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Foreword

I am pleased to present the Tenth Special Report on Alcohol and Health to the U.S.
Congress, and through them to the American people.

Alcohol problems, both those of individuals and those that affect society at large,
continue to impose a staggering burden on our Nation. Domestic violence, child
abuse, fires and other accidents, falls, rape, and other crimes against individuals such
as robbery and assault—all are linked to alcohol misuse. Alcohol misuse also is
implicated in diseases such as cancer, liver disease, and heart disease. Although often
not aware of it, everyone shares a portion of this burden. For example, an estimated
20 to 40 percent of patients in large urban hospitals are there because of illnesses that
have been caused or made worse by their drinking. This means that out of every 100
patients in such hospitals, almost half may be there because of their alcohol use. Each
of us shares the price of these illnesses through rising health care costs. Because one
in four children under the age of 18 lives in a household with one or more family
members who are alcohol dependent or who abuse alcohol, our Nation will continue
to be robbed of its future. As these children grow up, they too will be at risk for
continuing the cycle of alcohol abuse and dependence that has plagued too many

of our citizens for too long.

As overwhelming as these facts are, the real tragedy is that many people do not yet
understand that alcohol problems can yield to scientific investigation and medical
intervention in the same way as other health conditions, and in many cases more
successfully.

The research findings presented in the Tenth Special Report to the U.S. Congress on
Alcohol and Health clearly demonstrate that continued support for alcohol research,
and the use of findings from research in prevention and clinical applications, offer the
best hope for reducing the costs we all pay for alcohol problems. | commend it to
your attention.

Donna E. Shalala
Secretary
U.S. Department of Health and Human Services






Preface

During the latter half of the twentieth century, we witnessed an unparalleled era of
progress in medical science. Among other important scientific advances, we discovered
the genetic code and are well on our way toward mapping the entire human genome,
we began to explore how our brains work in concert with other body systems to
promote or to impede health, and we developed increasingly sophisticated medical
devices and technologies that allow us to look at the actual functioning of the myriad
systems that make up human beings.

The Tenth Special Report to the U.S. Congress on Alcohol and Health presents significant
new scientific findings about alcohol abuse and alcoholism since the last Special
Report, issued in 1997. These findings clearly demonstrate that alcohol investigators
working in fields as diverse as epidemiology, genetics, neuroscience, toxicology, preven-
tion, and treatment are using the very latest tools and techniques of science to expand
our knowledge of how to prevent, reduce, and treat alcohol problems. Because alcohol
use problems exact such a personal, social, and economic toll on the American
people—an estimated 100,000 lives and $184.6 billion annually—the scientific
progress described in the Tenth Special Report is heartening.

As important as this progress is for those whose lives have been affected by alcohol
use, | believe that the Tenth Special Report serves a greater purpose. Science does

not happen in a vacuum. Rather, it is a cumulative process that builds upon the
knowledge developed by many scientists working in many different areas of investi-
gation. Therefore, what is discovered about one disease or health condition may very
well provide important clues about other diseases and conditions, clues that will help
in the development of medications, treatments, and preventive approaches that can

be widely applied. Because alcohol affects virtually all body systems and because
alcohol use problems affect all levels of human interaction, the alcohol research field
represents, in many respects, a microcosm of science in its entirety. Thus, the findings
described in the Tenth Special Report about genetics, neural circuitry, the effect of the
environment on gene expression, fetal development, cognition, psychological therapies,
prevention and education, and treatment contribute significantly to the knowledge we
need to solve not only the problems associated with alcohol abuse and alcoholism, but
also the problems of human biology and behavior in general.

I would like to commend the scientists who participated in the development of the
Tenth Special Report and the staff of the National Institute on Alcohol Abuse and
Alcoholism for their efforts to bring this important information to the attention of
the U.S. Congress and the American people.

Ruth Kirschstein, M.D.
Acting Director
National Institutes of Health

Xi






I
Introduction

The first Special Report on Alcohol and Health was presented to the U.S. Congress in
1971. In that report, and in each subsequent one, the National Institute on Alcohol
Abuse and Alcoholism (NIAAA) summarized for the Congress—and the American
people—the cumulative body of alcohol research findings in each area of investigation.
For this, our 10th edition of the Special Report, we found ourselves in a pleasant, if
somewhat daunting, position. The breadth and scope of alcohol research has grown so
tremendously that summarizing the total body of alcohol research in one document is
no longer manageable; so we have chosen to present the findings from alcohol research
in a new way—to summarize what is known in a particular area and to describe in
greater detail significant research findings that have been reported since the Ninth
Special Report. And, in the best tradition of the Special Reports on Alcohol and Health,
this 10th edition continues to provide both extensive information on alcohol use
problems and ample cause for hope that we are well on the way to preventing and
effectively treating them.

Alcohol is widely used in our society. Most individuals who use alcohol drink in ways
that do not increase risk for alcohol use problems. Some, however, drink in ways or
at times during their life course that increase risk to themselves or others. Still others
who use alcohol may derive a health benefit from its use. Defining precisely who is
at risk for alcohol use problems and assessing the risks versus benefits of alcohol use
are the first steps toward providing accurate public health information and designing
effective interventions to reduce alcohol use problems. The Tenth Special Report
presents important new findings about biological and behavioral factors that affect
the risks and benefits of drinking over the life span.

Perhaps the single greatest influence on the scope and direction of alcohol research
has been the finding that a portion of the vulnerability to alcoholism is genetic. This
finding, more than any other, helped to establish the biological basis of alcoholism.
It also provided the basis—and justification—for much of the progress in genetics,
neuroscience, and neurobehavior described in the Tenth Special Report. Today we
know that approximately 50 to 60 percent of the risk for developing alcoholism is
genetic. Genes direct the synthesis of proteins, and it is the proteins that drive and
regulate critical chemical reactions throughout the human body. Genetics, therefore,
affects virtually every facet of alcohol research, from neuroscience to Fetal Alcohol
Syndrome. It is clear from the findings presented in the Tenth Special Report that
although much remains to be discovered, progress has been made toward under-
standing how genes are involved in the etiology of alcohol use problems, including
how genes interact with other genes and with the environment to produce disease.

The progress made in the neurosciences over the last two decades has been spectacular.
Alcohol investigators have taken full advantage of this progress by applying neuro-
science techniques to the study of alcohol use problems. As a result, our under-
standing of the neural processes that underlie alcohol-seeking behavior and of how
alcohol’s actions in the brain are related to the phenomenon of addiction has grown
dramatically. Recent progress in neuroscience research described in the Tenth Special

Xii
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Report has yielded information critical to
characterizing some of the cellular and molecular
processes involved in alcohol use and has helped
associate these processes with the behavioral and
physiologic manifestations of alcohol use and
abuse. One important tool used in both genetics
and neurobehavioral research is the animal model.
Alcohol scientists have applied molecular biology
techniques to develop a number of important
animal models that allow the study of the

genes associated with traits that might influence
alcohol-related behaviors. Findings from studies
using both vertebrate and nonvertebrate animal
models and other study results concerning the
etiology of alcohol use problems are discussed

in the Tenth Special Report.

Although the toxicology of alcohol—how alcohol
damages the body—uwas one of the first areas in
alcohol research to be studied, the acceptance of
the biological foundations of alcoholism and the
subsequent increase in alcohol-related biological
research helped to focus scientific attention on the
mechanisms by which this damage occurs. As
described in several chapters of the Tenth Special
Report, alcohol research scientists have uncovered
new information about the kinds of damage that
alcohol exposure can cause to the brain, both
during prenatal development and later in life,
and to other major body organs. More impor-
tant, there is a very good accounting of the
progress that alcohol scientists have made toward
understanding how this damage occurs. It is
knowing the “how” that has the potential to
produce therapeutic interventions to limit or
ameliorate many of the alcohol-related health
consequences.

Limited in the past, research on prevention

is coming into its own. The findings from
prevention research applied to various public
policies already have been shown to save lives.
New approaches to school-based and community
prevention are demonstrating that well-planned
prevention programs based on rigorously studied
and validated models can reduce the magnitude
and extent of our Nation’s alcohol-related prob-
lems. Prevention research is also examining the

role that advertising plays with respect to alcohol
use and abuse.

The main goal of alcoholism treatment is to help
alcoholics maintain sobriety. The Tenth Special
Report highlights the progress that has been made
toward developing both behavioral strategies and
medications to help achieve this goal. Some of
the most compelling questions about treatment
have to do with factors that help to make treat-
ment services effective. Some studies have
shown significant reductions in drinking follow-
ing treatment with extensively tested and refined
behavioral therapies. Other strategies, involving
brief interventions in primary care settings, have
proved to be effective in reducing alcohol con-
sumption in persons drinking at levels associated
with negative health consequences. Because many
individuals continue to experience problems with
alcohol after treatment, there is a need to further
improve treatment efficacy.

One of the principal payoffs of biological research
in genetics and neuroscience is the potential for
developing medications to treat a variety of
alcohol use problems. Neuroscience research
already has provided the groundwork for new
medications for treating alcoholism. Researchers
now are looking for new medications that target
the mechanisms of the addiction itself, such as
drugs that interfere with the reward properties

of alcohol or craving, which are thought to be
major factors in relapse. It is likely that no one
medication will be effective for everyone nor that
there will be the proverbial “silver bullet” of
pharmacotherapies for alcoholism. Just as there
are different types of medications with different
mechanisms of action to treat complex diseases
like diabetes, it is likely that there will be a range
of medications, coupled with verbal therapies,
available to clinicians.

Last, like everyone else during this ending of one
century and beginning of a new century, |1 would
like to share my thoughts on where we are
heading in alcohol research. Finding the genes
for alcoholism is probably one of the most impor-
tant goals in alcohol research. However, it is the



beginning of the story rather than the end. For
this information to be of practical use, we must
understand how biology and behavior interact to
produce disease. There is a welcome trend in the
alcohol field toward reciprocal work between the
biological and behavioral sciences. The potential
success of this type of collaboration has been well
demonstrated by major research efforts such as
the Collaborative Study on the Genetics of
Alcoholism, which involved both biological and
behavioral science and scientific principles. Other
examples of this type of work can be found in
research on the effects of alcohol on the fetus,
where there are excellent behavioral studies of
children with Fetal Alcohol Syndrome and other
alcohol-related birth defects as well as detailed
information from imaging studies about the
tremendous structural changes in the brains of
children exposed to alcohol in the womb. We
also are learning about the proper connectivity
among neurons. In this work it appears that
alcohol actually prevents the appropriate
expression of certain genes.

The trend toward studying the whole human
animal, not just its genetic or neural parts, will

Introduction

continue to be advanced, | believe, by a rejection
of the “reductionist” view, which seeks to define
humankind in terms of its genes, and acceptance
of the tenet that genes are not (or even mostly)
destiny, just as humankind is not just the sum
of its neurons and circuits.

That we are continuing to expand our knowledge
of alcohol use problems is clear from the material
presented in this Special Report. The scientists,
and the NIAAA staff who have worked so dili-
gently to present the Tenth Special Report to the
Congress, have my thanks for their efforts. The
task now for each of us who is concerned about
the impact of alcohol abuse and alcoholism on
our society is to accelerate the pace of research
that has enabled us to come this far to ensure
that the new millennium brings new successes.

Enoch Gordis, M.D.

Director

National Institute on

Alcohol Abuse and Alcoholism
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Forty-four percent of the adult U.S. population (aged 18 and over) are current drinkers
who have consumed at least 12 drinks in the preceding year (Dawson et al. 1995). While
most people who drink do so safely, the minority who consume alcohol heavily produce an
impact that ripples outward to encompass their families, friends, and communities. The
following statistics give a glimpse of the magnitude of problem drinking:

« Approximately 14 million Americans—7.4 percent of the population—meet the
diagnostic criteria for alcohol abuse or alcoholism (Grant et al. 1994).

e More than one-half of American adults have a close family member who has or has had
alcoholism (Dawson and Grant 1998).

* Approximately one in four children younger than 18 years old in the United States is
exposed to alcohol abuse or alcohol dependence in the family (Grant 2000).

e Of 11.1 million victims of violent crime each year, almost one in four, or 2.7 million,
report that the offender had been drinking alcohol prior to committing the crime
(Greenfeld 1998).

« Traffic crashes involving alcohol killed more than 16,000 people in 1997 alone
(National Highway Traffic Safety Administration 1998).

e The estimated economic cost of alcohol abuse was $184.6 billion for 1998 alone, or
roughly $638 for every man, woman, and child living in the United States that year
(Harwood et al. 2000).

Alcohol consumption has consequences for the health and well-being of those who drink
and, by extension, the lives of those around them. The first section in this chapter,
“Measuring the Health Risks and Benefits of Alcohol,” surveys the health effects of alcohol,
including the relationship between alcohol and cardiovascular risk. In addition, the
section addresses some of the new approaches with which scientists are attempting to draw
a more informative picture of how alcohol affects health. Investigators are, for example,
analyzing alcohol-related mortality in terms of number of years lost as well as number of
lives, measuring disability as well as illness and mortality, and looking at populations as
well as individuals.

Beginning in early childhood and continuing throughout life, many factors interact to
affect a person's risk of developing alcohol-related problems. The second section in this
chapter, “Alcohol Involvement Over the Life Course,” describes research on the dynamic
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interplay of social, psychological, and biological
influences on the development of drinking behavior
across the life span. Recent studies indicate, for
example, that certain childhood traits are predictive
of adult alcohol disorder. This research suggests that
the process by which early risk leads to a clinical
disorder involves biologically based vulnerability,
psychosocial factors that support the vulnerability,
and an environment that makes alcohol available
for use. Developmental researchers seek to under-
stand the causes of alcohol problems by examining
interactions of multiple factors that emerge and
change or remain stable over time and by identifying
common underlying factors that place some
subgroups at higher risk than others.

Studies show that alcohol is far more likely than
other drugs to be involved in substance-related
violence. As noted in the third section in this
chapter, “Alcohol and Violence,” in 25 percent

of all incidents the offender used alcohol alone

(20 percent) or in combination with other drugs
(5 percent), whereas in only 5 percent of incidents
did the offender use only drugs other than alcohol
(Greenfeld 1998). Research has been advancing
beyond confirmation of basic relationships between
alcohol and violence toward an examination of
the role of personality and situational factors that
interact with both alcohol use and violence. Areas
of research focus include youthful perpetrators,
alcohol use by victims of violence, alcohol avail-
ability, and environments in which violence occurs.
In addition, current research seeks to determine
whether alcohol use is not merely associated with,
but instead is perhaps a cause of, violence.

The research reviewed in this chapter represents a
wide spectrum of approaches to understanding the
causes and consequences of alcohol use and abuse.
These research findings can help shape the efforts of
communities to reduce the negative consequences of
alcohol consumption, assist health practitioners in
advising consumers, and help individuals make
informed decisions about drinking.
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Measuring the Health Risks and Benefits of Alcohol

Over the years, scientists have documented

the effects of alcohol on many of the body’s
organ systems and its role in the development

of a variety of medical problems, including
cardiovascular diseases, liver cirrhosis, and fetal
abnormalities. Alcohol use and abuse contribute
to injuries, automobile collisions, and violence.
Alcohol can markedly affect worker productivity
and absenteeism, family interactions, and school
performance, and it can Kill, directly or indirectly.
On the strength of this evidence, the United
States and other countries have expended
considerable effort throughout this century to
develop and refine effective strategies to limit the
negative impact of alcohol (Bruun et al. 1975;
Edwards et al. 1994).

In the past two decades, however, a growing
number of epidemiologic studies have docu-
mented an association between alcohol con-
sumption and lower risk for coronary heart
disease (CHD), the leading cause of death in
many developed countries (Chadwick and Goode
1998; Criqui 1996a,b; Zakhari 1997). Much
remains to be learned about this association, the
extent to which it is due specifically to alcohol
and not to other associated lifestyle factors, and
what the biological mechanisms of such an effect
might be.

This section reviews information gained from
epidemiologic studies on the health effects of
alcohol use, with emphasis on new evidence.
These studies focus on the extent to which
alcohol consumption is associated with an
increase or decrease in the risk of disease or
death (Rothman and Greenland 1998). Many
of the studies considered in this section use the
traditional epidemiologic approach of relating
average alcohol consumption to health outcomes
(Rehm 1998). In light of recent research focusing
on the patterns of alcohol consumption, such as
daily drinking versus binge drinking, this section
also discusses the impact of these patterns on
health-related consequences (Rehm et al. 1996).

Definitions Related to Drinking

Studies investigating the health effects of alcohol vary
in their definitions of “low,” “moderate,” and “heavy”
drinking. According to the Dietary Guidelines for
Americans, issued jointly by the U.S. Department of
Agriculture and the U.S. Department of Health and
Human Services, moderate drinking is no more than
two standard drinks per day for men and no more
than one per day for women (U.S. Department of
Agriculture 1995). The National Institute on Alcohol
Abuse and Alcoholism further recommends that
people aged 65 and older limit their consumption of
alcohol to one drink per day. Information on drinking
levels as they are defined in the individual studies
cited in this report can be found in the original
references.

Finally, this overview addresses some of the
approaches with which scientists are attempting
to draw a more revealing and informative picture
of how alcohol affects health, for example, by
looking at mortality in terms of number of

years lost as well as number of lives, measuring
disability as well as illness and mortality, and
looking at populations as well as individuals.
Alcohol consumption has health consequences
beyond the individual who is consuming alcohol,
such as damage suffered by others as a result of
alcohol-related motor vehicle collisions. Specific
consequences for society are covered in the
subsequent section on violence and in the
chapters on economics and on prevention.

Topics not considered here include skeletal health
and osteoporosis, diabetes, and cholelithiasis
(gallstones). Definitive evidence has thus far
not emerged from epidemiologic studies as to
whether low to moderate alcohol consumption
protects against, increases, or has no effect on
the risk for these conditions. (The chapter on
medical consequences provides more detailed
discussions of individual health consequences

of alcohol and of research aimed at revealing
biological mechanisms for the alcohol-health
connections suggested by epidemiologic studies.)
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The information gained in the studies described
here will be important not only to policy makers
but also to health professionals and the individ-

uals they advise with regard to alcohol’s potential
impact on health.

Risks and Benefits of Alcohol
Consumption: Physical Health

Cardiovascular Diseases

Cardiovascular diseases account for more deaths
among Americans than any other group of
diseases. Of all causes of death, CHD is first,

and stroke is third after cancer (U.S. Department
of Health and Human Services [USDHHS] 1995).
The role of alcohol as both a risk factor and a
potential protective factor for cardiovascular
diseases and the mechanisms that underlie the
impact of alcohol on the cardiovascular system
have been reviewed extensively in previous reports
to Congress (see, for example, National Institute
on Alcohol Abuse and Alcoholism [NIAAA]

1997) and in a comprehensive research monograph
(Zakhari and Wassef 1996), and are considered

as well in the chapter on medical consequences.
The discussion below highlights recent findings
concerning the role of alcohol in CHD, stroke,
hypertension, and peripheral vascular disease.

Coronary Heart Disease. Several large prospective
studies have reported a reduced risk of death from
CHD across a wide range of alcohol consumption
levels. (See the boxes “The Study of Risk” and
“Does Abstaining Increase Risk?”) These include
studies among men in the United Kingdom (Doll
et al. 1994), Germany (Keil et al. 1997), Japan
(Kitamura et al. 1998), and among more than
85,000 U.S. women enrolled in the Nurses’
Health Study (Fuchs et al. 1995). In research
studies, definitions of moderate drinking vary.

How Much Is a Drink?

In the United States, a drink is considered to be
0.5 ounces (0z) or 15 grams of alcohol, which is
equivalent to 12 oz (355 milliliters [mL]) of beer,
5 oz (148 mL) of wine, or 1.5 oz (44 mL) of
80-proof distilled spirits.

However, in these studies, most, if not all, of
the apparent protective effect against CHD

was realized at low to moderate levels of alcohol
consumption. (In the last study cited above, for
example, “light to moderate” drinking ranging
from one to three drinks per week to one to two
drinks per day was associated with a reduced risk
of death from cardiovascular diseases.)

Similarly, a meta-analysis that pooled data from
19 cohort studies and 6 case-control studies
found that although the risk of death from CHD
was reduced at all levels of alcohol consumption,
the maximum reduction in risk occurred at low
levels (English et al. 1995). Other studies also
have shown that drinking more is not associated
with any additional reduction in risk (Maclure
1993).

An analysis of data from a 9-year follow-up of
490,000 Americans in the Cancer Prevention
Study Il (Thun et al. 1997) showed that, com-
pared with abstainers, both men and women who
consumed alcohol had a 30 to 40 percent lower
risk of death from all cardiovascular diseases, with
little relationship to the amount consumed. The
reduced risk of death from CHD was especially
marked among people at particular risk for
cardiovascular diseases.

In addition to a reduced risk of heart disease
death, several large studies have found a decreased
incidence (number of new cases) of CHD in
people consuming alcohol at low to moderate
levels. For example, an analysis of data from the
1988 National Health Interview Survey indicated
that both men and women had a reduced risk of
heart disease at lower levels of drinking (the risk
increased at drinking levels above five drinks per
day for men and two drinks per day for women)
(Hanna et al. 1997).

Follow-up of another large U.S. survey, the
National Health and Nutrition Examination
Survey | (Rehm et al. 1997b), found that, after
an average of nearly 15 years of follow-up, the
incidence of CHD in men who drank was
lower across all levels of consumption than in
nondrinkers. Incidence also was reduced among
women, but only in those consuming low to
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The Study of Risk

Epidemiologic research often uncovers evidence pointing
to specific lifestyles, toxins, characteristics, or other
factors that may make an individual or a population more
or less likely to develop a given disease or to adopt a
particular behavior. This likelihood is called risk, and the
factors contributing to it are called risk factors. Factors
that appear to reduce risk are called protective factors.

Researchers seek to identify, define, and study risk

and risk factors for several reasons: to find out which
individuals or groups are most likely to develop a disease;
to gain an understanding of what may cause a disease;
and, with that information, ultimately to be able to
develop strategies to prevent or cure a disease.

Much of our understanding of how alcohol affects

health and disease and society at large comes from
epidemiologic studies, which compare various groups

of persons who share common characteristics.
Observations and data are collected at several levels:
whole populations, groups representing a cross section
of the general population, and special groups (for
example, premenopausal women). Results of several
different studies usually are compared to identify factors
that contribute to health and disease and to evaluate the
risk associated with those factors. However, estimates of
risk arrived at from studying groups of people may not
necessarily reflect the risk of a particular individual.

Defining Risk

Risk is the estimated likelihood of a certain outcome,
such as the development of heart disease or colon
cancer. Disease risk is related to certain characteristics,
such as gender or age. For example, cancers of the
breast and prostate are considered diseases of older
age. Thus, the risk or likelihood of developing one of
these cancers increases with age.

A multitude of factors can influence the risk of developing
certain diseases. For example, smoking increases the
risk for lung cancer, and high cholesterol is a risk factor
for the development of heart disease. In contrast, regular
physical activity or exercise lowers the risk for heart
disease.

Types of Risk

Three types of risk are commonly used in studying health
and disease: absolute risk, relative risk, and attributable
risk. Absolute risk refers to the rate at which a disease
(or mortality from that disease) occurs in the general
population. Absolute risk is expressed as the number

of cases in a specific group within a specific time period
(for example, 50 cases of a given disease per 100,000
Americans occur annually) or as a cumulative risk up to

a certain age. One well-known example of cumulative
absolute risk is the often-cited statistic that breast cancer
affects one in eight women in the United States. This
number actually refers to the likelihood that a non-
Hispanic white woman who lives to age 85 will develop
breast cancer at some point during her lifetime.

A second type of risk, relative risk, is used to define the
strength of a relationship between a risk factor, such as
alcohol intake, and the occurrence of disease. A relative
risk of 1.0 is the benchmark against which risk factors

or protective effects are measured. A relative risk of

1.0 therefore reflects the rate of occurrence of disease in
the absence of any risk factor (for example, the frequency
of a disease among abstainers). (Another statistical term,
odds ratio, is used to estimate relative risk under certain
conditions.) Relative risks below 1.0 imply a protective
effect in comparison with the reference category, often
abstainers. A relative risk of, say, 0.5 for three alcoholic
drinks per week and occurrence of a particular disease
suggests that consuming that amount of alcohol halves
the risk of developing that disease. In contrast, a relative
risk of 2.0 suggests a doubling of risk. In general, the
higher the relative risk, the stronger the evidence not
only for increased risk but also for a causal relationship.
Not all relative risks of equal value are equivalent in
importance, however. For example, small relative risks
may be of great importance to public health if large
numbers of persons in the population are affected.

The third type of risk, attributable risk, considers the
amount of disease in the population that could be
prevented by changes in risk factors.

Epidemiologists also use other terms to describe the
impact of alcohol on various aspects of society, such as
health, disease, quality of life, mortality, and other factors.
These measures are often very useful in developing
health policy. Some of these terms include:

* AAF—Alcohol-Attributable Factor: AAF’s are
estimates of the fractions of deaths from disease and
injuries that may be due to alcohol.

e YPLL—Years of Potential Life Lost: YPLL is an
estimate of the extent to which alcohol contributes to
premature death; the YPLL usually is calculated by
subtracting from a standard age, such as the life
expectancy in a particular region.

» DALY—Disability-Adjusted Life Years: DALY
combines years of life lost and years lived with
disability, in which each year lived with disability is
adjusted according to the severity of the disability.

(continued on next page)
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 GBD—Global Burden of Disease: GBD can be
used to estimate the extent to which alcohol may
account for occurrence of disease worldwide or
regionally, or the percentage thereof.

Studying Risk

Researchers use a variety of approaches to study how
alcohol and other factors affect health and disease.
Sometimes they use correlation studlies, which investigate
alcohol intake and disease occurrence at the population
level. In these studies, rates of particular diseases

(or mortality) are compared with rates of consumption

of alcohol at one point in time or over a period of time.
Such comparisons help to identify trends in intake and
disease incidence.

Another type of study used to examine the relationship
between alcohol and disease risk is the case-control
study. In case-control studies, individuals with a specific
disease (the cases) are compared with a similar group of
persons without that disease (the controls). Information
about all study participants is then collected, often
through interviews. Researchers analyze this information
in an effort to find differences between the two groups
with respect to alcohol intake. Failure to find such a
difference would suggest that alcohol was not a cause of
the disease being studied. Case-control studies also are
called retrospective studies because they examine study
participants’ past lifestyle, activities, or characteristics
with respect to the presence or absence of a disease.

In prospective cohort studies, the drinking habits of a
large group, or cohort, of initially healthy individuals are
examined. The cohort is then followed over time, often

for more than 10 years. The relationship between
drinking patterns and disease development (or absence)
during the follow-up period is then analyzed and
compared. Information in cohort studies is often
collected using self-administered questionnaires.

Controlled trials are characterized by randomization,

in which participants are randomly assigned to an
experimental group or a control group. In a double-blind
controlled trial, neither the volunteers nor the researchers
know who belongs to which group. Trials examining

the effects of alcohol may not be able to be “blinded,”
because the odor and taste of many alcoholic beverages
are readily identified. Furthermore, because many of
alcohol’s deleterious effects are well defined, for ethical
reasons controlled trials of alcohol in humans are
restricted to short-term studies of limited scope (for
example, an examination of alcohol’s effect on circulating
hormone levels within a few hours after administration

of alcohol).

More recently, researchers have begun to pool data

from several studies and perform what is known as a
meta-analysis. Meta-analyses often allow modest but
potentially important relationships between alcohol (or
other factors) and disease to surface. Such relationships
may be overlooked because of the relatively small size
and inadequate statistical power of an individual study.
The power to detect an effect from alcohol and other risk
factors generally increases with larger data sets. Meta-
analyses ideally include all relevant studies, preferably
prospective studies or other studies judged to be well
designed and conducted.

moderate levels of alcohol. In fact, an increased
risk was observed in women consuming more
than 28 drinks per week.

An association between moderate drinking and
lower risk for CHD does not necessarily mean
that alcohol itself is the cause of the lower risk.
For example, a review of population studies
indicates that the higher mortality risk among
abstainers may be attributable to shared traits—
socioeconomic and employment status, mental
health, overall health, and health habits such as
smoking—rather than participants’ nonuse of
alcohol (Fillmore 1998a).

It is also important to note that, as will be
discussed later in this section, the apparent

benefits of moderate drinking on CHD mortality
are offset at higher drinking levels by increased
risk of death from other types of heart disease,
cancer, liver cirrhosis, and trauma (USDHHS
1999). The U.S. Department of Agriculture
(USDA) and the USDHHS, in the Dietary
Guidelines for Americans, have defined moderate
drinking as one drink per day or less for women
and two or fewer drinks per day for men (USDA
1995). In addition, the NIAAA further recom-
mends that people aged 65 and older limit their
consumption of alcohol to one drink per day.

Role of Type of Alcoholic Beverage. Some
researchers have argued that wine confers special
protection against CHD (Goldberg et al. 1995).
Others have concluded that any benefit of




alcoholic beverages in protecting against CHD
is derived mostly or wholly from alcohol itself
rather than from components of particular
beverages (Doll 1997; Rimm et al. 1996).

Laboratory studies as well as studies in humans
have produced mixed results concerning the
effects of wines in reducing the concentration
of lipids, or fats, in the blood (for reviews,

see Chadwick and Goode 1998; Goldberg

et al. 1995) or in raising the blood levels of
antioxidants—compounds that counter the
effect of destructive by-products of metabolism
(Puddey and Croft 1997). A study of Chinese
men found no additional reduction in overall
mortality associated with drinking rice-fermented
wine (Yuan et al. 1997).

Role of Drinking Patterns. The pattern of drink-
ing, rather than the type of alcohol consumed,
may help explain how drinking wine might
protect against CHD. Researchers have suggested
that in some studies the pattern of drinking for
wine drinkers differed from the pattern for those
consuming other alcoholic beverages (Doll 1997)
and that this difference in pattern could explain
differences in associated CHD risk (Grgnboek et
al. 1995; Klatsky and Armstrong 1993). For
example, people usually consume wine in small
amounts on almost every day rather than in large
amounts on only one or two days a week.

In a review, one researcher concluded that a
pattern of frequent drinking may confer some
protection against CHD and that large amounts
are not needed to achieve a beneficial effect
(Bondy 1996). Alcohol consumed with meals
was found to reduce the high levels of blood
lipids that occur after eating (Criqui and Ringel
1994; Veenstra et al. 1990). One study demon-
strated that the positive effect on blood lipids
conferred by moderate alcohol use was present
only while alcohol was being consumed (Rubin
and Rand 1994).

Other studies have reported a reduced risk of
coronary death or acute myocardial infarction
with moderate, regular drinking and an increased
risk associated with binge drinking (McElduff and
Dobson 1997; Kauhanen et al. 1997a,b).
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In summary, current evidence suggests that
drinking small to moderate amounts of alcohol

is associated with reduced risk of CHD. Little,

if any, additional benefit is derived from drinking
larger amounts. Lowered CHD risk is most
closely associated with a consistent pattern of
drinking small amounts of alcohol. The apparent
CHD benefit is largely, if not wholly, attributable
to alcohol itself and not to specific beverages or to
other constituents of particular beverages. The
question of potential additional benefits of certain
alcoholic beverages such as red wine is not fully
settled; future research should help clarify this
issue (Klatsky et al. 1997; Rimm et al. 1996).

Finally, because many of the epidemiologic
studies from which much of the evidence is
derived have involved middle-aged or older
persons in stable social situations, the findings
may not necessarily apply to younger drinkers
(whose risk of CHD is low to begin with) or
to other social groups.

Stroke and Hypertension. Cerebrovascular disease,
in which arteries in the brain are blocked or
narrowed, can lead to a sudden, severe disruption
of blood supply to the brain, called a stroke.
Ischemic stroke, which is by far the predominant
type of stroke, results from a blockage of a blood
vessel; hemorrhagic stroke is due to rupture of a
blood vessel. Alcohol-related hypertension, or
high blood pressure, may increase the risk of
both forms of stroke. Yet, in people with normal
blood pressure, the risk of ischemic stroke may
be decreased due to the apparent ability of alcohol
to lessen damage to blood vessels due to lipid
deposits and to reduce blood clotting. Alcohol’s
anticlotting effects, while perhaps decreasing the
risk of ischemic stroke, may increase the risk of
hemorrhagic stroke (Hillbom and Juvela 1996).
These studies are coming closer to providing a
clear picture of the relationship between alcohol
and risk of stroke.

Effects of Alcohol on Stroke Risk. The relationship
between alcohol consumption and stroke risk
has been examined in two recent overviews.

In a meta-analysis, researchers compared the
relationship between alcohol consumption and
the risk of ischemic and hemorrhagic strokes
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(English et al. 1995). They detected no differ-
ences in the risk patterns for the two types of
stroke, but found clear evidence that heavy
drinking was associated with increased stroke risk,
particularly in women. At low levels of alcohol
consumption, they found the evidence to be
inconsistent regarding a protective effect against
stroke. In the second overview, the author drew
a similar conclusion from 12 case-control and

14 cohort studies, finding that although moderate
drinking (defined in this review as usual con-
sumption of fewer than two drinks daily for men
and less than one drink daily for women) does
not appear to increase the risk of ischemic stroke,
it is not clear whether moderate drinking protects
against this type of stroke (Camargo 1996). On
the other hand, moderate drinking may increase
the risk of hemorrhagic stroke, although the
evidence is inconsistent. Other recent studies also
fail to offer clear evidence that moderate drinking
protects against stroke (Knuiman and Vu 1996;
Yuan et al. 1997).

In contrast, the Cancer Prevention Study Il found
that, in men, all levels of drinking were associated
with a significant decrease in the risk of stroke
death, but in women, the decreased risk was
significant only among those consuming one
drink or less daily (Thun et al. 1997). A recent
study reported that among male physicians in the
Physicians’ Health Study, those who consumed
more than one drink a week had a reduced overall
risk of stroke compared with participants who
had less than one drink per week (Berger et

al. 1999). The authors concluded that the
benefit was apparent with as little as one drink
per week.

Among young people, long-term heavy alcohol
consumption has been identified as an important
risk factor for stroke (You et al. 1997). Very
recent alcohol drinking, particularly drinking

to intoxication, has been found to be associated
with a significant increase in the risk of ischemic
stroke in both men and women aged 16 through
40 years (Hillbom et al. 1995). In another study,
researchers reported that recent drinking of
alcohol was associated with the onset of stroke

in young people during weekends and holidays,

possibly reflecting an association with heavy
drinking (Haapaniemi et al. 1996).

Effects of Alcohol on Blood Pressure. The relation-
ship between alcohol consumption and blood
pressure is noteworthy because hypertension is

a major risk factor for stroke as well as for CHD.
A national consensus panel in Canada recently
conducted an extensive review of the evidence
concerning this relationship (Campbell et al.
1999), concluding that studies have consistently
observed an association between heavy alcohol
consumption and increased blood pressure in
both men and women. Researchers analyzing
data from middle-aged British men found an
association between heavy drinking and an overall
increased risk of stroke that was largely related to
alcohol’s effect on blood pressure (Wannamethee
and Shaper 1996). However, in many studies
comparing lower levels of alcohol use with
abstention, findings are mixed. Some studies
have found low alcohol consumption to have no
effect on blood pressure or to result in a small
reduction, while in other studies blood pressure
levels increased as alcohol consumption increased.

Randomized controlled trials to determine the
effect of reductions in alcohol consumption on
blood pressure in people with both normal and
high blood pressure have consistently found
that reductions in alcohol consumption were
associated with declining blood pressure levels,
although not all of these reductions were
statistically significant (Cushman et al. 1998).
Drinking pattern—how often drinking occurs—
may have as important an effect on blood
pressure as how much a person drinks (Russell
et al. 1991).

In summary, heavy drinking appears to increase
the risk of hypertension and, although the
evidence is not entirely consistent, also may
increase the risk of stroke. It remains uncertain
whether lower levels of alcohol can help prevent
ischemic stroke. In addition to examining how
much alcohol is consumed, it may be important
to consider drinking pattern in determining
stroke risk.



Peripheral Vascular Disease. The possibility

that alcohol may protect against CHD has led
researchers to hypothesize that alcohol may
protect against peripheral vascular disease, a
condition in which blood flow to the extremities
is impaired due to narrowing of the blood vessels.
In a 1985 analysis of data from the Framingham
Heart Study, alcohol was not found to have a
significant relationship, either harmful or protec-
tive, with peripheral vascular disease (Kannel and
McGee 1985). Other studies also have failed to
find a significant relationship between alcohol
consumption and peripheral vascular disease,
although a few have noted weak and inconsistent
evidence of a protective association (Camargo

et al. 1997).

However, an important recent study produced
different results. In an analysis of the 11-year
follow-up data from more than 22,000 men
enrolled in the Physicians’ Health Study,
researchers found that daily drinkers who
consumed seven or more drinks per week had
a 26-percent reduction in risk of peripheral
vascular disease (Camargo et al. 1997). This
study took into account the effects of smoking,
exercise, diabetes, and parental history of
myocardial infarction.

Two other studies found inconsistent results with
regard to gender. One study of middle-aged and
older men and women in Scotland showed that
as alcohol consumption increased, the prevalence
of peripheral vascular disease declined in men
but not in women (Jepson et al. 1995). In con-
trast, among people with non-insulin-dependent
diabetes, alcohol was associated with a lower
prevalence of peripheral vascular disease in
women but not in men (Mingardi et al. 1997).
Clearly, the relationship of alcohol consumption
to peripheral vascular disease requires further study.

Liver Cirrhosis

There is no question that alcohol abuse con-
tributes significantly to liver-related morbidity
(illness) and mortality in the United States.

The effects of alcohol on the liver include
inflammation (alcoholic hepatitis) and cirrhosis
(progressive liver scarring). As many as 900,000
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people in the United States suffer from cirrhosis,
and some 26,000 of these die each year. From
40 to 90 percent of people with cirrhosis are
estimated to have a history of alcohol abuse
(Dufour et al. 1993).

The risk for liver disease is related to how much
a person drinks: the risk is low at low levels of
alcohol consumption but increases steeply with
higher levels of consumption (Edwards et al.
1994). This relationship has been confirmed in
middle-aged and elderly adults enrolled in the
Cancer Prevention Study Il (Thun et al. 1997),
in the 12-year follow-up study of more than
87,000 middle-aged women enrolled in the
Nurses’ Health Study (Fuchs et al. 1995), and
among blacks and whites included in an analysis
of the 1986 National Mortality Followback
Survey (Parrish et al. 1993).

Gender also may play a role in the development
of alcohol-induced liver damage. Some evidence
indicates that women are more susceptible than
men to the cumulative effects of alcohol on the
liver (Becker et al. 1996; Gavaler and Arria
1995; Hisatomi et al. 1997; Naveau et al. 1997;
NIAAA 1997).

Cancer

Alcohol has been linked to a number of cancers,
including cancers of the head and neck (mouth,
pharynx, larynx, and esophagus), digestive tract
(stomach, colon, and rectum) and breast (World
Cancer Research Fund/American Institute for
Cancer Research [WCRF/AICR] 1997; Doll

et al. 1993; International Agency for Research
on Cancer [IARC] 1988).

Cancers of the Head and Neck. Alcohol is clearly
established as a cause of cancer of various tissues
in the airway and digestive tract, including the
mouth, pharynx, larynx, and esophagus (Doll

et al. 1993; IARC 1988; La Vecchia and Negri
1989; Seitz and Pdschl 1997; WCRF/AICR
1997). Research suggests that the risk of cancers
of the upper digestive tract is associated with both
the concentration of alcohol in beverages and the
number of drinks consumed (Doll et al. 1993).
Even users of mouthwash containing a high
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alcohol concentration are at increased risk for
cancers of the oral cavity and pharynx (Doll
et al. 1993; Kato and Nomura 1994).

Alcohol acts synergistically with tobacco to
dramatically increase the risk of cancers of the
oral cavity, pharynx, larynx, and esophagus
(Doll et al. 1993; Longnecker 1995), that is,
above that for alcohol or tobacco use alone.

Stomach and Pancreatic Cancers. An increased
risk of gastric or stomach cancer among alcohol
drinkers has been identified in several, but not
the majority, of case-control or cohort studies.
In 1988, the IARC concluded that there was
insufficient evidence of causation. There

exist plausible mechanisms by which alcohol
consumption might play a role in gastric cancer,
particularly in cancers of gastric cardia, the
uppermost portion of the stomach adjoining
the esophagus. The link between alcohol use and
chronic gastritis (stomach inflammation) is clear,
although progression from chronic gastritis to
neoplasia is less well understood and probably
involves other factors in addition to alcohol
(Bode and Bode 1992, 1997). A detailed
review of the evidence concluded that a role

for alcohol in stomach cancer cannot be ruled
out completely, but there is insufficient evidence
to demonstrate that alcohol plays a direct role
(Doll et al. 1993).

A similar situation may exist for pancreatic
cancer. Alcohol is a cause of chronic inflam-
mation of the pancreas; thus, a link between
alcohol and pancreatic cancer is conceivable,
though unproven (Doll et al. 1993). Recently,
researchers found alcohol use to be associated
with one type of cancer of the esophagus—
esophageal squamous cell carcinomas—~but
not adenocarcinomas of the esophagus or
gastric carcinomas (Gammon et al. 1997).

Colorectal Cancer. Comprehensive reviews have
found evidence of a weak, positive association
between alcohol and colon and rectal cancers
(Doll et al. 1993; Longnecker 1992; Longnecker
et al. 1990; Seitz and Pdschl 1997). More recent
studies indicating a weak association between
alcohol and colon cancer suggest that smoking

may serve as a trigger, or initiator, of this cancer
(Yamada et al. 1997). In some cases of rectal
cancer, the metabolite acetaldehyde may act in
conjunction with alcohol, playing a role as a
cocarcinogen (Seitz and Pdschl 1997).

Breast Cancer. An association between alcohol
and breast cancer has been suspected for two
decades, but a number of overviews have con-
cluded that the evidence is not sufficiently
compelling to report a causal relationship
(English et al. 1995; IARC 1988; McPherson
et al. 1993).

Recent meta-analyses have defined a modest,
direct relationship between alcohol intake and
risk of breast cancer (Longnecker 1992, 1994;
Longnecker et al. 1988; Smith-Warner et al.
1998; WCRF/AICR 1997). At least one such
study, however, found a stronger association
with heavy drinking (Howe et al. 1991).

Epidemiologic evidence indicates that alcohol
consumption may increase breast cancer risk in
women using hormone replacement therapy
following menopause (Zumoff 1997). The
Women'’s Health Study indicated such an
association (Colditz 1990), as did the lowa
Women's Health Study (Gapstur et al. 1992),
but a third study did not (Friedenreich 1994).
Whether alcohol is more strongly associated
with pre- or postmenopausal breast cancers
remains uncertain (Schatzkin and Longnecker
1994).

For a more detailed discussion of the role of
alcohol in breast cancer, see the chapter on
medical consequences.

Prostate and Endometrial Cancers. In general,
studies examining whether alcohol use influences
the development of prostate cancer have so far
failed to find any consistent significant relation-
ships, particularly at low and moderate levels

of alcohol intake (Breslow and Weed 1998;
Longnecker 1994; WCRF/AICR 1997).
Similarly, no consistent relationship between
alcohol consumption and risk for endometrial
cancer has been observed (Newcomb et al.
1997).



Psychosocial Consequences and
Cognitive Effects

Stress Reduction

Alcohol use plays a role in many social activities,
from the “business lunch” to the parties to the
special occasions, such as gift giving. The benefits
to those who drink during social occasions are
greatly influenced by culture, the setting in which
drinking occurs, and people’s expectations about
alcohol’s effects (Goldman et al. 1987; Heath
1987; Leigh 1989; Leigh and Stacy 1991).

In the few studies available of people who reported
receiving psychological benefits from alcohol use,
the number of benefits reported correlated with
how much alcohol they drank as well as with how
often they drank heavily (Hauge and Irgens-Jensen
1990; Mékela and Mustonen 1988). Stress
reduction, mood elevation, increased sociability,
and relaxation are the most commonly reported
psychosocial benefits of drinking alcohol (Baum-
Baicker 1985; Hauge and Irgens-Jensen 1990;
Leigh and Stacy 1991; Mékeld and Mustonen
1988). Alleviating psychological stress may be

the most significant of these potential benefits,
since stress reduction is reported to contribute to
a lowered risk of cardiovascular disease and other
health problems (Klatsky 1996; Pohorecky 1990;
Poikolainen 1994; Zeichner et al. 1983). How-
ever, studies have not measured the effectiveness
of alcohol use relative to other means for reducing
stress-related diseases.

There is extensive evidence indicating that
people who suffer psychological distress and

rely on alcohol to relieve their stress are more
likely to develop alcohol abuse and dependence
(Castaneda and Cushman 1989; Kessler et al.
1996, 1997). Even moderate amounts of alcohol
can be harmful to people with mood and anxiety
disorders because their symptoms are likely to
worsen, and they may experience adverse drug
interactions if they are taking medication
(Castaneda et al. 1996).

Alcohol Dependence and Abuse

One known risk of alcohol use is alcohol
dependence and abuse. The National
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Longitudinal Alcohol Epidemiologic Survey
(Grant et al. 1994), a U.S. household survey of
more than 42,000 people, found that 7 percent
of adults met the criteria for alcohol dependence,
abuse, or both. Alcohol dependence means that
a person continues to drink despite experiencing
significant alcohol-related problems and cognitive,
behavioral, and physiologic symptoms, such

as physical withdrawal or the need to drink
increasingly large amounts. Alcohol abuse is
characterized by continued drinking despite
adverse effects on family or work, trauma, or
negative health consequences (American
Psychiatric Association 1994; World Health
Organization [WHO] 1992).

Because vulnerability to alcohol dependence varies
greatly among individuals, it is difficult to assess
the risk of dependence in relation to how much
a person drinks. Two persons exposed to alcohol
in exactly the same way may or may not have
the same outcome for many reasons, including
genetic differences, personality, behavioral fea-
tures, and environment. Any of these differences
may alter a person’s level of risk in relation to
any of the outcomes discussed in this overview
(trauma, cancer, and cardiovascular disease for
example), but individual variation is particularly
important for alcohol dependence. It is unclear
whether researchers can adequately quantify

the risk of dependence arising from moderate
drinking, in the absence of progression to heavy
drinking or binge drinking, without taking
individual differences into account.

Psychiatric Comorbidity. Most mental disorders
occur much more often than expected by chance
among people who are abusing alcohol or are
alcohol dependent (Kessler et al. 1996). Of these
individuals, those who are alcohol dependent are
more likely than alcohol abusers to have mental
disorders. In fact, alcohol dependence elevates
the risk for all types of affective and anxiety
disorders (Kessler et al. 1996).

One recent study found that alcohol consump-
tion is related to the lifetime prevalence of mental
disorders (Ross et al. 1997). In this study, current
at-risk drinkers, defined as individuals who had
consumed at least 29 alcoholic drinks in the

11
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previous week, had approximately twice the risk
of mental disorder as lifetime abstainers (Ross et
al. 1997). The likelihood of having an antisocial
personality disorder was very high for current at-
risk drinkers compared with lifetime abstainers.
In addition, current at-risk drinkers were two to
three times as likely as lifetime abstainers to have
mood disorders and between one-and-a-half and
two times as likely to have anxiety disorders.
Unlike in previous studies (Leifman et al. 1995;
Lipton 1994; Vaillant 1995), Ross and colleagues
found no protective effect for any kind of
drinking pattern (Ross et al. 1997).

A detailed review of the literature in this research
area can be found elsewhere (National Institute
on Alcohol Abuse and Alcoholism).

Cognitive Performance

Although the relationship between heavy alcohol
consumption and cognitive impairment is well
established, the effects of moderate drinking on
the ability to perform cognitive tasks, including
remembering, reasoning, and thinking, are largely
unexplored.

Most studies of the relationship between alcohol
consumption and dementia, notably Alzheimer’s
disease (Tyas 1996), have failed to find statisti-
cally significant associations. However, several
recent studies suggest that moderate alcohol
consumption may have a positive effect on
cognitive function. In an analysis of baseline
data (data collected at the beginning of a study)
for persons aged 59 through 71 who were
enrolled in the Epidemiology of Vascular Aging
Study in France, moderate alcohol consumption
was associated with higher cognitive functioning
among women but not men after a number of
possible confounding variables were controlled
for (Dufouil et al. 1997).

Another study, which followed 3,777 community
residents in France who drank primarily wine,
found a markedly reduced risk of the incidence
of dementia among moderate drinkers relative to
abstainers (Orgogozo et al. 1997). This analysis
controlled for age, gender, education, occupation,
and baseline cognitive functioning. Observations

from at least one study showed that the relation-
ship between higher cognitive functioning and
moderate drinking was confined to men with
cardiovascular disease or diabetes, both of which
are associated with impaired circulation (Launer
et al. 1996). An understanding of the mecha-
nisms by which alcohol may affect the brain

will enable researchers to clarify the relationship
between alcohol consumption and cognitive
performance.

Effects on Society of Alcohol Use:
Injuries and Violence

Researchers have identified and classified a wide
variety of adverse consequences for people who
drink and their families, friends, co-workers,
and others they encounter (Edwards et al. 1994;
Harford et al. 1991; Hilton 1991b,c). Alcohol-
related problems include economic losses resulting
from time off work owing to alcohol-related
illness and injury, disruption of family and social
relationships, emotional problems, impact on
perceived health, violence and aggression, and
legal problems.

The risk of such consequences for the individual
varies widely and depends on the situation.
However, researchers have found a general trend
toward an increased risk of adverse effects on
society as the average alcohol intake among
individuals increases (Mékeld and Mustonen
1988; Mdkela and Simpura 1985). The pattern
of drinking also is important in determining the
risk of alcohol-related problems. Variables such
as the frequency of heavier drinking occasions
(Midanik 1995; Midanik et al. 1996; Room et al.
1995) and the frequency of drinking to intoxica-
tion (Harford et al. 1991; Hilton 1991a; Knupfer
1984; Midanik 1995) help to predict potential
problems related to alcohol, even after average
volume of intake is controlled for.

Injuries

Alcohol use is associated with increased risk

of injury in a wide variety of circumstances,
including automobile crashes, falls, and fires
(Cherpitel 1992; Freedland et al. 1993; Hingson
and Howland 1993; Hurst et al. 1994). The



increased risk of injury stems primarily from
reduced cognitive function, impaired physical
coordination and performance, and increased
risk-taking behavior (Koelega 1995). In addition,
alcohol increases the likelihood of more serious
injury and lowers the probability of survival
because of its effects on the heart and circulatory
system (Fuller 1995; Li et al. 1997). Culture
and drinking environment also influence the
relationship between alcohol and various types
of injury (Cherpitel 1997a,b).

Research shows that as people drink increasing
quantities of alcohol, their risk of injury increases
steadily and the risk begins to rise at relatively low
levels of consumption (Cherpitel et al. 1995).

An analysis of risk in relation to alcohol use in
the hours leading up to an injury has suggested
that the amount of alcohol consumed during the
6 hours prior to injury is related directly to the
likelihood of injury occurrence (Vinson et al.
1995). The evidence showed a dose-response
relationship between intake and injury risk—the
more a person drank, the greater the risk—and
found no level of drinking to be without risk.

In contrast, two studies of injury among older
adults reported a U-shaped relationship between
alcohol use and occupational injury (Zwerling
et al. 1996) and between alcohol use and
traumatic deaths (Ross et al. 1990). In these
studies, abstaining was associated with a higher
risk of injury than were low to moderate levels
of alcohol intake. However, abstinence among
the elderly may be related to existing health or
cognitive problems, which, in turn, are related
to risk of injury (Zwerling et al. 1996).

The pattern of drinking, such as binge drinking,
clearly relates to the relative risk of injury, with
risk increasing markedly as blood alcohol concen-
tration rises (Hurst et al. 1994). Tolerance to
the effects of alcohol may mediate the risk and
severity of injury (Li et al. 1997), but the degree
of protection is limited. Both frequent heavy
drinking and frequent drunkenness are associated
with injury, particularly that resulting from
violence (Cherpitel 1996). Variation in the
amount a person drinks on different occasions
appears to have the strongest relationship with
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a high risk of injury; in contrast, consistently
drinking small amounts of alcohol across
occasions is associated with a lower risk of injury
(Gruenewald et al. 1996a,b; Treno et al. 1996).

Violence

Patterns of alcohol consumption also increase the
risk of violence and the likelihood that aggressive
behavior will escalate (Cherpitel 1994; Martin
1992; Martin and Bachman 1997; Norton and
Morgan 1989; Zhang et al. 1997). Alcohol
appears to interact with personality characteristics,
such as impulsiveness and other factors related to
a personal propensity for violence (Lang 1993;
Zhang et al. 1997). Violence-related trauma
also appears to be more closely linked to alcohol
dependence symptoms than to other types of
alcohol-related injury (Cherpitel 1997b). See
the section “Alcohol and Violence” later in this
chapter for a more detailed discussion.

Assessing Risks and Benefits: Mortality,
Morbidity, and Disability

The relationships and studies described in this
section reflect the current state of knowledge
and take into account concerns about the
methodological rigor of epidemiologic studies

in the field of alcohol and health. Many of
these relationships have proven to be stable across
studies, settings, and research designs. Research
on the biological underpinnings of the most
important relationships, such as between alcohol
and CHD or alcohol and some cancers, has
identified possible mechanisms through which
alcohol can have an impact on these diseases.

Research findings continue to confirm an associ-
ation between moderate drinking and lower
CHD risk. Research is now in progress to clarify
the extent to which alcohol itself, or other factors
or surrogates such as lifestyle, diet, exercise, or
additives to alcoholic beverages, may be respon-
sible for the lower risk. Broader means of
quantifying the relationships between relative
risks and specific consumption levels and patterns
are needed to more clearly and simply describe
epidemiologic findings and translate them into
improved public health strategies.

13
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Overall Mortality

The overall impact of alcohol consumption on
mortality can be assessed in two ways (Rehm and
Bondy 1998): (1) by conducting meta-analyses
using epidemiologic studies that examine all
factors contributing to mortality, or (2) by com-
bining risk for various alcohol-caused diseases
with a weighted prevalence or incidence of each
respective disease.

The meta-analysis approach to assessing overall
mortality was used by researchers to examine the
results of 16 studies, 10 of which were conducted
in the United States (English et al. 1995). In
this overview, researchers found the relationship
between alcohol intake and mortality for both
men and women to be J-shaped curves: the
lowest observed risk for overall mortality was
associated with an average of 10 grams of alcohol
(less than one drink) per day for men and less for
women. An average intake of 20 grams (between
one and two drinks) per day for women was
associated with a significantly increased risk of
death compared with abstainers. The risk for
women continued to rise with increased con-
sumption and was 50 percent higher among
those consuming an average of 40 grams of
alcohol (between three and four drinks) per

day than among abstainers. Men who averaged
30 grams of alcohol (two drinks) per day had

the same mortality as abstainers, whereas a
significant increase in mortality was found for
those consuming at least 40 grams of alcohol

per day.

The effect found in this evaluation—that, in
industrialized countries, low to moderate drink-
ing is associated with reduced overall mortality—
holds true in more recent research in which
epidemiologists adjusted statistically for the
“unhealthy abstainer” effect. Including former
drinkers in abstainer groups also can influence,
and confound, the shape of the curve used to
describe the relationship between alcohol intake
and mortality (Fillmore et al. 1998a,b; Leino

et al. 1998). (See the box “Does Abstaining
Increase Risk?” For a discussion of the unhealthy
abstainer effect, see Shaper 1990a,b; Shaper et al.
1988; Fillmore et al. 1998a,b; Leino et al. 1998.

For examples of statistical control of this effect,
see Fuchs et al. 1995; Rehm and Sempos 1995b.)

The proposed J-shaped relationship between
alcohol intake and mortality does not apply in

all cases, however. For example, because most

of the physiologic benefit of moderate drinking
is confined to ischemic cardiovascular conditions,
such as CHD, in areas of the world where there
is little mortality from cardiovascular diseases,
alcohol provides little or no reduction in overall
mortality. Rather, the relationship between intake
and all-cause mortality assumes more of a direct,
linear shape (Murray and Lopez 1996¢), with
increasing consumption associated with higher
overall mortality. The same holds true for
people under age 45, who have little ischemic
cardiovascular mortality (Andréasson et al.

1988, 1991; Rehm and Sempos 1995a).

The impact of alcohol on all-cause mortality

also changes with the measure used. For example,
although studies have found that more deaths

are prevented than are caused by alcohol in some
countries, such as Australia (English et al. 1995)
and Canada (Single et al. 1996, 1999), this
relationship is reversed if years of life lost are
considered. In other words, alcohol consumption
causes more years of life lost than gained in these
and other industrialized countries (Murray and
Lopez 1996, 1997a) because even with the
assumption that alcohol protects against ischemic
heart disease, CHD tends to occur later in life,
whereas harm resulting from injuries or other
diseases tends to occur more often at younger
ages. This is likely to be the case for the United
States as well. (When interpreting these findings,
it is important to keep in mind that the evalua-
tions are based on the hypothesis that any level
of alcohol consumption is beneficial with respect
to CHD [English et al. 1995; Murray and Lopez
1996¢; Single et al. 1996]. At least one recent
study found an upturn in risk for CHD among
women who were heavier drinkers [Rehm et al.
1997a], but these data have not yet been
replicated.)

Researchers have examined the overall relation-
ship between alcohol consumption and mortality
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Does Abstaining Increase Risk?

Epidemiologic evidence has shown that people who drink alcohol heavily are at increased risk for a number of health
problems. But some studies described in this section suggest that individuals who abstain from using alcohol also may be
at greater risk for a variety of conditions or outcomes, particularly coronary heart disease, than persons who consume small
to moderate amounts of alcohol.

This type of relationship may be expressed as a J-shaped or U-shaped curve, which means that the risk of a disease
outcome from low to moderate drinking is less than the risk for either abstinence or heavier drinking, producing a curve
in the shape of the letter J or U (figure 1).

By examining the lifestyle characteristics of people who consume either no alcohol or varying amounts of alcohol, researchers
may uncover other factors that might account for different health outcomes. For example, gender, age, education, diet, and
social involvement are among the factors that may be taken into account in determining relative risk of disease.

Similarly, people may quit drinking because of health problems, or even if that is not the case, former drinkers may have
characteristics that contribute to their higher mortality risk, such as smoking, drug use, and lower socioeconomic status.
If former drinkers are included in the abstainers group, they may make alcohol appear to be more beneficial than it is.
Therefore the best research studies will distinguish between former drinkers and those who have never used alcohol.

Figure 1. Rates of death from all causes, all cardiovascular diseases, and alcohol-augmented conditions
from 1982 to 1991, according to base-line alcohol consumption
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Source: Thun et al. 1997. Reprinted with permission from New England Journal of Medicine, Vol. 337, pp. 1705-1714, 1997. Copyright 1997,
Massachusetts Medical Society. Waltham, MA. All rights reserved.

through conducting studies called time-series or decreases of 1 liter in per capita consumption
analyses, in which changes in overall mortality of pure alcohol were associated with correspond-
are related to changes in alcohol consumption. ing increases or decreases of about 1 percent in
A recent study of 1982-90 data from 25 all-cause mortality rates (Her and Rehm 1998).

European countries estimated that increases A recent analysis of European data from the turn
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of the century (Norstrém 1996) indicated similar
findings. Results from this type of analysis on
the aggregate level contrast with results based

on individual-level studies. Since aggregate-level
analyses are quite scarce, more such studies would
help to determine if these types of results can be
replicated in different regions and time periods.

Morbidity and Disability

Quantifying the level of disability and morbidity
related to alcohol can be difficult, in large part
because few standardized measures exist. Both
nationally and internationally, there is less infor-
mation available on morbidity and disability than
on mortality. In addition, the morbidity data

are less reliable (Murray and Lopez 1996a), and
existing measures for health-related disabilities are
not standardized, often varying from country to
country (Goerdt at al. 1996) because the current
international classification, the International
Classification of Impairments, Disabilities and
Handicaps (ICIDH) (WHO 1980), is not used
routinely in health service delivery in most coun-
tries, including the United States. This lack of
standardization may change with the use of the
new revision of the ICIDH, which will include

a standardized assessment instrument (WHO
1997).

The most stable indicator of morbidity in indus-
trialized countries appears to be hospitalizations.
The risks of alcohol consumption clearly out-
weighed the benefits with regard to hospitali-
zations in Australia (English et al. 1995) and
Canada (Single et al. 1999).

On the basis of measures of well-being or
symptoms of depression or stress, several studies
have found that both abstainers and heavily
drinking persons report poorer subjective health
than low to moderate drinkers (Fillmore et al.
1998a,b; Lipton 1994; Neff and Husaini 1982;
Poikolainen et al. 1996). Moderate drinkers
also may be more likely to have attributes that
contribute to good mental and physical health
(Kunz, 1997; Lipton 1994; Poikolainen et al.
1996). In one study, however, the J- or U-shaped
association between alcohol use and poor subjec-
tive health was observed even after a number of

such attributes were controlled for (Poikolainen
et al. 1996). As with estimates of morbidity,
measures that accurately and reliably capture
the relationship between alcohol and disability
are clearly needed.

Disability-Adjusted Life Years

One way to quantify the relationship between
alcohol and health-related consequences is to use
a measure called the disability-adjusted life year
(DALY), which may prove useful in summarizing
the effects of alcohol on the full spectrum of
health outcomes (Murray and Lopez 1996b;

see also the discussion of the Global Burden of
Disease Study below). In addition to serving

as a descriptive measure, the DALY provides a
potentially useful tool for health policy purposes.
Use of the DALY may assist policy makers in
allocating resources for health care (WHO Ad
Hoc Committee on Health Research Relating

to Future Intervention Options 1996) and may
allow for better measurement of specific policies
or interventions designed to reduce harm or
improve health. This measure does have its
shortcomings, however, and must be considered
together with other, more conventional approaches
to balancing the risks and benefits of alcohol
consumption on health and social well-being.

In the Global Burden of Disease Study (Murray
and Lopez, 1996, 1997b), the researchers
combined years of life lost and years lived with
disability into a single indicator, DALY, in which
each year lived with a disability was adjusted
according to the severity of the disability (Murray
and Lopez 1997b,c). Within this framework, the
researchers identified three effects of alcohol:
harmful effects in relation to injuries, harmful
effects in relation to disease, and the protective
effect in relation to ischemic heart disease
(Murray and Lopez 1996¢). Owverall, the

research team found that alcohol accounted

for 3.5 percent of the global burden of disease
(that is, mortality and disability together),

1.5 percent of all deaths, 2.1 percent of all life
years lost, and 6 percent of all the years lived with
disability (Murray and Lopez 1997c). In other
words, the relative effect of alcohol on disability
was considerably larger than its effect on mortality.



The Global Burden of Disease Study found
tremendous differences in alcohol’s impact on
disability across different regions of the world.
The most pronounced overall effect was observed
in established market economies (mainly high-
income as opposed to developing regions—

10.3 percent of all DALY’s in these regions were
attributable to alcohol), Latin America and the
Caribbean (9.7 percent), and the former socialist
economies of Europe (8.3 percent). The research-
ers found the smallest effect of alcohol in the
middle eastern crescent, which is not surprising
given the region’s high proportion of abstinent
Islamic populations (Murray and Lopez 1997a).

Of course, these calculations can be only as
precise as the underlying data. As mentioned
above, there is a lack of data sources for alcohol-
related morbidity and disability in all regions of
the world, including the United States. Since the
findings of the Global Burden of Disease Study
indicate that alcohol may have a greater effect

on nonfatal than fatal health consequences (for
example, researchers have estimated 15.6 percent
of all life years lost to disability in established
market economies were due to alcohol, compared
with 5.1 percent of all life years lost due to
mortality) (Murray and Lopez 1996b, 1997b),
more intense research efforts in this area will be
important because of the high public health
relevance.

In Closing

Epidemiologic studies have long provided evidence
of the harm alcohol can cause to individual health
and to society as a whole. Newer studies have
identified an association between low to mod-
erate alcohol consumption and reduced CHD
risk and overall mortality. The most significant
association with lower CHD risk is largely
confined to middle-aged and older individuals

in industrialized countries with high rates of
cardiovascular diseases. Elucidation of the
mechanisms by which alcohol affects CHD

risk will clarify the relationship and may enable
scientists to develop pharmacologic agents that
could mimic or facilitate the positive effect of
alcohol on health (Hennekens 1996), perhaps by
augmenting the effects of other health-improving
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behaviors such as engaging in physical activity,
eating a low-fat diet, and not smoking.

Guidelines to low-risk drinking exist in many
countries (Bondy et al. in press; Hawks 1994;
UK Inter-Departmental Working Group 1995;
USDA 1995). At this point, research clearly
indicates that no pattern of drinking is without
risks. However, for individuals who continue to
consume alcohol, certain drinking patterns may
help reduce these risks considerably.

Among teenagers and young adults in particular,
the risks of alcohol use outweigh any benefits that
may accrue later in life, since alcohol abuse and
dependence and alcohol-related violent behavior
and injuries are all too common in young people
and are not easily predicted. To determine the
likely net outcome of alcohol consumption, the
probable risks and benefits for each drinker must
be weighed. These assessments are based on the
individual drinker’s consumption levels, his or her
personal characteristics (such as age or preexisting
risk factors for CHD), and subjective values, as
well as on social considerations (Dufour 1996).
Overall, within the entire picture of costs and
consequences, the benefits of limited alcohol

use will need to be weighed carefully against its
significant costs to individuals and to society.
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Alcohol Involvement Over the Life Course

Alcohol is the world’s most commonly used drug.
In all drinking societies, patterns of alcohol use
and abuse are superimposed on the structure of a
person’s life activities. For this reason, indicators
of variation between people’s lives, such as age
and gender differences, socioeconomic status, and
ethnocultural group membership, have all been
useful as markers in understanding variation in
alcohol use and abuse.

Social scientists interested in describing this
variation use explanatory models that have
focused on the differences between subgroups

in norms about alcohol use and abuse and on
differences in the availability of alcohol (Edwards
1994; Greenfield and Room 1997). Underlying
reasons for variation in alcohol use include social
controls and availability. If the larger social group
frowns on use, then people are less likely to drink,
or to drink heavily. Similarly, when alcohol is not
readily available, fewer cues prompt people to
drink (out of sight, out of mind). Also, if alcohol
is harder to obtain, consumption rates tend to be
lower.

These explanations are sometimes referred to as
“top-down” factors because they focus on the
effects of societal and group-level influences on
an individual’s behavior. However, the impact
of social and cultural influences on drinking
behavior is not the same for all members of a
culture. Families and peer groups create smaller
spheres of influence within the larger culture.

In addition, differences in each person’s neuro-
biology create unique personal vulnerabilities
and protections. Thus, each individual can be
seen as a host environment upon which social
and cultural factors act. Influences at the level
of the individual person are sometimes referred
to as “bottom-up” factors. From the bottom up,
a person’s drinking behavior can be seen to begin
with molecular genetics, and behavior follows a
causal path from molecules, to cells, to brain
systems and structures, to behavior (Anderson
1998).

At the same time, not all drinking behavior is
explainable by either top-down or bottom-up
factors. Some of the variation results from
interaction of these factors and occurs at the level
of the drinking behavior itself. Learning is one
such interactive influence, since drinking is a
learned behavior. Children begin to learn about
alcohol and its effects long before they have had
their first drinking experience. They continue to
learn about it as a function of where and how
they obtain their first drink, who introduces it,
how much the environment allows or even
encourages a progression of drinking, and their
own subjective experience of the drug’s pharma-
cologic effects. Thus, alcohol involvement occurs
over time and progresses—or not—according to
an intricate process that involves the larger
sociocultural system; the individual’s age, life
stage, and social role within that system; the
demands and opportunities of the individual’s
more immediate social environment; and the
unique pattern of neurobiological vulnerability
and protection that his or her genetic endowment
provides.

These ideas are central to developmental theory,
a conceptual framework that has enhanced
understanding of the factors regulating gene
expression in animals (Gottlieb 1991) and in
humans (Sing et al. 1992, 1996), the changes

in risk factors for physical and mental disorders
from early childhood to adulthood (Wierson
and Forehand 1994; Windle and Tubman 1998),
and the top-down social forces that dampen or
increase the expression of individual psycho-
pathology from one historical era to another
(Elder and Caspi 1989). Within the field of
alcohol research, the body of work based on this
view has become known as the developmental
perspective on alcohol use, abuse, and depen-
dence. This perspective has fostered a line of
research that has gained momentum in the last
two decades because of compelling evidence

(1) that individuals and groups demonstrate great
variability in their drinking patterns, (2) that



variability in drinking patterns is not constant
across the life span, and (3) that pressures to
drink—or not to drink—are concentrated at
certain stages in the course of a person’s life.

Like all researchers on alcoholism, developmental
scientists seek to understand the causes of
alcoholism. They examine the interplay of
multiple factors—sociocultural, psychological,
and neurobiological—that influence drinking
behavior and that create a variety of pathways
leading to or away from different subtypes of
alcoholism. The developmental perspective, with
its emphasis on maturational processes, life course
variation, and the interplay of environment and
individual vulnerability, is of central importance
to the field because findings from this research
have demonstrated that, for the majority of
individuals, risk is fluid over the course of life.
As each person moves through his or her life, a
variety of risk and protective factors come into
and move out of play. Not all are present at the
same time, and their sequencing is regulated not
just by the individual’s unique vulnerability, but
also by the person’s history of exposure to alcohol
and the immediate presence (or absence) of an
environment that enhances risk in some instances
and dampens it in others.

The developmental perspective has enriched our
understanding of the timing and mechanisms
involved in these “in and out of play” sequences
(for example, Caspi and Bem 1990; Schulenberg
et al. in press). It has also stimulated researchers
to include indicators of the larger social context—
the top-down factors—in their explorations of
individual vulnerabilities in more recent models
of risk development. The work has demonstrated
that developmental clocks set in different eras lead
to different long-term experiences (Elder 1997).
For example, when investigating drinking behav-
ior, it is important to understand that a person
who came of age during World War 11 has very
different norms and expectations about sub-
stance use than a person who came of age in

the Vietnam War era. Similarly, a woman from

a Hispanic-American culture has a different
pattern of alcohol use than a man in her culture

Alcohol Involvement Over the Life Course

and than women in other cultures. Further, to
understand her risk factors, it is important to
know whether she is a first-, second-, or third-
generation American and whether she is a
grandmother, a young mother, or a teenager.

One way that developmental researchers convey
the variability in drinking behavior that occurs
over the span of a person’s lifetime is by using
the term “drinking trajectory,” a concept that
embraces the ideas of time, course, and progres-
sion. A trajectory is different in subtle but
important ways from a “drinking pattern,” which
suggests unchangingness and persistence over
time. When viewed over the short term, some
trajectories describe patterns of problem drinking
that appear stable. However, some trajectories
shift when researchers extend the span of time
observed. Other trajectories describe a steady
progression that reflects a gradual accumulation
of risk factors.

From the developmental perspective, it is also
important to understand that the accumulation
of risk factors, no matter how heavy, does not
lead inevitably from heavy risk burden to
alcoholism. Intervening factors, both internal
and environmental, play a role in sustaining some
trajectories and shifting others. By examining
variability in alcohol use and abuse across the life
span and by simultaneously tracking the interplay
of other internal and environmental factors,
developmental scientists seek to isolate and
describe the different drinking trajectories of
individuals and of important subgroups, such

as ethnic and gender groups.

This section is based on life course theory, which
explores processes by which multiple factors, at
multiple levels, interact over time. These inter-
actions have the potential to produce varying
patterns of drinking and drinking consequences
at each stage of an individual’s life. Under-
standing the multiple and varied influences on
an individual’s drinking trajectory is a complex
problem. However, developmental scientists have
been able to “deconstruct” the process into its
component parts to allow focused analysis and
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refined understanding. A clearer understanding
of the course of drinking behavior and its varia-
bility is important for developing prevention and
treatment methods effective with specific
subgroups.

This section summarizes recent research, with
special focus on two phenomena: developmental
variations in drinking behavior over the life course,
and developmental differences in patterns of
drinking behavior among subgroups. Specifically,
this section first reviews the well-documented age
progression in alcohol use and related problems
in adolescence and discusses how age serves as a
basic indicator of critical developmental exper-
iences. Within this framework, early-childhood
influences on alcohol use are considered, and
findings are reviewed from studies about how a
child’s learning leads to his or her initial under-
standings about alcohol. The section then reviews
the substantial evidence that very early behavioral
differences are markers of a high-risk trajectory
into alcohol-related problems and dependence in
adolescence and young adulthood. The section
then moves from a focus on variation across an
individual’s life span to evidence about the role
that social contexts play in the development of
drinking behavior. Like age, membership in
certain social groups, such as gender and ethnic
groups, is an indicator of important underlying
social processes. Recent evidence on the inter-
action of demographic factors and variations in
alcohol use among the elderly is also reviewed.

Understanding the Age Progression of
Alcohol Involvement in Childhood and
Later Life

Most research on age-related variation in early
drinking behavior has focused on adolescence
because alcohol use and associated problems
typically begin during the teenage years. In 1999,
for example, 52 percent of 8th graders (that is,
14-year-olds) and 80 percent of 12th graders
(18-year-olds) reported having used alcohol at
least once (Johnston et al. 1999). Also, more
problematic drinking patterns usually begin
during the teen years, in a parallel age-related
progression that involves fewer individuals.

Thus, 15 percent of 8th graders and 31 percent
of 12th graders reported bingeing (taking five

or more drinks in a row at least once in the

past 2 weeks), and 9 percent of 8th graders and
33 percent of 12th graders reported being drunk
in the past 30 days (Johnston et al. 1999). The
problem indicators continue to move upward
until the early 20%, and then start to drop off
(Jackson et al. 1998) (figures 1 and 2).

In describing these age-related changes in alco-
hol use, life course theory emphasizes that age
progression, in and of itself, does not explain the
process. Rather, age serves as a marker for a large
number of experiences related to being familiar
with alcohol, using it over time, seeing others
use it or refuse to use it, and receiving encour-
agement—or discouragement—to drink. It is
the accumulation of experiences that leads to
the change in behavior, not increasing age itself.
The technical term that researchers use is that
these experiences “mediate” the age-related
variation.

Developmental Patterns

From the perspective of the child’s accumulating
experience, neither the first drink nor the first
experience of heavier drinking marks the begin-
ning of alcohol involvement. The developmental
problem for researchers is to specify the factors
(the mediators) that establish a person’s early
drinking experience. What circumstances move
the individual from lighter to heavier and more
problematic drinking? An important area for
investigation is the thought processes that shape
a person’s decisions about whether or not to drink
(Fischhoff and Quadrel 1995). As individuals
develop, they acquire information on which
their knowledge, beliefs, and attitudes are based.
Information about alcohol can be acquired direct-
ly and indirectly, through experience and obser-
vation, via thoughts and emotions, and from
obvious and subtle events. Knowledge, beliefs,
and attitudes about alcohol, which serve to moti-
vate behavior, are organized into frameworks
known as cognitive models or schemas (Zucker
et al. 1995bh).
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Figure 1. Percentage of males reporting having four or more drinks on any single day in past 30 days,
by age group and race/ethnicity, United States
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For regular and intentional drinking to occur, a
person must first understand that there is a class
of substances known as alcoholic beverages and
that certain effects are connected with drinking
them. Further, the effects must be perceived

by the person as desirable enough to motivate
alcohol-seeking or alcohol-accepting behavior
(Zucker et al. 1995b). These awarenesses and
perceptions (or schemas) operate on both con-
scious and unconscious levels. Thus, people form
conscious and explicit expectations about the
anticipated effects of alcohol (Goldman et al.
1991; Rather et al. 1992), as well as unconscious
memories, called implicit cognitions, that
influence behavior (Stacy et al. 1996). Both
explicit and implicit cognitions have been found
to predict alcohol use (Smith et al. 1995; Stacy
1997; Stacy et al. 1996).

Early Understandings About Alcohol

Alcohol involvement has its roots in early
childhood, when youngsters first learn about
alcohol and its use. Because alcohol has a place
in the ritual practices of many religions, some
children have limited experience with alcohol
consumption well before they have made a
conscious decision to drink (Glassner 1991;
Heath 1991). In addition, media exposure
virtually assures some knowledge of alcoholic
beverages long before the opportunity for
drinking arises (Atkin 1995; Wyllie et al. 1989).
Children also learn by more direct experience.
Research has shown that young children, even
at age 3 through 5, attribute alcoholic beverage
consumption more to adults than to children,
and more to adult males than to adult females
(Noll et al. 1990). Further, the ability to identify
alcoholic beverages by smell, indicating personal
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Figure 2: Percentage of females reporting having four or more drinks on any single day in past 30 days,
by age group and race/ethnicity, United States
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rather than media exposure, has also been seen in
preschool children, with older children more
successful than younger ones at identifying
alcoholic beverages (Noll et al. 1990). This
ability to recognize alcoholic beverages was
directly related to the amount of alcohol
consumed by the child’s parents and the degree
to which parents reported drinking for “escape”
reasons.

On the basis of this research, one might expect
that children of alcoholics would develop alcohol
schemas earlier than other children, and one
would want to focus on early identification of
“risky cognitions” about alcohol because of their
long-term significance in the development of
problem drinking. When researchers explored
cognitions in 3- to 6-year-olds, they found that
early alcohol understandings were more common
in children of alcoholics than in children of
nonalcoholics (Zucker et al. 1995b). When

photographs of alcoholic beverages were shown
to children of alcoholics and children of
nonalcoholics, the children of alcoholics were
more likely to identify at least one alcoholic
beverage, and they were better able to identify
specific alcoholic beverages. Further, children
whose parents drank more were more likely to
attribute alcoholic beverage use to adults. Thus,
children’s schemas about both knowledge and
use of alcohol were more common in alcoholic
families. Other recent research indicates that
these processes may begin even before formal
language is present. Six- to 13-month-old infants
whose parents reported higher alcohol consump-
tion and who had some indicators of alcoholism
responded differently to toys that were scented
with alcohol than did infants from families in
which parents drank less (Mennella and Beau-
champ 1998). This work indicates that the
child’s learning and recognition of alcohol
begins at a very young age.




Although research has yet to reveal how early
understandings about alcohol relate to the actual
onset of drinking behavior, studies on the thought
processes of second through fifth graders (aged

8 through 11) showed that children’s expectations
about the effects of using alcohol were similar

to those of adults (Dunn and Goldman 1996).
Further research among 3rd through 12th graders
indicated that younger children had mostly
negative alcohol-related associations, describing
drinkers with words such as “dizzy” and “goofy,”
while the older children had more positive
associations, using words such as “outgoing,”
“relaxed,” and “funny” (Dunn and Goldman
1998).

Taken as a group, these findings from early to
middle childhood indicate a developmental
progression in understandings about alcohol,
including expectations about alcohol’s effects,
that takes place much earlier than regular use of
alcohol begins. The progression varies with age,
but in part also reflects differences in exposure
to consumption in the family, with precocious
development of understandings about alcohol
being more common in alcoholic homes.

Early Behavioral Indicators of Risk for
Alcohol Problems

Not all of the factors that play a role in early
alcohol use and the development of alcohol
problems are related to alcohol-specific processes,
such as childhood exposure to alcohol. An
important and much-repeated finding of past
research has been the link between aggressive
behavior, delinquent activity (that is, behavior
that deviates from social norms), and earlier onset
of alcohol use and problematic use (Donovan and
Jessor 1985; Donovan et al. 1998; Jessor and
Jessor 1977; Kandel et al. 1978; White et al.
1999). Alcohol use is only one part of a broader
syndrome of adolescent problem behavior that
includes other drug use, earlier sexual activity, and
delinquent and aggressive conduct. Extensive
research has shown that these problem behaviors
cooccur and emerge from a common matrix of
personality structure, attitudes, and parental
socialization practices that encourage the
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development of independent and rebellious
behavior (Kandel et al. 1978; Zucker et al.
1995a). Adolescents with these risk character-
istics become more involved in relationships with
like-minded peers, which, in turn, fuels the
emergence of earlier and more problematic
alcohol use.

A parallel line of research has focused on individ-
ual differences in temperament as early links in
the chain of risk for the development of alcohol
problems in later childhood and adolescence and
for the subsequent development of alcoholism

in adulthood. A person’s temperament is evident
in early childhood and even in infancy and is
believed to be heavily under genetic control, regu-
lated by neurobiological mechanisms. Alcohol
researchers have looked at such dimensions of
temperament as elevated activity level, low atten-
tion span and persistence, and high emotionality
as predictors of problem alcohol use (for example,
Tarter and Vanyukov 1994a; Tarter et al. 1985).

Developmental researchers pursuing this line

of inquiry have been interested in a sequential
hypothesis. Simply stated, the sequence is

that the child’s underlying “risky temperament,”
coupled with a difficult family environment that
exacerbates the temperamental characteristics,
leads the child to heightened antisocial behavior
and to more frequent associations with delinquent
peers. These attributes in turn drive early alcohol
use, the transition into early problem use, and
ultimately, the emergence of a diagnosable
disorder (Tarter and Vanyukov 1994b; Zucker
et al. 1995b). Until very recently, only the
preadolescent and adolescent versions of this
model had been tested, and the tests involved
cross-sectional rather than longitudinal data.
Even so, investigators have found support for a
model of risk for alcohol use in preadolescents
and adolescents that involves difficult tempera-
ment plus risk factors in the family-rearing
environment and peer group (Blackson 1997;
Blackson and Tarter 1994; Blackson et al. 1994).

The first long-term tests of the connections
between early childhood and adulthood have been
reported. In a New Zealand study, more than
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1,000 children born between 1972 and 1973
were followed up by researchers over a 20-year
period (Caspi et al. 1996). Among males,

the researchers found a direct link between
“behavioral undercontrol” at age 3 and alcohol
dependence at age 21. Behavioral undercontrol
was characterized as irritable, impulsive, imper-
sistent, and rough behavior and an unstable
emotional response. Boys having these traits
were significantly more likely than boys without
them to be diagnosed 20 years later with alcohol
dependence. No differences in later alcohol
dependence were found for undercontrolled girls.
In the same study, another childhood tempera-
mental factor—behavioral inhibition—was found
to be linked to later development of alcohol
problems at age 21 among males. Behavioral
inhibition included social reticence, concentration
difficulties, and being upset by strangers. Girls
who were inhibited at age 3 did not display more
alcohol-related problems at age 21.

These findings from New Zealand are similar
to observations of 3- to 5-year-old boys from
alcoholic families and matched nonalcoholic
control families being followed in a longitudinal
study of high-risk children in Michigan. This
work, as well as three studies of older children
that also yielded findings similar to the New
Zealand study, is described below.

Early results from the Michigan study indicated
that 3-year-old sons of alcoholics were more
impulsive than comparison children, and a greater
proportion of them were rated in the upper
clinical range of behavior problems (Fitzgerald

et al. 1993). Later work found that boys with
clinically diagnosed behavior problems also
displayed more difficult temperaments (Jansen

et al. 1995). These troubled children were also
more likely than comparison children to come
from families in which the fathers were of lower
socioeconomic status, had more severe and long-
standing alcohol problems, and displayed higher
levels of antisocial behavior. Thus, multiple
factors converged to heighten these children’s risk
for later alcohol problems (Jansen et al. 1995;
Zucker et al. 1996a).

More recent longitudinal findings over the
interval from 3 to 8 years of age, and involving
girls as well as boys, continue to support the
earlier cross-sectional observations (Wong et al.
1999). They also support the sequential
hypothesis described above. The typical
maturational pattern of childhood involves
decreases in aggression and undercontrolled
behavior (also known as “externalizing” behavior)
from early to middle childhood. However, for
children in the study who were from the highest
risk families—families that were more antisocial
and alcoholic—aggressive and undercontrolled
behaviors decreased at a slower rate than for
children from lower risk families. In addition,
the link between risky child temperament and
externalizing behavior in the highest risk families
was mediated by the parents’ behavior. Parents
who reported more negative experience (more
sadness and “bad mood”) and who reported
spanking their children more often were more
likely to have children with higher levels of
undercontrolled behavior (Wong et al. 1999).
In other words, the most damaging child out-
comes were being sustained in families where the
children had risky temperament characteristics
and the families acted in ways to exacerbate those
attributes. As noted in the introduction to this
section, the concept of risk burden or risk load,
in which multiple risk factors interact with and
exacerbate one another, is important for under-
standing the development and maintenance of
problem behavior over time.

Three other studies have provided information
about developmental variation after the preschool
years by focusing on middle childhood and

early adolescence. One investigation of Swedish
adoptees found that personality patterns at age 11
predicted alcohol abuse and dependence at age 27
(Cloninger et al. 1988). These results are similar
to the New Zealand findings in that two quite
different types of temperament noted in child-
hood—behavioral undercontrol and behavioral
inhibition—Iled to problems with alcohol.
Swedish boys who were high in novelty seeking
and low in harm avoidance (dimensions akin to
behavioral undercontrol), as well as boys high in



harm avoidance and low in novelty seeking (akin
to overcontrol, fearfulness, and inhibition), were
more likely to have alcohol problems at age 27.

In a second study (Masse and Tremblay 1997),
teacher’s ratings of certain traits of children at
ages 6 and 10 were predictive of the onset of
drunkenness during the age range of 11 to 15
years. The ratings used by the teachers involved
“fearfulness” and “hyperactivity”; however, the
authors interpreted these ratings as measuring the
same behaviors rated in the Swedish study. They
equated fearfulness with the Swedish measure of
harm avoidance, and they equated low fearfulness
and hyperactivity with the Swedish measure of
novelty seeking. Teacher’s ratings indicating hyper-
activity and low levels of fearfulness at ages 6 and
10 were significant predictors of drunkenness
between ages 11 and 15. Among 6-year-olds, the
high fearfulness rating was a better predictor of
later problems, and hyperactivity was a better
predictor for the 10-year-olds.

A third study investigated long-term correlates

of aggressive behavior in more than 600 subjects
followed from age 8 to 30 (Eron et al. 1987).
Results revealed that children who were rated as
aggressive by their peers were more likely than
other children to have records for driving while
intoxicated some 22 years later. Taken altogether,
these studies provide major evidence that features
of temperament observed from early childhood
are predictive of alcohol problems and alcoholism
in adulthood.

Varying Developmental Trajectories Over
the Life Span

Risk factors for problematic alcohol involvement
such as those described above do not inevitably
result in alcohol-related problems. Other
influences that may foster problems or protect
against them come into play as the individual
develops (Sher and Gotham 1999; Zucker et al.
1996a). Moreover, one factor alone may not be
sufficient to cause problems. Rather, multiple
factors acting in concert increase the likelihood
that alcohol problems will develop by increasing
the risk load. Researchers explore these intricate
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patterns of influence and their gradual emergence
by charting developmental trajectories to describe
the various pathways that, over time, may lead to
or away from an outcome.

Longitudinal projects like the New Zealand
study point toward the existence of quite differ-
ent developmental pathways that begin in early
childhood and involve behavioral forerunners
of alcohol use. Among the children studied,
two very different traits, behavioral undercontrol
and behavioral inhibition, were associated with
development of alcohol abuse and dependence
in early adulthood (Caspi et al. 1996). Because
high-risk children began with two different
behavioral traits and moved to a common
endpoint, some other influences, either in the
intervening time period or in baseline charac-
teristics of the two groups, or both, had

to be operating (Patterson et al. 1998).

Developmental trajectories can be used to
describe the big picture from early childhood
through adulthood or to clarify details of a
smaller part of the picture. Recent work based
on nationally representative longitudinal data
from the Monitoring the Future Study has
focused on developmental processes using bien-
nial assessments (Schulenberg et al. 1996a,b).
This research charted pathways of alcohol
involvement for the interval between late
adolescence and early adulthood, examining
patterns of stability and change in frequent binge
drinking between ages 18 and 24. This age group
spans the important developmental period of
transition from adolescence to adulthood. It is
also the life stage with the heaviest concentration
of alcohol problems. Frequent binge drinking
was defined as taking five or more drinks in a row
on at least two occasions during the past 2 weeks.
Patterns of binge drinking were explored in terms
of behaviors, attitudes, personality traits, and
characteristics of the social context that either
shifted or remained stable along with the
drinking.

The researchers found that six distinct trajectories
described the binge drinking of over 90 percent of
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the sample (figure 3) (Schulenberg et al. 1996a).
Three patterns were stable—Never, Rare, and
Chronic—and three patterns varied across time—
Decreased, Increased, and Fling (the Fling group
had no frequent binge drinking at the first and
last measurement points and frequent binge
drinking at the midpoints). People with different
binge trajectories showed differences in the
problems alcohol caused them, in their attitudes
about heavy drinking, in the amount of time
they spent with heavily drinking peers, and in
the extent of their involvement with illicit drugs.
Gender differences were also evident. WWomen
dominated the Never group, but appeared less
frequently than men in the Chronic and
Increased groups. Personality also played a role
(Schulenberg et al. 1996b). People who had
lower scores at age 18 on both conventionality
and belief in one’s own effectiveness in accom-
plishing an objective (self-efficacy), as well as
those who said they drank to get drunk, were
more likely to be in the Increased binge drinking
group. On the other hand, higher self-efficacy
and lower motivation to get drunk were pro-
tective factors among initially frequent binge
drinkers who decreased their drinking.

These findings demonstrate considerable variation
in pathways to drinking patterns once regular
drinking has begun and reflect developmental
differences in the success with which adolescents
make the transition to adulthood. A very
important approach for future studies, from
both a theoretical and a prevention perspective,
will be to identify, before people begin regular
drinking, the characteristics associated with
specific trajectories that they would later follow.
The studies reviewed in the previous section
indicate that this process of identification is
already possible for a subset of the population.
This knowledge base needs to be expanded.

An implicit acknowledgment that developmental
pathways exist can also be seen in work attempt-
ing to classify different subtypes of alcoholism,

a body of work with a long history (Cloninger
1987; McCord 1988; Zucker 1994, 1987; Zucker
et al. 1996a). Investigators who have focused

on differences in family history of alcoholism,
parental criminality, alcohol use, and other

Figure 3: Mean scores for five or more drinks
in a row in the past 2 weeks by binge
drinking trajectory
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psychopathology, as well as timing of initial
symptom onset, all have worked under the
assumption that different trajectories of alcohol
problems and dependence follow from these
background characteristics. Research has focused
on identifying alcoholic subtypes in which people
with common characteristics develop similar
alcoholism patterns. For example, typologies
classify alcoholism according to age of onset,
family history of alcoholism, and presence or
absence of antisocial behavior (Babor et al. 1992;
Hesselbrock et al. 1984; McGue et al. 1997;
Zucker et al. 1995a). Studies investigating
childhood personality predictors of adult alcohol
use disorder represent efforts to describe early
developmental trajectories (see Chassin et al.
1999; Cloninger et al. 1988; Martin and Sher
1994; Vaillant 1995; Wong et al. 1999; Zucker
and Gomberg 1986; Zucker et al. 1996a,b).

Relatively little is known about developmental
pathways that bring about change in a person’s
diagnosis of alcoholism over the adult life course.
However, research has shown that the progression
of alcoholism is not uniform for all individuals,
whether or not they are treated. That is, not all
alcoholics remain actively alcoholic after the onset



of the disorder. A general population study
investigated stability and change in measures

of alcohol abuse and dependence over 4 years
among male drinkers (Hasin et al. 1990). Of
those originally classified as alcohol dependent,
46 percent still reported indicators of dependence
4 years later, 15 percent had moved to the abuse
only category, and 39 percent no longer reported
any indicators of alcohol abuse or dependence.
Of those originally classified as alcohol abusers,
24 percent remained in the abuse only category,
30 percent reported indicators of alcohol depen-
dence with or without indicators of abuse, and
46 percent no longer reported any indicators of
alcohol abuse or dependence. Similarly, a recent
review summarizing eight long-term studies
found that individuals originally classified as
alcohol dependent became abstinent at a rate

of about 2 percent per year (Vaillant 1995).

Whether remission is spontaneous or results from
treatment efforts, little is known about develop-
mental pathways leading to changes in drinking
status over time. As noted in the Ninth Special
Report to the U.S. Congress on Alcohol and Health
(National Institute on Alcohol Abuse and Alco-
holism [NIAAA] 1997), factors contributing to
successful recovery during treatment have been
identified, including increased self-efficacy, fewer
coexisting psychiatric problems, a supportive
social network, experience with the negative
consequences of drinking, and readiness to
change. Developmental research on earlier phases
of drinking careers suggests that risk factors do
not act independently of each other but rather
cluster together (Babor and Dolinsky 1988;
Donovan and Jessor 1985; McGee and New-
comb 1992; Murphy and O’Farrell 1994, 1996).
Conversely, the degree to which context and
personality factors interact in contributing to
remission is not well understood.

The epidemiologic evidence clearly indicates that
problem use drops off with increasing age and
with the restriction of consumption that comes
with the increased responsibilities of marriage,

a regular job, and other adult responsibilities
(Bachman et al. 1997; Gotham et al. 1997).
Conversely, the presence of the “problem behavior
syndrome” predicts continuity of heavier drinking
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into young adulthood (Baer et al. 1995; Bennett
et al. 1999). Other research suggests that
“protective” factors (for example, the absence

of problem behaviors such as criminal activity)
predict a successful return to nonproblematic
drinking for alcohol-abusing and alcohol-
dependent individuals (Sobell et al. 1993; Tucker
et al. 1994), but the degree to which protective
factors cluster together is not clear. Unfortu-
nately, the range of opportunity for problem
drinkers to benefit from protective factors is
often restricted by their drinking behavior and

its consequences, including having poorer jobs
and lower income, living in a more disadvantaged
neighborhood, and choosing to marry a more
troubled partner (Jacob and Bremer 1986; Kandel
et al. 1986; Zucker et al. 1996b, in press). Thus,
any contact with a more supportive environment
may initially take place piecemeal.

A more complete understanding of how these
factors operate, either separately or in concert, is
critical to understanding stability and change in
alcohol dependence over time. In addition, the
role played by environmental risk factors in
fostering individual stability or change at other
points in the life cycle after adolescence needs to
be addressed. The contribution of factors, such as
chronic health, marital stresses, spousal and other
peer approval of drinking, and factors related to
the settings in which drinking occurs need to be
better understood (Brennan and Moos 1996; Sher
and Gotham 1999). It is important to note that
what patients and clinicians regard as “recovery” is
called that only because a formal diagnosis has
been made. From a developmental perspective,
the more general phenomenon that needs to be
understood is the natural history of use and
problem use over time, which involves both
increases (clinically termed “relapse”) and
decreases (clinically called “recovery”).

Social Contexts and Drinking Behavior
Variability in Drinking Behavior Among

Societies and Subcultures

In the effort to document the damaging effects
of alcohol use, abuse, and dependence at the
individual level, overarching social factors that
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also influence use and problem drinking behavior
are sometimes ignored. One of the factors
consistently identified in the epidemiologic
literature is that the overall level of consumption
in a society (that is, its relative “wetness” or
“dryness”) is related to the rate of alcohol
problems (Edwards 1994; Hilton 1988; Skog
1985). In cultures and historical epochs where
consumption is high, rates of alcoholism are
higher, and in cultures or epochs where consump-
tion is lower, alcoholism rates are lower (Reich et
al. 1988). At the same time, research has shown
that among drinkers in drier regions, there is a
higher rate of alcohol-related problems, such as
accidents, problems with spouses and friends,
and difficulties with the police (Hilton 1988).

These data underscore the principle that both
drinking and problem drinking are regulated by
social structures (rules, role expectations, norms,
and values) and by the social behavior of the
drinker’s peers (Clark 1991; Greenfield and Room
1997; Hilton 1988). Because of the importance
of these factors, developmental scientists have
worked to understand the role that social context
and group membership play in maintaining or
changing developmental pathways (Bronfen-
brenner 1979; Ford and Lerner 1992).

Demographic Variables as Proxy Indicators
for Social Behavior

Racial/ethnic group membership and membership
in an age group are identifying characteristics of
individuals, but they are simultaneously indicators
of the differences in attitudes, values, beliefs, and
practices of social subgroups. As discussed above,
memberships in and of themselves do not explain
how alcohol use and more problematic drinking
patterns come about. Aside from providing an
identity, the label of group membership is also a
proxy for differences in the way the group acts,
how available it makes alcohol and other drugs,
its regulatory structure for alcohol and other drug
use, and other social behaviors. This underlying
social structure defines and shapes the relation-
ship between group membership and alcohol
involvement (Heath 1988). One of the core aims
of developmental research has been to identify
the common underlying factors that place some

groups and social contexts at higher risk than
others and then to develop prevention and
intervention strategies to eliminate or neutralize
their effects.

When the research question is framed this way,

it highlights an interesting observation, namely,
that many of these markers are cooccurring and
therefore are potentially related indicators of a
more basic set of influences. For example, both
low overall rates of alcohol use and high rates of
problem drinking among current drinkers have
been observed among people with a lower educa-
tional level, rural residence, and Southern location
(Dawson et al. 1995). These characteristics also
happen to be markers of a subculture with strong
abstinence values, which influence both the
individual drinking patterns and the overall level
of alcohol consumption of the society (Edwards
1994; Hilton 1988; Skog 1985).

The more general point is that variations in
demographic characteristics indicate differences
in lifestyle that relate to norms about alcohol

use and misuse (Greenfield and Room 1997),
including the valuing of alcohol as a sought-after
beverage (Laflin et al. 1994) and the accompany-
ing presence of a social network that provides
pressure to use or not to use, or to engage in
more or less problematic drinking behavior when
using (Oostveen et al. 1996).

Demographic Factors as Life Course Identifiers

Age-related variations in alcohol use exist for
virtually all indicators of alcohol involvement.

In addition, at least among men, differences
between racial/ethnic groups are more the rule
than the exception. Indeed, cross-sectional data
from a number of surveys show that within
racial/ethnic groups, levels of both alcohol
consumption and alcohol abuse vary significantly
with gender (Caetano and Clark 1998; Caetano
and Kaskutas 1995; Gerstein et al. 1994; Grant
1997; Grant et al. 1992). From a life course
perspective, these variations suggest that people in
different racial/ethnic and gender groups should
be looked at in terms of their different life cycle
tasks and patterns of alcohol use.



With respect to gender differences alone, more
than a decade ago, a longitudinal study showed
that problematic drinking patterns emerge later
in life for women than men (Fillmore 1987). In
addition, for women, less time elapses from the
initial emergence of the problem to full-blown
problem development. In other words, the shapes
of their trajectories differ from those of men.
However, more recent data, discussed later in
this section, suggest that this gap is closing
(Grant 1997).

With respect to racial/ethnic distinctions alone,
analyses of shifts in national drinking patterns
between 1984 and 1992 indicate that decreases
in heavy drinking observed among whites were
not present among either blacks or Hispanics
(Caetano and Clark 1998; Caetano and Kaskutas
1995). Thus, these subpopulations are operating
differently with regard to patterns of alcohol
abuse.

Variation across ages according to race/ethnicity
and gender is illustrated in figures 1 and 2, which
show the percentage of subgroups in the U.S.
population that reported having four or more
drinks on any single day during the prior 30 days.
These data derive from the Substance Abuse and
Mental Health Services Administration National
Household Survey (Gerstein et al. 1994; Jackson
et al. 1998). At all ages, females in each
racial/ethnic group exhibited lower levels than
comparable males. Within each gender, however,
racial/ethnic groups displayed different age-related
patterns. These age-related racial/ethnic patterns
were most marked in males. Among white men,
the proportion of heavy drinkers peaked between
ages 18 and 25 and then declined with increasing
age. In Hispanic men, the peak occurred between
ages 26 and 30, and the age-related decline was
less marked than in whites. In black men, the
peak also occurred between ages 26 and 30, but
the proportion was consistently lower at each age
in blacks than in Hispanic men.

Researchers in the last decade have been attempt-
ing to look beneath these surface demographic
data and develop theories about the common
social forces that regulate variations in drinking
behavior among these racial/ethnic and gender
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subgroups. Using a life course framework,

some researchers have focused on racial/ethnic
subgroup variations. For example, differences
between blacks and whites in the age trajectory
of alcohol use and problems (see figures 1 and 2)
have been related to a combination of factors,
including urban migration, declining heath status
of middle-aged black Americans, less access of
blacks to the opportunities among blacks of the
larger society, and the cumulative effects of
adverse living conditions and restricted socio-
economic opportunities among blacks (Geronimus
1992; Jackson et al. 1998).

A related idea is that culture-specific social forces
might affect alcohol problem rates reported by
black and white women. Research suggests that
black women experience more tolerant attitudes
toward their drinking than white women do and
that blacks historically demonstrate greater
equality in gender roles than whites do (Herd
1997). These factors may influence the amount
of negative reaction to heavy drinking encoun-
tered by black and white women, and may
thereby indirectly affect their self-ratings of
alcohol dependence (Herd 1997). Similarly,
one researcher has proposed that both trajectory
effects and life course-related role differences
between older and younger members of the
Hispanic community account for the stability

of heavy drinking among elder Hispanic men
(Caetano 1991). The social networks of these
drinkers tend to insulate them from outside
pressures to change; because of their status, older
men are less likely to be challenged by younger
members of the community. Thus, patterns of
heavy drinking that the elder men established at
an earlier life stage are not as likely to become
disrupted.

Finally, although differences clearly exist in drink-
ing patterns from one culture to another, cross-
cultural similarities have also been observed.
Evidence for both the differences and similarities
can be derived from a review and synthesis of data
from more than 20 international longitudinal
surveys of drinking behavior (Fillmore et al. 1991;
Johnstone et al. 1996). National origin of the
research, an indicator of the culture of each
sample, was the most influential factor in
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predicting drinking patterning. Evidence
supports the view that within a given culture,
each gender develops a pattern of alcohol
consumption in youth and early adulthood and
the pattern is largely set for a person’s lifetime.
The evidence also points to a “maturational
hypothesis” that can be seen in all cultures.

This cross-cultural pattern involves rapid rises in
drinking behavior in early adulthood followed by
declines in frequency of use with increasing age
(Johnstone

et al. 1996).

Changes in Patterns of Drinking Behavior
as a Function of Social Change

Cohort and Subgroup Differences

As noted, it is a common epidemiologic obser-
vation that the problems of alcohol involvement
are most heavily the problems of youth. This
observation is as true for the United States as it
is for the rest of the world (Dawson et al. 1995).
Here also, as part of the normal life cycle, alcohol
consumption and problem use decline with
advancing age (Adams et al. 1990; Bachman et
al. 1997; Blane 1979). However, changes in
individual drinking behavior over time are not
solely a function of age-graded life cycle changes.
As discussed above, individuals' different devel-
opmental pathways, such as those related to
temperament, are superimposed on life stage
changes, as are influences of the larger society
(Zucker et al. 1995a). Thus, if the society’s
patterns of use and attitudes about use change,
one can anticipate that such a change will either
suppress or enhance the emergence of individual
drinking behavior.

Recent analyses from the first wave of the
National Longitudinal Alcohol Epidemiologic
Study (NLAES) (Grant 1997) suggest that
considerable social change in drinking has
occurred over the past century. This change has
been characterized by increasingly earlier ages for
the onset of alcohol use (figure 4) and increased
likelihood of alcohol dependence among cohorts
of drinkers (figure 5). For example, a shift was
observed in the probability of alcohol use in early

Cohorts

Cohorts are groups of persons born during a given time
span (such as Baby Boomers) who experience a com-
mon set of historical, social, and economic influences
that tend to shape the behavior of group members in
similar ways. Central to the concept of a cohort is the
idea that those who share a culture acquire a body of
common experiences, and in so doing create a unique
subculture, with shared norms and values and com-
monalities in behavioral repertoire.

adulthood (ages 20 through 24). In the group
born before World War 11 (between 1894 and
1937), drinking was confined to less than half

of the young adult population. However, in the
group born in the Vietnam era (between 1968
and 1974), alcohol use involved approximately
three-fourths of young adults. Both genders
displayed this trend, although levels among
females were consistently lower than levels among
males. A major upward shift was also observed in
the likelihood that a drinker would be diagnosed
with alcohol dependence at some point in his or
her lifetime. Although these findings are quite
consistent, caution should be used in their
interpretation, since the data were derived using
methods in which individuals were surveyed at a
single point in time. In addition, participants
were asked to remember the age at which various
alcohol-related problems became manifest.

Thus, methodological problems, such as recall
difficulties, especially for events from the distant
past and for relatively transitory events (as well as
cohort-specific differences in willingness to reveal
alcohol problems), may have affected the results.

Gender-specific data indicate the appearance of
another major social change: increasing similarity
of drinking patterns of men and women (Grant
1997). For persons in early adulthood (ages 20
through 24), males born before World War 11
were 2.4 times as likely as females to use alcohol.
The ratio is much smaller for those born in the
Vietnam era: males were only 1.2 times as likely
as females to use alcohol. For lifetime diagnosis
of alcohol dependence, findings are equally
striking: males born before World War 11 were
4.9 times as likely as females to receive such a
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Figure 4: Cumulative probability of alcohol use, by cohort
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diagnosis, but for those born in the Vietnam era,
the male-to-female ratio was only 1.4. A similar
pattern of converging rates of alcohol dependence
in men and women has also been noted in the
National Comorbidity Study (Nelson et al. 1998).

NLAES data highlight yet another phenomenon
of developmental interest: diagnostic stability
into later life (Grant 1997). Men were more
likely to sustain a diagnosis of alcohol dependence
over time than were women, and this persistence
was most evident in the youngest cohort (that is,
those born between 1968 and 1974), the group
that also showed the earliest onset of both alcohol
use and dependence. These findings also lend
support to a long-held view in the field of alcohol
and other drug abuse that differences in the

timing of onset of use can change the structure
and trajectory of the disorder (Robins and
Pryzbeck 1985). Stronger support comes from
recent data (Grant and Dawson 1998) indicating
that the younger the age of drinking onset, the
greater the likelihood that an individual will
develop an alcohol use disorder at some point

in life.

From a developmental-contextual perspective
(Ford and Lerner 1992), the individuals in each
cohort have been moving through the life course
surrounded by a different social structure of
attitudes and expectancies about alcohol use

and other social behavior and about alcohol
dependence. On these grounds, the effects of
the social change on individual drinking behavior
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Cumulative probability of alcohol dependence among alcohol users

Figure 5: Cumulative probability of alcohol dependence among alcohol users, by cohort
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should vary according to the individual’s stage in Variations in Alcohol Use Among the Elderly

life, or “life course location” at the time the
change is occurring. This proposition has been
labeled the “life stage principle” (Elder and

Caspi 1989). It specifies that the influence of

a historical event on the life course depends on
the stage at which an individual experiences the
event. The effects of social change and individual
response to such change will vary in type and
relative influence across the life course (Elder and
Caspi 1989). The analytic usefulness of the life
stage principle in alcohol research lies in its
potential to help the field organize and under-
stand the significant changes in patterns of use
and dependence that occur at both the younger
and the older ends of the age spectrum.

Patterns of drinking among those over age 60
provide another illustration of the interaction of
a person’s location in the life course, the subgroup
to which he or she belongs, and the level of
alcohol involvement. The elderly population is
an important and interesting subgroup because it
is rapidly increasing in size, as it has throughout
U.S. history, and its composition is changing
(Day 1996; Hobbs and Damon 1996). Between
2010 and 2030—when the Baby Boom cohort
moves into the ranks of the elderly—this
population will swell to more than 55 million
people (some estimates range as high as 75
million), from about 33 million in 1994. The




proportion of the population over age 65 will
increase by 73 percent during this 20-year
interval, while the segment under age 18 will
decrease by 3 percent. Whereas about one in
eight Americans were over age 65 in 1994, by
2030 that figure will be one in five (Day 1996;
Hobbs and Damon 1996). These data suggest
that in the coming years the Nation will become
more focused on the processes and outcomes of
aging, and that the needs of older citizens will
become an even more central concern (Zucker
1998).

Along with demographic and social changes,
patterns of alcohol consumption among the
elderly are also changing. Sales data for alcoholic
beverages and results from a national survey show
a significant decline in the 1980 in the level of
alcohol use in the U.S. population as a whole
(Midanik and Clark 1994). Results from 1984
and 1990 national surveys on alcohol use show
that 70 percent of the population reported
current drinking in 1984, but only 65 percent
did so in 1990. (Current drinking was defined
as consuming alcohol at least one time in the year
preceding the survey.) However, these overall
population figures obscure significant variation
in certain subgroups, especially age and gender
groups. For example, 59 percent of men aged
60 and older were current drinkers in 1984,

but the figure increased to 66 percent in 1990
(Midanik and Clark 1994). For women aged

60 and older, the trend was reversed: 49 percent
were current drinkers in 1984, and 37 percent in
1990. Thus, elderly men displayed a larger
increase and elderly women exhibited a larger
decline in current drinking than the overall
population did.

This age-by-gender variation, on the one hand
moving in opposition to overall population trends
and on the other hand consistent with them,
underscores another developmental principle

that has special relevance for the elderly, namely,
that there is very large subgroup heterogeneity
(Hertzman et al. 1994; Ruchlin 1997). Thus,
although population statistics indicate that
drinking generally declines as people age, this
decline does not translate to low levels of drink-
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ing and low levels of problems for all elderly
individuals. For example, when the elderly
population is examined in terms of racial/ethnic
group membership (see figures 1 and 2), the
heterogeneity of drinking patterns is clear. The
relatively greater use of alcohol and the higher
prevalence of alcohol dependence in the Baby
Boomer cohort compared with the previous
cohort (Grant 1997) are also important factors,
particularly because this group will be the next
generation of elderly Americans.

In general, drinking among the elderly produces
problems not seen in younger groups because of
changes in health and social support that often
accompany aging. Thus, for older individuals,
even relatively modest alcohol use may cause
significant problems because of chronic illnesses,
the interactions of alcohol with medications,
grief brought on by the death of loved ones,
and isolation due to the loss of social support
networks (Dufour et al. 1992; Gomberg et al.
1998).

In addition to increased numbers of older indi-
viduals in the population, other changes can be
expected to produce substantially greater problem
use among the elderly than in past generations
(Zucker 1998). One change will be the substan-
tial increase in the total number of white Ameri-
cans in the elderly population (Hobbs and Damon
1996). In absolute numbers, the subpopulation
of Caucasian older Americans will increase by

45 percent, which may have ramifications for the
future because white males who drink have
historically continued to use alcohol into older
age (Caetano and Kaskutas 1995; Substance
Abuse and Mental Health Services Administration
1997). In addition, this subpopulation, which
will remain the largest subgroup of the elderly
population over the next two decades (Hobbs
and Damon 1996), will have a higher educa-
tional level and greater financial resources than
earlier generations, resulting in a lifestyle of
sustained leisure-time activity in which moderate
alcohol use is the norm. As noted above, even
moderate use can create significant problems

as people age.
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Another change likely to lead to increased
problem alcohol use in the elderly will be the
growth of the Hispanic population, which is
expected to show the largest rate of increase

of any racial/ethnic elderly subgroup over the
coming decades (Hobbs and Damon 1996).
Results from a 1992 survey show that Hispanic
males have the highest incidence of frequent
heavy drinking among all racial/ethnic groups
(Caetano and Kaskutas 1995). In addition, when
1992 results were compared with 1984 findings,
the heavy-drinking patterns of Hispanic men were
more likely than those of white men to remain
stable over time (Caetano and Kaskutas 1995).
Yet another change that will likely increase
problem drinking is the projected doubling of
the number of elderly persons from socio-
economically disadvantaged groups. These
groups already have higher rates of drinking
problems and appear to be sustaining a higher
level of problem use into older age than existed
in earlier cohorts of the elderly (Caetano and
Kaskutas 1995).

Finally, the elderly population will experience
increased longevity—the oldest-old population
(those aged 85 and older) is expected to double to
7 million persons by 2020 (Hobbs and Damon
1996). As older people live longer, complications
from interactions of alcohol with medications and
medical disorders are likely to increase sharply.
Little is currently known about the relationship
between patterns of alcohol use, especially higher
levels of drinking, and the physical and health
conditions unique to persons in this group
(NITAAA 1997), or about differing medical
consequences of alcohol intake within different
age groups of the elderly population (Smith

and Baltes 1997). What is known, however,
foreshadows difficulties as changes occur in the
makeup of the elderly population. Alcohol-
related hospitalizations among the elderly are
common, with rates similar to those for heart
attack (Adams et al. 1993). Injuries and deaths
in alcohol-related accidents are a serious problem
among the elderly: 11 percent of drivers aged

65 through 74 in fatal crashes in 1994 tested
positive for alcohol (National Highway Traffic
Safety Administration 1995). In addition, in

nonfatal crashes, the extent of injury sustained by
an older person is likely to be greater than that
sustained by a younger person for a crash of equal
force (Waller 1998).

Development and Drinking Behavior:
Dynamic Models of Stability and Change

The usefulness of the developmental perspective
is shown by its recent emergence as a tool for
understanding the development of risk for a
variety of health behaviors and chronic diseases
(for example, see Blane 1995; Kuh and Ben-
Schlomo 1997; Mann et al. 1992). A recent
extensive review of the relationship between
socioeconomic status and health outcomes noted
that the course of adult health and disease risk is
influenced by multiple sets of life course factors
(Kuh et al. 1997). One set involves exposure to
long-term biological chains of risk, another
involves exposure to social chains of risk. Both
chains continue to operate throughout the life
course via learning experiences (a third chain)
that lead to adult outcomes, which in turn affect
disease risk through behavioral style and through
heightened exposure to causal factors later in life.

In the same manner, a multilevel set of factors
produces life course variation in alcohol use and
alcohol dependence. Patterns of use are regulated
by cognitive and motivational networks, which
are determined by the user’s subjective experience
of the drug, knowledge of the rule structure for
appropriate use, and belief about whether it is
more or less desirable to drink at a given point in
time (Fischhoff and Quadrel 1995). The imme-
diate encouragement and availability offered by
peers also regulate onset and course. The timing
of when initial use takes place and the develop-
ment of problem use are heavily influenced by
patterns of alcohol use among peers. Peers whose
behavior involves risk taking and antisocial
behavior are also more likely to encourage early
problem drinking, and their continued presence
increases the likelihood that drinking problems
will emerge and be sustained.

At the same time, alcohol-related disorders are
brain disorders, involving the brain’s mechanisms



for appetite, craving, reward (Koob et al. 1994),
planning and forethought, affective states such as
depression and anxiety, and behavioral control.
Relative sensitivity to alcohol’s effects (Schuckit
1994) and the ability to control drinking (Pihl
and Bruce 1995; Pihl and Peterson 1991) also
play a role.

Developmental theory reminds us that the two
domains of influence—one psychosocial, the
other neurobiological—operate within the
confines of a larger, less visible system that
surrounds its members. Nonetheless, the rule,
availability, and activity structure of the larger
society plays a highly significant role in regulating
drinking behavior. This larger social system
restrains heavy consumption in some eras and in
some community settings and allows it to flourish
in others. Legal restriction and social policy affect
the use of alcohol. Prohibition and wartime
rationing are examples of a phenomenon that
continues to change as lawmakers and policy
makers restrict or increase the availability of
alcohol and change the penalty structure for its
use. Finally, societal context and neurobiology
interact from the time of an individual’s con-
ception. Thus, the individual becomes a dynamic
organism functioning in a social, psychological,
and biological context (Gottlieb 1991; Nesse

and Berridge 1997; Wiers et al. 1998). This
multilevel explanatory structure is the causal
puzzle that scientists are currently working to
piece together. The developmental framework
allows the pieces to begin to be fit together.

In Closing

A complex set of factors introduces individuals
to alcohol and produces variations in alcohol use
and abuse over the life course. Factors include
psychosocial and neurobiological mechanisms
as well as influences from the larger society.

A mounting body of evidence has begun to
demonstrate that this process is a dynamic one,
involving the creation of a chain of risk with
contributions to outcome from three sets of
factors—neurobiologically determined and
regulated life course processes not specifically
related to alcohol; other life course processes,
such as disadvantaged socioeconomic status,

Alcohol Involvement Over the Life Course

also not specifically related to alcohol; and
factors pertaining to alcohol, such as group
norms about use. A series of recent studies
shows that measures of behavioral undercontrol
in early childhood are predictive of adult alcohol
disorder. Although this work is only one part of
the complex developmental puzzle of how early
risk leads to clinical disorder, it indicates that
the process is one involving neurobiological
vulnerability, psychosocial factors that support
the vulnerability, and a culture that makes alcohol
available for use. Solving this developmental
puzzle will require multidisciplinary efforts to
formulate models of causal processes at different
mechanistic levels and at multiple stages in the
life course of risk and clinical disorder.
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Alcohol and Violence

Of the 11.1 million victims of violent crime each
year, almost one in four, or 2.7 million, report
that the offender had been drinking alcohol prior
to committing the crime (Greenfeld 1998).
Among the attacks that were committed by
current or former intimate partners of the vic-
tims, two out of three of the offenders had been
drinking prior to the attack (Greenfeld 1998).
Over the years, consistent findings such as these
have stimulated research into factors that might
contribute to alcohol-related violence and the
question of whether alcohol use is not merely
associated with, but perhaps a cause of, violence.

Alcohol-related violence is the result of complex
interactions between individual and environ-
mental factors that either promote or inhibit
violence. Findings from numerous studies
implicate several variables—including personality
factors, individual expectancies, situational
elements, and sociocultural influences—that
may interact with alcohol’s pharmacologic effects.
What is not clear is whether and under what
circumstances these interactions may combine

to lead to violent episodes. It is also not known
what interventions might prevent or reduce the
likelihood of alcohol-related violence.

In recent years, however, using increasingly
sophisticated methodology, researchers have made
advances in understanding the individual and
environmental factors related to alcohol and
violence and in addressing the issue of causation.
In addition, the field is progressing as a result

of new theoretical frameworks that describe

the complex interplay between individual and
environmental influences and incorporate an
“Interactional level” that is influenced by each.
This section focuses on recent developments in
these areas.

Studies at the individual level include investi-
gations of alcohol use by both the offender and
the victim. Regarding the offenders, research has

long indicated that there is an association between
drinking and the perpetration of violent acts (for
reviews see Collins 1981, 1989; Lipsey et al.
1997; Pernanen 1976, 1981, 1991; Roizen 1993,
1997). More recent research has extended this
finding by examining related items of interest
such as variations by the amount of alcohol

used, the severity of the ensuing injuries, and

the social relationship between the offender

and the victim.

Regarding the victims of alcohol-linked violence,
studies have investigated risk factors for becoming
a victim and have examined whether alcohol con-
sumption by the victims, as well as the offenders,
might influence those risks. Although the study
of alcohol use by victims is newer and somewhat
less developed, it is proceeding along some of the
same avenues as research on offenders, such as
looking at the relationships between offenders
and victims.

This section also reviews studies about environ-
mental factors in the relationship between alcohol
and violence. These include studies of individual
bars and street locations as well as studies of
comparative crime rates across cities and States.
A key variable in this research is sometimes
alcohol availability rather than alcohol consump-
tion. The expectation is that decreased availabil-
ity might lead to decreased consumption, which
might lead in turn to lower rates of violence.
Availability is of interest because it is a potential
“policy lever” that could be manipulated if a
causal relationship between availability and
violence rates were firmly established.

An important goal of this research is to advance
beyond simply finding that violence rates increase
with increasing alcohol consumption, to move
toward scientific results that would strengthen
our ability to conclude whether this relationship
is causal. Two kinds of environmental or policy-
based studies are useful steps in this direction:



those that gather data at set intervals over time,
and those that gather data both across time and
at different locations.

Researchers pursue across-time studies by collect-
ing data in several waves over time (longitudinal
survey studies) or by analyzing regularly collected
data series, such as annual homicide rates for
cities (time-series studies). These study designs
help to establish the temporal relationships
between variables, an important step toward
demonstrating causality. Even though, for
example, variables A and B might be related

in the sense that whenever A happens, B also
happens, A cannot be said to cause B unless A
happens before B. Furthermore, when data are
collected regularly over time, studies can reveal
such associations as two variables rising and
falling in synchrony. Demonstration of this kind
of relationship would provide more persuasive
evidence of an underlying causality than, for
example, the finding of a one-time connection
among variables through a cross-sectional study.
In either case, however, an apparent relationship
between two variables may actually be caused by
a third, unknown factor. Thus, studies that
attempt to establish causality must not only
determine the timing of events, but also identify
and measure the effects of any intervening factors
that may have affected the outcome.

More effective than the across-time approach
alone is one that also gathers data from several
different locations (across time and across space,
or a “pooled, cross-sectional, time-series analysis™).
These designs give researchers a particularly
strong basis for attributing causality in the find-
ings. Recent work on environmental contribu-
tions to violence has pursued both paths in order
to gain deeper insights into the question of
causality.

Also included in this section is a review of some
recent theoretical developments in the field of
alcohol and violence. In addition to advances
made through research, the knowledge base in
this field can increase through the development of
new conceptualizations to explain facts or events.
After emerging, these conceptualizations become

Alcohol and Violence

shared among scientists and eventually are tested
in studies. Thus, a look at the developing
theories is a preview of the kinds of empirical
studies that are likely to be conducted soon.

Finally, a few words on the scope of this review.
First, it does not address self-inflicted violence
(that is, suicide). Second, it focuses on epidemio-
logic or population-based studies and thus omits
ample research using laboratory animals (for
reviews of this literature see Brain et al. 1993;
Higley and Linnoila 1997; Miczek et al. 1997;
Yudko et al. 1997) and human laboratory experi-
mental studies (for recent meta-analyses of this
literature see Bushman 1997; Lipsey et al. 1997).
These studies suggest that there is no simple or
inevitable relationship between alcohol and
aggression. Psychopharmacologic, personality,
cognitive, and situational factors all appear to play
important roles in influencing whether violence
will occur. Nevertheless, experimental findings
do suggest that, in laboratory settings, alcohol
tends to increase aggressive responses in a way
that might be interpreted as relatively strong
support for a causal effect of alcohol consumption
on violence.

Individual-Level Studies: Drinking
by Offenders

The National Crime Victimization Survey
(NCVS) has found consistently that alcohol is
more likely than other drugs to be involved in
substance-related violence. According to data
from 1992 through 1995, nearly one-fourth of
all victims of violent incidents were reasonably
certain that one or more of the offenders had
been drinking alcohol before committing the
offense (Greenfeld 1998). In 20 percent of all
incidents the offender used alcohol only; in

5 percent the offender used both alcohol and
other drugs; and in 1 percent the offender was
known to be under the influence but it was not
known whether the offender was using alcohol
or drugs (figure 1). By comparison, in only

5 percent of the incidents was the assailant
reported to be under the influence of drugs

but not alcohol. Thus, despite the popular
conception that violent crime is strongly linked
to drug use by offenders, this study indicates that
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there is actually a much greater probability that
any given violent incident will be related to
alcohol use than to use of other drugs by the
offender.

Furthermore, the 25-percent estimate of drinking
among offenders reported by the NCVS is likely
to be an underestimate. This is because homi-
cides, which are omitted from the NCVS data,
consistently have a higher proportion of alcohol
involvement than do the less serious forms of
violence that are included in the NCVS (for
reviews see Collins and Messerschmidt 1993;
Lipsey et al. 1997; Murdoch et al. 1990; Pern-
anen 1991; Roizen 1993). For example, in

one recent study where 268 homicide offenders
were interviewed about their crimes, 32 percent
reported being intoxicated at the time of the
offense (Spunt et al. 1994, 1995). In a study

of 1,768 homicide case records in New York
State in 1984 through 1988, more than 47 per-
cent of the homicides involved alcohol use by
the offender (Goldstein et al. 1992). In addition,
according to the Bureau of Justice Statistics,
convicted murderers in State prisons reported
that alcohol was a factor in half the murders they
had committed, with alcohol involvement higher
in murders of intimates (54 percent) than mur-
ders of acquaintances (50 percent) or strangers
(47 percent) (Green-feld 1998).

Figure 1: Among victims of violent crime,
percentage who were certain that the
offender had been drinking or using other
drugs before committing the crime

Alcohol only
Alcohol and drugs
Alcohol or drugs

Drugs only [ 7]

No drugs or alcohol |
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Source: Greenfeld 1998.

Not only is the use of alcohol prevalent among
offenders, but the amount of alcohol consumed
at the time of the offense is likely to be quite high
(Greenfeld 1998). In one study, the estimated
average blood alcohol concentration (BAC) of
offenders who had been drinking was in the range
of double or triple the thresholds of impairment
most commonly used in State driving while
intoxicated (DWI1) laws. The study estimated
average BAC’s of 0.18 percent for probationers,
0.20 percent for local jail inmates, and

0.28 percent for State prisoners at the time

of their offense, while blood alcohol limits for
DWI are usually either 0.08 or 0.10 percent
(Greenfeld 1998).

A broad-based review of the literature on
individual-level studies of offenders’ drinking
and violence—among both adolescents and
adults—yielded a somewhat similar picture of
the relationship between drinking and violent
behavior (Lipsey et al. 1997). This review of
129 studies published between 1950 and 1994
found repeated evidence of an overall relationship
between greater alcohol use and criminal and
domestic violence, with particularly strong
evidence in studies of domestic violence. How-
ever, when researchers accounted for a greater
number of “control variables” (such as gender,
age, social class, criminal status, childhood abuse,
and use of other drugs in addition to alcohol),
they tended to find that these control variables
weakened the strength of the original relationship
between violence and alcohol consumption, in
some cases to the point of no association. For
example, in 6 of the 14 studies of criminal
violence that had data on control variables,

no statistically significant relationship between
alcohol and violence remained after the influence
of control variables was removed. In the domestic
violence studies, however, while control variables
reduced the association, 11 of the 13 studies
reported statistically significant levels of associ-
ation that remained after the analysis controlled
for other variables. The researchers concluded
that, although research to date shows substantial
evidence of an association between alcohol and
violence that is consistent with a causal relation-
ship, it will not be possible to state conclusively



that alcohol causes violence until further
research using a wider array of control variables
is conducted.

Alcohol and the Severity of Violence and
Injuries

Studies have generally found that the more
serious the crime or injuries, the more likely
alcohol was involved. For example, a recent study
showed that drinking offenders committed 15
percent of robberies, 26 percent of aggravated and
simple assaults, and 37 percent of rapes and
sexual assaults (Greenfeld 1998). Moreover, as
noted previously, homicides are more likely to
involve alcohol than are less serious crimes.

An earlier study on injury severity showed that
the use of alcohol by men was associated with
more severe violence and a greater severity of
injuries among victims who were intimate
partners (Stets 1990). More recently, researchers
using NCVS data from 1992 and 1993 found a
significant association between assailant alcohol
use and injury severity for men’s assaults on
intimate female partners (Martin and Bachman
1997). This link between increased alcohol use
and greater injury severity persisted even after the
researchers made statistical adjustments for the
victim's marital status, victim’s age, and place of
injury occurrence.

Another recent study also found that alcohol
consumption by hushands increased the severity
of domestic violence (Leonard and Quigley
1999). In this survey of marital violence among
newlyweds, researchers found that physically
aggressive episodes were four times as likely

as verbally aggressive episodes to involve the
husband’s drinking. In cases where both
physically and verbally aggressive episodes
occurred during their first year of marriage,
couples reported nearly twice as much overall
alcohol involvement in the physically aggressive
episodes than in the verbally aggressive episodes.

A study using NCVS data from 1992 through
1994 found that alcohol use by perpetrators did
not affect the likelihood that rape would be
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completed or that medical treatment for the
victim would be needed, but did increase the
chances that the victim would suffer additional
physical injuries beyond the trauma of sexual
assault (Martin and Bachman 1998). Thirty-nine
percent of the victims who perceived the offender
to have been drinking were injured, whereas

25 percent who did not perceive the offender

to have been drinking were injured. When the
investigators conducted a second analysis that
controlled for a range of variables in addition to
assailant drinking (such as the victim’s race, age,
and income as well as presence of a weapon, place
of the attack, and physical resistance), the offend-
er's use of alcohol was still positively associated
with the likelihood of additional injuries, but was
not statistically significant.

Attacks on Intimate Partners Versus Strangers

As mentioned previously, research has also
indicated that violence against intimate partners
is much more likely to involve alcohol than is
violence against strangers. In NCVS data, alcohol
was used by 67 percent of persons who victimized
an intimate (that is, a current or former spouse,
intimate partner, or boyfriend or girlfriend)
compared with 38 percent of those who victim-
ized an acquaintance and 31 percent who victim-
ized a stranger (Greenfeld 1998).

In other research, investigators found that half of
alcoholic men who were receiving treatment had
been violent toward an intimate partner in the
year before alcoholism treatment (O’Farrell and
Murphy 1995). The same researchers reported
that levels of domestic violence significantly
decreased after behavioral marital therapy, partic-
ularly among alcoholics who did not relapse.

The Role of Personality Factors

Other studies have tried to examine the develop-
ment of both alcohol use and violent behavior
during adolescence and youth. The aim of these
studies has been to understand how links form
between alcohol use and violence during the
period when the personality is developing.
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The Rutgers Health and Human Development
Project collected three waves of data on New
Jersey adolescents (aged 12 through 18) in 1982
through 1984, 1985 through 1987, and 1992
through 1994 (White et al. 1993a,b; White
1997). The results of this research project
indicated that the apparent connection between
aggression and alcohol use in adolescents was
actually caused by a third factor—a proclivity
for exhibiting generalized problem behavior—
that caused both heavy drinking and aggression.
(In this study, “aggression” was defined to include
(1) hurting someone badly, (2) using a weapon
in a fight, (3) vandalism, (4) hitting parents, or
(5) fighting at school. As most of these items
also indicate violence, the conclusions about
aggression may be taken to generally apply to
violence as well.)

The Buffalo Longitudinal Survey of Young Men
was similar in that it focused on younger subjects
(aged 16 through 19), used a research design that
collected data in waves over time, and examined
underlying personality factors at work in the
alcohol-violence connection (Zhang et al. 1997).
The study contained two analyses: one predicted
the probability that a person would commit an
assault, and the other predicted how frequently
assaults would occur among those who did
commit them. In the first analysis, offenders’
drinking patterns did not independently
contribute to the probability that they would
commit an assault, but the patterns did act in
concert with such personality factors as deviant
attitudes, aggressiveness, and hostility to raise that
probability. In the other analysis, involving those
who did commit assaults, increased drinking was
directly related to greater frequency of assault.

In sum, recent research on the relationship be-
tween offenders’ drinking and the perpetration
of violence has continued to show that offenders’
drinking is related to violence, that the amount
of alcohol consumed tends to be larger in more
serious offenses, and that the connection between
drinking and violence is stronger where the
relationship between perpetrator and victim is
closer. Studies are now trying to explore these

issues further, largely through examining the
interactions between personality and situational
factors and both alcohol use and violence in
youth.

Individual-Level Studies: Drinking
by Victims

Researchers have also examined the matter of
drinking by the victims of violence. While
alcohol consumption by a victim does not excuse
an offender’s actions, drinking may reduce a
person’s awareness of or ability to respond to
threatening situations, place a person in a social
situation or environment that is more violence
prone, or mark a potential victim as an easy
target.

Much of the data on the connection between
alcohol and violent injuries has come from
studies carried out in hospital emergency rooms.
Reviews of these studies have found that persons
in emergency rooms with violence-related injuries
were two to five times as likely as persons injured
from all other causes to have some alcohol in
their bloodstream or to be intoxicated (Cherpitel
1994, 1997). In addition, persons consuming
larger amounts of alcohol were found to be at
greater risk for violence-related injuries than those
consuming smaller amounts (Borges et al. 1998).

A substantial amount of the research on victims’
drinking has focused on the victims of sexual
assaults. Researchers have found positive associ-
ations between alcohol use and sexual assault in
studies of college students (Abbey et al. 1996,
1998; Muehlenhard and Linton 1987), convicted
rapists (Ullman and Knight 1993), and spouses
involved in marital rape (Russell 1990). One
study of 52 women bar drinkers reported that
most of the women (85 percent) had experienced
some form of nonsexual physical aggression and
one-third (33 percent) had experienced attempted
or completed rape associated with drinking in

a bar (Parks and Miller 1997). Although the
researchers found that the risk of nonsexual
victimization was not related to how frequently
the women went to bars, they found that the
women who went to bars more often had a



greater risk of sexual victimization. Other
research shows that increased likelihood of
victimization among drinking and intoxicated
women may be related to their impaired cognitive
and motor functions, which reduces the ability to
perceive risk or avoid aggression, and the perpe-
trators’ expectancies of increased sexual avail-
ability (Abbey et al. 1996).

Although many studies have found an association
between alcohol consumption and domestic
violence, both in general population samples
(see Kantor and Straus 1987; Leonard and
Senchak 1993) and in studies of batterers (see
O’Farrell and Murphy 1995), findings regarding
alcohol use by victims are mixed. One recent
study found that there is little evidence that the
wife’s drinking is associated with the husband’s
aggression (Leonard and Quigley 1999). Also,

a review of the literature on the “intoxication-
victimization” hypothesis, which suggests that
women “under the influence” of alcohol or drugs
may become targets of male aggression, found
mixed evidence supporting an association between
women’s intoxication and physical assaults by
husbands (Kantor and Asdigian 1997). An
analysis by the same researchers of data from

the 1992 National Alcohol and Family Violence
Survey indicated that the wife’s alcohol use did
not have significant effects on husband-to-wife
violence when the husband’s drinking, use of
drugs, and selected sociodemographic variables
were accounted for in the analysis (Kantor and
Asdigian 1997). The researchers concluded that
there is little evidence that women’s drinking
provokes or even precedes aggression by hus-
bands. In short, the evidence for a connection
between victims’ drinking and the experience of
violent victimization is not as clear in the case of
partner or spouse abuse as it is in sexual assaults
by other perpetrators.

Environmental Influences

An alternative to studying the individuals
involved in violent events (whether offenders

or victims) is to study the places where violence
occurs. Several recent studies have taken this
approach. In some older research, criminologists
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studying the geographic distribution of violence
had found that alcohol availability was a key
factor in identifying where crimes of violence
occurred. In an investigation of locations in a
large U.S. city to which police were dispatched to
handle violent crimes, researchers found that on-
site alcohol outlets such as bars and restaurants
were among the “hottest” of the “hot spots” for
violence (Sherman et al. 1989). In another large
U.S. city, researchers found that city blocks with
bars had higher rates of assaults, robberies, and
rapes than other blocks, even after the analysis
accounted for the impact of unemployment and
poverty (Roncek and Maier 1991).

A number of studies have analyzed the charac-
teristics of bars that are most strongly associated
with violence. The characteristics include the
type of drinking establishment, the physical and
social environments, the types of patrons, and the
role of bar workers. For example, bars with a
reputation for violence, skid row bars, and
discotheques are more likely than others to
experience violent incidents (Homel and Clark
1994). Bars that are unclean, poorly ventilated,
and dimly lit, and those patronized primarily by
groups of males rather than solo males and
couples, are also more likely than others to
experience violent incidents (Homel and Clark
1994). The same study found that barroom
environments predictive of aggression were those
where there was swearing, sexual activity, prostitu-
tion, drug use, drug dealing, and an “anything
goes” atmosphere. In other research, aggression
has also been found to be associated with lack of
control by bar workers, low staff-to-patron ratios,
crowding, and failure to engage in responsible
serving practices (Graham 1985; Homel et al.
1994; Stockwell et al. 1993).

Studies Across Different Locations

Other recent studies have focused on the effects
of alcohol outlet density on violence across cities,
with mixed findings. A study of 74 cities in

Los Angeles County found that rates of assault
reported to the police were significantly associated
with the density of outlets selling alcohol for
consumption either on or off the premises

59



60

Chapter 1: Drinking Over the Life Span: Issues of Biology, Behavior, and Risk

(Scribner et al. 1995). A 1-percent increase in the
density of outlets was associated with a 0.62-
percent increase in the rate of violent offenses.
However, a study using the same methodology to
analyze data from 223 municipalities in New
Jersey with populations greater than 10,000
found no significant association between outlet
density and violence, after the researchers
accounted for variables similar to those used in
the Los Angeles study (Gorman et al. 1998).

In interpreting these conflicting findings across
sites, researchers have speculated that outlet
density may be related to violent assaults “only
when certain conditions prevail, for example,
when average population size is large, alcohol
outlets density crosses a certain threshold, and/or
alcohol is sold through certain types of ‘easy
access’ retail outlets such as mini-markets”
(Gorman et al. 1998, p. 99). Other researchers
have made the similar argument that if alcohol
outlets dominate a location, then this feature of
the local environment might act to stimulate
crime by attracting certain types of activities,
such as drug sales, prostitution, and gang
activities (Alaniz et al. 1998).

Studies Across Time

In an unusual recent study, a series of local policy
changes in Barrow, Alaska, provided the basis

for a natural experiment in the form of an
across-time study (Chiu et al. 1997). During a
33-month period, referenda passed by the citizens
at first imposed, then withdrew, and finally
reimposed a total ban on alcohol sales in the
Alaskan village. Research findings indicated
significant decreases in emergency room visits
(including those for assaults) when alcohol was
banned, increases to levels of the pre-ban period
when the ban was lifted, and significant declines
again when the ban was reimposed by Barrow
voters. The ability to provide contrasts between
periods when the policy was in force and periods
when it was suspended makes this an especially
persuasive study.

In one recent study that focused solely on
homicide, researchers conducted a time-series
analysis of annual U.S. homicide rates and annual

estimates of U.S. beer, wine, and spirits consump-
tion for the years 1934 through 1994 (Parker and
Cartmill 1998). The study found evidence for a
link between alcohol consumption and homicide
across races, with the effects being stronger for
whites than nonwhites. The findings indicated
that homicide rates for whites rose with rising
consumption of spirits, were unrelated to beer
consumption, and rose with falling consumption
of wine. The analysis of nonwhite homicide rates
contained much less evidence of a link, in that
beer was the only beverage for which consump-
tion increased with increasing homicide rates, and
this relationship was found in some but not all of
the statistical components of the study. Although
the researchers reported that declining alcohol
consumption is related to the falling rate of homi-
cide in the United States, they noted that “it
would be inappropriate to claim that a decline

in alcohol consumption is the most important or
the only reason why homicide rates are falling”
(Parker and Cartmill 1998, p. 1374).

Studies Across Time and Different Locations

Studies with particularly strong research designs
are those that take advantage of data collected
both over time and across different locations.
Among these was a study of alcohol consumption
(based on sales data), State-level beer taxes, and
rates of homicide, rape, robbery, and assault
(from the Federal Bureau of Investigation’s [FBI]
Uniform Crime Report) (Cook and Moore 1993).
This analysis used annual data for each of the
contiguous 48 states for the years 1979 through
1988 in a pooled, cross-sectional, time-series
analysis. The study found significant relation-
ships between alcohol consumption and crime
rates for rape, assault, and robbery, but not for
homicide. It also found that variations in the
beer tax were associated with changes in alcohol
consumption, with consumption being lower
when taxes were higher. The researchers con-
trolled for the effects of a number of variables,
including poverty and State racial composition.

Another example of an analysis conducted both
over time and across different locations involved
data collected across 256 large U.S. cities over a



period of 20 years to see how changes in alcohol
outlet density were related to changes in the
homicide rate (Parker and Rebhun 1995). This
study controlled for such theoretically relevant
variables as poverty, median family income, family
structure, social bonds, racial composition,
migration, region, participation by females in the
labor force, and population density (Parker and
Rebhun 1995). The study analyzed the relation-
ship between alcohol availability (measured by the
number of liquor stores per 1,000 population)
and homicide rates reported in the FBI's Uniform
Crime Report series. Although analyses were
conducted for 1960, 1970, and 1980, only in
1970 did the investigators find a significant,
direct relationship between alcohol availability
and homicide.

Another study by the same investigators took

a somewhat different tack by examining the
relationship between minimum legal drinking age
laws and rates for youth homicides (Parker and
Rebhun 1995). Although this approach differs
from one focusing on the effects of consumption
or alcohol availability, the general intent is similar
since the researchers reasoned that restricting
alcohol access by raising the minimum drinking
age would reduce alcohol consumption and
consequently reduce violence. The results did
not provide strong confirmation of a link between
raising the minimum purchase age and homicide
rates. In only one of the six analyses conducted
(homicides of victims aged 21 through 24 in
which the victim and the assailant knew each
other) did the researchers find that raising the
minimum age had a significant effect on reducing
homicide rates.

In summary, while environmental studies have
suggested the potential for preventing violence
through reducing alcohol availability, they are less
than conclusive in demonstrating a causal role of
alcohol availability in the occurrence of violent
events. Not all studies have found a significant
relationship between alcohol availability (or
alcohol consumption) and rates of violence. It is
not clear, for example, why cross-sectional studies
(such as the individual-level studies described
earlier) consistently show that alcohol is involved
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in a higher proportion of homicides than less
serious crimes, whereas longitudinal studies at
the environmental level do not show a consistent
connection between homicide and consumption
rates. In some cases, studies have not accounted
for appropriate variables that can affect a relation-
ship between consumption and violence. In
other cases, such as the Barrow, Alaska, study,
researchers are uncertain how far the results
should be generalized beyond the particular
cultural and social setting in which the study
was done. Despite these remaining limitations,
the convergence of environmental studies on the
basic finding that alcohol availability and violence
are positively related, taken together with the
results of individual-level studies suggesting a
relationship between alcohol consumption and
violence, has increased the scientific community’s
confidence that alcohol availability plays a causal
role in the generation of violence. However,
additional research is needed to determine how
alcohol availability interacts with other factors in
the causal process leading to violence.

Theoretical Developments

Recent progress has also been made in construc-
ting theoretical models to explain the alcohol-
violence link. Two such recent approaches
deserve some discussion here, as they can be
expected to supply some of the theoretical
framework that will guide future research in
this area.

The first of these two theories, called the
“selective disinhibition theory,” proposes that
alcohol’s effect in a situation with the potential
for violence depends on contextual factors specific
to the situation, the actors involved and their
relationships with one another, and the impact of
bystanders (Parker and Rebhun 1995). The
theory holds that individuals are constrained from
engaging in violence by standards, or norms, they
have internalized concerning proper conduct in
an interpersonal argument. Individuals may,
however, also have alternative norms that support
the use of violence in some situations. Particu-
larly in a situation with interpersonal conflict
(such as an open display of disrespect) and weak
environmental support for norms that forbid
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Figure 2: Factors contributing to intoxicated aggression: the example of aggression involving two people
(showing opportunities for prevention at different levels)
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violence (such as a bar with an “anything goes”
atmosphere), alcohol use may be more likely to
relax, or “disinhibit,” any antiviolence norms and
lead to an escalation into violent behavior. In
addition, in situations that require a conscious
decision to refrain from violence when it is likely
to resolve the situation in one’s favor, the use of
alcohol may undermine the constraint of active
antiviolence norms. Thus, the selective nature of
alcohol-related violence can be seen as a product
of impaired rationality and the nature of the
social situation (Parker and Rebhun 1995). This
theory has received support indirectly from
analyses of data collected at the Statewide and
communitywide levels (Alaniz et al. 1998; Parker
1995; Parker and Rebhun 1995), but it has not

been tested directly at the individual or small-
group levels.

The other theoretical development is an effort
to more fully specify the multiple causes and
processes underlying intoxicated aggression.
Based on a multidisciplinary perspective, this
model shows that societal and cultural factors
related to both intoxication and aggression
provide the background for alcohol-related
violence that emerges from the social interaction
of at least two individuals (figure 2). What
emerges, however, depends on cultural framing of
shared attitudes and expectancies of their society,
the characteristics of each individual (including
his or her personality, history of violence, and




alcohol-related expectancies), the psychophar-
macologic and expectancy effects of alcohol on
the brain and related cognitive functions, and the
influence of the drinking context (Graham et al.
1998). Each of these factors has been addressed
in a wide range of studies but not previously
synthesized in a single model.

In Closing

Studies of violent incidents have continued to
find that alcohol use often precedes violent events
and that the amount of drinking is related to the
severity of the subsequent violence. Research has
been advancing beyond confirmation of these
basic relationships toward an examination of the
personality and situational factors that interact
with both alcohol use and violence. One area of
research is focusing on youthful perpetrators in
the hope of offering findings that will be relevant
for successful interventions. Research has also
focused on alcohol use by the victims of violence.
Here, research has concentrated on sexual assaults
and domestic abuse. Findings have indicated that
the connection between victims’ drinking and
violent attacks is not as clear in the case of partner
or spouse abuse as it is in sexual assaults by other
perpetrators. Studies have also focused attention
on the environments where violence has occurred.
Such analyses continue to find that violence is
more prevalent in localities where alcohol is more
widely available. However, research has yet to
determine how availability interacts with other
factors in the causal process leading up to the
generation of violence.

To assist in the development of policies and
intervention programs to reduce or prevent
alcohol-related violence, future investigations
will need to focus further on (1) identifying the
individual and environmental conditions and
situations in which alcohol use may cause
violence; (2) determining the interrelationships
among these individual and environmental factors
that lead to violence with alcohol consumption;
(3) elucidating the biological and psychosocial
processes through which alcohol consumption
may lead to escalating aggression and violence;
(4) determining the role of alcohol consumption
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in specific high-risk environments, such as bars
and gangs, and in specific social contexts, such as
the family; and (5) improving treatment for
individuals who abuse alcohol and have a history
of domestic or other violence. Policies and
intervention programs based on understandings
from such research will need to be implemented
and, of equal importance, evaluated rigorously to
provide guidance for continuing efforts to reduce
or prevent alcohol-related violence.
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Twenty-five years ago, a Report to the U.S. Congress on Alcohol and Health stated,

“No one knows how alcohol intoxicates” (U.S. Department of Health, Education, and
Welfare 1974, p. 93). Since then, discoveries in brain science have given alcohol researchers
the means to begin to understand the variety of cellular effects of alcohol and how those
effects translate into behavior. These fundamental discoveries include an understanding of
neurotransmitters, the chemical message carriers in the brain; the cell receptors to which the
neurotransmitters dock; and the biochemical message relays that link receptor binding and
the metabolism of the cell and, ultimately, brain activity.

Included in this chapter are highlights of some recent directions in this research, beginning
with an overview on the cell-to-cell communication that underlies brain activity and that
is disrupted in multiple ways by alcohol. As each section illustrates, the research effort has
been aimed at dissecting the effects of alcohol down to the most fundamental level—
defining what the precise chemical and molecular steps are by which alcohol slows the
transmission of neural messages in the brain and how the brain responds to counter

these effects.

As the sections in this chapter illustrate, this approach has led to a remarkably detailed,
though still incomplete, picture. Effects on neurotransmitters are described with details that
include the flux of charged ions into and out of the cell, the carrier molecules that shuttle
neurotransmitters between neurons, the enzymes that enable or disable all this activity,

and the genes that may be turned on and off in response to alcohol’s presence.

Impressive as these discoveries have been, the challenge remains to reassemble the system and
understand how the totality of effects of alcohol works in individuals. The impulse to drink
too much cannot be understood in terms of one neurotransmitter any more than it can be
attributed to one life event. Research on brain chemicals is one avenue to understanding
how alcohol can change brain function and structure and why and how some individuals
are from birth more sensitive to these effects than others. As important, this research is
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perhaps the only way to identify pharmaceuticals
that can interrupt these alcohol-based effects.
However, single brain chemicals act in the context
of a system that is dauntingly complex. Among the
avenues scientists are exploring to address this com-
plexity is the use of animals genetically engineered to
have specific changes in neurotransmitters or in the
proteins that are involved in mediating neurotrans-
mitter responses. In this way, the effects of bio-
chemical changes can be observed, not only in terms
of chains of chemical events, but in terms of the
behavior of intact animals. Even so, different
neurotransmitters interact with each other; further,
the absence of one key neurochemical from birth can
have widespread developmental effects, and can be
compensated for by other systems in the animal. For
this reason, scientists are looking at the possibility of
studies in animals in which several such genes are
disabled—or in which the genes can be turned on
and off in specific tissues or at specific times.

While the disassembling of the alcohol response is
already providing clues to how those at risk might
be identified and how alcoholism might be treated
medically, future research also will require under-
standing all the component parts as a system that
does not preordain behavior, but to some degree,
sets the stage.
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Setting the Stage: The Structure and

Function of Neurons

The changes in behavior seen soon after con-
sumption of alcohol—the acute effects of alcohol
collectively referred to as intoxication—include
impaired coordination of movements; errors in
judgment about movements, distances, and time;
impaired learning and memory; and sedation.
Drinking moderate amounts of alcohol can
produce a general depressant effect on behavior,
whereas intake of large amounts of alcohol can
lead to loss of consciousness and even coma or
death from respiratory failure. These effects—
as well as the euphoria and anxiety reduction
seen with alcohol—all result from alcohol’s
actions on the brain.

Exposure of the brain to alcohol initiates a process
of adaptation that works to counteract the altered
brain function resulting from initial exposure to
alcohol. This adaptation or change in brain
function is responsible for the processes called
alcohol tolerance, alcohol dependence, and

the alcohol withdrawal syndrome. Tolerance
describes the process by which the brain becomes
resistant to the effects of alcohol that lead to
intoxication. This process results in a decrease

in the amount of intoxication with time after
alcohol drinking or after repeated alcohol
drinking sessions, even when the amount of
alcohol in the brain is the same as that which
would originally have produced intoxication.

For example, a level of brain alcohol that would
produce movement problems minutes after
beginning drinking will not produce the same
severe intoxication hours after drinking was
initiated. Further, in an individual who drinks
heavily and often, the amount of intoxication
produced by a particular level of alcohol in the
brain is less than that in an individual who is
drinking for the first time. These progressive
changes in the behavioral effects of alcohol result
when the brain becomes tolerant to its presence.

Prolonged exposure to alcohol can also cause the
brain to become dependent on the presence of
alcohol. Individuals who have been drinking
steadily for long periods of time need to continue
drinking to maintain an appropriate level of brain
activity. These individuals will often report a
strong desire, or craving, for alcohol and will
become anxious and restless if deprived of alcohol
for any significant period of time. Alcohol-
dependent individuals will consume alcohol when
given the opportunity, almost without regard to
the social or environmental context. Laboratory
animals also can exhibit signs of alcohol depen-
dence that are manifest as heavy drinking when-
ever alcohol is available. Changes in the brain
with long-term alcohol exposure appear to be the
cause of alcohol dependence.

Cessation of drinking following long-term
drinking will result in the development of a
withdrawal syndrome. In the case of alcohol,
withdrawal symptoms range from agitation and
intense anxiety to tremors, full-blown seizures,
and delusions. This withdrawal syndrome is
another consequence of the adaptive changes the
brain undergoes to continue functioning despite
the presence of alcohol. As withdrawal pro-
gresses, the brain becomes free from the influence
of the alcohol and its activity becomes markedly
abnormal, with undesirable consequences for the
mental, emotional, and behavioral status of the
individual undergoing withdrawal.

Prolonged alcohol abuse will also result in the
loss of brain nerve cells, or neurons. This effect
appears to result from the direct toxic effects of
alcohol and its metabolites in combination with
the secondary consequences of the poor nutri-
tional status of alcohol abusers and the neuronal
damage that occurs during withdrawal (Charness
1993; Tsai et al. 1995). The section “The
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Figure 1: Structural features of a presynaptic and postsynaptic neuron
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Nerve cells called neurons contain different compartments that have distinct functions. The treelike dendrites receive chemical signals
from other neurons and transmit electrical signals called synaptic potentials to the soma. The soma adds up these electrical signals from
the dendrites, and if they are sufficiently large, it produces an electrical signal called the action potential that is conducted to the end of the
cablelike axon. At the end of the axon is the axon terminal. This small, knob-shaped structure contains the neurotransmitter molecules
that are released when the action potential reaches the axon terminal. These molecules act on other cells, and this is the basis for
communication within the brain. The soma is also the site of the nucleus, which is responsible for controlling gene expression.

Source: Charness 1990.

Neurotoxicity of Alcohol” later in this chapter
discusses neuronal loss and its consequences.

As will become clear in this and the accompa-
nying sections in this chapter, alcohol alters the
function of the brain by changing communication
within and between neurons, the ultimate result
being changes in brain activity and behavior.

Structure and Function of Neurons

Neurons are cells that are specialized to receive
and rapidly conduct chemical and electrical
signals. They have a distinctive shape with
several appendages, or processes, extending from
a rounded center (figure 1). Most neurons in

the brain and spinal cord contain specific cellular
compartments. Dendrites are treelike appendages
that spread out in several directions from the
rounded center of the cell; they are specialized to
receive information from other cells. Chemicals
released from other neurons interact with den-
drites to initiate electrical impulses that can travel
the length of the dendrite to the center of the
neuron.

The neuronal center, or soma, contains the
nucleus. The nucleus houses the cell’s genetic
material, deoxyribonucleic acid (DNA), which
contains the information needed to synthesize the
different proteins that the cell uses to function.
Proteins are manufactured within the neuronal
soma by a two-stage process (see the box “From
DNA to Protein: How Genetic Information Is
Realized”). The specific sequence of the nucleo-
tide base molecules in the DNA within the
nucleus gives rise to a unique sequence of the
nucleotides in the corresponding messenger
ribonucleic acid (MRNA). This process of RNA
synthesis, called transcription, takes place within
the neuronal nucleus. The RNA is then trans-
ported outside of the nucleus, to the ribosomes,
where the amino acid building-block molecules
of proteins are assembled in an order based on
the sequence of nucleotide molecules in the
RNA. This process is called translation. After
the protein is synthesized, it can be moved to the
appropriate part of the neuron to perform its
given function.
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From DNA to Protein; How Genetic Information Is Realized

All the genetic information necessary to create and
maintain an organism is encoded in long, threadlike
deoxyribonucleic acid (DNA) molecules in the nucleus of
each of the organism’s cells. But how is this information
converted into the proteins that compose a significant
portion of the cell’s components and drive most chemical
reactions in the body? This conversion, called gene
expression, is a complex biochemical process that consists
of several steps occurring in the cell nucleus and in the
cytoplasm. To better understand how gene expression
works, it helps to review briefly the chemical structure of
DNA. The characteristic design of DNA molecules is the
basis for the reactions involved in gene expression.

The building blocks of DNA, the nucleotides, are sugar
molecules linked to organic bases. DNA includes four
different organic bases: adenine (represented by the letter
A), cytosine (C), guanine (G), and thymine (T). The order in
which they are arranged specifies which amino acids will
be linked to form a protein. Because more than four
amino acids exist and are necessary to produce a protein,
a triplet of three nucleotides represents (that is, codes for)
one specific amino acid in the final protein. For example,
the nucleotide triplet ATG codes for the amino acid
methionine, and the triplet TGG codes for the amino acid
tryptophan. The section of a DNA molecule containing the
information needed to make one specific protein is called
a gene.

DNA is a double-stranded molecule: two chains of
nucleotides face each other and are connected through
specific bonds. Because of the nature of these bonds,
each nucleotide can hind to only one other particular
nucleotide. For example, the nucleotide containing A
always pairs with the nucleotide containing T, and the
nucleotide containing C always pairs with the nucleotide
containing G. The composition of the second strand
therefore depends on the composition of the first strand.
Accordingly, the strands are called complementary. This
also means that if the nucleotide sequence of one strand
is known, the sequence of the second strand can
automatically be inferred.

Transcription

To convert the information encoded in the DNA of one
gene into a protein, the first step is to copy, or transcribe,
one of the DNA strands into another nucleic acid molecule
called messenger ribonucleic acid (mRNA). This process
is performed by specific enzymes in the cell nucleus.

There are different kinds of RNA in the cell that have
different functions but the same chemical structure.

RNA molecules are similar in their chemical composition
to DNA molecules. The main differences are that the
sugar component differs between DNA and RNA and that
the organic base T present in DNA is replaced by the base
uracil (U) in RNA. In addition, RNA molecules are single
stranded; unlike DNA, they do not have a complementary
strand.

During transcription, the DNA sequence representing

one gene is converted into mRNA. Only one strand of
the double-stranded DNA molecule, however, serves as

a template for mRNA synthesis; RNA nucleotides are
guided to the DNA sequence that is being transcribed
and temporarily bind to it. Again, only one specific RNA
nucleotide can bind to each DNA nucleotide (for example,
the RNA nucleotide containing A pairs with the DNA
nucleotide containing T, and the RNA nucleotide containing
C pairs with the DNA nucleotide containing G). This
specificity guarantees that the genetic information
contained in the DNA is accurately converted into mRNA.
As with the DNA template, the sequence of a triplet of
nucleotides in the RNA codes for one amino acid in the
final protein.

After all the information for one gene has been copied
into an mRNA molecule, the DNA and mRNA molecules
separate. The mRNA then undergoes some additional
modifications in the cell’s nucleus before it is transported
to the cytoplasm for the next step, the translation into the
protein product.

Translation

In the cell’s cytoplasm, macromolecules called ribosomes
attach to, and slide along, the mRNA. In this manner, the
ribosomes “read” the sequence of the mRNA’s nucleotide
triplets. According to that sequence, the ribosomes recruit
a second kind of RNA, transfer RNA (tRNA), which guide
the amino acids needed for protein synthesis to the
mRNA-ribosome complex. One end of each tRNA
molecule has a region that recognizes one specific
nucleotide triplet on the mRNA. Another region of each
tRNA molecule is attached to a specific amino acid.

Thus, by recruiting tRNA molecules that recognize the
nucleotide sequence of the mRNA, the ribosomes also
retain the right amino acids in the right order to form the
protein encoded by the gene represented in the mRNA.
Specific enzymes then connect the amino acids until the
complete protein is synthesized. Because each mRNA
molecule can be read consecutively by several ribosomes,
many protein molecules can be derived from just one
mRNA template.
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The cell membrane consist of two rows, or a bilayer, of lipid molecules with proteins inserted into the membrane. Two types of proteins
that serve as receptors for brain neurotransmitters are depicted. Binding of neurotransmitters to G protein receptors leads to the binding
and breakdown of guanosine triphosphate (GTP) and, in some cases, to the production of small-molecular-weight molecules known as

In addition to housing the cell’s genetic code, the
soma is where electrical impulses from different
dendrites mix. A single appendage known as

the axon extends from the cell body; the end of
the axon is called the axon terminal. Axons are
specialized for carrying electrical signals arising
from the soma. Unlike dendrites, axons and axon
terminals are specialized for sending information
from one nerve cell to the next. Nerve cells
usually have only one axon, in contrast to the
multiple dendrites that are found on each neuron.

The boundaries of all animal cells, including
neurons, are defined by a membrane, known as
the lipid bilayer, that consists of a double layer

of fatty lipid molecules (figure 2). The purposes
of this bilayer membrane are to separate the inside
of the cell (intracellular environment) from the
environment outside the cell (extracellular
environment) and to separate one cell from
another. This bilayer allows each cell to act

independently of neighboring cells but still
receive chemical and electrical information from
other cells and from the extracellular environment.

Embedded within the lipids in the membrane are
a variety of specialized proteins, many of which
serve to communicate to the cell information
coming from the extracellular environment or
from other cells. Proteins in one class serve

as channels through which ions (electrically
charged atoms, in this case) can pass through

the membrane from outside the cell to the inside
of the neuron. lon channel proteins are often
classified according to how they are opened.
Those that open in response to changes in

the electrical charge, or potential, of the cell
membrane are known as voltage-gated ion
channels. Other ion channels bind to specific
molecules in the extracellular environment and
open the channel; these are ligand-gated ion
channels (see figure 2). The movement of ions
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Figure 3: Synaptic transmission
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Schematic representation of a synapse between two neurons in the brain. The presynaptic axon terminal contains neurotransmitter mole-
cules packaged in synaptic vesicles that are released into the synaptic cleft. The neurotransmitter molecules in the synaptic cleft bind to
neurotransmitter receptors that reside in the membrane of the dendrite of a postsynaptic neuron. Removal of a neurotransmitter from the
synaptic cleft is performed by neurotransmitter transporters that return the neurotransmitter to the inside of the neuron.

through these channel proteins produces electrical
signals in the cell. The normal operation of both
voltage-gated and ligand-gated ion channels is

critical for maintaining proper neuronal signaling.

Communication Within and Between
Neurons

Electrical signals help fulfill the neuron’s major
role—to communicate information quickly so
that the brain can carry out its many functions.
Transmission of information by nerve cells is
accomplished through the opening of ion
channels along the entire length of the neuron.
When impulses from different dendrites mix and
produce an electrical signal that exceeds a certain
voltage threshold, a summed electrical signal
originating in the soma is created. The cell fires
in response to the summed electrical signal in an
all-or-none manner: no new signal is triggered
if the threshold is not reached, but if the
threshold is reached, the electrical impulse or
action potential that is conducted down the axon
arrives at the axon terminal essentially unaltered
relative to its size at the soma.

At the axon terminal, the action potential initiates
a sequence of biochemical events that leads to the
release of a neurotransmitter into the synapse,

the gap between two neurons positioned close
together (figure 3). The neurotransmitter—a
chemical messenger of which there are many
types in the brain—then acts on the next cell.
Through this process, the axon terminal turns
the electrical signal in the neuron into a chemical
signal that allows for transmission of information
in the brain.

The presynaptic side of the synapse, the axon
terminal, is specially designed to release neuro-
transmitters. Neurotransmitters are stored in
small membrane-bounded packets, called vesicles,
inside the axon terminal. When the action
potential reaches the axon terminal, it triggers
the combining of the membrane of the vesicle
with the membrane of the cell in a process called
vesicle fusion. The molecular events linking the
action potential to vesicle fusion depend on the
presence of calcium ions. The fused vesicle
opens and releases its neurotransmitters into

the synaptic cleft between the two neurons.
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Although several types of neurotransmitters are
found throughout the brain and spinal cord, only
one or two types of neurotransmitters are released
at any given synapse.

After the neurotransmitter is released from

its vesicle, it crosses the synaptic cleft. The
neurotransmitter then acts on the second,

or postsynaptic, neuron. The actions of the
neurotransmitter on the postsynaptic neuron
begin with the neurotransmitter interacting
with, or binding to, specialized proteins called
neurotransmitter receptors on the dendrites
of the postsynaptic neuron.

Synaptic transmission is tightly controlled by
the regulation of the amount of time that the
neurotransmitter stays in the synaptic cleft after
each instance of transmitter release. Specialized
proteins called neurotransmitter transporters
regulate neurotransmitter levels in the synaptic
cleft. These transporter molecules sit on the
membranes of the presynaptic, and sometimes
the postsynaptic, neurons facing the synaptic
cleft. When neurotransmitter levels in the
synaptic cleft are high, the transporter molecules
take up the neurotransmitters and return them to
the presynaptic terminal, where they are recycled
to be used in a new round of synaptic trans-
mission. Changes in the activity of neuro-
transmitter transporters allow neurotransmitters
to remain in the synaptic cleft longer than usual
and will thus lengthen the duration of synaptic
transmission.

Binding of a particular neurotransmitter molecule
released into the synapse by one neuron to its
specific receptor on the dendrites of the adjacent
neuron produces either an electrical or a chemical
signal within the second neuron. The electrical
signals are produced by receptors that contain
ligand-gated ion channels. Binding of the
neurotransmitter ligand to the receptor serves

to open the molecular gate of the ligand-gated
ion channels.

The types of ions that pass through the mem-
brane’s ion protein channels determine the
response of the neuron. Neurons become

activated when the voltage across their mem-
branes becomes more positive relative to the
membrane’s voltage at its resting state. At rest,
neurons maintain a membrane potential of
around —65 millivolts, which means that the
interior of the neuron is negatively charged

with respect to the fluid surrounding the cell.
Entry of positively charged ions, or cations, tends
to excite neurons, making them more likely to
transmit information from one brain region

to the next. Entry of negative ions, or anions,
makes the voltage across the cell membrane
more negative and discourages the transmission
of information from one neuron to the next.
Activation of ligand-gated ion channels produces
very rapid responses in neurons. The electrical
current produced when these receptors are
activated occurs within thousandths of a

second (milliseconds).

The proteins in the cell membrane that activate
production of chemical messages within neurons
are another form of neurotransmitter receptor
(see figure 2). These receptors do not form ion
channels, but instead interact with other proteins
inside the cell to stimulate the formation of
chemical messengers. Chemical messages within
cells generally act more slowly than changes pro-
duced when ion channels are activated. Mod-
ification of proteins by intracellular messengers
occurs over a time course of hundredths of
seconds to minutes. Chemical messages to the
nucleus can cause alterations in protein expression
that can last for hours to days, producing long-
lasting changes in the function of individual
synapses and cells.

Binding of a neurotransmitter to one of these
receptors activates enzymes that stimulate
messenger formation in a process known as signal
transduction. Through this process, cells receive
information about the chemicals outside the cell
and respond accordingly. The molecules formed
immediately after activation of receptor proteins
are called second messengers. (The neuro-
transmitter is the first messenger.) One of

the most common second messengers is cyclic
adenosine monophosphate (CAMP).



Second messengers can modify proteins by
initiating a series of biochemical reactions that
lead to the addition or removal of small molecules
to or from the protein. This process is called
posttranslational modification because it occurs
after translation, the last step in the genetically
directed synthesis of proteins in the cell. One
molecule that is often added to modify proteins
is phosphate, which contains phosphorus and
oxygen atoms. This process—phosphorylation—
is triggered when second messengers activate
enzymes known as kinases. Phosphorylation can
alter the structure, function, and location of
proteins within cells, including ion channel
proteins, receptors, and enzymes (figure 4).

Phosphorylation of the proteins that constitute
ion channels, receptors, and enzymes is the major
control mechanism that neurons use to regulate
the activity of these proteins. For example,
depending on the type of ion channel, phos-
phorylation of the channel protein can either
shorten or lengthen the time the ion channel is
open, thus regulating the flux of ions into the
neuron. These changes in ion flux—and the type
of ion the affected channels carry—can increase
or decrease the excitability of neurons. Because
phosphorylation dynamically regulates the activity
of neuronal receptors and proteins, neurons also
have enzymes (phosphatases) that remove these
phosphate groups in order to reverse the effects
of phosphorylation. The coordinated activity of
both protein kinases and phosphatases ultimately
determines the extent of protein phosphorylation
of important neuronal proteins. Recent findings
suggest that many of the acute and chronic effects
of alcohol may be mediated by changes in the
level of phosphorylation of key ion channels

and receptors.

Second messengers also can trigger biochemical
reactions that alter gene expression (the series of
steps whereby information contained in DNA
leads to the synthesis of proteins). In this case,
the intracellular messenger molecule formed
inside the cell modifies proteins that can enter
the cell nucleus (see figure 4). Once in the
nucleus, these specialized proteins interact with
DNA and alter how the DNA sequence is “read,”
or transcribed. For example, a signal to the
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Figure 4: Protein phosphorylation in a cell
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The functions of different types of proteins within a cell can
be altered by addition of a phosphate molecule (OP) to the
protein in a process called protein phosphorylation. Two
examples are shown in this illustration. An intracellular
messenger molecule interacts with a protein kinase enzyme
to stimulate transfer of the phosphate molecule from
adenosine triphosphate (ATP) to an ion channel protein
residing in the cell membrane. Phosphorylation of this
protein could change its function, promote retention of the
protein within the membrane, or lead to removal of the
protein. Proteins that have the potential to interact with
deoxyribonucleic acid (DNA) in the cell nucleus can also

be phosphorylated. Phosphorylation of such a protein

in the cell cytoplasm, outside of the nucleus, can lead to
“translocation” of the protein to the nucleus, where the
protein is free to interact with DNA and alter gene
expression.

nucleus might lead to increased production

of components of ion channels through the
stimulation of the genes that encode for the
ion channel protein. Once formed, the protein
products encoded by these genes are shipped to
different parts of the neuron to perform their
functions.

Changes in the amount or structure of proteins
normally produced by nerve cells can lead to
long-lasting changes in neuronal function. The
ability of neurons to respond to extracellular
signals through the production of second mes-
sengers that can alter DNA expression is key to
communication between neurons.
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Neurotransmitters

Neurotransmitters clearly shape the stimulation
and inhibition of neuronal activity. Many
chemicals act as neurotransmitters in the brain.

A large number of these neurotransmitters are
relatively small molecules, including the amino
acids gamma-aminobutyric acid (GABA) and
glutamate. Each different neurotransmitter
interacts with receptors that are specialized for
binding only that neurotransmitter. Thus, a large
variety of neurotransmitter receptors exist in the
brain. The many possible interactions between
the different neurotransmitters and their receptors
allow neurons in the brain to generate different
responses when their synapses are activated.

GABA

GABA is called an inhibitory neurotransmitter
because through interactions with its receptors,
GABA affects neurons in a way that reduces their
activity. Activating or enhancing the function of
GABA receptors usually decreases activity in brain
neurons and can decrease activity of the entire
brain and body, as occurs in general anesthesia.

GABA influences neuronal activity by binding to
and activating several classes of GABA receptors
(denoted GABA,, GABAg, and GABA(). The
GABA receptor that appears to be most sensitive
to alcohol is GABA,. This receptor is a ligand-
gated ion channel that is composed of multiple
subunits referred to as the alpha (a), beta (B),
gamma (y), delta (), epsilon (g), and rho (p)
subunits. Each subunit family includes multiple
members that differ slightly in their amino acid
sequence. Structural analysis of these subunits
reveals that each GABA subunit traverses the
neuronal membrane four times via trans-
membrane (TM) domains (designated TMI
through TMIV) that are composed of 20 to

25 uncharged or nonpolar amino acids.

GABA, receptors appear to be assembled into
a pentameric (five-unit) structure in which the
TMII domains of each subunit face each other

to form a pore through which chloride ions flow.
The pore is normally closed to prevent flux of
chloride ions across the membrane in the absence
of a neurotransmitter. Binding of the neuro-
transmitter GABA to regions of the receptor
outside of the cell opens the pore. The sub-
sequent flux of chloride ions (as many as 100
million per second) hyperpolarizes the neuron
and makes it much less likely to fire an action
potential and, thus, less likely to transmit
information from one cell to the next. In

this way, GABA is inhibitory.

Glutamate

Glutamate, on the other hand, generally acts as
an excitatory neurotransmitter that increases the
activity of brain neurons by producing a response
that is electrically opposite to that of the inhibi-
tory neurotransmitters. Glutamate binds to
specific ligand-gated ion channels and depolarizes
the postsynaptic neuronal membrane, making it
more likely that the neuron will fire. In this way,
these proteins are excitatory; strong activation of
glutamate receptors can lead to hyperexcitability
of the brain and body—seizures are one manifes-
tation. Within discrete brain regions and in indi-
vidual neurons, the balance between GABAergic
(GABA-activating) and glutaminergic (glutamate-
enhancing) synaptic transmission is often the
major determinant of the level of activity. By
controlling the activity of these excitatory and
inhibitory neurons, the brain can rapidly and
profoundly alter the excitability of neurons.

In Closing

Alcohol appears to affect the function of several
neurotransmitters by altering the communication
mechanism between neurons at the point when a
neurotransmitter activates its receptor. A large
body of evidence suggests that this effect of
alcohol on synaptic transmission is the major
change in the brain that gives rise to intoxication.
The following sections describe in detail some
recent findings that are helping scientists
understand how alcohol affects brain function.
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From Cell Membrane to Nucleus:;

The Effects of Alcohol on Brain Neurons

Alcohol alters synaptic transmission; a great deal
of research over many years has suggested that
this is the major change in the brain that gives
rise to intoxication. As described in the first
section of this chapter, “Setting the Stage: The
Structure and Function of Neurons,” a number
of neurotransmitters are involved in synaptic
communication within the brain. Alcohol affects
the functions of several of these neurotransmitters
by altering the communication between neurons
that occurs when the neurotransmitter activates
its receptor.

One of the most powerful effects of alcohol is

to reduce the pace of brain activity by a combin-
ation of effects that reduces the excitatory actions
of the neurotransmitter glutamate and enhances
the inhibitory actions of the neurotransmitters
gamma-aminobutyric acid (GABA) and glycine
(Diamond and Gordon 1997; Korpi 1994;
Lovinger 1997; Machu 1996; Mascia et al. 1996;
Mhatre and Ticku 1993; Mihic et al. 1997; Sanna
and Harris 1993). These actions are the main
reason that alcohol is often thought of as a
depressant.

Alcohol’s Effect on Synaptic Transmission
During Acute Exposure

The effects of alcohol on excitatory glutaminer-
gic and inhibitory GABAergic and glycinergic
synaptic transmission mainly result from alcohol’s
actions on the ligand-gated ion channels activated
by these neurotransmitters. (See the section
“Setting the Stage: The Structure and Function
of Neurons” earlier in this chapter for background
on the processes discussed here.) At synapses that
use glutamate, alcohol reduces the activity of the
neurotransmitter at ligand-gated ion channel
receptors called the N-methyl-D-aspartate, or
NMDA, class of glutamate receptors (Diamond
and Gordon 1997; Lovinger 1996; Tabakoff and
Hoffman 1995). lon flow through the channel

that is part of this receptor is reduced. This effect
of alcohol may contribute to the memory loss
that occurs during acute alcohol exposure, as

will be discussed later in this section.

In contrast, alcohol enhances the activity of the
inhibitory neurotransmitters GABA and glycine
at receptors called GABA, and glycine ligand-
gated ion channels (Aguayo et al. 1996; Celen-
tano et al. 1988; Diamond and Gordon 1997;
Korpi 1994; Machu 1996; Mascia et al. 1996;
Mhatre and Ticku 1993; Mihic et al. 1997;
Sanna and Harris 1993). Exciting new
information about the molecular actions of
alcohol has come from studies of these receptors.
Prior research demonstrated alcohol’s opposite
actions on two receptors that were similar in
molecular structure, the GABA, receptor
(subtype rho [p]) and the receptor glycine
(subtype o1) (Mihic and Harris 1996; Mihic et
al. 1997). This finding provided an interesting
opportunity for investigators to “swap” pieces

of the receptors by using genetic recombination
techniques (figure 1). By cutting pieces of
deoxyribonucleic acid (DNA) that coded for

the two different receptors and then ligating,

or molecularly stitching them back together,

the researchers created DNA coding for chimeric
receptors made from combinations of pieces of
the receptors with opposite responses to alcohol.
This DNA was then introduced into cells that
made the corresponding receptor protein,
allowing the researchers to examine alcohol’s
effects on the chimeric receptors. By determining
the effects of alcohol on different chimera pro-
teins that contained different combinations

of the two receptors, the investigators were able
to zero in on which parts of the receptor were
important in determining the actions of alcohol.
The investigators then compared the amino acid
sequence of the receptors in the regions known
to confer the differing responses to alcohol. (Pro-
teins are chains whose structure and function are
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GABA, receptor
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Alcohol inhibits function

Figure 1: Defining sites of alcohol action on neurotransmitter receptors

Glycine receptor

Alcohol potentiates function

Schematic representations of ligand-gated ion channel type receptors for the neurotransmitters gamma-aminobutyric acid (GABA) and
glycine. The function of the GABA, receptor (rho [p] subtype) is inhibited by alcohol, whereas the function of the glycine receptor (alpha [a]
subtype) is potentiated by alcohol. Researchers using recombinant deoxyribonucleic acid (DNA) technology created “chimeric” receptors
that combined parts of both receptors (Mihic et al. 1997) (white, part derived from GABA, receptor; black, part derived from glycine
receptor). This combination receptor responded to alcohol in a manner that was similar to the response of the glycine receptor; data also
suggested that the parts of the receptor that confer alcohol sensitivity appear to reside in part of the receptor within the cell membrane.

In addition, the investigators pinpointed specific amino acids within this part of the receptor that played a key role in determining the effect
of alcohol. This finding in particular may point toward a specific alcohol interaction site on these receptors.

“Chimeric” combination of
GABA, and glycine receptors

=~

Alcohol potentiates function

defined by the sequence of amino acids.)
Through these experiments, the investigators
were able to pinpoint single-amino acid molecules
that conferred a particular response to alcohol
within the proteins (Mihic et al. 1997).

Further investigation involved another technique
for altering protein structure, site-directed muta-
genesis, in which researchers change the DNA
coding sequence. This technique is used to make
targeted changes in the DNA so that only one
amino acid in the protein is altered. The results
of these studies indicated that amino acids in the
part of the protein that is embedded in the cell
membrane are crucial for determining the effect
of alcohol on the glycine and GABA, receptors.
This research represents an important step toward
identifying the molecular site of action of alcohol
at these receptors. Knowing this site of action

is expected to be of great help in designing
pharmacotherapeutic agents to counteract the
effects of alcohol.

Alcohol’s Effects on Protein
Phosphorylation

In addition to its actions on ligand-gated ion
channels, alcohol interacts with other molecules
inside neurons. Protein kinases, a class of mole-
cules that have important roles in regulating
synaptic transmission and brain function, are
enzymes that catalyze the modification of a
variety of proteins by promoting the addition
of a simple phosphate molecule to specific parts
of the proteins (see the section “Setting the
Stage: The Structure and Function of Neurons”).
This biochemical mechanism, known as protein
phosphorylation, is usually activated by intra-
cellular messenger molecules.

Protein phosphorylation can alter the function

of a protein by changing the structure of the pro-
tein in a subtle way. For example, phosphory-
lation of some ligand-gated ion channels alters the
signaling function of these channels. Thus, it is
possible for protein kinase activity to alter
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synaptic transmission by altering the function
of the receptors involved in transmission.
Researchers have long suspected that alcohol
exerts some of its effects on brain function

by interacting with protein phosphorylation
mechanisms.

NMDA-Type Receptors and Fyn Tyrosine
Kinase

A recent discovery demonstrates one way in
which alcohol’s effects on phosphorylation of

a ligand-gated ion channel contribute to the
intoxicating effects of alcohol and to alcohol
tolerance. The NMDA-type glutamate receptor
discussed above is altered by phosphorylation of
an amino acid known as tyrosine. This alteration
takes place through the activity of a protein
kinase, known as a protein tyrosine kinase, that
is specialized for phosphorylation of the amino
acid tyrosine in proteins. The specific kinase
involved in the phosphorylation of the NMDA
receptors is called Fyn tyrosine Kinase.

Mutant mice that lack the gene for Fyn tyrosine
kinase (known as Fyn knockout mice) are made
using a technique called homologous recombi-
nation. This technique involves inserting an
altered gene into an embryonic stem cell—a

cell that is not differentiated into a specific tissue
but has the potential to develop into any type

of cell in the organism. The stem cell is then
fertilized and implanted into a female mouse to
produce embryos. The mice, when mature, have
an altered genetic code for the targeted protein.
These mice can then breed and establish many
generations of animals that have alterations in
the expression of a particular protein. The
replacement gene in a knockout mouse is
nonfunctional; that is, it does not code for an
intact, functional protein. Investigators use this
experimental approach to examine the roles of
many proteins in a variety of cellular and
behavioral processes.

Effects of alcohol on Fyn knockout mice have
been examined at the level of NMDA receptor
molecules, functional synapses, and animal
behavior (Miyakawa et al. 1997). Investigators

first observed that the Fyn knockout mice were
more sensitive to the sedative and movement-
incoordinating effects of alcohol than were the
matched wild-type control mice (mice without
the mutation). In a sleep time test, the animals
received an injection of alcohol; the time it took
them to get off their backs and stand up was
measured. The Fyn knockout mice stayed
down longer, indicating that this effect of alcohol
lasts longer in the knockout mice than in the
control mice.

Because the NMDA receptor has been implicated
in the effects of alcohol, the researchers next
examined whether alcohol inhibition of synaptic
responses mediated by this ligand-gated ion
channel was altered in the knockout animals.
Interestingly, alcohol inhibited the synaptic
response mediated by the NMDA receptor

in both wild-type and Fyn knockout mouse
synapses. However, the effect in wild-type mice
disappeared during the first 20 minutes after
alcohol exposure, while the inhibitory effect
persisted in the Fyn knockout mice. This loss

of alcohol effect within minutes has been called
acute tolerance or rapid acute tolerance (Grover
et al. 1994; Pearson et al. 1997) and appears to
result from molecular changes that counteract the
effects of alcohol. Loss of tolerance in the Fyn
knockout mice indicates that phosphorylation by
Fyn tyrosine kinase is an important step in the
loss of alcohol effects on the NMDA receptor.

There are several subtypes of NMDA receptors
in the brain. NMDA receptor proteins are
complexes composed of a grouping of several
individual proteins known as subunits (Anan-
tharam et al. 1992; Ishii et al. 1993; Mishina

et al. 1993; Seeburg et al. 1995). The assembly
of various receptor subunits confers different
functional properties on the receptor. Some
evidence indicates that alcohol has more powerful
effects on certain NMDA receptor subtypes than
on others. For example, alcohol’s inhibitory
effects on NMDA receptors in neurons appear
to be the strongest in receptors that contain a
subunit known as NR2B in rats and NRe2 in
mice (Fink and Gothert 1996; Lovinger 1995;
Yang et al. 1996).



In studies of Fyn knockout mice, treatment with
alcohol activates Fyn tyrosine kinase phosphory-
lation of the NR€2 subunit in wild-type mice; in
contrast, phosphorylation of this subunit and the
effect of alcohol are absent in the Fyn knockout
mice (Miyakawa et al. 1997). Taking together

all the findings from the studies of alcohol effects
on receptors and the role of Fyn tyrosine kinase,
researchers have constructed a scenario in which
alcohol produces two important effects on the
NMDA receptor. The first effect is inhibition

of receptor function, which likely involves an
interaction between alcohol and the receptor or
an effect of alcohol on the cell membrane at a site
very near the receptor. The accumulated evidence
for a role of NMDA receptors in acute alcohol
intoxication indicates that this inhibitory effect

is key in the brain’s initial response to alcohol.

The second effect is alcohol activation of Fyn
tyrosine kinase, which leads to phosphorylation
of the NMDA receptor on the NR€2/2B subunit,
counteracting the inhibitory effect of alcohol on
the NMDA receptor. The result is a rapid loss
of intoxication, even during a single exposure to
alcohol. These types of molecular adaptations
to alcohol, which lead to behavioral tolerance,
appear to alter synaptic communication within
the brain. Of note is that Fyn knockout animals
have defects in some forms of learning and
memory, and they have deficiencies related to
long-lasting changes in synaptic transmission
that are thought to be involved in learning and
memory (Grant et al. 1992). These observations
suggest that the NRe2/2B subunit may be
involved in the adaptive neuronal processes

that store information, including information
about alcohol exposure.

How might these molecular effects of alcohol
contribute to alcohol abuse and alcoholism?
Evidence indicates that sensitivity to alcohol is

a predictor of risk for alcoholism. For example,
individuals who are able to drink large quantities
of alcohol when first exposed to the drug are
more likely to keep drinking large quantities

and to develop alcohol abuse problems than are
persons who can consume only small amounts
of alcohol when first drinking.
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It is possible that susceptibility to the inhibition
of the NMDA receptor by alcohol might differ
among individuals, perhaps due to variable
expression of NMDA receptor subunits at brain
synapses. Individuals with different levels of Fyn
tyrosine kinase activity also might differ with
respect to the development of rapid tolerance,
which could also influence their ability to drink
large quantities of alcohol and thus be important
in determining susceptibility to alcoholism in
different human populations. Although no
definitive evidence in humans currently exists to
evaluate this hypothesis, the possible role of Fyn
tyrosine kinase in determining individual differ-
ences in alcohol sensitivity will undoubtedly be
explored during the next few years.

Second Messengers and Protein Kinases

Alcohol also may alter the production of intra-
cellular messenger molecules and the distribution
of protein kinases in neurons. One way neuro-
transmitters affect neuronal excitability (other
than through receptors that are themselves ion
channels) is by acting on receptors that are
coupled to intracellular signaling processes.
These G protein receptors, so called because they
involve the binding and breakdown of guanosine
triphosphate (GTP), can influence the activity

of the neuron in several ways. For example,
neurotransmitter binding to some G protein-
coupled receptors leads to the production of
small-molecular-weight molecules known as
second messengers. One such second-messenger
molecule is cyclic adenosine monophosphate
(CAMP). The G protein that is activated stimu-
lates an enzyme within cells that leads to rapid
production of cAMP, which then interacts with
proteins within the cell. The major protein
activated by cAMP is known as CAMP-dependent
protein kinase. Like the Fyn tyrosine kinase
discussed above, this kinase stimulates phosphory-
lation of proteins within the cell.

The proteins that are phosphorylated upon
activation of cAMP-dependent protein Kinase
include neurotransmitter receptors and
neurotransmitter transporters. Phosphorylation
of these proteins can lead to changes in protein
function, in the distribution of the proteins
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within the cell, or both. These changes, in turn,
can alter cell function. For example, if either
receptor function or the number of receptors at
the cell surface changes, the postsynaptic response
to a neurotransmitter also changes. If either the
actions or the numbers of these neurotransmitter
transporters are altered, the duration of neuro-
transmitter effects within the synapse changes.
These types of effects alter communication
between neurons and ultimately influence the
workings of the entire brain and related animal
or human behaviors.

Recent studies indicate that alcohol affects pro-
tein kinases in a number of ways. For example,
alcohol alters both the amount of protein kinases
as well as their intracellular distribution. Protein
kinases are found in a number of compartments
within cells, but particular kinase molecules are
often present within only one part of a cell. This
compartmentalization restricts the activity of the
kinase so that it can phosphorylate only those
proteins in the same part of the cell. This
localization, in turn, affects the impact of the
kinase on cellular function, because the proteins
it phosphorylates have specific functions within
that part of the cell. For example, a kinase that
is restricted to the nucleus phosphorylates nuclear
proteins and most likely affects gene translation.
A Kkinase that is present only in neuronal den-
drites may phosphorylate neurotransmitter
receptors and alter postsynaptic responses to the
neurotransmitter. Thus, the localization of the
kinase can determine its impact on the function
of an entire neuron.

Scientists recently found that the localization

of protein kinases within cells occurs through
proteins that attach themselves to the kinases and
then anchor the kinases to a particular cellular site
(Dell’Agua and Scott 1997; Mochly-Rosen 1995).
Different types of kinases interact with different
anchoring proteins. Several different anchoring
proteins appear to exist for each kinase, with

the various anchoring proteins found in different
parts of the cell. Altering the location or number
of the anchoring proteins or their ability to
interact with the protein kinase appears to change
the cellular location of kinases and, hence, the
pattern of protein phosphorylation. Such altera-

tions could have important consequences for
cellular function.

Long-term exposure to alcohol alters the distribu-
tion of cAMP-dependent protein Kinase such that
a higher concentration of the kinase is found
within the cell nucleus during alcohol exposure
(Dohrman et al. 1996). Researchers have used a
powerful laser confocal microscope to view small
parts of neurons and to observe altered distribu-
tions of protein kinase. When certain proteins
are tagged with fluorescent molecules, they glow
when exposed to laser light, making it easy to
track these molecules within a cell. Using this
technique, researchers have mapped the location
of the CAMP-dependent protein kinase within
neurons before and after short- and long-term
alcohol exposure. The sequestration of the kinase
within the cell nucleus following long-term
alcohol exposure appears to be the reason for
decreased phosphorylation of proteins within

the cell cytoplasm and within the membrane
enveloping nucleus.

One protein whose function appears to be
regulated by cAMP-dependent protein kinase
phosphorylation is the transporter for the
inhibitory neurotransmitter adenosine. (Neuro-
transmitter transporters shuttle and help regulate
the level of neurotransmitters in the synaptic
cleft.) Short-term exposure to alcohol inhibits
this transporter molecule in a manner that
depends on phosphorylation of the transporter
protein or a closely associated protein by the
cAMP-dependent protein kinase (Coe et al.
1996). Transporter inhibition increases the
extracellular concentration of adenosine because
the transporter is no longer able to efficiently
remove the neurotransmitter from the synapse.
This effect, along with the effects on GABAergic
transmission mentioned above, may contribute to
the inhibitory effects of alcohol on brain activity.

During chronic alcohol exposure, the sequestering
of the kinase in the nucleus leads to reduced
transporter phosphorylation, which, in turn,
appears to lead to a loss of inhibition of the
transporter. Due to this loss, adenosine synapses
become more resistant to the effects of alcohol.
This resistance translates, over time, to less of an



inhibitory effect with chronic exposure to alcohol.
This loss of phosphorylation represents another
form of cellular adaptation to alcohol that plays

a role in the brain’s development of tolerance to
and dependence on it.

Long-Term Exposure to Alcohol: Gene
Expression, Protein Phosphorylation, and
Protein Localization

One way in which alcohol produces a long-lasting
change in brain activity is by altering the patterns
of expression of proteins that are important for
regulating neuronal activity. This regulation
often takes place in the nucleus in the form of
alterations in gene expression. Messages from
the periphery of the cell make their way to the
nucleus to interact with DNA and alter gene
expression (see the box “From DNA to Protein:
How Genetic Information Is Realized” in the
previous section).

GABA

Changes in the number or molecular structure

of neurotransmitter receptors or other molecules
involved in synaptic transmission appear to be
involved in the brain’s adaptations to the presence
of alcohol, which are manifested in tolerance,
dependence, and alcohol withdrawal. Two of the
neurotransmitter receptors that are sensitive to the
acute actions of alcohol are also greatly affected
by long-term exposure to alcohol. One of the
receptors, GABA,, undergoes structural changes
during long-term alcohol exposure. As with the
NMDA receptor described above, the GABA,
receptor is a complex of several individual subunit
proteins. Different combinations of these sub-
units can come together to form the receptor
channel. One way in which chronic exposure to
alcohol affects the GABA, receptor is to change
the expression of different subunit proteins that
participate in the formation of the receptor.

The sensitivity of GABA, receptors to alcohol
also appears to be altered as a consequence of
long-term exposure to alcohol (Morrow et al.
1988). This loss of alcohol sensitivity may be
related to the change in receptor subunit expres-
sion (Crews et al. 1996; Mhatre et al. 1993;
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Morrow 1995). Even when receptor subunit
expression is not altered, however, the function
of GABA, receptors is altered by chronic alcohol
exposure (Klein et al. 1995). Another mechanism
that may contribute to the change in alcohol
sensitivity of the GABA, receptor is a posttrans-
lational modification of the protein—a change
that takes place after the last step in gene-directed
protein synthesis—such as protein phosphory-
lation. Research shows that alcohol’s effects on
the receptor are lost in mice that are genetically
engineered to remove the gamma subtype of the
phosphorylating enzyme protein kinase C (Harris
et al. 1995). Thus, changes in receptor subunit
expression and receptor phosphorylation could
contribute to alcohol tolerance, because the
intoxicating effects of alcohol that involve
GABA, receptors presumably are reduced if
these receptors become less sensitive to alcohol.

NMDA

Alterations in the structure or function of NMDA
receptor subunit molecules also occur during
long-term alcohol exposure. Early reports
indicated that the number of NMDA receptors
on neurons in brain regions, such as the hippo-
campus, increased following long-term alcohol
exposure (Hoffman 1995). (The hippocampus

is a part of the brain thought to play a role in
learning and memory as well as in alcohol with-
drawal syndrome.) In addition, evidence that
NMDA receptor-specific blockers inhibit alcohol
withdrawal seizures implicated this receptor in
the withdrawal syndrome (Hoffman et al. 1992;
Morrisett et al. 1990). Subsequent investigations
have provided evidence for increased function of
NMDA receptors after chronic alcohol exposure.
For example, researchers have examined responses
of individual neurons upon exposure to NMDA
(a synthetic amino acid that activates the NMDA
receptor) by using neurons subjected to long-term
alcohol exposure and have compared these
responses with those of alcohol-naive neurons.
The increases in intracellular calcium produced
when the NMDA receptor is activated were
enhanced following long-term alcohol exposure
(Ahern et al. 1994; lorio et al. 1992; Smothers et
al. 1997).
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Alcohol-induced responses of the NMDA
receptor appear to be a function of its subunit
proteins. The NR1 subunit is present in all
receptors and thus seems to be a necessary, or
constitutive, element of a functional receptor.
The presence or absence of specific NR2 subunits
(there are four) is the major factor that underlies
variability in the properties of different receptors.
Various parts of the brain contain different
amounts of each type of NR2 subunit. Certain
brain regions contain two of the receptor subtypes
and can use either one, or both, as part of the
functional NMDA receptor. For example,
neurons in the cerebral cortex have receptors

that contain both the NR2A and NR2B subunits
(Sheng et al. 1994). Changing the amount of
either of these subunits changes the functional
characteristics of the receptor and alters gluta-
minergic synaptic transmission within the
cerebral cortex.

The increased activity of NMDA receptors after
prolonged alcohol exposure most likely arises
from increases in the amounts of the particular
subunit proteins that contribute to NMDA
receptor formation. Brains from animals
exposed to alcohol for days to months have
been examined to determine whether NMDA
receptor subunit expression is altered. Similar
experiments have been performed using brain
neurons grown in cell culture.

Exposing cultured cerebral cortical neurons to
alcohol for a few days increased the amount

of ribonucleic acid (RNA) that codes for the
NR2B subunit, with little or no change observed
in other receptor subunits (Hu et al. 1996).
Increased NMDAR2B protein was also observed
in these neurons (Follesa and Ticku 1996).

This sort of change in the relative amount of
each subunit can lead to two consequences with
respect to NMDA receptor function. First, the
total number of NMDA receptors might increase
because a larger amount of subunits is available to
construct receptors. This, in turn, could lead to
larger synaptic responses at glutaminergic brain
synapses. Second, more receptors containing just
the NR2B subunit could be expressed, producing
a change in the synaptic responses mediated by

the receptor. Evidence for increases in relative
amounts of receptors containing functional
NR2B subunit has been observed following
prolonged alcohol exposure (Blevins et al. 1995).

Some research suggests, however, that this long-
term, alcohol-induced change in NMDA receptor
subunit composition may involve mechanisms
other than a simple change in subunit expression
(Blevins et al. 1997), as was previously described
for the GABA, receptor (Klein et al. 1995).

For example, NMDA receptors containing the
NR2B subunit are currently thought to produce
longer lasting synaptic responses in the cortex
(Carmignoto and Vicini 1992). Responses that
last longer will produce a longer lasting excitation
of the cell. This extended activity thus may be
fundamental to the changes that bring about
hyperexcitability of the brain during withdrawal
from alcohol.

Alcohol exposure lasting weeks to months leads
to increases in the amount of the NR1 and NR2A
subunits in several brain regions, including the
hippocampus (Snell et al. 1996; Trevisan et al.
1994). The hippocampus plays a key role in
learning and memory for certain types of infor-
mation, and NMDA receptors in this brain
region are important to these processes (Kandel
et al. 1995). An increase in the amount of the
constitutive NR1 subunit of the protein in the
hippocampal formation could lead to increased
numbers of NMDA receptors in this brain region.
Thus, alteration of the number of NMDA
receptors is one mechanism that could contribute
to the development of memory problems after
prolonged alcohol exposure. Increased receptor
expression could also contribute to the increased
excitability of the brain during withdrawal.
Furthermore, excessive activation of NMDA
receptors can lead to neuronal injury and death.
Thus, increased NMDA receptor expression and
function in the hippocampus could contribute

to damage in this part of the brain following
prolonged alcohol abuse, and this damage could
contribute to memory problems. Similar effects
are seen in other brain regions, such as the
cerebral cortex.



Alcohol Effects on Other Genes

Some genes within neurons appear to be par-
ticularly sensitive to alcohol. Several examples
of this type of alcohol-sensitive gene have

been described in recent studies. For example,
neuronal exposure to alcohol leads to increased
production of two forms of protein kinase C, an
enzyme that mediates protein phosphorylation
(Messing et al. 1991). Increased production of
these forms results from an increase in the gene-
driven production of the RNA that encodes
protein kinase C. Thus, researchers suspect
that the genes producing these forms of protein
kinase C are activated by alcohol. The increased
activity of these two forms leads to abnormal
growth of neurons (Roivainen et al. 1995). Such
improper neuronal growth could contribute to
improper brain development as a result of fetal
alcohol exposure or improper wiring of neuronal
connections, leading to alterations in brain
function in adult alcohol abusers. (The chapter
on prenatal exposure to alcohol describes in
greater detail the impact of alcohol on fetal
growth and development.)

In Closing

By altering the function of key proteins—
including neurotransmitters and phosphorylating
enzymes—within neurons, alcohol can produce
changes in synaptic transmission. These rapid
changes in the brain result in intoxication. Long-
term alcohol exposure produces adaptive changes
in the function of these same specialized proteins
that lead to alterations in synaptic transmission
in a manner that compensates for the lasting
presence of alcohol. This adaptation gives

rise to tolerance, dependence, and the alcohol
withdrawal syndrome. Newly developed
techniques for analysis of brain molecules and
genetically engineered laboratory animals are
allowing researchers to examine the molecular
events that are responsible for both the short-
and long-term effects of alcohol on the brain.
The resulting findings will help scientists
understand the effects of alcohol and will also
provide the basis for developing pharmaceutical
means of diagnosing, treating, and preventing
damage from alcohol abuse.

From Cell Membrane to Nucleus: The Effects of Alcohol on Brain Neurons

References

Aguayo, L.G.; Tapia, J.C.; and Pancetti, FC.
Potentiation of the glycine-activated CI~ current
by ethanol in cultured mouse spinal neurons.
J Pharmacol Exp Ther 279(3):1116-1122, 1996.

Ahern, K.B.; Lustig, H.S.; and Greenberg, D.A.
Enhancement of NMDA toxicity and calcium
responses by chronic exposure of cultured
cortical neurons to ethanol. Neurosci Lett
165(1-2):211-214, 1994.

Anantharam, V.; Panchal, R.G.; Wilson, A.;
Kolchine, V.V.; Treistman, S.N.; and Bayley, H.
Combinatorial RNA splicing alters the surface
charge on the NMDA receptor. FEBS Lett
305(1):27-30, 1992.

Blevins, T.; Mirshahi, T.; Chandler, L.J.; and
Woodward, J.J. Effects of acute and chronic
ethanol exposure on heteromeric N-methyl-D-
aspartate receptors expressed in HEK 293 cells.
J Neurochem 69(6):2345-2354, 1997.

Blevins, T.; Mirshahi, T.; and Woodward, J.J.
Increased agonist and antagonist sensitivity of
N-methyl-p-aspartate stimulated calcium flux
in cultured neurons following chronic ethanol
exposure. Neurosci Lett 200(3):214-218, 1995.

Carmignoto, G., and Vicini, S. Activity-
dependent decrease in NMDA receptor responses
during development of the visual cortex. Science
258(5084):1007-1011, 1992.

Celentano, J.J; Gibbs, T.T.; and Farb, D.H.
Ethanol potentiates GABA- and glycine-induced
chloride currents in chick spinal cord neurons.
Brain Res 455(2):377-380, 1988.

Coe, I.R.; Dohrman, D.P; Constantinescu, A.;
Diamond, I.; and Gordon, A.S. Activation of
cyclic AMP-dependent protein kinase reverses
tolerance of a nucleoside transporter to ethanol.
J Pharmacol Exp Ther 276(2):365-369, 1996.

Crews, ET.; Morrow, A.L.; Criswell; H.; and
Breese, G. Effects of ethanol on ion channels.
Int Rev Neurobiol 39:283-367, 1996.

85



86

Chapter 2: Alcohol and the Brain: Neuroscience and Neurobehavior

Dell’Acqua, M.L., and Scott, J.D. Protein kinase
A anchoring. J Biol Chem 272(20):12881-12884,
1997.

Diamond, 1., and Gordon A.S. Cellular and
molecular neuroscience of alcoholism. Physiol
Rev 77(1):1-20, 1997.

Dohrman, D.P; Diamond, I.; and Gordon, A.S.
Ethanol causes translocation of cAMP-dependent
protein kinase catalytic subunit to the nucleus.
Proc Natl Acad Sci USA 93(19):10217-10221,
1996.

Fink, K., and Gothert, M. Both ethanol and
ifenprodil inhibit NMDA-evoked release of
various neurotransmitters at different, yet
proportional potency: Potential relation to
NMDA receptor subunit composition. Naunyn
Schmiedebergs Arch Pharmacol 353(3):312-319,
1996.

Follesa, P, and Ticku, M.K. Chronic ethanol-
mediated up-regulation of the N-methyl-p-
aspartate receptor polypeptide subunits in
mouse cortical neurons in culture. J Biol Chem
271(23):13297-13299, 1996.

Grant, S.G.; O'Dell, T.J.; Karl, K.A.; Stein, PL.;
Soriano, P; and Kandel, E.R. Impaired long-term
potentiation, spatial learning, and hippocampal
development in fyn mutant mice. Science
258(5090):1903-1910, 1992.

Grover, C.A.; Frye, G.D.; and Griffith, W.H.
Acute tolerance to ethanol inhibition of NMDA-
mediated EPSPs in the CA1 region of the rat
hippocampus. Brain Res 642(1-2):70-76, 1994.

Harris, R.A.; McQuilkin, S.J.; Paylor, R.;
Abeliovich, A.; Tonegawa, S.; and Wehner, J.M.
Mutant mice lacking the gamma isoform of
protein kinase C show decreased behavioral
actions of ethanol and altered function of gamma-
aminobutyrate type A receptors. Proc Natl Acad
Sci USA 92(9):3658-3662, 1995.

Hoffman, PL. Glutamate receptors in alcohol
withdrawal-induced neurotoxicity. Metab Brain
Dis 10(1):73-79, 1995.

Hoffman, PL.; Grant, K.A.; Snell, L.D.; Reinlib,
L.; lorio, K.; and Tabakoff, B. NMDA receptors:
Role in ethanol withdrawal seizures. Ann NY
Acad Sci 654:52-60, 1992,

Hu, X.J.; Follesa, P; and Ticku, M.K. Chronic
ethanol treatment produces a selective upregula-
tion of the NMDA receptor subunit gene
expression in mammalian cultured cortical
neurons. Brain Res Mol Brain Res 36(2):
211-218, 1996.

lorio, K.R.; Reinlib, L.; Tabakoff, B.; and
Hoffman, PL. Chronic exposure of cerebellar
granule cells to ethanol results in increased
N-methyl-p-aspartate receptor function.

Mol Pharmacol 41(6):1142-1148, 1992.

Ishii, T.; Moriyoshi, K.; Sugihara, H.; Sakurada,
K.; Kadotani, H.; Yokoi, M.; Akazawa, C.;
Shigemoto, R.; Mizuno, N.; Masu, M.; and
Nakanishi, S. Molecular characterization of the
family of the N-methyl-D-aspartate receptor
subunits. J Biol Chem 268(4):2836-2843, 1993.

Kandel, E.R.; Schwartz, J.H.; and Jessel, T.M.
Learning and memory. In: Essentials of Neural
Science and Behavior. Norwalk, CT: Appleton
and Lange, 1995. pp. 651-667.

Klein, R.L.; Mascia, M.P; Whiting, PJ.; and
Harris, R.A. GABA, receptor function and
binding in stably transfected cells: Chronic
ethanol treatment. Alcohol Clin Exp Res
19(5):1338-1344, 1995.

Korpi, E.R. Role of GABA, receptors in the
actions of alcohol and in alcoholism: Recent
advances. Alcohol Alcohol 29(2):115-129, 1994.

Lovinger, D.M. Developmental decrease in
ethanol inhibition of NMDA receptors in rat
neocortical neurons: Relation to the actions of
ifenprodil. J Pharmacol Exp Ther 274(1):
164-172, 1995.

Lovinger, D.M. Ethanol and the NMDA
receptor. In: Soyka M., ed. Acamprosate in

Relapse Prevention of Alcoholism. Berlin, Germany:
Springer-Verlag, 1996. pp. 1-26.



Lovinger, D.M. Alcohols and neurotransmitter
gated ion channels: Past, present and future.
Naunyn Schmiedebergs Arch Pharmacol
356(3):267-282, 1997.

Machu, T.K. Alcohols and the anesthetic,
halothane, enhance glycine receptor function
[Abstract]. Neurosci Net 1:10004, 1996.

Mascia, M.P; Mihic, S.J.; Valenzuela, C.F;
Schofield, PR.; and Harris, R.A. A single amino
acid determines differences in ethanol actions
on strychnine-sensitive glycine receptors. Mol
Pharmacol 50(2):402-406, 1996.

Messing, R.O.; Petersen, PJ.; and Henrich, C.J.
Chronic ethanol exposure increases levels of
protein kinase C delta and epsilon and protein
kinase C-mediated phosphorylation in cultured
neural cells. J Biol Chem 266(34):23428-23432,
1991.

Mhatre, M.C., and Ticku, M.K. Alcohol:
Effects on GABA, receptor function and gene
expression. Alcohol Alcohol Suppl 2:331-335,
1993.

Mihic, S.J., and Harris, R.A. Inhibition of rhol
receptor GABAergic currents by alcohols and
volatile anesthetics. J Pharmacol Exp Ther
277(1):411-416, 1996.

Mihic, S.J.; Ye, Q.; Wick, M.J.; Koltchine, V.V,;
Krasowski, M.D.; Finn, S.E.; Mascia, M.P;
Valenzuela, C.F; Hanson, K.K.; Greenblatt, E.P;
Harris, R.A.; and Harrison, N.L. Sites of alcohol
and volatile anaesthetic action on GABA, and
glycine receptors. Nature 389(6649):385-389,
1997.

Mishina, M.; Mori, H.; Araki, K.; Kushiya, E.;
Meguro, H.; Kutsuwada, T.; Kashiwabuchi, N.;
Ikeda, K.; Nagasawa, M.; and Yamazaki, M.
Molecular and functional diversity of the NMDA
receptor channel. Ann NY Acad Sci 707:136-152,
1993.

Miyakawa, T.; Yagi, R.; Kitazawa, H.; Yasuda, M.;
Kawai, N.; Tsuboi, K.; and Niki, H. Fyn-kinase

From Cell Membrane to Nucleus: The Effects of Alcohol on Brain Neurons

as a determinant of ethanol sensitivity: Relation
to NMDA-receptor function. Science
278(5338):698-701, 1997.

Mochly-Rosen, D. Localization of protein
kinases by anchoring proteins: A theme in signal
transduction. Science 268(5208):247-251, 1995.

Morrisett, R.A.; Rezvani, A.H.; Overstreet, D.;
Janowsky, D.S.; Wilson, W.A.; and Swartzwelder,
H.S. MK-801 potently inhibits alcohol with-
drawal seizures in rats. Eur J Pharmacol 176(1):
103-105, 1990.

Morrow, A.L. Regulation of GABA, receptor
function and gene expression in the central
nervous system. Int Rev Neurobiol 38:1-41, 1995.

Morrow, A.L.; Suzdak, PD.; Karanian, J.W.; and
Paul, S.M. Chronic ethanol administration alters
gamma-aminobutyric acid, pentobarbital and
ethanol-mediated 36CI~ uptake in cerebral
cortical synaptoneurosomes. J Pharmacol Exp
Ther 246(1):158-164, 1988.

Pearson, B.J.; Donatelli, D.P; Freund, R.K.;

and Palmer, M.R. Differential development and
characterization of rapid acute neuronal tolerance
to the depressant effects of ethanol on cerebellar
Purkinje neurons of low-alcohol-sensitive and
high-alcohol-sensitive rats. J Pharmacol Exp Ther
280(2):739-746, 1997.

Roivainen, R.; Hundle, B.; and Messing, R.O.
Ethanol enhances growth factor activation of
mitogen-activated protein kinases by a protein
kinase C-dependent mechanism. Proc Natl Acad
Sci USA 92(6):1891-1895, 1995.

Sanna, E., and Harris, R.A. Recent developments
in alcoholism: Neuronal ion channels. Recent Dev
Alcohol 11:169-186, 1993.

Seeburg, P.H.; Burnashev, N.; Kohr, G.; Kuner,
T.; Sprengel, R.; and Monyer, H. The NMDA
receptor channel: Molecular design of a
coincidence detector. Recent Prog Horm Res
50:19-34, 1995.



88

Chapter 2: Alcohol and the Brain: Neuroscience and Neurobehavior

Sheng, M.; Cummings, J.; Roldan, L.A.; Jan,

Y.N.; and Jan, L.Y. Changing subunit compo-
sition of heteromeric NMDA receptors during
development of rat cortex. Nature 368(6467):
144-147, 1994.

Smothers, C.T.; Mrotek, J.J.; and Lovinger, D.M.
Chronic ethanol exposure leads to a selective
enhancement of N-methyl-p-aspartate receptor
function in cultured hippocampal neurons.

J Pharmacol Exp Ther 283(3):1214-1222, 1997.

Snell, L.D.; Nunley, K.R.; Lickteig, R.L.;
Browning, M.D.; Tabakoff, B.; and Hoffman, PL.
Regional and subunit specific changes in NMDA
receptor mRNA and immunoreactivity in mouse
brain following chronic ethanol ingestion. Brain
Res Mol Brain Res 40(1):71-78, 1996.

Tabakoff, B., and Hoffman, PL. Effect of alcohol
on neurotransmitters and their receptors and

enzymes. In: Begleiter H., and Kissin, B., eds.
Pharmacology of Alcohol and Alcohol Dependence.
Vol. 2. Alcohol and Alcoholism. New York, NY:
Oxford University Press, 1995. pp. 356—430.

Trevisan, L.; Fitzgerald, L.W.; Brose, N.; Gasic,
G.P; Heinemann, S.F; Duman, R.S.; and Nestler,
E.J. Chronic ingestion of ethanol up-regulates
NMDARL receptor subunit immunoreactivity

in rat hippocampus. J Neurochem 62(4):
1635-1638, 1994.

Yang, X.; Criswell, H.E.; Simson, P;; Moy, S.;
and Breese, G.R. Evidence for a selective effect
of ethanol on N-methyl-p-aspartate responses:
Ethanol affects a subtype of the ifenprodil-
sensitive N-methyl-p-aspartate receptors.

J Pharmacol Exp Ther 278(1):114-124, 1996.



Acute Actions of Alcohol on the Brain

Acute Actions of Alcohol on the Brain

Unlike many drugs that have a single site of
action, alcohol produces a wide spectrum of effects
on brain function via interaction with multiple
targets. For many years, it was assumed that
alcohol’s effects on brain function were primarily
due to its ability to nonspecifically disrupt or
disorder the neuronal membrane. This hypo-
thesis, which originated nearly 100 years ago, has
been severely challenged by research carried out
over the last 10 years.

A growing body of evidence shows that alcohol
exerts significant effects on specific receptor
proteins that are embedded in the neuronal
plasma membrane. The function of these
proteins ultimately underlies all brain function,
including thought, speech, vision, and complex
behaviors. This view, which is becoming widely
accepted, represents a dramatic change in the way
we think about alcohol and its effects on brain
activity. The factors that precipitated this new
way of thinking about alcohol are closely tied

to the advances made in the field of molecular
neuroscience and to technical advances made in
the way that the activity of neurons is studied.

Because of the complexity of the human brain,
which is comprised of approximately 1 trillion
neurons, scientists have developed techniques to
study brain function in simpler systems where
there are fewer experimental variables. These
techniques include brain cell cultures that permit
the behavior of single neurons to be studied, and
the use of recombinant or cloned receptors that
can be expressed in experimental cells such as
frog eggs (Xenopus oocytes). Experiments using
microdialysis, which allows the fluid that sur-
rounds neurons to be repeatedly sampled, have
allowed researchers to examine the effects of
alcohol on levels of neurotransmitters in intact
animals. Finally, behavioral approaches have
allowed scientists to gain important insights into
the effects of alcohol on brain function in awake,
freely moving animals.

These approaches have resulted in a remarkably
detailed understanding of the effects of acute
alcohol exposure on many important neuronal
proteins that regulate brain activity. By under-
standing the molecular and cellular sites of action
for the acute effects of alcohol, it should be
possible to explain how the continued use of
alcohol may lead to alcohol dependence or how
the abuse of alcohol may result in death or serious
brain injury.

The following material is not intended to be an
exhaustive literature review. Rather, it is a focused
examination of areas that have seen significant
progress in the last several years.

Measuring Alcohol’s Effects

As with many drugs, alcohol’s effects are dose
dependent. That is, higher concentrations of
alcohol generally produce a larger effect on a
particular protein or biological process, or a more
marked effect on behavior or function, than lower
concentrations do. Because alcohol is adminis-
tered by drinking and is distributed to the brain
by the bloodstream, alcohol concentrations are
usually measured in terms of concentration,

or percent, in the blood. In most states, for
example, individuals with blood alcohol levels
(BALS) or blood alcohol concentrations (BAC's)
of 0.1 percent or higher are considered legally
intoxicated. (See the box “The ABC’s of BAC’S”
in the chapter on prevention research for addi-
tional background.)

Most researchers who conduct alcohol research
using in vitro (cellular or test tube) preparations
prefer to express concentrations of alcohol as
molar concentrations (the amount of alcohol

in solution in a given volume of water based on
the number of molecules, or moles, of alcohol
present). For example, a 0.1-percent BAL is the
same as 22.5 millimolar (mM). In these types of
experimental research studies, concentrations of
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alcohol that are considered relevant with respect
to their behavioral effects are generally in the
range of 10 to 100 mM. These levels are
considered biologically important because it is
possible to show significant effects of alcohol on
some neuronal proteins, pathways, or systems
simply by increasing the alcohol concentration.
However, to be considered a relevant target for
alcohol’s actions, a protein or process should be
sensitive to concentrations of alcohol that are
associated with changes in human behavior and
are easily achieved during alcohol drinking.

Alcohol and lon Channels

Considerable evidence has accumulated to show
that alcohol exerts significant effects on specific
receptor proteins that are embedded in the
neuronal plasma membrane. Of particular
interest are reports that have demonstrated that
alcohol alters the function of several important
voltage-gated and ligand-gated ion channels.
These channels are located predominantly in

the synapse, where they mediate and modulate
neuronal excitability. Since alcohol’s effects are
most noticeable at the synapse, these ion channels
represent excellent targets for alcohol’s anesthetic
and intoxicating actions. Recent studies show
that alcohol exerts powerful and specific effects on
ion channel function and that these effects may
be modulated by the subunit makeup and state
of phosphorylation of these ion channels (for
background on terms used in this discussion see
the section “Setting the Stage: The Structure and
Function of Neurons” earlier in this chapter).

Inhibitory Ligand-Gated lon Channels

Research shows that many compounds that
produce sedation and anesthesia appear to operate
by enhancing the effects of gamma-aminobutyric
acid (GABA) on the GABA, receptor. Among
these compounds is the large class of sedative-
hypnotic drugs that include benzodiazepines
(\alium), barbiturates (pentobarbital), general
anesthetics (halothane), and alcohol.

Endogenous (naturally present in an organism)
substances also enhance GABA, receptor

function and thus help regulate the activity of the
receptor. The cloning of members of the GABA,
family of subunits has revealed that neurons
express multiple types of GABA, receptors that
are made up of different subunits, as discussed in
the section “From Cell Membrane to Nucleus:
The Effects of Alcohol on Brain Neurons” earlier
in this chapter. The combination of different
receptor subunits yields receptors with different
sensitivities to both endogenous compounds such
as GABA and exogenous drugs such as alcohol.

GABA Receptors.

Alcohol Potentiation of GABA, Receptor Function.
How alcohol potentiates the effect of GABA on
its receptors is not clear. It is likely that the sen-
sitivity of GABA, receptor to alcohol is complex
and subject to multiple levels of regulation. One
approach to studying the complexities of the
GABA, receptor subunit composition uses a
technique known as recombinant complementary
DNA (cDNA) expression systems, in which part
of the genetic material (deoxyribonucleic acid,

or DNA) from one organism is inserted into the
genetic material of a second organism, such as
bacteria or Xenopus oocytes. Such systems allow
investigators to express, or produce, individual or
multiple GABA, receptor subunits in experi-
mental cells that normally do not express these
receptors. This technique allows for systematic
evaluation of the effects of alcohol on different
receptor subunit combinations. This approach
has proven valuable in showing that some
GABA, receptor responses in neurons are sen-
sitive to alcohol, whereas others are not. This
implies that the subunit makeup of the GABA,
receptor may be an important determinant of
sensitivity to alcohol’s actions. If true, then
differences in the GABA, receptor subunit
composition could underlie the observed
differences in alcohol sensitivity between
alcoholics and nonalcoholics.

Research using recombinant cDNA expression
systems has suggested that the y,, subunit of the
GABA, receptor is critical to alcohol’s poten-
tiating effect (Wafford et al. 1991). Not all such
studies have demonstrated a potentiating effect,



however, even in the presence of the y, subunit
(Sigel et al. 1993). Thus, although this subunit
may be necessary for alcohol to have an effect,
other factors may be important in determining
whether such an effect is observed. These other
factors may include phosphorylation (the addition
of a phosphate group through enzymes known
as protein kinases), which has been shown to
influence the regulation of receptor activity;
association of the GABA, subunits with the
cellular cytoskeleton (the structural architecture
of the cell); and location of the receptor on the
cell membrane.

For example, one recent study added to earlier
evidence that the phosphorylating enzyme protein
kinase C (PKC) is involved in modulating alcohol
sensitivity of GABA receptors (Weiner et al.
1997a). In this study of brain slices from adult
rats, basal (before alcohol treatment) levels of
PKC activity correlated with alcohol’s poten-
tiation of GABA, receptor responses. (By varying
incubation temperatures of the brain slices, the
investigators altered basal PKC activity levels.)
Treatment of neurons with drugs that reduced
basal PKC activity also reduced the effects of
alcohol. Activation of other kinases, such as
protein Kinase A, also has been shown to enhance
the sensitivity of GABA, receptors to alcohol
(Freund and Palmer 1997a; Lin et al. 1994).
Data from these studies suggest that the state

of receptor phosphorylation is important in
determining the sensitivity of GABA, receptors
to alcohol. Direct measures of receptor phos-
phorylation are needed to confirm this
suggestion.

Another aspect of ion channel function is
emerging from current, ongoing neuroscience
research. Recent studies suggest that the neuron
is not an unorganized collection of proteins
bounded by the lipid membrane, but a highly
structured, three-dimensional environment in
which the function of a receptor or ion channel
is influenced by its location. This spatial
organization may be important in clustering
together proteins that interact with one another,
such as kinases and ion channels like the GABA
receptor. A recent report illustrated the

Acute Actions of Alcohol on the Brain

importance of this clustering to the effects of
alcohol (Whatley et al. 1996). In this study,
GABA, receptor subunits were introduced into
a cell line that did not normally express these
receptors. Alcohol potentiated the GABA
responses in these cells; however, agents that
affected the cytoskeleton of the cell prevented this
potentiation. The disruption of the cytoskeleton
may have prevented the GABA, subunits from
being phosphorylated by protein kinases because
of a physical separation of the receptor and
kinase.

Reinforcing the idea that receptor localization
can influence alcohol sensitivity, a study using
rat brain slices showed that alcohol potentiated
GABA, receptors located in the synapses on
some dendrites of a single neuron but not in
others (Weiner et al. 1997b). The underlying
reason for this striking effect was not elucidated.
Nevertheless, taken together, the findings
described above suggest that factors other than
GABA, receptor subunit makeup help determine
the sensitivity of the brain to alcohol. They also
raise the possibility that psychological or phar-
macologic interventions that alter neuronal
excitability may alter an individual’s response

to alcohol.

Effects of Alcohol on GABA, Receptor Knockout
Animals. Despite evidence from in vitro studies
that GABA receptor subunit makeup does not
appear to be the sole determinant of alcohol’s
actions, it is not clear whether this is true in
intact animals. One direct approach to testing
how specific receptor subunits mediate alcohol’s
effects is to develop genetically altered animals
that are lacking functional specific receptor
subunits. These knockout animals have become
a valuable tool to examine the involvement of
specific receptors in mediating the actions of
alcohol on the brain. (Two other sections in
this chapter, “From Cell Membrane to Nucleus:
The Effects of Alcohol on Brain Neurons” and
“Genetic Studies of Alcohol’s Actions on the
Brain,” also discuss knockout animals.)

To date, alcohol sensitivity has been determined
in animals lacking the GABA, receptor subunits
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alpha (o), beta (), and gamma (y). Studies of
mice that lack the ag subunit of the GABA,
receptor have shown, for example, that the ag
subunit does not mediate the sedative-hypnotic
actions of alcohol and other depressant agents,

as measured by alcohol-induced hypnosis (sleep
time) (Homanics et al. 1997). Whether this
subunit mediates other actions of alcohol that
may occur at nonsedative concentrations remains
to be determined.

In another study, scientists compared the
anesthetic sensitivity of knockout mice lacking
the B3 subunit of the GABA, receptor with that
of control (or wild-type) mice in which the
functional gene is present (Quinlan et al. 1998).
Knockout mice showed no significant differences
in the sedative effects of alcohol, pentobarbital,
or volatile anesthetics (enflurane or halothane)
compared with control mice. However, the
knockout mice were more resistant to the surgical
anesthetic (loss of sensation) effects of the volatile
anesthetics. These data indicate that the (33
subunit does not play a critical role in the sedative
effects of alcohol. These findings also suggest
the presence of different sites of action for the
sedative and anesthetic actions of commonly
used surgical anesthetic agents.

Another subunit, the y,; subunit already men-
tioned, previously had been shown by some
investigators to be important in mediating

the potentiating effects of alcohol on GABA,
receptor function (Wafford et al. 1991). (Again,
not all such studies have demonstrated a poten-
tiating effect.) If the y,_ subunit is required for
this action in intact animals, animals lacking this
subunit would be expected to show an altered
response to alcohol. Two studies have sought to
test this hypothesis by examining the effects of
knocking out the gene that codes for the y,
subunit of the GABA, receptor.

A recent study examined the alcohol sensitivity of
mice lacking only the v, subunit of the GABA,
receptor (Homanics et al. in press). The animals
lacking only the y,, variant of the GABA,
receptor had normal life spans (most mice lacking
the entire y, gene die within a few days of birth

[Gunther et al. 1995]) and were not significantly
different from wild-type mice in their behavioral
responses to alcohol, including sleep time,
anxiolysis (anxiety reduction), acute functional
tolerance, withdrawal hyperexcitability (over-
excitability that occurs after exposure to, then
removal of, alcohol), and hyperlocomotion
(Homanics et al. in press). In addition, in the
presence of alcohol, GABA-induced electrical
activity in neurons isolated from these knockout
mice was stimulated to the same extent as
neurons isolated from wild-type mice. Several
behavioral effects of alcohol remained unchanged
in the knockout mice. These results suggest that
the y,_ subunit is not essential for alcohol effects
on the GABA, receptor.

As noted in the section “From Cell Membrane
to Nucleus: The Effects of Alcohol on Brain
Neurons” earlier in this chapter, scientists have
also examined the alcohol sensitivity of mice
lacking the y isoform of the phosphorylating
enzyme PKC (PKC-y). Mutant mice lacking
PKC-y showed a reduced sensitivity to both the
sedative and hypothermic effects of alcohol
(Harris et al. 1995). In addition, the ability of
alcohol to potentiate GABA, receptor function
in brain tissue from these mice was reduced
compared with that in control animals. Interest-
ingly, the knockout mice had normal responses
to other sedatives such as benzodiazepines and
barbiturates that are thought to interact with the
GABA, receptor. Taken with the results of the
research described above, these data support the
idea that receptor phosphorylation and other
posttranslational processes (processes that take
place after the last step in gene-directed protein
synthesis) may be more important than GABA,
receptor subunit makeup in determining the
alcohol sensitivity of these receptors.

Glycine Receptors. Both GABA receptors and
glycine receptors—to which the inhibitory
neurotransmitter glycine binds—mediate the

flux of chloride ions into neurons; this process,

in turn, inhibits the cell’s ability to fire, or
transmit, a nerve impulse. Glycine receptors are
found predominantly in the spinal cord, but they
also exist in the brains, where they may play a role



in some of the actions of alcohol. As demon-
strated using GABA, receptors, alcohol also
potentiates chloride flux—augments the entry

of negatively charged chloride ions into the
neuron—through recombinant glycine receptors
expressed in Xenopus oocytes (Mascia et al. 1996).
Glycine receptors composed of the a4 subunit
were more sensitive to low concentrations of
alcohol than those made from o, subunits. This
difference was attributed to a change in a single
amino acid of the o, subunit, suggesting that
alcohol may interact with specific amino acids
on this ion channel to cause its effects.

This hypothesis is supported further by data
suggesting that the potentiation of recombinant
glycine and GABA, receptors by all concen-
trations of alcohol could be abolished by single-
amino acid substitutions in either the GABA
transmembrane 11 (TMII) or TMIII domains of
the neuronal cell membrane (Mihic et al. 1997).
For example, when the amino acid serine at
position 267 in the TMII domain of the glycine
a4 receptor was changed to the amino acid
isoleucine, electrical currents generated by this
mutant receptor were no longer potentiated by
alcohol. Changing the amino acid serine at
position 267 to another amino acid, tyrosine,
abolished the effects of some but not all anes-
thetic agents that share some behavioral effects
with alcohol. Subsequent work demonstrated
that alcohol’s effect on recombinant glycine o
receptors was inversely correlated with the size of
the amino acid at position 267 (Ye et al. 1998).
Thus, alcohol potentiated receptor function when
small amino acids such as glycine or alanine were
substituted at that position. However, substi-
tuting large amino acids such as histidine,
cysteine, or tyrosine resulted in receptors that
were inhibited by alcohol.

These findings provide strong evidence that
alcohol interacts with discrete regions of impor-
tant neuronal proteins to alter their function.
Furthermore, alcohol may preferentially partition
into pockets defined by specific amino acids in
areas of the receptor protein that are important
for cell functioning. Alcohol’s presence in these
pockets may disrupt the normal interactions
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between various regions of the receptor, leading
to altered receptor function. This research also
raises the possibility that changes in specific
amino acids brought about by either experi-
mental or random changes to an individual’s
genetic code may lower an individual’s sensitivity
to the sedative and anesthetic effects of alcohol
that appear to be mediated via glycine and
GABA, receptors. Development of experimental
animals with glycine receptors possessing specific
amino acid substitutions will allow researchers to
test these hypotheses.

Excitatory Ligand-Gated lon Channels

Glutamate Receptors. As the major excitatory
amino acid in the brain, glutamate binds to
specific ligand-gated ion channels and depolarizes
the postsynaptic neuronal membrane, making it
more likely that the neuron will “fire.” In this
way, these proteins serve as excitatory ion chan-
nels. Three distinct families of glutamate-
activated ion channels are present on the post-
synaptic, dendritic membrane of neurons. These
receptors are named for compounds that selec-
tively activate one class of receptors but not the
others. For example, NMDA receptors are
named for the synthetic compound N-methyl-b-
aspartate (NMDA), whereas AMPA receptors

are activated by the synthetic compound alpha-
amino-3-hydroxy-5-methyl-4-isoxazole
propionate (AMPA). The natural chemical
kainate activates a subset of ligand-gated ion
channels that are similar in structure to the
AMPA family and that are sometimes grouped
together in a classification termed AMPA/kainate
receptors. Distinct genes for these three classes of
glutamate-activated ion channels have now been
cloned, allowing researchers to study the effects
of alcohol on specific receptor combinations.

NMDA receptors are categorized by constituent
subunits: the NR1 subunits and four members
of the NR2 family (A, B, C, and D). AMPA/
kainate receptors are represented by at least seven
subunit types (GIuR1 through GIuR7) plus two
other subunits (KA1 and KA2) that respond
selectively to kainate. Slight differences in the
amino acid sequence of certain members of each
of these families create an additional level of
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receptor diversity. For example, there are eight
different versions of the NR1 subunit that differ
by the absence or presence of three sequences of
amino acids.

As a group, the different glutamate receptor
subunits are distributed widely throughout the
brain, although certain subunits are found in very
limited areas. Receptors composed of different
subunits show slightly different sensitivities to
activation by glutamate; these sensitivities are
often manifested in the amount of time that the
receptors remain open after being activated.
Glutamate receptors also differ in the selectivity
of the ions that permeate their pore.

AMPA/kainate receptors are permeable largely to
sodium ions and, when activated by glutamate,
set off a rapid and large depolarization of the
postsynaptic neuron. If enough of these receptors
are activated, the cell can fire an action potential,
and neuronal signaling proceeds to the next
neuron. NMDA receptors allow both sodium
and calcium ions to enter the cell. Unlike
AMPA/kainate receptors, however, NMDA
receptors are blocked by magnesium ions, which
are normal constituents of the extracellular fluid
that bathes neurons. This block is voltage
dependent, meaning that under conditions

of relatively low-frequency electrical activity,
NMDA receptors are blocked by magnesium
ions, allowing few calcium ions to enter the
neuron. When more glutamate is released

into the synapse, sodium flowing through
AMPA/kainate receptors depolarizes the neuron
so that the magnesium block of the NMDA
receptor is removed, calcium ions can enter the
neuron, and the neuron’s ability to fire a nerve
impulse increases.

Calcium is an important regulator of neuronal
function that exerts its effects through its inter-
actions with a wide variety of enzymes and other
proteins. For example, substantial evidence
suggests that the entrance of calcium ions into the
neuron through the NMDA receptor is required
for the formation of new memories, such as those
that take place during learning. NMDA receptors
are also important during the period of

development when brain neurons organize
themselves into the complex circuits that allow
the brain to support people’s ability to speak,
think, reason, and respond to others. In humans,
the period of most intense growth and develop-
ment of these circuits begins during the last stages
of fetal development and accelerates to a peak
during the first several years of a person’s life.
(See the section “Underlying Mechanisms of
Alcohol-Induced Damage to the Fetus” in the
chapter on prenatal exposure to alcohol for
additional information.)

Alcohol Inhibition of NMDA Receptor Function.

In contrast to its effects on GABA, receptors,
alcohol has been demonstrated to inhibit NMDA
receptors (Fink and Gothert 1990; Lovinger et al.
1989; Popp et al. 1998; Simson et al. 1993;
Wong et al. 1997; Woodward and Gonzales
1990). Some areas in the brain contain NMDA
receptors that show a reduced sensitivity to the
inhibitory effects of alcohol, suggesting that
different regions of the brain may use different
receptor subunits to assemble mature NMDA
receptors. Another possibility is that, as with the
GABA, receptor, intracellular activities such as
phosphorylation may render NMDA receptors
more or less sensitive to alcohol. Recent research
suggests that both of these processes are likely to
be involved in mediating alcohol’s effects on the
brain.

For example, several studies using cloned NMDA
receptors expressed in Xenopus oocytes indicate
that NR1/2A- and NR1/2B-containing NMDA
receptors are more sensitive to alcohol than

those expressing NR1/2C or NR1/2D subunits
(Buller et al. 1995; Chu et al. 1995; Masood et al.
1994; Mirshahi and Woodward 1995). Not all
investigators have reported this finding, however,
which suggests that other factors may influence
the sensitivity of the receptor to alcohol (Kuner
et al. 1993). One group found that NR1/2A
receptors that were made calcium impermeable
by changing a single amino acid in the TMII
pore region were less sensitive to alcohol than

the wild-type receptor was (Mirshahi and Wood-
ward 1995). Further investigation revealed that
NR1/2A receptors were more sensitive to alcohol



when the amount of calcium that entered the
oocyte was increased. A small portion of a piece
of the NR1 subunit lying inside the cell mediates
this calcium-dependent enhancement of the
alcohol inhibition (Mirshahi et al. 1998).

Findings from animal studies are consistent with
the results obtained using recombinant receptors
expressed in a cell line (HEK 293 cells) that
NMDA receptors with the NR1/2B combination
are more sensitive to inhibition by alcohol than
other NMDA receptors are (Blevins et al. 1997,
Lovinger 1995; Yang et al. 1996). The magni-
tude of alcohol’s inhibition was sometimes less
than that seen when these same receptors were
expressed in Xenopus oocytes. These results
suggest that factors such as phosphorylation or
receptor clustering may influence the sensitivity
of NMDA receptors to alcohol. Several research
groups are actively investigating these factors,
which may help explain why NMDA receptors
in some brain areas are more sensitive to alcohol
than others.

Previous research has shown that the alcohol
sensitivity of NMDA receptors in some cerebellar
neurons is modulated by PKC (Snell et al. 1994).
(The cerebellum is a brain structure primarily
involved in balance and motor coordination.)
More recent reports suggest that tyrosine kinases
(enzymes that phosphorylate the amino acid
tyrosine) may also be important in determining
the alcohol sensitivity of NMDA receptors. As
discussed in a previous section in this chapter
(“From Cell Membrane to Nucleus: The Effects
of Alcohol on Brain Neurons™), scientists have
used a mouse line in which the gene for a specific
tyrosine kinase, Fyn tyrosine kinase, was deleted
from the mouse’s genome (Miyakawa et al. 1997).
These mice were more sensitive than normal mice
to the sedative actions of alcohol. In addition,
NMDA responses in hippocampal slices taken
from Fyn tyrosine kinase-deficient mice did

not show tolerance to the effects of sustained

(15 minutes) alcohol exposure, as those from
wild-type mice did. (The hippocampus is a brain
structure involved in the consolidation of new
memories.) The adaptation of NMDA responses
to the inhibitory effects of alcohol (rapid

Acute Actions of Alcohol on the Brain

tolerance) observed previously (Grover et al.
1994) may be due to changes in the phosphory-
lation of neuronal proteins such as NMDA
receptors or proteins that interact with the
receptor.

Despite these new developments showing that
the NMDA receptor’s alcohol sensitivity may be
modulated by both subunit composition and
phosphorylation, it is still not clear how alcohol
actually inhibits the receptor. The NMDA
receptor has many modulatory sites that control
its function, and each one of these is a potential
site of action for alcohol. However, to date there
is no overwhelming evidence to indicate that
alcohol interacts specifically with any of these
modulatory sites (Chu et al. 1995; Masood et al.
1994; Mirshahi and Woodward 1995). Analysis
of the behavior of single NMDA channels in the
presence of alcohol revealed that alcohol did not
alter the basic biophysical properties of the
channel (channel conductance) or block the open
channel (Wright et al. 1996). However, alcohol
did reduce the number of times an individual
channel would open; exposure to alcohol also
decreased the amount of time the channel was
open once it was activated. Thus, as with other
channel types, these results suggest that alcohol
acts at a site or sites on the NMDA receptor that
influence the ability of the neurotransmitter to
activate or control channel opening. The location
of this site has not been identified. The recent
findings of a binding site for alcohol on GABA,
and glycine receptor subunits (Mihic et al. 1997)
will greatly accelerate the search for a similar site
on the NMDA receptor.

Alcohol Inhibition of AMPA/Kainate Receptor
Function. Research shows that alcohol also
inhibits ion flux through AMPA/kainate recep-
tors. In cultured neurons and preparations of
isolated spinal cord, NMDA receptors appear to
be more sensitive to alcohol than AMPA/kainate
receptors are, while there is less difference in
sensitivity in recombinant expression systems than
in cultured neurons (Dildy-Mayfield and Harris
1992; Lovinger et al. 1989). Not all neuronal
AMPA/kainate receptors display a low alcohol
sensitivity, however (Martin et al. 1995). These
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findings suggest that factors such as phosphory-
lation or receptor-receptor communication, which
can vary according to the type of experimental
preparations used, may influence the alcohol
sensitivity of AMPA/kainate receptors in neurons.

Studies by one group showed that the alcohol
sensitivity of various GIuR AMPA/kainate
receptor subunits expressed in Xenopus oocytes
could be altered by manipulations that increased
or decreased intracellular levels of calcium (Dildy-
Mayfield and Harris 1995). Alcohol’s ability to
inhibit the transmission of electrical signals

was greatest, for example, in cell preparations
containing the highest concentrations of calcium.
This potentiation of the alcohol effect was pre-
vented by an inhibitor of PKC, suggesting a role
for both calcium and phosphorylation. It is not
known whether manipulations that increase
calcium would enhance the alcohol sensitivity of
AMPA/kainate receptors expressed in neurons. If
s0, however, these receptors could be inhibited by
alcohol during periods of intense neuronal firing
when calcium levels inside the neuron are higher.

The results of many studies suggest that alcohol
inhibits the two major classes of glutamate-
activated ion channels—NMDA and AMPA/
kainate—in the brain and spinal cord. Because
these channels mediate both rapid and prolonged
synaptic signaling, inhibition of these responses
may underlie some of the intoxicating and
sedative, anesthetic effects of alcohol. Defining
the precise structural and physiologic require-
ments that control the alcohol sensitivity of
these important ion channels may lead to

the discovery of alcohol-sensitive and alcohol-
insensitive forms of these receptors. Unequal
distribution of these receptors across brain

areas and among individuals could explain

the differences in alcohol sensitivity that have
been observed in both experimental cell systems
and humans.

Nicotinic Receptors. The neurotransmitter
acetylcholine activates a multisubunit class of
ligand-gated ion channels known as nicotinic
receptors. These receptors contribute to neuronal
excitability and are closely related to those found
in skeletal muscle. The primary function of most

nicotinic receptors is to control, or gate, the flux
of sodium ions across the neuronal membrane;
some members of this family of receptors (the

o7 receptors) are also permeable to calcium ions.
Previous studies have shown that low concen-
trations of alcohol (10 micromolar) actually
potentiate the effects of acetylcholine on muscle-
type nicotinic receptors. As with the GABA, and
glycine receptors, to which the nicotinic receptors
are related, these effects are more pronounced

at low concentrations of acetylcholine. Such
findings suggest that alcohol may affect all three
receptor types similarly, perhaps through common
sites of action. The physiologic significance of
these effects is unknown but warrants further
investigation.

Results of recent investigations of the effect of
alcohol on nicotinic receptors in cultured cells
and on recombinant nicotinic receptors have
yielded sometimes conflicting results. Alcohol
was found to potentiate or inhibit these ion
channels, depending on such factors as the
concentration of acetylcholine, the duration
of exposure to alcohol, and the concentration
of alcohol (Covernton and Connolly 1997;
Nagata et al. 1996; Yu et al. 1996).

In a recent study, alcohol reduced the firing of
neurons in the cerebellum; this effect was mod-
ulated by compounds that acted on nicotinic
receptors (Freund and Palmer 1997b). These
findings suggest that the effects of alcohol on
neuronal activity most likely involve multiple
subtypes of neurotransmitter receptors, and that
the activity of one ion channel can influence the
sensitivity of other channels.

Serotonin Receptors. Serotonin (5-HT), an
important neurotransmitter in the brain, activates
a large family of 5-HT receptors. One member
of this family is the 5-HT3 receptor, which is a
ligand-gated ion channel that controls the flux of
sodium ions into neurons. The 5-HT3 receptor
is structurally similar to nicotinic receptors and is
sensitive to alcohol. This receptor is expressed in
discrete areas of the brain, including the limbic
areas of the forebrain (which are involved in the
expression of emotional behavior) and hindbrain
structures that mediate nausea and vomiting.



These receptors appear to be localized to pre-
synaptic regions of neurons, including axons and
axon terminals. This distribution suggests that
the 5-HT3 receptor modulates the regulation of
the release of neurotransmitters such as dopa-
mine, acetylcholine, and serotonin. (See the
section “Genetic Studies of Alcohol’s Actions

on the Brain” later in this chapter for further
information on 5-HT receptors and alcohol’s
effect on these receptors.)

As demonstrated with glycine and GABA, recep-
tors, alcohol potentiates the activity of 5-HT3
receptors in neurons (Lovinger and White 1991)
and in transfected cells (cells in which recombi-
nant genes have been introduced) and Xenopus
oocytes (Lovinger and Zhou 1994; Machu and
Harris 1994). Alcohol appears to affect 5-HT3
activity through interactions with the 5-HT3
receptor that result in a more stable, open channel
(Zhou and Lovinger 1996). Because of the
similarity in amino acid sequence between 5-HT;
and GABA, or glycine receptors, researchers have
hypothesized that a site of action within the TMI|I
domain of the 5-HT3 receptor may mediate these
effects.

Alcohol’s potentiating effects on 5-HT3 receptor
function (discussed in more detail below) may
underlie some of the observed increases in dopa-
mine in limbic areas of the forebrain following
alcohol consumption or exposure. These
increases are thought to be crucial in mediating
the rewarding effects of alcohol and many other
drugs of abuse.

Voltage-Gated lon Channels

Unlike ligand-gated ion channels, voltage-gated
ion channels are activated when the membrane
potential of the neuron is altered. The coordi-
nated activity of voltage-gated sodium and
potassium channels underlies the generation

and propagation of action potentials along
axons. Judging from their structural and genetic
similarities, these channels appear to belong to

a large family. Voltage-gated calcium channels
respond to depolarization of the membrane and
allow calcium to enter the neuron. This calcium
can trigger the release of neurotransmitter from
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presynaptic terminals, thereby initiating synaptic
signaling. \Voltage-gated potassium channels
function to repolarize the neuronal membrane
after depolarization by gating the flux of posi-
tively charged potassium ions out of the neuron.
Thus, these voltage-gated channels are crucial for
neuronal activity and have been extensively
examined for their alcohol sensitivity.

Previous research indicated that voltage-gated
sodium channels were particularly insensitive to
alcohol at concentrations that are associated with
the behavioral effects of alcohol (10 to 100 mM).
Voltage-gated calcium channels appeared to be
relatively insensitive to the acute actions of
alcohol and thus were not thought to be an
important target for alcohol sensitivity. However,
more recent evidence (discussed below) indicates
that some calcium and potassium channels are
sensitive to low concentrations of alcohol and
thus may contribute to the depressant effects of
alcohol on neuronal function.

Calcium Channels. Like other ion channels,
voltage-gated calcium channels are subdivided
into several classes (T, L, N, P, Q, and others)
according to structural and pharmacologic
properties. These channels are found on
different parts of the neuron, where they
provide a pathway for calcium flux during
depolarization of the membrane.

Because of the heterogeneous distribution of
these channel types on neurons, it has been
difficult to accurately assess the effects of alcohol
on individual calcium channel subtypes. Scien-
tists use strategies to block or encourage the
activity of specific channel subtypes in order to
isolate them for observation of alcohol’s effects.
With use of these manipulations, previous studies
using intact neurons showed that alcohol inhibits
some calcium channel receptor subtypes. Some
subtypes (L and N) were somewhat sensitive to
alcohol, whereas others (T and P) appeared to be
relatively insensitive to alcohol (Hall et al. 1994;
Twombly et al. 1990). More recent studies in a
cell line (PC-12) that shares characteristics with
neurons also suggest differences in sensitivities of
the various subtypes of receptors. In recent
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experiments in these cells, incubation with
alcohol inhibited the activity of certain channel
subtypes (N and P/Q), but only after several
minutes (Solem et al. 1997). The effect was not
observed in cells treated with an activator of the
enzyme protein kinase A or by an inhibitor of a
phosphatase (a phosphate-removing enzyme).
These results suggest that phosphorylation of a
cellular protein may be critical to alcohol’s effects
on calcium ion channels, although additional
research is needed to confirm the extent to which
observations in this cell line parallel what occurs
in neurons.

Potassium Channels. A wide array of potassium
channels have been cloned and grouped into
several classes based upon their voltage depen-
dence and sensitivity to intracellular ligands such
as calcium and adenosine triphosphate (ATP, a
molecule important in the energy metabolism

of cells).

Several potassium channels have been found to
be relatively insensitive to alcohol concentrations
below 100 mM. Scientists have shown that
alcohol inhibits one class of these receptors—
Shaw2 channels (Covarrubias and Rubin 1993;
Covarrubias et al. 1995). Analysis of the
inhibitory effect of alcohol on the activity of
single channels of this type indicated that alcohol
reduced the probability that the channel would
enter a long-duration open state. The inves-
tigators suggested that the site at which alcohol
acted to cause this effect was on a section of the
ion channel thought to be involved in controlling
the opening or gating of the ion pore of the
channels. Results of experiments in which the
effects of single-amino acid substitutions at the
site were observed suggest that the amino acid
sequence—and changes involving more than a
single amino acid—played a role in determining
alcohol sensitivity. The amino acid sequence may
determine the size of a pocket with which alcohol
interacts on the channel protein. Results of
another study also suggested the existence of a
pocket on these channels that mediates alcohol’s
actions. The cloned channels were studied by
expressing them in Xenopus oocytes and observing
the effects of alcohols with more than eight

carbons. The results suggested that the actions of
alcohols on these channels were channel specific
and therefore due to differences in the amino acid
sequence (Chu and Treistman 1997).

Other studies have shown that processes other
than the ion channel itself may be the targets for
alcohol. Calcium-activated potassium channels
are important in regulating neuronal excitability
and are activated by increases in intracellular
calcium that arise during depolarization of the
neuronal membrane. A recent study found that
alcohol increases the activity of the BK type of
channel in concentrations between 10 and 100
mM (Dopico et al. 1996). This increased activity
was manifested by an increase in the probability
that the channel would be in an open, conducting
state. Although the onset of the alcohol effect
was observed as soon as the alcohol was added

to the preparation, recovery of the effect upon
washout of the alcohol required several minutes,
suggesting that processes other than the channel
itself may be involved in alcohol’s effect. Similar
results emerged in another study of alcohol and
BK channels; however, the alcohol effect required
several seconds to become apparent and its effects
reversed after approximately 30 seconds of
exposure (Jakab et al. 1997). In addition, the
effects of alcohol were blocked by inhibitors of
PKC at lower levels of alcohol. Inhibitors of
cellular phosphatases enhanced the potentiating
effects of alcohol on BK channel activity,
suggesting that alcohol-induced phosphorylation
of the channel or related proteins underlies this
effect.

Alcohol and Neurotransmitter Systems

The research described above clearly shows that
alcohol exerts many of its neurobehavioral effects
via its direct and indirect modulation of ion
channels. Alcohol’s opposite effects on excitatory
glutaminergic receptors and inhibitory GABA,
and glycine receptors appear to be largely
responsible for its intoxicating and sedative
effects. However, because alcohol is considered
an addictive substance, there is great interest in
defining the molecular and cellular sites of action
that underlie its addictive potential. A number
of studies in this area have focused on the



interaction between alcohol and the neuro-
transmitters dopamine and 5-HT, both of which
have been implicated in the reinforcing properties
of alcohol and other drugs of abuse.

Biochemical Studies

A basic hypothesis in the field of addiction
biology is that addictive drugs lead to increases
in release of the neurotransmitter dopamine,
which plays a role in motivation and reinforce-
ment. The increase in dopamine is observed

in a specific part of the brain called the nucleus
accumbens, which is thought to play a key

role in the rewarding or reinforcing effects of
alcohol (Imperato and Di Chiara 1986; Wozniak
et al. 1991). Several techniques have been
developed and used to study the actions of
alcohol on dopamine release, including
electrophysiology, microdialysis, and in vivo
voltammetry.

The basis for these changes in extracellular
dopamine is unclear. The changes may result
from alcohol’s direct effect on the release of
dopamine or from alcohol’s ability to enhance
dopamine release indirectly through effects on
other proteins such as ion channels. An example
of indirect enhancement is alcohol’s potentiation
of presynaptic 5-HT5 receptors, which have been
shown to contribute to depolarization-induced
neurotransmitter release.

Several studies have examined both direct and
indirect effects of alcohol on dopamine release.
Research has shown, for example, that a high
concentration of alcohol delivered through a
microdialysis probe increased dopamine levels in
the ventral tegmental area of the brain (Yan et al.
1996). (The ventral tegmental area is an area
where dopaminergic fibers originate; these fibers
project to forebrain areas thought to be involved
in mediating the sensation of reward.) This
release of dopamine was not attenuated by the use
of a calcium-free solution, indicating that the
increase in dopamine levels did not result from
the presynaptic, calcium-dependent process
known as exocytosis, through which neuro-
transmitters are released. Another study
demonstrated that alcohol-induced increases
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in extracellular levels of dopamine in the striatum,
a brain area highly enriched in dopaminergic
terminals, occurred only at high concentrations
of alcohol (more than 170 mM in the dialysis
probe) (Yim et al. 1997). The researchers
concluded that when alcohol was given locally
through the probe, concentrations of alcohol
associated with intoxication had no effect on
extracellular levels of dopamine.

These findings have been corroborated by studies
using a different technique, in vivo voltammetry,
which measures the presence of extracellular
dopamine electrochemically. In these studies,
alcohol administered locally via microinjection
did not alter basal (pretreatment), unstimulated
levels of dopamine in the nucleus accumbens
(Samson et al. 1997) or the striatum (Lin and
Chai 1995; Wang et al. 1997). Despite this lack
of response, alcohol did slow the clearance of
both endogenous and exogenous dopamine from
the extracellular fluid, suggesting that alcohol
may affect the dopamine transporter molecule,
which functions to clear the synapse of dopamine
following release. During periods of neuronal
firing and release of dopamine, alcohol thus may
directly prolong the actions of dopamine at
postsynaptic receptors.

Evidence for a 5-HTz-mediated mechanism of
alcohol’s action on dopamine levels has also been
described. One study showed that drugs that
selectively activate the 5-HT5 receptor increased
extracellular levels of dopamine as measured by
in vivo microdialysis (Campbell et al. 1996).
Dopamine levels were also enhanced when
animals were given alcohol intraperitoneally (into
the abdominal cavity); this increase was blocked
by a selective antagonist of 5-HT3. These results
suggest that the effects of ingested alcohol on
dopamine release may be mediated via enhance-
ment of 5-HT 5 receptors located on dopami-
nergic nerve terminals.

A series of studies by Brodie and co-workers
demonstrated that alcohol increased the firing rate
of neurons in the ventral tegmental area and that
the effects of alcohol were augmented in the
presence of 5-HT and 5-HT agonists (substances
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that stimulate the activity of 5-HT) (Brodie et al.
1990, 1995). Whether these results were due to
an effect on 5-HT3 receptors or on another
mechanism could not be determined. However,
these data are consistent with the idea that
alcohol can alter a cell’s firing rate and the release
of dopamine in an area of the brain associated
with reward and reinforcement.

Neurobehavioral Studies

Following the observation that alcohol poten-
tiated 5-HT 5 electrical activity in isolated neurons,
a large number of neurobehavioral studies were
performed to examine the involvement of this
and other 5-HT receptor subtypes in mediating
alcohol’s actions on the brain. Many of these
studies used the technique of drug discrimination
to probe the neural sites of action of alcohol.

(See the section “Neurobiological and Neuro-
behavioral Mechanisms of Chronic Alcohol
Drinking” later in this chapter and the box
“Animal Models for Alcoholism,” which detail the
different types of tests and animal models used to
study the impact of alcohol exposure on behavior.)

Drug discrimination procedures involve training
an animal to recognize the effects or rewards of
a particular drug, then testing other drugs to
determine whether they can substitute for the
training drug. The 5-HT3 antagonists generally
block the discriminative stimulus effects—the
effects that enable an animal to distinguish
alcohol from other substances—of alcohol,
although there is considerable variability in this
respect among these agents (see review by Grant
1995). The effects of these drugs on alcohol
absorption and on other receptor subtypes
complicate interpretation of these tests. The
development of more selective agents would help
to unravel the role of the 5-HT5 receptor in
mediating the neurobehavioral effects of alcohol.

Recent behavioral studies have revealed that some
5-HT receptors that are G protein coupled—
linked to intracellular signaling processes—may
be involved in mediating alcohol’s effects. In one
study, agonists with selectivity at 5-HT,g but not
5-HT 5 receptors produced effects that were
similar to alcohol in drug discrimination tests

(Grant et al. 1997). Interestingly, these effects
depended on the training dose of alcohol and
were most marked at lower alcohol concen-
trations. These results are consistent with in
vitro findings that show differences in the
sensitivity of various receptors to alcohol.

The involvement of the 5-HT g receptor in
mediating some of the effects of alcohol has also
been suggested by research on a mouse strain that
lacks this receptor subtype. These mice had a
twofold elevation in their daily alcohol consump-
tion, compared with wild-type mice, in the
presence of normal food and water intakes
(Crabbe et al. 1996). (A subsequent study did
not replicate this result in knockout mice [Crabbe
et al. 1999].) The mutant mice were also less
sensitive to the motor-incoordinating effects of
alcohol and developed tolerance to these effects
at a slower rate than wild-type animals did.
Subsequent neurobehavioral studies using these
knockout mice showed that 5-HT;g knockout
animals had a lower sensitivity to the rewarding
effects of alcohol but no change in alcohol’s
aversive effects (Risinger et al. 1996). Taken
together, these results suggest that the 5-HT 5
receptor is involved in both alcohol intake and
reward, perhaps through a common mechanism.
Although this underlying neurochemical mech-
anism has not yet been identified, researchers
have hypothesized that this reduced sensitivity to
alcohol’s rewarding effects in these animals may
result in higher levels of alcohol drinking.
Whether these differences are related or due to
differences in the effects of alcohol on firing rate
and extracellular dopamine levels in the meso-
limbic areas of the brains of these mice is not
known. (See also the discussion of 5-HT g
knockouts in the section “Genetic Studies of
Alcohol’s Action on the Brain” later in this
chapter.)

In Closing

Both ligand-gated and voltage-sensitive ion
channels are important targets for alcohol in the
brain. The distribution of many of these channels
in synapses and the channels’ critical involvement
in regulating neuronal excitability make their
alcohol sensitivity especially important with



respect to alcohol’s behavioral effects. Several

conclusions can be reached with respect to the
findings of the studies of alcohol sensitivity of
various neuronal ion channel proteins.

First, clear and consistent evidence demonstrates
that alcohol specifically and selectively alters the
function of certain ion channels. In the case of
the GABA, and glycine receptors, compelling
evidence exists to suggest that alcohol’s effects
are mediated by interaction with certain amino
acids on the receptor. Using this information,
researchers should be able to verify the presence
of a similar site of action on other related
receptors, such as those activated by acetylcholine
and 5-HT, which are similar in composition to
GABA, and glycine receptors.

Elucidation of a primary site of action for alcohol
on glutamate-activated ion channels and voltage-
sensitive potassium channels is expected to be
somewhat more difficult. NMDA and non-
NMDA channels share a high degree of structural
similarity, especially in their pore regions, but

are only remotely related to GABA, and glycine
receptors. Thus, it may be difficult to extrapolate
findings directly from one major family of ion
channels to another. However, as researchers
learn more about the determinants of alcohol
sensitivity among different channel types, various
techniques, such as site-directed mutagenesis,
which leads to a mutation in a specific gene or at
a specific location along the DNA strand, can be
used to identify the locations of alcohol-binding
sites on glutamate and other receptors.

Second, the effects of alcohol on ion flux appear
to be mediated not by simple blocking of the ion
pore but by alterations in channel gating. Most,
if not all, studies that have examined the effects
of alcohol on the function of single-ion channels
have found that alcohol alters the probability that
the channel will be open. These findings suggest
that the site that mediates alcohol’s actions most
likely is located close to those areas that control
gating of the channel. Such research results

and hypotheses place the focus of attention

on the transmembrane domains that traverse the
membrane and the amino acids that may serve to
couple one transmembrane domain to another.

Acute Actions of Alcohol on the Brain

Finally, it is clear that alcohol does not need to
act directly on the channel protein to alter its
function. The effects of alcohol on voltage-
sensitive calcium channels and perhaps BK
channels may involve other cellular processes that
are activated by alcohol. Once activated, these
other processes can then profoundly alter the
function of the ion channel via mechanisms such
as phosphorylation or direct protein-protein
interaction. One of the rapidly developing areas
of neuroscience concerns the organization of ion
channels in the neuronal membrane. It is clear
that ion channels are not distributed randomly
in the membrane, but are localized in clusters in
association with other signaling and structural
proteins. Researchers have described a whole
family of receptor clustering proteins that appear
to act as scaffolds that allow complementary
receptors and cellular signaling proteins (such

as kinases and phosphatases) to be located at

the same site. Alcohol’s effects on individual ion
channels may thus be a sum of its direct action
on ion channel gating and its influence on the
regulation of ion channel activity by these closely
associated processes.

Research on the neurotransmitters and receptors
involved in the rewarding aspects of alcohol is
providing insight into how alcohol influences the
function of these systems and how the changes are
manifested in the response to alcohol in an intact
organism.

As the cellular and molecular processes involved
in the interplay between alcohol and neurons are
identified and understood, connections between
these processes and the neurobehavioral effects of
alcohol will be strengthened. Research, in turn,
can then increasingly focus on the development
of therapeutic agents that interfere with these
processes.
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Neurobiological and Neurobehavioral Mechanisms of

Chronic Alcohol Drinking

Alcoholism comprises a set of complex behaviors
in which an individual becomes increasingly
preoccupied with obtaining alcohol. These
behaviors ultimately lead to a loss of control over
consumption of the drug and to the development
of tolerance, dependence, and impaired social and
occupational functioning.

Although valuable information regarding toler-
ance and dependence has been, and continues to
be, gathered through human studies, much of the
detailed understanding of the impact of exposure
to alcohol on behavior and on the biological
mechanisms underlying those behaviors has been
obtained through the use of animal models for
alcoholism and a variety of in vitro, or cellular,
systems. Through the use of cellular systems and
animal models, researchers can control the genetic
background and experimental conditions under
which a specific alcohol-related behavior or
neurochemical change occurs.

It is difficult, if not impossible, to obtain an
animal model that by itself incorporates all of the
signs, symptoms, and behaviors associated with
alcoholism. However, several animal models

of chronic drinking reflecting the different
components of alcoholism, including alcohol-

seeking behaviors, have been developed. These
models, which remain an integral part of the
study of alcoholism, include animals that pref-
erentially drink solutions containing alcohol,
animals that self-administer alcohol during
withdrawal, animals with a history of dependence
that self-administer alcohol, and animals that self-
administer alcohol after a period of abstinence
from the drug. Genetic models for alcoholism
also exist and include animals that have been bred
selectively for high alcohol consumption. Studies
using such models are uncovering the systemic,
cellular, and molecular neurobiological mech-
anisms that appear to contribute to chronic
alcohol consumption. The challenge of current
and future studies is to understand which specific
cellular and subcellular systems undergo mole-
cular changes to influence tolerance and depen-
dence in motivational systems that lead to
chronic drinking.

Reinforcement and Reward in
Chronic Drinking

Because alcoholism centers on compulsive,
often excessive, use of alcohol, the concept of
reinforcement or motivation is a crucial part of
this syndrome. A reinforcer is defined as any

Tolerance and Dependence

Tolerance is present when, following prolonged exposure
to alcohol, the brain becomes less sensitive to the acute
actions of alcohol. For example, research shows that
larger doses of alcohol are needed to produce an alcohol-
specific effect, such as sedation, in animals that have
been given alcohol for several days or weeks compared
with animals given the drug the first time. Tolerance
appears to occur through adaptations at the cellular and
subcellular levels as the brain attempts to overcome the
acute effects of alcohol intake; with prolonged alcohol
abuse, these adaptations often lead to permanent
adverse changes in the structure and function of neurons.

Alcohol dependence is defined as the manifestation of
either physical withdrawal symptoms, such as tremors
and seizures, after abrupt cessation of alcohol intake or
psychological symptoms, such as a negative emotional
state after intake ends. The physical and psychological
symptoms that occur following termination of alcohol
intake are collectively referred to as the alcohol with-
drawal syndrome. Alcohol’s ability to induce pleasurable
feelings, reduce tension and anxiety, and ameliorate the
symptoms of withdrawal make it a powerful and
“attractive” drug.
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event that increases the probability of a response.
This explanation also can be used to define
reward; in fact, “reinforcement” and “reward”
frequently are used interchangeably. However,
reward often also connotes an additional
emotional value, such as pleasure (White and
Wolf 1991). Many sources of reinforcement,
such as pleasure, mood elevation, and removal
of negative emotional states, contribute to
compulsive alcohol use during the course of
alcoholism.

The primary pharmacologic action of alcohol
produces a direct effect through positive or
negative reinforcement. Positive reinforcement
refers to a pleasurable or otherwise positive event
that increases the likelihood that additional
alcohol will be sought. Alcohol itself can serve
as a powerful positive reinforcing agent through
its ability to induce pleasurable or mood-elevating
feelings (so-called euphoric or euphorogenic
effects). In contrast, negative reinforcement
describes an adverse event or situation that also
will lead the individual to obtain more alcohol.
Examples of negative reinforcement include
situations in which an individual or animal self-
medicates in an attempt to overcome an existing
aversive state (depression or anxiety) or to treat

a drug-generated aversive state (alcohol-related
withdrawal) (Wikler 1973). Both the positive
and negative types of reinforcement encourage
alcohol-seeking behavior and appear to contribute
to chronic drinking, alcohol dependence, and a
return or relapse to drinking among persons
recovering from alcoholism.

The secondary pharmacologic effects of alcohol
also can have powerful motivating properties.
Conditioned reinforcement—when an individual
learns to associate the reinforcing effects of
alcohol with a previously neutral event or
stimulus—results in secondary positive reinforc-
ing effects. In practical terms, a person entering
a familiar bar or pub can experience positive
feelings similar to those induced by consumption
of alcohol. Secondary reinforcing effects can be
negative or positive; someone can also learn to
associate particular stimuli with unpleasant
aspects of abstinence, such as withdrawal
symptoms.

However, alcohol may, under certain conditions,
serve as a deterrent to the seeking or obtaining of
more alcohol. Research shows that alcohol can be
aversive at high doses and, in animals, can cause
both place avoidance, in which animals avoid an
environment where they have previously received
alcohol, and taste avoidance, in which animals
avoid a taste previously paired with alcohol
ingestion (Cunningham et al. 1992). Alcohol-
dependent individuals have what is known as
elevated aversion thresholds; that is, they can
consume higher levels of alcohol than non-
dependent individuals before they stop drinking
or avoid alcohol. This elevated aversion threshold
may contribute to excessive drinking among
dependent persons.

By applying these concepts, researchers can
explore the neurobiological bases for the acute
positive reinforcing effects of alcohol, the negative
reinforcing effects imparted by the dependent
state, and the conditioned reinforcing effects
associated with protracted abstinence and relapse
(Koob et al. 1993).

Insights Into Features of Alcoholism
From Animal Models

The importance of animal studies lies in their
potential for providing insight into alcoholism
in humans. Although not all the factors
contributing to alcoholism, including the genes
responsible for alcohol-related behaviors, have
been discovered, animal models of alcoholism are
proving to be instrumental in identifying genetic
and biological factors that confer predisposition
to alcoholism. Such models enable researchers
to perform controlled analyses of genetically and
environmentally influenced traits and behaviors
that resemble certain aspects of human alcohol-
ism, such as alcohol consumption and preference,
innate sensitivity or tolerance to alcohol, and
metabolic rate of alcohol elimination. Much

of the study of genetics and alcohol-related
behaviors or traits is conducted through the

use of selectively bred animals, such as alcohol-
preferring and alcohol-nonpreferring rats and
mice. Additional studies use animals that are
trained or conditioned to choose alcohol over
water or other usually preferable solutions.
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Animal Models for Alcoholism

Validated animal models exist for many of the components
of alcoholism. Validation of an animal model focuses

on three factors: face validity, reliability, and predictive
validity (predictability). Face validity is how similar, at least
superficially, a behavioral effect in an animal is to that in
humans. Face validity is a valuable starting point in
alcohol research studies using animal models but is

often difficult to truly achieve. Reliability refers to the
consistency and stability of the variable of interest in

the animal. Predictive validity refers to how closely and
accurately the animal’s condition mimics or predicts the
condition in humans, based on the behavior of the animal
model.

The Diagnostic and Statistical Manual of Mental Disorders,
Fourth Edition (DSM-IV) of the American Psychiatric
Association (1994) defines the criteria that provide a
framework for studying the neurobiological bases for the
excessive consumption associated with chronic alcohol
ingestion (Koob et al. 1998). Of seven behavioral features
DSM-IV uses in its criteria to define alcoholism, six have at
least somewhat analogous counterparts in animal models,
that is, face validity. “Tolerance” to the reinforcing effects
of alcohol can be inferred from the increased consumption
observed in dependent animals; more research in this
area is needed, however. “Characteristic withdrawal
syndrome” has both face and predictive validity in animal
models. “Persistent desire” can be modeled through
conditioned positive reinforcement with alcohol, which has
been demonstrated in animals. “Substance taken in larger
amounts than intended” could be modeled through
monitoring alcohol intake during withdrawal and following
periods of abstinence (the “alcohol deprivation effect”).
Both of these models have some predictive validity.
“Important activities reduced” is difficult to model in
animals, but advances in behavioral economics, in which
the “cost” of alcohol (the amount of work an animal is
willing to do to obtain alcohol) is studied, would be
applicable here. “A great deal of time spent in activities
necessary to obtain the substance” might be modeled by
a progressive ratio-type schedule in which the animal
must work increasingly hard to obtain alcohol.

Animal Models for Alcohol-Seeking Behaviors

Animal models for the acute positive reinforcing effects of
alcohol and for alcohol-seeking behaviors have been well
established and validated (Roberts et al. 1996; Samson
1986, 1987). Two predominant approaches to the study
of self-administration of alcohol are oral preference and
operant behavior models. In the oral preference model,
animals are given free access to two different solutions,
alcohol and a nonalcohol reinforcer, such as a sweetened
water solution; preference for alcohol versus the
nonalcoholic fluid is then established by determining
which solution is consumed more by the animals.
Animals normally consume, at most, small amounts of

alcohol, unless they have been bred for a specific genetic
predisposition for alcohol preference. Thus, the results

of alcohol preference tests provide researchers with
information regarding an innate preference or aversion to
the pharmacologic effects of alcohol or the extent to which
an animal’s initial aversion to the taste or smell of alcohol
may be overcome to the point where the animal seeks out
the alcohol solution. However, this type of task involves
little work or effort to obtain alcohol.

In contrast, in operant behavior models of self-
administration, access to alcohol requires a specific
learned behavioral response (or series of responses),
such as pressing a lever or running a course through a
maze. The amount of alcohol consumed is related to the
amount of work an animal is willing to perform. Studies
that incorporate an operant behavior model not only can
measure preference for alcohol, they can also provide
insight into an animal’s motivation or persistence to obtain
alcohol under a given set of conditions.

Another model used to study alcohol-seeking behaviors

in animals involves conditioned preference tasks.

Through these tasks, animals learn to avoid or seek an
environment (place preference vs. place avoidance) or a
flavor (taste preference vs. taste avoidance) that previously
has been paired with alcohol. Thus, using conditioned
preference tasks, researchers are able to assess the
reward value of alcohol in association with specific
environmental cues.

Studying the Anxiolytic Effects of Alcohol

Alcohol’s acute stress-reducing and sedative (anxiolytic)
effects, working in concert with its mood-elevating effects,
are thought to contribute to the rewarding and positive
reinforcing effects of the drug. Alcohol’s anxiolytic and
mood-elevating effects also may contribute to continued
alcohol abuse. The anxiety associated with withdrawal
from alcohol use and the early phases of abstinence may
motivate a person or an animal to continue to seek alcohol
in an effort to relieve that stress or anxiety, thus
contributing to the negative reinforcing characteristics

of alcohol.

Recognizing the importance of these effects in alcohol
abuse and relapse, researchers have developed a series
of tests to study the anxiolytic-like properties of alcohol.
One type of test involves exposing animals to a situation
that generates approach-avoidance behavior. In such

a test, animals trained operantly to respond to a stimulus
such as food or alcohol will then occasionally be given an
electrical shock when choosing the stimulus; with time,
the animal learns to avoid responding to the food or
alcohol. This avoidance behavior can be reversed by

a class of drugs known as anxiolytics, such as benzo-
diazepines, which act as sedatives to reduce stress.

(continued on next page)
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Alcohol-associated anxiety-like behavior also may be
studied using the elevated plus maze test, in which
animals are given a choice between spending time on the
enclosed versus the sideless (open) arms of a plus-shaped
apparatus that is raised above the floor. Experiments
show that animals treated with alcohol spend more time
on the open arms than animals not exposed to alcohol.
The response of the alcohol-treated animals is interpreted
as a reduction in anxiety-like behavior.

Another behavioral test, the social interaction test,
takes advantage of the observation that normal social
interactions are suppressed when rats are placed in an
unfamiliar and brightly lit environment. Under these
conditions, anxiolytic drugs cause a marked increase in
social activity.

Drug Discrimination Tests

A wide range of drugs can stimulate or inhibit specific
neurotransmitters in the brain. Drug discrimination tests
are used to determine the extent to which drugs known
to activate or block specific neurotransmitter receptors in
the brain are perceived as being similar to alcohol or are
capable of reducing the subjective effects of alcohol, such
as euphoria and anxiety. Drug discrimination tests cannot
directly demonstrate the reinforcing properties of alcohol.
However, they are important in providing information about
neurobiological mechanisms that may contribute to the
rewarding effects of alcohol.

In these tests, animals are trained to make one response
in the presence of alcohol and a different response when
they cannot recognize alcohol. Later, when the animal
trained to respond to alcohol is given a new drug that has
the same subjective effects of alcohol, the animal will
respond as it would for alcohol. Conversely, the alcohol
cue can be modified by concurrent administration of
potential antagonists (compounds that counter the
physiologic effects of alcohol). Discrimination tests and
procedures have been and continue to be used to identify
the neurotransmitters and receptors that modulate many
of the effects of alcohol. Researchers anticipate that
drug discrimination tests in particular will lead to the
development of highly targeted therapies capable of
altering or blocking some of the biochemical effects

of alcohol and, in turn, related behaviors.

Alcohol as a Reinforcer

In models and tests designed to study alcohol as a
reinforcer, alcohol is considered a reinforcer when the
presentation of alcohol increases the possibility of a
response. A specific pharmacologic effect is implied when
intake of alcohol results in a measurable, biologically
meaningful blood alcohol level (BAL) or blood alcohol
concentration (BAC). (See also the box “The ABC’s

of BAC's” in the chapter on prevention research.) A
meaningful BAC is a level known to produce alcohol-
specific effects or behaviors, such as sedation. Results
of studies in which the relationship between alcohol and

dose has been measured and BAL's have been moni-
tored clearly establish models, such as operant self-
administration, drinking preference, and place preference,
as reliable means of measuring the positive reinforcing
effects of alcohol (Hyytia and Koob 1995; Koob et al.
1994 b; Rassnick et al. 1993; Samson et al. 1993). These
models have been a boon to neuropharmacologic analyses
of alcohol reinforcement.

Use of Highly Palatable Solutions To Induce Alcohol
Self-Administration

Animals normally have an aversion to the taste of alcohol.
Thus, scientists studying the effects of alcohol consump-
tion in laboratory animals, especially high levels of alcohol
intake, need to overcome the animals’ typical aversion to
the drug. One method for inducing high intake of alcohol
is to combine the alcohol with a highly palatable solution
such as sucrose or saccharin. Numerous studies have
shown this approach to be successful. For example, using
an operant approach combined with the sucrose fade-out
procedure (when the sugar sucrose is gradually replaced
with alcohol in a solution), researchers showed that rats
more reliably self-administered large amounts of alcohol
when the sucrose was removed (Files et al. 1995; Hodge
et al. 1992; Schwarz-Stevens et al. 1992).

Selective Breeding for High Alcohol Intake

Both alcohol-preferring (P) and alcohol-nonpreferring
(NP) lines of rats have been selectively bred to drink high
and low amounts of a 10-percent solution of alcohal,
respectively, when given continuous access to alcohol in
addition to free access to water and food (Li et al. 1982;
Lumeng et al. 1977). The selective breeding for alcohol
preference in P rats decreases the animal’s initial
sensitivity to alcohol and leads to a more rapid develop-
ment of tolerance than in animals not bred for this
preference (Kurtz et al. 1996). Typically, P rats drink as
much as 5 grams of alcohol per kilogram of body weight
each day (as opposed to less than 2 grams per kilogram
in NP rats) (McBride et al. 1989) and can have BAL's as
high as 200 milligrams per deciliter (0.2 percent) under
conditions of continuous access with intragastric (directly
into the stomach) self-administration (Waller et al. 1984).
(By comparison, a BAL of 100 milligrams per deciliter
(0.1 percent) is the legal limit of intoxication in most
states.)

Similar increases in either initial sensitivity or more rapid
development of tolerance also have been observed in the
alcohol-preferring C57BL mice (Kakihana et al. 1966;
Tabakoff and Ritzmann 1979) and the alcohol-preferring
Finnish AA rats (Le and Kiianmaa 1988). The neuro-
chemical differences in these alcohol-preferring animals
involve neural substrates, or clusters of neurons or neural
tissue in the brain, that are similar to those implicated

in the neuroadaptive changes associated with chronic
alcohol self-administration. These findings suggest that
both environmental and genetic factors can converge to
drive excessive drinking.
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Self-Administration During Withdrawal:
Dependence

Dependence is an important factor in the
continued use of alcohol by alcoholics. It is
characterized by the appearance of a withdrawal
syndrome following the cessation of alcohol use.
Dependence leads alcoholics to consume alcohol
not simply for its mood-elevating effects but
also to avoid or reverse the negative symptoms
associated with withdrawal (Cappell and Le Blanc
1981; Edwards 1990). Alcohol dependence is
studied experimentally by measuring either
physical or motivational signs of withdrawal,
some of which may reflect the desire or craving
for alcohol. Researchers often use evidence of
physical symptoms upon termination of alcohol
consumption (physical dependence) as an index
of dependence in animals. These physical
symptoms, known collectively as the alcohol
withdrawal syndrome, range in severity from
mild tremors to massive convulsions. Similar
symptoms, as well as hallucinations, are seen in
humans undergoing withdrawal. The develop-
ment of alcohol-dependent animal models with
the goal of understanding how reward mecha-
nisms mediating alcohol intake differ in depen-
dent and nondependent animals is potentially
important for understanding alcoholism and
dependence. Measures of reward dysfunction

in animals during withdrawal include brain
stimulation reward thresholds (the level of brain
stimulation needed to elicit a response consistent
with reward), conditioned aversions, drug
discrimination, and response to natural rewards.
Developing animal models for the negative
reinforcement associated with alcohol dependence
has proven difficult, however, especially with
rodents.

Attempts to develop reliable and useful models
of alcohol consumption in dependent rats have
taken into consideration various factors that
influence dependence, such as consumption of
alcohol to overcome symptoms of withdrawal.
In one study, for example, rats were trained to
consume 10-percent alcohol prior to contin-
uous exposure to alcohol in a liquid diet or air
vapor. During this training phase, alcohol was
established as a reinforcer, and potential taste
aversions were overcome. The animals were

maintained at blood alcohol levels (BALS, also
called blood alcohol concentrations, or BAC’s)
associated with mild to moderate physical
withdrawal symptoms. (See the box “The ABC’s
of BAC’s” in the chapter on prevention research
for more information.) Therefore, any with-
drawal symptoms that the rats did exhibit would
be predictably quite mild and would not be
expected to interfere with their ability to self-
administer alcohol. Results of this study showed
that the dependent rats consumed more alcohol
than the nondependent control rats did. Rats
with BALSs higher than 100 milligrams per
deciliter (0.1 percent) at the time of withdrawal
from the liquid diet sustained high levels of
alcohol self-administration throughout four
withdrawal sessions (Schulteis et al. 1996).
Thus, above and beyond the training effects,
dependent rats consumed more alcohol than
nondependent rats did, even when withdrawal
symptoms were mild.

In a subsequent study, rats were trained to lever
press for 10-percent alcohol using the saccharin
fade-out procedure, in which saccharin in a water
solution was gradually replaced with alcohol to
increase the amount of alcohol the rats would
consume (Roberts et al. 1996). Over the course
of five 12-hour periods of withdrawal, the rats
were allowed to respond for alcohol and water.
Dependent rats, who maintained BAL's above
100 milligrams per deciliter (0.1 percent) during
the entire withdrawal period, responded to a
greater degree than nondependent controls did.
In addition, dependent rats allowed to respond
for alcohol avoided the withdrawal sympto-
matology present in dependent rats not allowed
to respond for alcohol during the withdrawal
phase. Responses across withdrawal sessions
appeared to become more stable, suggesting that
the rats learned to respond in a manner that
controls their BAL and minimizes or avoids
withdrawal.

Alcohol Self-Administration Following Periods
of Abstinence in Rats With a History of
Limited Access: Craving

A predominant feature of human alcohol abuse
and alcoholism is a reported desire or craving to
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consume alcohol that is accompanied by frequent
bouts of excessive drinking following periods of
abstinence. These and other factors, such as the
mood-altering and anxiety-reducing effects of
alcohol, may be responsible for relapse to
excessive alcohol drinking. Studies in rats, mice,
and monkeys have shown increases in alcohol
consumption following periods of forced
abstinence (Kornet et al. 1990, 1991; LeMagen
1960; Salimov and Salimova 1993; Sinclair 1979;
Sinclair and Senter 1967, 1968; Spanagel et al.
1996; Wolffgramm and Heyne 1995). Two
aspects of drug dependence could contribute

to these increases. One reflects the negative
reinforcement produced by self-medication of

a withdrawal state seen in animals who have
prolonged access to alcohol. The other process
involves changes in the positive reinforcing
properties of alcohol seen in abstinent animals
and may reflect changes other than negative
reinforcement. Developing a reliable model of
excessive drinking has led to reevaluation of the
alcohol deprivation effect in animals with limited
access to alcohol and would likely be important
to understanding changes in the reinforcing
effects of alcohol that occur with abstinence.

For example, rats trained to lever press for
10-percent alcohol and water using the saccharin
fade-out procedure established stable baseline
responding for alcohol. They were then subjected
to various alcohol deprivation periods (3, 5, 7,
14, or 28 days) during which no alcohol was
available (Heyser et al. 1997). Responding for
alcohol increased as a function of the duration of
the deprivation period, compared with baseline
levels. This increase was temporary and returned
to baseline levels within 2 to 3 days. The shortest
effective deprivation period (the shortest interval
after which consumption increased) was 5 days,
and the rats showed no signs of withdrawal.
Thus, this transient increase in response for
alcohol does not appear to be related to the
manifestation of dependence and withdrawal.
Rather, this increase may reflect changes in alco-
hol’s positive reinforcement properties. These
results may provide a useful tool to elucidate
neuropharmacologic mechanisms underlying
human alcohol-seeking behavior and relapse.

Alcohol Self-Administration Following Periods
of Abstinence in Rats With a Prior History of
Dependence: Relapse

Relapse, or the return to alcohol abuse following
periods of abstinence, is one of the principal
characteristics of dependence on alcohol. Even
so, little is understood about the neurobiological
factors involved in this phenomenon. Research
suggests that the development of dependence
plays an important role in the maintenance of
compulsive use and relapse following periods of
abstinence.

Dependence is, in fact, the basis of the negative
reinforcement theory of alcoholism that suggests
that alcoholics continue to drink to avoid
withdrawal symptoms (Cappell and Le Blanc
1981; Hershon 1977). In more modern
conceptualizations, this theory suggests that
alcoholics drink to avoid the negative effect
(emotional state) associated with withdrawal
(Koob and Le Moal 1997). However, because
relapse can occur even after withdrawal signs have
ceased, the neurochemical changes that occur
during the development of dependence may
persist after the overt signs of withdrawal are no
longer present. Indeed, research using animal
models has shown that prior dependence lowers
the dependence threshold. In other words,
previously dependent animals made dependent
again display more severe withdrawal symptoms
than do animals receiving alcohol for the first
time (Baker and Cannon 1979; Becker and Hale
1993; Becker et al. 1997; Branchey et al. 1971).
This finding supports the notion that alcohol
experience and, in particular, the development
of dependence can lead to relatively permanent
alterations in responsiveness to alcohol. Thus, a
relapse model would allow research into the long-
lasting changes in the alcohol reward system
produced by prior dependence.

Future research should include studies in which
animals previously made dependent are allowed
to consume alcohol. Enhanced responding for
alcohol in animals without a history of depen-
dence that are given extended training in operant
tasks also warrants further study. The possibility
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that the total experience with alcohol is a major
predictor of the degree to which alcohol con-
sumption resumes after abstinence is another
important question for future investigations.

Alcoholism and the Neural Structures
of Reward

Research suggests that the neural substrates—

the tissues and neural components changed by
exposure to alcohol—and neuropharmacologic
mechanisms associated with the motivational
effects of alcohol withdrawal may play a role in
the negative reinforcement associated with alcohol
dependence. Thus, the same neural systems
implicated in the positive reinforcing effects of
alcohol also appear to be involved in the aversive
motivational effects of alcohol withdrawal.

Acute alcohol withdrawal is characterized by
symptoms that fall into four main categories:
autonomic system hyperactivity, neuronal
excitation and seizures, distortions of perception,
and motivational effects. Autonomic system
hyperactivity includes hypertension (high blood
pressure) and increased heart rate. Neuronal
excitation includes tremors and seizures. Dis-
tortions of perception include hallucinations,
delirium, and disturbed sleep. Motivational
effects include restlessness, anxiety, dysphoria

(a sense of ill-being), and depression-like
symptoms. Although animal models exist for
many of these symptoms and physical signs have
been used to explore the neural basis for alcohol
withdrawal (Meert 1994), motivational measures
are a more important focus.

Measurement of reward thresholds throughout
the course of alcohol withdrawal has shown that
these thresholds are increased following chronic
administration of alcohol and all other major
drugs of abuse, including opiates, psycho-
stimulants, and nicotine. Stated another way,
the amount of stimulation required to produce
the same reward or effect increases when drug
administration is discontinued. This effect,
which can last for up to 72 hours depending
on the drug and dose administered, may reflect
changes in the activity of the same system—the
midbrain-forebrain system—implicated in the

positive reinforcing effects of alcohol and other
drugs (Legault and Wise 1994; Leith and Barrett
1976; Markou and Koob 1991, 1992; Parsons et
al. 1995).

Extended Amygdala

Information about the anatomy and function of
the brain suggests that the neurological structures
associated with the reinforcing actions of alcohol
and other drugs may involve a common neural
circuitry that forms a separate entity within the
basal forebrain, the extended amygdala (Alheid
and Heimer 1988). The term extended amygdala
refers to a large structure composed of several
smaller basal forebrain structures that are similar
in cell structure, function, and neural connectivity
(Alheid and Heimer 1988). This system has
extensive connections to brain regions that play
central roles in reinforcement and reward.

Rats trained to self-administer alcohol during
withdrawal show neurochemical and neuro-
pharmacologic changes indicative of alterations
in gamma-aminobutyric acid-activating
(GABAergic), dopaminergic, and serotonergic
function in specific components of the extended
amygdala. (Previous sections in this chapter
provide background on these neurotransmitters
and alcohol’s impact on neurotransmitter
function.) For example, inhibitory GABAergic
mechanisms in the central nucleus of the
amygdala have been implicated in the acute
reinforcing effects of alcohol (Heyser et al. 1995;
Hyytia and Koob 1995). One study showed a
reduction in alcohol self-administration in
nondependent rats following injections of a
highly selective and potent GABA antagonist
(an agent that blocks or reverses GABAs usual
actions or effects) into the nucleus accumbens
and central nucleus of the amygdala, with the
most sensitive site being the central nucleus of the
amygdala (Hyytia and Koob 1995). (The nucleus
accumbens is a brain structure implicated in the
reward properties of drugs of abuse—the medial
nucleus accumbens is encompassed in the
extended amygdala described above.) Other
investigations have demonstrated selective
activation of dopaminergic transmission in the
shell of the nucleus accumbens in response to
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acute administration of virtually all major drugs
of abuse (Pontieri et al. 1995, 1996; Tanda et al.
1997).

Additional research suggests that the extended
amygdala may be involved in the negative
reinforcement effects associated with alcohol
withdrawal. Rats lever pressing for alcohol during
withdrawal showed a return toward baseline levels
of dopamine and serotonin in the nucleus accum-
bens, in contrast with the usual decreases in these
neurotransmitters during acute withdrawal (Weiss
et al. 1996). A subsequent study revealed that the
central nucleus of the amygdala was particularly
sensitive to the suppressant effects of GABA
agonists on alcohol self-administration by
dependent rats (Roberts et al. 1996). (Agonists
are agents that mimic the actions or effects of
other agents.) Other supporting data include
evidence for the activation of corticotropin-
releasing factor (CRF) systems in the central
nucleus of the amygdala during alcohol
withdrawal (Merlo-Pich et al. 1995), and for

the blocking of the anxiogenic-like responses
associated with alcohol withdrawal following
injection of CRF antagonists into the central
nucleus. CRF is a neuropeptide that is critical

to the body’s response to stress.1 It is secreted

in the hypothalamus, the brain stem, and the
limbic system, a network of brain structures that
together function in the expression of emotional
behavior (figure 1).

The research on the extended amygdala may
ultimately link recent developments in the
neurobiology of drug reward with existing
knowledge of the substrates for emotional
behavior (Davis 1997), essentially bridging what
have been largely independent research pursuits.
Perhaps more important, this neuronal circuit is
well situated to be modeled to explore the

!stress-induced physical demands, psychological distress, and adaptive
changes initiate a cascade of neural and endocrine (or neuroendocrine)
events that lead to the release of glucocorticoid hormones from the
adrenal glands. These hormones, in turn, have widespread effects on
the body's metabolic and immunologic processes. The activation of this
neuroendocrine system involves the hypothalamic-pituitary-adrenal axis,
which refers to the brain structures and endocrine glands in the system.
(The hypothalamus is a brain structure involved in the maintenance of the
internal environment and in mediating hunger, thirst, and emotional drives.)
Release of CRF from the hypothalamus activates this stress-response
system.

Figure 1: The hypothalamic-pituitary-adrenal axis
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In response to almost any type of stress, either physical or
psychological, the hypothalamus secretes corticotropin-
releasing factor (CRF), which in turn increases secretion of
adrenocortotropic hormone (ACTH) by the anterior pituitary
gland. In response, within minutes, the adrenal glands, located
atop the two kidneys, increase secretion of cortisol. The
released cortisol initiates a series of metabolic effects aimed
at alleviating the harmful effects of the stress state and,
through direct negative feedback to both the hypothalamus
and the anterior pituitary, decreases the concentration of
ACTH and cortisol in the blood once the state of stress abates.
+ = Excites; — = Inhibits.

Source: Emanuele and Emanuele 1997.

neurobiological mechanisms associated with
vulnerability to relapse and with concepts such as
craving, both of which may involve secondary
conditioned reinforcement.

Hippocampus and Ventral Tegmental Area

Researchers have hypothesized that alcohol’s
effects on GABAergic neurotransmission involve
alteration in the expression of GABA receptor
subunits in specific regions of the brain that occur
with chronic treatment or alcohol. A recent study
suggests that these effects are found not only in
the (cerebral) cortex but also in the hippocampus,
a brain structure involved in the consolidation of
new memories, and the ventral tegmental area
(VTA) (Charlton et al. 1997). The VTA is the
source of dopamine in the mesolimbic system, a
region of the brain involved in the mediation of
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Figure 2: Dopaminergic pathways in the brain
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Most dopamine-containing neurons are located within the midbrain, extending to the striatum as well as to various sites in the forebrain.
Dopamine modulates such varied functions as emotion, aggression, cognition, the coordination of movement, and aspects of the

development of addiction.
Source: Adapted from Heimer 1995.

alcohol reinforcement. The cell bodies of this
mesolimbic dopamine system originate in the
VTA and send projections to the nucleus accum-
bens and basal forebrain, transmitting infor-
mation to the dopamine receptors in these brain
areas (figure 2). Exposing laboratory animals

to alcohol for 12 consecutive weeks decreased
GABA, a4 subunit activity in the VTA and
hippocampus, suggesting potential changes in
brain structures implicated in the rewarding

and cognitive effects of alcohol, respectively.
Researchers failed to detect a similar change

in these regions after only 4 weeks of exposure
to alcohol—a clue to the involvement of these
areas specifically with chronic alcohol exposure.

Neurochemical and Molecular
Adaptations to Alcohol

Research suggests that the brain attempts to
overcome the acute effects of alcohol through
adaptations at the cellular and subcellular levels.

With prolonged alcohol abuse, these adaptations
can lead to permanent adverse changes in the
structure and function of neurons. Under-
standing the mechanisms of these adaptations
may ultimately lead to therapeutic interventions
to prevent the neurological abnormalities asso-
ciated with protracted alcohol use and abuse.

Tolerance and withdrawal are key to the idea that
neuroadaptive processes are initiated to counter
the acute effects of alcohol. Historically, most
models of alcoholism have emphasized the
development of tolerance and withdrawal. In
contrast, some more recent discussions have
reduced tolerance and withdrawal to optional
criteria, while other current conceptual models

in animals emphasize selective aspects of tolerance
and withdrawal, focusing on motivational
measures rather than physical signs (Koob 1992).

Another neuroadaptive process that has been
proposed as a key element in the development of
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motivational aspects of alcoholism is sensitization,
which is the opposite of tolerance. In brief,
sensitization is the increased response to alcohol
or the effects of alcohol that follows repeated
intermittent exposures (Stewart and Badiani
1993). In general, sensitization is more likely

to occur with intermittent, repeated exposure

to alcohol (or other drugs of abuse); in contrast,
tolerance is more likely to occur with continuous
exposure. Some authors have suggested that
sensitization may play a role in drug dependence
by causing a shift toward or a progressive increase
in the desire (wanting or craving) of drugs of
abuse through repeated exposure to such drugs;
these authors used the transition to a patho-
logically strong wanting or craving to define
compulsive use (Robinson and Berridge 1993).

Alcohol-related neuroadaptive processes appear to
persist long after the alcohol has cleared from the
brain. Such neuroadaptations are under investi-
gation at all levels of alcoholism research, from
behavioral to molecular studies (Koob and Bloom
1988). Motivational hypotheses involving both
sensitization (Stewart and Badiani 1993) and
changes in the central nervous system that
counter initial neuroadaptive alterations (Wikler
1973) have been generated; these hypotheses have
particular relevance to the phenomena associated
with excessive consumption of alcohol (Wikler
1973). Both neuroadaptive models incorporate
the concept of change in reward function that
accompanies the development of alcohol or drug
dependence (sensitization and counteradaptive
mechanisms) (Koob 1996).

Reinforcement and Withdrawal

Although the study of the mechanisms for the
physical signs of alcohol withdrawal can provide
clues to the nature of the neuroadaptive responses
that chronic alcohol exposure produces, the
emotional or affective aspects of alcohol with-
drawal have the most motivational relevance
(Koob and Le Moal 1997). The two major
categories of responses that reflect motivational
measures are anxiogenic-like responses (those that
produce anxiety or stress) and changes in reward

function. Neural substrates for the physical signs
of alcohol withdrawal historically have involved
substrates for central nervous system rebound
hyperexcitability (the excessive brain activity
seen after exposure to, and then removal of,

the activity-dampening effects of alcohol); these
signs reflect a decrease in function of one of the
major inhibitory brain neurotransmitters,
GABA, or an increase in function of one of

the major excitatory brain neurotransmitters,
glutamate (Grant et al. 1990; Hoffman and
Tabakoff 1994; Morrisett et al. 1990). Addi-
tional research has begun to implicate other
neurotransmitter/neuromodulatory systems
that could contribute to a hyperexcitable state,
including serotonin, dopamine, norepinephrine,
adenosine, gangliosides, and neurosteroids
(table 1) (Adams et al. 1995; Concas et al.
1994; Crabbe 1992; Finn et al. 1995; Grant

et al. 1990; Hoffman and Tabakoff 1994;
Kotlinska and Liljequist 1996; Meert 1994;
Morrisett et al. 1990; Snell et al. 1996).

Anxiogenic-Like Responses in Alcoholism

Sedative-hypnotic drugs, such as barbiturates,
benzodiazepines, and alcohol, all acutely produce
a characteristic euphoria, disinhibition, anxiety
reduction, sedation, and hypnosis. These drugs
exert antianxiety or anxiety-reducing (anxiolytic)
effects that reduce aggressive behavior normally
exhibited by laboratory animals in conflict situa-
tions. This anticonflict effect correlates well with
these drugs’ ability to act as anxiolytics in humans
in a clinic or treatment setting (Sepinwall and
Cook 1978) and may be a major component of
the reinforcing actions of these drugs.

The sedative and anxiety-reducing effects of
sedative-hypnotics are associated with facilitation
of the GABA, receptor (Richards et al. 1991),
but the actions of sedative-hypnotics on this
receptor are complex. These drugs do not bind
directly to the GABA-binding site on the GABA,
receptor; instead, they appear to bind to other
sites on the GABA, receptor complex, through
which they facilitate activation of the receptor

by GABA. Support for the role of the GABA
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Table 1: Agents shown to suppress alcohol withdrawal

Neurotransmitter Dependent
system Agent measure Reference
Physical Signs

GABAergic Diazepam Seizures Crabbe 1992
Abecarnil Seizures Crabbe 1992

Serotonergic Buspirone Tremor Meert 1994
Mianserin Tremor Meert 1994
Fluoxetine Tremor Meert 1994

Dopaminergic Haloperidol Tremor Meert 1994

Noradrenergic Propranolol Tremor Meert 1994

Glutaminergic

Adenosine

Neurosteroidal

GABAergic

Serotonergic

Noradrenergic

Neuropeptidergic

Nitric oxide antagonist
MK 801

Glycine antagonists
Polyamine antagonists

A-1 antagonist
Gangliosides

3a-Hydroxy-50-pregnan-

20-one

Tremor, rigidity
Seizures

Seizures
Seizures

Tremors, seizures
Tremors, seizures

Seizures

Motivational Signs

Chlordiazepoxide
Flumazenil

Muscimol

Ritanserin
Mianserin
5-HT5 antagonists
Tianeptine

Propranolol

Corticotropin-releasing
factor antagonist

Open field

Open field

Social interaction
Shuttle box avoidance

Alcohol self-administration

in dependence
Open field
Open field
Plus maze
Social interaction
Open field

Plus maze

Adams et al. 1995
Grant et al. 1990;

Morrisett et al. 1990
Hoffman and Tabakoff 1994
Kotlinska and Liljequist 1996

Concas et al. 1994
Snell et al. 1996

Finn et al. 1995

Meert 1994

Moy et al. 1997

File et al. 1989, 1992
Criswell and Breese 1993
Roberts et al. 1996

Meert 1994

Lal et al. 1993; Meert 1994
Costall et al. 1990

File et al. 1993

Meert 1994

Baldwin et al. 1991

receptor in association with alcohol’s anxiety-

reducing effects is found in studies showing that
the anxiogenic-like effects of alcohol withdrawal
are blocked by administration of GABA agonists

(Meert 1994). Numerous other neurotransmitter
systems have been implicated in the anxiogenic-
like effects of alcohol withdrawal, including
serotonergic, noradrenergic, and neuropeptidergic
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systems (see table 1) (Baldwin et al. 1991; Costall
et al. 1990; Criswell and Breese 1993; File et al.
1989, 1992, 1993; Koob et al. 1994: Lal et al.
1993; Meert 1994; Moy et al. 1997; Rassnick

et al. 1993; Sarnyai et al. 1995).

Compromised Reward: Clues From Other
Sedative-Hypnotic Drugs

Studies of the neuropharmacologic basis for

the anxiolytic properties of sedative-hypnotics
provided some of the first clues to the reinforcing
properties and abuse potential of these drugs
(Koob and Britton 1996). Research demon-
strating the ability of GABA antagonists to reverse
many of the behavioral effects of alcohol led to
the hypothesis that GABA has a role in the
intoxicating effects of alcohol (Frye and Breese
1982; Liljequist and Engel 1982). More

recent studies have shown a reduction in self-
administration of alcohol among rats following
microinjection of potent GABA antagonists into
the brain, with the most effective area to date
being the central nucleus of the amygdala
(Hyytia and Koob 1995).

The antagonist actions of alcohol toward the
N-methyl-p-aspartate (NMDA) receptor (a
receptor for the excitatory neurotransmitter
glutamate) also appear to contribute to the
intoxicating effects of alcohol (Hoffman et al.
1989; Lovinger et al. 1989) and perhaps to the
dissociative effects (antisocial and aggressive
behaviors, memory and learning deficits) seen
in people with high BAL’s (Tsai et al. 1995).
As with the effect of sedative-hypnotics on the
GABA, receptor, alcohol inhibits the functioning
of the NMDA receptor not by blocking the
glutamate binding site but via a more complex
effect on the receptor unit; this complex inter-
action decreases the glutamate-induced flux

of sodium and calcium through the receptor
channel, which, in turn, interferes with neurons’
ability to transmit information (Fitzgerald and
Nestler 1995). (Other sections in this chapter
discuss in detail alcohol’s effect on the NMDA
receptor.) Whether alcohol’s effect on the
NMDA receptor also contributes to alcohol’s
reinforcing effects remains to be established.
Alcohol can also exert more general inhibitory

effects on voltage-gated ion channels, particularly
sodium and calcium channels (Fitzgerald and
Nestler 1995). These actions occur only with
extremely high BAC’s and do not appear to be
involved in the reinforcing actions of alcohol, but
they may contribute to the severe nervous system
depression, even coma, that often accompanies
severe intoxication.

Other Neurotransmitters

In addition to its initial effects on the GABA,
and NMDA receptors, alcohol may influence
several other neurotransmitter systems in the
brain that are believed to be involved in alcohol’s
reinforcing properties. Neurochemical systems,
such as the serotonergic and opioid peptide
systems, likely contribute to the mediation of
alcohol’s reinforcing actions; in fact, researchers
have suggested that multiple neurotransmitters
combine to orchestrate the reward profile of
alcohol (Engel et al. 1992). (Opioid peptides are
endogenous compounds, naturally occurring in
the body rather than externally supplied, with
opiate-like activity.) A large body of evidence
also implicates dopamine in the reinforcing
actions of low doses of alcohol that do not induce
dependence. More specifically, studies show that
dopamine receptor antagonists reduce lever
pressing for alcohol in nondependent rats (Pfeffer
and Samson 1988). In addition, extracellular
dopamine levels have been shown to increase in
nondependent rats self-administering low doses
of alcohol (Weiss et al. 1992).

Further research suggests that modulation of
various aspects of serotonergic transmission,
including increases in the synaptic availability

of serotonin (5-HT), blockade of 5-HT reuptake,
and blockade of certain 5-HT receptor subtypes,
can decrease alcohol intake (Sellers et al. 1992).
5-HT3 receptor antagonists appear to decrease
self-administration of alcohol (Fadda et al. 1991,
Hodge et al. 1993), and 5-HT, receptor
antagonists, including some agents with both
5-HT, receptor antagonist action and 5-HT ;5
receptor agonist activity, selectively decrease acute
alcohol reinforcement (Roberts et al. 1998).
Several double-blind, placebo-controlled clinical
studies (studies in which neither the investigator
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nor the study participant knows which treatment
the participant is given) have reported that
selective serotonin reuptake inhibitors (SSRI’%)
produced modest decreases in alcohol consump-
tion in humans (Naranjo et al. 1990). One such
inhibitor, fluoxetine (Prozac), has been shown to
reduce depressive symptoms and alcohol con-
sumption in depressed alcoholics (Cornelius et al.
1997), but it may be of limited use in preventing
relapse in nondepressed alcoholics (Janiri et al.
1996; Kranzler et al. 1995). The findings of
clinical trials using SSRI’s have been equivocal
(Johnson et al 1999).

The opioid receptor antagonists, naloxone and
naltrexone, also reduce alcohol self-administration
in several animal models, implicating opioid
peptide systems in acute alcohol reinforcement
(Hubbell et al. 1991). However, some data
suggest that antagonists of specific opioid receptor
subtypes in certain brain regions might have more
selective effects (Hyytia 1993). Of note are
double-blind, placebo-controlled clinical trials in
which naltrexone significantly reduced alcohol
consumption, frequency of relapse, and craving
for alcohol in humans (O’Malley et al. 1992;
Volpicelli et al. 1992). These data suggest that
alcohol’s interactions with opioid neurotrans-
mission may contribute to certain aspects

of alcohol reinforcement, particularly those
important to the motivation associated with
relapse.

The same neurotransmitter systems implicated

in the acute reinforcing effects of alcohol may

be changed by withdrawal from chronic alcohol
administration. The changes associated with
withdrawal include decreased dopaminergic

and serotonergic transmission in the nucleus
accumbens (Rossetti et al. 1992; Weiss et al. 1996)
and decreased GABAergic and increased NMDA
glutaminergic transmission (Fitzgerald and Nestler
1995; Roberts et al. 1996; Weiss et al. 1996).

Stress-Related Systems

As mentioned above, pituitary adrenal function

is also activated during dependence and acute
withdrawal from alcohol and other drugs of abuse
in humans (Guaza and Borrell 1984; Roberts et

al. 1992). Several studies indicate that abnormal
control (dysregulation) of pituitary adrenal
function persists during early abstinence (Costa
et al. 1996; Kreek 1987; Kreek et al. 1984;
Muller et al. 1989). Both stress and repeated
administration of glucocorticoids can augment
the behavioral effects of psychostimulants, and
some researchers have hypothesized that circulat-
ing glucocorticoids can function to maintain a
sensitized state (Piazza and Le Moal 1996, 1997).

CRF function outside of the pituitary-adrenal
axis (the complement of interactions between the
pituitary and adrenal glands) also appears to be
activated during acute withdrawal from alcohol
and many other major drugs of abuse (cocaine,
opiates, cannabinoids) and, thus, may mediate
behavioral aspects of stress associated with
abstinence (Heinrichs et al. 1995; Koob et al.
1994; Richter and Weiss 1999; Rodriguez de
Fonseca et al. 1997). How this activation
contributes to the decreased reward associated
with acute withdrawal or prolonged abstinence
remains to be determined (Koob and Bloom
1988; Koob and Le Moal 1997).

Alcoholism: Lasting Changes in the Brain

Research into the molecular and cellular mech-
anisms of alcohol dependence has begun to focus
on changes in neurochemical systems known to
be highly sensitive to the acute effects of alcohol.
A large body of evidence has documented that
chronic alcohol administration reduces GABA-
ergic neurotransmission.

Prolonged alcoholism also is associated with a
decreased ability of alcohol to potentiate GABA-
stimulated chlorine flux, which alters GABA’s
normal inhibitory effects on neuronal activity and
transmission of information (Frank et al. 1972;
Morrow et al. 1988). However, in the absence
of evidence of a decreased number of GABA
receptor sites following long-term exposure to
alcohol (Karobath et al. 1980), it appears that
alcohol may instead alter the composition or
function of GABAergic receptors. Subsequent
research has demonstrated that chronic alcohol
intake can decrease expression of the a,—05
subunits of the GABA complex in the cerebral
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cortex (Devaud et al. 1995; Mhatre et al. 1993)
as well as other subunits (Devaud et al. 1997;
Tabakoff and Hoffman 1996). Interestingly,
chronic intermittent exposure to alcohol results
in a long-lasting “kindling” effect, in which the
symptoms of alcohol withdrawal increase in
severity with repeated episodes of intoxication
and multiple attempts to stop drinking; this
effect is paralleled by an increase in the GABA,
04 subunit (Mahmoudi et al. 1997).

Chronic alcohol consumption is also associated
with increases in specific subunits (NR1 and
NR2A) of NMDA receptors (Trevisan et al.
1994). For example, long-term exposure to
alcohol has been shown to upregulate (stimulate)
NMDA receptor function in cultures of neurons
from the cortex (Hu and Ticku 1995). Another
study showed that chronic alcohol treatment
increased the number of NR2A and NR2B
messenger ribonucleic acid subunits—a signal
that the cell is synthesizing the proteins encoded
by ribonucleic acid—during withdrawal but not
prior to withdrawal (Follesa and Ticku 1995).
Consistent with these observations, prolonged
alcohol intake enhanced NMDA-stimulated nitric
oxide formation without causing an increase in
the number of receptors, suggesting the presence
of other possible receptor sites for alcohol to
enhance NMDA receptor function (Chandler

et al. 1997). Research suggests that nitric oxide,
a gas with neurotransmitter and neurotoxic
actions, is the chemical mediator linking excit-
atory neurotransmission, a process that leads to
significant increases in intracellular calcium, and
cell death. Alcohol withdrawal also results in
increased extracellular concentrations of glutamate
in the striatum, a part of the brain where up-
regulation of the NR1 and GIuR1 subunits of the
glutamate receptor complex has been observed
following long-term exposure to alcohol (Rossetti
and Carboni 1995).

Such findings link the neuroadaptive changes

in the glutamate complex to the motivational
systems implicated by pharmacologic and
neurochemical studies (Ortiz et al. 1995).
Defining the relationship between the molecular
changes in alcohol-receptive elements such as the

GABA, subunits and the specific aspects of the
motivation for excessive alcohol consumption
outlined above provides a challenge for future
research.

Other modifications in receptor function
following protracted alcohol exposure include
changes in calcium ion channels. In animals,
calcium ion channel antagonists have been shown
to attenuate alcohol withdrawal symptoms,
particularly those associated with physical signs
and seizures (Colombo et al. 1995; Watson and
Little 1997). Histologic (tissue and cell) studies
indicate that alcohol withdrawal excitability in
the hippocampus involves increased activity of
calcium ion channels (Shindou et al. 1994). The
ability of chronic alcohol exposure to increase
protein kinase C activity could, in turn, regulate
calcium ion channels and the expression of genes
for these channels (Messing et al. 1990, 1991).
Finally, alcohol withdrawal results in decreases in
the firing rate and firing pattern of dopaminergic
cells in the VTA area of the mesolimbic dopamine
system (Diana et al. 1995). Although calcium
ion channel antagonists have shown promise in
animal studies, additional research is needed to
establish the potential of these agents in humans
(Johnson et al 1999).

The persistent changes in alcohol reinforcement
mechanisms that characterize addiction suggest
that the underlying molecular mechanisms are
long lasting. Indeed, considerable research is
focused on drug-related regulation of gene
expression. For example, researchers have
hypothesized that two types of transcription
factors, CREB and novel Fos-like proteins
(termed chronic Fos-related antigens), may be
possible mediators of chronic drug action (Hope
et al. 1994; Hyman 1996; Widnell et al. 1996).
Transcription factors alter the expression of other
genes that may contribute to the long-lasting
effects of neurotransmitters on alcohol tolerance
(Hoffman 1994; Szabo et al. 1996). Alcohol can
induce changes in c-fos in limbic structures in the
brain (Costa et al. 1996; Muller et al. 1989). The
challenge for the future will be to relate regulation
of a specific transcription factor, such as c-fos, to
specific features of drug reinforcement in
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connection with specific histories of drug
administration.

Tolerance

Tolerance to the reinforcing actions of alcohol
also may contribute to excessive drinking. As
with most studies of withdrawal, until recently,
studies of tolerance have focused largely on
physical measures, such as loss of the righting
reflex and impairment of motor coordination.
Evaluation of the neural substrates associated with
motivational measures of tolerance suggests that
these mechanisms may differ from the neural
substrates linked with the physical signs of
tolerance.

Researchers have hypothesized that the neural
substrates for alcohol tolerance may overlap
significantly with those associated with acute
withdrawal because tolerance and withdrawal
sometimes appear to be components of the same
neuroadaptive process. Tolerance also depends on
learning processes, as has been well documented
in the context of alcohol (Young and Goudie
1995). Molecular mechanisms for tolerance that
appear to overlap with those for dependence
(Nestler et al. 1993) include increases in intra-
cellular calcium and protein kinase activity that
occur in the presence of alcohol and also appear
to produce increases in transcription factors, such
as c-fos and c-jun. Acute moderate doses of
alcohol also induce the expression of c-fos in

the extended amygdala, resulting in apparent
tolerance with repeated dosing (Ryabinin et al.
1997). Mechanisms for these learning processes
may involve several neurotransmitters inde-
pendent of their role in acute withdrawal,
including norepinephrine and 5-HT (Tabakoff
and Hoffman 1992), glutamate (Collingridge
and Singer 1990; Khanna et al. 1992, 1994),
and arginine vasopressin (AVP) (Hoffman 1994).
(Of note is that mice with a disrupted subtype of
the 5-HT receptor [5-HT g knockout mice]
developed less tolerance than mice with the intact
receptor but developed the same level of physical
dependence [Crabbe et al. 1996].)

The neurotransmitter AVP is localized in the
hypothalamus and basal forebrain; alteration
of vasopressin systems influences learning and
memory. Administration of a selective AVP
antagonist to alcohol-tolerant mice produced
an increased rate of loss of tolerance, which is
opposite the effect of exogenously (externally)
administered AVP (Szabo et al. 1988). One
more recent study found that an antagonist to
the transcription factor c-fos blocked the ability
of AVP to maintain alcohol tolerance (Szabo
et al. 1996).

Another possible mechanism of tolerance,
hypothesized from a cell culture model, involves
alcohol-induced changes in the cyclic adenosine
monophosphate (CAMP) signaling system, with
roles for the enzymes protein kinase A, protein
phosphatase, and protein kinase C. (See the
sections “Setting the Stage: The Structure and
Function of Neurons” and “From Cell Membrane
to Nucleus: The Effects of Alcohol on Brain
Neurons” earlier in this chapter for additional
information about these signaling systems and
proteins.) For example, the inhibition of adeno-
sine uptake by certain cell cultures exposed to
alcohol (Krauss et al. 1993; Nagy et al. 1990)
requires CAMP-dependent protein kinase activity.
(Adenosine is a compound with numerous
functions, among them that of an inhibitory
neurotransmitter.) Inhibition of protein kinase A
activity, in turn, mimics alcohol tolerance (in
which alcohol no longer inhibits adenosine
uptake), which can be prevented by inhibiting
protein phosphatase activity (Coe et al. 1996a).

In another study, activation of protein kinase C
also was shown to produce the characteristics of
tolerance in naive cells (cells not previously
exposed to alcohol), while inhibition of protein
kinase C activity during chronic exposure to
alcohol prevented the development of tolerance
(Coe et al. 1996hb). Again, the challenge for
future studies will be to identify and understand
how these specific cellular systems undergo the
changes that are responsible for tolerance to
motivational effects of alcohol.

121



122

Chapter 2: Alcohol and the Brain: Neuroscience and Neurobehavior

Sensitization

The repeated administration of drugs, including
alcohol, can result in an enhancement of their
behavioral effects, particularly if the treatment
regimen involves intermittent, noncontinuous
administration (Phillips et al. 1989). Sensitiza-
tion has been observed in association with the
locomotor stimulant effects of alcohol in mice but
not rats; this association is also highly dependent
on the strain of mouse being studied, suggesting
a strong genetic component to sensitization
(Phillips et al. 1997). Studies of the neuro-
chemical substrates for sensitization have focused
primarily on increased activity in the mesocorti-
colimbic dopamine system (Stewart and Badiani
1993; Wise and Leeb 1993). Research suggests a
time-dependent chain of neurobiological changes
within this system that lead to sensitization
(Henry and White 1991; Kalivas and Stewart
1991; White and Wolf 1991), with the likely site
of action identified as the dopamine-producing
cells in the VTA. One of these studies showed
that repeated administration of cocaine produced
a decrease in the sensitivity of dopamine D2
autoreceptors (dopamine receptors on a cell that
itself releases dopamine); dopaminergic function
was enhanced with subsequent injections (White
and Wolf 1991). Although the time course of
dopaminergic subsensitivity was only 4 to 8 days,
behavioral sensitization persisted for weeks.

More prolonged effects that last for weeks include
changes in the nucleus accumbens, such as super-
sensitivity of D1 receptors and changes in second-
messenger systems (internal cell signaling) (Koob
and Nestler 1997), suggesting that the initial
events triggered in the VTA are followed by more
prolonged neurochemical adaptations. In
addition, increased release of dopamine in the
nucleus accumbens accompanies the increased
behavioral responsivity to psychomotor stimulants
such as cocaine or alcohol (Kalivas and Stewart
1991).

Stressors can also cause sensitization to stimulant
drugs; research suggests an important role for the
hypothalamic-pituitary-adrenal stress axis and the
extrahypothalamic CRF system in stress-induced
sensitization to psychostimulant drugs (Koob
and Cador 1993). In addition, a role for brain
glutamate systems in sensitization has been

hypothesized from results of studies showing that
administration of NMDA receptor antagonists
blocks the development of sensitization to
psychomotor stimulants (Karler et al. 1989; Wise
1988). The locomotor activation produced by
acute doses of alcohol in mice does appear to
depend on dopaminergic mechanisms (Koechling
et al. 1990). How the neuropharmacologic
changes observed with intermittent exposure to
stimulants relate to sensitization of the motor-
activating effects of alcohol and the potential
sensitization to the rewarding effects of alcohol
remains a challenge for future studies.

Another form of sensitization that has gained
significant clinical interest and that may con-
tribute to excessive drinking and vulnerability

to relapse is the enhanced withdrawal responses
observed during repeated intoxication and
withdrawal, known as a “kindling” effect because
of its similarity to the kindling of brain seizures
(Ballenger and Post 1978; Becker et al. 1997;
Kokka et al. 1993). Mice exposed chronically to
alcohol vapors (to produce dependence) and then
subjected to repeated withdrawal episodes showed
progressive increases in the intensity of with-
drawal seizures (Becker and Hale 1993; Becker et
al. 1997). Rats subjected to repeated withdrawal
from chronic alcohol also showed a kindling
effect on seizure activity. This kindling effect
subsequently was blocked by administration of
diazepam, a drug that enhances GABA activity
(Ulrichsen et al. 1995), and has been linked to
decreases in GABA,, receptor-mediated inhibition
(Kang et al. 1996). The challenge for future
research will be to test the hypothesis that these
kindling phenomena extend to motivational
measures of alcohol-seeking behaviors.

Relapse

The study of neurobiological mechanisms
associated with relapse has been limited. Animal
models for the study of alcohol relapse are under
development (Koob 1995). Neuropharmacologic
agents that activate the mesocorticolimbic dopa-
mine system can rapidly reinstate drug self-
administration in trained animals, but this
activation can be extinguished through intra-
venous self-administration of alcohol (de Wit
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and Stewart 1981; Stewart and de Wit 1987).
Chronic alcohol administration with a liquid
diet to induce dependence has been shown to
produce increases in amphetamine- and cocaine-
induced locomotor activity up to 2 months after
exposure to alcohol (Manley and Little 1997).
These findings suggest that a history of depen-
dence may produce a sensitization of the meso-
limbic dopamine system. Consistent with this
conclusion is the observation that psycho-
stimulant drugs can potentiate conditioned
reinforcing effects produced by alcohol (Slawecki
et al. 1998).

Research using other animal models, cell systems,
and drugs is limited but shows some promise.
Acamprosate, a drug being marketed in Europe
to prevent relapse in alcoholics, blocks the
increase in drinking observed in nondependent
rodents after a forced abstinence (Heyser et al.
1996, 1997; Holter et al. 1997; Spanagel and
Zieglgansberger 1997; see also the section
“Treatment of Alcohol Dependence With
Medications” in the chapter on treatment
research). Acamprosate may modulate glutamate
activity, possibly by enhancing the effects of
glutamate under certain situations (Madamba et
al. 1996) and inhibiting glutamate activation in
other situations (Spanagel and Zieglgansberger
1997; Zeise et al. 1993).

Similarly, opioid antagonists have been shown

to prevent an increase in drinking of alcohol

by animals following their exposure to certain
stressors (Volpicelli et al. 1986). Subsequent
studies demonstrated naltrexone’s efficacy in
preventing relapse in alcoholics who had
undergone detoxification (O’Malley et al. 1992;
Volpicelli et al. 1992). Naltrexone may act by
modulating some aspect of the mesolimbic
dopamine reward circuitry, either presynaptically
or postsynaptically (Spanagel and Zieglgansberger
1997). For example, some studies have reported
that naloxone administered through a micro-
dialysis probe in the nucleus accumbens inhibits
alcohol-induced dopamine release (Benjamin et
al. 1993; Widdowson and Holman 1992). Other
studies have shown that naloxone blocks the
inhibitory effect of endogenous opioids on
GABA-releasing neurons in the dopaminergic

VTA, resulting ultimately in disinhibition
(Spanagel and Zieglgansberger 1997).

Identifying and understanding the neurological
substrates and the biochemical and molecular
mechanisms underlying relapse following
abstinence from alcohol should facilitate the
development of treatments and/or therapeutic
agents that will reduce or eliminate the likelihood
of relapse.
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The Neurotoxicity of Alcohol

The brain is a major target for the actions of
alcohol, and heavy alcohol consumption has long
been associated with brain damage. Studies
clearly indicate that alcohol is neurotoxic, with
direct effects on nerve cells. Chronic alcohol
abusers are at additional risk for brain injury
from related causes, such as poor nutrition, liver
disease, and head trauma.

The potential cost to society of alcohol-induced
brain damage is enormous. Approximately

14 million Americans—about 7.4 percent of the
adult population—meet the diagnostic criteria for
alcohol abuse or alcoholism (Grant et al. 1994).
On any given day, more than 700,000 people in
the United States receive alcoholism treatment in
either inpatient or outpatient settings (National
Institute on Alcohol Abuse and Alcoholism
[NIAAA] 1997). Approximately 9 percent of
alcohol-dependent individuals have clinically
diagnosable brain disorders (Eckardt and Martin
1986). Indeed, alcoholic dementia is the second-
leading cause of adult dementia in the United
States, accounting for 10 percent of cases (Eckardt
and Martin 1986). It is exceeded only by
Alzheimer’s disease. Many studies report that

50 to 75 percent of detoxified long-term alcohol-
dependent individuals show some degree of
cognitive impairment (Eckardt and Martin 1986),
suggesting that brain dysfunction may persist
even after the individual has stopped drinking.

Individual susceptibility to alcohol-induced brain
damage is highly variable and is related to many
factors, such as gender, genetics, environment,
and sociodemographics (Dufour 1993). Suscepti-
bility to alcohol dependence is similarly variable;
some people become dependent at much lower
levels of consumption than others do. Therefore,
it is difficult to specify the levels of alcohol
consumption that are likely to lead to alcohol-
induced brain damage. There is a serious need
for further research in this area.

Neuropathologic Changes

The brain contains as many as 1 trillion nerve
cells, or neurons. They come in a variety of
shapes and sizes, some looking like old oak trees
and others like weather balloons. Many of these
cells project into other brain areas where they
regulate the activity of those areas, thereby
affecting thoughts, consciousness, decisions,
mood, and attention. For every nerve cell in the
brain that is actively engaged in such things as
thoughts, emotions, and movements, there are
10 other cells, called glia, that provide important
support to nerve cells. Both of these cell types
are damaged by chronic alcohol abuse. Loss of a
critical few due to alcohol-induced brain damage
may have subtle but important effects on
decision-making processes, mood, and behavior.

There appears to be a continuum of brain damage
in long-term alcoholics, progressing from mod-
erate deficits in the majority of long-term alcohol
abusers to the severe psychosis of Wernicke-
Korsakoff syndrome (Butterworth 1995; Pfeffer-
baum et al. 1996). This syndrome includes
Wernicke's encephalopathy and Korsakoff’s
psychosis, also called Korsakoff’s amnestic
syndrome. Wernicke’s encephalopathy is
associated with thiamine deficiency resulting
from malnutrition. Prompt treatment with
massive doses of thiamine may improve
symptoms of this disorder, which include
confusion, ataxia (disordered gait), and visual
abnormalities. Patients have characteristic

brain lesions that may be detected by magnetic
resonance imaging (MRI). Korsakoff’s psychosis
is characterized by anterograde amnesia, where
the individual is unable to retain new information
(Eckardt et al. 1981). For example, the patient
views as total strangers people who were encoun-
tered moments before. The memory dysfunction
correlates with the presence of lesions in the
thalamus, a brain structure involved in the
routing of sensory information in the brain
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Figure 1: Reduced brain mass in alcoholics

Axial magnetic resonance images from a healthy 57-year-old man (left) and a 57-year-old man with a history of heavy alcohol

consumption (right). Images are courtesy of Dr. Adolf Pfefferbaum.

(Victor et al. 1989). Although these two condi-
tions usually occur in sequence, they may exist
independently; not all patients with Wernicke’s
encephalopathy progress to Korsakoff’s psychosis,
and Korsakoff’s psychosis may occur without a
preceding episode of Wernicke’s encephalopathy.

Extremely heavy alcohol consumption for a
prolonged period is generally required to produce
the most severe organic brain disease. One study
that compared Wernicke-Korsakoff patients with
alcoholics who did not have serious neuro-
psychological deficits found that both age of
onset and duration of heavy drinking correlated
with the development of Korsakoff’s psychosis
(Jacobson 1990). Those with Wernicke-Korsakoff
syndrome began consuming approximately

12 drinks a day at age 25 and drank at that

level for 27 years.

Morphological Changes

Postmortem studies of brain tissue in both
humans and animals suggest that chronic heavy
alcohol use changes brain structure. These

observations are supported by imaging analyses.
For example, studies using MRI and computed
tomography (CT) show enlargement of the
cerebral ventricles (cavities within the brain

that are filled with cerebrospinal fluid) and

sulci (furrows on the surface of the cerebrum)

in most alcoholics. Enlargement of these
structures reflects a shrinkage of brain mass
(figure 1), consistent with postmortem studies
that show reduced brain weight in alcoholics. In
severe alcoholics, the reductions in weight of the
cerebral hemispheres and the cerebellum (a brain
structure predominantly involved in balance and
movement; see figure 2) are significant compared
with nondrinkers and moderate drinkers (Harper
and Kril 1993). The reduced brain mass is
probably due to a combination of actual loss

of nerve cells and reduction in cell size. With
sustained abstinence for 1 to 5 months, the defect
begins to disappear. This recovery probably
involves increases in neuronal cell size, number
and size of the supporting glial cells, and arbori-
zation (branching) of nerve endings (Franke et al.
1997). However, neurons that die are lost forever.

135



136

Chapter 2: Alcohol and the Brain: Neuroscience and Neurobehavior

Cerebrum

including the cerebral
hemispheres (cerebral cortex
and basel ganglia); involved in
controlling consciousness and
voluntary processes

Largest portion of the brain, -_—-————_._____ g

Figure 2: Anatomy of the brain

Cortex
Outer layer of gray matter covering the
surface of the cerebrum and the cerebellum

Neocortex
Outermost portion of the cerebral
cortex that contains the most

Corpus callosum
A bundle of fibers connecting
the brain’s hemispheres

Hippocampus

Part of the limbic system, which
is involved in emotional aspects
of survival behavior; also plays
a role in memory

Basal ganglia

A group of structures lying deep
in the brain involved in
movement and cognition

Cerebellum

Involved in maintenance
of posture, balance, and
coordination

Source: Mattson et al. 1994.

structurally complex brain tissue

Diencephalon

* Septal area—related to the
limbic system, which is
involved in emotional
aspects of survival behavior

* Thalamus-a
communication center that
relays information to the
cerebral cortex

* Hypothalamus—important in
maintaining the body’s
internal environment, or
homeostasis, through the
receipt of sensory and
chemical input

Data from tissue and quantitative morphometry
(structural) studies demonstrate selective neuronal
loss, reduced arborization, and reduction of
synaptic complexity in specific brain regions of
alcoholics. The frontal lobes (of the cerebrum)—
whose functions encompass the initiation of
motor activity and the integration of behavior,
intellect, and emotion—appear to be particularly
sensitive to alcohol-induced changes (Jernigan et
al. 1991). They show the greatest decrease in
mass and account for much of the associated
ventricular enlargement. Both gray matter, which
is composed largely of neurons, and white matter,
which is composed of myelinated nerve fibers,
appear to be decreased. (The myelin sheath
around nerve fibers facilitates the conduction of
nerve impulses.) There appears to be a selective
loss of white matter, particularly in the frontal
lobes, but it is uncertain how the observed
cellular lesions relate to this loss. One reason
these changes are more evident is the greater
proportion of white matter to cortical gray matter
in the frontal regions. (Cortical refers to the
cerebral cortex, a thin layer of gray matter on the
surface of the cerebrum. It is most extensively

developed in humans; among its functions, it is
the center for intellectual capacity.) Alcoholics
with severe brain disorders, such as Wernicke-
Korsakoff syndrome, show more significant
reduction in white matter and more extensive
brain degeneration than do alcoholics with less
severe disorders.

Investigators have found a 22-percent reduction
in the number of neurons in the superior frontal
cortex and motor cortex of alcoholics compared
with nonalcoholic controls, but no significant
differences in other areas of the cortex (Harper

et al. 1987). Recent studies of alcoholics have
reported a relationship between temporal lobe
shrinkage and a history of alcohol withdrawal
seizures, while frontal lobe shrinkage occurs in
alcoholics regardless of their seizure history
(Sullivan et al. 1996). A decrease in the amount
of N-acetylaspartate in the frontal lobe, a measure
of neuron viability, is another indication of fron-
tal lobe degeneration in alcoholics (Jagannathan
et al. 1996). The findings of severe damage to
the frontal cortex in alcoholics are consistent with
clinical and neuroradiological findings, which




suggest that the frontal lobe may be more
susceptible than other cortical regions to alcohol-
induced brain damage. The large neurons that
are lost in this frontal region (the pyramidal
neurons) are also recognized as being more
vulnerable in Alzheimer’s disease and as part

of the normal aging process.

Recent studies have found that in addition to

the global shrinkage of brain regions, neurons in
certain structures called nuclei are selectively lost
with chronic alcohol abuse. Nuclei are clusters
of neurons that have broad-ranging functions in
brain activity; they are distinguishable by cell type
or by clear demarcation from the surrounding
tissue. Perhaps the most extensively studied
nuclei are the cholinergic nuclei in the basal
forebrain. Neurons within these nuclei are
involved with the production and release of
acetylcholine, a neurotransmitter associated with
many important physiologic functions. Both
human and animal studies suggest that this
region is particularly susceptible to damage in
alcoholic subjects. Researchers have reported that
Korsakoff’s psychosis causes both neuronal loss
and shrinkage in this area, with one study
reporting a significant loss of neurons (Arendt
1993). Neurons in the cholinergic nuclei are also
lost in Alzheimer’s disease.

Other brain nuclei that appear to be particularly
sensitive are the locus ceruleus and the raphe
nuclei. These nuclei are small but important
because their neuronal processes project through-
out the brain and modulate global aspects of
brain activity. For example, lesions in the locus
ceruleus, which contains many of the noradren-
ergic neurons (those that secrete the neuro-
transmitter norepinephrine) in the brain, may
impair attention and information processing and
may affect learning and memory. Several studies
have reported significant noradrenergic cell loss in
the locus ceruleus (Arango et al. 1996; Arendt et
al. 1995; Lu et al. 1997), but not all studies have
found this loss (Harper and Kril 1993). The
median and dorsal raphe nuclei together provide
the primary source of serotonergic axons in the
cerebral cortex. These neurons secrete serotonin,
a neurotransmitter that affects multiple actions in

The Neurotoxicity of Alcohol

the brain, including the regulation of mood
states, thinking patterns, appetite, sleep, and

even behavior, such as alcohol drinking. The
serotonergic system appears to be disrupted in
alcoholics, particularly in severe alcoholics (Baker
et al. 1996; Halliday et al. 1995). Recent studies
of alcoholics have found a reduction of up to

50 percent in the number of serotonergic neurons
from both these raphe nuclei compared with
nonalcoholic controls. Further, chemical studies
have shown abnormally low levels of serotonergic
metabolites in the cerebrospinal fluid of alcoholics
with Wernicke-Korsakoff syndrome.

Specific types of brain cells appear to be dis-
rupted. Recent studies have indicated that certain
neurons containing the peptide vasopressin may
be sensitive to chronic alcohol-induced neuro-
toxicity in both humans and animals (Harding et
al. 1996; Madeira et al. 1997). Vasopressin is a
hormone that is involved in the regulation of
both physiologic processes and neurobehavioral
function. Damage to neurons containing
vasopressin and other peptides could disrupt a
variety of hormone functions as well as the daily
rhythms that are important for healthy living.
Further studies are needed to determine whether
additional specific cell groups within the brain are
particularly susceptible to damage. Neuronal loss
in small but functionally significant brain areas
could result in global changes in attention, mood,
and personality that are difficult to quantify but
have a great impact on brain function and overall
behavior.

Recent animal studies have found that long-term
alcohol intoxication is not necessary for brain
damage to occur. As little as a few days of
intoxication can lead to neuronal loss in several
specific areas of the cerebral cortex (Collins et al.
1996). These findings are consistent with recent
studies in human alcoholics that report damage to
one of these cortical areas (Ibanez et al. 1995) and
significant shrinkage of the hippocampus, an area
involved in learning and memory (Harding et al.
1997). Chronic alcohol treatment of animals has
shown that hippocampal damage is correlated
with deficits in spatial learning and memory
(Franke et al. 1997). These studies indicate that
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cortical and hippocampal damage can occur in
animals with both chronic and short-term
alcohol exposure. This suggests that, in humans,
relatively short durations of alcohol abuse are
likely to cause some form of damage.

Exciting new studies have begun to address the
effects of gender on alcohol-induced brain
damage. Interestingly, alcoholic women appear
to have an increased sensitivity for brain damage
compared with alcoholic men (Hommer et al.
1996). This difference appears to be true for liver
and heart damage as well. Although more men
than women are diagnosed as alcoholic, the
number of alcoholic women is increasing.
Therefore, the increased susceptibility of women
to alcoholic brain damage is an area that needs
further investigation.

Functional Changes

Chronic alcohol abuse clearly leads to changes

in brain function, with the degree of dysfunction
dependent upon the duration and amount of
alcohol consumed. Many brain functions related
to the frontal cortex appear to be affected. Pre-
frontal (the most anterior part of the cortex)
damage typically is associated with changes in
personality and cognitive abnormalities. Although
these types of changes in brain function are more
difficult to assess than physical changes, they

are consistent with the morphological changes
found in the frontal cortex of alcoholics.

Both clinical and experimental studies support
a role for frontal cortical involvement in neuro-
psychological deficits in alcoholics, particularly
those with Korsakoff’s psychosis (Oscar-Berman
and Hutner 1993). These deficits include
dysfunction in emotional control, problem-
solving ability, and attention. Electrophysiologic
studies using electroencephalograms and event-
related potentials have suggested that alcoholics
have difficulty differentiating relevant and
irrelevant, easy and difficult, and familiar and
unfamiliar stimuli (Porjesz and Begleiter 1993).
These deficits appear to be consistent for alco-
holics and may be related to frontal cortical
function.

Alcoholics who do not suffer from Wernicke-
Korsakoff syndrome still show greater loss of
neuropsychological performance than peer
nonalcoholics do on tests of learning, memory,
abstracting, problem solving, visuospatial and
perceptual motor functioning, and information
processing (Parsons 1993). Alcoholics are less
accurate and take considerably longer to complete
tasks. Many of the deficits appear to recover to
age-appropriate levels of performance after 4 to
5 years of abstinence (Parsons 1993). However,
even though global cerebral atrophy may return
to near normal levels with extended abstinence,
not all cognitive functions return. Some
abstinent alcoholics appear to have permanent
cognitive impairments, particularly in memory
and visual-spatial-motor skills (Di Sclafani et al.
1995). Other studies support a loss of logical
memory and paired-association learning tasks in
alcoholics that may be long lasting (Eckardt et al.
1996).

Recent studies have emphasized the role of the
prefrontal cortex in executive cognitive function
(ECF) (Hoaken et al. 1998). This is the ability
to use higher mental processes such as attention,
planning, organization, sequencing, abstract
reasoning, and the use of external and internal
feedback to adaptively shape future behavior
(Foster et al. 1994). ECF processes are dysfunc-
tional in alcoholics and in persons with other
diseases showing prefrontal damage (Boller et al.
1995). Changes in ECF and prefrontal cortical
characteristics are associated with decreased
regulation of human social behavior, including
disinhibition syndrome, which is characterized by
impulsivity, socially inappropriate behavior, and
aggression (Giancola and Zeichner 1995a).
Disruption of ECF has also been implicated

in the underlying aggression associated with
substance abuse (Giancola and Zeichner 1995b).

Mechanisms of Action

Researchers have only recently begun to elucidate
the mechanisms involved in the neurotoxic effects
of alcohol on the brain. As research techniques
have become more sophisticated and data from
experimental and clinical studies have accumu-
lated, however, investigators have had a more



substantial basis for speculation as to the nature
of these mechanisms.

NMDA Receptor Supersensitivity

One promising avenue of research involves the
interaction between glutamate, an amino acid
that is the major excitatory neurotransmitter
in the brain, and a specific glutamate receptor,
the N-methyl-p-aspartate (NMDA) receptor.
Glutamate and the NMDA receptors are
extensively discussed in other sections of this
chapter. The NMDA receptor is inhibited by
alcohol at a greater level of sensitivity than is any
other known glutamate receptor. The acute
alcohol-induced inhibition leads to adaptive
changes in the NMDA receptor that make it
supersensitive to glutamate during chronic
alcohol exposure.

Excessive stimulation of NMDA receptors by
glutamate can kill neurons, and chronic alcohol
exposure increases sensitivity of neurons to
NMDA-stimulated killing (Chandler et al. 1993a;
Crews and Chandler 1993; lorio et al. 1993).
Excitotoxicity is a term applied to the direct lethal
damage to neurons in extreme cases of excessive
glutamate receptor activity, usually accompanied
by an excessive accumulation of intracellular
calcium ions. This neurotoxic property of the
receptors appears to play a key role in neuro-
degenerative diseases in general, as well as in
stroke, brain trauma, and other types of brain
damage (Crews et al. 1996). The extreme neuro-
degeneration associated with Wernicke’s
encephalopathy also appears to involve increases
in glutamate-NMDA excitotoxicity. Several
studies using cultured neuronal cells have
indicated that a few days of chronic alcohol
treatment lead to supersensitive NMDA receptor-
stimulated calcium flux (an increase in the
intracellular concentration of calcium ions)
(Ahern et al. 1994; lorio et al. 1992), as well

as NMDA receptor-stimulated excitotoxicity
(Chandler et al. 1993b; Crews and Chandler
1993; Crews et al. 1993; lorio et al. 1993)

and NMDA receptor-stimulated nitric oxide
formation (Chandler et al. 1997). All of these
reactions lead to severe neuronal damage.

The Neurotoxicity of Alcohol

The administration of an antagonist to NMDA
receptors, such as MK-801 (dizocilpine), elimi-
nates both alcohol tolerance (Khanna et al. 1992;
Szabo et al. 1994) and withdrawal seizures (Grant
et al. 1990), as well as blocks NMDA-stimulated
neuronal death (Chandler et al. 1993a). In
animal studies using thiamine-deficient rats as a
model for Wernicke’s encephalopathy, extra-
cellular concentrations of glutamate in the brain
increased several fold during seizures (Langlais
and Zhang 1993). Administration of the NMDA
receptor antagonist MK-801 reduced the neuro-
biological symptoms and the severity of neural
lesioning in these animals (Langlais and Mair
1990). These studies and others provide evidence
that NMDA receptor supersensitivity may con-
tribute to alcohol tolerance, dependence, and
neurotoxicity and to the hyperexcitability and
seizures associated with alcohol withdrawal.
However, further research is needed in this area.

Hyperexcitability of the central nervous system

is a key component of alcohol withdrawal.

A supersensitive glutamate-NMDA response
appears to be involved, although a reduction in
gamma-aminobutyric acid-mediated inhibition
also may contribute to this hyperexcitability
(Crews et al. 1996). (Gamma-aminobutyric acid
is & neurotransmitter that inhibits the activity of
nerve cells.) One of the earliest findings suggest-
ing glutamate involvement was the increased
binding of radioactively labeled glutamate
([3H]glutamate) in the hippocampus of alcoholics
(Michaelis et al. 1990). Although it is not clear
which subtype of glutamate receptor is involved,
this finding is consistent with increased glutamate
receptor density and sensitivity.

The mechanisms of NMDA receptor supersen-
sitivity are not fully understood, but it is clear
that chronic alcohol administration can induce
this supersensitivity. This supersensitivity could
occur through a number of mechanisms, in-
cluding an increase in the density of NMDA
receptors, changes in the NMDA receptor
subunit composition, or chemical changes in the
NMDA receptor that could change its sensitivity.
Some, but not all, studies have found increases in
NMDA receptor density. These results, although
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inconclusive, suggest that this may be one of the
mechanisms underlying chronic alcohol-induced
NMDA receptor supersensitivity (Chandler et al.
1997; Crews et al. 1996; Rudolph et al. 1997).

A second mechanism for inducing NMDA
receptor supersensitivity could involve changes in
the subunit composition of the receptor. The
NMDA receptor is thought to be made up of five
subunits, and changes in the type of subunit
could change NMDA receptor supersensitivity.
Studies have reported that the number of subunits
expressed during chronic alcohol exposure is
altered (Follesa and Ticku 1995, 1996).

Other studies, however, found alcohol-induced
NMDA receptor supersensitivity without subunit
changes (Chandler et al. 1997), suggesting that
other mechanisms, such as phosphorylation,
might be involved. This is a chemical reaction
that is involved in regulation of receptor activity.
Enzymes that phosphorylate (add phosphate to)
amino acid residues within the NMDA receptor,
including tyrosine kinases such as Fyn tyrosine
kinase, may affect NMDA receptor sensitivity
during alcohol treatment (Miyakawa et al. 1997).
These mechanisms could occur as a continuum,
with phosphorylation causing initial supersen-
sitivity, and more prolonged and excessive alcohol
consumption causing additional supersensitivity
through changes in subunits and slight increases
in NMDA receptor density. Because of the
consistent finding that NMDA supersensitivity
during chronic alcohol treatment leads to
increased NMDA receptor-stimulated neuronal
excitotoxicity, all of these mechanisms are being
further investigated.

Oxidative Stress

Another possible mechanism for alcohol-induced
brain damage involves oxidative stress of neurons.
As a by-product of alcohol metabolism, free
radicals may be formed. These are highly reactive
molecular fragments that are capable of inflicting
serious damage on cells if they are not quickly
neutralized. Normally, free radicals are rapidly
inactivated by antioxidants, which are protective
molecules that inhibit oxidation. However, if
these defenses are impaired, or if there is an

overproduction of free radicals, the result is oxida-
tive stress. This imbalance between increased
production of free radicals and decreased avail-
ability of antioxidants can result in cell death.
Free radicals also may attack lipids in cell
membranes, causing lipid peroxidation. This

is a reaction between oxygen radicals and
components of the cell membrane that results

in membrane injury and eventual cell death.

Studies examining the effects of both acute

and chronic alcohol administration on cellular
oxidation in the rat brain have focused primarily
on alcohol’s effects on the activity of antioxidants,
such as alpha-tocopherol, ascorbate, glutathione,
catalase, and superoxide dismutase (Ledig et al.
1981; Montoliu et al. 1994; Nordmann 1987;
Rouach et al. 1987), or on potential sources of
oxidative radicals. One of these sources is nitric
oxide, which has been implicated in neuronal
toxicity resulting from the formation of highly
oxidative metabolites (Crews and Chandler
1993). Another source of oxidative radicals is
cytochrome P450 2E1, an enzyme that
metabolizes alcohol and is a potent generator of
these radicals (Montoliu et al. 1994, 1995).
Increases in cytochrome P450 2E1 and other
oxidases induced in rats by chronic alcohol
administration have been related to increased
lipid peroxidation and the formation of reactive
oxygen radicals in the brain (Montoliu et al.
1994). However, levels of antioxidant enzymes,
such as catalase and superoxide dismutase, appear
to increase as a compensatory mechanism
(Montoliu et al. 1994).

The brain is particularly susceptible to lipid
peroxidation because it consumes a large amount
of oxygen and is rich in polyunsaturated fatty
acids, which are particularly prone to injury from
oxygen radicals. Experiments with cells of rat
brains have shown that a single dose of alcohol
results in both increases in lipid hydroperoxide
levels and decreases in glutathione levels (Nord-
mann et al. 1990, 1992; Uysal et al. 1986, 1989).
It is not clear whether or how this increased
oxidation is associated with increased brain
damage. Most studies have focused on whole-
brain homogenates, rather than on cells of specific
brain regions. However, a recent study of



alcohol-induced depression of glutathione and
glutamine synthetase levels, two indices of
increased oxidative radical formation, used cells
from specific brain regions. Researchers found
changes only in cells from the striatum (a center
involved in the programming of movement), but
not in cells from the cerebral cortex or cerebellum
(structures involved in balance and motor
coordination) (Bondy and Guo 1995).

Oxidative stress has been implicated in the effects
of aging and in a variety of neurodegenerative
disorders, such as Alzheimer’s disease, Parkin-
sonism, and stroke. Much more research on
alcohol-induced neurodegeneration is needed to
provide a more complete understanding of how
oxidation damages neurons and how other brain
cells respond to increased oxidative stress.
Alcohol-induced neurodegeneration may be
related to an induction of oxidative enzymes;
alcohol research provides an opportunity to
clearly address this aspect of neurodegeneration,
which could impact a broad range of diseases.

Growth Factors

Growth factors are specific protein elements of
the brain that stimulate growth and extensions
of neurons and that are essential to neurons

for their survival and maintenance of normal
function. Growth factors also are known to
increase the activity of neuronal antioxidant and
excitotoxic protective mechanisms. The growth
factors include, among others, nerve growth
factor (NGF), brain-derived neurotrophic factor
(bDNF), neurotrophin 3 (NT-3), and basic
fibroblast growth factor (bFGF).

Researchers have found that alcohol alters brain
levels of growth factors in rats (Arendt et al.
1995; Baek et al. 1996; MacLennan et al. 1995;
Nakano et al. 1996). Recent studies have found
that chronic alcohol administration reduces the
level of bDNF but does not change the levels

of NGF, NT-3, or bFGF (Baek et al. 1996;
MacLennan et al. 1995). Receptors for the
growth factors remain intact after chronic alcohol
abuse (Arendt et al. 1995; MacLennan et al.
1995). This finding presents the promising
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possibility that growth factors may be used to
treat alcohol-induced brain damage as well as
other neurodegenerative conditions. Studies of
the actions of growth factors and of their role

in alcohol-induced brain damage represent an
exciting new area of discovery that could provide
new approaches to treatment of neurodegener-
ation.

In Closing

Alcoholism is a progressive disease that starts
with experimentation and progresses to addiction,
usually over the course of several years. Addiction
involves the loss of control over the ability to
abstain from the drug and an excessive preoccupa-
tion with obtaining and using the drug. Discov-
eries continue to unravel structure-function
aspects of the brain and suggest that some of the
behavioral problems of alcoholism may be related
to alcohol-induced damage to specific brain areas.
While earlier studies focused on alcohol-induced
changes in cognition, more recent studies are
focusing on the frontal cortex, which is partic-
ularly sensitive to alcohol-induced damage,

and on the role of this brain region in behavior.
Experimental subjects with poor prefrontal
functioning appear unable to inhibit impulsive
behavior (Lau and Pihl 1996), particularly
violence (Lau et al. 1995). Results of neuro-
imaging studies also indicate that reduction of
metabolic functions in the frontal lobes is
associated with violence (Raine et al. 1994).

Taken together, these studies suggest that some of
the greatest sociopathic problems of alcoholism,
such as violence and loss of control over the drug,
may be directly related to the neurotoxic effects
of alcohol on prefrontal cortical function. This
is a particularly exciting hypothesis, because it
suggests that it may be possible to detect
individuals at risk for addiction through studies
of their brain function and to determine whether
recovery of normal function is associated with the
ability to sustain abstinence. Identification of
these individuals would allow focused efforts at
prevention and education, with the aim of
preventing addiction and its accompanying
sociopathic behaviors.
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Evidence from twin, family, and adoption studies
has firmly established that genetic factors play a
major role in the development of alcohol abuse
and alcoholism. It is clear that individuals inherit
specific genes that increase or decrease their risk
for alcoholism, but the identity and location of
those genes remain elusive (National Institute on
Alcohol Abuse and Alcoholism 1995).

Researchers involved in the Human Genome
Project, a massive effort to map the entire human
genome, have developed technologies enabling
scientists to identify specific chromosomal regions
that are likely to contain genes affecting sensitiv-
ity to alcohol (Carr et al. 1998; Crabbe et al.
1994). Research focused on these regions, called
quantitative trait loci (QTL), is also discussed
elsewhere in the section “Animal Genetic Studies
on Alcoholism” in the chapter on genetic and
psychosocial influences.

Once the QTL for a trait has been provisionally
established, it is possible to search the genome
or the location of candidate genes of known
function that are likely to influence the alcohol-
related trait in question. With use of recently
developed molecular biological techniques, several
of these candidate genes are currently under
investigation. Some of these were nominated by
mapping studies (the serotonin 1B gene); others
were investigated because historical data impli-
cated them in the alcohol-related response of
interest (the gene encoding the y,, subunit of the
subtype A gamma-aminobutyric acid [GABA,]
receptor). In one case, both pharmacologic data
and mapping data converged to implicate a
particular gene, that encoding the o subunit of
the GABA, receptor. This report describes the
development of animal models for these genetic
investigations, reviews recent research on several
candidate genes for alcohol-related traits, and
describes studies using immediate early genes
(IEGY), a class of genes that can be used to
identify which brain structures are first activated
by a particular stimulus, including the admin-
istration of alcohol.

Development of Animal Models

Because the genetic makeup of humans and
rodents is similar and their biochemical processes
are virtually the same, results of genetic studies
with rodents may generally be extrapolated to
humans. Investigators have produced many
paired strains of rats and mice that are selectively
bred to express specific responses to alcohol, such
as those that prefer or do not prefer alcohol and
those that differ in their susceptibility to alcohol-
induced incoordination or loss of righting reflex.
(The development of recombinant inbred strains
is discussed in the chapter in this report on the
etiology of alcoholism.) Recently developed
genetic engineering techniques have made it
possible to inactivate (knock out) specific genes
or to create transgenic mice by inserting foreign
genes into the genome. This approach permits
investigators to observe whether and how an
animal’s response to alcohol is altered depending
on whether or not the gene is present. Most of
the studies described here use strains of knockout
or transgenic mice.

Knockout Mice

A powerful approach to analyzing the role of a
specific gene in alcohol-related disorders is to
inactivate that gene and study the impact of the
inactivation on later development and behavior.
Through inbreeding and selection, a knockout
strain of animals can be produced in which that
gene is nonfunctional in every individual animal.

Because two copies of each gene are inherited,
one from each parent, it is necessary to inactivate
both copies of a given gene. The process of
creating a knockout strain requires multiple
steps (figure 1) (Homanics and Hiller-Sturmhofel
1997). Researchers first isolate gene X and
transfer it into a short piece of deoxyribonucleic
acid (DNA) that is used as a vector. They
inactivate the gene, usually by inserting a marker
gene that disrupts gene X and also confers a
resistance to certain antibiotics. Then they
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Figure 1: General procedure for generating knockout mice
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Normal (+) gene is isolated.

A mutation to create a defective (-)
gene is introduced.

The (-) gene is introduced into
embryonal stem (ES) cells in tissue
culture; not all all ES cells will
incorporate the (—) gene into their
DNA.

Cells are grown in a medium that
allows only cells with the (—) gene to
multiply.

Cells with the (=) gene are injected
into mouse embryos.

Embryos develop into chimeric mice
expressing the (=) gene in some cells
and the (+) gene in other cells; one of
the chimeric mice is mated with a
normal mouse.

Mouse pups (F; animals) carrying a
(+) and a (-) gene copy are identified
and mated with each other.

The offspring (F, animals) are
analyzed; about 25 percent will

have inherited the (—) gene from both
parents and will completely lack the
(+) gene.

transfer the vector with the defective gene into
embryonic stem cells. These are undifferentiated
early-stage embryo cells that can eventually
develop into every type of cell in the organism.
In some stem cells, the defective gene changes
places with its normal counterpart in a process
called homologous recombination. The altered
stem cells are grown in a medium containing
antibiotic, in which only the cells that have

successfully incorporated the defective gene can
survive. These surviving stem cells are then
injected into mouse embryos at an early stage of
development, and the embryos are implanted into
surrogate mothers. Some of the resulting pups
are chimeras; some of their cells contain the
mutated gene X, while other cells, derived from
the embryo’s normal stem cells, contain the
normal gene X. It is possible, through easily




identifiable phenotypic characteristics of the
parents, such as coat color, to ascertain which
pups are the chimeras. Although chimeras do
not contain the mutated gene in all of their cells,
researchers are able to identify those that carry the
altered gene in their reproductive cells by mating
the chimeras with normal mice and determining
which of their offspring carry the mutated gene.
Further inbreeding and selection eventually
produce a strain of mice that carry the mutated
gene in every cell. These are the knockout mice.
In experimental work with knockouts, the
normal, or wild-type, mice from which they were
derived are used as controls. The two strains
differ only in the presence or absence of the
knockout gene and are otherwise much like
identical twins.

Transgenic Mice

In transgenic mice, a foreign gene is permanently
integrated into the animal’s DNA. Investigators
insert the foreign gene into a vector and then
inject the vector into a newly fertilized mouse
egg. The fertilized egg contains two pronuclei,
one from each parent, and the vector is injected
into the larger male pronucleus. The pronuclei
fuse to form a single nucleus, carrying chromo-
somes from both parents, and the fertilized egg
then develops into an embryo. In a small per-
centage of embryos, the foreign gene integrates
into one of the embryo’s chromosomes. The
researchers then implant the embryos into surro-
gate mothers, identify the pups that are positive
for the foreign gene, and mate them with normal
mice. As with knockouts, these are mice from the
same strain and are identical to the transgenic
mice except for the altered gene. Subsequent
inbreeding and selection eventually produce a
strain of mice that contain the foreign gene in

all of its cells.

Investigation of Candidate Genes

As more candidate genes are identified, research-
ers have begun to use knockout or transgenic
strains of mice to determine how these genes
affect the development of alcohol-related dis-
orders. This report describes current research

Genetic Studies of Alcohol’s Actions on the Brain

using knockout or transgenic technology on five
candidate genes for alcohol-related traits.

Serotonin Receptor Genes

Studies of alcohol consumption in animals have
implicated the neurotransmitter serotonin (5-HT)
(LeMarquand et al. 1994b). (See the first section
of this chapter, “Setting the Stage: The Structure
and Function of Neurons and the Brain,” for
background on neurotransmitters and cell
signaling processes discussed here.) Experiments
with rats and mice have suggested that neuronal
systems using 5-HT may modulate the degree

of development of sensitivity and/or tolerance to
alcohol-induced ataxia (physical incoordination)
and hypothermia (reduced body temperature)
(Lé et al. 1980). Clinical studies have reported
lowered brain 5-HT activity in a subgroup of
aggressive alcoholics (LeMarquand et al. 1994a).

There are more than 15 receptors for 5-HT, and
experiments so far have been unable to specify
which subtype or subtypes of 5-HT receptors
mediate the effects of alcohol. One type of
receptor, 5-HT,g in rodents, or 5-HTp in
humans, appears to be particularly interesting.

In rodents, receptors generally are presynaptic
auto- and heteroreceptors. This means that when
a nerve terminal containing these receptors is
stimulated to release its own neurotransmitter,
5-HT g autoreceptors inhibit further release of
5-HT from the terminal; in the case of terminals
that release other neurotransmitters, such as
gamma-aminobutyric acid (GABA) or dopamine-
5-HT heteroreceptors prevent further release

of these neurotransmitters. In this way, these
receptors reestablish brain homeostasis. Inter-
ference with 5-HT g receptor levels might thus
exert a cascade of influences on multiple brain
systems through the effects on a number of
neurotransmitters. Further, it is also potentially
important that 5-HT g heteroreceptors are located
on nerve terminals containing the inhibitory
neurotransmitter GABA. These terminals project
from the nucleus accumbens to the ventral
tegmental area, two brain structures which, with
their connecting pathways, are thought to be
important in drug reward (Koob 1992).
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Researchers have developed a strain of knockout
mice lacking the 5-HT g receptor gene. These
mice are highly aggressive; the investigators
suggest that 5-HT 5 receptors play a role in
aggressive behavior (Ramboz et al. 1996; Saudou
et al. 1994). Brain slice preparations from
some brain areas show changes in 5-HT release,
suggesting that serotonergic function may be
altered and that other 5-HT receptors besides
the 5-HT g may help regulate 5-HT release
(Pifieyro et al. 1995).

QTL mapping studies suggested the presence of

a gene influencing alcohol consumption in the
midportion of mouse chromosome 9 (Crabbe et
al. 1994; Phillips et al. 1994; Rodriguez et al.
1995). Because this chromosome region contains
the 5-HT g receptor gene, researchers character-
ized 5-HT g knockout mice and their wild-type
controls for several alcohol-related traits. For
example, alcohol preference drinking is frequently
taken as an index of alcohol’s reinforcing, or
rewarding, properties. When given a choice
between solutions of alcohol or tap water, the
knockout animals voluntarily drank twice as much
alcohol as the wild-type controls, at concentra-
tions of up to 20 percent (Crabbe et al. 1996).
After many days of drinking, the knockouts with
the strongest preference for alcohol drank between
16 and 28 grams of alcohol per kilogram of body
weight during the last 24 hours of the experiment,
a very high level of intake, even though water

was freely available. (It should be noted that a
subsequent study did not replicate this result in
knockouts [Crabbe 1999].)

Two other behavioral assays of reinforcement
depend upon mice learning to associate a
behavioral response with the presence of alcohol
as a stimulus. The 5-HT,g knockout mice

were tested for conditioned place preference, an
experimental design that pairs one environment
with alcohol injections, and another environment
with saline injections (Risinger et al. 1996).
When these animals were subsequently given a
choice between the alcohol- and the saline-paired
environments, the knockout mice showed no
preference for the alcohol-paired environment
while the wild-type controls showed the expected

alcohol-conditioned place preference. This
finding suggests that the knockouts were less
sensitive to the reinforcing effects of alcohol in
this test.

A conditioned taste aversion test paired daily
drinking of a novel-flavored solution with a
subsequent alcohol injection, and the animals
gradually developed an aversion for the novel
solution. (Although drugs like alcohol have
rewarding properties that underlie the behavior
of animals in conditioned place preference tests,
they also can elicit aversion, as observed in this
experiment. The level of sensitivity to both the
rewarding and aversive effects of alcohol is
thought to be involved in the development of
dependence.) However, in this test of alcohol’s
aversive effects, 5-HT,g knockouts and wild-
types were equally sensitive, and both developed
a dose-dependent aversion (Risinger et al. 1996).

Results of these experiments highlight the need
to cautiously interpret the results of studies with
genetically altered animals using behavioral assays.
Another study comparing 5-HT ;g knockout

and wild-type mice used a grid test designed to
measure alcohol-induced ataxia. In this test,
investigators place mice on a wire mesh floor
after an injection of alcohol. Intoxicated mice
occasionally slip through the grid floor and a foot
makes contact with a metal plate. The 5-HTg
knockout mice were half as sensitive as wild-types
to the intoxicating effects of alcohol, and they
developed tolerance to a lesser extent after
repeated testing (Crabbe et al. 1996). However,
in consideration of the variations in response to
the reinforcement tests, it would be premature to
assume that this apparent behavioral insensitivity
of knockouts can be extrapolated to all measures
of intoxication, even to other tests designed to
measure ataxia.

Additional tests with 5-HT ;g knockout mice
showed that these mice were more sensitive than
wild-types to the locomotor stimulant effects of
alcohol (Risinger et al. 1996). Tests measuring
the severity of acute and chronic withdrawal
showed that the knockouts did not differ
significantly from wild-types in locomotion,



indicating that they had acquired the same level
of physical dependence (Crabbe et al. 1996).

The studies described above illustrate the wide-
ranging effects of manipulating a single gene.
The results tend to confirm the role of 5-HT

in several different responses to alcohol that are
important in alcoholism research. These studies
suggest new avenues for future research. For
example, the entire course of development of
these mice occurred after deletion of the 5-HT ;5
gene, and the brain must have struggled in
unknown ways to compensate for the deletion.
The compensations are largely successful, as the
knockout mice appear normal, generally behave
within normal limits, grow at a normal rate, and
breed fairly successfully. Future research should
aim at identifying the nature of these compen-
sations, as well as determining the nature of the
relationship between the genetic deficit and the
proclivity for drinking alcohol.

There is currently a high interest in investigating
serotonergic systems because recent studies
suggest that a class of drugs known as selective
serotonin reuptake inhibitors (SSRI’s) may be
effective in treating alcoholism (Pettinati 1996).
The prototypic SSRI is fluoxetine (Prozac).
These drugs act to increase binding of 5-HT

by prolonging its availability at the site of its
receptors after its release from nerve cells.

GABA Receptor Genes

GABA is the principal inhibitory neurotrans-
mitter in the brain. The GABA receptor, which
is embedded in the neuronal cell membrane, is
composed of a tightly linked set of five protein
subunits arranged to form a channel which, when
the receptor is activated, opens to allow the
passage of chloride ions into the cell. The influx
of negatively charged ions decreases the excitabil-
ity of the cell. The GABA receptor subtype that
appears to be the most sensitive to alcohol is
GABA,. Many of alcohol’s acute and chronic
effects appear to involve its actions on GABA,
receptors (Buck 1996; NIAAA 1997).

Genetic Studies of Alcohol’s Actions on the Brain

The effects of alcohol on GABA, receptors
involve the action of other proteins, such as
protein kinase C (PKC). This is an enzyme
that phosphorylates (adds phosphate groups to)
other proteins, thereby altering their function.
Phosphorylation by PKC appears to enhance the
sensitivity of the GABA, receptors to alcohol.
The gamma subtype of PKC (PKC-y) has been
implicated in alcohol’s effect on GABAergic
neurons and on subsequent behavior (Harris

et al. 1995). To study this relationship further,
researchers created a strain of knockout mice
lacking the gene coding for PKC-y. The
knockouts were less sensitive than wild-type
controls to alcohol-induced hypothermia and

to alcohol-induced loss of righting reflex, both
measures of alcohol’s sedative effects. However,
the knockouts and wild-types were equally
sensitive to two other sedative drugs that affect
the GABA, receptor (Harris et al. 1995). These
findings suggest that PKC-y may play an impor-
tant role in mediating the effects of alcohol on
the GABA, receptor, but that other sedatives
appear to affect the receptor through a different
mechanism.

There is some evidence that one of the subunits
of the GABA, receptor, ag, may mediate some
of the behavioral effects of alcohol. One QTL
mapping study sought to identify chromosomal
stretches associated with severity of withdrawal
symptoms, that is, regions that were inherited
with high frequency along with a tendency
toward severe withdrawal symptoms. The
investigators found such an association (or
linkage) on mouse chromosome 11, near genes
coding the ay, ag, and y, subunits of GABA,
receptors (Buck et al. 1997). However, this is a
large chromosomal region containing other genes,
so any conclusions regarding the actions of the ag
subunit gene would be premature. Researchers
developed a strain of mice lacking the og subunit
and compared these animals with wild-type
controls on several measures of behavioral
sensitivity to alcohol, pentobarbital, and general
anesthetics (Homanics et al. 1997). They found
no significant difference between the two strains,
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demonstrating that the o subunit is not a
requirement for sensitivity to alcohol’s sedative-
hypnotic effects. However, as with the 5-HT
studies discussed above, interpretation of studies
with knockout mice must consider the fact that
the genes were absent during neurodevelopment,
so functional adaptations in the GABA or other
neural systems could have compensated for the
knockout. (It should also be noted that in a
recent study mice in which the a4 subunit gene
was point mutated, no change was observed in
alcohol’s potentiating effects [Rudolph et al.
1999].)

Dopamine Receptor Genes

Dopamine, another neurotransmitter, has an
important role in locomotor response to reward-
ing drugs (Koob 1992). There are five known
dopamine receptors. Researchers have developed
a knockout strain of mice lacking one of them,
the D4 receptor, and have tested the response of
these mice to a number of psychoactive drugs
(Rubenstein et al. 1997). The knockout mice are
hypersensitive to the acute locomotor stimulant
effects of alcohol, cocaine, and methamphet-
amine. These animals also had enhanced
dopamine function in the dorsal striatum, a
brain area associated with locomotion. The
authors suggest that this receptor modulates
drug-stimulated locomotor behaviors.

There are genetic differences in human D4
receptor types, and certain alleles (alternate
forms of a gene) may be associated with risk

for alcoholism (Geijer et al. 1997; George et al.
1993; Muramatsu et al. 1996) and risk-taking
behavior (Benjamin et al. 1996; Ebstein et al.
1996). The human studies are still controversial,
and the association with both alcoholism and
novelty seeking has been questioned (Malhotra et
al. 1996). Further research with D4 knockout
mice may prove important in understanding risk
for alcoholism and some of the personality factors
that are often associated with alcoholism.

Insulin-Like Growth Factor Genes

Insulin-like growth factor I (IGF-1) plays a critical
role during development in the proliferation and

differentiation of new cells, including brain cells.
Using transgenic technology, researchers recently
have developed strains of mice characterized by
overexpression of IGF-1 or its binding protein,
IGF-binding protein 1 (one of several such
proteins that bind and modulate the action of
IGF-1) (Pucilowski et al. 1996). In tests of
alcohol-induced loss of righting reflex, 1IGF-I
transgenics were less sensitive than their wild-type
controls, and 1GF-binding protein 1 transgenics
were more sensitive than their controls. There
were no significant differences among the strains
in sensitivity to alcohol-induced hypothermia or
in alcohol-induced ataxia assessed by performance
on a rotating drum. After repeated alcohol
administration for 8 days, the control animals
developed tolerance to both alcohol-induced
hypothermia and loss of righting reflex. The
IGF-I transgenic mice did not develop tolerance
to either effect, but the IGF-binding protein 1
transgenics developed greater tolerance to both
effects than did the controls.

Because IGF-1 plays a role in the homeostatic
regulation of calcium ions in brain tissue, these
investigators have speculated that calcium may
play a role in the behavioral differences observed
in these experiments. Therefore, specific studies
of calcium function in these transgenic strains are
needed.

Fyn Tyrosine Kinase Genes

Glutamate is the brain’s major excitatory
neurotransmitter. Alcohol can inhibit this
excitatory action by acting on the glutamate
receptors. The N-methyl-p-aspartate (NMDA)
glutamate receptor, an ion channel receptor, is
particularly sensitive to alcohol’s effects. Fyn
tyrosine kinase is a protein kinase that phos-
phorylates the NMDA receptors, thereby
affecting their function. Researchers have
developed knockout mice lacking the fyn gene
to study the effects of Fyn tyrosine kinase on
sensitivity to alcohol (Miyakawa et al. 1996,
1997). This work is discussed in detail in the
section “From Cell Membrane to Nucleus: The
Effects of Alcohol on Brain Neurons” earlier in
this chapter.



Knockout mice offer researchers the opportunity
to observe the influence of single genes on aspects
of alcohol sensitivity that play a role in the
incentives that lead people to drink, in the
development of dependence, and in the physio-
logic effects of alcohol, such as withdrawal.
Among the avenues that investigators are
pursuing that will further enhance the insights
possible from this work are the development of
multigene knockouts that will allow observation
of the mutual influence of multiple genes,
creation of knockouts in which the gene deletion
is restricted to a certain tissue region, and
development of methods to introduce genes

that could compensate for the function lost

with a knockout gene.

Immediate Early Genes

Gene Expression

Recent research is increasingly making use of
knowledge of gene expression to identify the
areas of the brain that are acted upon by alcohol
(see the box “From DNA to Protein: How
Genetic Information Is Realized” in the first
section of this chapter for background on gene
expression). These techniques depend on an
understanding of the steps of gene expression, the
first of which is transcription. This is the process
of transferring genetic information within the cell
from DNA to ribonucleic acid (RNA), specifically
messenger RNA (MRNA). Within the cell
nucleus, the genetic code is copied, or tran-
scribed, from one strand of DNA to a com-
plementary strand of MRNA. The mRNA

then moves from the nucleus into the cytoplasm,
where it first binds to structures called ribosomes
and then directs the synthesis of a particular
protein in a process called translation. The amino
acid sequence that has been encoded in the
MRNA determines the structural and functional
characteristics of the protein. Gene transcription
is regulated by transcription factors, proteins that
bind to specific regulatory regions within genes
and that control the rate at which DNA is copied
into mMRNA. Promoter sites are regions of the
DNA strand where transcription of a particular
gene is initiated.

Genetic Studies of Alcohol’s Actions on the Brain

Alcohol consumption results in the nearly
immediate response of neurons in certain critical
brain areas. As a consequence of this initial
response, many brain processes “downstream” are
likely to be affected. IEG’s are genes that can be
used to identify which brain areas are the first to
be affected by a given stimulus, such as alcohol.
One such gene, c-fos, codes for a component of
a transcriptional regulatory complex, activator
protein 1 (AP-1). AP-1 binds to promoter sites
and thus regulates many other genes. In
experimental animals, the expression of c-fos

is increased by many second messengers, such

as PKC, in response to a wide variety of stimuli,
such as handling or exposure to novel situations.
Because c-fos induction is both rapid and
transient, it can be used as an indicator of which
brain regions are most immediately affected by
alcohol.

IEG’s and Mapping of Brain Regions

Early studies on IEG expression established that
acute and chronic alcohol administration could
exert effects on IEG expression that were specific
to certain brain regions (Davidson et al. 1996).
A recent review concludes that areas of the
hippocampus, a brain center involved in the
consolidation of new memories, are preferentially
sensitive to alcohol (Ryabinin 1998). Some
studies support the suggestion that alcohol also
preferentially affects some behavioral responses,
such as certain forms of learning, that are believed
to be mediated by the hippocampus.

Reviews of early research (Crabbe 1997; Ryabinin
1998) point out a major difficulty in interpreting
IEG expression data. Because so many behavioral
endpoints can themselves induce IEG expression,
studies must be designed with rigorous behavioral
controls. In one study using extremely rigorous
control procedures, researchers compared the
effects on 38 specific brain areas of two doses of
alcohol given acutely or chronically (Ryabinin et
al. 1997). Acute alcohol administration induced
IEG expression in most brain areas, a pattern of
results resembling those from an earlier study
(Chang et al. 1995). However, the research group
that performed the 1997 study had previously
reported a different result following
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administration of a slightly higher dose of alcohol
when fewer habituation sessions were used
(Ryabinin et al. 1995). Other investigators had
earlier reported that a single alcohol injection
induced c-fos expression in the periventricular
nucleus of the hypothalamus, but decreased
expression of c-jun, another IEG, both there and
in the hippocampus (Zoeller and Fletcher 1994).
The variation in results following relatively small
changes in procedures suggests that results cannot
necessarily be extrapolated to other situations.

An interesting finding of the 1997 study
(Ryabinin et al. 1997) was that acute alcohol
administration blocked the novelty-induced
increase in Fos protein levels in several hippocam-
pal subregions, while repeated alcohol injections
lost their effectiveness. The alcohol response also
seemed to be enhanced in some brain areas with
chronic administration. This progressive increase,
or sensitization, of alcohol’s effects on IEG
expression resembles the “kindling” of withdrawal
responses, in which successive detoxification
episodes lead to progressively more severe
symptoms. Some researchers have suggested that
withdrawal kindling may be a basis for some of
the pathologic effects of long-term alcohol abuse
on the brain. If proven to be true, this finding
would suggest that aggressive treatment of any
and all withdrawal episodes in human alcoholics
might be beneficial (Becker 1996).

One IEG study used fear conditioning by
exposing rats to a novel environment, then
subjecting some of these rats to a foot shock
paired with the sound of a tone (Melia et al.
1996). After 48 hours, the rats were returned
to the novel environment. Reexposure to the
environment alone, or to the environment plus
the shock-tone pairing, induced c-fos expression
in both the cortex and the hippocampus.
Administration of alcohol before each exposure
eliminated the c-fos response to novelty and fear
conditioning in the hippocampus and attenuated
it in the cortex. Other experimenters have also
reported that fear-conditioned stimuli induce
c-fos in both these brain structures, as well as in
nearly all of 58 other brain structures studied
(Beck and Fibiger 1995).

Investigators have used c-fos expression mapping
to compare the responses of rodent genotypes
known to differ in alcohol sensitivity. One study
used two commonly studied inbred mouse strains
for their differential behavioral sensitivity to
alcohol. The objective of this study was to
elucidate differences in areas of the brain that
might underlie these differences in sensitivity.
The two strains were DBA/2J mice, which are
extremely sensitive to alcohol-induced locomotor
stimulation, and C57BL/6J mice, which are
nonresponsive to this stimulation (Hitzemann
and Hitzemann 1997). Several low-to-

moderate doses of alcohol increased Fos-like
immunoreactivity (an immune-based measure of
the presence a protein) in selected limbic areas of
the brain in both strains, but the central amygdala
in particular was much more responsive at all
doses in the DBA/2J strain. There were generally
no strain differences in the basal ganglia. The
limbic areas are associated with emotion and
behavior, while the basal ganglia are associated
with motor coordination.

Another IEG study used paired strains of rats
genetically selected for alcohol preference or
avoidance. Using alcohol-preferring (P) and
nonpreferring (NP) rats and Finnish paired strains
of alcohol-preferring (AA) and alcohol-avoiding
(ANA) rats, investigators studied responses in
different areas of the brain to two doses of alcohol
compared with saline, using c-fos expression as a
marker of neuronal activity (Thiele et al. 1997).
Several brain areas responded with increases in
Fos-like immunoreactivity, and increases in some
brain areas were dose dependent. The principal
difference characterizing the P and AA rats (vs.
NP and ANA rats) was a greatly attenuated
response to the high alcohol dose (3 grams per
kilogram of body weight) in the locus ceruleus,
suggesting that this brain region may play a role
in mediating the differences in alcohol preference
in these paired strains.

The use of IEG expression to map brain areas for
response to alcohol is clearly a growing field of
interest, even though these studies of IEG are
technically demanding and immediate inter-
pretation may be difficult. Recent experimental
results using this approach suggest that alcohol



does indeed preferentially affect specific brain
areas, and this hypothesis can now be tested in a
variety of ways that will further our understand-
ing of the genetic bases for individual differences
in susceptibility to the development of
alcoholism.
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Alcohol is available to any adult—and illegally to many minors—in the United States.
While a sizeable minority of the population abuses alcohol, most persons abstain or drink
safely. In families in which there is abusive drinking, children have an increased risk of
abusing alcohol themselves, but most do not develop problems. Understanding why alcohol
leads to trouble for many, but not most, people exposed to it is the goal of research on the
etiology, or cause, of alcohol abuse and alcoholism.

It is already clear that some vulnerability to developing alcohol-related problems is
conveyed genetically, and the idea that inheritance can take many forms has emerged

from animal research. Studies in mice have demonstrated that various individual genes

or groups of genes can shape very distinct responses to alcohol: for example, a preference

for alcohol over water, sensitivity to its intoxicating effects, and the tendency to develop
tolerance to it. By identifying the proteins these genes encode and the mechanisms by which
the genes influence an animal’s biochemical response to alcohol, scientists can gain insight
into the features of human alcoholism and provide a basis for developing pharmaceuticals
that short-circuit these genetically defined processes.

On a broader scale, one of the goals of research on genetics in humans is to determine to
what extent individual differences in alcohol-related behavior are due to genetic versus
environmental influence. A recent study in twins found that as much as two-thirds of the
variability in drinking behavior in one population could be attributed to genetic factors in
both men and women. Other twin studies are investigating the relative magnitude of
various influences—genes, parental drinking, and peer influence—on alcohol consumption
in youth. ldentifying the genes that convey risk of alcoholism is a second major goal of
genetic research; scans of the human genome reveal evidence of genes influencing alcoholism
in certain chromosomal regions, including one stretch that has plausible candidate genes
already known to be located there.

Understanding how inborn vulnerability plays out in the temperament and behavior

of an individual in the milieu of parents, peers, and culture is the goal of psychosocial
research on the cause of alcoholism. The traits and family characteristics found in children
at risk because of a family history of alcoholism also predict risk in children of nonalcoholic
parents. If alcoholism represents the end result of a sequence to which many factors
contributed—inborn temperament and physiologic response to alcohol, effectiveness of
parental nurturing, peer environment, and culture—then the hope is that by under-
standing the contributors and how they interact, it also will be possible to intervene

before vulnerability becomes a destructive illness.
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Animal Genetic Studies on Alcoholism

Vulnerability to alcohol dependence and abuse is
partly determined by genes. Numerous studies
of twins and their families and of different
racial/ethnic groups have confirmed this link
(Ferguson and Goldberg 1997), but much work
remains to be done to identify these genes and
understand their role in alcohol abuse and
dependence.

Some diseases, such as cystic fibrosis and Hun-
tington’s disease, are the result of a change in a
single gene. No single gene is responsible for
alcohol abuse and dependence, however. Many
genes that play roles in a variety of normal human
behaviors and sensory perception are involved.
Research has not yet pinpointed specific genes
that “predispose” a person to alcohol abuse or
dependence. Once researchers know the genes
and the proteins these genes encode, they will
have potent targets for the exploration of the
biochemical processes that underlie the response
to alcohol.

Identifying all the genes involved is a project of
enormous magnitude and difficulty, because of
the size of the human genome and the complexity
of the behaviors involved in abusive drinking and
dependence. The human genome (the sum total
of genes carried by each person) consists of
approximately 100,000 genes located on 23 pairs
of chromosomes. Each gene produces a different
protein, and each protein has a specific role in
chemical processes in the body that shape how
people look, think, feel, and behave. The Human
Genome Project (HGP) (supported in the United
States by the National Institutes of Health and
the U.S. Department of Energy) has been an
important impetus to the search for genes related
to alcohol behavior. HGP researchers are work-
ing toward the goal of identifying every gene and
the protein it encodes and mapping each gene to
a precise location (locus) on one of the chromo-
somes. This research is providing the tools with
which scientists can investigate the genetic under-
pinnings of a range of human disorders and

conditions, including alcohol abuse and depen-
dence. For example, accurate locations have
been determined for thousands of the 80,000 to
100,000 genes in both the human and mouse
genomes. As gene mapping progresses, investi-
gators use the knowledge about the locations of
these “marker” genes to localize other genes in
relation to them. All genetic mapping using
rodents, for example, relies heavily on research
that has identified genetic markers spanning the
entire genome of the mouse and rat (Bihoreau et
al. 1997; Dietrich et al. 1994).

Quantitative Trait Loci

If alcohol preference were a single-gene trait, the
identity of the gene would conceivably be known
by now. Researchers would have discovered that
alcohol-dependent mice consistently share a
limited (though large) number of marker genes.
Because the genetic maps of the mouse and rat
are densely covered with known markers, it would
then be a relatively simple experimental problem
to systematically narrow the search to a single
chromosomal region. At that point, the region
would be small enough that all the genes in

this region could be individually examined for
alterations that cause different strains of mice

or rats to have differences in alcohol preference.

However, vulnerability to alcohol dependence in
humans and alcohol preference in animals (along
with many other behavioral responses to alcohol)
are complex behaviors that are determined by
multiple genes. Such traits are known as multi-
genic or quantitative traits. Rather than being
simply present or absent, such traits are expressed
along a spectrum from high to low. Moreover,
many genes play a role in contributing to such
traits. A technique developed in recent years for
conducting the search for genes influencing such
traits is called quantitative trait locus (QTL)
mapping (Lander and Botstein 1989; Tanksley
1993).



QTL mapping analysis provides a means of locat-
ing and measuring the effects of a single QTL

on a trait, or phenotype. The markers allow
identification of probable locations of genes

that influence alcohol-related behaviors. These
locations can then be verified using other tests,
and specific genes can be sought there (Grisel
and Crabbe 1995).

Mapping of a gene—assigning it a position
relative to existing markers on a chromosome—
is based on the concept of linkage: genes that
are close together on the chromosome are more
likely to be inherited together than are two genes
farther apart. Linkage reflects the fact that when
the deoxyribonucleic acid (DNA) strands that
constitute paternal and maternal chromosomes
recombine after fertilization, a piece of DNA

on one chromosome is exchanged for its counter-
part on the paired chromosome. The result is a
chromosome that contains some maternal genes
and some paternal genes. The greater the dis-
tance between two genes on the chromosome,
the less likely that both genes are from one
parent. (Genes that are located on different
chromosomes are inherited independently of
each other.)

It is important to note that genetic effects

related to alcohol that have been shown in animal
studies, while certainly detectable and significant,
are nonetheless relatively small in magnitude.
The variation in an alcohol-related behavior or
trait that can be accounted for by the underlying
gene or genes (heritability) is almost always less
than 40 percent. Thus, even in studies with
animal models, in which the environment can

be rigidly controlled, a large part of the variation
in the behavior is apparently not controlled by
genes. Genetic differences between human
individuals are so extensive that the genes
involved in alcoholism may vary from individual
to individual. These factors emphasize the need
to view alcohol abuse and dependence as both
biologically and environmentally determined.

Creating Rodent Models

Animal genetics researchers use a variety of
approaches to selectively breed mice and rats

Animal Genetic Studies on Alcoholism

that display alcohol-related traits or behaviors
(phenotypes) similar to those of humans.
Examples of these phenotypes are alcohol pref-
erence, sensitivity to alcohol’s hypnotic (sleep-
inducing) effects, hypothermia (lowered body
temperature) after alcohol ingestion, and
behavioral activation (mice that become highly
active after drinking are believed to model
alcohol’s euphoric effects) (Crabbe 1989; Crabbe
et al. 1994a,b). Finding specific genes associated
with drinking in animals should provide clues to
the genetic underpinnings of alcohol’s reinforcing
properties, a key to its addictive potential, and
insight into individual differences in sensitivity
to alcohol’s effects. It is known from studies in
humans that abnormally low sensitivity to alco-
hol’s effects predicts greater risk for alcoholism
later in life (Schuckit 1994).

Because humans and rodents share most of their
genes and because these genes produce proteins
involved in identical physical processes in both
species, the results of animal genetic studies can
provide insights into human genetics. Studies of
animal genetics are useful because of fundamental
limitations in human genetic studies. Researchers
cannot manipulate the genomes of human
subjects by breeding them in a laboratory or
causing mutations in or otherwise manipulating
their genes. Neither can they control all the
variables in a person’s environment. The genetic
blueprint of each human subject—except for
those of identical twins—is unique, as are each
person’s background and experiences.

In contrast, laboratory researchers can control the
mating of mice and rats over many generations
and thereby produce strains of animals in which
individuals in each strain are genetically identical.
Furthermore, researchers can control the environ-
ments of the animals: what they eat, their
lifetime access to alcohol, the amount of light
they receive, the number of other animals they
interact with. Because of the high degree of the
animals’ genetic similarity and the extent of
environmental control, researchers can attribute
the differences in an alcohol-related behavior
between two genetically dissimilar animal strains
to differences in their genetic makeup.
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Many researchers use mice from recombinant-
inbred (RI) strains, especially mice from the BXD
series, which contains 25 different strains. The
series was created by crossing two “parental”
mouse strains (C57BL/6J and DBA/2)) that

are genetically distinct and differ from each

other phenotypically in many ways, including
many traits related to alcohol action. Next the
researchers “inbred” many different pairs of
offspring (brother-sister mating), which resulted
in different strains of mice. Each mouse within a
strain is genetically identical to every other mouse
in that strain, but between any two of these
strains only 50 percent of their genes are shared—
the same amount that human siblings share.
Thus, the different alcohol-related traits observed
in the parents were “sorted” into individual
animals and then “fixed” genetically.

Much of the research described below has
narrowed the search for genes responsible for
observed phenotypic differences in rodents to
possible regions on the chromosomes. Only a
few studies have used techniques that allow
researchers to say with a high degree of certainty
that these regions are the actual sites of the genes
and not “red herrings” created by imperfections
in their mapping methods. In still fewer studies
have researchers concluded that they are very
likely at the site of the gene. The researchers in
these studies worked largely with BXD mice and
with other inbred mice known as LS x SS (LS, or
“long-sleep,” crossed with SS, or “short-sleep™)
strains. (LS mice are much more sensitive to the
sedative effect of alcohol than SS mice are.) In
some cases, Rl mice from different strains differ
in their preferences for alcohol. When offered
two bottles of water, one bottle with plain water
and one with alcohol mixed with water, a mouse
from one RI strain will display preference for the
alcohol-water mix, while a mouse from another
RI strain will strongly avoid it, and a mouse
from yet another strain will have an intermediate
preference. The task for researchers then becomes
to look for differences in the genetic makeup of
these RI strains that might account for some of
the differences in their alcohol preferences.

Some researchers work with types of mice other
than RI mice. As will be explained below,

doing so allows them be more certain about the
locations of the alcohol-related genes they map,
but at a much greater investment of effort.

One type of mice they use is F, mice, which is
the “grandchild” of a cross between two parents
whose offspring are then crossed (sibling mating).
The F, share only 50 percent of their genes with
each other or with either parent. Like the RI
mice, individual F, mice vary along the spectrum
of alcohol seeking or avoidance, for example.
However, each F, mouse has its own individual
genetic profile. Researchers who work with mice
other than those from RI strains have the extra
task of genotyping each mouse. That is, they
must sample the DNA of each mouse to generate
a genetic profile.

Quantitative Trait Loci Mapping

Statistical Methods

Statistical methods play a large role in QTL map-
ping. They are used to measure the degree of
association between a marker and the phenotype
to determine the magnitude of the effect (effect
size) of the QTL on the phenotype and to assess
the statistical significance of the observed associa-
tion between the marker(s) and the QTL (that is,
to estimate the probability that the association is
real and has not occurred by chance). If the QTL
is close to the marker and has a large effect, then
detection and mapping can be performed easily
and accurately using simple methods such as
regression analysis (McClearn et al. 1991). If the
QTL is not close to the marker gene, the simplest
statistical tests will result in a lower effect size
being attributed to the QTL. A variety of meth-
ods exists for assessing the statistical significance
of the observed associations. A more complex
and statistically optimal method than regression
analysis is “interval mapping” (Haley and Knott
1992; Lander and Botstein 1989; Markel et al.
1996). Interval mapping uses two adjacent
markers, rather than a single one. The two
markers block out an interval on the chromo-
some, and interval mapping estimates the most



probable location of the QTL in the interval
between markers. More recently, still more
sophisticated methods have been developed,
which result in more accurate QTL mapping
(Jansen and Stam 1994; Zeng 1994).

A major concern in QTL mapping is that in any
given attempt to assign a QTL to a location on
the chromosome, researchers use many indepen-
dent statistical tests because, as noted above, they
are assessing so many individual associations and
effects. Under these conditions, statistical prin-
ciples require researchers to make appropriate
corrections to their results to avoid mistaking a
random association between a chromosomal
region and a trait for a biologically real one.
That is, each independent test has a margin of
error, and when many tests are conducted, the
cumulative effect of the errors must be accounted
for (Lander and Kruglyak 1995; Lander and
Schork 1994). Such corrections affect the
significance of results—that is, they reduce the
level of certainty about whether a QTL is really
located at the point on the chromosome indicated
by the experiment (Belknap 1992, 1998; Belknap
et al. 1996; Lander and Kruglyak 1995; Lander
and Schork 1994; Neumann 1992).

Recent Studies of Alcohol-Related QTL’s

Since the publication of the Ninth Report to the
U.S. Congress on Alcohol and Health (National
Institute on Alcohol Abuse and Alcoholism
1997), researchers have used the techniques
described in the previous sections to identify
provisional QTL’s for genes involved in a number
of alcohol-related phenotypes exhibited by mice.
Alcohol preference is a phenotype of particular
interest—it is thought to reflect the rewarding
properties that are closely related to alcohol’s
addictive potential. Several studies have mapped
provisional QTLs for alcohol preference in RI
mice. In one series of experiments, mice were
given a simple two-bottle choice of drinking
water (one with alcohol and one without)
(Rodriguez et al. 1995). Another study used a
more sophisticated two-bottle-choice method,
varying the amount of alcohol and adding
saccharin to the water and to the alcohol-water
mix (Phillips et al. 1994). Another way to
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measure alcohol preference is to train mice to
expect to receive a shot of alcohol when they go
to a certain location in their cage and to observe
whether they seek out that location when placed
in the cage (conditioned place preference)
(Cunningham 1995).

QTL mapping in rodents uses all of the tech-
niques described above: (1) rodents that differ

in genes involved in alcohol-related traits and
behaviors are crossed (either RI mice or other
types), (2) a number of individual mice are tested
for the extent to which they display the pheno-
type, (3) the pattern of genetic markers in each
of these mice is determined, (4) statistical tests
are conducted to determine whether any of the
variation in the phenotype is significantly
associated with any marker, and (5) further
statistical tests are performed to determine the
extent to which the marker affects the expression,
or predicts the variation, of the quantitative trait.

Several studies in Rl mice have mapped
provisional QTL’s for sensitivity to alcohol’s
effects. Mice that become highly active after
ingesting alcohol are thought to model alcohol’s
euphoric effects, and investigators have examined
behavioral activation with low doses of alcohol in
a one-time (acute) administration and repeated
administration (Phillips et al. 1995, 1996).
Another indicator of sensitivity to alcohol is loss
of righting reflex, a measure of how long it takes
for a mouse to right itself after being placed on its
back (Markel et al. 1996; Rodriguez et al. 1995).
Other research has looked at rapid development
of tolerance to alcohol’s effects (Gallaher et al.
1996).

The studies in RI mice show that genes have a
significant effect on alcohol-related traits and
behaviors. Although many of these provisional
QTVLs will be subsequently confirmed by more
refined studies, an unknown number—yprobably
more than half—will likely be found on further
examination to be false positives. Researchers are
concerned about a second problem with use of
the RI strains in gene mapping—that of false
negatives, or missing QTL's that are really there.
For these reasons, several researchers have
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emphasized that subsequent confirmation of
provisional QTL’s is a statistical necessity (Gora-
Maslak et al. 1991; Johnson et al. 1992). Inves-
tigators now combine RI mapping and other
approaches to provide the necessary confirmation
(Belknap et al. 1997; Bennett et al. 1997; Buck
et al. 1997; Dudek and Tritto 1995).

However, few studies using the newer methods
have been undertaken, largely because they are
labor-intensive. These studies are not conducted
with RI mice, because of the low statistical power
inherent in their use. The studies rely instead on
the analysis of various kinds of offspring from
matings between inbred parental strains. These
offspring (typically, the F, generation) vary
extensively from one another, both in their
alcohol-related behaviors and in their genetic
patterns. Any two mice in such an experiment
are as related to each other as two human
siblings—in other words, they share 50 percent
of their genes on average. Use of such mice
involves phenotyping and genotyping each
individual mouse. Because some experiments
have used more than 1,000 mice (Markel and
Corley 1994; Markel et al. 1997), performing
the necessary assessment of the individual mice
for about 100 marker genes throughout their
genomes involves 100,000 individual assays.
These procedures are time-consuming and costly.
It has been estimated that verification of a QTL
using this approach represents 2 to 5 person-years
of work, depending on the method, the extent
of automation, and other factors. The benefit is
that the statistical tests used to detect associations
between marker genes and phenotypes and to
examine the effect size of the QTL on the
phenotype produce results that are considerably
more reliable because of the extensive variation
in the sample examined (in effect, a sample of
1,000 or more versus a sample of 25 using the
BXD RI mice).

One study screened the entire genome for major
QTLs that might be involved in alcohol prefer-
ence, and two were identified (Melo et al. 1996).
The two QTLSs are gender specific, with Alcpl
being specific to males and Alcp2 being specific to
females. An important series of studies focused
on sensitivity to alcohol’s sedative-hypnotic effects

as measured by loss of righting reflex (Markel and
Corley 1994; Markel et al. 1996, 1997). It is
important to note that of 12 provisional QTLS
previously found in LS x SS RI mice, only 2 or
3 (Lorel and Lore2 and possibly Lore5) were
confirmed to be real. However, two of the five
major QTLs were detected, which suggests that
use of RI’s may be a more powerful method for
mapping QTLSs than pure statistical methods
suggest (also see Belknap et al. 1997). Three
QTLs for withdrawal have also recently been
confirmed (Buck et al. 1997).

Shared Gene Actions

In other QTL mapping applications, investigators
are interested in whether two distinct phenomena,
such as sensitivity to alcohol’s effects and alcohol
tolerance, result from the same underlying suite
of genes rather than entirely separate QTLS.
Because of the large number of diverse alcohol-
related behaviors currently being investigated,
finding whether some gene actions are shared

is an important area for further work.

One study concluded that sensitivity and
tolerance are not mediated by common genetic
factors (Phillips et al. 1996). In contrast, other
researchers have presented evidence suggesting
commonality in function between genes for
sedative-hypnotic sensitivity to alcohol and genes
that specify the distribution and levels of a
chemical in the brain, neurotensin, that plays a
role in addiction (Erwin et al. 1997). Another
study evaluated the relationship between
sensitivity and tolerance by using three traits:

(2) alcohol-induced hypothermia (lowering

of body temperature after alcohol ingestion),

(2) ataxia (incoordination) as reflected in the
animals’ ability to remain balanced on a revolving
rod (rotarod), and (3) ataxia as indicated by their
ability to negotiate a grid on the floor of their
cage without stepping through its holes (Crabbe
et al. 1996b). These investigators were surprised
to learn that most measures were not correlated,
which indicated that the traits had different
genetic determinants. In general, there appear
to be many more cases of different genes
determining different measures of alcohol action,
with relatively little commonality.



Identification of Genes Underlying a QTL

No one has identified the individual gene respon-
sible for differential alcohol sensitivity in rodent
models. A number of candidate genes have been
proposed (for example, Htrlb [Crabbe et al.
1996b]) in alcohol action (Crabbe et al. 1996a),
but whether any candidate is actually the gene
underlying the QTL remains to be demonstrated.
It seems almost certain that within the next
several years the genes underlying several QTL’s
for diverse alcohol-related phenotypes will be
identified. A variety of tools for fine-scale genetic
mapping are now available (see review by Darvasi
1998), and these are already being applied to
alcohol-related behaviors in an effort to narrow
the region of interest.

Investigating Gene Function

QTL analysis provides a means of locating and
measuring the effects of a single QTL on a trait,
or phenotype (Grisel and Crabbe 1995). Another
goal of genetic research on alcohol is to determine
the biochemical mechanisms that underlie the
actions of specific genes involved and how genetic
variations manifest themselves in the behavior of
a living organism. The section “Genetic Studies
of Alcohol’s Actions on the Brain” in the previous
chapter discusses research approaches using
genetic engineering techniques in animals.

Studies in Invertebrates

Studies of invertebrate species have shown clearly
that alterations in single genes can lead to differ-
ential alcohol sensitivity. Both Drosophila
melanogaster (fruit fly) and Caenorhabditis elegans
(a nematode, a kind of worm) offer considerable
promise for identifying individual genes that are
involved in alcohol-related behaviors and traits
(reviewed in Diamond and Gordon 1997). A
number of mutations that alter sensitivity to
anesthesia have been shown to affect alcohol
sensitivity in the nematode (Morgan and
Sedensky 1995). In a recent study, researchers
reported that they had discovered a strain of fruit
fly that they labeled “cheap date,” because,

like some humans, these fruit flies were affected
by much lower doses of alcohol than others
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(Moore et al. 1998). To conduct the study, the
researchers created thousands of fruit flies in
which genes were randomly “knocked out,” or
disabled, so that the genetically altered strains
were unable to produce proteins encoded by the
disabled genes. The fruit flies were put inside

a large glass column, and alcohol vapor was
pumped in to see which ones were more sensitive
to its effects. Fruit flies like to stay near the top
of the column, which has mesh landings at
different levels. As they became inebriated, the
fruit flies in the study fell from landing to land-
ing, most reaching the bottom in 20 minutes.
Individuals from the “cheap date” strain, which
tumbled to the bottom in 15 minutes, were
found to be defective in a gene that is known as
“amnesiac,” so called because fruit flies without
this gene have been shown in other studies to
have very poor memories. The amnesiac gene
stimulates production of a chemical messenger
called cyclic adenosine monophosphate (CAMP),
which is involved in many key processes in both
fruit flies and humans, including memory and
responses to some hormones. The study showed
that fruit flies with low levels of cAMP are more
sensitive to alcohol (Moore et al. 1998). The
results suggest that individual differences in the
production of CAMP in certain brain cells may
contribute to alcohol sensitivity in humans.
Results like these provide valuable knowledge

to other researchers looking for ways to prevent
and treat alcoholism.

In Closing

The ultimate use of QTL studies is the identifi-
cation of the genes underlying the QTLS. The
cloning of these genes would allow a rapid
exploration of the biochemical underpinnings

of alcohol action and would link behavioral
change to underlying genetic predisposition and
biochemical action. Although human alcoholism
is likely to result from genetic variations different
than those found in rodents, the genes identified
in mice are almost certain to have human
homologues that are also involved in alcohol
action and that may predispose to human
alcoholism. Such genes and the proteins they
encode are potent targets for intervention, both
diagnostic and pharmacologic. It seems certain
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that these results will be exploited dramatically in
the next century to provide a variety of “designer
drugs,” perhaps targeted to individual problems
associated with particular forms of alcohol abuse.
Genetic diagnosis in humans could also be used
to suggest particular forms of behavioral interven-
tion well before the manifestation of any alcoholic
behavior.
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At the time of publication of the Ninth Special
Report to the U.S. Congress on Alcohol and Health
(National Institute on Alcohol Abuse and
Alcoholism 1997), twin, family, and adoption
studies had very firmly established major roles for
both genetics and environment in the etiology of
alcoholism in men. Although the earlier studies
had failed to detect a genetic component of
alcoholism in women, the newest studies at that
time were beginning to suggest that alcoholism is
as strongly genetically influenced in women as it
is in men. Since alcoholism does not follow the
simple rules of Mendelian inheritance in multi-
generational pedigrees, it was clear that alcohol-
ism is a genetically complex disorder, influenced
by multiple genes (their precise number un-
known) that interact in an unknown fashion
with each other and with similarly unknown
environmental factors to produce the disease. It
also seemed highly likely that alcoholism is genet-
ically heterogeneous, meaning that individuals in
different families develop alcoholism under the
influence of different predisposing genes. Some
twin studies had also begun to suggest a partially
shared genetic influence on both alcohol and
tobacco use.

Just two of the genes influencing predisposition
to alcoholism were known. A defective allele
(variant) of the gene ALDH2, common in

Asian populations, had long been known to
substantially (although not completely) protect
carriers from developing alcoholism by making
them uncomfortable or ill after drinking alco-
hol. The ALDH2 gene encodes aldehyde
dehydrogenase, one of the two key liver enzymes
involved in the metabolism of alcohol to its final
end product, acetate. The illness resulting from
the defective allele tended to prevent carriers from
drinking enough alcohol to become addicted to
it. Newer studies were beginning to suggest that
alleles of ADH2 and ADH3, genes encoding

two forms of liver alcohol dehydrogenase (the
enzyme that carries out the first step in alcohol
metabolism in the liver), also protected carriers

from developing alcoholism, albeit to a lesser
extent than did the defective allele of ALDHZ2.
The protective alleles of ADH2 and ADH3, also
common in Asian populations, encode forms of
alcohol dehydrogenase that metabolize alcohol to
acetaldehyde more rapidly than other forms of
these enzymes do. This rapid metabolism leads
to a greater buildup of this toxic product in the
bloodstream after consumption of alcohol,
thereby producing feelings of discomfort and
illness and tending to discourage carriers of these
alleles from consuming large amounts of alcohol.

Finally, there was a large controversy about the
role in the etiology of alcoholism of a particular
allele of DRD2, a gene encoding a particular form
of brain receptor for dopamine. Dopamine is

a neurotransmitter that plays a central role in
brain pathways and that mediates the rewarding
properties of alcohol and other drugs of abuse.
While a large number of papers had concluded
that this allele was associated with alcoholism,

an even larger number of papers had reached the
contrary conclusion. Questions were raised about
the methodological validity of a number of the
studies and their corresponding findings, the
reasons for the inconsistent findings, and—even
when the validity of some of the findings was
assumed—their precise biological significance.

Findings from Twin/Family Studies

The classic twin study design compares the
resemblances for a trait of interest between
monozygotic (MZ, identical) twins and dizygotic
(DZ, fraternal) twins, in order to determine the
extent of genetic influence, or heritability, of the
trait. Heritability can be calculated because MZ
twins are genetically identical, whereas DZ twins
share only half their genes. The method relies on
the “equal-environment assumption,” that is, that
the similarity between the environments of both
individuals in a pair of MZ twins is the same as
the similarity between the environments of
members of pairs of DZ twins. While earlier
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twin studies have been severely criticized for

not testing this assumption sufficiently, research-
ers have taken care more recently to collect data
on the twins' environments, thereby allowing
correction of results for any deviation from this
assumption. While twin studies do not identify
specific genes influencing a trait, they do provide
important information on the trait’s genetic
architecture (more general properties of its
inheritance pattern, such as whether genes act
independently of one another, or in concert,

to influence a trait), which aspects of the trait
are most heritable, whether the same genes

are influencing the trait in both genders, and
whether multiple traits share any common genetic
influences. When data on twins are augmented
by data on their family members, the study is
termed a twin/family study and can provide
more precise information about whether parents
transmit a behavioral trait to their offspring
genetically or via some aspect of the familial
environment (cultural transmission). When
detailed data about the environment are collected,
twin and twin/family studies can provide infor-
mation about how environmental factors interact
with genetic predisposition to produce a disease.

While earlier twin studies have firmly established
substantial heritability of alcoholism in men (on
the order of 50 percent), they have generally
failed to detect heritability in women. This
failure may be due, in part, to the lower rate of
alcoholism among women than men, thereby
necessitating larger sample sizes to achieve
statistically significant results. Since the first
studies to report a substantial heritability of
alcoholism in women (Kendler et al. 1992),
others have reported analysis of a sample of
volunteer adult Australian twins consisting of
1,328 MZ pairs and 1,357 DZ pairs (distributed
among all possible combinations of genders)
(Heath et al. 1997). Of these subjects, about

25 percent of the men and about 6 percent of
the women met DSM-IIIR criteria for alcohol
dependence. (DSM-IIIR refers to the Diagnostic
and Statistical Manual of Mental Disorders, Third
Edition, Revised, a standard classification system
for mental disorders [American Psychiatric
Association 1987].) Analysis of the concordances

for alcoholism among the various classes of twins
suggested that about two-thirds of the risk of
becoming alcoholic was genetically mediated in
both men and women, with the remainder of the
risk determined by environmental factors not
shared by the two members of a given twin pair.
The data provided no evidence for a difference in
the degree of heritability in men and women, nor
any evidence for genetic factors operating in one
gender but not the other. This last conclusion
was particularly aided by analyses of data from
opposite-sex twin pairs, a type of analysis not
previously reported. Using the same subject
sample, these researchers have more recently
demonstrated that childhood conduct disorder is
significantly associated with risk for adult alcohol
dependence in both men and women, with
genetic factors accounting for most of the
association in both genders (Slutske et al. 1998).
These findings further emphasize the similarities
in factors leading to alcoholism in men and
women and suggest either that there are common
genetic risk factors for conduct disorder and
alcoholism in both genders, or that conduct
disorder is itself a genetic risk factor for alcohol-
ism. Since the subject sample for these studies
came from the general population and because
most of the alcoholics contained therein were
relatively mildly affected, it is possible that the
conclusions of these studies might not apply to
very severely affected alcoholics, such as those
identified from treatment centers.

Since individuals who eventually become alco-
holic typically begin experimenting with alcohol
use during adolescence and then proceed through
stages of increasingly heavy use until they become
addicted, investigators have long been interested
in factors influencing initiation of alcohol use
during adolescence. The notion that adolescents
learn to use alcohol by modeling the alcohol use
of their parents is an old one. Investigators tested
this notion in a sample of 1,396 Dutch families,
each consisting of a pair of adolescent twins and
their parents (Koopmans and Boomsma 1996).
The twins' alcohol use resembled that of their
parents to some extent. For 17-year-olds, this
resemblance could best be explained by genetic
similarity of children to their parents, rather than



by children modeling their parents’ drinking
behavior. For 15- to 16-year-olds, while the
resemblance of the children’s drinking to that of
their parents was explained principally by some
aspect of the familial environment, the parents’
drinking behavior itself accounted for, at best,
only a small part of this resemblance. It appears
from this study that children’s drinking behavior
is influenced primarily by genetic factors and by
environmental factors other than their parents’
alcohol use. This conclusion is consistent with
findings from previous studies demonstrating
strong peer influences on adolescent alcohol use.

Many, but not all, alcoholics suffer from medical
complications of alcoholism, such as liver cirrho-
sis, pancreatitis, cardiomyopathy, or psychosis due
to brain damage. The inconsistency with which
medical complications occur in alcoholism has
led to the plausible hypothesis that susceptibility
to these complications is influenced by genetic
factors independent of those influencing
susceptibility to alcoholism itself. Researchers
tested this hypothesis using 5,933 male MZ twin
pairs and 7,554 male DZ twin pairs from the
U.S. World War 11 Era Veteran Twin Registry
(Reed et al. 1996). From this sample, 1,239
subjects had a diagnosis of alcoholism according
to ICD-9 criteria (one of the two major
classification systems used in International
Classification of Disease, Ninth Revision, to
diagnose mental disorders, including alcoholism
[World Health Organization 1977]), 392 subjects
had liver cirrhosis, and 242 subjects had alcoholic
psychosis. Of the alcoholic subjects, 818 had
neither cirrhosis nor psychosis, and 421 had
either or both of these complications. From the
MZ and DZ concordance rates for the three
diseases, the investigators calculated heritabilities
of 0.59 for alcoholism (in general agreement with
results of other studies), 0.47 for liver cirrhosis,
and 0.61 for alcoholic psychosis. For each trait,
the remainder of the variance in susceptibility
was due to environmental factors not shared by
members of a twin pair. Using an analytic
method that allowed for simultaneous analysis of
all three diseases, the investigators calculated that
85 percent of the overall genetic risk was shared
for alcoholism, cirrhosis, and psychosis. The
small amount of genetic risk not accounted for by
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these shared factors was due to separate genetic
factors for cirrhosis and psychosis, respectively.
Although the role of these disorder-specific
genetic factors was small, it was significant;
removing these factors from the mathematical
model resulted in a significantly worse fit to the
data. The conclusion about the largely shared
genetic susceptibility to all three diseases differs
from that of an earlier analysis of part of these
data (Hrubec and Omenn 1981), largely as a
result of the more sophisticated analytic methods
employed.

Why is so much of the genetic part of the risk for
cirrhosis and alcoholic psychosis due to factors
influencing the risk for alcoholism itself? Overall
genetic risk for cirrhosis or psychosis refers to
those genetic factors influencing the transfor-
mation of a normal (nonalcoholic) person into an
alcoholic with cirrhosis or psychosis, respectively.
The physiologic pathways leading to these
medical complications pass obligatorily through
alcohol addiction itself, presumably because such
addiction is a precondition for the sustained high
levels of consumption necessary to bring about
the medical complications. There are multiple
pathways leading to alcoholism, each with
multiple steps. It seems likely that human
populations contain a large amount of variation
in the genes influencing many of these steps,
leading collectively to a large genetic risk. If the
physiologic pathways leading to cirrhosis and
psychosis, given that an individual is already
consuming large amounts of alcohol, are relatively
simple with relatively few steps, then there will be
relatively few opportunities for genetic variation
to influence those steps. Alternatively, regardless
of the number of steps in this part of the
pathway, human populations might contain
relatively little variation in the genes influencing
these steps. Either of these situations would
result in cirrhosis-specific and psychosis-specific
genetic factors accounting for only a small part
of the overall genetic risk for these complications.

While many observers have noted that alcoholics
smoke very heavily, the reasons for this dual
substance use have been poorly understood.
Recent twin studies are shedding considerable
light on the reasons for this phenomenon. In
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one such study, researchers analyzed tobacco and
alcohol use versus nonuse in a sample of 2,612
adolescent and young adult Dutch twin pairs
(Koopmans et al. 1997). At all ages tested

(12 through 25 years), regular alcohol use was
highly correlated with regular tobacco use. For
12- to 16-year-olds, shared environmental factors
were the principal influence on both alcohol and
tobacco use. The same environmental factors
(peer pressure very likely prominent among them)
influenced both smoking and drinking. For

17- to 25-year-old men, both alcohol and tobacco
use were highly genetically determined, with
shared environmental influences playing a
significant but lesser role. For 17- to 25-year-
old women, alcohol use was highly genetically
determined, and tobacco use was influenced by
both genetic and shared environmental factors.
The same genetic factors influenced both alcohol
and tobacco use, both in young adult men and
women. These findings suggest that while initial
exposure to alcohol and nicotine is environ-
mentally influenced, persistence in using these
substances is under strong shared genetic
influence.

Other investigators analyzed alcohol and tobacco
use in 173 adult male MZ twin pairs and 183
adult male DZ twin pairs from the U.S. World
War 11 Era Veteran Twin Registry (Swan et al.
1996). In this sample, both alcohol and tobacco
consumption were approximately equally in-
fluenced by genetic and shared environmental
factors. Correlations between alcohol and
tobacco use were largely explained by a common
genetic factor influencing use of both substances.
There were also specific genetic factors influenc-
ing the use of either substance individually.
Environmental factors influencing alcohol use
were apparently different from those influencing
tobacco use. These observations applied to the
average range of alcohol and tobacco use, not
heavy use. The same investigators analyzed heavy
alcohol use (more than 67 drinks per month) and
heavy tobacco use (more than 30 cigarettes per
day) in a sample of 749 MZ twin pairs and 1,267
DZ twin pairs from the same registry (Swan et al.
1997). The threshold for heavy substance use was
set at the top 20 percent of the range of quantity

consumed, excluding nonusers from the distribu-
tion. This study demonstrated a common genetic
influence on both heavy alcohol use and heavy
tobacco use as well as genetic influences specific
to the heavy use of each substance individually.

The physiologic mechanism of the shared genetic
influence on alcohol and tobacco consumption is
currently a matter of speculation, as illustrated by
the following two hypotheses: Individuals with
high reactivity to stress may use both substances
for stress relief. Alternatively, use of either
substance may induce physiologic tolerance to
the other, leading to a need to consume greater
amounts of the latter substance in order to
experience a subjective effect. Independent twin
studies have identified a shared genetic influence
between alcoholism and depression (Kendler et
al. 1993a), as well as between smoking and
depression (Kendler et al. 1993b). The shared
genetic influence on smoking and drinking could
thus be related to their respective connections to
depression. One study analyzed the relationship
between tobacco use and perceived intoxication
after consumption of a controlled dose of alcohol
in a small sample of Australian twins (194 pairs)
(Madden et al. 1997). This exploratory study
suggested a complex genetic relationship in
women between use of and responses to alcohol
and tobacco. There appear to be at least two
independent genetic factors involved, one
influencing both alcohol and tobacco use, and
another influencing smoking and feelings of
intoxication after alcohol use but not alcohol use
itself. The investigators found that subjects who
smoked felt less intoxicated than those who did
not. Further laboratory studies are needed to
elucidate the biochemical and pharmacologic
basis of this finding. The negative genetic
correlation between smoking and sensitivity to
alcohol, combined with Schuckit’s observations
that reduced sensitivity to alcohol predicts greater
risk of alcoholism (Schuckit 1998), suggests that
smoking may increase risk of alcoholism by
reducing smokers’ sensitivity to alcohol. The
results of twin studies on smoking and drinking
thus suggest that efforts toward prevention and
treatment of alcohol abuse may benefit from
inclusion of efforts to abate tobacco use.



Employing a novel conceptualization of “alcohol-
ism treatment seeking” as a trait with both
environmental and genetic influences, investi-
gators examined the relationship between alco-
holism and propensity to seek treatment for this
disorder (True et al. 1996). In a sample of 1,864
MZ pairs and 1,492 DZ pairs of male, primarily
Caucasian twins from the U.S. Vietnam Era Twin
Registry (composed of pairs of twins who had
served in the U.S. armed services between 1965
and 1975), about one-third of the subjects met
DSM-IIIR criteria for alcohol dependence.
Consistent with other twin studies, genetic
influences accounted for 55 percent of the
variance in alcoholism risk, with unshared
environment accounting for the remainder of

the variance. Tendency to seek treatment for
alcoholism was highly familial. A mathematical
model in which genetic and shared environmental
factors each explained almost half the variance in
treatment seeking fit the data well. Under this
model, the factors influencing treatment seeking
were independent of the factors influencing
alcoholism itself. While it is not surprising that
shared environment influences treatment seeking
(through such factors as educational and socio-
economic level), the finding of a genetic influence
on the tendency to seek treatment is novel. Per-
haps this effect is mediated by known genetic
influences on personality.

Findings From Genetic Linkage Studies

Identifying genes influencing predisposition to
alcoholism is of critical importance for improving
prevention and treatment of alcoholism for two
principal reasons. First, it will permit identifica-
tion of the proteins the genes encode and eluci-
dation of the physiologic pathways in which these
proteins function. Every step of every such
pathway represents a potential target for preven-
tion or intervention, for example, by design of
an appropriately targeted drug. Second, knowl-
edge of the genes influencing predisposition to
alcoholism will permit better design of studies to
elucidate environmental influences on alcoholism
by permitting control of variation at the relevant
genes in the subject sample, thereby reducing
confusion about whether observed differences
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between experimental and control subjects are
due to environmental or genetic influences.

While twin/family studies (such as those
described above) can provide information about
the genetic architecture of alcoholism and the
relationship between genetic influences on
alcoholism and other traits, they do not permit
the identification of the specific genes influencing
predisposition to alcoholism. Current efforts to
identify such genes rely on genetic linkage and
association studies. Such studies have received
enormous impetus in recent years from the
mapping of large numbers of human genetic
markers (Broman et al. 1998)—recognizable
sites along chromosomal deoxyribonucleic acid
(DNA) that act as signposts for researchers—
and genes (Schuler et al. 1996) under the Human
Genome Project, which is supported by the Nat-
ional Institutes of Health and the U.S. Depart-
ment of Energy, and from the development

of more sophisticated statistical methods for
analyzing gene mapping data (Lander and
Schork 1994).

Genetic linkage studies can be designed in either
of two principal ways. In the first design, inves-
tigators track the inheritance of the disease, along
with that of genetic markers spanning the entire
genome, through multigenerational families
affected by the disease. Various complex
statistical analyses permit the determination of
which markers are cotransmitted with the disease.
In the second design, investigators measure the
degree of sharing of different marker alleles by
members of pairs of siblings (or other relatives)
affected by the disease. On average, simply by
chance, siblings are expected to share half of the
alleles of most of their genes. However, two
siblings affected by the same disease will show
more frequent sharing of alleles of markers close
to genes affecting predisposition to, or progress
of, the disease. Under either design, markers
shown to be genetically linked to a disease—
that is, inherited with the disease more frequently
than would be expected by chance—define a
chromosomal region(s) likely to contain a gene(s)
influencing the disease. The advantage of this
approach to gene discovery is that a sufficiently
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comprehensive marker map, such as that now
being assembled by the Human Genome Project,
permits an unbiased search of the entire genome
without requiring any prior physiologic hypoth-
esis about which genes might influence the
disease. Linkage studies work best for finding
genes when the disease under study is influenced
by a relatively small number of genes, each
exerting a relatively large effect (Broman et al.
1998; Risch and Merikangas 1996).

The results of the first two systematic searches
of the entire human genome (termed “genome
scans”) for genes influencing predisposition to
alcoholism have recently been published. The
first study, by the Collaborative Study on
Genetics of Alcoholism (COGA), a National
Institute on Alcohol Abuse and Alcoholism
(NITAAA)-supported consortium of investigators
at six centers across the United States, reported
results from a primarily Caucasian-American
sample of 987 individuals from 105 families
(Reich et al. 1998). In order to reduce errors

in classification of subjects as alcoholic or non-
alcoholic, the study defined alcohol-dependent
individuals as those meeting two independent
criteria for alcoholism: the DSM-IIIR criteria
for alcohol dependence, and the Feighner criteria
at the definite level (Feighner et al. 1972).

This study found suggestive evidence for genes
influencing susceptibility to alcoholism on
chromosomes 1 and 7 as well as weaker evidence
for a gene on chromosome 2. It also reported
modest evidence for a gene reducing the risk for
alcoholism on chromosome 4. An independent
genome scan, based on 152 subjects from a
Southwestern American Indian tribe, has been
reported by investigators in NIAAA'S own research
laboratories (Long et al. 1998). With use of the
DSM-1IIR definition of alcohol dependence,
this study reported suggestive evidence for a
gene influencing susceptibility to alcoholism

on chromosome 11 as well as suggestive evidence
for a protective gene on chromosome 4 in
approximately the same region implicated by
the COGA study.

Rather than identifying specific genes, these
studies have implicated certain chromosomal

regions as containing genes influencing
susceptibility to alcoholism. Each implicated
region contains hundreds of genes, and determi-
nation of precisely which genes located therein
influence alcoholism will require higher resolution
mapping studies in the future. It is not surprising
that the two studies implicated different chromo-
somal regions because (1) American Indians and
Caucasian-Americans (of European descent) have
different genetic histories and therefore contain
different genetic variation, and (2) the physiologic
mechanisms leading to alcoholism in American
Indians may be different from those in Cauca-
sians. In view of these differences between the
two subject populations, it is of interest that both
studies found some evidence for a protective gene
in the same region of chromosome 4. Plausible
candidates for this gene in this region are ADH2
and ADH3, which encode alcohol dehydrogenases
and for which some alleles have been shown to
reduce susceptibility to alcoholism in Asian
populations (Whitfield 1997), and GABARBL,
which encodes a subunit of a receptor for the
major brain inhibitory neurotransmitter gamma-
aminobutyric acid (GABA). The function of

this receptor is stimulated by alcohol, possibly
accounting for alcohol’s sedating and motor-
discoordinating effects (Suzdak et al. 1986).
Long-term consumption of alcohol alters the
brain distribution and function of this receptor,
possibly playing a role in the development of
alcohol dependence (Mitsuyama et al. 1998).
Further studies will be required to determine
whether any of these candidates is actually the
gene inferred by both linkage studies to be
responsible for protection from alcohol
dependence.

The investigators responsible for both linkage
studies have deliberately described their findings
as suggestive rather than definitive. They exercise
such caution because the observed sibling allele-
sharing patterns (from which they have inferred
the locations of the genes) deviate significantly
from randomness but not so much so that one
can be absolutely certain that the inferred genes
are real. Certainty about the locations of the
genes will require replication of the results of
these studies in independent subject samples.



Such studies are now under way. While these
first two genome scans have not definitively
identified genes influencing predisposition to
alcoholism, they nonetheless represent a major
step toward that goal. In the intermediate term,
further progress will depend on the development
of more sophisticated statistical methods that

are capable of simultaneously analyzing data not
only on alcoholism itself but also on a number
of psychological and physiologic traits, such as
temperament, sensitivity to alcohol, and various
kinds of brain waves that may represent
additional dimensions of the disease. These
additional dimensions may ultimately constitute
essential elements of biologically valid definitions
of alcoholism, which will be a natural prerequisite
for gene identification. Help in initial localiza-
tion of disease genes will also come from new
statistical methods for analyzing the effects of
multiple genes simultaneously rather than one at
a time, as most current methods do. Precise gene
identification will depend ultimately on the
development of a complete gene map of the
human genome. It also will depend on use of
genetic association studies (see below) that test
the association of alcoholism with specific alleles
of genes lying within chromosomal regions
identified by these and other linkage studies.

Findings From Genetic Association Studies

Genetic association tests measure whether a par-
ticular allele of a gene occurs more frequently in
individuals affected by a disease than in unaffect-
ed individuals. A finding of genetic association
can indicate that the gene under study influences
the disease. Although such tests require prior
knowledge of the gene under study (unlike
genetic linkage tests), they are statistically much
more powerful than linkage tests for detecting
genes exerting only small effects on predisposition
to a disease (Broman et al. 1998; Schuler et al.
1996). They are also easier to perform than
linkage tests, requiring ascertainment only of
disease cases (and sometimes their parents) and
controls rather than the entire nuclear families or
large, multigenerational families required for
linkage studies. However, since an apparent
association between an allele and a disease can
arise for reasons other than the influence of that
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allele on the disease, association studies can be
highly prone to artifact and need to be carefully
designed. Well-designed genetic association
studies have the following characteristics (Broman
et al. 1998; Schork and Schork 1998; Schuler et
al. 1996):

« In case-control studies comparing unrelated
affected individuals (cases) with unrelated
individuals who are unaffected by the disease
(controls), the controls need to be ethnically
matched to the cases. ldeally, both cases
and controls should come from a population
that has arisen from a relatively small number
of originating ancestors (Finns, French
Canadians, Amish, and so on). This matching
is necessary because different populations can
have very different allele frequencies for reasons
totally unrelated to presence or absence of
disease. Comparisons of unmatched samples
can thus result in artifactual associations
between alleles and disease.

e An alternative approach to avoiding the ethnic
matching problem is to use a family-based
study design, which compares alleles
transmitted to affected offspring by their
parents with the parental alleles that were not
transmitted, thereby avoiding use of a separate
control group. Several analytic methods have
been developed for this type of study design,
for example, the haplotype relative risk method
(Knapp et al. 1993) and the transmission-
disequilibrium test (Spielman and Ewens
1996).

e When possible, haplotypes (clusters of genetic
polymorphisms, or variations in the DNA
sequence, occurring within a small chromo-
somal region) should be analyzed rather than
merely single polymorphisms (Kidd et al.
1996). Such analyses yield a more accurate
picture of the relationship between the disease-
causing polymorphism and the surrounding
chromosomal region.

* The polymorphisms analyzed should cause
demonstrated functional alterations in the
proteins encoded by the genes under study. In
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cases where several genes are known to lie close
to the site of the polymorphism being studied,
demonstration of functional alteration in the
protein product of one of these genes can help
decide which of these genes is actually related
to the disease.

¢ Findings should be replicated in independent
subject samples.

An excellent example of studies meeting many
of the design criteria listed above was a group of
seven that focused on the association of the
alcohol dehydrogenase genes ADH2 and ADH3
with alcoholism. These studies, done in various
ethnically matched Asian subject samples, were
meta-analyzed in an effort to measure to what
extent genetic variation in these genes affects the
risk of alcoholism (Reich et al. 1998). Meta-
analysis is an approach that involves the use of
specialized statistical methods to pool data from
several studies. The polymorphisms analyzed
have been demonstrated to result in changes in
the speed with which the enzymes metabolize
alcohol to form acetaldehyde. The results are also
consistent across the seven studies included in the
meta-analysis. Thus, it can now be regarded as
firmly established that alleles encoding faster
metabolizing forms of ADH2 and ADH3 reduce
the risk that carriers of these alleles will develop
alcoholism.

As mentioned in the introduction of this section,
many association studies of alcoholism with the
dopamine receptor gene DRD2 have been pub-
lished (Feighner 1972), with strikingly conflicting
results. Many of these studies do not meet the
design criteria listed above. However, some do
meet these criteria, and results of these best
designed studies are consistently negative.
Researchers studied the association with alco-
holism of an allele of DRD2 known to produce
a receptor defective in intracellular signaling

in a Southwestern American Indian tribe,
analyzing haplotypes rather than just this single
allele (Goldman et al. 1997). Their results—

no association of the defective allele with
alcoholism—were similar to those of another
study analyzing the same allele in Germans

(Finckh et al. 1996). A third group of investi-
gators using the transmission-disequilibrium test
(one of the analytic methods mentioned above
developed for family-based studies) analyzed three
different DRD2 polymorphisms in a large U.S.
sample (principally Caucasian) from the COGA
study and found no association of any of these
polymorphisms with alcoholism (defined in any
of three different ways) (Edenberg et al. 1998).
These negative findings do not mean that the
dopamine receptor D2 plays no role in the
process of addiction to alcohol. Indeed, there is
excellent evidence from pharmacologic studies in
both humans and animals that this receptor (as
well as the entire dopaminergic pathway) plays a
major role in brain reward circuits, the function
of which is altered by addiction. Rather, the
results mean that genetic variants of this receptor
do not explain why some people are more
predisposed than others to become alcoholic.

Genes encoding other components of the brain
dopaminergic pathway also have been tested for
association with alcoholism. While none of the
findings has been definitive, two studies have
produced suggestive results especially worthy of
further pursuit. In one, investigators studied the
association with alcoholism of alleles of the
tyrosine hydroxylase gene, which encodes an
enzyme centrally involved in the synthesis of
dopamine, by using cladistic analysis. This
analysis makes use of the evolutionary history of
the chromosomal region containing the gene
under study to afford a more precise and powerful
statistical test of association of alleles with the
disease (Lobos and Todd 1997). Although the
results of this study were ambiguous, the
application of cladistic analysis to other associa-
tion studies deserves further exploration. Other
investigators have found an association of a
functional variant of the dopamine receptor

D4 (a receptor type distinct from D2) with
alcoholism in a small sample of severely affected
Japanese alcoholics (Muramatsu et al. 1996).
Validation of this finding will require replication
in a larger subject sample.

As can be seen from the above examples, most
genes tested so far for association with alcoholism



have been those that, based on independent
physiologic or pharmacologic evidence, have
already been suspected to play a role in pre-
disposition to alcoholism. The power of genetic
studies to reveal the influence of previously
unsuspected genes on predisposition to alco-
holism, thereby affording insights into previously
unrecognized disease mechanisms, thus remains
to be exploited, at least in genetic association
studies. The authors of a recent paper have
demonstrated that once all of the genes in the
human genome have been mapped, and the more
common alleles of each of them characterized,

it will become possible to conduct statistically
powerful tests of all genes in the genome for
association with diseases (Schuler et al. 1996).
These tests will have greater power than linkage
tests to detect genes having small effects on
disease predisposition. To hasten the day when
such tests become possible, the National Human
Genome Research Institute is leading a trans-
National Institutes of Health (NIH) initiative

to catalogue, as quickly as possible, a large
fraction of the common polymorphisms in the
human genome (Collins et al. 1997). NIAAA,
along with other NIH Institutes, is providing
funding for this initiative.

In Closing

The greatest value expected to accrue from ge-
netic studies toward the improvement of treat-
ment and prevention of alcoholism will come
from identification of the predisposing genes and
the proteins they encode. Since mapping genes
that influence genetically complex diseases like
alcoholism presents difficult challenges for
investigators, progress on such diseases, including
alcoholism, has been much slower than progress
in gene mapping for single-gene disorders.
Despite the difficulty of the problem, NIAAA-
supported researchers have taken important
steps during the last 3 years by identifying
human chromosomal regions possibly containing
relevant genes. Twin studies, which explore the
relationship between alcoholism and other traits,
continue to contribute to the formulation of a
more biologically valid definition of the disease
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and to resolving disease subtypes that may
ultimately prove to have differing genetic bases.
Achievement of these objectives would greatly
expedite the gene search. Further progress toward
precise identification of genes influencing pre-
disposition to alcoholism will depend on the
development of improved tools for the gene-
discovery enterprise. Foremost among these tools
will be more sophisticated statistical methods, a
complete human gene map, and a catalogue of
the major human genetic polymorphisms. Once
genes influencing predisposition to alcoholism
have been identified, a major new challenge
confronting genetic epidemiologists will be to
understand how such genes (many of which will
have been discovered in families specially selected
to be densely affected by alcoholism) interact with
environmental factors to influence the develop-
ment of alcoholism in the general population.
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There is no single, simple explanation for why
some individuals develop problems with alcohol.
One of the central findings of the large body of
research that has examined the psychosocial
causes, or etiology, of alcohol use is that there
are multiple pathways to behavior that involves
alcohol consumption (Cloninger et al. 1996;
Sher et al. 1997; Zucker et al. 1994). Multiple
biological and psychosocial factors mutually
influence each other in causing alcohol abuse;

it would be incorrect to view psychosocial causes
as either independent from, or competing with,
biological causes. Rather, alcohol use and
alcoholism are best viewed as end products of

a combination of biopsychosocial influences.

Researchers face the challenge of explaining
diverse alcohol-related behavior ranging from
simple alcohol experimentation to severe alcohol
dependence. Clearly, different factors may in-
fluence different aspects of drinking, such as
initial experimentation, later maintenance of
regular drinking, and the decision to stop drink-
ing. Not only is alcohol use different from
alcoholism, but alcoholism itself takes different
forms; researchers have suggested that different
subtypes of alcoholism may have different
etiologies (Cloninger et al. 1996; Zucker et al.
1996).

This section is not intended as a comprehensive
overview of psychosocial research, but instead
focuses on research that has been conducted since
the Ninth Special Report to the U.S. Congress on
Alcohol and Health (National Institute on Alcohol
Abuse and Alcoholism [NIAAA] 1997) in four
areas: family history of alcoholism, develop-
mental issues, motivations, and alcohol-related
cognitions (beliefs about alcohol). Recent
research into the causes of alcoholism emphasizes
the links between biological and psychosocial
variables rather than studying each in isolation.
Researchers hypothesize, for example, that in

childhood, biologically based vulnerabilities in
emotional and behavioral regulation (tempera-
ment or personality) interact with poor parenting
to create emotional distress and exposure to nega-
tive peer influences, both of which create risk for
alcohol misuse.

Finally, environment encompasses a wide range of
influences, including not only family and peers,
but also culture, social forces, advertising, and
economics. Other sections of this report discuss
these issues.

Family History of Alcoholism

It has long been recognized that alcoholism “runs
in families.” A family history of alcoholism is a
well-established risk factor for the development of
alcoholism (Cotton 1979; McGue 1994). None-
theless, the majority of children of alcoholics do
not develop alcohol use disorders. In fact, there is
great variation among children of alcoholics with
regard to their use of alcohol, and recent research
has been directed at explaining this variation.

The Ninth Special Report to the U.S. Congress

on Alcohol and Health (NIAAA 1997) identified
several ways in which children of alcoholics have
been found to differ from children without a
family history of alcoholism. These findings
include a higher prevalence of psychopathology
(mental and behavioral disorders), more adverse
family environments, and physiologic responses
to alcohol that are known to be associated with
risk—in particular, a lack of sensitivity to
alcohol’s intoxicating effects or an increased
sensitivity to its anxiety-reducing effects. It is
important to note that these characteristics are
not unique to children of alcoholics, and that the
same factors that mediate risk of developing
alcohol problems in children with a family history
may also explain the risk faced by those without a
family history (Molina et al. 1994). Models that
seek to explain how these risk factors interact
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to lead to alcohol-related problems suggest that
children of alcoholics are exposed to higher levels
of these risk factors than are other children.
Nonetheless, research aimed at clarifying why
children of alcoholics are more likely than others
to develop alcohol problems can reveal much
about how the same risk factors are at play in
children without a family history.

Effects of Parental Psychopathology
Other Than Alcoholism

One source of the variation in the outcomes

of children of alcoholics—that is, whether they
develop alcohol-related problems themselves—is
that familial alcoholism occurs in different forms.
Scientists have identified subtypes of alcoholism
that are characterized by the type and degree of
psychopathology associated with the alcohol
abuse—in particular, antisocial personality and
affective (mood) disorders such as depression.
Recent studies suggest that the type of alcoholic
syndrome present in the family influences the
child’s risk of having psychological characteristics
associated with risk for alcoholism.

Recently, for example, a research team identified
three subtypes of familial alcoholism risk: one
with familial alcoholism but low levels of other
psychopathology; one with high levels of both
familial alcoholism and familial antisocial per-
sonality and violence; and one with high levels
of familial alcoholism along with depression,
mania, and anxiety disorders (Finn et al. 1997).
Predictably, young adult offspring from the
families with alcoholism had elevated levels of
alcohol problems compared with peers with no
family history of alcoholism. In addition, other
differences in offspring among the families were
noted; for example, offspring of the families with
alcoholism and antisocial personality themselves
had the highest levels of antisociality and negative
affect (anxiety, depression, and neuroticism)
compared with offspring in the other (alcoholic)
families.

Similar findings emerged from a community
sample of younger children (preschool through
age 8) (Zucker et al. 1996). In a comparison of
children of families without alcoholism, families

with alcoholism, and families with coexisting
alcoholism and antisocial personality disorder,
children whose families showed both alcoholism
and antisociality had the highest levels of risk
factors for developing alcohol problems—poor
family environments and conduct problems—
and were also most likely to maintain this risk
over time.

Explaining the Effects of Parental Alcoholism:
Mediational Models

Early research on risk factors in alcoholism tended
to examine each one in isolation. A study might,
for example, focus on one risk factor and attempt
to identify differences between children of alco-
holics and other children, the hypothesis being
that the presence or absence of this single risk
factor might explain why children of alcoholics
themselves develop alcoholism.

A more recent trend has been the attempt to
understand the mechanisms or processes that
underlie the effects of parental alcoholism—and
the associated risk factors—on children. An
important approach involves the development
and testing of mediational models, such as those
described below, that provide an overall concep-
tion of how particular risk factors play out in the
lives of the individuals affected to result in alcohol
use or abuse. A test of the validity of a media-
tional model must include a demonstration that
the risk factor is a feature of parental alcoholism;
that individuals who show the highest level of the
risk factor are most likely to develop drinking
problems; and that this risk factor accounts for
the effects of parental alcoholism on the develop-
ment of drinking problems in their children (for
more detail on mediational models, see Sher
1991). Recent advances in statistical methods
allow tests of these models.

There have been three broad groups of theoretical
models that provide platforms for exploring the
transmission of alcoholism from parent to child:
“deviance proneness,” “negative affectivity” (or
emotionality), and “sensitivity to the effects of
alcohol.” These hypothetical models, discussed
below, are not mutually exclusive, but are
interrelated and interacting.



Deviance Proneness. The deviance proneness
model focuses on deficits in children in behavioral
self-regulation and socialization and on the cas-
cade of effects that result from and interact with
these deficits. According to this model, children
of alcoholics have difficult temperaments and
experience poor parenting, both of which place
them at risk for failure in school and emotional
distress. This, in turn, raises risk for affiliation
with a deviant peer group likely to promote
alcohol use and misuse. Thus, according to this
model, risk for alcohol misuse is part of a larger
context of poor socialization and adolescent
problem behavior.

Recent data are consistent with this model. For
example, one study found that offspring of alco-
holic fathers were more likely to abuse substances,
in part because paternal alcoholism increased

the likelihood of a child’s having early conduct
problems (Cadoret et al. 1995). Similarly, having
an alcoholic father was found to be related to
poor parental monitoring of adolescent behavior,
which, in turn, was associated with membership
in a drug-using peer group and escalating sub-
stance use over time. However, in both studies,
the effect of paternal alcoholism could not be
completely explained by these mediators,
suggesting that other variables also must be
considered.

Negative Affectivity. The negative affectivity model
focuses on the importance of stress and negative
affect in explaining the transmission of alcoholism
from generation to generation. According to this
model, children of alcoholics are exposed to high
levels of life stress and are, as well, temperamen-
tally hyperreactive to stress. These children
develop high levels of emotional distress and
drink to relieve these feelings. Again, recent tests
of this model provide supportive data. In one
study, researchers found that the environments

of adolescent children of alcoholics were more
stressful than those of other children, and that
greater emotional reactivity was part of their
temperaments. Both factors predicted more
negative affect—self-reported crying and tension,
for example—among these children than among
children without a family history of alcoholism
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(Chassin et al. 1996). In turn, children in the
study with high levels of negative affect were
more likely than other children to join a drug-
using peer group and to increase their substance
use over time.

Another study found paternal alcoholism to be
strongly associated with childhood stressors (for
example, disrupted family rituals, embarrassment,
neglect, or abuse). However, these stressors were
only moderately and inconsistently related to the
development of an alcohol use disorder in young
adulthood (Sher et al. 1997). In both studies, the
stressors only partly explained the effects of
paternal alcoholism on the outcomes for children,
again suggesting that other mediators must be
considered.

Sensitivity to the Effects of Alcohol. “Alcohol
effects” mediational models are based on the
hypothesis that children of alcoholics have greater
sensitivity to the stress response-dampening
effects of alcohol (Pihl and Peterson 1995) and
less sensitivity to the negative effects of alcohol
(such as body sway and intoxication). Few tests
of these mediational models have been performed.
However, in one study, young men with a family
history of alcoholism who had not yet developed
drinking problems reacted less to alcohol than
men from nonalcoholic families did (Schuckit
and Smith 1996). The men with the lowest
reactions—those in the bottom 15 percent—were
more likely to be diagnosed 8 years later as having
alcohol dependence. In another study, young
men with a family history of alcoholism showed
smaller responses as measured by an electro-
encephalogram (EEG) than others to a dose of
alcohol (Volavka et al. 1996). Those men with
the smaller EEG responses were more likely to
eventually develop alcohol dependence.

The Role of Executive Functioning

Some theorists suggest that early conduct
problems—which evolve according to the
deviance proneness model into a broad set

of “undercontrolled” behaviors, including
alcoholism—are related to neuropsychological
deficits in “executive functioning.” Executive
functioning encompasses the capacity for
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sustained attention, concentration, abstract
reasoning, goal setting, anticipation and planning,
and the ability to monitor one’s own behavior,
inhibiting what is inappropriate and shifting to
behavior that is adaptive (Moffitt 1993).

Recent studies of the executive functioning

of children of alcoholics have produced con-
flicting results. Researchers conducted neuro-
psychological tests in a sample of 12-year-old
boys with a multigenerational family history of
alcoholism. These boys had poorer executive
functioning than did boys with no familial
alcoholism (Harden and Pihl 1995). However,
other researchers found no significant differences
in executive functioning between children in
families with and without parental substance
abuse (Giancola et al. 1996). Conflicting
findings may be the result of differences among
the groups participating in these studies.
Alternatively, deficits in executive functioning
may be found only among boys whose families
are characterized by transmission of alcoholism
from male to male over several generations (Pihl
and Peterson 1995) or among children of fathers
whose alcoholism is severe and persistent
(Ozkaragoz et al. 1997).

Recent data suggest that poor executive function-
ing predicts increases in alcohol consumption
among young adults with a family history of
alcoholism (Deckel and Hesselbrock 1996).

Poor executive functioning may lead to alcohol
problems in several ways. Children with poor
executive functioning are harder to parent, evoke
more punishment, and thus may develop poorer
bonds to parents and poorer socialization
(Dobkin et al. 1997; Ge and Cadoret 1996).
Moreover, children with poor executive function-
ing are likely to experience more failure in school
(Moffitt 1993), and recent data suggest that
executive functioning partially mediates the
impact of parental alcohol dependence on
academic achievement (McGrath et al. 1999).
School failure increases the risk that children will
make friends with deviant peers, which increases
the risk of escalating alcohol use in adolescence
(Curran et al. 1997), a sequence of effects
hypothesized in the deviance proneness model.

Finally, investigators have suggested that individ-
uals with deficits in executive function also are
unable to regulate their own mood, making them
more sensitive to stress. These individuals would
be particularly vulnerable to the stress response-
dampening properties of alcohol (Pihl and
Peterson 1995).

The Role of Parenting and the Family
Environment

Researchers have examined parenting and family
environment in an attempt to understand both
the transmission of alcoholism from generation
to generation and the causes of alcohol use and
misuse in the wider population (Barnes et al.
1994; Wills and Cleary 1996). In general,

the same parenting factors that are linked to
adolescent alcohol abuse—low levels of parental
emotional support and a lack of control and
monitoring of child behavior—are linked to other
adolescent problem behaviors, such as smoking
and early sexual activity (Jacob and Leonard
1994: Jessor and Jessor 1977; Stice and Barrera
1995).

Evidence suggests that children of alcoholics grow
up in homes in which parenting and the family
environment are poor (Jacob and Leonard 1994;
Zucker et al. 1996). These conditions may
improve when parents recover from alcoholism
(Moos and Billings 1982). Moreover, the effects
of parental alcoholism are not confined to parent-
child interactions that involve the alcoholic
parent. In families with heavily drinking fathers,
researchers have found disturbances in attach-
ments between mothers and infant children
(Eiden and Leonard 1996).

Some of the parenting deficits in alcoholic
families are associated with the development of
early conduct problems and early onset of alcohol
use, a risk factor itself for later problems with
alcohol use. For example, in alcoholic families,
parents show less monitoring of adolescent
behavior (Chassin et al. 1996), more family
conflict (Barrera et al. 1995; Webb and Baer
1995), and poorer parent-child relationships
(Blanton et al. 1997; Curran et al. 1997).
Children of these families may not learn



emotional and behavioral self-regulation and may
lack social skills, which also increases the likeli-
hood of rejection by mainstream peer groups and
association with substance-using peers (Webb and
Baer 1995). All of these findings support the
hypothesis that poor parenting and poor sociali-
zation create a high risk of alcohol problems, not
only for children of alcoholics, but also for
adolescents from nonalcoholic families.

However, poor parenting may be a product as
well as a cause of behavioral difficulties in
children. Some researchers have noted that
children with conduct disorders may evoke poor
parenting (Ge and Cadoret 1996). Another study
showed that boys from alcoholic families who
themselves were not disruptive had interactions
with their mothers that were not disturbed and
that were similar to the interactions between
mothers and sons in a group of nonalcoholic
families (Dobkin et al. 1997).

Moreover, it is not yet clear to what extent
correlations between parenting practices and
adolescent alcohol involvement may be due to
shared genetic influences. In a study of more
than 650 families with adopted adolescents, poor
family functioning had only a slight effect on
whether the adopted child drank, while the effect
was substantial for birth offspring (McGue et al.
1996a). On the basis of these findings, the
investigators suggested that research may over-
estimate the importance of family environment
and underestimate the role of genetic factors.
Another finding of this study was that the
adopted children were significantly more likely
to drink if another sibling in their adopted family
used alcohol. If the sibling was of the same
gender and similar age, it increased further the
likelihood that the adopted child would drink,
suggesting that sibling influence may be an
important and understudied form of family
influence on adolescent drinking (McGue et al.
1996a,b). The recognition that siblings as well
as parents can influence adolescent drinking will
broaden the inquiry into the effects of family
environment on the development of alcohol
problems.
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Protective Factors

Most children of alcoholics do not develop alco-
hol dependence. According to the mediational
models described earlier, this would be partially
due to these children not experiencing mediators
of risk such as difficult temperaments or poor
parenting. It is also possible that even children
of alcoholics subject to these risk mediators may
have good outcomes—avoiding problems with
alcohol—because their risk is buffered by
exposure to a protective factor.

Some recent evidence is available on protective
factors. One 3-year study of adolescents in alco-
holic families found that these children were less
likely to begin using substances if they perceived
that they had control over their environment, if
they had good cognitive coping skills, and if they
reported that their families were highly organized
(Hussong and Chassin 1997). Other investigators
have found that in alcoholic families that preserve
family rituals, such as keeping to established daily
routines and celebrating holidays, the young adult
offspring are less likely to report problem drink-
ing (Hawkins 1997).

Although only a few studies of protective factors
have looked specifically at alcoholic families,
some broader studies have found evidence of
risk buffers among children. Important recent
findings come from the National Longitudinal
Study on Adolescent Health, in which nearly
12,000 students in grades 7 through 12 com-
pleted two extensive interviews 1 year apart
(Resnick et al. 1997). On the basis of the
interview data, the investigators identified
children who were less likely to take risks in four
health areas: substance abuse (cigarettes, alcohol,
and marijuana), emotional health, violence, and
sexuality. Two factors were found to protect
children from taking risks in all four areas:
parent-family connectedness and school
connectedness. Children who experienced
parent-family connectedness said they felt close
to their mother or father or both, they perceived
that either or both of their parents cared about
them, they expressed satisfaction with their
relationship with either or both of their parents,
and they felt loved and wanted by family
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members. School connectedness was experienced
as a feeling that teachers treated students fairly
and a feeling of being close to people at school
and being part of one’s school.

Other studies have found parental support to

be protective, particularly in terms of children’s
mental health (Barrera et al. 1995). In a study of
more than 1,700 adolescents, those who received
more emotional support from their parents were
found to drink less; the parental support seemed
to work by enabling these adolescents to cope
better with life stresses, which prevented them
from turning to heavy drinking (Wills and
Cleary 1996).

However, parental support may be less protective
for children’s alcohol and drug use in the context
of parental alcoholism. In a study of nonalco-
holic families, adolescents who reported good
relationships with their parents were more likely
to imitate their parents’ patterns of substance use
than were adolescents with less positive relation-
ships with their parents (Andrews et al. 1997).

If such imitation were to occur in an alcoholic
family, then receiving support from an alcoholic
parent might increase a child’s risk of drinking.

Developmental Issues

Alcohol use and alcoholism can best be studied
within the context of psychosocial development
throughout the life span (Tarter and Vanyukov
1994), and research interest in applying a
developmental perspective to alcohol problems is
increasing. Findings suggest that early develop-
mental antecedents to alcoholism can be seen
even in the preschool years in the form of deficits
in self-regulation, emotional reactivity, and
conduct problems (Tarter and Vanyukov 1994;
Zucker 1994). In one study, observers rated the
temperaments of 3-year-old children; 18 years
later the same individuals underwent diagnostic
interviews (Caspi et al. 1996). The boys whose
temperaments were rated as undercontrolled at
age 3 (impulsive, restless, distractable) were more
likely than other children to be diagnosed at

age 21 as alcohol dependent or as having alcohol-
related problems. Boys rated as having inhibited
temperaments at age 3 (shy, fearful, and easily

upset) also were more likely to have alcohol-
related problems at age 21.

Developmental researchers also look at age-related
peaks and declines in alcohol use. Drinking
usually begins in adolescence. National epide-
miologic data show that the prevalence of alcohol
use increases greatly after eighth grade. For
example, the Monitoring the Future Study
reported that in 1999, 9.4 percent of 8th graders,
22.5 percent of 10th graders, and 32.9 percent
of 12th graders reported being drunk in the past
month (Johnston et al. 1999). Escalation of
drinking during adolescence is a risk factor for
alcohol-related problems in adulthood (Hawkins
et al. 1997; Schulenberg et al. 1996b), and in
subgroups of children, drinking does escalate
during this time.

Recently, researchers have been able to predict
which subgroups of adolescents will increase their
alcohol use. In general, the factors that predict
alcohol involvement among adolescents are
similar to those that predict other forms of
adolescent problem behavior, such as delinquency
and risky sexual behavior. Current work has
identified several predictors of increased adoles-
cent substance use. In addition to paternal
alcoholism and affiliation with substance-using
peers (Chassin et al. 1996), the predictors include
high life stress, nonadaptive coping styles,
parental and peer substance use, little parental
support, a low level of academic competence,

and poor behavioral control (Wills et al. 1996).

For young adults, alcohol use peaks in age-related
patterns and then declines after the mid-20’s
(Chen and Kandel 1995; Gotham et al. 1997,
Johnstone et al. 1996; Schulenberg et al. 1996a).
The stronger evidence in more recent studies for
this age-related decline in drinking may reflect
changes in social norms regarding the acceptabil-
ity of using alcohol (Johnstone et al. 1996).
Research suggests that developmental changes

in older adolescents and young adults as they
experience the freedoms and responsibilities of
this age period influence drinking behavior
(Bachman and Wadsworth 1997). From the
developmental perspective, the heavy drinking



often seen in late adolescence is linked to adoles-
cents’ moving away from parental restrictions and
living in college environments, including frater-
nities and sororities (Cashin et al. 1998). At this
stage, alcohol use is a relatively accepted norm.

Studies show that when young adults take on the
responsibilities of work and marriage, they reduce
their drinking (Gotham et al. 1997; Schulenberg
et al. 1996a) and are less likely to report symp-
toms of alcohol abuse and dependence (Chilcoat
and Breslau 1996). One interpretation is that
these individuals drink less during this period
because drinking is incompatible with the
obligations of adult roles (Yamaguchi and Kandel
1985). These findings are consistent with past
research indicating that a subtype of alcoholism
may be developmentally limited; that is, some
people may drink heavily and have alcohol-related
problems in young adulthood but not in later
years (Zucker 1994).

Indeed, investigators are finding more evidence

to support the idea that different subtypes of
alcoholism start at different ages, and that they
have different causes. Alcohol problems that
begin in adolescence and young adulthood are
often part of broader problems of undercontrolled
behavior. In a subtype that tends to have its
onset in later adulthood, individuals drink to self-
medicate negative emotions such as anxiety and
depression (Cloninger et al. 1996; Zucker et al.
1996). Establishing classification schemes for
alcoholics is not an abstract pursuit; the treatment
needs of these groups are likely to differ.

Motivation To Drink

One area of psychosocial research on alcohol use
focuses specifically on what motivates individuals
to drink. Perhaps the most commonly studied
motivation involves alcohol’s ability to reduce
anxiety, thus making it a way to cope with stress
(Cappell and Greeley 1987; Sher 1987; Wills and
Filer 1996). The Ninth Special Report to the U.S.
Congress on Alcohol and Health (NIAAA 1997)
reviewed the literature on the relationship
between stress and alcohol use and concluded
that the relationship was complex, varying with
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the nature of the stressor, the characteristics of
the individual, and the context within which the
drinking occurs. This report also suggested that
the strength of the relationship between stress and
alcohol consumption varies across the life span,
being weaker in adolescents and more pro-
nounced in older adults.

Stress Reduction

Evidence that some people use alcohol to reduce
stress is complex and inconsistent for a number
of reasons, not least of which is that there are
multiple determinants of alcohol use. Only
subgroups of individuals use alcohol to cope with
stress. One model proposes that experiencing
negative emotions such as anxiety or depression,
expecting that alcohol will relieve these feelings,
and having a coping style characterized by
avoiding rather than confronting life issues

all combine to make it more likely that an
individual will be motivated to drink to cope
with stress. Data support this model in adoles-
cents and adults, and across racial/ethnic groups.
Individuals with these characteristics show the
strongest correlation between stress and drinking
(Cooper et al. 1992; Cooper et al. 1995; Kushner
et al. 1994).

Other individuals who might be vulnerable to
“drinking to cope” are those with a family history
of alcoholism. Laboratory data suggest that male
children with multigenerational family histories of
alcoholism are hyperreactive to stress and derive
greater stress response-dampening benefits from
alcohol (Conrod et al. 1995, Harden and Pihl
1995).

The effect of protective factors that reduce the
impact of stress on drinking also complicates the
evidence for the relationship between stress and
drinking. For example, a 3-year study of more
than 1,000 people examined the relationship
between financial stress and drinking (Peirce

et al. 1996). Financially stressed individuals who
reported that they had tangible support, such as
help with transportation and chores, were less
likely to have drinking problems than were other
financially stressed people without this support.
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Finally, problems in study methods may result in
inconsistent findings. For example, there may be
a time lag between the occurrence of a stressful
event and resulting alcohol use. One study
found, using daily diaries, that women consumed
less alcohol on high-stress weeks, perhaps because
alcohol impaired their ability to cope with
stressors. However, these women then consumed
more alcohol after the stressful event was over.
Thus, variations in the time lag between the
measurement of the stressor and alcohol con-
sumption are likely to produce different findings
(Breslin et al. 1995).

Mood Enhancement

Another reason for the modest relationship
between stress and drinking is that other motives
and determinants of alcohol use can overshadow
stress-reduction motives. Alcohol, for example,
can be used to enhance positive mood, a motive
that has received recent research interest (Cooper
et al. 1995). In both adolescents and adults, and
in different racial/ethnic groups, data support a
model in which individuals characterized by high
levels of sensation seeking, and those who expect
that alcohol use will enhance positive mood, will
be more strongly motivated to drink for this effect
(Cooper et al. 1995). Such a model does not
imply that using alcohol to reduce stress or
enhance positive mood (including its use for
celebratory reasons) are mutually exclusive moti-
vations to drink, or that they cannot be observed
in the same person. The most severe alcohol
problems have been reported in individuals who
are characterized by both high levels of negative
affect and low levels of constraint (including high
sensation seeking [McGue et al. 1997]).

Alcohol’s Effect on Emotional State

Questions remain as to exactly how alcohol
affects emotional state. Laboratory data show
that alcohol dampens responses to stress, but this
effect of alcohol differs in individuals; alcohol
can increase anxiety in some cases (Sayette

1993; NIAAA 1997).

Recently, investigators used a “startle probe”
method to determine whether alcohol produced

a specific decrease in negative affect or whether

it simply reduced emotional arousal across the
board, muting the intensity of any emotion. The
startle probe method involves showing individuals
slides with pleasant, unpleasant, and neutral
subjects and observing the watchers’ responses

to a sudden noise while viewing different slides.
Studies have repeatedly shown that a person
viewing an unpleasant slide—intended to evoke
an unpleasant emotional state—will have a
quicker, stronger startle response to a sudden
noise than when viewing pleasant or neutral
scenes. In this study, alcohol dampened the
startle reflexes of viewers of both pleasant and
unpleasant scenes (Stritzke et al. 1995). The data
suggest that alcohol generally reduces emotional
arousal, rather than specifically diminishing
responses occurring during positive emotional
states evoked by pleasant slides. In contrast, in
similar studies, diazepam (Valium) blocked the
startle response during exposure to aversive
stimuli, but not during exposure to neutral
stimuli (Patrick et al. 1996).

If the effect of alcohol consumption is generally
to lower emotional arousal, then it is unclear how
alcohol acts to enhance emotional state. How-
ever, more research must be conducted using
these investigators’ methods with different doses
(they administered roughly three standard drinks
to each person), placebo conditions (comparing
the effect of alcohol with a nonalcoholic bever-
age), and a wider range of participant groups.
These investigators suggest that alcohol’s effects
on emotional reactivity may be the result of
alcohol’s effects on cognition and information
processing, rather than on motivational systems
involving affect and emotion. Cognitive factors,
such as those discussed below, may account for
the role in motivating alcohol consumption of
the positive effects of alcohol on emotion.

External Motivations To Drink

Finally, it is important to note that regulation

of emotional state—reducing stress or lifting or
enhancing mood—is not the only motive for
alcohol consumption. External motives to drink
include the social rewards of projecting a par-
ticular image, as well as the avoidance of social



rejection by complying with perceived social
norms that include consuming alcohol in social
settings (Cox and Klinger 1988). Thus, social
influences, norms, and contexts also play a role
in the motivation to drink.

The Role of Cognition: Beliefs About
Alcohol

Most of the previous discussion has focused

on the impact of alcohol on emotional tone.
Another active research area involves cognition,
or conscious and unconscious knowledge or
beliefs about alcohol and the role of these beliefs
in shaping alcohol-related behavior. As a result
of direct experience with the pharmacologic
effects of alcohol and vicarious learning—from
parents, peers, and the broader culture and
media—individuals develop expectancies about
what will happen to them when they consume
alcohol. These expectancies then influence their
decisions to drink.

Theorists have suggested that cognition may in
some cases be a bridge between the primary
reinforcing effects of alcohol—the sense that
alcohol reduces stress, for example—and individ-
uals’ decisions to use alcohol in a particular
situation. For example, expectancies about
alcohol’s effects may be the mediator between the
neurobiological reinforcing effects of alcohol and
the decision to drink (Stacy 1997; Stacy et al.
1994). As someone makes the decision to drink,
expectancies about alcohol’s effects may be the
common pathway mediating the effects of many
other psychosocial variables that set the stage for
the decision (Smith et al. 1995).

Explicit Beliefs and Expectations

If asked, most people can describe many of their
beliefs and expectations about alcohol. These
beliefs are conscious or “explicit.” As noted in
the Ninth Special Report to the U.S. Congress on
Alcohol and Health (NIAAA 1997), expectations
about alcohol’s effects begin developing early in
life, even before a person drinks any alcohol
(Zucker et al. 1995). Recent studies continue to
confirm earlier work showing that expectations
about alcohol predict future alcohol use. For
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example, young adolescents who told researchers
that they believed alcohol makes it easier to
socialize were shown in later years to have
increased their drinking over time to higher rates
than their peers without this belief (Smith et al.
1995). More general expectancies may not be
predictive; in another study, responses to such
general questions as whether alcohol had
“positive” or “negative” effects did not predict
increased alcohol use over time in a group of
adolescents, many of whom were from families
with alcoholism (Colder et al. 1997). Data
suggests that expectancies and the experience of
drinking have reciprocal effects. Not only do
expectancies predict later drinking, but drinking
experiences shape later expectancies about alco-
hol’s effects (Sher et al. 1996; Smith et al. 1995).

Recent data have been less supportive of the
hypothesis that expectancies by offspring about
alcohol can explain the effects of family history of
alcoholism on drinking. Researchers have found
differences in expectations about alcohol between
children of alcoholics and children of non-
alcoholics (Sher et al. 1996). Even in preschool,
children of alcoholics have more knowledge about
alcohol than their peers. For example, they are
better able to identify alcoholic beverages visually
(Zucker et al. 1995). However, recent data
suggest that expectations about alcohol explain
only a modest amount of the influence of familial
alcoholism on alcohol use among college students
(Sher et al. 1996). College students are a select
group, however, and live in an environment that
strongly promotes drinking, a factor that may
mask the role of expectations. As noted above,

a study of younger adolescents showed that their
general expectations about alcohol did not
account for differences in the increase of heavy
alcohol use over time among children of alco-
holics versus those of nonalcoholics (Colder et

al. 1997).

Recent studies have identified a role for expectan-
cies about alcohol as moderators of the effects of
other risk factors on alcohol consumption. For
example, as noted in the earlier discussions of
motivational factors, individuals will be motivated
to drink to reduce anxiety only if they believe that
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alcohol consumption actually produces this effect
(Cooper et al. 1995; Kushner et al. 1994).

Implicit Beliefs and Expectations

In the studies described so far, researchers directly
asked individuals to report their beliefs and
expectations about the effects of drinking. This
approach best measures “explicit cognition”: what
individuals consciously think and report to be
their attitudes and beliefs. In other studies,
researchers attempt to identify (and investigate)
the beliefs, memory associations, and emotional
states that are activated more spontaneously,
without a person’s conscious awareness—termed
“implicit cognition” (Greenwald and Banaji
1995). Recently, alcohol researchers have begun
to study the role of implicit alcohol-related
cognition in drinking behavior (Dunn and
Goldman 1996; Stacy 1997; Stacy et al. 1996;
Weingardt et al. 1996).

These associative memory processes have been
measured in diverse ways, including investigating
how individuals at various ages mentally organize
associations between alcohol and its effects (Dunn
and Goldman 1996), measuring free associations
to alcohol-related words and pictures (Stacy et

al. 1996; Stacy 1997), and priming memory
activation (observing how exposure to an alcohol-
related concept affects a participant’s responses to
later stimuli) (Roehrich and Goldman 1996;
Weingardt et al. 1996).

Data from these studies suggest that while late
elementary school children resemble adults in
how they process memory associations related to
alcohol, there are also age-related changes. Older
children activate impressions about the positive
and arousing effects of alcohol, and this may
reflect a form of preparation for alcohol use
(Dunn and Goldman 1996). Children in the
early years of elementary school are apt to have
mostly negative alcohol-related associations,
describing drinkers with words such as “sleepy,”
“dizzy,” “goofy,” and “rude” (Dunn and Goldman
1998). As children get older, their associations
turn to the positive and arousing effects of
alcohol, and they begin to use words such as
“outgoing,” “relaxed,” “wild,” and “funny.”

Recent studies using similar methods have shown
that high school students who drink are more
likely than those who do not drink to have these
positive and largely unconscious memory
associations about alcohol (Stacy et al. 1996);
similar results have been found among college
students (Weingardt et al. 1996).

Little is yet known about the relationship between
implicit and explicit beliefs about alcohol and the
potential differences in the way that the two types
of knowledge influence alcohol use. One hypoth-
esis suggests that conscious, explicit expectations
influence alcohol use through deliberate, con-
scious decision making (Stacy 1997). In contrast,
unconscious memory associations may influence
alcohol use more spontaneously, when the expec-
tations are triggered in an immediate situation.

A recent study that measured conscious beliefs
and expectations about alcohol (by direct ques-
tions) and unconscious beliefs and expectations
(by free association) in a sample of college stu-
dents showed that both predicted later alcohol
use (Stacy 1997).

In Closing

Research on psychosocial factors in alcohol
consumption and alcoholism encompasses a
broad range of investigations, all aimed at
understanding how multiple biological and
psychosocial risk factors interact to influence
alcohol-related behavior. Research on familial
transmission of alcoholism in particular focuses
on how genetic vulnerabilities are translated in
the context of the family and social environment
into alcoholism.

Recent research traces the evolution of the dis-
order of alcoholism along the life span and teases
out the motivational factors—both emotional
and cognitive—that induce individuals to drink.
By constructing models of how the risk factors
identified interact, then testing these models
empirically—seeing to what extent the models
can predict who will drink and to what extent—
scientists are identifying risk factors for alcohol
misuse, as well as potential mediators and
moderators of this risk. The ultimate goal of this
research is to develop preventive interventions



that target these risk and protective factors in
order to reduce the prevalence of alcohol-related
illness and death.
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Underlying the spectrum of potential health consequences of alcohol is an array of mecha-
nisms that encompasses not only the direct toxic harm by alcohol and its metabolites, but a
variety of more complex changes. This chapter describes some of the newest insights into the
nature of these mechanisms, in particular how alcohol can disrupt the normal balance of
systems with which cells communicate with each other in the regulation of such functions
as cell growth, muscle contraction, and the immune response. The understanding being
gained is helping to explain the variety of alcohol’s effects and why individuals can differ

so dramatically in how they respond to the same cumulative amount of alcohol over time.

Research suggests, for example, that alcohol may alter the balance of protective and
destructive responses of the immune system, particularly in the liver where most ingested
alcohol is metabolized. Changes in immune regulation appear to be at the root of some
of the liver damage resulting from drinking, and the inborn genetic tailoring of each
individual’s immune profile may help shape vulnerability to alcohol-induced damage.
Similarly, research findings suggest that alcohol-related disruption of cell membrane
function—and with it the ion exchange that is at the base of heart muscle contraction—
contributes to heart arrhythmias. Studies also are examining the impact of alcohol on
a variety of substances that shape the normal development and proliferation of cells,
functions that could help to explain changes in bone mass or breast cancer risk. At the
most fundamental level, there is evidence to suggest that alcohol can perturb molecular
requlators of gene expression, with the potential for consequences that are both broad
and lasting.

For reasons as yet largely unexplained, gender plays an influential role in vulnerability

to alcohol’s health effects. Three sections that follow, on alcohol and women, bone disease,
and breast cancer, examine current research aimed at understanding this differential
vulnerability and how alcohol could contribute to the risk of two major diseases that
predominantly affect women.

Finally, the sections on heart and bone disease discuss suggestions in epidemiologic research
that alcohol in no more than moderate amounts (up to one drink per day for women and

two drinks per day for men) may have benefits for some groups, reducing the risk of heart

disease and possibly contributing to increased bone mass, an important factor in protection
from fractures. Much remains to be learned about the magnitude and mechanism of these
effects and their meaning in terms of personal health.
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Alcohol-Induced Liver Injury

The liver is a vital organ, involved in the proces-
sing of fats, sugars, proteins, and vitamins and
in the regulation of blood clotting. It plays

a central role in the body’s defenses, filtering
toxins and microbes from the blood and
marshaling an array of responses to trauma,
stress, or inflammation (Hill et al. 1997).

Although the liver is capable of regeneration
and repair, severe liver disease must be viewed

as life threatening. Long-term heavy alcohol

use is the leading cause of illness and death from
liver disease in the United States. The number
of persons with alcoholic liver disease is conser-
vatively estimated at more than 2 million
(Dufour et al. 1993).

There are three phases of alcoholic liver disease:
fatty liver, which is usually reversible with absti-
nence; alcoholic hepatitis, or liver inflammation;
and cirrhosis, or scarring of the liver. Patients
frequently have more than one type of liver
disease, such as coexisting fatty liver and alcoholic
hepatitis or alcoholic hepatitis together with cir-
rhosis. Patients with both cirrhosis and alcoholic
hepatitis have a death rate of more than 60
percent over a 4-year period, with most of those
deaths occurring within the first 12 months of
diagnosis (Chedid et al. 1991). This prognosis is
bleaker than the outlook for many types of cancer.

The major problem in developing new therapies
for alcoholic liver disease has been a lack of
understanding of the mechanisms for liver injury.
While many people who drink heavily do not
develop liver disease, others seem to be highly
susceptible to the disease, suggesting a probable
role for nutritional, environmental, and hereditary
factors.

This section examines current research on one
class of potential initiators of liver cell injury
and repair, the cytokines. It also discusses recent
studies on nutritional variables associated with
liver disease and on three other liver disorders

that may affect the course of alcoholic liver
disease. Researchers are hopeful that these cur-
rent investigations will lead to new insights into
the mechanisms of alcoholic liver disease and will
provide a basis for the development of new forms
of therapy.

Alcoholic Liver Disease

The Role of Cytokines

One of the liver's most important responses to
trauma or stress is the production of cytokines.
These small molecules act as chemical messengers,
regulating cellular interactions and functions.
Cytokines play an important role in cell-to-cell
communication during normal metabolism, and
they are the primary chemical messengers during
periods of inflammation or infection. The
signaling pathways are extremely complex, but
current studies are progressing toward a better
understanding of these pathways.

Cytokines are produced by many different

cell types. Specialized cells within the liver,

the Kupffer cells, are major producers of certain
cytokines. Other types of liver cells, producing
different cytokines, are the hepatocytes, stellate
cells, and endothelial cells. The Kupffer cells are
macrophages, one of several types of phagocytic
white blood cells that engulf and destroy foreign
substances; stellate cells are fat-storing cells;
hepatocytes are the major functional cells of the
liver, acting to process and store nutrients, secrete
bile, and remove toxins from the blood; and
endothelial cells line the liver's blood vessels.

The Kupffer cells produce the cytokines
interleukin-1 (IL-1), tumor necrosis factor alpha
(TNF-a, or TNF), and interleukin-6 (IL-6), all
of which promote inflammatory responses (Hill
et al. 1997). The stellate cells produce and are
activated by transforming growth factor beta
(TGF-B), which plays an important role in
production of collagen (a connective tissue



protein) and in liver fibrosis (the formation of
scar tissue) (Hill et al. 1997). This process leads
to the scarring of the liver in cirrhosis. Hepato-
cytes produce the cytokine interleukin-8 (IL-8),
which attracts neutrophils to the site of an
infection, where they adhere to cell surfaces.
Neutrophils, which circulate in the blood, are
another type of phagocytic white blood cell.
Endothelial cells produce adhesion molecules,
which act by increasing the adhesion of phago-
cytes to the outer surface of cells (Hill et al.
1997). These phagocytes eventually enter liver
tissue and injure hepatocytes.

Cytokine Imbalance

In response to injury or infection, cytokines can
initiate a variety of responses, including attracting
and activating phagocytes, promoting fibrosis,
and stimulating the production of additional
chemical messengers, including more cytokines.
However, if the increased levels of cytokines do
not subsequently return to normal, they can cause
chronic inflammation. Even though cytokines
probably evolved as protection against injury,
infection, or inflammation, overproduction can
lead to cell injury or cell death. For example, if
there is overproduction of the cytokine TNF or if
defenses against TNF are inadequate, liver injury
can occur and, in fact, elevated levels of TNF
appear to correlate with increased mortality
(Rodriguez-Rodriguez et al. 1995).

Alcoholic liver disease is marked by increased
levels of cytokines. Increases in IL-1 and TNF
were first noted a decade ago in patients with
alcoholic hepatitis (McClain et al. 1986, 1989).
Investigators initially suspected that these cyto-
kines played a role in the development of
hepatitis because of a similarity in metabolic
effects: both cytokines and alcoholic hepatitis
cause symptoms of fever, increased levels

of neutrophils, anorexia (loss of appetite),
muscle wasting, and altered mineral metabolism
(McClain et al. 1993). As mentioned previously,
elevations in TNF levels are correlated with
mortality, as are blood levels of neopterin, a
macrophage product that is an indicator of
macrophage activation (Rodriguez-Rodriguez

et al. 1995).

Alcohol-Induced Liver Injury

Recent studies have reported that a rare genetic
polymorphism (genetic variant) associated with
increased production of TNF is also associated
with susceptibility to steatohepatitis, or fatty liver
(Grove et al. 1997). This suggests that genetic
abnormalities in cytokine metabolism may
predispose certain individuals who drink alcohol
to the development of alcoholic liver disease.

One stimulus for the excessive production of
potentially toxic cytokines seen in alcoholic liver
disease is endotoxin, or lipopolysaccharide, a
complex molecule found in the cell wall of many
bacteria. Heavy alcohol consumption has been
reported to increase intestinal permeability to
endotoxin, allowing endotoxin produced in the
intestine to leak into the blood vessels that carry
blood to the liver. In the liver, endotoxin is taken
up by the phagocytic Kupffer cells. Endotoxin
then activates nuclear factor kappa B (NFkB),

a regulatory complex of molecules that, when
activated, initiates gene-directed synthesis of
specific proteins. NFkB causes the production
of certain pro-inflammatory cytokines, such as
TNF (Schreck et al. 1992). TNF further
increases gut permeability, thus creating and
perpetuating a destructive cycle (figure 1).

Another stimulus for excessive cytokine pro-
duction is the generation of reactive oxygen
species (ROS) as a by-product of alcohol
metabolism in the liver (Hill et al. 1997). ROS
are highly reactive molecular fragments capable
of inflicting serious damage on cells. Normally,
ROS are quickly inactivated by antioxidants,

Figure 1: Mechanisms of alcohol-related

cytotoxicity
Endotoxemia Bacterial
/' T translocation
Alcohol —
abuse TNF <:
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NFKB, nuclear factor kappa B; TNF, tumor necrosis factor alpha.
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protective molecules such as glutathione and
vitamins A and E. However, if these defenses are
impaired or if there is an overproduction of ROS,
the result is oxidative stress, which can result in
cell death. Lipid peroxidation is a reaction
between ROS and components of cell mem-
branes, which results in membrane injury and
eventual cell death. ROS also can activate the
transcription factor NFkB (Sen and Packer
1996), causing a further increase in production
of the cytokine TNF.

The cytokine 1L-8, generated by hepatocytes and
Kupffer cells, attracts and activates neutrophils
(Strieter et al. 1996). The neutrophils contribute
to liver cell injury by releasing toxic substances
(ROS, cytokines, and proteases, enzymes that
break down proteins). Researchers have noted
increased levels of chemoattractant cytokines such
as IL-8 and growth-related oncogene alpha in
alcoholic liver disease, with the highest levels in
patients with acute alcoholic hepatitis (Huang et
al. 1996; Maltby et al. 1996). Levels were highest
in patients who died, and levels correlated with
biochemical and histologic evidence of liver
disease (Huang et al. 1996). Patients with
alcoholic liver disease also had increased levels

of cell adhesion molecules, which may explain
why certain cells “stick” in the liver and release
toxic products that can lead to liver injury
(Diez-Ruiz et al. 1996).

Recent studies have found that alcoholic cirrhosis
is associated with elevated levels of cytokines that
induce inflammation, but at the same time there
is an underproduction of the cytokine interleukin
10 (IL-10), which has anti-inflammatory effects
(Le Moine et al. 1995). This decreased secretion
of IL-10 may play a role in the imbalance of
cytokine levels seen in alcoholic liver disease.

Apoptosis: Cell Suicide

Traditionally, injured liver cells have been thought
to die by necrosis, a process in which the cells
swell and break open, releasing their contents,
thereby initiating inflammation that further
damages the liver (Hetts 1998). However, a
second mechanism called apoptosis, or pro-

grammed cell death, has recently been the subject
of intense investigative attention. In this type of
cell suicide, the cell shrinks and the entire cell,
including the nucleus, breaks into numerous
fragments, called apoptotic bodies. These bodies
are then ingested and digested by macrophages
or by neighboring cells. Apoptosis is considered
“physiologic” and is important both in cell
development and in removal of senescent cells
(Hetts 1998). A disruption in the balance
between apoptosis and cell proliferation, however,
can cause harm. Initial studies suggest a role for
apoptosis in liver cell death in animal models of
alcoholic liver disease as well as in human alco-
holic liver disease (Goldin et al. 1993; Kawahara
et al. 1994; Nanji 1998; Yacoub et al. 1995; Zhao
et al. 1997).

Apoptosis may be initiated by a receptor-ligand
interaction. Hepatocytes have docking sites, or
receptors, on the cell surface. Each specific type
of receptor interacts with a corresponding mole-
cule or ligand. The Fas receptor, a member of
the TNF receptor family, is normally found in
modest levels on hepatocytes (Galle et al. 1995;
Muschen et al. 1998); Fas ligand is also present
on hepatocytes in alcoholic liver disease (Galle

et al. 1995). The Fas receptor-ligand interaction,
as well as the interaction between TNF and TNF
receptors, can activate pathways leading to cell
death by apoptosis (Baichwal and Baeuerle 1997;
Galle et al. 1995; Tewari and Dixit 1996).

Recent research indicates that mitochondria

are involved in apoptosis (Kroemer et al. 1997;
Zamzani et al. 1996). Mitochondria are intra-
cellular bodies that generate energy for the cell’s
metabolic processes. They respond to specific
signals by releasing two proteins, cytochrome ¢
and apoptosis-inducing factor (AIF), which in
turn are involved in the activation of caspases
(Kroemer et al. 1997). Caspases are substances
that play a role in activating the apoptotic death
pathway (Salvesen and Dixit 1997). The mito-
chondrial release of cytochrome ¢ and AlF and
the subsequent interaction of these proteins with
caspases represent critical steps in the control of
apoptosis.



Alcohol has long been known to influence
mitochondrial function. Several recently reported
effects of alcohol on mitochondria may be
relevant to mitochondrial involvement in apop-
tosis. Among these alcohol effects are a decrease
in the activity of ATP synthase (Marin-Garcia

et al. 1995, 1996), an enzyme involved in the
production of adenosine triphosphate (ATP),

a critical component of the cell’s metabolic
processes. Other effects of alcohol on mito-
chondria are reduction in antioxidant levels
(Colell et al. 1997; Kurose et al. 1996), enlarge-
ment of mitochondria (Mateos et al. 1995), and
changes in mitochondrial membranes (Garcia-
Ruiz et al. 1995). TNF is thought to mediate at
least part of its toxicity through oxidative stress
and alteration of mitochondrial function (Stadler
et al. 1992).

Experimental Models

Studies in rats, mice, and tissue culture are
evaluating the role of cytokines, especially TNF,
in experimental models of liver disease. TNF

has been shown to play a role in many forms of
experimental liver disease, including that induced
by a variety of toxins (Hill et al. 1997). The liver
is normally resistant to the toxic effects of TNF.
However, as noted previously, when TNF is
produced in excess or when defenses against
TNF are inadequate, liver injury may result.

Because mice and rats have a natural aversion

to drinking alcohol, researchers developed a
method of alcohol feeding by infusing it directly
into the stomach (gastric infusion) (Tsukamoto
et al. 1986). With this experimental model,
researchers were able to produce blood alcohol
levels high enough to cause liver injury. Research
using this animal model demonstrated that liver
damage coincided with increased levels of TNF
messenger ribonucleic acid (MRNA) in the liver
(Naniji et al. 1994d), indicating an increase in the
message level directing synthesis of TNF. Other
work with the same feeding model in rats showed
that isolated Kupffer cells had increases in secre-
tion of TNF, both spontaneously and after endo-
toxin administration, as well as increases in TNF
mMRNA (Kamimura and Tsukamoto 1995).

Alcohol-Induced Liver Injury

A decade ago, studies showed that the livers

of chronically alcohol-fed rats, compared with
controls, were more sensitive to the toxic effects
of injected bacterial endotoxin (Bhagwandeen
et al. 1987). Subsequent studies showed that
alcohol-fed rats had much higher levels of TNF
than did controls after exposure to endotoxin,
but that liver injury could be lessened by admin-
istration of a prostaglandin-like drug that
decreased TNF production (Honchel et al.
1992). Prostaglandins, substances that have
diverse physiologic effects, have a protective
effect on liver cells, partly as a result of their
ability to control inflammation.

Rats fed alcohol by gastric infusion had high
blood endotoxin levels and evidence of induction
of cytochrome P450 2E1, an enzyme that
metabolizes alcohol and causes the generation

of ROS (Koop et al. 1996; Nanji et al. 1994c).
Indeed, markers for oxidative stress and for

lipid peroxidation were noted in these animals,
confirming the probable presence of ROS (Li

et al. 1997; Nanji et al. 1997a).

An animal model for liver regeneration is provid-
ed by surgically removing a portion of the liver
in rats. Researchers have noted elevated levels

of TNF and IL-6 in rats following such partial
hepatectomy. They also showed that anti-TNF
antibody inhibited regeneration (Akerman et

al. 1992; Diehl and Rai 1996). Other studies
showed that regeneration was inhibited in I1L-6
knockout mice, a strain of genetically engineered
mice in which the gene for IL-6 has been
inactivated (Cressman et al. 1996). Although
hepatectomized rats chronically fed alcohol had
increased levels of TNF, signaling was depressed
in important liver regeneration pathways (Zeldin
et al. 1996). It appears that these rats have an
impaired regenerative response to a TNF signal.
This impairment may partially explain the
depressed liver regeneration seen in patients
with alcoholic liver disease and in rats chronically
fed alcohol. These studies demonstrate the
complexity of cytokine signaling in alcoholic liver
disease: excessive amounts of TNF can result in
liver injury, whereas insufficient levels can result
in an impaired healing response. The fine line
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between injury and health highlights some of
the important issues that will have to be resolved
concerning potential anticytokine therapy for
liver injury in alcoholic liver disease.

Preventing Liver Injury

In an attempt to prevent or minimize liver injury,
researchers devised several strategies to decrease
oxidative stress, decrease endotoxin levels, or
decrease cytokine production and activity. In one
set of experiments, researchers fed antibiotics to
rats in an attempt to sterilize the intestine and
thus decrease the source of endotoxin. These
experiments were successful in reducing alcohol-
induced liver injury (Adachi et al. 1995). Other
workers attempted to decrease endotoxin levels
by changing the intestinal flora, feeding the rats
a “good” strain of bacteria, Lactobacillus (Nanji

et al. 1994a). This strategy was also successful at
lessening liver injury.

Another approach was to administer gadolinium
chloride to rats in an attempt to destroy the
Kupffer cells in the liver, which are a likely
source of toxic cytokine production (Adachi

et al. 1995; Koop et al. 1997). This strategy
was also successful, significantly diminishing
alcohol-induced liver injury. In an attempt to
decrease the generation of ROS, researchers
administered agents to decrease cytochrome
P450 2E1 (Nanji et al. 1994b). This approach
also decreased alcohol-induced liver injury in
rats. More recently, anti-TNF antibody pre-
vented liver injury in alcohol-fed rats, providing
compelling evidence of the relationship of TNF
to alcohol-induced liver injury (limuro et al.
1997b).

The concept of anticytokine therapy is not
unique to alcoholic liver disease. It is, in fact,
the current focus of many biotechnology
companies. Successful human clinical trials

are already under way in other disease processes,
such as rheumatoid arthritis and inflammatory
bowel disease, where there are increased levels
of proinflammatory cytokines such as TNF
(MacFarlane et al. 1994; McSweegan 1997;

van Dullemen et al. 1995).

Nutritional Factors

Changes in nutritional status and nutrient me-
tabolism are associated with the development and
progression of alcoholic liver disease. Researchers
have used specific nutrients as well as total nutri-
tional improvement in an attempt to reduce
alcohol-induced liver injury in both humans

and experimental animals. Results have shown
that individual nutrients can either improve or
aggravate liver injury.

Malnutrition

The most compelling evidence for a relationship
between nutritional status and alcoholic liver
disease comes from two large studies undertaken
by the U.S. Department of Veterans Affairs.

The subjects of these studies were inpatients

with liver injury serious enough to cause
symptoms of jaundice. All of them suffered
from malnutrition (Mendenhall et al. 1995).
The degree of malnutrition correlated with the
development of serious liver complications such
as ascites (fluid retention); encephalopathy (brain
injury or damage causing abnormal mental
function), which causes changes in mental status;
and impaired kidney function. Malnutrition also
correlated with death rate. The controls for these
studies were patients who were alcoholics but had
not yet developed detectable liver disease. How-
ever, the control patients also showed some
evidence of malnutrition, which suggests that
malnutrition might precede serious liver injury.

There was an inverse correlation between caloric
intake and mortality. Almost all patients who
consumed more than 3,000 calories a day
survived, while more than 80 percent of those
who took in less than 1,000 calories a day died
(figure 2). Patients were strongly encouraged to
increase their food consumption, with a goal of
2,500 calories a day. In spite of this, 67 percent
of patients consumed insufficient calories, many
of them because of severe anorexia. The cause of
this anorexia is not clear, but it could be related
to elevated levels of the cytokine TNF or to
abnormalities in the metabolism of leptin, a
hormone that controls appetite.



Figure 2: Six-month mortality associated with
1-month daily caloric intake in 245 patients
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In one of the two Veterans Affairs studies,
patients were given an anabolic steroid along
with a nutritional support product designed
specifically for patients with liver disease. Those
with only moderate malnutrition improved
significantly. However, those who were severely
malnourished did not benefit from this regimen,
possibly because their condition had already
progressed beyond the point at which they
could be helped by nutritional therapy
(Mendenhall et al. 1993a, 1995).

A frequent complication of alcoholic liver disease
is hepatic encephalopathy (brain disease), in

part due to the effects of waste products that

the liver is not able to detoxify. Traditionally,
the condition has been treated by restriction of
protein intake, a treatment designed to reduce
toxin production. However, long-term protein
restriction inevitably leads to more serious mal-
nutrition. Indeed, these studies showed that low
protein intake was associated with a worsening
of encephalopathy (Mendenhall et al. 1993a).
Recent studies showed that most patients could
be treated successfully with antiencephalopathy
medications, obviating the need for protein
restriction.

Alcohol-Induced Liver Injury

Fats and Fatty Acids

Investigators have long believed that fat intake
correlates with the development of cirrhosis, and
that increased body weight may be a risk factor
for alcoholic liver disease. Recent research on
more than 1,600 alcoholic patients in France has
confirmed that obesity is indeed a risk factor for
the development of alcoholic liver disease (Naveau
et al. 1997). In those patients who had been
overweight for 10 years, there was an increased
risk of developing fatty liver, alcoholic hepatitis,
and cirrhosis. These observations are supported
by animal studies. When rats were fed alcohol
by gastric infusion and also received a diet high
in polyunsaturated fats from fish oil, the severity
of liver injury was increased (Nanji et al. 1994c,
1997b). On the other hand, a diet high in
saturated fats protected the rats against liver
injury (Nanji et al. 1995). These studies suggest
that not all fats are alike; some are clearly harmful
in the development of alcoholic liver disease,
while others may actually have a protective effect.
Other diseases, especially autoimmune disorders
in animal models, have been accelerated by
consumption of high-fat diets (Leitinger et al.
1999; Shimabukuro et al. 1997).

Iron

There is an association between increased iron

in the liver and alcoholic liver disease. Alcohol
intake generally increases the iron content in
hepatocytes and Kupffer cells (Valerio et al.
1996), and supplemental iron intake exacerbates
alcoholic liver injury (Tsukamoto et al. 1997).
One effect of iron is that it promotes alcohol-
induced injury by ROS (Tsukamoto et al. 1997).

Recent experiments have used cultured stellate
cells to study the effects of iron. Stellate cells
play a major role in the production of the tissue
protein collagen, a step in fibrosis, or scarring.
Iron appears to prime Kupffer cells for their role
in stimulation of cultured stellate cells. Kupffer
cells are a source of the cytokines TNF and IL-6
in liver injury (Kamimura et al. 1995). These
cytokines stimulate stellate cells and their activity
is regulated by NFkB, which is iron dependent
(Lin et al. 1997). Indeed, Kupffer cells of rats
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with alcohol-induced injury contain 70 percent
more iron and have a two- to threefold increase in
NFKB activity (Lin et al. 1997). Treatment of the
cells with an iron chelator, a substance that binds
the iron, resulted in a return of iron content and
NFkB activity to normal levels (Lin et al. 1997).
Future studies will attempt to determine the exact
roles of iron and iron chelator in the development
of injury and fibrosis in alcoholic liver disease.

Other Nutrients

Experiments with a soybean extract, polyenyl-
phosphatidylcholine (PPC), showed that it can
prevent fibrosis and cirrhosis in alcohol-fed
baboons. It also stimulates the activity of
collagenase, an enzyme that breaks down collagen,
in cultured stellate cells (Li et al. 1992; Lieber et
al. 1994). These observations led researchers to
the conclusion that PPC prevents alcohol-induced
fibrosis by way of its anticollagen activity (Lieber
et al. 1994). Researchers then studied the effects
of several related compounds but found only one,
dilinoleoylphosphatidylcholine (DLPC), that had
the same anticollagen effect. Experiments with
DLPC showed that it not only decreased the
severity of liver fibrosis, it actually accelerated its
regression (Ma et al. 1996). Other observations
of the action of DLPC in alcohol-fed baboons

led to the conclusion that it may have antioxidant
properties (Lieber et al. 1997). These properties
could help prevent fibrosis and protect cells from
injury. Because of these encouraging results with
DLPC, a current Veterans Affairs study is now
evaluating the effects of this drug in humans with
early alcoholic liver disease.

Abnormal metabolism of the amino acid methio-
nine is well documented in alcoholic liver disease
(Marchesini et al. 1992). An enzyme, methionine
adenosyltransferase (MAT), is responsible for
conversion of methionine to S-adenosyl-L-methio-
nine (SAM) (Lu 1998). SAM is important for

its role in a variety of cellular processes. Recent
studies have indicated that oxidative stress and
depletion of the antioxidant glutathione play a
role in MAT inactivation (Sanchez-Gongoro et al.
1997). Low oxygen levels in the liver also can
cause a decrease in MAT activity (Avila et al.

1998). Both oxidative stress and low oxygen
levels are prominent features of alcoholic liver
disease (Chawla and Jones 1994). A reduction in
levels of the products of methionine metabolism,
such as SAM, thus may be associated with alco-
holic liver disease. Depletion of mitochondrial
glutathione appears to be an important factor in
the development of alcoholic liver disease in rats
(Hirano et al. 1992), but other studies have
shown that therapy with SAM lessens this
depletion (Colell et al. 1997).

Choline is a substance derived from methionine
and SAM metabolism in the liver. Choline
deficiency causes severe fatty deposits in the liver
that are similar to the fatty liver seen in alcoholic
liver disease. Recent studies showed that rats fed
a diet low in methionine and choline developed
SAM deficiency and a marked fatty liver (Chawla
et al. 1998). Choline-deficient rats also showed
increases in cytochrome P450 2E1 activity, which
is believed to play a role in the development of
liver injury (Weltman et al. 1996). Rats deficient
in methionine and choline were highly susceptible
to endotoxin-induced liver injury and had
elevated levels of the cytokine TNF. Antibodies
to TNF helped protect against endotoxin-induced
liver injury in choline-deficient rats (Eastin et al.
1997). Administration of SAM before injection
with endotoxin reduced liver injury and decreased
TNF levels, an observation that supports the
concept that SAM may have protective effects on
the liver. Studies are currently under way in both
animal models and human subjects with alcoholic
liver disease to determine the effectiveness of
supplementation with products such as SAM.

Other Liver Diseases

Recent work has highlighted three liver diseases
that may be important in understanding the
mechanisms of alcoholic liver disease. Acet-
aminophen toxicity may be enhanced by alcohol
consumption. Hepatitis C has important and
complex interactions with alcohol abuse. Fatty
liver, often associated with obesity, can mimic
alcoholic liver disease and may provide important
clues to the mechanisms involved in alcoholic
liver disease.



Acetaminophen Liver Toxicity

Acetaminophen is a widely used over-the-counter
pain medicine that until recently had been
marketed as an entirely safe product. It is sold

in more than 200 formulations in the United
States, including brand names such as Tylenol.
Two decades ago, reports described an association
between chronic alcohol consumption and
acetaminophen liver toxicity (Goldfinger et al.
1978; McClain et al. 1980). Acetaminophen
overdose can cause very acute, sudden liver
failure, and death can occur in less than 1 week
(Makin et al. 1995). If the patient survives the
severe acute phase of toxicity, the liver will even-
tually return to normal. One means of maintain-
ing patients through the period of acute toxicity
is the use of an artificial liver system, which can
keep patients alive until they either recover
spontaneously or obtain a liver transplant
(Watanabe et al. 1997).

Researchers reviewed cases of 67 patients who
regularly consumed alcohol and who developed
liver injury after taking acetaminophen for
therapeutic reasons (Zimmerman and Maddrey
1995). Acetaminophen doses were within what
is generally considered a nontoxic range in

60 percent of the patients and were within the
recommended range for the other 40 percent.
Patients developed severe liver damage, and

18 percent of them died. In another study

of 71 patients hospitalized for acetaminophen
liver toxicity, 21 had taken an accidental overdose
of acetaminophen as a pain reliever and 50 had

taken it in a suicide attempt (Schiodt et al. 1997).

Sixty-three percent in the accidental overdose
group and 25 percent in the suicidal group were
chronic alcohol abusers. The accidental overdose
group had much more severe liver injury (52 vs.
14 percent) and a greater number of deaths

(19 vs. 2 percent). Acetaminophen ingestion
accounted for approximately 40 percent of
patients with acute liver failure during the study
period. This study highlights the importance of
accidental acetaminophen overdose as a major
cause of acute liver failure. Patients with sudden
and severe liver failure may go to the hospital too
late to benefit from the only currently available
antidote, N-acetylcysteine. Both of these reports

Alcohol-Induced Liver Injury

stress the need for greater awareness of the risks
of acetaminophen liver toxicity, both in the
medical community and among the general
public. Acetaminophen itself does not cause

liver toxicity. Instead, a highly reactive me-
tabolite, N-acetyl-p-benzoquinonimine (NAPQI),
generated through the alcohol-metabolizing
cytochrome P450 2E1 system, is believed to

be the cause of liver cell death. Activity of 2E1

is greatest in the area of the liver in which
acetaminophen toxicity is most severe (Cohen

et al. 1997). NAPQI normally binds to

a protective substance, glutathione. However,

if liver glutathione stores are depleted, this
reactive metabolite is free to cause liver cell injury.
Alcoholics are more predisposed to glutathione
depletion for several reasons, including poor
nutrition.

Animal studies have confirmed the link between
alcohol intake and increased risk for acetamin-
ophen toxicity. Cytochrome P450 2E1 is in-
creased in the hepatocytes of alcohol-consuming
rats, and recent studies show that it is also
increased in Kupffer cells, where inflammatory
cytokines and ROS are generated (Koivisto

et al. 1996). Investigators found that cytochrome
P450 3A, another enzyme system, can be induced
by alcohol in humans and in rats (Hoshino

and Kawasaki 1995; Kostrubsky et al. 1997a).
An important additional finding was that an
inhibitor of cytochrome P450 3A protected
against alcohol-enhanced acetaminophen liver
toxicity in rats (Kostrubsky et al. 1997a,b).

Researchers have reported the presence of
activated macrophages at the site of injury in
acetaminophen toxicity. Also, increased levels

of the cytokines IL-1 and TNF are present in
acetaminophen liver toxicity in mice (Blazka

et al. 1995). The same symptoms, Kupffer cell
activation and cytokine production, are caused by
chronic alcohol consumption. Recent research
demonstrated that blocking Kupffer cell function
totally prevented acetaminophen liver toxicity
(Laskin et al. 1995).

The studies reported here tend to confirm the
interaction between alcohol consumption and the
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risk of developing acetaminophen liver toxicity.
Acetaminophen liver toxicity has been established
as the major cause of sudden and severe liver
failure in the United States and in many Euro-
pean countries. Fortunately, warning labels are
now being placed on acetaminophen-containing
products concerning alcohol intake and risk of
liver injury.

Hepatitis C

Hepatitis C virus (HCV) is an RNA virus that
causes about 30,000 new infections each year
(National Institutes of Health [NIH] Consensus
Statement 1997). In the United States, almost
4 million people are infected with hepatitis C,
four times the number infected with the human
immunodeficiency virus (HIV). This infection is
more prevalent in minority populations. About
85 percent of HCV-infected individuals do

not become virus free within 6 months and

are highly likely to develop chronic hepatitis.

There are usually few symptoms during the first
20 years of infection, and therefore the United
States is currently entering an era in which
individuals infected decades ago are beginning
to show symptoms. The disease may be fatal
and is, in fact, the leading cause of liver trans-
plantation in the United States. Between 1 and
5 percent of patients with chronic HCV for

20 years will develop liver cancer (NIH
Consensus Statement 1997).

A recent study of 100 alcoholics in a rehabili-
tation program found that 23 percent were
positive for antibodies to HCV (anti-HCV).

Of those who had liver disease, 43 percent tested
positive for anti-HCV, while only 10 percent of
those without clinically apparent liver disease
tested positive (Coelho-Little et al. 1995). Thus,
data from this and other studies strongly suggest
that, for as yet unknown reasons, actively drink-
ing alcoholic patients are more likely to have
HCYV infection.

Patients with alcoholic liver disease are at very
high risk of having hepatitis C. A study of

288 patients with alcoholic hepatitis found that
18 percent of them had anti-HCV (Mendenhall

et al. 1993b). Previous intravenous drug abuse
was a risk factor, but more than 40 percent of
these patients had no known risk factor for
hepatitis C other than alcohol abuse. Another
study of patients with alcoholic liver disease
showed that those who were HCV positive had
more severe liver disease and were younger than
HCV-negative patients (Befrits et al. 1995). A
study of individuals with chronic HCV found not
only that those individuals developed the disease
at a younger age but that those who drank alcohol
heavily had higher liver enzyme levels, a clinical
marker for liver disease (Cromie et al. 1996).
Although abstinence from alcohol is associated
with a decrease in liver enzyme levels, the
presence of HCV interferes with this improve-
ment (NIH 1997).

There are several possible mechanisms for the
association of alcohol consumption with greater
severity of HCV. The interaction of alcohol and
HCV may impair immune responses to the virus
(Geissler et al. 1997; NIH 1997; NIH Consensus
Statement 1997). Iron levels in the liver are
higher in HCV patients who drink alcohol
heavily, and iron accelerates several forms of liver
injury (Geissler et al. 1997). In addition, the
inflammatory response in the liver is greater in
individuals with HCV who drink alcohol. A
further complication is that alcohol depresses

the response to interferon therapy, which is the
therapy of choice for HCV (lzumi et al. 1996).
Interferons are proteins that provide an important
defense against viral infections by making
noninfected cells virus resistant.

Nonalcoholic Steatohepatitis

Nondrinkers may develop a disease that is
virtually indistinguishable from alcoholic fatty
liver (Pinto et al. 1996; Sheth et al. 1997).

As in alcoholic liver disease, nonalcoholic
steatohepatitis (NASH) results in inflammation,
fibrosis, and cirrhosis. Most studies show that
NASH is more frequent in women, although
one study reported a higher frequency among
men. Most patients are in their 40's and 507,
and most are obese (Sheth et al. 1997). NASH
is generally present in greatly obese patients who
have abdominal surgery for weight reduction.



Complications of NASH include non-insulin-
dependent diabetes, hyperglycemia, and hyper-
lipidemia, a risk factor for heart disease. Often
the liver is enlarged. Up to one-sixth of NASH
patients eventually develop cirrhosis (Sheth et al.
1997). Recent studies show that increased iron
content or changes in drug metabolism in the
liver may play a role in the development of
NASH (Bacon et al. 1994; George et al. 1998;
Weltman et al. 1998). Nearly one-third of
patients have, or carry a gene for, hemochro-
matosis, a disorder of iron metabolism.

No established therapy currently exists for treat-
ing NASH patients, although some physicians
recommend use of the drug ursodeoxycholic

acid (Laurin et al. 1996). However, because

the disease is so closely associated with obesity,

a frequent recommendation is simply that
patients gradually lose weight (Sheth et al. 1997).

Researchers have developed strains of rats and
mice that become obese due to a disruption in
the action of leptin, the hormone that controls
appetite. Both of these strains develop severe
fatty liver. These animals are highly sensitive

to endotoxin, developing severe fatty liver after
exposure (Yang et al. 1997). Animals chronically
fed alcohol exhibit a similar reaction following
endotoxin injection (Honchel et al. 1992).

In the obese animal strains, females are more
sensitive than males to endotoxin injury. Females
are also more sensitive to alcohol-induced liver
injury, and endotoxin may play a role in that
injury (limuro et al. 1997a). The obese animals
showed abnormalities in the levels and actions of
cytokines as well as impaired immune function
(Loffreda et al. 1998). Further studies with these
genetically obese rodents, as well as with obese
humans, may provide new insights into the
mechanisms of fatty liver in alcoholic liver
disease.
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Alcohol and the Immune System

One of the least appreciated medical complica-
tions of alcohol abuse is its effect on the immune
system. Excess alcohol consumption may lead

to immune deficiency, causing increased suscep-
tibility to certain diseases. Life-threatening
complications of alcoholism such as liver disease
and liver failure may have a component of
autoimmunity, in which the immune system
turns on the body’s own tissues. This section
describes current research that is providing new
insights into the regulation of the immune system
in people who drink alcohol heavily by examining
alcohol-related alterations in the cells and mole-
cules that shape the immune response. It also
describes some of the exciting new techniques
that are being designed to improve or restore
immune function by manipulation of these cells
and molecules. Although much remains to be
learned, researchers are making rapid progress in
understanding alcohol-related immune disorders.

Alcohol and Diseases Related to the
Immune System

Physicians have long observed that excessive
alcohol consumption can lead not only to liver
damage but also to increased illness and death
from infectious diseases such as pneumonia.

(See, for example, the writings of Philadelphia
physician Benjamin Rush [1745-1813] [Rush
1943]). We now regard this increase in disease as
the result of immunodeficiency caused by alcohol
abuse. Further, there is reason to suspect that the
organ damage, such as alcoholic liver disease,
observed in people who drink alcohol heavily

is at least partially caused by alcohol-triggered
autoimmunity in which the immune system
attacks the body’s own tissues. A number of
reviews in the literature provide an overview of
current knowledge concerning alcohol’s effects on
the human immune system (Baker and Jerrells
1993; Cook 1995, 1998; Frank and Raicht 1985;
Ishak et al. 1991; Johnson and Williams 1986;
Kanagasundaram and Leevy 1981; MacGregor
and Louria 1997; Mendenhall et al. 1984; Mulfti

et al. 1989; Palmer 1989; Paronetto 1993;
Watson et al. 1986).

Diseases Related to Immunodeficiency

Pneumonia

In the early part of this century, researchers noted
that alcoholics were more than twice as likely as
nonalcoholics to die from pneumonia (Capps
and Coleman 1923). Despite the availability of
antibiotics in the modern era, alcohol abusers still
suffer from increased susceptibility to bacterial
pneumonia (Chen et al. 1992; Chomet and Gach
1967; Cortese et al. 1992; Esposito 1984; Kuikka
et al. 1992; Kuo et al. 1991). Further, a study

of all patients with pneumonia has shown that

a high percentage were alcohol abusers, even
though they may not have been diagnosed
previously as alcoholics (MacGregor and Louria
1997). Clearly, the effects of alcohol abuse on
illness rates and treatment costs for pneumonia
are considerable.

Tuberculosis

The incidence and severity of pulmonary tuber-
culosis (TB) is greater in alcoholics than in
nonalcoholics (MacGregor and Louria 1997).

In the overall population, 16 percent of TB
patients are alcohol abusers; the percentage ranges
up to more than 35 percent in some populations
(Centers for Disease Control and Prevention
[CDC] 1996). For example, long-term studies
of drug and alcohol abusers who were followed
for many years showed that these individuals had
TB incidence rates from 15 to 200 times the rates
for control populations (Friedman et al. 1987,
1996). In recent years, the incidence of TB

has been increased by the presence of human
immunodeficiency virus (HIV) in drug and
alcohol abusers. However, even after this added
risk is taken into account, it is still clear that drug
and alcohol abusers have increased rates of illness
and death from TB (CDC 1996; White and



Portillo 1996). The recent rise of drug-resistant
strains of the TB bacillus (CDC 1996) gives even
greater urgency to the need for effective inter-
vention among populations at risk of TB, both
nationally and worldwide.

HIV

Infection with HIV, which leads in its later stages
to acquired immunodeficiency syndrome (AIDS),
has become one of the great epidemics of our
time, with millions infected worldwide. Trans-
mission is primarily through sexual contact or the
sharing of used needles by drug abusers. Alcohol
abusers may be at increased risk for infection due
to risky sex practices compared with nonabusers
(MacGregor and Louria 1997), but two questions
remain unanswered. The first question is whether
alcohol consumption, either before or at the time
of exposure, increases susceptibility to infection.
The second question is whether alcohol use
hastens the progression from asymptomatic HIV
infection to full-blown AIDS. Studies of alcohol
effects on HIV using isolated white blood cells
have produced conflicting results. One research
group reported an increased HIV growth rate
after prior alcohol consumption by donors of the
cells (Bagasra et al. 1989, 1993, 1996). A second
group found no consistent effect (Cook et al.
1997h). A recent clinical study of HIV-positive
drug abusers who were followed for several years
showed that those who drank alcohol heavily

had significantly more abnormalities in the
T-lymphocytes (T-cells; see the discussion in

this section on the immune system) than

did those who were light alcohol drinkers or
abstainers (Crum et al. 1996). Since both HIV-
infected individuals and noninfected alcohol
abusers have compromised immune systems,

the question of interactions between these two
conditions remains important for investigation.

Hepatitis C and Hepatitis B

Many recent studies have attempted to determine
the relationship between alcohol abuse and
hepatitis C virus (HCV) or hepatitis B virus
(HBV) infection. The most recent studies have
determined that, after correction for nonalcohol-
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related risk factors such as intravenous drug abuse
and unsafe sexual practices, alcoholics do not have
an increased incidence of HBV but do have an
increased HCV incidence of about 10 percent
compared with nonalcoholics (Rosman et al.
1996). If alcoholics are considered as a group
without excluding other risk factors for infection,
the prevalence of either HBV or HCV is in the
range of 10 to 50 percent (French 1996; Grellier
and Dusheiko 1997; Rosman et al. 1996). These
hepatitis-positive patients are suffering from two
diseases, alcoholism and nonalcoholic viral
hepatitis, that may have additive or synergistic
effects on the development of liver disease.

Both conditions may affect the immune system
to produce immunodeficiency and autoimmunity.

Other Infections

Alcohol abusers are more susceptible than non-
abusers to other infections, such as septicemia,
which is an infections of the circulating blood.
In some cases, septicemia is caused by bacterial
spread from pneumonia. Other infections that
may lead to septicemia in the alcohol abuser
include urinary tract infections and bacterial
peritonitis, an infection of the lining of the
abdominal cavity (Chen et al. 1992; Cortese

et al. 1992; Esposito 1984; Kuikka et al. 1992;
Kuo et al. 1991).

Alcoholics appear to be more susceptible than
nonalcoholics to several less common infections,
such as lung abscess, empyema (an accumulation
of pus in the chest), spontaneous bacterial
peritonitis, diphtheria, cellulitis (an inflammation
of connective tissue), and meningitis (an inflam-
mation of the membranes of the brain and spinal
cord) (MacGregor and Louria 1997). It is clear
that the increased incidence of infectious diseases
in alcohol abusers represents a significant toll of
individual suffering and of medical expense to
society.

Diseases Related to Autoimmunity

A disastrous medical complication of chronic
alcohol abuse is alcoholic liver disease with
eventual liver failure. Alcoholic liver disease,
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which includes alcoholic hepatitis, cirrhosis, and
fatty liver, is discussed in the section “Alcohol-
Induced Liver Injury” earlier in this chapter and
in the Ninth Special Report to the U.S. Congress on
Alcohol and Health (National Institute on Alcohol
Abuse and Alcoholism 1997). Several extensive
reviews present an overview of published research
(Lieber 1994; Mendenhall et al. 1984, 1995).

Alcoholic hepatitis is characterized by acute liver
inflammation and cell death. In severe cases,
death of the patient occurs in one to several weeks
after admission to the hospital. There is evidence
that the immune system may cause some of the
injury. One indication is that alcoholic hepatitis
continues to worsen after withdrawal from alco-
hol, suggesting that the damage is not due solely
to the presence of alcohol. A second indication
of immune system involvement is that alcoholics
who recover from alcoholic hepatitis but then
resume drinking alcohol typically suffer new
episodes of hepatitis. These recurrent episodes
are more severe and occur at a lower level of
alcohol consumption. This suggests a possible
autoimmune process in which immunity to

some component of the patient’s own liver has
developed and is exacerbated by a resumption

of alcohol drinking.

In alcoholic cirrhosis, the structure of the liver

is distorted by scarring due to the deposition of
fibrous tissue, and the functional units of the
liver—the lobules—are damaged. Eventually,
this process may result in liver failure and death.
Many cirrhosis patients also suffer from alcoholic
hepatitis and may have autoantibodies against the
liver, which would contribute to cell damage and
scarring. Involvement of the immune system in
alcoholic cirrhosis is currently under study.

Several other conditions with probable autoim-
mune origin have been noted in alcohol abusers.
Kidney disease is increased in alcohol-abusing
individuals in some racial groups or isolated
populations, suggesting a possible genetic
component (Smith et al. 1993). The presence

of autoantibodies in a wide range of tissues in
alcohol abusers supports the possibility that other
illnesses in the alcoholic are of autoimmune

origin. Possible involved molecules include white
blood cells, brain cells, deoxyribonucleic acid
(DNA), and various proteins (Cook et al. 1996;
Laskin et al. 1990; Paronetto 1993; Wehr et al.
1993).

The Immune System

The effects of alcohol on the immune system
involve various types of immune cells and

their interactions. These interactions are partly
mediated by cytokines, chemical messengers
that are described in some detail in the previous
section, “Alcohol-Induced Liver Injury.” The
following discussion provides some background
on the immune system and its components.

Two broad categories of immune cells are phago-
cytes and lymphocytes. Phagocytes are white
blood cells that act by engulfing and destroying
bacteria and other foreign substances. They
include monocytes, neutrophils, and macro-
phages. Monocytes may circulate in the blood,
or they may migrate into the tissues where they
develop into fixed macrophages, such as the
Kupffer cells in the liver. Neutrophils circulate
in the blood and are among the first cells to
arrive at the site of an injury or infection.

Lymphocytes are white blood cells produced in
the lymphoid organs, mainly the bone marrow,
thymus, lymph nodes, and spleen. Two of the
main types of lymphocytes are T-cells, which

are produced in the thymus, and B-lymphocytes
(B-cells), which are produced in the bone marrow.
There are several subtypes of T-cells. Helper
T-cells respond to infection by secreting cytokines
that stimulate other immune system cells. Cyto-
toxic T-cells recognize foreign substances, or
antigens, on the surface of infected or trans-
planted cells and act by destroying these cells.
Suppressor T-cells alter other immune responses
in order to prevent overreaction of the immune
system.

The B-cells are stimulated by antigens to produce
antibodies, or immunoglobulins. Each B-cell is
specific to one particular antigen. Most activated
B-cells develop into plasma cells, which secrete



large numbers of antibodies into the blood
stream. Specialized B-cells are the memory cells,
long-lived cells that continue to circulate in the
blood. If memory cells are re-exposed to the
original antigen, they respond even more vig-
orously than in the initial response.

Another type of lymphocyte, the natural killer
(NK) cell, provides an important defense against
cancer and viral infections. NK cells can
recognize, bind directly to, and destroy cells
infected by viruses and, possibly, cancerous

cells. They do not require previous exposure

in order to recognize target cells.

Immune responses may be broadly classified as
either cell mediated or humoral. Cell-mediated
immunity refers to direct cell-to-cell immune
response, such as that provided by the phagocytes
and T-cells. Humoral immunity is provided by
antibodies that circulate in the blood and lymph.
The term refers to the body’s fluids, or “humors.”
B-cells are the source of humoral immunity.
T-cells play a central regulatory role, inhibiting or
stimulating production of antibodies by B-cells,
producing many different cytokines, interacting
with monocytes, and interacting with and regu-
lating other subclasses of T-cells. Monocytes
interact with T-cells by presenting antigen to the
T-cells, which leads either to stimulation of the
production of antibody by B-cells or to cell-
mediated responses by the T-cells themselves.

One of the most important developments in
immunology in recent years has been the dis-
covery of a vast network of regulatory molecules
called cytokines. Many different types of these
protein molecules are secreted by cells of the
immune system, and changes in their balance
have profound effects on the function of

the immune cells. Some cytokines induce
inflammation, including interleukin-1 (IL-1),
interleukin-6 (IL-6), and tumor necrosis factor
alpha (TNF-a, or TNF). Interleukin-10 (IL-10),
on the other hand, has antiinflammatory effects.
Interleukin-8 (IL-8) attracts neutrophils to the
site of an infection. Interleukin-12 (IL-12)
activates NK and helper T-cells and induces

the cell-mediated immune response.

Alcohol and the Immune System

Changes in the Immune System
of Alcoholics

Alcoholics often have greatly increased blood
levels of immunoglobulins (Cook et al. 1996;
Sheron 1994). The major classes of these anti-
bodies are immunoglobulins A, G, and M (IgA,
IgG, and IgM), each of which has a specialized
role in the immune response. Typically, 1gA is
elevated in the blood of alcoholics both with
and without alcoholic liver disease, while 1gG

is elevated in those with liver disease. 1gM is
elevated only in patients with active liver disease,
such as alcoholic hepatitis. IgA also may be
found as tissue deposits in the skin, liver, and
kidney of alcoholics (Paronetto 1993). Although
an increase in a given antibody is usually associat-
ed with a specific immunity, such as the immu-
nity resulting from a vaccination, alcoholics with
these greatly increased antibody levels are often
immunodeficient. These higher antibody levels
may be due to abnormal regulation of the
production of antibodies, or they may be a
manifestation of autoimmunity.

Changes in the cell-mediated immunity of
alcoholics include reduced response to tuberculin
and fungal skin tests. Isolated lymphocytes taken
from alcoholics also demonstrate a reduction in
the immune response. Several recent reviews
summarize studies on cell-mediated immunity

in alcoholics (Cook 1995; MacGregor and
Louria 1997; Paronetto 1993).

Alcoholics without liver disease typically have
normal numbers of lymphocytes in their
peripheral blood, while those with liver disease
have a wide range of abnormalities. In patients
with alcoholic hepatitis (an earlier stage of
alcoholic liver disease), there is a mild reduction
in lymphocyte numbers, with a return to normal
levels after several weeks of recovery. However,
patients with alcoholic cirrhosis (a later stage of
alcoholic liver disease) may have lymphopenia,
a severe reduction in lymphocyte numbers.

Abnormalities of immune function can be
accompanied by changes in the percentages of
different types, or subsets, of lymphocytes or by
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changes in cell surface markers. Investigators
have compared lymphocyte subsets in alcoholics
and in nonalcoholic controls (Cook 1995). They
have shown that, in alcoholics, the ratio of helper
T-cells (designated CD4) to cytotoxic and sup-
pressor T-cells (designated CD8) is normal or
elevated. This finding is in sharp contrast to
patients with AIDS, who have a greatly decreased
CD4-to-CD8 ratio. Alcoholics also show changes
in various molecules on the surface of T-cells
that, taken together, may be considered a chronic
activation of the T-cells. Recent studies have
shown that T-cell activation is apparent for con-
siderable periods of time after alcohol withdrawal
(Laso et al. 1996, 1997).

Alcoholics without liver disease tend to have
normal numbers of B-cells, the antibody-
producing lymphocytes. However, in patients
with alcoholic liver disease, B-cells often are
decreased in number, in spite of the fact that
these cells produce abnormally large amounts

of immunoglobulins. B-cells also show changes
in their subset patterns (Cook et al. 1996; Laso
et al. 1996), but these changes appear to be more
short-lived than the T-cell changes (Laso et al.
1997). Together, the changes in both T-cells and
B-cells suggest that there may be alterations in the
interactions between the two types of cells that
are important for understanding many of the
defects of immune regulation in alcoholics.

Although results have been inconsistent, some
investigators have reported that the NK cells have
reduced functional activity in alcoholics (Char-
pentier et al. 1984). Recent work has shown that
alcoholics without liver disease may have normal
NK cell activity and numbers, but that some
patients with alcoholic liver disease have greatly
reduced NK cell numbers and loss of NK cell
activity (Cook et al. 1997a; Kronfol et al. 1993).
Interestingly, normal NK cells are mildly
stimulated by overnight exposure to alcohol if
activity is measured after alcohol removal (Li

et al. 1997). This finding indicates that NK cell
loss in alcoholics with liver disease is probably not
a direct result of alcohol consumption but is an
indirect consequence of other immune changes
resulting from chronic alcohol exposure.

Neutrophils not only form one of the first lines
of defense against invading bacteria, they also
react to other stimuli, such as one’s own tissues
after damage by various agents. In alcoholic
hepatitis, there often is an increase in the number
of neutrophils in the blood, and microscopic
examination of the liver shows infiltration of the
liver by neutrophils. Since these cells typically
release powerful enzymes that damage tissue,

an abnormal number of neutrophils in the liver
of alcoholics is one possible mechanism for liver
damage. In some alcoholics with late-stage
disease, neutrophil numbers in the blood may

be significantly reduced, apparently because of
bone marrow suppression, a situation that
contributes to immunosuppression. Other
neutrophil abnormalities associated with alcohol
include reduction in the movement of neutrophils
to sites of inflammation and decreased anti-
bacterial activity (Cook et al. 1990).

Monocytes circulate in the blood and also have
counterparts residing as fixed macrophages in
many tissues, including the liver and lungs.
These cells not only have the ability to engulf
bacteria, they also produce chemicals that are
toxic to bacteria. These and other functions can
be altered by alcohol in cultured cells (Zuiable
et al. 1992) and in the monocytes of alcoholic
patients (Silvain et al. 1995), as can the
substances derived from monocytes and
macrophages (figure 1).

Cytokine balance is disrupted in alcoholic liver
disease (McClain et al. 1993). The monocytes in
the bloodstream and the fixed macrophages, such
as the Kupffer cells in the liver, produce an excess
of the proinflammatory cytokines IL-1, I1L-6, and
TNF in response to alcohol. These same cells are
sensitive to stimulation by a lipopolysaccharide,
known as LPS or endotoxin, a toxic substance
produced in the cell walls of bacteria that com-
monly reside in the intestine. LPS is a powerful
activator of many immune system cells. It can
potentiate the effects of alcohol in activating
macrophages, particularly the Kupffer cells.

One result of this combined activation is to
increase liver damage under experimental con-
ditions. Since alcoholics can have increased
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Monocytes and macrophages produce numerous substances that initiate and regulate inflammatory reactions; attract other
immune cells (chemokines); stimulate T-cells; help in the elimination of pathogens, such as bacteria; and perform other functions
throughout the body. Alcohol may interfere with the production and secretion of all these substances, thereby impairing the

body’s immune response.

Source: Szabo 1997.

IL, interleukin; TGF-(3, transforming growth factor beta; TNF-a, tumor necrosis factor alpha.

levels of LPS in their blood, and their isolated
monocytes may respond more strongly to LPS,
it is possible that liver damage in alcoholics is
accentuated by the interaction of alcohol and
LPS (Schenker and Bay 1995). Stimulation by
LPS causes the monocytes and macrophages to
secrete more TNF (Schafer et al. 1995). Since
TNF is toxic to many cells, excessive production
of this cytokine contributes to cell death. Patients
with acute alcoholic hepatitis have a poorer
outcome if they have markedly elevated TNF
levels in the blood, which seems to confirm this
concept (Bird et al. 1990; Felver et al. 1990).
Some researchers report that alcoholics produce
lower than normal amounts of the anti-
inflammatory cytokine IL-10, thus failing

to inhibit the excessive production of pro-
inflammatory cytokines such as TNF (Le

Moine et al. 1995).

Experimental Models

In order to properly evaluate clinical observations
and immune system changes found in human
alcoholics, it is necessary to compare immune
functions in animals and cell cultures. Mice

and rats are fed alcohol in the diet or by direct
infusion into the stomach so that levels of intake
can be controlled carefully. The levels of alcohol
mimic the approximate amount consumed by
human alcoholics: 15 to 40 percent or more

of total caloric intake. In some experiments,
researchers administer larger amounts of alcohol
in a single exposure to mimic the effect of human
binge drinking. In most of these experiments,
researchers then examine lymphocytes and other
immune system cells for alterations in function,
growth, and cell development. Other experi-
menters use isolated immune system cells grown
in culture. After exposing the cells to alcohol for
periods of up to a few days, they are able to
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evaluate the direct effects of alcohol on specific
functions. In addition to the research outlined
below, several recent reviews describe other
aspects of work in this area (Baker and Jerrells
1993; Jerrells and Sibley 1995; Jerrells et al.
1994).

Infectious Diseases

Animal models of infections in the presence or
absence of alcohol have demonstrated a number
of important findings (Jerrells et al. 1994).
Bacterial pneumonia initiated by Klebsiella

or Streptococcus pneumoniae causes increased
mortality in alcohol-fed rats and mice (Lister

et al. 1993b; Nelson et al. 1991). Several other
infections are more severe or prolonged in these
animals, including the systemic infection liste-
riosis and the gastrointestinal infections caused
by Salmonella and by intestinal parasites such

as Nippostrongylus (Jerrells et al. 1994).

Researchers have studied TB organisms both in
mice and in cell cultures of macrophages, the
cells that ordinarily provide a first line of defense
against this organism. Alcohol exposure increased
the number of TB organisms in both cases and
caused changes in the TB organism that lessened
the effectiveness of the macrophage response
(Bermudez et al. 1992, 1994). Some investigators
have produced limited data suggesting that, in
contrast to the worsening of TB infections after
standard chronic alcohol exposures, low-dose
alcohol exposure in experimental animals may
actually improve the response to the TB organism
(Mendenhall et al. 1997b). Other factors that
may be involved in these alcohol-TB interactions
have been reviewed recently (Nelson et al. 1995).

Immune System Cells

Cells of the Lymphoid Organs. Both chronic and
acute alcohol administration can produce loss
of lymphocytes from the thymus, spleen, and
lymph nodes of experimental animals (Ewald
1989; Ewald and Shao 1993; Jerrells et al. 1994;
Pruett et al. 1994). The cell types lost include
B-cells, NK cells, and thymocytes, which are
the developing T-cells in the thymus. The

mechanisms of these cell losses appear to include
a form of cell suicide known as apoptosis (pro-
grammed cell death). This phenomenon is
discussed in detail in the section “Alcohol-
Induced Liver Injury” earlier in this chapter.
Under normal conditions, apoptosis helps to
maintain the balance of cell numbers throughout
the body. It is currently thought that alcohol
may affect this process by disturbing the balance
between cell increase through cell division and
cell loss through apoptosis. One possible alcohol-
induced disturbance in the thymus would be a
selective apoptosis that would fail to delete self-
reactive cells, resulting in a predisposition to
autoimmunity. Recent research tends to discount
this possibility (Livant et al. 1997). However,
several investigators are actively pursuing the
study of alcohol-induced apoptosis in other
organs and cells, and new insights are anticipated.

T-Cells. Experimenters have exposed isolated
lymphocytes of alcohol-fed animals to various
agents in order to evaluate T-cell responsiveness
to these agents. Results from one study indicated
that stimulation by nonspecific agents or stimula-
tion in the presence of mixed-cell populations
caused a reduced response by the T-cells of
alcohol-fed animals (Baker and Jerrells 1993).
However, there has been some doubt as to
whether the reduction was actually due to a T-cell
alteration by alcohol. More recent work has used
stimulation of T-cells by antibody to the T-cell
receptors, mimicking the stimulation by antigen
specific for the receptor. These studies have
suggested that the inhibition produced by alcohol
consumption may indeed be due, at least in part,
to an alcohol-associated T-cell defect (Domiati-
Saad and Jerrells 1993). In addition to reductions
in T-cell proliferation, there appear to be altera-
tions in the amount or pattern of cytokine
production by T-cells in alcohol-fed animals.

Monocytes. Researchers have shown that exposure
of cultured normal human monocytes to alcohol
concentrations similar to those seen in binge
drinkers reduces the ability of these monocytes

to present antigen to T-cells (Szabo et al. 1993).
(It is necessary for an “antigen-presenting” cell

to process and display antigen in a way that the



T-cell will recognize it.) Researchers attributed
this reduction to an alcohol-induced imbalance
of cytokines. Experiments with cultured cells
from alcohol-fed animals also showed a reduction
in antigen presentation (Mikszta et al. 1995).
Other animal research found genetic variation in
the degree of alcohol-induced reduction in T-cell
responses (Schodde et al. 1996). When cells were
exposed to alcohol after antigen presentation, the
effectiveness of the T-cell response was not dimin-
ished (Waltenbaugh and Peterson 1997). The
reduction in cell-mediated immunity so com-
monly seen in chronic alcoholics thus appears

to be partly due to the loss of an early step in
antigen presentation. This could be a result of a
functional change in monocytes and/or a change
in T-cell-monocyte interactions.

Natural Killer Cells. Some alcoholics, especially
those with cirrhosis, may have considerably
reduced NK cell activity as measured in their
isolated lymphocytes (Charpentier et al. 1984).
Studies in alcohol-fed mice and rats have gener-
ally shown that the effect of alcohol on NK

cell activity depends greatly on such factors

as nutritional state, specific genetic strain, age,
exercise, and amount and timing of alcohol
administration (Cook et al. 1997a; Li et al.
1997). Nevertheless, chronic alcohol ingestion
clearly inhibits NK cell activity in some mouse
strains (Gallucci et al. 1994). A binge-equivalent
single administration also can temporarily reduce
both NK cell numbers and activity (Wu et al.
1994).

Indirect clinical evidence implicates NK cells in
immune system protection from various cancers.
Since alcohol can reduce NK cell numbers and
activity, several studies have compared the spread
of experimental tumors in animals both with and
without continuous alcohol exposure. Some
experiments suggested enhancement of tumor
spread by alcohol, presumably mediated by
alcohol-induced NK cell suppression (Yirmiya
et al. 1992). Other studies, using a different
tumor model, reported suppression of tumor
spread (Meadows et al. 1993). Some data
indicate that both the exact site of the tumor
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and previous exposure of the cells to alcohol are
important in predicting whether alcohol will
accelerate or retard tumor spread (Blank and
Meadows 1996).

Neutrophils. More than half a century ago, an
investigator observed that alcohol prevented the
neutrophils of intoxicated rabbits from reaching
the skin and lungs in response to the administra-
tion of pneumococcal bacteria (Pickrell 1938).
Later investigators confirmed that alcohol
inhibited neutrophil migration in humans
(Brayton et al. 1970; Gluckman and MacGregor
1978) and in experimental animals (Astry et al.
1983; Avaria et al. 1981; Nelson et al. 1991).

A critical factor in the migration of immune

cells across capillary walls is the presence of
certain proteins, known as adhesion proteins,

on the cell surface (Gallatin et al. 1983; Lewin-
sohn et al. 1987). Some researchers have reported
that alcohol reduces the expression of adhesion
molecules, with the result that fewer immune cells
arrive at sites of infection (MacGregor et al. 1988;
Zhang et al. 1997b). On the other hand, other
researchers have reported increases in the levels of
adhesion molecules in human alcoholics (Cook et
al. 1994; Santos-Perez et al. 1996) and in animals
(Bautista 1995, 1997; Nanji et al. 1995b). These
increases could be a partial explanation for the
infiltration of neutrophils into the liver that is
observed in alcoholic hepatitis. A complicating
factor is the observation that the migration of
neutrophils to infection sites is altered after acute
alcohol ingestion similar to binge drinking
(Nelson et al. 1991) but not after chronic alcohol
exposure (Lister et al. 1993a). This observation
suggests that chronic exposure may lead to
adaptation in adhesion molecules, a situation

that makes predictions extremely difficult.

Since chronic alcohol exposure in experimental
models may not reduce neutrophil migration to
the lung, researchers evaluated the effectiveness of
other neutrophil functions, such as phagocytosis
and killing of pneumococcal bacteria. Experi-
ments with alcohol-fed rats showed that their
neutrophils phagocytosed bacteria efficiently but
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did not kill all strains of pneumococcal bacteria
with normal effectiveness (Jareo et al. 1995,
1996). It is interesting that one study of alcohol-
fed rats reported changes in pulmonary surfac-
tant, a lung secretion, that resulted in a lessening
of antibacterial activity (Rubins et al. 1996).

Cytokines

Acute exposure to alcohol in LPS-stimulated
normal rats can produce rapid changes in the
production of several cytokines (Nelson et al.
1995). Experiments with isolated human
monocytes show the same effects (Mandrekar

et al. 1996; Szabo et al. 1992, 1996a,b; Verma et
al. 1993). The changes reported include increases
in some cytokines and decreases in others.

These changes have important implications for
immunity because cellular immune reactions

are dependent on different cytokines for their
initiation and continuation. Other experiments
have shown that changes in cytokine balance in
alcoholics may be due to a reduction in a process
known as endocytosis, in which the cytokine is
taken up by the cells and degraded (Deaciuc et al.
1996; Tuma et al. 1996b).

Animal research supports the concept of increased
levels of proinflammatory cytokine production
after exposure to alcohol. Animal studies also
confirm the additive effects of LPS and alcohol

in producing liver injury (Kamimura and Tsuka-
moto 1995; Pennington et al. 1997). In the lung,
however, the LPS-stimulated secretion of proin-
flammatory cytokines actually may be reduced in
alcohol-fed animals (Standiford and Danforth
1997) and in human alcoholics (Gosset et al.
1995). This reduction in cytokines could increase
susceptibility to pneumonia. Consistent with this
finding, researchers have reported a loss of TNF
receptors on lung macrophages (D’Souza et al.
1994).

The cytokine IL-8 causes an increase in the num-
ber and activity of neutrophils. IL-8 is elevated

in patients with alcoholic hepatitis, and this eleva-
tion may be one mechanism for the increased
infiltration of the liver by neutrophils in this
disease (Bird 1994; Hill et al. 1993; Huang et al.
1996). Recent work with rats indicates that the

stimulation of IL-8 production in alcoholics may
be indirect, involving interactions of alcohol
metabolism, liver cells, and Kupffer cells (Maher
1995).

Current Directions

In the past several years, research in immunology
has shown that there is a dramatic degree of
interaction and mutual regulation among the
different types of immune system cells. The
insights from this work have led to many new
avenues for investigation.

TH1/TH2 Immunity

One of the most fascinating and useful develop-
ments in immunology in the past several years has
been the description of polarized responses of the
immune system according to the offending agent,
the type of immune cell encountered, and the
cytokine environment in which the response
occurs (Fitch et al. 1993; Medzhitov and Janeway
1997; O’Garra and Murphy 1994; Romagnani
1995). As noted earlier, the cells of the immune
system respond to infectious agents along two
broad pathways—cell-mediated immunity and
humoral immunity. Within these pathways

are further distinctions based on the type of
infectious agent and the cytokine environment
that stimulates the response most strongly.

TH1 (referring to a subset of T-helper cells) re-
sponses are predominantly cell mediated and are
stimulated most strongly by the cytokines IL-12
and interferon gamma (IFN-y). TH2 (an alter-
nate subset of T-helper cells) responses are
predominantly humoral, or antibody mediated,
and are stimulated most effectively by the cyto-
kines interleukin-4 (IL-4), interleukin-5 (IL-5),
and IL-10. If the TH1/TH2 balance is skewed
too far in one direction, immunologic disease
may result. Autoimmunity is often associated
with TH1 reactions, while immunodeficiency
and allergies may be polarized toward a TH2
response (Romagnani 1995).

The responses tend to be mutually inhibitory.
For example, the maturation of T-cells in a
TH2 environment results in a preponderance



of TH2-type T-cells, with inhibition of TH1
development. It is of great interest to determine
what factors in the infectious agent or in the
environment influence the direction of the initial
immune response toward TH1 or TH2. Current
evidence points toward monocytes and other
antigen-presenting cells as critical in the initial
interpretation of the offending agent and the
production of the cytokines that will stimulate
either a TH1 or TH2 response (Medzhitov and
Janeway 1997). This innate, first-responding
component of the immune system is distin-
guished from the adaptive immune system
consisting of T-cells and B-cells. This adaptive
system produces cells that respond to specific
antigens and that confer specific long-term
immunity to those antigens.

The immune abnormalities seen with alcohol
abuse, including elevated immunoglobulin levels
and immunodeficiency, may be the result of
polarization toward excess TH2 function (Cohen
1995). However, the TH1/TH2 balance in alco-
holics with late-stage cirrhosis may be different
from that of alcoholics with early acute alcoholic
hepatitis. It is important to determine whether
TH1/TH2 imbalance is caused by acute or
chronic alcohol abuse and, if so, whether this
imbalance could account for immune abnor-
malities.

Results of recent work with cultured normal
human monocytes acutely exposed to alcohol
indicate an increase in 1L-10 and a decrease in
IL-12 (Girouard et al. 1998), which would shift
the TH1/TH2 balance toward TH2. Another
recent study showed that the cells of alcohol-fed
mice tend to shift toward a TH2 response, with a
decrease in TH1 response (Peterson et al. 1998b).
This second report offers a possible mechanism
for the shift. Glutathione, a protective antiox-
idant, is known to be depleted by heavy alcohol
consumption; in the cell cultures used for this
research, reduction of glutathione also caused a
shift toward TH2 cytokine production (Peterson
et al. 1998a). The observations reported by these
two groups represent an exciting new direction
for analysis of the immunologic abnormalities
caused by alcohol abuse. TH1/TH2 balance
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must now be evaluated in the human alcoholic
whose innate and adaptive immune systems have
had many years of high-level exposure to alcohol.

Molecular Regulation

Transcriptional Control. When an agent that influ-
ences cell behavior, such as an antigen stimulating
an immune response, interacts with the cell, its
influence on the cell occurs through an elaborate
sequence of molecular events. The first such
event is binding to a cell surface receptor. That
receptor then conveys a signal to the cell’s interior.
This signal is interpreted in the cell’s cytoplasm,
and a new signal is transmitted to the nucleus,
where interaction with cellular DNA occurs.

The DNA transcribes the message to a strand

of ribonucleic acid (RNA), which then directs

the synthesis of new proteins, such as cytokines.
These proteins are transported out of the cell,
where they influence the original agent or other
cells in the vicinity.

Although there are no specific cell receptors for
alcohol, alcohol does influence this sequence

of events in several ways. Both potassium and
calcium ion concentrations change rapidly in

the cell’s interior during various types of cell
activation events, and they often are measured

as indirect indicators of changes within the cell.
After short-term alcohol exposure, potassium
conductance is increased (potassium channels in
the cell membrane are opened) in T-cells (Oleson
et al. 1993), and intracellular calcium concentra-
tions are shifted in neutrophils (Nilsson et al.
1992; Patel et al. 1996) and in Kupffer cells
(Hijioka et al. 1993). Although there has been
little research on alcohol’s direct effects on specific
signaling pathways in immune system cells,
studies of liver cells and tumor cells show that
alcohol can cause alterations in receptor molecules
and other molecules in the signal cascade leading
to cell activation (Saso et al. 1996; Thurston and
Shukla 1992; Zeldin et al. 1996). It is clear from
these and other results that alcohol alters the
molecular mechanisms that control cell responses
to normal stimuli. An understanding of the
consequences of these changes will require
further study.
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One of the cytoplasmic elements involved in the
activation of cellular responses is a transcription
factor called nuclear factor kappa B (NFkB).
This molecular complex is activated by signaling
events. It is then transported to the nucleus,
where it binds to DNA and initiates the synthesis
of RNA. Researchers have examined the effect of
acute alcohol exposure on this process in Kupffer
cells of experimental animals (Fox et al. 1996)
and in normal human monocytes (Mandrekar et
al. 1997). Both studies reported disturbances of
LPS-induced NFkB activation. The study of
human cells reported that alcohol disturbed the
NFkB complex in such a way that the signal to
the nucleus was inhibitory rather than stimulatory
(Mandrekar et al. 1997).

Mediators of Inflammation. Cells of the innate
immune system produce reactive oxygen species
(ROS), toxic substances that kill bacteria and
cause inflammation. These species include nitric
oxide (NO), hydrogen peroxide, and other highly
reactive chemicals. Since the cells that produce
ROS are ubiquitous, abnormally increased or
persistent activation of the pathways leading to
production of these chemicals could cause tissue
destruction and inflammation.

Studies of liver injury find that alcohol-fed
animals have higher levels of ROS resulting from
increased NO production after LPS stimulation
(Chamulitrat and Spitzer 1996). The effect of
NO in causing liver damage may depend on the
type of liver cell producing the increase (Nanji et
al. 1995a). Protective mechanisms within the
liver are themselves affected by alcohol and also
are influenced by cytokines whose balance, in
turn, is affected by alcohol (Perera et al. 1995).
These and other recent studies (Higuchi et al.
1996) have emphasized the complexity of
interactions between factors regulating the
immune system and tissue injury caused by
ROS produced by the immune system.

If production of ROS were inhibited by alcohol,
the effectiveness of the immune system cells in
killing bacteria and other infectious agents would
be reduced, leading to immunodeficiency. In rats,
several days of alcohol feeding caused a reduction

in the release of ROS from their cultured neutro-
phils when challenged by pneumococcal bacteria
(Jareo et al. 1996). Acute administration of
alcohol to rats reduced NO production by
isolated lung macrophages after challenge with
TB organisms (Greenberg et al. 1995). Further
work with the regulatory enzyme for NO
production showed that its induction by LPS is
suppressed by both acute and chronic alcohol
exposure. However, other ROS may differ in
their response to acute versus chronic exposure
(D’Souza et al. 1996). It is clear that investi-
gation of the production of NO and other

ROS has significant potential for contributing
to knowledge of alcohol-induced tissue injury
and immunodeficiency.

Acetaldehyde-Protein Adducts. Acetaldehyde, the
first product of alcohol metabolism, is reactive
and combines chemically with proteins in the
cells or blood of the person or animal consuming
the alcohol (Crossley et al. 1986; Hoerner et

al. 1986; Israel et al. 1986; Tuma et al. 1987).
These chemical combinations are called adducts.
The development of autoimmunity after alcohol
exposure may be a result of the formation of these
acetaldehyde-protein adducts. Many investigators
have found antibodies to these adducts produced
after chronic exposure to alcohol. Research has
shown that new antigens may persist for up

to 30 days after alcohol exposure in animals
(Anthony et al. 1983), providing ample exposure
time of the adducts to the immune system.

Later studies have found not only that acetal-
dehyde forms adducts to nonprotein molecules
but that nonacetaldehyde products of alcohol
metabolism form adducts to cellular or blood
components (Chang et al. 1997; Clot et al. 1995;
Trudell et al. 1991). For example, the alcohol-
induced cytochrome P450 2E1 readily forms
adducts with hydroxyethyl. More than 85 per-
cent of alcoholics with cirrhosis have antibodies
that react to this adduct (Clot et al. 1996).
Further experimentation with this adduct, using
rat liver cells and 1gG antibodies from patients
with alcoholic liver disease, resulted in an
antibody-dependent cytotoxic effect in the

cells (Clot et al. 1997). This finding clearly



demonstrated the potential cellular toxicity of the
antibodies to this adduct.

There have been major efforts to determine the
mechanisms of formation of acetaldehyde-protein
adducts and to establish their clinical significance.
One study of persons who drank heavily found
high levels of IgA and IgM antibodies to acetal-
dehyde-albumin adducts, and that the 1gA
antibodies were correlated with alcohol intake
(Worrall et al. 1996). A study of 140 alcohol
drinkers and nondrinking controls found anti-
acetaldehyde-adduct antibodies of each immuno-
globulin class in these subjects (Viitala et al.
1997). The levels of antibodies were higher in
drinkers than nondrinkers, including those with
nonalcoholic liver disease, and antibody levels
were positively correlated with several indicators
of liver disease severity.

Determination of the immunologic relevance of
acetaldehyde-protein adducts produced in cell
cultures has been complicated by the fact that
various products are formed depending upon
the chemical environment (Klassen et al. 1994;
Thiele et al. 1994). Therefore, antibodies with
specificity for adducts prepared under different
experimental conditions were developed for
further analysis of the effects of these adducts in
alcohol-fed animals. Researchers recently found
that another aldehyde generated during alcohol
metabolism, malondialdehyde, could react with
coexisting acetaldehyde (Tuma et al. 1996a).
The mixed adduct is called MAA. Antibodies
specific for MAA did not cross-react with known
acetaldehyde-only or malondialdehyde-only
adducts. These antibodies were used to show
that alcohol-fed rats have significant amounts of
this mixed adduct in their livers.

This work with adducts and antibodies to them,
with their clear potential for cellular cytotoxicity,
represents exciting progress in understanding how
alcohol may produce autoimmunity and tissue
damage. It provides one possible explanation for
the increasing severity of alcoholic hepatitis in
successive episodes and may help explain the
progressive damage that occurs for some time
after alcohol withdrawal in many patients.

Alcohol and the Immune System

Therapeutic Measures

Alcohol has a great array of effects at the mo-
lecular, cellular, and organ levels. These effects
may be produced by alcohol that is consumed
in acute, bingelike episodes or in chronic excess.
With so many variables to consider, therapeutic
approaches must be based on a specific goal.
Researchers must determine whether the
immediate problem is restoration of TH1/TH2
balance, reduction of an autoimmune process, or
repair of scarring produced by the autoimmune
process. There are many possible approaches to
preventing acute alcoholic liver injury (McClain
et al. 1993), and the same principles apply to
manipulations of the immune system. Some
proposed therapies include administration of such
substances as antibodies against endotoxin (LPS)
or against specific cytokines, soluble cytokine
receptor molecules that would absorb excess
cytokines, cytokine receptor antagonists, drugs
that block either cytokine production or specific
responses, adhesion molecule antagonists, and
drugs that have a widespread effect (such as
improvement of gut integrity).

Most investigators have dealt with acute problems
such as alcoholic hepatitis or pneumonia. In
studies of pneumonia, several groups have used
granulocyte colony-stimulating factor (GCSF) to
improve neutrophil number and function (Nelson
1994). GCSF is a neutrophil-specific growth
factor that stimulates the growth of neutrophils
and enhances their activity. In alcoholic rats
infected with Klebsiella pneumoniae, GCSF
improved neutrophil influx and survival (Nelson
et al. 1991). GCSF also increased migration of
neutrophils into the lungs of alcohol-fed rats with
pneumococcal pneumonia or after administration
of LPS (Lister et al. 1993a; Preheim et al. 1996),
but it did not always improve survival. Consis-
tent with increased neutrophil migration to

the lungs, adhesion molecule expression was
improved in neutrophils after GCSF treatment
(Zhang et al. 1997a). Although experimental
results are encouraging, there have been few
attempts at GCSF treatment in human alcoholics
(Grimsley 1995).
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If the TH1/TH2 balance is proven to be signifi-
cant in immunologic disturbances of alcohol
abusers, methods of correcting the imbalance
will need to be found. Recent work with rats
has shown that cell-mediated immunity (TH1)
is reduced by 10 days of alcohol feeding but
that certain TH2 functions are not changed.
Administration of IL-12 restored both the TH1
functions and the ability of isolated lymphocytes
to make IFN-y, a critical TH1 cytokine (Peterson
et al. 1998b). Other investigators, using a more
direct route to TH1 enhancement, administered
the IFN-y by means of an experimentally altered
virus, called an adenoviral vector, introduced into
the trachea (Kolls et al. 1998). This procedure
resulted in enhanced IFN-y production by the
lung, improved TNF responses after stimulation
with LPS, increased recruitment of neutrophils
into the lung, and reduced bacterial survival.

It also reversed the effects of acute alcohol
administration on these measures.

Another recent therapeutic approach involves
attempts to improve overall protein balance and
metabolic status in malnourished alcohol-fed rats.
Hormonal therapy with insulin-like growth factor
and growth hormone was successful in improving
nutritional state, and it also improved some, but
not all, measures of immune function (Menden-
hall et al. 1997a).

These are exciting new approaches to specific
types of therapy for the alcohol-damaged immune
system. New discoveries in this rapidly develop-
ing field will lead to additional therapeutic
measures based on specific or general immuno-
therapy.
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Glossary

Adaptive immunity: Also called adaptive
immunity. Immunity that is activated after
the body is exposed to a pathogen. The most
important cells in acquired immunity are the
T-cells and B-cells. See innate immunity.

Adduct: The product resulting from the
attachment of one type of molecule to another.
For example, an acetaldehyde molecule may
attach to a protein molecule, forming an
acetaldehyde-protein adduct.

Adenoviral vector: An altered adenovirus that
can still invade cells but does not have the
ability to produce disease. Genes purposely
introduced into its structure are carried into
the host cells.

Adhesion molecules: Several classes of protein
molecules on the surface of cells and membranes
that can bind to molecules on another surface,
thus binding the surfaces together.

Antibody: A protein molecule produced by
B-cells in response to an antigen. Its structural
specificity allows it to bind the antigen.

Antigen: A molecule interpreted by the immune
system as foreign (such as a surface component
of a bacterium) and that elicits specific antibody
production.

Antioxidant: A protective molecule that neu-
tralizes reactive oxygen species.

Apoptosis: A process of cell “suicide” elicited by
some specific signal such as a cytokine. Itisa
part of normal cell physiology necessary for
maintaining a balance between cell growth and
loss. In the immune system, apoptosis also rids
the body of self-reactive (autoimmune) cells.

ATP: Adenosine triphosphate. An essential
molecule involved in the cell’s energy-consuming
metabolic processes. It is necessary for normal
cell function.

Autoantibody: An antibody that reacts with a
self-antigen, which can be a normal or altered
cell or tissue of the body.

Autoimmune reactions: Immune responses
directed at the body’s own cells and tissues.
These inappropriate reactions can result in
autoimmune diseases and disorders.

B-cell: A type of lymphocyte that produces
antibody. B-cells are the primary source of
humoral immunity.

CD4 and CD8 T-cells: CD4 T-cells are helper
T-cells; CD8 T-cells are cytotoxic and suppressor
T-cells. Changes in the ratio of CD4 to CD8
cells are considered to be indicators of abnor-
malities in immune function.

Cell-mediated immunity: Immunity provided
by the direct action of immune system cells,
primarily the T-cells. See humoral immunity.

Chemoattractant: A substance that attracts
migratory cells, such as neutrophils, to a specific
site.

Choline: A substance that prevents the deposi-
tion of fat in the liver. A deficiency of choline
causes severe fatty deposits.

Collagen: The major protein constituent of
connective tissue. It is the protein that forms
scar tissue.

Cytochrome P450 2E1: An enzyme that metab-
olizes alcohol and causes the generation of
reactive oxygen species.

Cytokines: Small molecules that act as chemical
messengers, regulating cellular interactions and
functions. They play an important role in cell-
to-cell communication during normal metab-
olism and are the primary chemical messengers
during periods of inflammation or infection.
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DLPC: Dilinoleoylphosphatidylcholine. A
protective substance that acts to prevent fibrosis
and appears to have antioxidant properties.

Endothelial cells: Cells that line the interior of
blood vessels.

Endotoxin: A lipopolysaccharide (LPS). A toxic
molecule found in the cell wall of certain
bacteria.

Fas: Also called CD95 or APO-1/Fas. A
specific receptor, or docking site on a cell, that

reacts with a corresponding molecule, Fas ligand.

The joining of Fas with Fas ligand initiates
chemical processes within the cell that can
lead to cell death by apoptosis.

Fatty liver (steatohepatitis): Deposition of fat in
the liver.

Fibrosis: Deposition of collagen in the form of
scar tissue. It can lead to cirrhosis.

Glutathione: An antioxidant found in mito-
chondria.

Hepatitis: An inflammation of the liver with
associated pain, fever, and jaundice. It may be
induced by alcohol (alcoholic hepatitis) or by a
virus, such as hepatitis B or hepatitis C.

Hepatocytes: The main functional cells of the
liver. They process and store nutrients, remove
toxins from the blood, and secrete bile, which is
involved in the digestion of fats.

Humoral immunity: Immunity conferred by
antibodies that circulate in the blood and
lymph. Antibodies are produced by B-cells.
See cell-mediated immunity.

IFN-y: Interferon gamma. A cytokine that
induces protection against viral infection and
stimulates macrophages and neutrophils.

IL-1: Interleukin-1. A cytokine that induces
inflammation, stimulates proliferation of helper
T-cells, and promotes B-cell growth and
differentiation.

IL-4: Interleukin-4. A cytokine that stimulates
T-cell growth, induces B-cell activation and
growth, and modulates antibody production
by B-cells.

IL-6: Interleukin-6. A cytokine that induces
inflammation and promotes the maturation of
B-cells into plasma cells.

IL-8: Interleukin-8. A cytokine that attracts and
stimulates neutrophils.

IL-10: Interleukin-10. A protective cytokine
with anti-inflammatory effects. It inhibits T-cell
proliferation, reduces the production of inflam-
matory cytokines, and promotes B-cell pro-
liferation and antibody secretion.

IL-12: Interleukin-12. A cytokine that activates
natural killer cells, activates a subtype of T-cell,
and induces the cell-mediated (TH1) immune
response.

Immunodeficiency: A condition in which some
component of the immune system functions at
too low a level to provide normal protection.

Immunoglobulins: Several classes of antibody
proteins produced by B-cells. The major classes
are immunoglobulins A, G, and M (IgA, 1gG,
and IgM).

Innate immunity: Immunity that does not require
prior exposure to an antigen. The main com-
ponents of innate immunity are the phagocytes,
which attack any invading organism regardless of
prior exposure, and the natural Killer cells. See
acquired immunity.

Interferon: A substance produced by cells that
have been infected with a virus. It moves to
noninfected cells, where it confers resistance
to that virus.
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Kupffer cells: Phagocytic cells resident in the
liver. They engulf and destroy invading sub-
stances and secrete cytokines, such as tumor
necrosis factor alpha.

Leptin: A hormone that controls appetite.

Lipid peroxidation: A reaction between reactive
oxygen species and components of cell mem-
branes. It is a destructive process that may
degrade cell membranes and impair cell
function.

LPS: Lipopolysaccharide. See endotoxin.

Lymphocyte: A class of immune cell that
includes T-cells, B-cells, and natural killer cells.

Macrophage: A phagocytic cell found in the
tissues, such as the liver (Kupffer cells) and lung.
It develops from a monocyte.

MAT. Methionine adenosyltransferase. An
enzyme involved in the production of
S-adenosyl-L-methionine (SAM).

Methionine: An amino acid that is essential in
the diet and necessary for normal metabolism.

Mitochondria: Small bodies within the cell, each
enclosed in its own membrane. They generate
energy for the cell’s metabolic processes.

Monocyte: A phagocyte that circulates in the
blood stream. Monocytes may migrate into the
tissues, where they develop into macrophages.

mRNA: Messenger ribonucleic acid. A
complementary copy of a gene in the DNA.
It encodes proteins and participates in protein
synthesis.

NAPQI: N-acetyl-p-benzoquinonimine. A highly
reactive product of acetaminophen metabolism.
If it is not bound by the antioxidant glutathione,
it causes serious cell damage.

NASH: Nonalcoholic steatohepatitis, fatty liver
not related to alcohol consumption. It is
characterized by inflammation, fibrosis, and
cirrhosis.

Natural killer (NK) cells: A type of lymphocyte
that attacks virus-infected or cancerous cells
without a requirement for previous exposure.

Necrosis: A type of cell death whereby the cell
swells and breaks open, releasing its contents.

Neutrophil: A phagocytic cell that circulates in
the blood and attacks bacteria without a require-
ment for previous exposure. Neutrophils react
to chemoattractants such as interleukin-8 by
moving to the site of inflammation, where they
adhere to cell surfaces. When present in excess,
they damage cells by releasing toxic metabolites.

NFKB: Nuclear factor kappa B. An oxidative
stress-sensitive transcription factor involved in
the production of certain cytokines. Itisa
regulatory complex of molecules that lies in the
cell cytoplasm until activated by signals from the
cell exterior. It then moves to the nucleus to
initiate specific RNA synthesis.

Oxidative stress: A condition caused by an excess
of reactive oxygen species and/or a deficiency of

antioxidants. This imbalance causes cell damage
and may end in cell death.

Phagocyte: A cell that engulfs and destroys
bacteria and other foreign substances. This
process is called phagocytosis. The phagocytes
include monocytes, macrophages, and
neutrophils.

Plasma cell: A large cell that develops from a
B-cell after it encounters an antigen. The
plasma cells produce large numbers of antibodies
to that specific antigen.

PPC: Polyenylphosphatidylcholine. A substance
extracted from soybeans. It acts to prevent the
development of alcohol-induced fibrosis.
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Prostaglandin: One of a family of compounds
that affect various physiologic functions.
Certain prostaglandins have protective effects
on liver cells. Other prostaglandins affect other
bodily functions, including smooth muscle
contraction, blood pressure, body temperature,
and blood clotting.

Reactive oxygen species (ROS): Also called free
radicals. Highly reactive molecular fragments
that are released during metabolic processes. If
not promptly removed by antioxidants, they can
interact with cell components and cause serious
damage, such as lipid peroxidation.

Receptor: A specific docking site on a cell that
connects with a corresponding molecule.

SAM: S-adenosyl-L-methionine. A precursor of
glutathione. It has a beneficial effect on
mitochondrial membranes, allowing normal
transport of glutathione through the
membranes.

Steatohepatitis: Fatty liver.

Stellate cells: Fat-storing cells in the liver. They
produce collagen, which leads to fibrosis.

T-cell: A type of lymphocyte that produces cell-
mediated immunity. Helper T-cells produce and
secrete cytokines that stimulate the activity of
other immune cells. Cytotoxic T-cells recognize
antigens on the surface of virus-infected or
transplanted cells and destroy those cells. Sup-
pressor T-cells inhibit other immune responses,
thereby preventing overreaction of the immune
system.

T-cell receptor: A characteristic signaling mole-
cule on the surface of T-cells. It has high mo-
lecular specificity for antigens.

TGF-B: Transforming growth factor beta. A
cytokine that induces stellate cells to synthesize
collagen. It can cause direct cell damage and
increase liver inflammation.

TH1: A type of immune response that is
primarily cell mediated.

TH2: A type of immune response that is
primarily humoral, or antibody mediated.

Thymocyte: A cell that migrates from the bone
marrow to the thymus, a lymphoid organ. In
the thymus, the thymocytes develop into T-cells
having the ability to recognize and respond to
antigen.

TNF (TNF-a): Tumor necrosis factor alpha. A
cytokine produced mainly in Kupffer cells. It
induces inflammation, stimulates neutrophils,
and induces the production of other cytokines,
including more TNF.

Transcription: The enzymatic process by which
the code for a specific gene in the DNA is
transcribed into the same code in a strand of
messenger RNA, which will later direct protein
synthesis.
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Alcohol’s Effects on the Cardiovascular System

Over the last century, the medical and scientific
communities have generally considered alcohol to
be a toxin for the heart. Chronic heavy drinking
is a leading cause of cardiovascular illnesses such
as cardiomyopathy (degenerative disease of heart
muscle), coronary artery disease, high blood
pressure, dangerous heart rhythms (arrhythmias),
and stroke.

However, as early as 1926, Raymond Pearl, one
of the pioneers of modern epidemiology, noted
that moderate drinkers had the longest life
expectancy, followed by abstainers, then heavy
drinkers (Pearl 1926). Some 70 years later,
studies of mortality in widely disparate pop-
ulations (Camargo et al. 1997; Keil et al. 1997;
McElduff and Dobson 1997) have reported that
moderate drinkers are 25 to 40 percent less likely
to die from coronary heart disease (CHD) than
abstainers are. An American Cancer Society
prospective study (Boffetta and Garfinkel 1990)
that followed more than 275,000 middle-aged
men for 12 years found that men who consumed
one drink daily had a lowered risk for CHD
mortality (figure 1). Men who consumed three
or more alcoholic drinks a day also had lower
rates of CHD mortality compared with abstainers
but increased rates of death from stroke, cancer,
accidents, and violent crimes.

Alcohol in low to moderate amounts thus seems
to have the potential for beneficial as well as toxic
effects on the heart. The 1995 report of the Advi-
sory Committee to the Secretaries of Health and
Human Services and Agriculture on the Dietary
Guidelines for Americans (U.S. Department of
Agriculture [USDA] 1995b) acknowledges the
evidence of an association between moderate
drinking—defined in the guidelines as no more
than two drinks a day for men and one drink a
day for women—and lower risk of CHD in some
groups. However, research has not confirmed that
alcohol itself causes the lower risk. It is also
plausible that the lower risk might result from

some as yet unidentified factor or surrogate
associated both with alcohol use and lower CHD
risk, such as lifestyle, diet, exercise, or additives to
alcoholic beverages (U.S. Department of Health
and Human Services [USDHHS] 1999). This
section highlights recent research examining the
deleterious as well as the potentially beneficial
effects of alcohol on the cardiovascular system, as
well as the potential cellular mechanisms underly-
ing these effects. An excellent summary of pre-
vious studies on the effects of alcohol on the heart
can be found in the Ninth Special Report to the
U.S. Congress on Alcohol and Health (National
Institute on Alcohol Abuse and Alcoholism 1997).

The Heart

Alcoholic Cardiomyopathy

Long-term heavy drinking can cause the heart to
become enlarged and lose some of its ability to
contract, a condition known as alcoholic cardio-
myopathy. This type of cardiomyopathy is non-
ischemic, meaning it is not the result of a loss

of blood supply to the heart. Alcoholic heart
disease is the most common cause of nonischemic
cardiomyopathy in Western societies, responsible
for up to 45 percent of cases (Kasper et al. 1994;

Definitions Related to Drinking

Studies investigating the health effects of alcohol vary
in their definitions of "low," "moderate," and "heavy"
drinking. According to the Dietary Guidelines for
Americans, issued jointly by the U.S. Department of
Agriculture and the U.S. Department of Health and
Human Services, moderate drinking is no more than
two standard drinks per day for men and no more than
one per day for women (U.S. Department of Agriculture
1995). The National Institute on Alcohol Abuse and
Alcoholism further recommends that people aged

65 and older limit their consumption of alcohol to