samples toward women
who use these substances late in pregnancy. Our data (Frank et al., 1988) suggest that
urine assays positive at delivery identify relatively heavy and frequent users, whose
outcomes may not be representative of those who use early in pregnancy and discon-
tinue use. Most other studies have relied on peripartum assays (e.g., Burkett et al.,
1990; Bingol et al., 1987) to identify exposure and thus are biased toward heavier
users. Ideally, for research purposes, urine assays for illicit drugs should be obtained
frequently throughout pregnancy to identify accurately timing and frequency of drug
exposure. However, users of illicit drugs, particularly cocaine, often present late or not
at all for prenatal care and thus can pragmatically be identified only at delivery.

The unreliability. of self-report and the importance of characterizing the effects of
drug exposure during the vulnerable period of early pregnancy have aroused interest in
the measurement of drug metabolites in mediums other than urine. Analysis of mater-
nal and neonatal hair for cocaine metabolites has been proposed (Graham et al.,
1989) as a method for identifying previous cocaine exposure among mother—infant
pairs whose urines are negative for drug metabolites at delivery. The process is tech-
nically complex. The unknown risks of contamination of hair with illicit drugs by
passive environmental exposure and of alteration of drug identification by chemicals
applied for cosmetic purposes, renders current methods of hair analysis of questionable
usefulness for most research and clinical purposes (Bailey, 1989). More promising is
the radioimmunoassay of meconium (the first neonatal stools) for cocaine, marijuana,
and opiate metabolites (Ostrea et al., 1989; Ostrea et al., 1992). Although analyses of
meconium will not be able to pinpoint gestational week of exposure, they may
eventually be able to quantify cumulative dosage to the fetus from the period of
meconium production, approximately 18 to 20 gestational weeks through delivery, on
the basis of drug concentration per gram of meconium. Many questions remain,
however, regarding distribution of drug metabolites in any given specimen of
meconium, preparation of samples for assay, and how many stools must be sampled,
particularly if the first stool cannot be assessed because it is passed in utero (Maynard
et al., 1991). Further validation of meconium assays is needed before they enter
widespread research and clinical use.

The issues of the effects of prenatal exposure to cocaine and marijuana are further
complicated by the fact that exposure may not end at delivery, but may continue via
breast feeding, passive inhalation, accidental poisoning, or intentional administration
(Bateman and Heagarty, 1989; Shannon et al., 1989; Rivkin and Gilmore, 1989;
Chasnoff et al., 1987¢; Chaney et al., 1988; Tennes et al., 1985, Astely and Little,
1990). Prenatal and postneonatal exposure are often highly correlated. For example, a
recent study could not distinguish statistically between the developmental effects of
marijuana exposure via breast feeding in the first postpartum month and those of in
utero exposure in the first trimester (Astely and Little, 1990). Nothing is known about
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potentially differential effects to the developing infant nervous system of exposure to
any illicit drug by postneonatal inhalation or ingestion, compared to the effect of
exposure prenatally.

In sum, optimal characterization of illicit drug use in pregnancy requires skilled
and confidential interview complemented by the use of one or more biologic markers
of drug exposure. Even with best available methods of interview and bioassay, there is
currently an irreducible level of uncertainty in accurate identification of dose and
gestational timing of cocaine and marijuana exposure. Moreover, the possible effects
of concurrent postneonatal exposure have not been considered in assessing the health
and behavior of prenatally exposed infants and toddlers.

Failure to identify users accurately may bias outcome data toward either over-
estimation or underestimation of drug effects. If users are misclassified as nonusers,
differences in outcomes of interest that may be truly attributable to drug exposure may
be minimized and thus overlooked. Conversely, since heaviest users are probably most
readily identified on clinical grounds, the outcomes of light or moderate users may not
be assessed, leading to overgeneralization of the risk of adverse outcome to all users on
the basis of findings noted only among the heaviest users.

Sample Selection Bias

As Needleman and colleagues have pointed out (1979), for research to be applica-
ble to the community at large, samples must be representative of the population. In
the field of cocaine and marijuana research, there has been an unfortunate tendency
to make sweeping generalizations about the short- and long-term outcomes of drug-
exposed infants on the basis of biased samples, including women referred prenatally to
drug treatment programs (Chasnoff et al., 1985), women who are concurrent users of
opiates (Chasnoff et al., 1985) and women whose drug use is obvious enough to be
suspected by clinical staff at delivery (Madden et al., 1986; Bingol et al., 1987; Oro
and Dixon, 1987). Samples identified on clinical grounds alone may reflect prevailing
ethnic and socioeconmic prejudices regarding drug use during pregnancy. Chasnoff
and colleagues (1990) have recently shown that clinicians are ten times more likely to
identify and report illicit substance abuse among black and low-income women than
among white private patients at the time of delivery, although actual rates of prenatal
use of illicit drugs are not significantly different between the two groups. Thus women
identified solely on clinical grounds may not be truly representative of the spectrum of
women who use cocaine or marijuana during pregnancy.

Even greater biases are introduced when generalizations are made from samples of
children referred for developmental problems, whose in utero cocaine exposure is then
retrospectively determined. For example, on the basis of only ten cases from five
different clinical genetics referral centers, with no controls, it has been suggested that
in utero cocaine exposure is associated with congenital anomalies from fetal vascular
disruption (Hoyme et al., 1990). Similar claims were made regarding the teratogen-
icity of prenatal marijuana use based on infants referred to a genetic counseling service
(Qazi et al., 1985). When large prospective samples are studied, however, (Zucker-
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man et al., 1989; Day and Richardson, 1991), independent effects of cocaine and
marijuana on either major or minor anomalies cannot be shown. Generalizations from
populations of children with clinically obvious deficits will tend to overestimate the
risks of drug exposure.

The issue of sample bias is further complicated by the necessity of long-term
follow-up studies to ascertain potential effects of prenatal drug exposure that may not
be obvious in the newborn period. Children and families retained in long-term studies
may not be typical of those who formally withdraw or are lost to research follow-up.
On the one hand, parents with obviously impaired children may cooperate more
readily with research, biasing results toward less optimal outcomes. On the other
hand, it may be that better-functioning families, least impaired by ongoing substance
abuse, may be more likely to continue to cooperate with research follow-up, thus
biasing results toward children of lower environmental risk.

Even attempts at meta-analysis, involving results from multiple published sam-
ples, cannot currently overcome the problem of sample selection bias, because the
samples on which most published studies are based may not be truly representative.
Negative studies regarding cocaine effects are far less likely to be selected for presenta-
tion at national scientific meetings than positive studies, even when the methodology
of negative studies is technically superior (Koren et al., 1989). Thus results available
in the scientific literature may not accurately represent drug effects in the population
at large.

In the field of prenatal cocaine and marijuana use, sample selection bias cannot be
fully overcome. If drug use is ascertained prospectively from samples presenting for
prenatal care (Zuckerman et al., 1989c; Fried and Watkinson, 1988), one cannot
generalize to users who do not seek prenatal care, who may be at greater risk of adverse
outcomes. Conversely, if users are identified at delivery or by referral to drug treatment
programs, findings can be generalized only to very heavy users, usually from socially
disadvantaged backgrounds. In the absence of a nationally representative sample, with
ascertainment of pregnant women who have not yet presented for prenatal care,
investigators can delineate only the unavoidable biases inherent in the selection of
their particular sample and avoid making generalizations to other noncomparable
populations. Researchers engaged in longitudinal studies must use intensive outreach
and participant reinforcement to minimize loss to follow-up. Since some loss to follow-
up is inevitable, one must delineate the characteristics of those lost to follow-up
compared to those retained to identify possible threats to the validity of outcome data.

Confounding Variables

To date no hypothesized or demonstrated effect of in utero cocaine or marijuana
exposure has been found to be specific to that drug. Outcomes such as low birth weight
or impaired attention are final common pathways of any number of possible risk
factors. Thus identification and control of potential confounders is critical to permit
valid inference regarding drug effects.

A confounding variable is one that is related to both the independent and depen-
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dent variables. We and other investigators have shown that cocaine and marijuana use
during pregnancy are highly correlated with a number of other maternal characteristics
and health habits that are recognized correlates of adverse pregnancy outcome and
later developmental impairment. Failure to identify and control for these variables, as
for example, in the studies of cocaine exposure and SIDS (Davidson et al., 1990;
Durand et al., 1990), which do not control for maternal cigarette use, may lead to
misattribution of the effects of the unmeasured variable to cocaine or marijuana. Lack
of control for potential confounders clearly leads to overestimation of drug effects. For
example, in our own work, infants of mothers whose urines were positive for cocaine
during pregnancy were approximately 400 grams smaller than infants of mothers who
did not use cocaine, but only 25% of the weight decrement could be statistically
attributed to cocaine exposure, rather than other factors, such as cigarette use
(Zuckerman 1989c). Moreover, factors such as poor maternal nutrition, or use of other
psychoactive substances such as alcohol may not only statistically confound the effects
of cocaine and marijuana, but may also interact physiologically with these substances
in ways as yet unmeasured in humans. Church, Dincheff, and Gessner (1988) have
shown in Long—Evans rats that alcohol plus cocaine exposure poses greater risk to
pregnancy outcome than either drug alone. Similar interactive effects have been
shown for marijuana and alcohol.

Random assignment of pregnant women to cocaine or marijuana exposure is
clearly impossible. Therefore, to derive valid estimates of cocaine and marijuana
effects on infant outcome, samples must be large enough to permit multivariate statis-
tical consideration of many potentially confounding variables, including use of other
psychoactive substances, medical risk factors such as maternal undernutrition and
infections, and social risk factors such as poverty and maternal depression (Frank et
al., 1988). In postneonatal follow-up studies, further confounders must be considered,
including the quality of the child’s home environment, and other possible postnatal
biologic threats to child development, including for example, active human immu-
nodeficiency virus (HIV) infection (Brouwers et al., 1991), chronic otitis, iron defi-
ciency (Palti et al., 1983), malnutrition (Galler, 1984), and lead poisoning (Nee-
dleman et al., 1979). Results from small samples without characterization of potential
confounders and statistical assessment of their impact should not be scientifically
accepted unless configured in larger, controlled studies.

Lack of Blind Assessment and Comparison Populations

Research on prenatal cocaine and marijuana exposure has been further compli-
cated by uncritical acceptance of findings made without reference to usual standards of
scientific technique. It is axiomatic in social science research that unless outcomes of
interest are blindly assessed, there is risk of the investigators' expectations uncon-
sciously altering subject behavior as well as biasing investigators’ interpretation of
otherwise equivocal measures (Rosenthal and Rosenow, 1969). To assure blind in-
terpretations it is essential that both exposed and unexposed subjects be presented to
an examiner who is unaware of their exposure status. Moreover, ideally the com-
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parison sample should be comparable to the exposed sample of major factors that are
likely to influence development. For example, since most studies of cocaine-exposed
infants have been drawn from minority, economically deprived populations, com-
parison with children of more privileged backgrounds would be inappropriate, since
the effects of cocaine could not be distinguished from those of pervasive economic
deprivation.

Although the expectations of the investigator are unlikely to distort evaluation of
easily measured outcomes such as birth weight, more subtle outcome parameters such
as fetal behavior (Hume et al., 1989), neonatal abstinence scores (Dixon and Bejar,
1989), or the quality of the child’s play (Roding et al., 1989) may be distorted by
nonblind assessments, as well as by use of noncontemporaneous controls and noncom-
parable measures (Roding et al., 1989).

Selection of Appropriate Qutcome Measures

The potentially adverse effects of in utero exposure to psychoactive substances,
whether legal or illegal, may vary over the life span by stage of development and
extend over many areas of function, including among others, prenatal and post-
neonatal growth, cognition, regulation of activity, attention, and affect, and response
to stress. Thresholds of vulnerability vary from individual to individual and from organ
system to organ system (Hutchings, 1990). As the Jacobsons and colleagues (1984)
have outlined, at any given level of exposure to a potential toxin, different individuals
may exhibit different effects, some totally unaffected, some showing impairment in
only one area, and other showing multiple effects. Lack of effect in one area, for
example intrauterine growth, does not assure that another area, such as neu-
robehavior, is also unaffected. Only at the highest levels of exposure are multiple
possible effects likely to cluster in an identifiable syndrome, as is probably the case
with fetal alcohol syndrome, in which the typical amount of maternal alcohol con-
sumption is 14 drinks per day (Abel and Sokol, 1987).

Of all outcomes, physical growth is probably the easiest to measure, but not
necessarily of greatest functional significance. No single battery of neurobehavioral
tests is accepted for use to measure the effect of any potential behavioral teratogen.
Areas thought to be potentially at risk from in utero cocaine exposure, such as
developmental alterations in neurotransmitters, have no standardized associated func-
tional measures. Many of the structural lesions noted on neonatal ultrasound following
in utero cocaine exposure occur in the basal ganglia and frontal lobes (Dixon and
Bejar, 1989), brain areas that are clinically silent in infancy and for which no well-
standardized evaluations exist even in early childhood, although a number of measures
are being evaluated (Welsh and Pennington, 1988).

Thus in evaluating possible drug effects, researchers are struggling with the prob-
lem that global neurobehavioral measures that are widely recognized, well standard-
ized, and easily obtained (e.g., the Bayley Scales of Infant Development or the
Achenbach Childhood Behavioral Checklist) may not tap into important areas of
potential dysfunction. On the other hand, methods possibly more sensitive to subtle
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impairments, such as observations of spontaneous play, do not have established valid-
ity or reliability, may be difficult to obtain in large samples, and require specialized
expertise not found in many centers. As Streissguth and colleagues have pointed out
(1987a) it is critical to select age-appropriate measures that are neither so difficult that
many children cannot attempt them nor so easy that there is no range of test re-
sponses. Current optimal strategy dictates that both standardized methods and evolv-
ing measures selected with clear theoretical justification be used in follow-up studies.

A MULTIFACTORIAL DEVELOPMENT MODEL

Primary versus Secondary Effects

The potential effects of prenatal cocaine and marijuana exposure may be concep-
tualized as primary or secondary. Primary effects are those ascribed to direct drug
toxicity on developing organ systems. For example, if cocaine directly alters neuro-
transmitters which then alter the developing central nervous system, this would be a
primary effect. Secondary effects are those attributable to changes in maternal phys-
iology with subsequent alterations in fetal perfusion and in transfer of oxygen and
nutrients to the fetus. Such effects would presumably be seen in infants whose intra-
uterine growth is affected by hypoxia, decreased perfusion, or malnutrition for any
reason, including maternal hypertension, cigarette smoking, or maternal undernutri-
tion. As the Jacobsons and colleagues (1984) and Lester and colleagues (1991) have
shown, primary and secondary effects of in utero exposures can be differentiated
statistically by various forms of multivariate analyses. These identify which behavioral
findings in infancy can be explained solely on the basis of shortened gestation or low
birth weight and which cannot be so explained and are therefore ascribed to primary
toxic effects of exposure to a potential neuroteratogen.

Transactional Model

Whether primary or secondary, the developmental sequelae of prenatal exposure
to drugs are best understood through a multifactorial transactional model (Sameroff
and Chandler, 1975), which predicts that outcomes will not be related in any simple
linear fashion to exposure, but will reflect interactions between the biologic correlates
of exposure and the quality of the environment. The primary and secondary effects of
prenatal drug exposure may create biologic vulnerability for neurobehavioral dysfunc-
tion, dysfunction that may be completely or in part compensated for by brain plasticity
and by competent caretaking, but heightens the child’s vulnerability to the effects of
poor caretaking. We now look at the interaction between maternal drug use and
maternal nutrition as an example of the issue of primary and secondary effects, and at
issues of caretaker responsivity, family violence, and parental depression as examples
of components of the transactional model.
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Role of Nutrition

The relationship between marijuana and cocaine use, maternal nutritional status,
and infant outcome is complex (Zuckerman et al., 1989¢). One investigator of mari-
juana use in pregnant women found that users had higher weight for height at concep-
tion than did nonusers (Linn et al., 1983); another reported enhanced pregnancy
weight gain among users (Tennes et al., 1985). In contrast, we (Zuckerman et al.,
1989¢) and other investigators (Fried et al., 1984; Greenland et al., 1982) have found
depressed pregnancy weight gain among marijuana users compared to that of nonusers.

Although cocaine is associated with anorexia, some researchers (Chasnoff et al.,
1989a) have found no difference in pregnancy weight gain between women who do
and do not use cocaine during pregnancy. However, we (Zuckerman et al., 1989¢) and
others (Petiti and Coleman, 1990) found deficits in both weight for height at concep-
tion and pregnancy weight gain among users compared to those of nonusers. Mari-
juana and cocaine used during pregnancy are each associated with depressed birth
weight when maternal nutritional status is analytically controlled (Frank et al., 1990).
Thus, although use of marijuana or cocaine during pregnancy is sometimes associated
with impairment of maternal nutritional status, a known determinant of birth weight,
it is not at all clear that this alone explains the detrimental effect of these substances.
Thus use of marijuana and cocaine during pregnancy appear to exert a primary growth-
retarding effect on the fetus, as well as effects secondary to impairment of maternal
nutritional status. The question then arises whether cocaine or marijuana exposure
prenatally will alter neurobehavioral outcomes in ways different from those identified
among infants with similar intrauterine growth retardation. The symmetrical pattern
of intrauterine growth retardation found in marijuana- and cocaine-exposed neonates
(Frank et al., 1990) has been found in other populations to be associated with a poorer
prognosis for postneonatal growth than either asymmetric intrauterine growth retarda-
tion or normal intrauterine growth (Holmes et al., 1977; Davies et al., 1979; Villar et
al., 1984). Whether this pattern will have similar implications for marijuana- and
cocaine-exposed newborns is unknown.

Postnatal Influences

The newborn brain has a significant capacity for adaptation. Animal studies show
that even though damaged nerve cells are not replaced, new synaptic connections are
made, and/or certain areas of the brain develop new functions to replace those lost
from the damaged area (Anastasiow, 1990). Recovery, or plasticity, is greater in the
newborn than in the adult and is facilitated by a favorable caretaking environment.

Consistent with this animal research, research on humans during the past 20 years
confirms the importance of the social environment and responsive caretaking in
determining the developmental outcome of biologically vulnerable newborns. For
example, among premature infants, 1Q) scores (at 7 years of age) were lower among
those who at 1 month of age were neurologically immature, as indicated by a decreased
percentage of an electroencephalogram (EEG) pattern called trace alternans. How-
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ever, among those infants with low trace alternans, only those who had less responsive
caretaking in the first 2 years of life had the lower IQJs; infants with low trace alternans
and responsive caretaking developed IQs similar to those of children who were not
neurologically immature (Beckwith and Pasrmalee, 1986). In another study, the com-
bination of high perinatal stress and low family stability impaired children’s develop-
mental functioning more severely than did the effects of perinatal stress or family
instability alone (Werner, 1989).

Observations of humans also suggest that perinatal factors exert their influence
primarily in early infancy, whereas social/environmental factors become predominant
in subsequent development (Bee et al., 1982). Outcome of infants exposed prenatally
to narcotics also appears to rely at least in part on their environment, especially after
the first year of life. Compared with unexposed infants, methadone-exposed infants
had poor motor coordination at 4 months; however, this difference almost disappeared
by 12 months, except among infants from families at high social risk (Marcus et al.,
1982). At 2 years, these same infants demonstrated impaired development compared
with a control group only when prenatal methadone exposure was combined with low
social class (Hans, 1989). Finally, Lifschitz, Wilson, and colleagues (1985) showed
that, among infants exposed to opiates in utero, the quality of the postnatal environ-
ment and not the amount of maternal opiate use appeared to be the more important
determinant of outcome (Lifschitz et al., 1985). Whereas it is likely the effects of
prenatal cocaine use will be similarly modulated by the child’s environment, this
remains to be determined.

Interactions between drug-using mothers and their infants affect the infants’ de-
velopmental functioning (Bernstein et al., 1986). Dysfunctional interactions may
interfere with an infant’s ability to recover from a biologic vulnerability caused by
prenatal drug exposure. Clinically, a common problem of infants exposed to cocaine in
utero is difficulty in regulating arousal. During infancy, caregivers ideally provide
stimulation when an infant is underaroused and reduce it when the infant is overex-
cited, so that the child develops his or her capacity to regulate arousal. Among non-
drug-using mothers, those who are intrusive at 6 months and overstimulating at 3.5
years are more likely to have hyperactive children compared to mothers who were not
intrusive or overstimulating (Jacobvitz and Sroufe, 1987). Such nonadaptive maternal
behavior, which is clinically seen with drug-abusing mothers, will be more likely to
adversely affect a biologically vulnerable, drug-exposed infant, contributing to im-
pulsivity, distractibility, and restlessness.

Infants with poor arousal may not elicit sufficient caretaking from their mothers.
If the mother has a drug problem, the effects of drugs, drug-seeking behavior, and
withdrawal from drugs are likely to render her less sensitive to her infant’s signals for
stimulation and nutrition. This combination of poor arousal due to the direct effect of
prenatal drugs and less sensitive caretaking may result in a cycle of neglect that leads
to failure to thrive.

Among the problems associated with drug and alcohol use, violence is significant
and deserves special environmental attention. Drug and alcohol use by a pregnant
woman and the father of her infant provide a context that increases the likelihood
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that the woman will be the victim of violence during pregnancy (Amaro et al., 1990).
Her children are likely to witness violence in their home and/or be the victims of
violence. Among the many developmental and behavioral consequences of exposure
to violence is the development of post-traumatic stress disorder (PTSD). Behavioral
changes of PTSD noted in very young children include decreased impulse control,
attraction to danger, and exhibitionism, or conversely, emotional withdrawal and
increased inhibition. Neurophysiological disturbances associated with PTSD are in-
creased sympathetic arousal and elevated ratio of urine norepinephrine to free cortisol;
reduced a,- and B,-adrenergic binding and down-regulation of central adrenergic
receptors have also been described (Pynoss, 1990). Some of these findings are similar
to those ascribed to prenatal cocaine exposure. Thus it is possible that exposure to
violence may contribute to the behavioral outcomes anecdotally described as charac-
teristic of children exposed prenatally to cocaine. It is also possible that prenatal
cocaine exposure and family and community violence synergistically impair children’s
behavior and neurophysiological functioning.

Depression frequently occurs among drug-using and addicted women (Zuckerman
et al., 1989a). When observed in interactions with their infants, depressed mothers
are observed to be less verbal, more irritable or hostile, inconsistent in discipline, and
less affectionate than nondepressed mothers. Children raised by depressed mothers are
more irritable at birth, have more behavior problems, more accidents, more learning

problems, and more affective disease than children raised by nondepressed mothers
(Zuckerman and Beardslee, 1987).

COCAINE

Pharmacology

Cocaine is a tropane alkaloid that is derived from the leaves of Erythoxylan cocoa
plant from the mountain slopes of Central and South America. Classified as a stim-
ulant drug, cocaine is similar in structure and in neurochemical and clinical actions to
amphetamines. It affects multiple neurotransmitter systems in the central nervous
system (CNS) including the dopaminergic (DA), and norepinephrine (NE) systems:
cocaine blocks the reuptake of these neurotransmitters. The excess of these agents at
the postsynaptic membrane results in an exaggerated signal.

By blocking the presynaptic reuptake of DA in the CNS, cocaine produces a
neurochemical magnification of the pleasure response (Spitz and Rosecan, 1987),
creating a heightened sense of power, euphoria, and sexual excitement. This action on
the pleasure center is considered the basis of its abuse potential. Cocaine also stimu-
lates DA synthesis and causes an up-regulation of postsynaptic DA receptors. These
factors augment the heightened DA pleasure response that may play a role in the self-
administration of cocaine. With chronic use, cocaine depletes DA in the CNS, which
is thought to cause depressive symptoms and is considered an important component of
cocaine withdrawal and addiction (Gawin and Kleber, 1984).

Norepinephrine modulates global alertness and vigilance in the CNS; in the



7 Prenatal Cocaine and Marijuana Exposure 137

peripheral autonomic nervous system it increases heart rate and contractility, blood
pressure, peripheral muscle contractility, and blood glucose. In addition, it stimulates
behavioral arousal due to acute stress or fear. Cocaine blocks reuptake of NE at the
presynaptic terminal, increases NE synthesis, and up-regulates NE receptors on the
postsynaptic nerve. Norepinephrine accumulates in the nerve synapse, and NE-medi-
ated nerve signals propagate. The alertness and hypervigilance induced with cocaine
use as well as the peripheral sympathetic arousal are related to cocaine’s effect on the
NE transmitter system. During pregnancy the vasoactive consequences studied in
animals include decreased uterine blood flow (Evans et al., 1988) and constriction of
umbilical arteries. Cocaine is highly water and lipid soluble and has a wide volume of
distribution. It crosses the placenta by simple diffusion and readily crosses the blood—
brain barrier. Cocaine has been found in the brain in concentrations four times higher
than the peak plasma concentration (Farrar and Kearns, 1989). Liver and plasma
cholinesterases metabolize cocaine into the inactive, water-soluble metabolites ben-
zoylecgonine and ecgonine methyl ester. It is excreted via the kidney into urine and
via bile into the gastrointestinal tract. Cholinesterase activity is generally lower in the
fetus, in pregnant women, and in people with liver disease. Therefore these indi-
viduals would be expected to be more sensitive to small doses of cocaine because
decreased metabolism prolongs exposure. For some women, however, cholinesterase
levels stay the same or actually increase during pregnancy (Evans et al., 1988), which
may explain some of the variability in the maternal and fetal effects of cocaine
exposure.

Newborn Outcome

Cocaine’s vasoactive effects have been postulated to contribute to the etiology of
such complications as abruptio placentae, preterm labor and delivery, poor fetal
growth, congenital abnormalities, and hemorrhagic and cystic lesions in the CNS.
Whereas maternal cocaine use has been associated with prematurity in some studies
{Chasnoff et al., 1989b; Chasnoff et al., 1987b; Cherukuri et al., 1988; Handler et al.,
1991; Little et al., 1989; MacGregor et al., 1987; Phibbs et al., 1992), this finding is
not universal (Hadeed and Siegel, 1989; Ryan et al., 1987; Zuckerman et al., 1989b).
Cocaine constricts placental vessels in pregnant ewes, leading to fetal hypoxemia and
presumably decreased nutrient transfer (Woods et al., 1987).

Consistent with cocaine’s vasoconstrictive action, numerous studies have shown
an association between cocaine use during pregnancy and a decrease in birth weight
and head circumference (Chasnoff et al., 1989b; Chasnoff et al., 1987b; Chasnoff et
al., 1986, Chasnoff et al., 1985b; Chasnoff et al., 1989a; Cherukuri et al., 1988;
Chouteau et al., 1988; Fulroth et al., 1989; Hadeed and Siegel, 1989; Handler et al.,
1991; MacGregor et al., 1987; Ostrea et al., 1992; Phibbs, 1992; Ryan et al., 1987;
Zuckerman et al., 1989b). However, this effect on growth is probably compounded by
maternal undernutrition and use of other drugs (Frank et al., 1988; Zuckerman et al.,
1989c¢). Only one of the studies demonstrating poor fetal growth and small head
circumference controlled for multiple potentially confounding variables (Zuckerman
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et al., 1989b). Infants exposed to cocaine showed a symmetric pattern of growth
retardation (Frank et al., 1990) suggesting a chronic growth impairment or one start-
ing early in gestation. These infants also showed depressed fat stores and lean body
mass, a pattern commonly associated with maternal malnutrition, even after nutri-
tional markers such as maternal weight for height and pregnancy weight gain were
statistically controlled (Frank et al., 1990). Cocaine-induced vasoconstriction may
impair transfer of nutrients as well as oxygen to the fetus, regardless of maternal
nutritional status. Moreover, by activating the sympathetic nervous system in the fetus
(Fiks et al., 1985), cocaine may increase fetal metabolism and thus cause depletion of
fetal nutrient stores, leading to evidence of fetal malnutrition in excess of that pre-
dicted by maternal malnutrition.

Rare but serious congenital abnormalities such as urogenital anomalies (Chavez et
al., 1989; Hoyme et al., 1990), distal limb deformities (Hoyme et al., 1990), cardiac
lesions (Lipshultz, 1990), and CNS and ocular malformations (Dominguez et al.,
1991) have been noted in clinical series. The Chavez and Lipshultz studies employed
retrospective case controls; the other studies were not controlled. Whereas it has not
been proven that cocaine causes congenital abnormalities, cocaine is a plausible
etiologic agent because the defects detected can be caused by vasoconstriction. De-
creased fetal blood flow can result in disruption of existing structures or altered mor-
phogenesis of developing structures, leading to these anatomic abnormalities. Struc-
tural abnormalities may also result when placental emboli interrupt the blood flow to
distal structures. The retrospective population-based case control study (Chavez et al.,
1989) of renal malformations was limited by the small number (three) of urinary tract
abnormalities in the cocaine-exposed group. Furthermore, the findings may have been
influenced by exposure recall bias, especially since the exposure is illegal. Infrequently,
occurring birth defects of the bowel, heart, and skeletal systems are unlikely to be
proven in epidemiologic studies unless a large number of subjects are studied. Ciga-
rette smoking also causes vasoconstriction and may have played a role in early case
description of prenatal cocaine use and gastroschisis (Goldbaum et al., 1990). Other
studies (Zuckerman et al., 1989b; Rosenstein, 1990) have not shown cocaine to be
independently associated with congenital abnormalities.

A small number of uncontrolled studies describe a variety of transient abnor-
malities. The presence of an abnormal dilatation of iris blood vessels in cocaine-
exposed infants compared to nonexposed infants has been reported (Isenberg et al.,
1987). Similar changes in iris blood vessels have been reported in infants of diabetic
mothers (Ricci and Molle, 1987) and may be a marker of intrauterine stress, perhaps
vasomotor in origin. The vascular abnormalities regressed with time and had no long-
term effect.

An ototoxic effect of prenatal cocaine exposure has been suggested (Shih et al.,
1988). Auditory brainstem responses in neonates exposed to cocaine showed pro-
longed interpeak latencies and prolonged absolute latencies, which indicate neu-
rologic impairment or dysfunction in the auditory system. Another study (Salamy et
al., 1990) also showed delayed auditory brain stem transmission time in cocaine-
exposed newborns, which reverted to normal by 3 to 6 months.
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Case studies have described 16 infants with seizures in the neonatal period
(Kramer et al., 1990). A focal seizure was described in one infant with an infarct on
computerized tomography (CT) scan. Six patients continued to have seizures after 6
months of age. One other study reported electroencephalogram (EEG) changes at 1
month of age in a small group of cocaine-exposed infants, which returned to normal by
6 months of age (Doberczak et al., 1988). Cocaine use is associated with lowered
seizure threshold in adults (Gawin and Kleber, 1984). The true incidence of seizures in
cocaine-exposed neonates has not been determined; clinical experience suggests that
seizures are a relatively rare complication but may occur in infants with no other risk
factors.

One case report of a significant cerebral infarction associated with prenatal co-
caine exposure has been published (Chasnoff, 1986). Another recent uncontrolled
report describes congenital, cerebral, and ocular abnormalities in seven cocaine-
exposed neonates, which may be attributed to early vascular insult (Dominguez et al.,
1991). A systematic study reported that 35% of stimulant-exposed (cocaine, meth-
amphetamine), asymptomatic infants undergoing cranial ultrasound in the first 3 days
of life showed either echodensities or echolucencies indicating CNS vascular injury
(Dixon and Bejar, 1989). This rate of abnormal findings was comparable to that in ill
term infants and much greater than that in healthy term newborns, although this
finding was not replicated in another study (Frank et al., 1992). In the Dixon study
the distribution of lesions in the cocaine-exposed newborns (basal ganglia, frontal
lobes, and the posterior fossa) differed from the distribution seen in ill infants. This
difference may reflect vessels that were muscularized early in gestation and therefore
were more vulnerable to the vasoactive effects of cocaine. A possible mechanism
entails vasoconstriction leading to ischemia causing small hemorrhages that result in
cyst formation. In addition, a transient increase in cerebral blood flow velocity has
been described among infants prenatally exposed to cocaine, raising the risk of intra-
cranial hemorrhage (Van de Bor, Walthers, and Simons, 1990). The clinical signifi-
cance of these lesions is unknown, but their existence warrants further investigation
and follow-up.

Neonatal neurobehavioral abnormalities have been reported in some but not all
studies. Firm conclusions about the effect of prenatal cocaine exposure on neu-
robehavioral functioning cannot be drawn, owing to the inconsistency of the findings.
Methodologic problems (lack of control for potential confounding variables and biased
sample populations) associated with the research raise important questions regarding
the validity of findings (Neuspiel and Hamel, 1991).

Assuming that termination of cocaine exposure would result in a withdrawal
syndrome, many studies have assessed cocaine-exposed infants using the Neonatal
Abstinence Scale (NAS) that was developed by Finnegan to describe withdrawal
among opiate-exposed infants. One study (Fulroth et al., 1989) shows higher NAS
scores for cocaine/opiate-exposed infants than either infants exposed to cocaine or
opiate-exposed infants alone, suggesting a possible synergistic effect between cocaine
and opiates. However, a larger study failed to identify any cocaine effects on the NAS
scores of opiate-exposed newborns (Doberczak, 1991). Two other studies (Ryan et al.,
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1987; Hadeed and Seigel, 1989) found no differences in NAS scores between cocaine-
exposed and comparison groups.

The NAS scale, designed to detect effects of opiate withdrawal, is not appropriate
for assessment of potential prenatal cocaine effects. Clinically, cocaine-exposed new-
borns are poorly responsive and sleepy and do not show systemic signs of withdrawal
(e.g., gastrointestinal, sneezing) that are seen among opiate-exposed infants. When
alert they are easily overstimulated; they therefore become irritable and quickly return
to sleep. A number of studies have evaluated the neurobehavioral functioning of
cocaine-exposed infants using the Brazelton Neonatal Behavioral Assessment Scale,
which is a much more sensitive assessment of newborn behavior than the NAS
scale. These studies have the same methodologic problems as studies using the NAS
scale, including difficulty controlling for confounding variables, and possible mis-
classification of cocaine users. Results of these studies are inconsistent regarding both
the presence or absence of an association between prenatal cocaine use and neu-
robehavioral dysfunction, and the type of dysfunction identified. Chasnoff, in two
different reports (Chasnoff et al., 1985b; Chasnoff et al., 1986) that may have in-
cluded some of the same infants, shows cocaine-exposed newborns have increased
tremulousness and startles, decreased interactive behaviors, and increased state la-
bility. Women from these studies were drawn from a special perinatal drug treatment
program, and the effects of other drugs, especially opiates as well as other risk factors,
contribute to the findings. In a third report, Chasnoft (Chasnoft et al., 1989a) showed
that even among infants whose mothers stopped using drugs in the first trimester,
infants showed impaired orientation, motor function, reflexes, and state regulation
compared to infants whose mothers used no drugs. A study conducted by another
research team shows impaired habituation on the NBAS and more stress behaviors
among cocaine-exposed infants compared to controls (Eisen et al., 1991). Multivari-
ate analysis showed that other factors (obstetric complications and maternal alcohol
use) and not cocaine were associated with stress behaviors. However, prenatal cocaine
continued to be associated with poor habituation when these and other factors were
controlled analytically. A final study showed no differences on NBAS scores between
cocaine-exposed and unexposed newborns in the first 3 days of life. Whereas a second
examination between 11 and 30 days of life showed cocaine infants had significantly
lower scores in motor functioning, the magnitude of effect decreased by over 50%, and
the association was no longer statistically significant when confounding variables were
controlled (Neuspiel et al., 1990).

Other psychoactive substances as well as other factors, especially intrauterine
growth retardation, lead to neurobehavioral dysfunction that may contribute to the
variability in ourcomes of cocaine-exposed newborns. One study (Lester et al., 1991)
using cry characteristics supports this possibility by identifying two neurobehavioral
profiles among cocaine-exposed newborns. One profile characterized as “excitable” is
hypothesized to be owing to the direct, primary effect of cocaine exposure. The other
profile characterized as “depressed” is thought to be owing to the secondary effect of
intrauterine growth retardation. Possible opposite effects of cocaine and undernutri-
tion may help explain the variability in newborn behavior seen clinically and in these
studies.
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Whether alterations in neonatal behavior will be confirmed with more meth-
odologically rigorous studies is unknown. Currently, special attention focuses on
whether behavioral changes reflect neurotransmitter alterations. In the fetal brain,
neurotransmitters contribute to brain development by influencing neuronal migration
and differentiation as well as synaptic proliferation (Lauder, 1988). During the pre-
natal period, neurotransmitters also affect the development of receptor sites (Miller
and Friedhof, 1988). In animals, for example, an induced decrease in dopamine
prenatally results in a significant decrease in the number of dopamine receptors
postnatally. Following birth these receptors do not appear to have the normal capacity
to up-regulate or increase in number in response to decreases in dopamine. Since the
time course of the development of receptors differs in different parts of the brain,
timing of cocaine use may be critical in determining which aspects of the brain are
altered, leading to different functional and behavioral difficulties. A role for neuro-
transmitter changes was suggested by a preliminary study showing lower levels of
homovanillic acid (HVA), a principal metabolite of dopamine in the cerebral spinal
fluid of cocaine-exposed compared to unexposed newborns (Needlman et al., 1992).
Another pilot study shows that blood levels of the NE precursor dihydroxyphenal-
anine were higher in cocaine-exposed than in unexposed newborns (Mirochnick et
al., 1991). Among the cocaine-exposed newborns, high NE concentrations in blood
were associated with poor responsivity to auditory and visual stimuli (orientation
subscale) as measured by the NBAS. However, blood NE levels do not necessarily
indicate levels in the CNS. The neurotransmitter changes shown in this preliminary
study might be owing entirely to chronic stress associated with cocaine-induced vas-
oconstriction and hypoxia in utero.

Probable fetal hypoxia and neurotransmitter abnormalities associated with in
utero cocaine exposed have raised concerns that such exposure may increase the risk of
SIDS, concerns heightened by reports of respiratory-pattern abnormalities in cocaine-
exposed infants compared to methadone-exposed infants (Chasnoff et al., 1989c¢).

An early study, using a convenience sample of infants exposed prenatally to
cocaine, found that 10 of 66 (15%) died of SIDS (Chasnoff et al., 1987b). However,
three subsequent studies using nonbiased samples have shown only a slightly increased
rate of SIDS. Combined data from the three studies yielded a risk of 8.5 of 1000
(Bauchner and Zuckerman, 1990), uncontrolled for cigarette use. Although this risk is
somewhat elevated, it does not approach the level of risk found among heroin- or
methadone-exposed infants (15-20 of 1000), and is only slightly higher than that
reported for children living in poverty (45 of 1000). It is far below the risk associated
with conditions that the National Institutes of Health Consensus Statement (1987)
indicated may warrant apnea monitoring at home.

Postneonatal Exposure to Cocaine

Postnatal exposure to cocaine has been reported via breast feeding, by direct
ingestion, and by passive inhalation. Like all highly lipid-soluble substances, cocaine
crosses readily into breast milk. Chasnoff and associates (1987c) reported finding
cocaine metabolites in breast milk for 36 hr after them other used 0.5 g of cocaine
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intranasally. The infant in this case developed hypertension and irritability and ex-
creted cocaine metabolites for 60 hr after the last breast feeding. The number of
infants at risk nationally for exposure to cocaine via breast feeding has not been
determined. We have reported (Frank et al., 1992) that 12% of women intending to
breast feed in our inner city hospital use cocaine prenatally, compared to 23% of those
intending to bottle feed. However, only 2% of those intending to breast feed were
excreting cocaine metabolites in their urine at delivery, so that only a small number of
infants were at risk for exposure via breast milk immediately following birth. There is
no information regarding the prevalence of postpartum use of cocaine by mothers,
whether breast feeding or not. The long-term risk to the growth and development of
the infant breast fed by a cocaine-using mother is also unknown. Prudent clinical
practice suggests that women who are known active cocaine users be advised not to
breast feed to avoid the dangers of acute toxicity.

Oral ingestion of cocaine associated with seizures in infants and toddlers has been
described in several case reports (Ernst and Sanders, 1989; Rivkin and Gilmore,
1989), including one case in which the breast-feeding mother applied cocaine directly
to her sore nipple (Chaney et al., 1988). Bateman and Heagarty (1989) have de-
scribed four children hospitalized with neurologic symptoms and cocaine metabolites
in their urine, following time spent in ill-ventilated rooms with adults who were
smoking crack cocaine.

The number of young children at risk nationally for involuntary postnatal cocaine
exposure via passive inhalation or direct ingestion, not related to breast feeding, is
unknown. Shannon and colleagues (1989) found cocaine metabolites in 4.2% of toxic
screens obtained for clinical purposes in a large children’s hospital. Only 7 of the 52
positive screens were from children younger than 1 year; the rest were from intoxi-
cated or suicidal adolescents. A study from our institution (Kharasch et al., 1991)
found cocaine metabolites in 2.4% of 250 urines obtained from children younger than
5 visiting an emergency department. Only one child with a urine positive for cocaine
metabolites was breast fed. Children with neurologic or cardiac symptoms possibly
suggestive of cocaine exposure were excluded from the sample, so that true prevalence
of passive exposure may be higher.

Whereas acute toxicity for infants and toddlers postnatally exposed to cocaine has
been documented clinically, there are no data regarding long-term developmental risk
following such exposure. Whether the risks of symptomatic as opposed to asymptomat-
ic exposure are of differing magnitude is also unknown. Clearly environments that
permit passive exposure of children to cocaine are probably not providing optimal care
in many areas, so that the long-term biologic versus the social risks of postnatal passive
exposure will be difficult to evaluate.

Developmental Outcome

Findings from the newborn period such as small head circumference raise con-
cerns regarding longterm developmental effects. The only study reporting child out-
comes of prenatal cocaine exposure involve mothers and infants who are involved in a
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comprehensive clinical intervention study. The results of this study show no mean
differences on the Bayley Scales of Infant Development at two years of age when
cocaine-exposed children are compared with social class match controls (Chasnoff et
al., 1992). There is, however, a higher rate of scores more than one standard deviation
below the test mean for children exposed prenatally to cocaine, although this may be
explained by parents of developmentally delayed children being more readily com-
pliant with follow-up developmental assessments (Zuckerman and Frank, 1992). As
may be unavoidable among a cocaine-using population, there is a high attrition rate,
higher among cocaine-using women compared to non-cocaine-using mothers. Only
27% of the 106 children recruited by birth remain in the cocaine-exposed sample at 24
months, compared with 62% of the 81 children in the nonexposed sample. In spite of
this and other limitations, these findings suggest that the global developmental func-
tioning of infants whose mothers remain in an intervention program is similar to social
class matched controls.

It will be critical to replicate this study in larger samples, with intensive efforts to
minimize attrition. Due to cocaine’s action of altering neurotransmitter levels and the
preliminary evidence of early perturbation of neurotransmitters in the peripheral cir-
culation and in cerebral spinal fluid following prenatal cocaine-exposure (Mirochnick
et al., 1991; Needlman et al., 1992), there is at least theoretical reason to be con-
cerned about the exposed child’s capacity for attention and self-regulation. Since these
functions cannot be evaluated accurately in infants and young children, there is a
potential to underestimate the possible effect of prenatal cocaine exposure unless
children are observed to school age. Even if behavior and developmental problems are
identified, the relative contributions due to caretaker dysfunction or biologic vul-
nerability created by prenatal cocaine exposure will need to be determined. Research
to identify the independent effects of prenatal and postnatal cocaine on developmen-
tal outcome must control for adverse circumstances in the growing child’s environ-
ment, especially dysfunctional parenting by caretakers who abuse drugs, multiple
caretakers, violence, and adverse health effects associated with poverty such as poor
nutrition, lead poisoning, etc. Studies must also employ measures sensitive to the
behavior that might not be identified by traditional structured developmental tests
alone.

MARIJUANA

Pharmacology

Marijuana use is most common among individuals in their late teens and early
twenties. The rate of women reporting use of marijuana during pregnancy varies from
5 to 34% (Zuckerman, 1988). The principle psychoactive chemical of marijuana is 1-
delta-9-tetrahydrocannabinol (THC). Approximately one half of the THC present in
a marijuana cigarette is absorbed following inhalation (Renault et al., 1971). Follow-
ing hydroxylation in the liver, most metabolites of THC are eliminated in the feces
and urine (Abel, 1983). Because it has a strong affinity for lipids, THC is stored in
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fatty tissues of the body (Kruez and Axelrod, 1973). A single dose of cannabis has a
tissue half-life in humans of 7 days and may take up to 30 days to be completely
excreted (Nahas, 1976). For this reason, marijuana accumulates in the body during
chronic use.

Like all psychoactive drugs, marijuana crosses the placenta. Placental transfer is
highest early in gestation and diminishes as pregnancy progresses (Indanpaan-Heikkila
et al., 1969). In addition to its potential direct effect, marijuana has the indirect effect
of decreasing fetal oxygenation. Inhalation of marijuana smoke by animals has been
shown to produce maternal ventilation/perfusion abnormalities, with subsequent fetal
hypoxia that lasted approximately 60 min (Clapp et al., 1986). Fetal hypoxia may also
result from maternal inhalation of carbon monoxide, which is present at higher levels
in marijuana smoke than that in cigarette smoke (Wu et al., 1988).

Newborn Qutcomes

Only seven studies with large enough sample sizes to control for confounding
variables have investigated the effects of marijuana on human fetal growth, and their
results are conflicting (Zuckerman et al., 1988). Only one study used both self-report
and urine assay to evaluate marijuana use during pregnancy (Zuckerman et al.,
1989c¢), and the results indicated that reliance on self-report may have contributed to
the inconsistent findings of other studies. Women who had a positive urine assay for
marijuana during pregnancy bore infants with lower birth weight and shorter length,
when confounding variables were controlled. Had urine tests for marijuana not been
performed and identification of users been based solely on self-report, 16% of mari-
juana users during pregnancy would not have been identified. This misclassification of
marijuana users as nonusers would have obscured the significant association between
prenatal marijuana use and decreased fetal growth (Zuckerman et al., 1989¢). Prenatal
marijuana use, like that of cigarettes, spares fetal fat deposition while depressing
indicators of lean body mass, suggesting an hypoxic or other non-nutritional mecha-
nism of effect that preferentially alters lean tissue growth (Frank et al., 1990). This
finding, which is found after controlling for maternal cigarette use, is consistent with
research on ewes, which shows that inhalation of marijuana produces pulmonary
ventilation/perfusion abnormalities in the mother with associated prolonged hypoxia
in the fetus (Abrams et al., 1985; Clapp et al., 1986). Moreover, marijuana smoking
elevates blood carbon monoxide to levels higher than that attained by smoking ciga-
rettes (Wu et al., 1988), an effect that would also impair fetal oxygenation (Longo,
1977).

Studies of neurobehavioral functions of newborns exposed prenatally to marijuana
have been few. One research group showed that moderate and heavy maternal mari-
juana use during pregnancy was associated with infants who had increased tremors,
decreased responsiveness to visual stimuli during sleep, and a higher-pitched cry (Fried
and Makin, 1987). Another research group found no such correlation (Tennes et al.,
1985). Heavy marijuana smoking during pregnancy altered the computer-measured



7 Prenatal Cocaine and Marijuana Exposure 145

acoustic characteristics of the newborn cry, consistent with patterns that, in other
studies, had been related to perinatal risk factors and to later poor developmental
outcome (Lester and Dreher, 1989). Another study, which assessed neonatal sleep
cycling and arousal, showed that marijuana use during pregnancy was associated with a
decrease in the amount of trace alternans quiet sleep (Scher et al., 1988). Day and
Richardson (1991) have recently reported that prenatal marijuana exposure is corre-
lated also with lower sleep efficiency and maintenance on sleep EEG studies at age 3
vears. These findings suggests that heavy marijuana use may affect the neu-
rophysiologic integrity of the newborn.

Postnatal Marijuana Exposure

Passive inhalation of marijuana metabolites has been described in adults (Cone
and Johnson, 1986), but not, to our knowledge, in children. However, marijuana
metabolites have been identified in the milk of animals (Jakubovic et al., 1974; Chao
et al., 1976) and of humans (Perez-Reyes and Wall, 1982), and in the urine of breast-
fed infants (Perez-Reyes and Wall, 1982). In contrast to the immediate toxicity associ-
ated with cocaine exposure via breast milk, acute effects of maternal marijuana use on
the breast-fed infant have not been reported. However, two pilot studies suggest
potential subtle developmental effects with heavy postpartum exposure via breast
milk. Tennes and colleagues (1985) reported delayed growth and development in one
of six 1-year-old infants breast fed for 3 to 12 months by daily marijuana users. In a
larger multivariate study of 136 breast fed infants, marijuana exposure via breast milk
in the first postpartum month was associated in a dose-related fashion with decreased
motor development at 1 year (Astley and Little, 1990). However, this effect may have
been confounded by exposure in the first prenatal trimester, which was closely corre-
lated with heavy postpartum exposure. Developmental effects of marijuana exposure
via breast milk beyond the first year of life have never been studied.

The national prevalence of marijuana use by postpartum women in general and by
breast-feeding women in particular is unknown. At our hospital, 21% of the women
intending to breast feed used marijuana during pregnancy, compared to 33% of those
intending to bottle feed (Frank et al., 1992). Five percent of women intending to
breast feed had marijuana metabolites in their urine at delivery, indicating that their
infants may have been at risk of immediate postpartum exposure via breast milk.
Because marijuana metabolites are stored in maternal fat, which may be mobilized
during lactation, the duration of potential excretion via breast milk following last
maternal use is of concern, but has not been clearly delineated.

Later Developmental Outcome

Only two studies have evaluated developmental and behavioral functioning
among children exposed prenatally to marijuana. In one, no independent association
was seen between prenatal marijuana use and developmental scores at 12 and 24
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months (Freid and Watkinson, 1988). However, when these children were 4 years old,
heavy prenatal marijuana use (more than six joints per week) during pregnancy was
associated with poor scores on memory and verbal subscales of the McCarthy Test,
compared with scores of children of mothers who did not smoke marijuana. This
finding remained after controlling for confounding variables, including the home
environment (Freid and Watkinson, 1990). Another study found no effects on IQ at
age 4 (Streissguth et al., 1989). Since there are only two follow-up studies of prenatal
marijuana exposure, and a correlation was found in one but not the other one at 4
years, and not at 1 or 2 years, interpretation is difficult. It is possible that the effect of
prenatal exposure to marijuana is subtle and that its effects on complex behavior
cannot be identified before 4 years of age. It seems almost equally likely that the
finding may be the result of chance or some unmeasured postnatal environmental
variable.

CLINICAL IMPLICATIONS

Infants born to drug- and alcohol-abusing mothers are clearly at risk for develop-
mental and behavioral problems due to both prenatal exposure to these substances and
dysfunctional parenting. However, no studies have consistently shown that an indi-
vidual drug causes a specific pathognomonic developmental dysfunction.

All children at biological and social risk benefit from developmental and behav-
ioral assessment and educational programs designed to meet their individual needs.
Unfortunately, measures of developmental outcome may not provide sufficiently spe-
cific information on children’s developmental and behavioral functioning. For exam-
ple, by altering neurotransmitter activity in the developing nervous system, we hy-
pothesize chronic prenatal exposure to cocaine’ may adversely affect autonomic
function, state regulation, and response to sensory stimuli, potentially leading to
impulsivity and instability of mood as children get older. Global outcome measures
such as developmental quotients and behavior problem scales may not identify all
areas of dysfunction or suggest specific intervention plans.

Following an assessment of all areas of a child’s functioning including interaction
with parents and unstructured play, a comprehensive intervention program addressing
the child’s needs should be developed. However, as the multifactorial developmental
model discussed in the first part of this chapter implies, intervention for the drug-
exposed child needs to be accompanied by intervention for the parents. Drug-abusing
families need more than the counseling and support provided in most child develop-
ment or early intervention programs; they need drug treatment and comprehensive
medical care.

We are currently conducting a small pilot program that provides pediatric care,
child development services, and drug treatment in the pediatric primary care clinic.
By collocating key services in this way, we developed a less fragmented, nonstigmatiz-
ing system that is easier for families with small children to use. Developmentally
appropriate stimulation is both modeled and verbally presented to parents to help
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them support their child’s development. We support parents’ self-image by identifying
and acknowledging positive interactions with their children. Qur experience shows
parents, particularly mothers, are more likely to comply with drug treatment if they
feel it is part of their efforts to care for their children. Children have the best oppor-
tunity to recover from effects of prenatal drug exposure when child development
services are combined with drug treatment in a family context.
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