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Preface

Arousal theories have long sought to explain how cortical arousal and its downstream
effects on a wide range of body systems function to affect personality, behavior, and
health. In that effort, we must first distinguish between trait arousal and state arousal.
The former refers to the individual’s typical or average level of arousal, and the
latter indicates current arousal at a given moment. Both are influenced by a complex
set of genetic factors that affect, among other things, structure of the reticular
activating system and the limbic system, together with their neurotransmitter sub-
strates. The phenotype for trait arousal then results when these genetic predisposi-
tions interact with specific aspects of early life experience.

State arousal at any time is a product of a three-way interaction that involves trait
arousal, the presence of substances that can increase or decrease arousal, and cognitions
that represent, in part, the individual’s perceptual interpretation of current environmental
stimulus situations. The focus of this book is on caffeine, one of the major substances
known to increase arousal. The genetic factors, trait arousal, and cognitions that con-
tribute to arousal level are taken into account by the chapter authors as appropriate.

The virtually universal popularity of caffeine, together with concerns about its
potential pathogenic effects, has made it one of the most extensively studied drugs in
history. Research has addressed the sources of caffeine, its pharmacokinetics and
pharmacodynamics, its effects on neural substrates, and its impact on a variety of
aspects of health and behavior. One reason why caffeine is so widely consumed is that
it is found in many foods and drinks, such as coffee, tea, soft drinks, medicines, and
chocolate. Indeed, it is difficult to avoid consuming at least some of this potent drug.

The other major reason for its widespread consumption is that caffeine quite
consistently has an arousing, alerting effect. It is a morning eye-opener for millions
of people worldwide, can provide increased attentional focus at almost any time,
helps drivers and workers to stay awake and alert, and enhances athletic performance.
Caffeine and Activation Theory: Effects on Health and Behavior brings together the
scientific work of major theorists and researchers, who review the entire literature
in their respective areas of endeavor. From these in-depth reviews, we hope to provide
an integrated body of knowledge that represents much of what is currently known
about the effects of caffeine on arousal and behavior, as well as on physical and
emotional health.

Barry D. Smith
Uma Gupta

B. S. Gupta
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INTRODUCTION

It has long been recognized that physiological arousal is a basic and important factor
in health and behavior (Smith, Osborne, Mann, Jones, & White, 2004). So important
are its effects that numerous theories have focused on the arousal concept in an
ongoing series of attempts to explain its origins, substrates, and consequences. In
1951, Elizabeth Duffy published her classic Psychological Review article, “The
Concept of Energy Mobilization,” and later expanded on her ideas in Activation and
Behavior (1962). She argued that physiological arousal, or activation, is more basic
to behavior and performance than is the learning process.

Duffy was soon joined by Donald Lindsley (1957), Robert Malmo (1959),
Magda Arnold (1960), and other theorists, who detailed the neurophysiological
substrates of arousal and its effects on behavior and health. Another major theorist,
Hans Eysenck (1967), proposed that the principal dimensions of human personality
functioning—extraversion and neuroticism in his theory—are based in cortical
arousal and activation. With many others, he argued that the reticular activating
system and the limbic system are central to the integration of arousal functions and
that arousal ultimately has an impact on and is dealt with by the cerebral cortex.

Smith has also proposed an arousal theory of personality, behavior, and health,
called dual interaction theory (Smith, 1983; Smith, Davidson, & Green, 1993; Smith,
Tola, & Mann, 1999; Smith et al., 2004). It differentiates between arousal traits
and arousal states and between chronic and acute arousal as these affect health and
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behavior. The theory also proposes three basic dimensions that characterize arousal:
An intensity dimension specifies a continuum that differentiates between very high
and very low levels of arousal; a type dimension specifies two primary types of
arousal, general and emotional, and recognizes that other types and subtypes may
later be identified; and an individual differences dimension specifies multiple con-
tinua along which arousal can vary from one person to another. These include anxiety,
extraversion, neuroticism, sensation seeking, and hostility, among others.

Dual interaction theory, in agreement with much of the theoretical and empirical
literature, recognizes that multiple sources of and contributions to arousal. Stress,
for example, has been extensively studied with regard to the increases in arousal
that it produces and the adverse effects on health that it can have (Smith et al., 2004).
Similarly, such widely varied mood states as anger, depression, and ecstasy can
increase arousal, as can many cognitions. In addition, a substantial literature iden-
tifies and studies drugs that contribute to arousal. In particular, these include caffeine,
which is arguably the single most common source of increments in arousal.

It is a common observation that caffeine is the most widely consumed drug in
the world. Its multiple sources include coffee, tea, chocolate, soft drinks, energy
drinks, and medications; the overall quantities in which these sources are produced
and consumed are almost incalculable. More than 100 million bags of coffee beans,
amounting to 6 million tons, are produced each year (International Coffee Organization
[ICO], 2006). Add to this an annual production of over 3 million tons of tea (FAO,
2006) and 2.8 million tons of chocolate (Al-Ahram Weekly On-Line, 2005), along
with the annual consumption of 53 gallons of soft drinks per person (Nestle, 2000),
and it becomes clear that the average individual consumes a substantial amount of
caffeine each year.

Heightened arousal has widespread physiological and behavioral consequences.
For example, it can increase heart rate, blood pressure, and the output of adrenal
corticosteroids, as well as shift EEG patterns to those associated with cortical
activation. At the same time, increments in arousal are associated with elevations in
anxiety, hostility, and irritability; chronically high arousal may contribute to anxiety,
somatoform, and depressive disorders, among others. It is no wonder, then, that the
scientific literature on caffeine is larger than that on any other drug. A search of
Medline revealed 20,107 publications on caffeine, far more than the number for such
drugs as marijuana and phencyclidine. With such a vast and growing literature, it is
essential to review and evaluate theory and research periodically to achieve a more
integrative understanding of its implications. This book provides this integration on
a number of topics concerning the acute and chronic impact of caffeine consumption
on health and behavior.

ORGANIZATION OF THE BOOK

We begin the first section of the book on caffeine basics with a chapter by Barry
Smith, Thomas White, and Rachel Shapiro that provides detailed information con-
cerning major sources of caffeine, including coffee, tea, chocolate, soft drinks,
energy drinks, and medications. For the principal sources, the chapter provides brief
histories and discusses production and consumption. In chapter 3, Astrid Nehlig
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details caffeine physiology. This chapter deals with the biochemical impact of the
drug, including adenosine receptor inhibition, release of intracellular calcium, and
inhibition of cyclic nucleotide phosphodiesterases. Nehlig also discusses the neuro-
physiological effects of caffeine and their downstream consequences in locomotor
activity, sleep, behavior, and pathology.

Section II of the book deals with one of the major concerns about caffeine: its
potentially adverse effects on the cardiovascular system. The four central issues in
this section all revolve around the arousal effects of the drug and their possible
cardiovascular consequences. One major theme in this literature is concerned with
the potentially adverse effects of acute caffeine intake on heart function. Another
addresses the contribution of chronic caffeine consumption to coronary heart disease
(CHD) and myocardial infarction (MI). A third assesses the role of the drug in
hypertension, and a final chapter examines its effects on serum lipid profile.

In chapter 4, Barry Smith and Katherine Aldridge address cardiac effects of
acute caffeine intake, including its effects on heart rate and rhythm; this literature
has yielded some surprising findings. Chapter 5, by Barry Smith, Radha Gholkar,
Mark Mann, and Nancy Toward, provides a detailed analysis of the CHD literature.
It begins with a review of the major factors known to contribute to CHD and then
investigates the role of caffeine in relation to other causal factors.

In chapter 6, Jack James makes the point that chronic caffeine consumption
is a risk factor for hypertension. Pointing out that numerous epidemiological
studies have been conducted, he provides careful, in-depth review and analysis
of this sizable scientific literature to support his conclusions regarding the
caffeine—blood pressure relationship. In chapter 7, the final chapter in this section,
Ming Wei and Harvey Schwertner review the numerous epidemiological studies
and clinical trials that have addressed the effect of coffee and caffeine consumption
on serum lipids. They consider and evaluate discrepancies among studies and also
discuss the important observation that various coffee brewing methods affect serum
lipids differently.

Section III deals with the effects of caffeine as they relate to the menstrual cycle
and reproduction. In chapter 8, Hoa Vo, Barry Smith, and Solmaz Elmi deal with
the relationship between caffeine and the menstrual cycle, as well as effects of the drug
in women with premenstrual syndrome (PMS). Vo provides an overview of the
physiology and psychology of the menstrual cycle and shows how caffeine pharma-
cokinetics are affected by changing menstrual physiology, as well as how caffeine
affects menstrual function. She then reviews the scientific literature concerned with
the possible role of caffeine in PMS.

In the second chapter in this section (chapter 9), Kate Northstone and Jean
Golding address another important question concerning caffeine effects: Does this
widely consumed drug reduce fertility? They point out that fertility levels in the
population have been decreasing for a number of years and address the possible
detrimental effects of caffeine on fertility. This chapter provides an in-depth scientific
analysis of all prospective and retrospective studies of the caffeine—fertility relation-
ship, taking into consideration sample sizes, power, and likely confounds.

Section IV deals with the effects of caffeine on mood state, cognition, and
performance. Hendrik Smit and Peter Rogers review the literature on mood state
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effects in chapter 10 and discuss the impact of caffeine intake and caffeine deprivation
on affect. Their review points out the potentially important effects of differing indi-
vidual sensitivities to caffeine, time of day at which the drug is consumed, and age.
They also provide a detailed methodological analysis of relevant studies and suggest
the need to employ modified methods in the effort to understand the caffeine-mood
relationship further.

In chapter 11, Lorenzo Stafford, Jennifer Rusted, and Martin Yeomans detail
the literature concerned with effects of caffeine and its deprivation on cognitive
functioning and performance. They review the substantial body of research on
psychomotor performance involving such tasks as tapping and pursuit rotor, as well
as the cognitive literature, which examines effects of caffeine on attention and
memory. Finally, they point to a number of factors affecting study outcomes, includ-
ing drug dosage, placebo effects, arousal threshold, and fatigue.

In chapter 12, Uma Gupta and B. S. Gupta review scientific research dealing
with effects of caffeine on multicomponent task performance. They point out that
human performance is affected by multiple factors, including basal arousal, caffeine
dosage, and habituation, as well as task complexity and such personality traits as
extraversion. The authors then report two experiments involving performance on a
letter-transformation task. In the first, participants received one of four caffeine doses
or placebo; the second employed the highest dose of the drug and examined its effect
on three individual processing components of the task.

The remaining two brief sections deal with psychopathology (section V) and the
potentially beneficial effects of green and black tea (section VI). In chapter 13, Tulian
Iancu, Ahikam Olmer, and Rael Strous review literature on “caffeinism” and, more
generally, the impact of caffeine on psychopathology. They detail what is known
about caffeinism as a diagnostic entity and analyze the scientific literature on phys-
iology of caffeine intoxication, its clinical features, and available treatments. They
also consider the role of caffeine in other pathologies, including anxiety disorders,
depression, eating disorders, restless-legs syndrome, and suicide.

Chapter 14, by Ray Cooper, Talash Likimani, Dorothy Morré, and James Morré,
addresses the scientific literature on green and black teas. The authors discuss the
effects of caffeine in tea and also hypothesized health benefits studied in recent
years. They consider the possible role of polyphenols—particularly catechins—in
preventing some cancers, such as colon and bladder, and the interaction of caffeine
with the polyphenols as it may affect cancer prevention. Also considered is the
literature on caffeine and polyphenols in weight loss and exercise endurance.

Section VII ends the book with a broad overview of the literature on arousal
and caffeine in chapter 15 by Barry Smith, Uma Gupta, and B. S. Gupta. There, the
health effects of the drug and its impact on behavior are considered.
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Caffeine is the most widely consumed drug in the world and the principal pharma-
cological source of arousal, alertness, and wakefulness for millions of people (Smith,
Osborne, Mann, Jones, & White, 2004). Although the thrust of this book is the
scientific study of caffeine and its effects, this chapter provides a backdrop against
which to understand the science of the drug by detailing the major sources of caffeine
and their social and cultural history.

The principal forms in which caffeine is consumed are coffee and tea, and we
therefore devote the most in-depth coverage to these two beverages. In each case, a
brief history is followed by information concerning the major producing countries,
nomenclature, and harvesting and processing involved in the product. We also
consider the varieties of coffee and tea, their caffeine content, and current production
trends. Briefer coverage is provided for soft drinks, energy drinks, chocolate, and
medications containing the drug.

Caffeine occurs naturally in the leaves, seeds, or fruit of over 60 plants, including
those that produce coffee beans, tea leaves, and cocoa beans. Coffee, tea, and
chocolate are, of course, produced quite directly from these plant sources. In addi-
tion, the caffeine derived from the plants is often added to carbonated drinks and to
such medications as analgesics, diet aids, and cold remedies (Smith et al., 2004).

COFFEE: A BOHEMIAN BLEND
History ofF COFFEE

From its legendary origins to modern times, coffee has been praised and valued for
its taste and, more importantly, its effects on arousal. As a result, this simple fruit
of the coffee plant became the basis for an industry that has grown over the centuries
to multibillion dollar proportions. World coffee exports average six million tons
annually (International Coffee Organization [ICO], 2006) or over 100 million bags
of coffee beans (Food and Agricultural Organization [FAO], 2006a).*

* Please note that a number of our citations in this chapter involve websites, rather than journals. The
reason is that most of the current information on caffeine consumption and production is found only on
Internet sites and is not in the professional journal literature. In some cases, this means that the information
is provided by commercially oriented organizations. As a result, we have cross-checked the information we
report as thoroughly as possible, but prudence in accepting and interpreting the data is certainly appropriate.
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Although humans have been drinking coffee for centuries, it is not clear just
where coffee originated or who first discovered it. However, the predominant legend
has it that an observant goatherd named Kaldi discovered coffee in the Ethiopian
highlands. Various dates for this legend include 900 B.c. (Nescafe, 2006), 800 B.c.
(North Coast Coffee, 2006), 300 a.p. (Kaldi Coffee, 2006), 600 to 800 a.p. (The
Roast and Post Coffee Company, 2006), and 800 A.p. (National Geographic Society,
2006). Regardless of the actual date, it is said that Kaldi noticed that his goats did
not sleep at night after eating berries from what would later be known as a coffee
tree. When Kaldi reported his observation to the local monastery, the abbot became
the first person to brew a batch of coffee and note its alerting effect when he drank it.
Word of the arousing effects and pleasant taste of this new beverage soon spread
beyond the monastery, initially east to the Arabian Peninsula and eventually through-
out the world (James, 1997).

The story of Kaldi might be more fable than fact, but at least some historical
evidence indicates that coffee did originate in the Ethiopian highlands. Indeed, most,
if not all, coffees have been traced to that part of the world, whether they are now
grown in Asia, Africa, Central and South America, or the Pacific and Caribbean
Islands.

The first known reference to coffee in Arabic writings came from an Islamic
physician, Abu Bakr Muhammad ibn Zakariya El Razi (known as “Rhazes”), who
wrote a now lost medical textbook circa 900 a.p. Rhazes made the first reference
to what can be reliably identified as coffee, and archaeologists have found iron
roasting pans dating to 1000 a.p. However, Rhazes’ textbook has been lost to the
ages, and only more recent references in other Arabian literature exist citing his
book (see Dufour, 1685, for a French-language account of the secondary sources).
The oldest extant accounts of coffee roasting date to the writings of the famous
Islamic physician Ibn Sina, traditionally referred to in English-language texts by his
Latinized name, “Avicenna.” Avicenna’s praises of coffee were published in Arabic
circa 1000 A.p. and translated into Latin circa 1200 A.p. (Goodman, 1992).

The coffee industry began on the Arabian Peninsula, where Arabs became the
first to recognize the commercial value of the lowly bean. They cultivated coffee
and, by the 15th century, were growing it in quantity in the Yemeni district, from
which it spread, by the next century, to Syria, Egypt, Persia, and Turkey. As the
coffee industry expanded throughout the Arab countries, coffee became a highly
popular drink, perhaps in part because the Koran forbids Muslims from drinking
alcoholic beverages. Nonetheless, some orthodox Islamic jurists were concerned
about the popularity of coffee among the masses and attempted to justify banning
the drink based on interpretations of Koran verses. They did not succeed, and three
types of coffee-serving establishments spread across the Islamic world: stalls, shops,
and gahveh khaneh (coffeehouses).

Stalls were small take-out counters in business districts (foreshadowing today’s
drive-through coffee stands). Shops were buildings where customers could buy
coffee to go, but offered a few tables (antedating such modern coffee giants as
Starbucks and Peet’s by a millennium). The gahveh khaneh were the most lavish
and prestigious of the three establishments. They offered garden-like surroundings,
live music, and tree-covered tables, foreshadowing the high-end establishments
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found in large cities today. Not surprisingly, the gahveh khaneh became centers of
social activity, where one could engage in pleasant conversation over a cup of coffee,
play games, hear music, see plays, and stay up to date on the news. This latter
function earned coffee houses the title of “schools of the wise” (National Coffee
Association of the U.S.A. [NCAUSA], 2006a).

It was perhaps inevitable that the popularity of coffee would spread beyond the
Islamic world, and it soon did. By the early 17th century, coffee had made its way to
Venice, where it was at first decried as “the bitter invention of Satan” and condemned
by local clergymen (NCAUSA, 2006a). However, Pope Clement VIII soon tasted it,
liked it, and gave it the official imprimatur of the Church. The pope’s approval added
fuel to the caffeine fire, and the popularity of coffee rapidly spread throughout Europe.
Coffee houses were opened in Marseilles in 1644, Venice in 1645, Oxford in 1650,
London in 1652, Paris in 1657, and Vienna in 1683 (Ukers, 1935).

By 1675, 25 years after the opening of the first English coffee house (in Oxford), the
number of coffee houses in England had grown to nearly 3,000, and King Charles II
announced that year that coffeehouses were “seditious” meeting places. Nonetheless,
their popularity was unstoppable. Each coffee house catered to its own segment of
society, and members of a profession or industry would gather to discuss news of the
day and conduct business. Some of these coffee houses went on to become major
companies, such as Lloyd’s of London. This world-famous business originated
simply as Edward Lloyd’s Coffee House (James, 1997).

As profits rolled in from the European centers, Arabian countries tried hard to
maintain a coffee monopoly, with harsh penalties for those caught trying to smuggle
out live trees. However, industrial espionage was alive and well, and Dutch entre-
preneurs were successfully growing coffee in Ceylon and Java following their 1690
smuggling of a coffee plant out of Arabia. In 1714, the mayor of Amsterdam gave
a young coffee plant to King Louis XIV of France for the Royal Botanical Garden
in Paris, and this plant is said to be the origin of the coffee trees now found throughout
the Caribbean and South and Central America (NCAUSA, 2006a).

CURRENT COUNTRIES OF ORIGIN

Today, coffee plants are cultivated in more than 50 countries, resulting in a wide
variety of coffees, each with its own combination of flavor, body, and aroma.
Depending on the type of coffee bean, where it is grown, the conditions under which
it thrives, and how it is harvested and processed, coffee can have a wide variety of
flavors and textures. For example, Kona coffee from Hawaii is always in high demand
as a result of its rich taste and aroma and its medium body. Mexican coffee, on the
other hand, has a pronounced sharpness that makes it desirable for dark roasts and
blends. Puerto Rico produces coffee known for its balanced body and acidity with
a fruity aroma. Guatemalan coffee has a complex taste that is almost chocolaty.
Brazilian coffee is known worldwide for its mild taste.

Nomenclature

Linnaeus was first to describe and classify the coffee plant in his book Species
Plantarum, published in 1753. The plants that yield coffee beans as their fruit are
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TABLE 2.1

Botanical Classification of Coffee
Kingdom Vegetable
Subkingdom Angiospermae
Class Dicotyledoneae
Subclass Sympetalae
Order Rubiales
Family Rubiaceae
Genus Coffea
Subgenus Eucoffea
Species C. arabica

C. canephora

Source: Adapted from the National Coffee Association website.
Retrieved on March 13, 2006, from http://www.ncausa.org/.

members of the genus Coffea, which is in the Rubiaceae family, a part of the
subkingdom Angiospermae (Table 2.1) (NCAUSA, 2006b). Other members of that
family include the gardenia and plants from which quinine is derived. Coffee plants
are quite varied. They can range in size from small shrubs to 30-foot trees, and their
leaves vary in color from purple to yellow. Because of this variability, botanists have
failed to agree on a precise classification system, but there appear to be at least 25—
perhaps as many as 100—species (NCAUSA, 2006; ICO, 2006b). However, the two
varieties of coffee that its drinkers are most familiar with are Arabica and Canephora
(commonly called Robusta).

The Arabica plant is a descendent of the original Ethiopian coffee trees and is
typically a large bush that can reach a height of 14 to 20 feet. Its fruit, which has a
fine, mild, aromatic taste, represents about 70% of world coffee production (ICO,
2006), and Arabica coffees typically command the highest market prices. The
Arabica plant reaches maturity in 3 to 4 years and then continues to bear fruit for
20 to 30 years. It requires a mild climate, ideally with temperatures between 59 and
75° and rainfall of about 60 inches per year. The best Arabica coffees come from
plants grown at altitudes between 2,000 and 6,000 feet. The ideal altitude within
this range varies with distance from the equator (NCAUSA, 2006b).

The Robusta plant is similar to Arabica in size, shape, and time to maturity, but
produces smaller and rounder beans that contain nearly twice the amount of caffeine
found in Arabica. Robusta plants are cheaper to cultivate because they are heartier,
more disease resistant, and can withstand warmer climates (preferring temperatures
between 75 and 85°). Nonetheless, Arabica is widely preferred over Robusta because
its taste is considered superior (James, 1997).

When they reach maturity, coffee trees of either variety bear fruits commonly
referred to as “cherries” that turn red when they are ready for harvesting. The Arabica
bean usually ripens in about 9 months, and the Robusta needs 10 or 11 months (ICO,
2006). Coffee beans are the seeds of these cherries.
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Harvesting and Processing Coffee

Harvesting of the cherry typically occurs once a year, though the time varies by
region, and equatorial countries can harvest all year round. The cherries can be
harvested by strip picking, in which the entire crop is picked at one time, or by
selective picking, when only the ripest cherries are harvested, leaving others to ripen
and be harvested later. The latter method is very expensive and is used primarily
for the Arabica cherries, where it is more cost effective. Once picked, the cherries
are processed using one of two methods.

The older, simpler, and cheaper method is the more widely used “dry” or
“natural” approach: the cherries are sorted and cleaned, spread out in the sun
to dry, and raked frequently to ensure even drying and to prevent fermentation.
When they are nearly dry, the outer shells turn brown and brittle and the beans
are loosely contained inside. At this point, the cherries are stored in silos, where
they continue to lose moisture. They are then hulled, sorted, graded, and bagged
(ICO, 2000).

The wet method of processing coffee is more expensive than the dry method
because it uses specialized equipment and large amounts of water. It is better suited
for climates that are very rainy or where the humidity is high, preventing successful
use of the dry method. It also protects the integrity of the bean and hence produces
fewer defective beans (ICO, 2006). The main difference from the dry method is that
the pulp is removed from the bean within 24 hours of harvesting instead of allowing the
cherries to dry. The pulping is done by a machine that squeezes the cherries between
fixed and moving surfaces. The beans are then vibrated to separate them and are
washed. Next, they are stored in fermentation tanks and monitored carefully to
prevent them from souring. Finally, the beans are dried in a manner similar to that
used in the dry method.

Regardless of the initial processing method, beans, once dry, must be hulled.
Hulling the wet processed beans means removing a final parchment-like covering
around the bean. For the dry processed beans, the husks, which contain the whole
of the dried coverings, are removed. All the beans are then sorted by density and
size and are graded. The details of the grading system vary from one country to
another. However, most employ variants of a five-grade system. The green-coffee
grading categories of the Specialty Coffee Association of America (SCAA) appear
in Table 2.2. The top grade beans are often designated “strictly hard bean” or
“strictly high grown,” which means the coffee was grown at least 4,000 feet above
sea level.

After grading, the beans are exported, still in their green state, and sent directly
to roasters or initially to warehouses, from which they later go to roasters. Roasting
houses have experts who initially roast a small amount of the coffee, taste samples
of the beans, and rate them for body, acidity, age, defects, aroma, and fullness. The
remaining coffee beans are then roasted, typically at an air temperature that gradually
reaches 550°F. When a bean reaches about 400°, its oil starts to emerge; this process,
called pyrolosis, produces the flavor and aroma of the coffee we drink. Beans can
be roasted anywhere in a range from very light to very dark. A light roast results
in no oil reaching the surface of the bean, yielding a milder coffee, whereas a
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TABLE 2.2
SCAA Green-Coffee Grading Schedules

Grade Description of grade including defects per 300 g of green coffee beans

Grade 1 Specialty grade: No primary defects are allowed and a maximum of three full defects is
allowed. Only 5% of beans may be above or below the specified screen size.

Grade 2 Premium grade: Primary defects are allowed and a maximum of eight full defects is
allowed. Only 5% of beans may be above or below the specified screen size.

Grade 3 ~ Exchange grade: Beans must be free from faults and a maximum of 23 full defects is
allowed. Fifty percent of beans may be above the specified screen size, but only 5% may
be below the specified screen size.

Grade 4 Below standard grade: 24 to 86 full defects.

Grade 5 Off grade: More than 86 full defects.

Source: Adapted from Coffee Research. Retrieved on March 13, 2006, from http://www.coffeeresearch.
org/.

dark-roasted bean will be shiny with oil and very bitter, but less acidic than the
lighter roasts. Regardless of the level of roasting, the end products are the familiar
aromatic brown nuggets sold in coffee shops.

DECAFFEINATION

Contemporary concerns about possible adverse effects of caffeine are by no means
unique to this century. Consumers long ago realized that the widely desired and
sought after alerting effects of the brown bean could get out of hand and cause
uncomfortably high levels of arousal in some instances. It became clear that some
individuals reacted with hyperarousal and anxiety even to fairly small amounts of
caffeine. Moreover, most who consumed very large quantities of the drug experi-
enced these same adverse effects. As a result, early 19th-century scientists searched
for methods of removing the caffeine from coffee. In 1820, Friedrich Ferdinand
Runge, a German chemist, was asked by the poet Goethe to determine why he
was unable to sleep after drinking coffee. Runge soon identified caffeine as the
culprit and developed a crude method of decaffeination. However, this early
approach weakened the structure of the coffee bean and substantially modified the
taste and aroma of the resulting brew, rendering it virtually undrinkable.

Significant advances in decaffeination awaited the 20th century, at which time
Ludwig Roselius brought about the development of a new approach. There are
several versions of the Roselius story, but it appears that he was a coffee importer
from Bremen, Germany, who, in 1903, enticed a team of chemists to help him
develop a better method of decaffeination. Roselius and his colleagues decided to
steam the beans first, causing them to swell and allowing the caffeine to be more
easily removed by the solvent benzene. The benzene containing the caffeine was
then removed from the beans. Roselius called his process “sans caffeine,” later
shortening the term to create his world-famous brand name, Sanka.
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Pretreatment with steam is still used in modern decaffeination procedures, but
many changes in technology and the solvents used have occurred. Currently, three
major decaffeination methods are used; one uses chemical solvents, another super-
critical gases, and a third the so-called Swiss water process:

In the chemical solvent process, the beans are steamed and then boiled under
pressure with a solvent that extracts the caffeine without affecting the coffee
in any other way. The chemicals currently deemed safe for this purpose by
the FDA are methylene chloride, which has the advantage of a lower boiling
point, and ethyl acetate, which is found in many fruits. Some of the solvent
remains in the beans, though the amount can be reduced by using a second
steaming to force it out.

The supercritical gas method requires beans be exposed to supercritical car-
bon dioxide (CO,). The “critical point” of the gas under pressure is the
point at which the gas behaves more like a liquid. As such, the supercritical
CO, acts like a liquid, enters the coffee bean, extracts the caffeine, and
leaves the bean intact.

The Swiss water process method was developed and so named to assuage
fears of the consuming public that the chemicals used in decaffeination
were dangerous, despite FDA approval. Surely, the public would agree that
decaffeination using water must be harmless! In the Swiss water method,
green coffee beans are immersed in hot water, allowing the caffeine to pass
out of the bean and into the water. This extract is next passed through
activated carbon, removing the caffeine. The caffeine-free mixture is then
added back to the partially dried beans.

Any of these methods will remove at least 97% of the caffeine present in natural
coffee beans, resulting in a cup of brewed coffee that contains only about 1.5 mg
of caffeine.

AMOUNT OF CAFFEINE IN COFFEE

The amount of caffeine in coffee beans ranges from 1.01 to 1.42% by weight (Owen,
2006). The variability in percentage is a function of variety of coffee, blend, and
how the coffee beans were roasted (i.e., light or dark roast). Table 2.3 indicates the
amount of caffeine in each of a number of different types of coffee. The highest amount
of caffeine by weight and variety is found in the Tanzania Peaberry bean, with 1.42 g of
caffeine per kilogram of coffee. Using the SCAA recommendation of 10 g of ground
coffee per 6-0z (168-ml) serving (Owen, 2006), Tanzania Peaberry would yield approx-
imately 142 mg of caffeine per serving of coffee. Other highly caffeinated coffees include
Columbia Supremo, Colombia Excelso, and Indian Mysore (each at 1.37%), Kenya AA
(1.36%), and Costa Rica Tarrazu (1.35%). At the other end of the scale are the mild
Mocha Mattari (1.01%) and Zimbabwe (1.10%) coffees. Because different coffee man-
ufacturers use different blends of coffees and roast them differently, brand-to-brand and
even day-to-day variability in caffeine content is the norm. Additionally, the coarseness
of the grind also affects caffeine content of the finished coffee.
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TABLE 2.3
Amount of Caffeine by Coffee Blend
Source of caffeine % Caffeine Source of caffeine % Caffeine
Varietals and straights Blends and dark roasts
Brazil Bourbons 1.20 Colombia Supremo Dark 1.37
Celebes Kalossi 1.22 Espresso Roast 1.32
Colombua Excelso 1.37 French Roast 1.22
Colombia Supremo 1.37 Vienna Roast 1.27
Ethiopian Harrar-Moka 1.13 Mocha—Java 1.17
Guatemala Antigua 1.32

Decaffeinated
Indian Mysore 1.37 All blends (Swiss process) 0.02
Jamaican Blue Mountain 1.24
Java Estate Kuyumas 1.20
Kenya AA 1.36
Kona Extra Prime 1.32
Mexico Pluma Altura 1.17
Mocha Matari (Yemen) 1.01
New Guinea 1.30
Panama Organic 1.34
Sumatra Mandheling-Lintong 1.30
Tanzania Peaberry 1.42
Zimbabwe 1.10

Source: Adapted from Coffee FAQ, 2006a. Retrieved March 13, 2006, from http://
coffeefaq.com/.

Brewing Method and Caffeine Yields

The amount of caffeine in a serving of coffee depends not only on variety and blend,
but also on brewing method. According to Bunker and McWilliams (1979), the
amount of caffeine in a 7-oz serving (196 ml) of coffee by any method ranges from
65 to 175 mg. Thus, the number of milligrams of caffeine per serving of brewed
coffee is not determined entirely by the grams of caffeine per kilogram of coffee
beans discussed earlier. The major brewing methods can be categorized by drip
coffee (which involves water near boiling) versus a number of methods that involve
fully-boiling water versus a number of methods that make use of pressurized water.
The most common of the boiling water methods are press (also called French press),
percolation, and instant coffee. The most common of the pressure methods are
vacuum filtering, espresso, and crema. In Table 2.4, the amount of caffeine found
in a 7-0z serving (196 ml) of coffee is listed by brewing method.

Drip coffee is the most common brewing method in the United States, although
it is used worldwide. The drip method involves flowing water near boiling into
medium-coarse ground coffee. The liquid coffee then drips through a metal, plastic,
or paper filter into a carafe. Compared to paper filters, using metal or plastic filters
results in a larger amount of sediment and essential oils being filtered through to



18 Caffeine and Activation Theory: Effects on Health and Behavior

TABLE 2.4
Amount of Caffeine in 7-0z Serving
(196 ml) Coffee by Brewing Method

Source Range (mg)
Drip 115-175
Espresso? 100
Brewed 80-135
Instant 65-100
Decaf, brewed 3-4
Decaf, instant 2-3

20ne serving of espresso is 1.5 to 2 0z (42 to 56 ml).
Source: Adapted from Bunker, M. L., & McWilliams, M.
(1979). Journal of the American Dietician, 74, 28-32.

the final product (Owen, 2006). Metal filters are usually made of stainless steel,
although gold-plated mesh filters, which are said to leave less of an aftertaste in the
brewed coffee, are available. Drip coffee has between 115 and 175 mg of caffeine
per 7-oz serving (196 ml) (Bunker & McWilliams, 1979).

The boiling methods include the Turkish ibrik, French press, percolator, and
Neapolitan coffee makers. The Turkish ibrik is a brass or copper container. The ibrik
is a brass or copper container that is wide at its base but narrower toward the top.
Water is brought to a boil in the ibrik and then finely ground coffee is placed in the
water, which is again brought to a boil. The French press or plunger method is
popular in Europe and is increasing in popularity in the United States. When coffee
is brewed in a French press, boiling water is poured over coarse-ground coffee in a
covered glass carafe. The grounds are brewed in the water for 2 to 3 minutes and
then pressed to the bottom of the carafe by using a plunger with wire mesh attached.
The resulting cup of coffee is laden with sediment and essential oils (Owen, 2006).
Coffee made this way has between 80 and 135 mg of caffeine per 7-oz serving (196 ml)
(Bunker & McWilliams, 1979).

Percolated coffee, popular in Europe and the United States, is made by boiling
water in the base of the percolator, causing the water to rise up a central tube, spray
over the coffee grounds in a basket, drip back down, without filtration, into the base,
and then recirculate continuously (Owen, 2006). In the Neapolitan method, water
is boiled in the base of the pot, which is flipped upside down, allowing the water
to pass through the coffee grounds in a basket (Sally’s Place, 2006). The average 7-
oz serving (196 ml) contains about 140 mg of caffeine. A less common approach
to making coffee, although popular in Japan, is the vacuum method. A buildup of
steam in a lower bowl forces the water into a funnel, where it mixes with the ground
coffee. This is stirred and allowed to brew for 2 minutes. A vacuum is created and
the coffee mixture is drawn through a filter to get the final product (Owen).

In producing instant coffee, which has between 65 and 100 mg of caffeine
per 7-oz serving (196 ml), the manufacturer first percolates, then dries the coffee.
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The process of percolation dissolves the coffee extractables and causes the complex
carbohydrates to become soluble and partially hydrolyzed. This yields 36% of the
water-soluble extract. The sediment is then discarded and the rest is dehydrated.
This dehydrated extract can be spray- or freeze dried. Spray drying the coffee
involves passing 480°F air over the extract. The solids drop, and the result is
coffee granules with 3% moisture. This method of drying yields a less powerful
flavor and is used with Robusta beans.

In freeze drying, the coffee extract is frozen, causing the soluble coffee solids
to separate out and form slabs, which are then broken for packaging. As a final step,
flavor aroma is added back into the coffee. This can be done by mixing the granules
with aqueous gelatin or gum Arabica, spray drying or coating the granules with oily
droplets of the flavor aroma compounds, and then drying in a lattice (Spiller, 1998).

Espresso coffee, long a mainstay in Europe, has grown increasingly popular in
the United States over the last decade or so. Enterprising Italian manufacturer Luigi
Bezzera invented espresso between 1901 and 1903. He observed that the long coffee
breaks taken by his employees were reducing their productivity and wanted a quick
method of making coffee to shorten the breaks. He found that by using steam
pressure, he could reduce brewing time to 20 seconds—and espresso coffee was
born. Bezzera soon saw the financial potential in his espresso machine and proceeded
to patent it. By 1905, he had sold the patent to Desidoro Pavoni, and the machines
were soon available to the public. The only problem with the Bezzera machine was
that his steam pressure method produced coffee with a slightly burnt taste. That
problem was eliminated in 1938, when Cresemonesi developed a piston pump to
force hot water through the coffee. A bonus feature of the Cresemonesi pump was
the now much desired layer of foam or crema that tops the cup of espresso.

Espresso is made with coffee that is ground very finely, often almost to a powder.
Using a short brewing cycle, very high pressure sends hot (not boiling) water through
the grounds. Once the extraction begins, the entire process lasts about 25 seconds
for a 2-o0z serving (Arabee Coffee, 2006). One serving or “shot” of espresso (1.5 to
2 oz, or 42 to 56 ml) has about 100 mg of caffeine (Bunker & McWilliams, 1979).
Espresso can be consumed as “straight” coffee or in a variety of specialty forms,
such as cappuccino and latte. Table 2.5 presents definitions of the major espresso-
based drinks.

One of the newest forms of coffee, increasingly popular in Europe and the United
States, is crema coffee, which is essentially a weaker version of espresso. Crema is
made using the same pressure method as that used in espresso, but instead of the usual
1.5- to 2.0-0z cup (42 to 56 ml), the machine produces a full-size cup of 6 to 8 oz
(168 to 224 ml) containing the same amount of caffeine as in a regular espresso shot.
A cup of coffee produced by the crema process has the traditional espresso crema on
top—hence, its name. Some of the newer ‘““superautomatic” espresso machines include
separate settings for automatically producing crema coffee. The taste of crema coffee
can be quite different from that of a cup of drip coffee made with the same beans.

As previously mentioned, the method of brewing coffee has an impact on the
amount of caffeine per ounce. Although espresso has less caffeine per serving than
brewed coffee, this is because the serving of espresso is much smaller (2 0z) than a
serving of brewed coffee (7 oz). Using a 7-oz standard for all methods, espresso has
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TABLE 2.5

Contents of Different Espresso-Based Drinks

Caffe latte Single shot of espresso with steamed milk in a 3:1 milk-to-coffee ratio

Caf€ au lait Not an espresso drink, but similar to caffe latte; brewed coffee (instead of
espresso) with steamed milk in a 1:1 milk-to-coffee ratio; sugar often added
for flavor

Cappuccino Equal parts espresso (usually one shot), steamed milk, and frothed milk

Americano Single shot of espresso in a coffee cup; 6 to 8 oz of hot water then added
to fill the cup

Hammerhead Single shot of espresso in a coffee cup; 6 to 8 oz of drip coffee then added
to fill the cup

Mocha Cappuccino or caffe latte with chocolate syrup added

Espresso con panna Single shot of espresso with whipped cream on top

Double shot Any of the above espresso drinks with two shots of espresso instead of a
single shot

Ristretto Any of the above espresso drinks, but with restricted amount of water
allowed to come through the grounds, yielding a 0.75-0z shot

Lungo Any of the above espresso drinks, but with longer “pull” and twice as much

water coming through the grounds, yielding a 2- to 3-oz shot

Source: Adapted from Coffee FAQ, 2006a. Retrieved March 13, 2006, from http://coffeefaq.com/.

by far the most caffeine. There is between 350 and 475 mg of caffeine in 7 oz of
espresso, compared to 115 to 175 mg in drip coffee. The variability within each
method is due to individual differences in the ratio of coffee grounds to water while
brewing, the type of coffee bean used, and the roast of the bean.

Total world coffee production for 2005 and 2006 is forecast at 113.2 million bags,
down 7% from the 2004-2005 growing season (USDA, 2006). The production forecast
for major coffee-producing countries for the 2005-2006 coffee growing season is given
in Table 2.6. Production of Arabica coffee in 2004 and 2005 amounted to 58.97 million
bags, an increase of 2.34%, compared with 57.62 million bags in 2003 and 2004.
Robusta production amounted to 29.98 million bags, a decrease of 3.64%, compared
with 31.11 million bags recorded in 2003 and 2004 (ICO, 2006).

In terms of coffee consumption, in the United States, Germany, and Japan, the
younger populations have shown an overall decrease in coffee consumption. It is
possible that this decrease can be attributed to the advertising tactics of soft-drink
makers, whose consumption rates increased by 13.7% in the United States in the
1990s. Conversely, among older populations, coffee consumption is stable or increas-
ing in West Germany and the United States.

This trend is not evident in Japan, whose older population remains loyal to the
Japanese habit of tea drinking. According to Garattini (1993), a Japanese survey
showed that Japanese who drank more coffee were less traditional than those who
drank less: those who drank less coffee were more likely to have breakfast with their
families and to consume more rice; those who drank more coffee were more likely
to skip breakfast, eat breakfast alone, or eat a breakfast with higher bread content
(i.e., to have more Westernized “bad” habits). This survey also showed that those
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TABLE 2.6

Coffee Production Forecast for the 2005-2006 Coffee-Growing Season
Arabica production Robusta production

Country (millions of bags) (millions of bags)

Brazil 26.00 10.10

Colombia 11.55 0

Vietnam 0.33 12.00

Indonesia 0.75 6.00

Mexico 4.05 0.15

India 1.75 2.88

Cote d’Ivoire 0 2.50

Guatemala 3.65 0.03

Honduras 2.99 0

Costa Rica 2.00 0

Ecuador 0.55 0.40

Venezuela 0.82 0

United States 0.17 0

Source: Adapted from USDA Foreign Agricultural Service. Retrieved March 13, 2006, from
http://www.fas.usda.gov/.

with a higher stress level, more urban lifestyle, and preference for gourmet foods
consumed more coffee than those with a more traditional lifestyle. It can be con-
cluded from these observations that those who drink more coffee in Japan are
evidently marked as having been more Westernized (Garattini).

SpeciALTY COFFEES

Specialty coffees include everything from espresso-based beverages to frozen coffee
mixtures. Consumers are having a field day with these specialty coffees, as reflected
in the seemingly exponential increase in coffee bars across the United States and
the fact that U.S. sales of regular coffees have slightly decreased over the past few
years, while gourmet coffee sales have consistently increased at a rate of about 20%
a year. In 1989, gourmet coffee sales were at $1.5 billion. By 2000, they reached
$5 billion. It should be noted, however, that specialty coffees are not expected to
replace their commercial counterparts, but rather to complement them.

TEA: A DECOROUS DRINK

The second most common worldwide source of caffeine is tea. Like coffee, it is
consumed on a daily basis by millions of people. In some countries, like England,
it is virtually a way of life, with “tea time” defining the day for many drinkers. In
others, it is less central and symbolic, but is nevertheless consumed regularly by
much of the populace. Recent evidence suggests, in fact, that tea is rapidly increasing
in popularity in the United States (Lee & Levine, 2000).
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The word “tea” appears to be a derivative of an early Chinese term for the drink.
In most of China, where tea likely originated, and in Japan, the word for tea is “cha,”
but in Fujian Province it is “te,” which is pronounced “tay.” It was in Fujian that
the Dutch—first world marketers of tea—did most of their early business. The drink
later entered England pronounced as “tay,” but the pronunciation was still later
changed to “tee.” It is still pronounced “tay” in Scotland and Ireland.

A Brier History of TeA

As with coffee, the history of tea is more a matter of legend than of fact. Although some
accounts date the origin of tea to at least the 10th century, B.c., the most widely subscribed
accounts place it somewhat later in time. The tea plant is native to China and India and
thus there are two dominant legends concerning the discovery of this source of caffeine,
both noting the arousing effects of the drug in the drink. The Chinese version attributes
the discovery of tea to the Second Emperor Shen Nung, who reigned from 2737 to 2697
B.C. Apparently, for health reasons, he insisted that all water be boiled before drinking.
Legend has it that on one occasion some tea leaves fell in water that the emperor was
boiling. He found the aroma so pleasing that he drank the tea, experiencing its pleasant
taste and the arousing effects of the caffeine (In Pursuit of Tea, 2006).

The second legend is of Buddhist origin and attributes tea to the Bodhisattva
Bodhidharma, the founder of Zen Buddhism. To prove his faith, Bodhidharma swore
to travel to China without sleep. However, after several days of travel, his eyelids
closed and he fell into a deep sleep. When he awoke, he was so angry that his vow
was broken by his disobedient eyelids that he threw them to the ground. They quickly
disappeared into the soil, from which there soon arose a tea bush. Upon chewing
the leaves of the bush, he felt a surge of energy (In Pursuit of Tea, 2006).

Whether tea originated in China or India, it certainly became a staple in both
cultures. In China, it was soon the most popular national drink, eventually becoming
a part of the economy. Its economic value was recognized in the eighth century,
when a guide to producing tea, the Ch’a Ching (Classic of Tea), was published in
780 A.p. by the poet Lu Yu (In Pursuit of Tea, 2006). It detailed the process of
growing, manufacturing, brewing, and consuming tea; commercial production soon
led to even more widespread use. In India, tea became a central feature of the
Buddhist faith. A tea master prepared the brew for the faithful, who gathered in a
small, bare room and consumed it as part of the ritualistic, symbolic, Buddhist tea
ceremony. The pleasant, arousing effects of the large quantities of caffeine that could
be consumed in these ceremonies may well have had much to do with the popularity
of tea as a part of fervent religious ceremony.

Despite its widespread popularity in Asia, it was not until the 16th century that
tea reached Europe. The first European to write about his contact with tea was Father
Jasper da Cruz. Da Cruz was the first Portuguese Jesuit to be a missionary in China,
and he wrote about tea upon his return home to Portugal in 1560. Tea would not be
mentioned in English until 1597, when the Dutch navigator Jan Hugo van
Lin—Schooten’s writings about the chaa drink were translated into English (Gepts,
2002; Stashtea, 2006). Subsequently, Portugal became the first European nation to
import tea. Between 1652 and 1654, tea reached England, a country that reveres its
aroma, flavor, and pleasant alerting effect to this day.
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By 1664, the East India Company, founded by Queen Elizabeth to import spices,
cloth, and other products from the East, was also bringing tea in quantity to British
shores, and its popularity and economic success grew rapidly. Although the East
India Company held exclusive trade rights with the Orient for nearly the next two
centuries, so valuable was the drink that a tea “underground” provided considerable
amounts illegally, frequently offering it at a lower price and contributing to its
widespread consumption. By 1699, tea had spread like wildfire throughout Holland
and France, and 40,000 pounds were imported each year. By 1708, that figure had
grown to 240,000 pounds per year (Stashtea, 2006).

Tea would shortly come to play an important role in the newly founded United
States, as well. In fact, it came to America in 1650, even before it reached England,
when Peter Stuyvesant brought it to the Dutch colony known as New Amsterdam (now
New York). Once tea did become popular in England, the British could hardly be
expected to travel abroad without their precious drink and, as a result, tea made a
second entrée to the United States with the British colonists. By the beginning of the
18th century, it was available in major American cities, but primarily through trade
with England. As the British raised tariffs higher and higher, the colonists grew angrier
and angrier, and action against the British became inevitable. On December 16, 1773,
the infuriated colonists, dressed as Indians, went to Griffin’s Wharf and dumped several
hundred pounds of tea from docked British ships into Boston Harbor. This famous
Boston Tea Party marked the beginning of the end for British rule in America. The
Declaration of Independence and the Revolutionary War soon followed and, since then,
coffee has always been more popular in America than tea (Stashtea, 2006).

The late 19th and early 20th centuries saw further developments in the world
of tea. Perhaps most notable were the coming of Lipton Tea, iced tea, tea bags, and
herbal teas. In 1890, Sir Thomas Lipton, who had already helped to popularize tea
in England, brought his business acumen to the United States. Purchasing tea estates
in Ceylon (now Sri Lanka), Lipton shipped large quantities of tea to America,
advertised his wares widely, and soon became the prime mover in bringing tea to
the U.S. masses (Every, 2001). Iced tea was invented by tea peddler Richard
Blechynden on a hot summer day at the World’s Fair in St. Louis in 1904 and soon
became a warm-weather staple among tea lovers.

Tea bags came a few years later, in 1908, when Thomas Sullivan developed
them and tea drinkers learned that steeping them in hot water was a quick and
convenient way to make tea (Every, 2001). Herbal teas came still later, with a claim
to being healthier because many of them had no caffeine and, indeed, no tea leaves.
In fact, “herbal tea” is a misnomer because these “teas” consist of spices, berries,
seeds, flowers, and the leaves and roots of a variety of plants, but typically do not
include products of the tea bush.

Tea-PrRoDUCING COUNTRIES

Although tea is now consumed in most parts of the world, it is still grown and
processed primarily in the East. In 2003, world tea production reached 3.15 million
tons, a 75,000-ton increase over 2002 (FAO, 2006b). The leading tea-producing
countries include India, China, Sri Lanka, and Kenya. Tea production in these
countries is summarized in Table 2.7.
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TABLE 2.7
Major Tea-Producing Countries

Country 2004 Tea production % Change from 2003 % World production

India 857,000 -34 27.4
China 791,000 24 24.6
Sri Lanka N/A N/A 9.75
Kenya N/A N/A 9.4

Note: N/A = data not available.

Source: Adapted from FAO (2006b). RetrieveOd March 13, 2006, from http://www.fao.org/
newsroom/en/ news/2004/51815/.

Nomenclature

By the time the nomenclaturist Linnaeus published his Species Plantarum (1753), tea
had, of course, already been grown and consumed for centuries, and he was aware of
the availability of green and black teas. Accordingly, he identified two separate species
of plants that yield tea: Thea viridis (green) and Thea bohea (black). That inaccurate
classification held until the early 19th century, when it was determined that these two
plants were, in fact, one and the same. The species of the tea plant is Camellia sinensis.
It is in the family Theaceae of order Theales (Table 2.8). Interestingly enough, over
2000 varieties of tea are derived from this one plant species. The differences are a
function of the way in which the tea leaves are processed.

Processing and Varieties of Tea

Tea has more naturally occurring caffeine than does coffee. However, the brewing
process typically dilutes tea more than coffee, resulting in one quarter to one third
less caffeine per cup (Barone & Roberts, 1984). The processing of all teas begins
with the Camellia sinensis plant. Only the top two leaves and the unopened leaf bud

TABLE 2.8

Botanical Classification of Tea

Kingdom Plantae
Division Magnoliophyta
Class Magnoliopsida
Order Ericales
Family Theaceae
Genus Camellia
Species sinensis

Source: Adapted from Wikipedia. Retrieved March 13,
2006, from http://www.wikipedia.org/.
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from the plant are used. There are four principal methods for processing the plant,
and they result in the major types of tea that are the most widely consumed. These
are white, green (or unfermented), oolong (or semifermented), and black (or fer-
mented) tea.

White tea is derived by the simplest of the four processing methods and, in some
classification schemes, is grouped with green tea. Only the youngest leaves are
picked for white tea, and these leaves still contain short white “hair.” The leaves are
simply steamed and dried, and their appearance is relatively unaltered (AATea.com,
2001). Brewing then produces a pale yellow cup of tea with a fresh flavor. Examples
of white teas are Imperial Silver Needles, Drum Mountain White Cloud, Pai Mu
Tan, and Poobong White Tea Darjeeling. Table 2.9 lists some examples of the major
types of tea along with flavor descriptions of each.

Tea leaves for the production of green tea are handled with special care because
preservation of the healthy, natural, active substances in the fresh leaves is essential
for the tea to be at its best (see chapter 14 in this volume for a review of the scientific
literature on the potential benefits of tea). After picking, the leaves are set out in hot
air to wither and then usually pan fried to prevent oxidation or fermentation. Otherwise,
this chemical process produces polyphenic bodies, which lead to color and flavor
changes in the tea. The more oxidation that takes place, the darker and more pungent
the tea is. Once fried, the leaves are rolled, giving them a twisted, curly, or balled
appearance and increasing their durability. This process also helps regulate release
of natural substances during steeping.

The leaves are next dried, using a process called firing, in which the leaves are
placed in a heat-controlled environment. The most common approach is to move
the tea on a conveyor through a rotating drum. The drum is heated by fire to a
temperature that is constantly controlled to ensure even firing of the leaves. The goal
is to reduce the moisture in the leaves to about 4%. In addition, some sugars are
caramelized in the process and the polyphenols undergo epimerization. Firing sta-
bilizes the fragrance and flavor of the tea. The resulting green colored leaves yield
a cup of tea high in nutrients and minerals that is the subject of many medical
studies. Examples of green teas are Genmaicha, Gyokuro, and Bancha (Table 2.9).

During production of oolong tea, the leaves are allowed to mature longer before
picking, which results in fuller body. Upon picking, the leaves are withered, much
as they are in green tea. However, after withering, their edges are bruised by shaking.
Bruising mixes the cellular constituents and starts the oxidation process. Bruising
is typically repeated several times, and the leaves are then spread out to dry. The
next step is oxidation, which continues until 20 to 60% of the tea leaf is fermented,
depending on the variety of oolong. Although avoided in creating green teas, this
process is essential in oolong and black teas because it yields the heartier, richer
flavors characteristic of these varieties. Fermentation is finally stopped by pan firing
and the leaves are ready for export. Oolong teas include Tie Guan Yin (Mainland
China) and Formosa Oolong (Taiwan).

Unlike other teas, black tea is completely fermented, giving the leaves their
characteristic color as well as a strong, rich flavor. The first treatment of the leaves
for black tea is again withering, followed by rolling. Then the leaves are piled up
in cool, humid rooms to ferment. After full fermentation, the leaves are fired to
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TABLE 2.9
Descriptions of Varieties of Tea by Type
Variety Origin Description
White
Flowery Pekoe China Slightly sweet, creamy
Mutan China Delicate, light with no astringency
White Peony China Delicate, sweet flavor
Silver Needles China Slightly sweet, nutty overtones
Yunnan Snow Tea China Delicate, sweet flavor
Green
Dragon’s Well China Subtle, chestnut flavor
Brown Rice Tea Japan Nutty, toasty flavor
Pearl Tea China Pungent, astringent, may be nutty
Jewel Dew Japan Mild, fresh
Mao Feng China Mellow, slightly sweet
Macha Japan Bitter
Pi Lo Chun China Peach, plum, apricot
Oolong
Formosa Taiwan Flowery, delicate
Pu-her China Earthy
Tue Guan Yin Taiwan and China Rich, floral
Wu Lung China Flowery, delicate
Black
Assam Assam, India Hearty, robust, malty
Ceylon Sri Lanka Flowery, sweet, very delicate
Darjeeling Darjeeling, India Pungent, astringent
Kalgar India Similar to Assam, but lighter
Keemun China Sweet, full bodied, mellow
Keemun Hao Ya China Fruity, sweet flavor, orchid aroma
Lapsang Taiwan Flavored with pine root smoke
Nilgiri Nilgiri, India Mild, fresh, full bodied
Sikkim Sikkim, India Malty but light and delicate
Yunnan China Strong and somewhat peppery

Source: Adapted from CNN Food. Retrieved March 13, 2006, from http://www.cnn.com/ HEALTH/
indepth.food/beverages/tea/.

stop the process, and the juices that are the product of fermentation dry on the
surfaces of the leaves and remain until steeping. The processed leaves have budding
tips called pekoe from the Chinese Pak-Ho, meaning hair, probably a reference
to the white “down” that appears on the budding leaves. The tea is thus often
referred to as orange pekoe, though the origin of the term “orange” is unclear.
The black teas are exemplified by Sonarie Assam (India) and Newara Eliya Ceylon
(Sri Lanka).
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Tea-Leaf Grading

The grading of the tea leaf differs by country and by processing method. By way
of example, black teas are usually divided into four categories: whole leaf, broken
leaf, fannings, and dust. The tea is then graded within each category. For the whole-
leaf category, the four grades of tea are flowery orange pekoe (FOP), derived from
the very ends or tips of the young leaf buds; orange pekoe (OP), harvested when
the terminal buds open into leaf; pekoe (P), which uses shorter, coarser leaves; and
souchong (S), derived from large leaves often rolled lengthwise. The other types of
tea are also graded, using somewhat less complex schemes.

AMOUNT OF CAFFEINE BY VARIETY, FORM, AND BREw

The varied processing that produces the several varieties of tea also results in
somewhat different levels of caffeine. In particular, different processing methods
remove varied percentages of caffeine from the tea leaves. Table 2.10 indicates the
differences in the amount of caffeine in a serving of tea by variety. Fermenting
results in the highest final level of caffeine content; hence, black tea, which is fully

TABLE 2.10
Amount of Caffeine in 5-0z Serving of Tea (140 ml) by Variety and
Brewing Time

Brew time Range (mg) Mean (mg)
Black, bagged

Brewed 1 minute 21-33 28
Brewed 3 minutes 35-46 N/A
Brewed 5 minutes 39-50 46

Green, bagged

Brewed 1 minute 9-19 14
Brewed 3 minutes 20-33 27
Brewed 5 minutes 26-36 31

Darjeeling, loose

Brewed 1 minute N/A 19
Brewed 3 minutes N/A 25
Brewed 5 minutes N/A 28

Japanese panfried, loose

Brewed 1 minute N/A 14
Brewed 3 minutes N/A 20
Brewed 5 minutes N/A 21
Most herbal and mint teas N/A 0

Note: N/A = data not available.

Source: Adapted from Bunker & McWilliams (1979).
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TABLE 2.11
Amount of Caffeine in a 12-0z Serving of
Tea by Brand and Variety

Brand Caffeine (mg)
Lipton, brisk 9
Mistic 18
Nestea sweetened 26
Nestea unsweetened 26
Snapple sweet tea 12
Snapple flavored teas 315

Source: Adapted from NSDA. Retrieved March 13,
2006, from http://www.ameribev.org/.

fermented, has the highest caffeine content of all teas. Conversely, green and white
teas are not fermented, and they contain lower levels of caffeine. The size of the tea
leaves also has an effect on the amount of caffeine per cup; smaller leaves result in
higher caffeine content.

Another factor is the method of brewing. Tea that is broken up and placed in
tea bags has a higher caffeine yield than tea brewed directly from whole leaves
through a filter (The Tea House, 2006). Finally, brewing time has a slight effect
on caffeine content. In particular, when tea is brewed for over 3 minutes—some
experts recommend 3 to 5 minutes for black tea—caffeine yield increases slightly
(Lipton Tea Company, 2006). Table 2.11 presents caffeine data for various brands
of tea.

Tea ProbucTIiON TRENDS

Asia produces the most tea each year, with Indian and Chinese yields constituting
over 80% of the worldwide crop (Spiller, 1998). Interestingly enough, much of the
product is consumed domestically, in contrast to coffee production and consumption
per country. Table 2.12 shows the tea production trends for major producing coun-
tries. The year 1971 is included to show the substantial (30%) increase in tea
production over time. The increase over the first half of the 1990s, by contrast, was
only 4%. The rate of increase for China and India slowed considerably (Spiller,
1998). Despite the reduced rate of increase in the aforementioned countries, world
tea production is still on the rise (Table 2.12).

Tea CoNsSuMPTION TRENDS

After water and coffee, tea is the most widely consumed beverage in the world;
approximately 1.9 trillion cups are consumed each year worldwide (Rasmussen &
Rhinehart, 1998).
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TABLE 2.12
Tea Production Trends

World production

Year (millions of metric tons)
1971 1.09
1994 2.49
1995 2.50
1996 N/A
1997 2.72
1998 2.19
1999 2.85
2000 2.96
2001 3.03
2002 N/A
2003 N/A
2004 3.20

Note: N/A = data not available.

Sources: Community Integrated Pest Management (http://www.communityipm.
org/); European Fair Trade Association (http://www.eftafairtrade.org/); FAO
(http://www. fao.org/); Hawaiian Agricultural Products (http://hawaiianagricul-
turalproducts.com/); NewCROP (http://www.hort.purdue.edu/newcrop/default.
html/); Tea and Coffee (http://www.teaandcoffee.net/).

CAFFEINATED HoLLy TEAS OF THE AMERICAS

Far less commonly consumed and less known to consumers than Asian tea, several holly
teas indigenous to the Americas are sources of caffeine. Although these drinks are caf-
feinated teas, they are not nearly as popular or as widespread as Asian teas made from
Camellia sinensis. Of the 25 identified holly plants of the Ilex genus, only three are known
to contain caffeine: Ilex guayasa, Ilex paraguariensis, and Illex vomitoria (Hu, 1979).

Excavation of Bolivian burial sites has found tea-producing paraphernalia along-
side the leaves of Ilex guayusa, a caffeine-containing holly plant, suggesting that
caffeinated holly teas were brewed as early as 500 a.p. in the Western hemisphere.
llex guayasa is not known to be in use at the present time. However, the leaves of
llex paraguariensis, a similar holly plant native to Paraguay, Uruguay, Argentina,
Chile, and southern Brazil, is still consumed as mate (Hudson, 1979).

Cassina, also known as “black drink,” is made from twigs and leaves of Yaupon
holly (Zlex vomitoria), an ornamental shrub indigenous to the southeastern United States,
from Virginia to Florida, along the Atlantic coast, and west to Texas along the Gulf
coast. Cassina was discovered by Native Americans (perhaps the Timuacan tribe) and
is produced by parching twigs and leaves of the Yaupon holly, then boiling them to
produce a potent, dark drink nearly black in appearance. As its scientific name suggests,
the emetic properties of the Yaupon holly were touted by Native Americans. However, to
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induce vomiting, the leaves must be eaten raw. Made into tea, Cassina does not induce
vomiting and is said to taste like a bitter variant of black or oolong tea. It became briefly
popular in Europe following its introduction to Europe in the 16th and 17th centuries
by Spanish colonizers. However, it eventually lost out to coffee and Asian tea in Europe
and America (Hu, 1979). In fact, the relative obscurity of caffeinated holly teas is
reflected in the lack of extant literature on them in over two decades.

SOFT DRINKS: AN INCREASING SOURCE
OF CAFFEINE

In addition to coffee and tea, caffeine is found in many soft drinks, which are also
a major source of the drug. This is particularly true for children and adolescents,
who often consume large quantities of soft drinks virtually every day.

A BRrier HisTory OF SOFT DRINKS

It could perhaps be argued that Hippocrates planted the first seeds of the soft-drink
industry when he wrote that mineral waters might bring health benefits. However,
he and other ancient Greeks and Romans used them, instead, for relaxation and
bathing. Indeed, it was centuries later that the term “soda water” was coined in 1798.
The first patent for imitation mineral waters was issued in 1810, and they came to
be considered the “health drinks” of the 19th century. By the 1830s, pharmacists
were experimenting with adding such ingredients as barks and flowers to enhance
these perceived benefits, and the result was the first series of flavored sodas, including
root beer, lemon, and ginger ale. Root beer was first produced for wide public sale,
primarily in soda fountains, in 1876 and cola in 1881. In 1885, Charles Aderton
introduced Dr. Pepper; in 1886, John Pemberton invented Coca-Cola,™ and, in
1898, Caleb Bradham formulated Pepsi-Cola.™ By the early 1920s, soft drinks were
sold in six-packs for home consumption and in automatic vending machines.

SorT-DRINK PRODUCTION

From 1970 to 1997, production of regular, sweetened soft drinks in the United States
increased from 22.2 to 41.4 gallons per person per year, and the production of diet
soft drinks increased from 2.1 to 11.6 gallons per person per year. These amounts
mean that the annual per capita supply of 12-ounce soft drinks in the United States
is equivalent to 442 regular and 124 diet drinks: a cumulative total of 566 cans of
soft drinks per person each year (Nestle, 2000). Converted to gallons, the average
American’s 566-can soft-drink consumption totals 53 gallons per year, supporting
a $60 billion industry that uses 12 billion gallons of water and employs 183,000
people nationally, most of them in the 500 bottling plants that dot the country, each
producing 2000 soft drinks per minute (NSDA, 2006).

Contents

Regular soft drinks contain 90% and diet sodas 99% water. Carbon dioxide is
dissolved in the water to enhance the flavor of the soft drink and provide its
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characteristic “bubbly” quality. It is typically the last ingredient added to soft drinks
during manufacture. The term “soda” derives from the fact that carbon dioxide was
originally made from sodium salts. The flavor of soft drink comes from formulas
carefully guarded by the major manufacturers that consist of mixtures of natural oils
and extracts, spices, herbs, and artificial flavorings. Food color is added to provide
the desired hue, and acidulants, such as citric and phosphoric acid, are added to
preserve the soda and give it a tart quality.

Sweeteners for regular soft drinks include sucrose and high-fructose corn syrup
and make up 7 to 14% of soft-drink ingredients other than water. The principal
sweeteners in diet sodas are aspartame (sold under the brand name NutriSweet) and
sucralose (Splenda). The former has been in use since 1983 and is added at the rate
of 15 mg per ounce. Sucralose was approved in 1998 and is 600 times sweeter than
sugar. Other sweeteners include Acesulfame K (Sunnett), which is 200 times sweeter
than sugar, and saccharin, which is 300 times sweeter. More sweeteners are currently
in safety evaluation trials, including alitame, which is actually 2,000 times as sweet
as sugar (NSDA, 2006). A final ingredient—our principal interest here—is caffeine.
Caffeine is used in soft drinks because its bitter taste quality may actually enhance
other flavors, but primarily because it provides the arousing effects that many
drinkers desire. In fact, the manufacturers of Coca-Cola recognized the sales value
of this quality even when Coke was in its infancy. At that time, however, the arousal
agent in Coke was not caffeine but cocaine!

Caffeine Content

Use of Cola acuminata, the cola nut, during the manufacturing of soft drinks is partially
responsible for the presence of natural caffeine in the final product. However, 95% of
the caffeine in most soft drinks is added (Institute of Food Technologists’ Expert Panel
on Food Safety and Nutrition, 1983). Ounce for ounce, soft drinks are considerably
lower in caffeine content than coffee or tea. This is, in part, because U.S. regulations
restrict caffeine content of sodas to a maximum of 6 mg/ounce or 72 mg per 12-oz
beverage. The two major colas, Coca-Cola and Pepsi-Cola, are among the lowest in
caffeine content, with 45.6 and 37.2 mg/12 oz, respectively.

Among soft drinks sold in the United States, Jolt pushes the federal limit with
71.2 mg and Royal Crown’s RC Edge is a close second with 70.2 mg. Mountain
Dew (55 mg) and Surge (54 mg) are among those in a middle group. However, a
caffeine-free version of Mountain Dew is now available. A number of soft drinks,
including Coke and Pepsi and their diet versions, also have caffeine-free forms.
Indeed, the advent of the caffeine-free soft drinks originated with increasing public
concern over the health effects of caffeine. Table 2.13 shows the amount of caffeine
found in common soft drinks.

ENERGY DRINKS: THE NEWEST TREND

Energy drinks are the most recent addition to the major sources of caffeine consumed.
Typically, energy drinks are similar to traditional soft drinks, with three exceptions:
they generally taste less sweet than soft drinks, generally have less carbonation than
soft drinks, and often contain other stimulant drugs in addition to caffeine.
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TABLE 2.13

Amount of Caffeine in 12 0z (333 ml) of Common Soft Drinks
Source Caffeine (mg) Source Caffeine (mg)
Barg’s 22 Ruby Red Squirt 39
Diet Barq’s 0 Sun Drop 63
Cherry Coca-Cola 34 Diet Sun Drop 69
Coca-Cola Classic 34 Sunkist Orange Soda 41
Diet Coke 45 Tahitian Treat <1
Diet Coke with Splenda 34 Mountain Dew 55
Coca-Cola Zero 34 Diet Mountain Dew 55
Coca-Cola C2 34 Pepsi-Cola 37
Mello Yello 51 Diet Pepsi-Cola 36
Diet Mr. Pibb 40 Pepsi One 55
TAB 47 Wild Cherry Pepsi 38
Vanilla Coke 34 Diet Wild Cherry Pepsi 36
Diet Vanilla Coke 45 AMP Energy Drink (8 0z) 75
Vault 70 Royal Crown Cola 43.2
A&W Creme Soda 29

Diet A&W Créme Soda 22

Dr. Pepper 41

Diet Dr. Pepper 41

IBC Cherry Cola 23

Source: Adapted from NSDA. Retrieved March 13, 2006, from http://www.ameribev.org/.

HisToRry

Although the consumption of energy drinks has only recently become widespread, such
drinks have a lengthy history, originating in the United Kingdom when the pharmaceu-
tical giant Beecham (later of SmithKlineBeecham and eventually GlaxoSmithKline)
first sold their Lucozade energy drink in 1938. Although the per capita consumption of
energy drinks has been increasing, it is still low in the U.K. when compared with coffee
and tea. The Japanese energy-drink market leader, Lipovitan, has been around since
1962 and currently has sales of 2 million bottles a day (Pharmiweb.com, 2006).

The overwhelming popularity of energy drinks in Japan and other Southeast
Asian countries prompted Austrian businessman Dietrich Mateschitz to formulate
and launch his Red Bull drink in Austria in 1987. Currently, Austria has one of the
highest per-capita rates of energy-drink consumption, averaging approximately 3 L
per capita annually. Red Bull was introduced into the United States in 1997, and
approximately 300 drinks are available on shelves today (Corazza, 2006). With about
80 mg of caffeine in an 8-oz can, Red Bull was the first energy drink to see
widespread consumption in Europe and North America.

In 1984, as an international marketing director for a German household-products
company called Blendax (which was later bought by the American giant Proctor &
Gamble), Mateschitz traveled to Thailand, where he met a Blendax licensee named
Chaleo Yoovidhya. Yoovidhya sold a tonic drink, which he called Krating Daeng
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(“red water buffalo”), in his Thai pharmacies. Realizing the potential for this drink
in Western markets, Mateschitz developed a partnership with Yoodihvya and, for the
next 3 years, Mateschitz worked with the drink formula and developed a marketing
strategy. Finally, in 1987 Red Bull was released in the Western market. For Western
marketing purposes, Mateschitz decided to add carbonation and package Red Bull
in a slim blue-and-silver can (Dolan, 2006).

ProbucTION TRENDS

Following the drink’s approval, Red Bull began to show up in retail outlets and bars
across Austria. It soon spread to Hungary and the United Kingdom and, in 1994,
entered the German market, where the drink became so popular that the company
could not meet the demand of nearly 1 million cans a day. Sales doubled to 2 million
cans the second year and doubled again to 4 million cans in 1996, its third year on
the German market (Dolan, 2006). In some countries, Red Bull dominates with an
80% market share. Currently, it commands a 47% share of the U.S. energy-drink
market, with sales growing annually at 40%. In 2005, 700 million cans of Red Bull
were sold in the United States, and projected sales in 2006 were 1 billion cans
(Dolan).

The energy-drink industry is not dominated by large companies, as seen in the
soft-drink industry (and as will be seen later, the chocolate-candy industry), but
instead is characterized by stiff competition among an increasing number of smaller
companies, all catering to a very select consumer base. However, this has not stopped
the major soft-drink companies, Pepsi and Coca-Cola, from attempting to enter the
energy-drink industry. Pepsi produces SoBE Adrenaline Rush and AMP Energy
Drink (a reformulation of Mountain Dew in energy-drink form). Coke produces a
similar energy drink called Full Throttle. Sports bars have also recently started
carrying Budweiser’s BAE (Bud Energy), an energy-drink beer. As the major soft-
drink manufacturers increase their production of energy drinks, it will be interesting
to note whether the FDA decides to regulate energy-drink caffeine levels as it does
those for soft drinks.

As a whole, the energy-drink industry caters to a younger market. The primary
target for the majority of energy-drink companies is male teenagers and people in
their 20s. Many energy-drink companies are also directing their products at very
specific groups of consumers, such as extreme-sports enthusiasts, video-game play-
ers, and hip-hop fans. Advertising for most of these energy drinks has been limited
to television ads. However, a number of energy-drink manufacturers also sponsor
extreme events and publicity stunts to promote awareness of their product to the
desired consumer group; other energy-drink companies rely on celebrity endorse-
ments (Fact Expert, 2000).

CONTENTS AND CONCERNS

The caffeine levels in energy drinks range from 30 mg/250 ml to 150 mg/250 ml,
depending on the brand. Red Bull, with 80 mg of caffeine, has more than double
the dose found in the larger Coke serving (Dolan, 2006). This high caffeine content
of some energy drinks relative to other foods and beverages containing caffeine is
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of concern. Due to the high caffeine levels of energy drinks, some authorities
recommend that young children, people with heart disease, pregnant women (espe-
cially during the first 3 months of pregnancy), and those who are sensitive to caffeine
avoid them.

What makes these energy drinks different from other sources of caffeine, such
as soft drinks, tea, or coffee, is the content of stimulating herbal ingredients, such
as taurine, guarana, and glucoronalactone. Some medical professionals believe that
glucoranalactone is structurally similar to the popular club drug GHB (gamo hydroxy
butyrate), a chemical solvent and dietary supplement popular for its relaxing and
euphoric properties (Moffett, 2006). According to Project GHB, a Website dedicated
to spreading awareness about the dangers of this drug, GHB overdoses have sur-
passed Ecstasy overdoses. Red Bull has 600 mg of glucoronalactone in one can; by
comparison, a liter of wine has only 20 mg. Taurine is an amino acid found in the
heart, brain, muscles, blood cells, and retina, and most energy drinks have 1000 mg
of taurine per can; a typical diet rich in meat provides at most 40 to 400 mg of
taurine a day. What concerns medical experts most about energy drinks is the
combination of high caffeine levels and these unresearched herbal ingredients (Moffett).

Red Bull has been linked to deaths in Ireland, Australia, and Sweden. Of the
three deaths documented in Sweden, one individual had consumed Red Bull shortly
after exercising and the other two mixed alcohol with Red Bull. The multiple-
stimulant cocktail found in energy drinks may raise heart rate and blood pressure
more so than caffeine alone and may cause abnormal heart rthythms and stroke in
older persons, resulting in death (Corazza, 2006). Important for future empirical
research will be the derivation of a formula to measure the total stimulant load of
the combination of caffeine and these herbal ingredients, perhaps derived from their
overall effect on the reticular activating system. According to a 2004 Higher Edu-
cation Center Study (Kapner, 2004), the stimulating effect of energy drinks mixed
with alcohol can deceive people into believing that they are less intoxicated than
they actually are, leading to the possibility of overconsumption, alcohol poisoning,
or driving under the influence of alcohol.

Two other common ingredients of energy drinks also have raised concerns. Many
energy drinks are sweetened with high-fructose corn syrup, which has been linked
to increases in obesity and diabetes. They also contain citric acid, which can lead
to tooth decay and heightened sensitivity. A study by the Academy of General
Dentistry (AGD) found that energy drinks are more damaging to dental enamel than
colas because they contain higher levels of citric acid (AGD.org). However, as of
the publication date of this book, we are aware of no legislation passed to limit
levels of citric acid (or that of caffeine, as mentioned previously) in energy drinks.

CHOCOLATE: “DIAMOND OF DESSERTS”

It is the rare man, woman, or child who does not at least occasionally delight in a
savory chocolate mousse pie, the dense pleasure of a brownie, the unique sweetness
of a chocolate bar, or the cool, smooth bliss of chocolate ice cream. The early Mayan
and Aztec cultures called the cocoa plant Theobroma cacao, meaning “food of the
gods” (Sweet Seductions Chocolatier, 2001). Indeed, chocolate—in all its various
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incarnations—has long been touted as the diamond of desserts, the gold of candies,
and a fare fit for kings and queens. At the same time, it is a common source of
calories and guilt— the bane of the dieter’s existence.

History oF CHOCOLATE

Although the exact time and place at which chocolate appeared is unknown, it seems
that the manufacture of chocolate originated between 3,000 and 4,000 years ago in
Central America and the Amazon basin of South America; from there, it has spread
across the world (Coe & Coe, 1996; Malgieri, 1998; The Chocolate Room, 2006).
For centuries, it was used primarily as a beverage. It was not until the 19th century
that chocolate in bars and other candy forms was introduced (Malgieri). The ancient
Olmec civilization of Mexico was the first to process cocoa beans into a hot beverage.
The Maya, Toltec, and Aztec peoples also adopted the use of cocoa. The Aztecs
used chocolate in their religious rituals and used cocoa beans as a form of currency
(Coe & Coe). By the fourth century, A.p., chocolate had gained importance in the
Mayan culture as a highly desired food, and cocoa pods symbolized fertility.

By 1200 a.p., the Aztec culture virtually worshiped the cocoa tree, believing
that the god Quetzalcoatl had descended to Earth, bringing the tree from paradise.
However, he later lost his powers at the hands of another god and was relegated to
returning to Earth only every 52 years. It happened that 1519, a year in which
Quetzalcoatl was expected to return, was the year in which the Spanish explorer
Cortez arrived. He was mistaken for the god and given hot cocoa to drink. He also
discovered that the beans were often used as currency, a practice eventually used in
Spain as well (Coe & Coe, 1996).

Cortez returned to Spain with cocoa beans, as had Columbus in 1502, and cocoa
soon became a favorite drink, not only because of its flavor, but also because of the
arousing effects it produced when consumed in large quantities. By the end of the
16th century, cocoa beans were being exported to Spain. During the 17th century,
French and Italian missionaries brought cocoa with them to their home countries.
Cocoa may have entered Great Britain via pirates, who, in the mid-16th century,
raided Spanish ships returning from the Americas. Chocolate was approved by Pope
Pius V in 1569 and became very popular in the French court of the 1600s under
Louis XIV. It soon came into favor among the wealthy throughout Europe and
eventually reached the general population. Cocoa drinking spread across Europe
throughout the 18th century, and chocolate began to be used in making desserts. By
1755, American colonists had discovered chocolate, and the first U.S. chocolate
factory opened in New England in 1765.

The origins of modern chocolate trace back to 19th century Holland, when
Conrad van Houten developed a method of processing cocoa with alkali in 1828.
Alkali processing gives cocoa powder a darker color and milder flavor. Later inno-
vations in chocolate production came from Switzerland. Swiss chocolatier Daniel
Peter developed milk chocolate in 1875; in 1879, fellow Swiss Rudolphe Lindt
developed the process of conching cocoa powder (see later discussion) to make
chocolate smoother (Coe & Coe, 1996). The next development in chocolate produc-
tion was tempering, developed by fellow Swiss Gene Tobler. Tempering cocoa
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powder refers to blending the powder with cocoa butter to give the chocolate a richer
taste. Prior to Tobler, another Swiss chocolatier named Daniel Peter had blended
cocoa powder with Henri Nestle’s dry milk powder to make “milk chocolate,” which
also had a richer taste.

Later, during World War I, the U.S. Army saw value in the energizing properties
of chocolate and procured 20- to 40-pound blocks of it for distribution to the
doughboys in Europe. It was this practice more than anything else that bolstered the
chocolate industry in the United States because the soldiers came home wanting
more chocolate and touting its virtues to others (Brenner, 1999).

The U.S. chocolate industry contributed much to the further development, refine-
ment, and variety of chocolate. However, many of the developments remain trade
secrets to this day. The U.S. chocolate candy market is dominated by two large
companies—M&M/Mars and Hershey’s—that collectively account for two thirds of
domestic chocolate sales. These companies, founded by Forrest Mars and Milton
Hershey, respectively, remain family run (M&M/Mars remains family owned; Hershey
is now publicly owned, but remains family run) and both are highly secretive.
Because the majority of these companies’ secrets of chocolate production could not
be protected by law, they maintain strict control over their manufacturing secrets,
thus resembling the scenario of recluse chocolatier Willy Wonka in Roald Dahl’s
tale, “Charlie and the Chocolate Factory.” Thus, little is known about the exact
production of the majority of chocolate candy today (Brenner, 1999).

Milton Hershey founded Hershey’s Chocolate Company in 1894. Hershey was
the owner of Lancaster Caramel Company and produced caramels. However, after
seeing the manufacture of chocolate at the 1893 World’s Fair, he decided to enter
the chocolate business. Chocolatiers had spent centuries attempting to produce milk
chocolate, and Daniel Peter had only succeeded in using powdered milk. To this
day, milk chocolate uses real milk (Hershey’s contribution) as well as cocoa butter
(Tobler’s contribution) (Coe & Coe, 1996).

Forrest Mars founded M&M, Ltd., in 1940, using chocolate and equipment
received from Hershey. Mars had already created the successful Mars Bar, but he
wanted to develop a new chocolate candy and needed Hershey’s connections to
succeed. He was able to convince Hershey’s president, William Murrie, that Murrie’s
name should go down in chocolate history. Murrie had been president of Hershey’s
for 50 years, but would never see his name on a product. Thus, Mars convinced him,
to create a new candy called M&M, for Murrie & Mars. The “Murrie” in M&M
actually referred to William Murrie’s son, Charles, who was Mars’s 20% partner in
the new venture. The success of M&Ms made Mars Hershey’s only serious com-
petitor in an industry over which Hershey would have otherwise held a virtual
monopoly. To this day, representatives from the two companies are said to commu-
nicate as little as possible with each other, stockholders, or the press, despite the
fact that Hershey’s is now publicly owned (Brenner, 1999).

GROWING AND PROCESSING CHOCOLATES

Theobroma cacao, the cocoa tree, belongs to the family Sterculiaceae. It was initially
cultivated in areas of South America and arrived in Europe in the 16th century.
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However, it is now found primarily in western Africa. The cacao tree, with its glossy
leaves and small, pink flowers, grows to a height of 20 feet. If carefully protected and
cultivated, this delicate tree will begin to produce fruit in its fifth year. It may then
yield several harvests per year, but only 30 of about 6,000 blossoms produce the 12-
inch pods containing the almond-shaped seeds that we call cocoa beans.

The tree Theobroma cacao is the single species responsible for cocoa powder
and cocoa butter. Cacao is one of approximately 20 species in the Theobroma (Greek
for “food of the gods™) genus, but it is one of only two edible species in the genus.
The other species, Theobroma bicolor, is used to make a beverage consumed in
Central America, but it does not share the popularity of chocolate. Cacao trees today
are grown around the world (including Africa, the Caribbean, Hawaii, South Amer-
ica, and the South Pacific), but only within 20° north and south of the equator. This
is because the tree requires high temperatures, high humidity, and insects called
midges, which pollinate the trees. Although Theobroma produces tufts of flowers
all over its trunk and branches, only a small percentage of them produce fruit.
Nonetheless, Theobroma flowers produce fruit throughout the year, not just during
a limited growing season.

Cocoa powder is the basis for the various forms of chocolate with which we are
all familiar, and the contents of many of these are partially regulated by law. In the
United States, semisweet chocolate must contain a minimum of 35% chocolate
liquor, and milk chocolate must be at least 10% chocolate liquor and 12% whole
milk. White chocolate contains cocoa butter but no cocoa solids (Brenner, 1999).
Ganache is a mixture of chocolate and hot cream that is often used as a filling in
gourmet chocolate cakes; couverture contains at least 32% cocoa butter and is used
by professionals as the thin, shiny chocolate coating on fruits and as the shell of
gourmet filled chocolates.

To produce chocolate from cocoa beans, the fruits are split with a machete and
the beans removed. These beans are allowed to ferment in covered piles on the
ground. The goal of fermentation is the germination of the beans, which occurs at
approximately 120°F. Germination causes the familiar chocolate flavor to develop.
Following germination, the beans are uncovered and spread in the sunlight to dry
out and halt the fermentation process. The next step in chocolate production is
roasting, which may occur at the growing site or the factory where chocolate will
be produced. Following roasting, the now papery husks are removed, which usually
occurs through crushing cocoa beans into smaller pieces, called nibs, and allowing
the husks to be removed and discarded easily (Coe & Coe, 1996).

The nibs are then crushed into “chocolate liquor,” which is actually a solid at
room temperature. For this reason, chocolate liquor is also known as “chocolate
solids” and is sold directly to the public as unsweetened baking chocolate. Cocoa
butter can be extracted from chocolate liquor for use in the production of chocolate
candy or added to cosmetics, lotions, or sunblock. Following the removal of cocoa
butter from chocolate liquor, the remaining dry cakes can be crushed to form cocoa
powder. If alkali treatment occurs at this stage, the cocoa powder may be sold as
“alkalized cocoa” or “Dutch processed cocoa.”

Chocolate candy is made by not extracting cocoa butter from the chocolate
liquor nibs, but instead adding sugar and vanilla to the nibs. Lecithin is then added
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TABLE 2.14

Amount of Caffeine in Chocolate Sources

Source Caffeine (mg)
Baking chocolate, unsweetened (1 0z-28 g) 57
Baker’s baking chocolate, German sweet (1 0z-28 g) 8
Baker’s baking chocolate, semisweet (1 0z-28 g) 13
Baker’s chocolate chips, semisweet (1/4 c—43 g) 13
Baker’s chocolate chips, German sweet (1/4 c—43 g) 15
Cadbury’s chocolate bar (1 0z-8 g) 15
Milk chocolate bar (1/4 0z-7 g) 3-10
White chocolate bar (1/4 0z-7 g) 2-4
Dark chocolate bar (1/4 0z—7 g) 28
Chocolate milk, bought from store (8 0z-224 g) 8
Chocolate milk, made from mix (8 0z—224 g) 2-7
Chocolate syrup (2 T) 5
Cocoa (hot chocolate), made from mix with water or milk 4-6

Source: Adapted from Jean, A. T., Pennington, A. D. B., & Church, H. N. (1998). Bowes &
Church’s food values of portions commonly used (17th ed.). Philadelphia: Lippincott.

to emulsify the chocolate and thus keep it from separating. For the production of
high-quality chocolate, extra cocoa butter is added at this stage. After all the
ingredients are added, the chocolate mixture is conched, a process of rolling the
cocoa between granite rollers that may last for several days. Conching decreases
the bitterness and gives the chocolate a smoother taste and texture. Following
conching, the chocolate must be tempered, a process that causes its molecules to
retain their original shape following cooling. After the chocolate is tempered, it
may be poured into molds and shaped into candy bars or other products (Coe &
Coe, 1996).

CAFFEINE CONTENT

Because caffeine occurs naturally in cocoa beans, it is found in all chocolate products.
Table 2.14 lists some of these products and their caffeine contents. Because many
people eat chocolate in large quantities, it is clearly a dietary source of caffeine, though
a much smaller source than coffee or tea. Due to the secrecy of the two major chocolate
manufacturers, data on the levels of caffeine in chocolate products are limited (Barone
& Roberts, 1984).

MEDICATIONS: CAFFEINE AS A MEDICINE

Caffeine is also an ingredient in many medications, including stimulants, diet aids,
painkillers, and cold remedies. The largest amounts of caffeine are found in drugs
sold specifically as stimulants intended to produce alertness and reduce feelings of
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TABLE 2.15
Amount of Caffeine in a Variety of Medications

Over-the-counter mg
medications
Alka-Seltzer Morning Relief 65
Anacin Extra Strength 32
Anacin Pain Reliever 32
Cope Analgesic Pain Reliever 32
Excedrin Extra Strength 65
Excedrin Migraine 65
Excedrin Tension Headache 65
Goody’s Extra Strength 32.5
Headache Powders
Midol Maximum Strength 60
NoDoz Maximum Strength 200
Vanquish Extra-Strength Pain 33
Reliever

Prescription medications

Darvan Compound-65 324
Pulvule

Fiorecet 40

Fiorinal capsule 40

Fiorinal tablet 40

Hycomine compound tablet 30

Migranal (per ml) 10

Source: Adapted from Harvard women’s health watch (2004).

fatigue. NoDoz and Vivarin are common examples of such medications. Caffeine is
also used in diet aids to increase metabolism and suppress appetite and in pain
medications to increase the overall effectiveness of a basic analgesic, such as aspirin.
Table 2.15 shows the amount of caffeine in each of a number of nonprescription
and prescription medications.

CONCLUSIONS

Activation of the central nervous system, resulting in increased arousal and accompa-
nying alertness, can be accomplished in many ways—through intense exercise; strong
stimuli, such as bright lights and loud sounds; anxiety-producing thoughts; and painful
experiences, to name a few. However, perhaps the single most common source of
intentional arousal incrementation is caffeine. It is found in a number of sources,
including coffee, tea, soft drinks, energy drinks, chocolate, and certain medications,
and its worldwide annual consumption reaches into the millions of tons. The remainder
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of this book provides an in-depth examination of caffeine from its processing in the
body and impact on neurophysiological substrates to its effects on health in such areas
as cardiovascular functioning, fertility, mood, and performance.
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SUMMARY

At doses relevant to the general human consumption, caffeine exerts most of its
pharmacological effects by acting as an antagonist at the level of adenosine Al and
A2a receptors. Al receptors are widely distributed throughout the brain and inhibit
the release of neurotransmitters; A2a receptors are mostly restricted to the striatum
where they colocalize in a selective population of neurons with dopamine D2 receptors.
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The functions most sensitive to low doses of caffeine are locomotor activity, sleep,
and mood. At higher doses, caffeine may trigger anxiety, especially in a subset of
sensitive individuals. Caffeine given acutely acts as a proconvulsant and chronic
exposure to caffeine increases seizure threshold and has neuroprotective properties.
Such opposite effects between acute and chronic exposure to caffeine are also seen
in models of ischemia, with the chronic treatment affording neuroprotective effects.
Caffeine consumption delays or prevents the occurrence of Parkinson’s disease and
reinforces the efficiency of the classical dopaminergic treatment of the disease.
Finally, the regular level of consumption of caffeine does not activate the brain
structures involved in addiction and reward; rather, caffeine appears to be used by
individuals to manage mood state, vigilance, and energy over the course of a day.

INTRODUCTION

Caffeine is the most widely consumed psychoactive substance in the world. More
than 80% of the world’s population, irrespective of age, gender, geography, or
culture, consumes caffeine daily (Benowitz, 1990; James, 1991). The consumption
of caffeine occurs in a variety of forms—that is, drinking coffee, tea, mate, or soft
drinks, chewing cola nuts, consuming cocoa products, or taking over-the-counter
pain or slimming medications. The mean daily caffeine consumption for adult
consumers reaches 2.4 to 4.0 mg/kg in North America and the United Kingdom and
up to 7.0 mg/kg in Scandinavia (Barone & Roberts, 1996; Debry, 1994; Viani, 1996).
In Scandinavia, more than 80% of the caffeine consumed comes from coffee, while
in the United Kingdom, 55% comes from tea and about 43% from coffee; the
remaining 2% comes from cola drinks (Barone & Roberts). Among children under
18, the mean daily intake of caffeine is about 1.0 mg/kg in the United States and
less than 2.5 mg/kg in Denmark (Barone & Roberts).

Mild positive subjective effects such as self-rated feelings of well-being, calm-
ness, alertness, energy, and ability to concentrate occur at low to moderate doses of
caffeine (50 to 300 mg, i.e., one to three cups of coffee) (Zwyghuizen—Doorenbos,
Roehrs, Lipschutz, Timms, & Roth, 1990). At high doses (400 to 800 mg), rather
negative feelings such as anxiety, nervousness, jitteriness, and insomnia are reported,
especially in volunteers who are usually caffeine abstinent (Fredholm, Bittig, Holmen,
Nehlig, & Zvartau, 1999; Lieberman, Wurtman, Emde, & Coviella, 1987). On the basis
of recent data of the literature, the focus of this chapter will be to describe the
pharmacological properties of caffeine underlying its mechanism of action and to
detail some of the neurophysiological properties of the methylxanthine.

PHARMACOLOGICAL PROPERTIES OF CAFFEINE

Several biochemical mechanisms of action of caffeine have been described; in chrono-
logical order of their discovery, they are the release of intracellular calcium; inhibition
of cyclic nucleotide phosphodiesterases; and, finally, antagonism at the level of adenosine
receptors. The direct action of caffeine on the release of intracellular calcium, probably
via an action at ryanodine receptors, occurs only at millimolar concentrations. Also, the
inhibition of cyclic nucleotide phosphodiesterases needs rather high concentrations in
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the high micromolar to millimolar range that cannot be attained during normal
caffeine consumption (Fredholm et al., 1999; Nehlig & Debry, 1994). The only
mechanism of action of caffeine that is significantly affected at normal doses of
human caffeine consumption is the antagonism at adenosine receptors (Fredholm,
1980, 1995).

REGULATION OF ADENOSINE CONCENTRATIONS IN THE BRAIN

If the consumption of caffeine is blocking the actions of endogenous adenosine at
its receptors, it implies that adenosine must be present at levels high enough to
activate adenosine receptors under basal conditions. Adenosine is a normal cellular
constituent and its concentration is regulated by the balance of several enzymes (for
review, see Fredholm, 1995, and Fredholm et al., 1999). Adenosine acts on four
main subtypes of receptors—Al, A2a, A2b, and A3—that have been cloned and
characterized in several species (Fredholm, et al., 1994; Fredholm, Chen, Cunha, et al.,
2005). In humans and rats, the levels of the A3 receptor are low and this subtype is
little affected by many methylxanthines, including caffeine (KDs of 80 and 190 uM
in the human and rat brains, respectively).

However, these receptors may be involved in pathological situations leading to
large release of adenosine such as ischemia or seizures. Likewise, the blockade of
the A2b receptor requires amounts of caffeine higher than those found in normal
caffeine consumption patterns. These receptors may be affected by endogenous
adenosine and also caffeine under pathological conditions (Fredholm et al., 1999;
Fredholm, Chen, Cunha, et al., 2005). Conversely, A1 and A2a receptors are activated
at low basal conditions of adenosine and are likely to be major targets for caffeine.

Distribution and Properties of Adenosine A1 and A2a Receptors

A1 and A2a receptors are coupled to G-proteins. The A1l receptor is coupled to the
pertussis toxin-sensitive G-proteins G, ,, G, ,, G, 3, G, and G,,. Activation of Al
receptors leads to inhibition of adenylyl cyclase and of some types of voltage-
sensitive Ca?*-channels, such as the N- and Q-channels, and activation of several
types of K*-channels, phospholipase C, and phospholipase D that will cause a large
variety of cellular effects. Conversely, A2a receptors are associated with G,-proteins
and their activation will induce activation of adenylyl cyclase and possibly of the
L-type Ca**-channel (Fredholm et al., 1994, 1999; Fredholm, 1995). A recent study
showed also the coupling of the A2a receptor with the Golf protein at the level of
the striatum (Kull, Svenningsson, & Fredholm, 2000).

Adenosine Al and A2a receptors have different regional distributions in the
brain. Al receptors are present in nearly all brain regions, with highest levels found
in hippocampus, cerebral and cerebellar cortex, and certain thalamic nuclei and quite
low levels in striatum (caudate-putamen and nucleus accumbens) (Goodman &
Snyder, 1982; Fastbom, Pazos, & Palacios, 1987; Ochiishi et al., 1999). The corre-
sponding mRNA is distributed partly in a different way (Mahan et al., 1991; Reppert,
Weaver, Stehle, & Rivkees, 1991); this indicates that some A1l receptors are located
on nerve terminals rather than on cell bodies (Johansson et al., 1993), thus mediating
inhibition of transmitter release on neurons (Fredholm & Dunwiddie, 1988).
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Finally, adenosine Al receptors (negatively coupled to adenylyl cyclase) are
colocalized with dopamine D1 receptors (positively coupled to adenylyl cyclase) in
the neurons of the striatum that contain GABA, substance P, and dynorphin and
project directly to the substantia nigra; this represents the anatomical basis of func-
tional interactions between adenosine and dopamine (Ferré et al., 1997; Salmi,
Chergui, & Fredholm, 2005). Thus, stimulation of adenosine Al receptors blocks
the stimulatory effect induced by dopamine D1 receptor agonists on behavior (Ferré,
etal., 1994, 1998) and electroencephalographic (EEG) arousal (Popoli et al., 1996a).
Conversely, blockade of adenosine Al receptors potentiates the motor stimulation
induced by a dopamine D1 receptor agonist (Popoli et al., 1996b).

Adenosine A2a receptors, both the protein and the gene, are found in neurons and
some glial cells, mainly in the dorsal striatum, nucleus accumbens, globus pallidus,
and olfactory tubercle (Jarvis & Williams, 1989; Svenningsson, Le Moine, et al., 1997).
The A2a receptors (positively coupled to adenylyl cyclase) are mainly located in
dopamine-rich regions and colocalize with dopamine D2 receptors (negatively coupled
to adenylyl cyclase) in medium-size spiny neurons expressing GABA and enkephalin,
which project to the globus pallidus. This colocalization is present in the dorsal striatum
(Johansson et al., 1993; Schiffmann, Jacobs, & Vanderhaegen, 1991), nucleus accum-
bens, and olfactory tubercle (Svenningsson, Le Moine, et al., 1997).

Regulation of the activity of these neurons depends on the balance between A2a
and D2 receptors. The two populations of receptors interact; for example, the acti-
vation of A2a receptors decreases the affinity of dopamine binding to D2 receptors
(Ferré, von Euler, Johansson, Fredholm, & Fuxe, 1991). They also interact for the
release of GABA; indeed, administration of dopamine in the striatum blocks the
release of GABA in the globus pallidus (Ferré, O’Connor, Fuxe, & Ungerstedt, 1993)
and this effect is reduced by endogenous adenosine.

Likewise, activation of A2a receptors stimulates GABA release from striatal
slices (Mayfield, Suzuki, & Zahniser, 1993). Adenosine A2a receptors are also
present in some cholinergic interneurons of the striatum (Preston et al., 2000).
Stimulation of dopamine D1 receptors or adenosine A2a receptors and blockade of
dopamine D2 receptors increase the protein kinase A (PKA)-dependent phosphory-
lation of DARPP-32 (dopamine- and cyclic AMP-regulated phosphoprotein of
32,000 kDa) that appears to be an important molecular target for integration
of adenosine and dopamine signaling (Fredholm, Chen, Cunha, et al., 2005; Salmi
et al., 2005).

Properties of Adenosine A1 and A2a Receptors and Actions
of Caffeine on Adenosine Receptors

At the low concentrations reached after consumption of one or two cups of coffee,
caffeine acts as a nonspecific antagonist of Al and A2a adenosine receptors
(Fredholm, 1995; Fredholm et al., 1999). Adenosine, by acting at the level of
presynaptic Al receptors, was first shown to inhibit the release of numerous neu-
rotransmitters such as glutamate, GABA, acetylcholine, and monoamines. Adenosine
acts more efficiently at the level of excitatory than inhibitory neurotransmission
(Fredholm & Dunwiddie, 1988; Fredholm & Hedqvist, 1980). As a result of activation
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of adenosine Al receptors (Dunwiddie, 1985), adenosine acts to decrease the rate
of firing of central neurons (Phillis & Edstrom, 1976).

Recent studies confirmed that hyperactivity of glutamatergic fibers in the striatum
promotes release of adenosine, which inhibits glutamatergic transmission. Such inhibi-
tion is lost in adenosine A1 receptor KO mice. Adenosine appears to depress synaptic
transmission only via activation of A1 receptors (Fredholm, Chen, Masino, & Vaugeois,
2005; Salmi et al., 2005). The same mechanism of presynaptic blockade of glutamate
release was confirmed in the hippocampus of mice in which A1 receptors were focally
deleted in CA1 and CA3 (Scammel et al., 2003). Caffeine increases the turnover of
monoamines such as serotonin, dopamine, and noradrenaline (Fernstrom & Fernstrom,
1984; Haldfield & Milio, 1989). Caffeine enhances also the firing rate of noradrenergic
neurons of the locus coeruleus (Grant & Redmond, 1982) and of mesocortical cholin-
ergic neurons (Rainnie, Grunze, McCarley, & Greene, 1994). These effects may reflect
changes in the pattern of the EEG arousal induced by caffeine ingestion.

The affinity of caffeine is higher at the adenosine A2a receptor (2 and 8 UM in
the human and rat brains, respectively) than at the Al receptor (12 and 20 puM)
(Fredholm et al., 1999). The action of caffeine on adenosine A2a receptors regulates
dopaminergic transmission by caffeine (Salmi et al., 2005) and mediates most of its
central effects (Svenningsson, Nomikos, & Fredholm, 1995; Svenningsson, Nomikos,
Ongini, & Fredholm 1997). The effect of low doses of caffeine is restricted to the
striatopallidal neurons that contain A2a receptors and is not present in striatonigral
neurons that contain A1 receptors (Svenningsson, Nomikos et al., 1997). Conversely,
high doses of caffeine induce expression of an immediate early gene, c-fos, in striatal
neurons containing A1/D1 and those containing A2a/D2 receptors (Johansson,
Lindstrom, & Fredholm, 1994). This confirms that, at high doses, caffeine acts on
both types of adenosine receptors.

NEUROPHYSIOLOGICAL EFFECTS OF CAFFEINE
ErrecTs OF CAFFEINE ON LOCOMOTOR ACTIVITY

The effects of caffeine on locomotor activity have been reported for a long time and
extensively studied (for review, see Nehlig, Daval, & Debry, 1992; Nehlig & Debry,
1994; and Fredholm et al., 1999). Locomotor activity mediated by the activity of the
nigrostriatal dopaminergic system is very sensitive to caffeine, and functional activity
in the striatum is increased by doses of caffeine as low as 1 mg/kg in the rat (Nehlig
& Boyet, 2000). These very low doses are also able to modify the spontaneous electrical
activity of striatal neurons (Hirsh, Forde, & Chou, 1982) and to induce dopamine
release in this region (Okada, Mizuno, & Kaneko, 1996; Okada et al., 1997).

The effects of caffeine on spontaneous locomotor activity are biphasic. Low
doses (1.5 to 20 mg/kg) increase the activity, but doses higher than 30 mg/kg decrease
it (Nehlig et al., 1992; Nehlig & Debry, 1994). The increase in locomotor activity
at low doses of caffeine depends upon inhibition of the adenosine A2a receptor.
Indeed, administration of various selective A2a antagonists (El Yacoubi, Ledent,
Meénard, et al., 2000; El Yacoubi, Ledent, Parmentier, Costentin, & Vaugeois, 2000a;
Griebel, Misslin, & Vogel, 1991; Seale, Abla, Shamim, Carney, & Daly, 1988)
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increases locomotor activity, sometimes more efficiently than caffeine; adenosine
A2a agonists depress locomotor activity (Nicojevic, Srages, Daly, & Jacobson,
1991). Likewise, A2a receptor KO mice exhibit a decrease in exploratory behavior
(Ledent et al., 1997) and caffeine is unable to induce locomotor stimulant effects in
these mice (Halldner et al., 2004), pointing to the critical role of A2a receptors in
regulation of this function.

On the other hand, the selective Al antagonist, DPCPX, does not affect (Griebel,
Saffroy—Spitler, et al., 1991; Janusz & Berman, 1993) or decrease locomotor activity
(El Yacoubi et al., 2000a), leading to the hypothesis that the motor depressant effect
obtained at high doses of caffeine might be mediated by action at Al receptors.
Recent studies using adenosine Al and/or A2a receptor KO mice showed that the
Al receptor seems rather to modulate the stimulatory effect of caffeine exerted via
A2a blockade; the inhibitory effect of high doses of caffeine on locomotion is
independent from the blockade of Al or A2a adenosine receptors (Halldner et al.,
2004) and possibly involves A3 receptors (Jacobson et al., 1993).

The close interaction between adenosine and dopamine neurotransmission in the
striatonigral system has been mainly shown in studies on the rotation behavior
induced by unilateral nigrostriatal dopamine denervation. Caffeine can induce con-
traversive rotation in animals with unilateral nigrostriatal dopamine lesions, thus
mimicking the effects of dopamine receptor agonists like apomorphine with a max-
imum activity recorded at the dose of 30 to 50 mg/kg (Casas, Ferré, Cobos, Grau,
& Jané, 1989a, b; Fredholm, Herrera—Marschitz, Jonzon, Lindstrom, & Ungerstedt,
1983; Garrett & Holtzman, 1994; Herrera—Marschitz, Casas, & Ungerstedt, 1988).
This effect of caffeine is the consequence of adenosine receptor blockade.

Indeed, injection of an adenosine analog into the striatum induces rotation in
the direction opposite (Brown, Gill, Evenden, Iversen, & Richardson, 1991; Green,
Proudfit, & Yeung, 1982) to that induced by caffeine (Herrera—Marschitz et al., 1988;
Josselyn & Beninger, 1991). Likewise, inhibitors of adenosine transport and ade-
nosine deaminase that raise the brain level of adenosine reduce the rotation behavior
induced by dopaminergic drugs (Fredholm et al., 1999).

Errects OF CAFFEINE ON SLEEP

Hypnotic effects of adenosine are well documented. Adenosine accumulates in
extracellular space during spontaneous and forced wakefulness and decreases during
sleep (Porkka—Heiskanen et al., 1997; Porkka—Heiskanen, Strecker, & McCarley,
2000). Adenosine agonists and drugs that prevent adenosine elimination increase
sleep and alter the EEG pattern (O’Connor, Stojanovic, & Radulovacki, 1991;
Radulovacki, 1985) while caffeine has opposite effects (Yanik, Glaum, & Radulovacki,
1987; Porkka—Heiskanen, Alanko, Kalinchicuk, & Sternberg, 2002). Sleep is one of
the functions most sensitive to ingestion of caffeine, which delays its onset (for
review, see Snel, 1993, and Snel, Tieges, & Lorist, 2004).

The property of caffeine to increase wakefulness is one of the reasons why
people consume daily caffeine and also represents one of the reasons why certain
people limit ingestion of caffeine-containing drinks (Soroko, Chang, & Barrett—
Connor, 1996). The natural daily pattern of caffeine consumption shows highest
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intake between 8:00 a.m. and 12:00 p.m., followed by a progressive decrease (Brice
& Smith, 2002). The high sensitivity of sleep to caffeine is reflected by the selective
increase in brain functional activity in the serotoninergic cell groupings, the dorsal
and medial raphe nuclei that mediate sleep (Reinis & Goldman, 1982), which appears
after a dose of 1 mg/kg caffeine in rats (Nehlig & Boyet, 2000).

These data are in accordance with the fact that caffeine increases the firing rate
of noradrenergic neurons in the locus coeruleus (Grant & Redmond, 1982), thus
affecting activity of mesocortical cholinergic neurons (Rainnie et al., 1994) and
changing the pattern of EEG arousal. Likewise, caffeine reduces serotonin availabil-
ity at postsynaptic receptor sites (Hirsh, 1984), which elicits a reduction in the
sedative effects of the amine and affects sleep and motor functions (Gerson &
Baldessarini, 1980; Jouvet, 1969). At low doses, caffeine lowers also electrical
activity in the medial thalamus, which is an important site for arousal induced by
caffeine (Chou, Forde, & Hirsh, 1980).

In humans, caffeine in doses as low as 100 mg (the content of one cup of coffee)
taken at bedtime increases sleep latency and decreases the quality of sleep together
with changes in the EEG pattern, especially during deep sleep (Landolt, Dijk, Gaus,
& Borbely, 1995). Even morning caffeine can disturb sleep (Landolt, Werth, Borbely,
& Dijk, 1995). However, the sleep-disturbing effects of caffeine do not seem to be
different in normal or poor sleepers (Tiffin, Ashton, Marsh, & Kamali, 1995). The
sleep EEG remains disturbed by caffeine usually during 3 to 4 h, which corresponds
to the usual time of metabolism of the methylxanthine (Miiller-Limmroth, 1972).
Individuals whose sleep is mostly disturbed by caffeine could be those that metab-
olize the methylxanthine slowly (Levy & Zylber—Katz, 1983).

However, one recent study performed in real-life conditions reported that con-
sumption of up to seven or eight cups of coffee (i.e., 600 mg caffeine daily) is not
associated with a reduction in sleep time (Sanchez—Ortuno et al., 2005). More studies
in real-life conditions are necessary to support these conclusions. Finally, slow-
release 300-mg caffeine tablets given twice daily counteract deleterious conse-
quences of sleep deprivation, increase intellectual performance, and maintain vigilance
during continuous work that interferes with a normal sleep—wake rhythm (Beaumont
et al., 2001).

It is widely accepted that activation of Al and A2a adenosine receptors contrib-
utes to the capacity of adenosine to produce sedation or sleep (Porkka—Heiskanen
etal., 1997, 2002; Radulovacki, 1985; Satoh, Matsumura, Suzuki, & Hayaishi, 1996).
In rodents, adenosine analogs seem to facilitate sleep time in response to hypnotic
drugs rather than to cause a direct deep hypnotic effect (Dunwiddie, 1985). Ade-
nosine could rather act as a transient signal to go to sleep. Indeed, adenosine, its
metabolizing enzymes, and receptors all undergo circadian rhythms (for review, see
Fredholm et al., 1999) and are regulated by sleep. Adenosine levels increase in the
cat forebrain during prolonged wakefulness and return to normal levels during sleep
(Basheer, Porkka—Heiskanen, Strecker, Thakkar, & McCarley, 2000; Porkka—
Heiskanen et al., 1997).

Adenosine Al receptors may mostly act at the level of mesopontine cholinergic
neurons under tonic adenosine Al receptor control (Rainnie et al., 1994). Caffeine
is known to increase dose-dependently the hippocampal and cortical level of
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acetylcholine (Carter, O’Connor, Carter, & Ungerstedt, 1995; Murray, Blaker,
Cheney, & Costa, 1982); this mechanism most probably underlies the psychostim-
ulant and awakening effects of caffeine (Carter et al., 1995). Injection of an A2a
receptor agonist in the subarachnoid space underlying the basal forebrain has sleep-
promoting effects and A2a antagonists attenuate sleep induced by prostaglandin D2
(Satoh et al., 1996; Satoh, Matsumura, & Hayaishi, 1998) and increase wakefulness
and latency to REM sleep in rats, as the Al antagonists also do (Bertorelli, Ferri,
Adami, & Ongini, 1996). More recent studies on adenosine receptor KO mice
reported that the arousal effect of caffeine depends on adenosine A2a receptors
(Huang et al., 2005). The site of action of A2a receptors on sleep-promoting mech-
anisms has been hypothesized to be the ventral nucleus accumbens and olfactory
tubercle (Satoh et al., 1996).

Errects OF CAFFEINE ON MOOD AND ANXIETY

Low doses of caffeine act positively on mood; subjects ingesting 20 to 200 mg of
caffeine report that they feel energetic, imaginative, efficient, self-confident, alert,
able to concentrate, and motivated to work (Casas, Ramos—Quiroga, Prat, & Qureshi,
2004; Griffiths et al., 1990; Griffiths & Mumford, 1995; Silverman, Mumford, &
Griffiths, 1994). Positive effects of low doses of caffeine (40 to 60 mg) on perfor-
mance and well-being may be more beneficial in situations of low arousal, such as
the postlunch decrease in vigilance, the common cold (Smith, 1994; Smith, Rusted,
Eaton—Williams, Savory, & Leathwood, 1990; Smith, Sturgess, & Gallagher, 1999;
Smith, Thomas, Perry, & Whitney, 1997), and fatigue in drivers (Reyner & Horne,
2000) or during attention-requiring tasks (Lorist, Snel, Kok, & Mulder, 1994).

The alerting effects of caffeine are also able to reverse the deleterious effects of
36-h sleep deprivation (Patat et al., 2000), and moderate doses of caffeine were
reported to improve mood state in U.S. Navy volunteers subjected to severe envi-
ronmental stress and sleep deprivation (Lieberman, Tharion, Shukitt—-Hale, Speckman,
& Tulley, 2002). The latter two studies show that caffeine can improve mood even
in adverse situations. Conversely, after high doses (400 to 600 mg), the effects of
caffeine are rather negative (Loke, 1988; James, 1991) and, in a situation of free
choice, subjects preferentially choose capsules containing 50, 100, or 200 mg of
caffeine over those containing 400 mg while avoiding those containing 600 mg
(Griffiths & Woodson, 1988a).

The influence of low doses of caffeine on mood correlates with the increase in
cerebral functional activity recorded in the noradrenergic locus coeruleus and the
serotoninergic median and dorsal raphe nuclei involved in regulation of wakefulness,
mood, and well-being (Reinis & Goldman, 1982) after administration of 1 mg/kg
of caffeine to rats (Nehlig & Boyet, 2000). Moreover, caffeine releases serotonin in
limbic areas and dopamine in the cortex, an effect also obtained with antidepressants
(Acquas, Tanda, & Di Chiara, 2002; Casas et al., 2004; Fredholm, 1995).

Caffeine has been reported to generate anxiety when absorbed in excessive
amounts in the general population or in low doses in specifically sensitive individuals
(for review, see Hughes, 1996). Individuals who do not consume caffeine or consume
only low amounts appear to be more sensitive to caffeine’s anxiogenic and psycho-
stimulant effects than usual consumers (Uhde, 1990). The level of anxiety is also
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more markedly increased by caffeine in naturally anxious individuals or subjects
suffering from panic attacks compared to the normal population (for review, see
Nehlig & Debry, 1994). These individuals show the tendency to reduce or stop their
caffeine intake because of the secondary unpleasant effects of the methylxanthine
(Uhde, 1990), and their health status clearly improves after caffeine cessation (Bruce
& Lader, 1989).

In sensitive subjects, panic attacks can occur after absorption of a single cup of
coffee (80 to 110 mg of caffeine) (Uhde, 1988); however, in normal individuals,
only caffeine doses higher than normal consumption levels can induce significant
anxiogenic effects (James & Crosbie, 1987). The variable interindividual responses
to the anxiogenic effects of caffeine relate to the polymorphism of the A2a receptor
gene (Alsene, Deckert, Sand, & de Witt, 2003).The well-known effect of caffeine
on anxiety correlates with significant increase in functional activity in the amygdala,
a structure known to mediate fear and anxiety (Davis, 1992) after a moderate dose
of caffeine in the rat (2.5 mg/kg) (Nehlig & Boyet, 2000).

In animals, caffeine has been shown to generate anxiety in mice and rats (for
review, see Nehlig & Debry, 1994). The anxiogenic effect of caffeine could result
from a simultaneous blockade of adenosine Al and A2a receptors (Jain, Kemp,
Adeyemo, Buchanan, & Stone, 1995), although some argue for a more prominent
role of A2a receptors (Griebel, Saffroy—Spitter, et al., 1991; Imaizumi, Miyazaki, &
Onodera, 1994). Indeed, A2a receptor KO mice were more anxious than their wild-type
controls in two behavioral tests rating anxiety level (El Yacoubi, Ledent, Parmentier,
Costentin, & Vaugeois, 2000b; Ledent et al., 1997). However, this elevated level of
anxiety in A2a receptor KO mice could not be reproduced in a wild-type strain of mice
administered A2a receptor antagonists (El Yacoubi et al., 2000b).

Data on adenosine Al receptors are discordant. Although a preferential role of
Al receptors in modulation of anxiety was suggested (Florio, Prezioso, Papaioannou,
& Bertua, 1998), Al receptor agonists can be without effect (El Yacoubi et al.,
2000b) or anxiolytic (Jain et al., 1995), depending on the strain of mice. Adenosine
Al receptor KO mice exhibit increased anxiety (Gimenez—Llort et al., 2002), which
is consistent with the anxiogenic effects of high doses of caffeine expected to block
most of both types of adenosine receptors; low doses block only A2a receptors
(Fredholm et al., 1999). Thus, other mechanisms than the antagonism at adenosine
receptors are likely to be involved in the anxiogenic effects of caffeine. The norad-
renergic system is involved in this effect (Baldwin & File, 1989). High levels of
caffeine can also decrease the binding of benzodiazepines, but this effect would not
directly produce anxiety (Daly, 1993).

EFrects OF CAFFEINE ON DEPRESSION

The relationship between caffeine intake and depression remains a controversial
issue. As described earlier, caffeine affects sleep and one of the major predictors for
depression is sleep disorders (Chang, Ford, Mead, Cooper—Patrick, & Klag, 1997).
However, it is not clear whether caffeine intake is related to depression; indeed, in one
study, the relationship between poor sleep and depression remained after correction
for caffeine intake (Chang et al., 1997); in another, there was a correlation between
symptoms of depression and caffeine intake (Rihs, Muller, & Baumann, 1996).



52 Caffeine and Activation Theory: Effects on Health and Behavior

Coffee drinking is negatively correlated with suicide (Kawachi, Willett, Colditz,
Stampfer, & Speizer, 1996). However, it is not demonstrated yet whether caffeine
exerts a direct effect on depressive symptoms including suicide or if depressive
individuals spontaneously reduce their caffeine intake, as anxious subjects do.
Moreover, in depressive patients, consumption of coffee may partly be used to
counteract some side effects of medication such as dry mouth (Leviton, 1983;
Stephenson, 1977).

Adenosinergic mechanisms may be involved in depression. Indeed, the A2a
receptor is present mostly in the striatum in which it colocalizes with the dopamine
D2 receptor. The antidepressant drugs most commonly used act at the level of the
neuronal transporters of serotonin and dopamine (Richelson, 1994) and enhance
the mesolimbic dopaminergic neurotransmission via D2 receptors (Willner, 1997).
Because A2a and D2 receptors exert antagonistic effects at the level of the ventral
striatum (Ferré, 1997), an antagonist of adenosine A2a receptors could exhibit
antidepressant properties, as was shown for agonists of the D2 receptor (Mouret,
Lemoine, & Minuit, 1987; Sitland—Marken, Wells, Froemming, Chu, & Brown, 1990).

In addition, A2a receptor KO mice have a tendency to escape more actively
aversive situations than their wild-type controls (El Yacoubi et al., 2000a; Ledent et al.,
1997). Similarly, adenosine A2a receptor antagonists increase mobility time in the
forced swim test used in mice to test resignation and hence depressive behavior
(Borsini, Lecci, Mancinelli, D’Aranno, & Meli, 1988; Duterte-Boucher, Leclere,
Panissaud, & Costentin, 1988). Thus, adenosinergic mechanisms could be involved
in symptoms of depression and adenosine A2a receptor antagonists might offer a
novel approach to the treatment of depression.

CAFFEINE AND EPILEPTIC ACTIVITY

Seizures may be life-threatening events and represent a problem in clinical use of
another methylxanthine, theophylline, in the treatment of asthma in epileptic
patients. Indeed, high concentrations of theophylline cause hyperexcitability char-
acterized by restlessness and tremor, and toxic levels are associated in some cases
with focal and generalized seizures (Dunwiddie & Worth, 1982; Stone & Javid,
1980) and even difficult-to-treat status epilepticus (Oki et al., 1994; Shannon, 1993).
Moreover, theophylline and caffeine in nonconvulsive doses prolong kindled seizures
in rats (Albertson, Joy, & Stark, 1983; Dragunow, 1990), induce seizures in genet-
ically epilepsy-prone rats (De Sarro, Grasso, Zappala, Nava, & De Sarro, 1997), and
have proconvulsant effects on seizures induced by kainic acid, pentylenetetrazol, or
pilocarpine (Ault et al., 1987; Cutrufo, Bortot, Giachetti, & Manzini, 1992; Turski
et al., 1985). Likewise, caffeine has been used for a long time to lengthen seizures
and improve the efficacy of electroconvulsive therapy (ECT) in severely depressed
patients (Coffey, Figiel, Weiner, & Saunders, 1990; Hinckle, Coffey, Weiner, Cress,
& Christison, 1987; Shapira et al., 1987).

Sensitivity to the proconvulsant effects of methylxanthines is inversely related to
age, with higher sensitivity in young animals (Bernaskova & Mares, 2000; Yokohama,
Onodera, Yagi, & linuma, 1997). In children with epilepsy, theophylline-induced
convulsions are more frequent before than after the age of 1 year (Miura &
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Kimura, 2000). A pivotal role in methylxanthine-induced seizures may be played
by the balance between GABA and glutamate (Amabeoku, 1999; Corradetti, Lo
Conte, Moroni, Passani, & Pepeu, 1984; De Sarro & De Sarro, 1991; Segev, Rehavi,
& Rubistein, 1988). The convulsant action of methylxanthines may be linked to
blockade of the effects of endogenous adenosine at presynaptic Al receptors located
on glutamatergic neurons, hence allowing larger release of the excitatory neurotrans-
mitter, glutamate (Dunwiddie, 1980; Dunwiddie, Hoffer, & Fredholm, 1981; Salmi
et al., 2005).

It has been suggested that adenosine may provide an inhibitory tone in the
mammalian nervous system (for review, see Knutsen & Murray, 1997). Thus, ade-
nosine could act as a potential endogenous anticonvulsant (Dragunow, 1986;
Dragunow, Goddard, & Laverty, 1985). During epileptic seizures, large quantities
of adenosine are released by cells surrounding the epileptic focus (Berman,
Fredholm, Adén, & O’Connor, 2000; During & Spencer, 1992; Park, van Wylen,
Rubio, & Berne, 1987; Winn, Welsch, Bryner, Rubio, & Berne, 1979; Winn,
Welsch, Rubio, & Berne, 1980) that may contribute to termination of ongoing seizure
activity as well as to the post-ictal refractory period (During & Spencer, 1992).

The most likely candidate for the antiepileptic effect of adenosine is the Al
receptor because of its known inhibitory activity on the release of neurotransmitters,
especially excitatory transmitters whose release is increased during seizures
(Fredholm & Hedqvist, 1980; Fredholm & Dunwiddie, 1988). Indeed, A1 receptor
agonists reduce the seizures induced by chemical or electrical stimuli (Barraco,
Swanson, Phillis, & Berman, 1984; Concas et al., 1993; De Sarro, De Sarro, Di
Paola, & Bertorelli, 1999; Klitgaard, Knutsen, & Thomsen, 1993; Wiesner et al.,
1999; Young & Dragunow, 1994; Zhang, Franklin, & Murray, 1994). In addition,
adenosine is able to inhibit calcium fluxes and to open 4-aminopyridine-sensitive
K*-channels (Schubert, Heinemann, & Kolb, 1986; Schubert & Lee, 1986). Both of
these actions would result in membrane hyperpolarization and increase in threshold
for the activation of the glutamate NMDA receptor subtype.

Conversely, the literature concerning the role of the A2a receptor in epilepsy is
more controversial and it is still not clear whether this receptor is involved in the
regulation of convulsive seizures. A2a agonists may aggravate (De Sarro et al., 1999)
or antagonize (von Lubitz, Paul, Carter, & Jacobson, 1993) seizures in rodents; A2a
receptor antagonists have only a limited capacity to antagonize chemically induced
seizures (Klitgaard et al., 1993). In fact, a low density of A2a receptors is found in
the hippocampus and cortex (Cunha, Constantino, & Ribeiro, 1999; Rosin, Robeva,
Woodward, Guyenet, & Linden, 1998) together with a high density of A1l receptors
(Fastbom et al., 1987; Goodman & Snyder, 1982; Ochiishi et al., 1999).

In the hippocampus most often involved in seizure activity, localization of Al
and A2a receptors overlaps in the pyramidal layers of the CAl, CA2, and CA3
regions where they modulate excitability in opposite ways. For example, activation
of the A2a receptor attenuates the capacity of an Al agonist to lower hippocampal
excitability (Cunha, Milusheva, Vizi, Ribeiro, & Sebastiao, 1994). Conversely, acti-
vation of adenosine A2a receptors can induce release of two excitatory neurotrans-
mitters, acetylcholine and glutamate (Dunwiddie & Fredholm, 1997; Sebastiao &
Ribeiro, 1996). These two transmitters are released during alcohol withdrawal
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(Imperato, Dazzi, Carta, Colombo, & Biggio, 1998; Rossetti & Carboni, 1995),
which leads to convulsive seizures; an A1 agonist (Concas, Cucchedu, Floris, Mascia,
& Bioggio, 1994) or the deletion of the A2a receptor gene in mice (El Yacoubi et al.,
2001) reduces alcohol withdrawal syndrome.

Finally, the role of the A3 adenosine receptor in seizures is unclear. A selective
A3 receptor agonist, IB-MECA has neuroprotective properties against NMDA- and
pentylenetetrazol-induced seizures (von Lubitz et al., 1995), but is entirely ineffec-
tive in ameliorating tonic convulsions induced by electroshocks (Jacobson, von
Lubitz, Daly, & Fredholm, 1996). Thus, the role of adenosine during seizures appears
to be more complex than its commonly accepted endogenous anticonvulsant effect
mediated by the activation of Al receptors.

AcUTE VERSUS CHRONIC CAFFEINE EFFECTS IN ISCHEMIA AND EPILEPSY

Acute administration of caffeine in the rat worsens ischemic damage consecutive to
stroke (Dux, Fastbom, Ungerstedt, Rudolphi, & Fredholm, 1990; Rudolphi, Keil, &
Grome, 1990; von Lubitz, Dambrosia, & Redmond, 1989), while a chronic exposure
to the methylxanthine protects the brain from ischemic damage occurring in adult
(Rudolphi, Keil, Fastbom, & Fredholm, 1989; Rudolphi et al., 1990; Sutherland et al.,
1991) or neonatal rodents (Bona, Adén, Fredholm, & Hagberg, 1995). This effect
could be reproduced by an adenosine A2a antagonist but not by an Al antagonist
(Bona, Adén, Gilland, Fredholm, & Hagberg, 1997). The extent of focal ischemic
damage was also reduced in A2a receptor KO adult mice compared with wild-type
animals, which suggests that A2a receptors play a prominent role in development
of ischemic injury and demonstrates the potential for anatomical and functional
neuroprotection against stroke by A2a receptor antagonists (Chen et al., 1999).

Conversely, in immature A2a receptor knockout mice, brain damage is aggra-
vated after hypoxic ischemia, which suggests that A2a receptors play an important
protective role in neonatal hypoxic-ischemic brain injury (Adén et al., 2003). In
man, chronic caffeine consumption is inversely related to the risk of fatal and nonfatal
strokes (Grobbee et al., 1990). In fact, one paper advised drinking enough coffee to
allow an increase in the number of adenosine receptors, but also to stop drinking
caffeine-containing beverages when a stroke occurs to prevent caffeine from induc-
ing a blockade at the level of adenosine receptors (Longstreth & Nelson, 1992). The
neuroprotective effect of methylxanthines against stroke-induced neuronal damage
has been for many years attributed to increase in the number of adenosine receptors
reported in numerous studies after chronic exposure to quite high doses of caffeine
(for review, see Nehlig & Debry, 1994). However, using more realistic doses of
caffeine given in drinking water and relevant to daily human consumption, more
recent data showed no change in the density of adenosine Al or A2a receptors after
chronic caffeine exposure (Bona et al., 1995; Georgiev, Johansson, & Fredholm,
1993).

Adenosine has neuroprotective effects in situations of ischemia, both global and
focal (Dragunow & Faull, 1988; Dux et al., 1990; Evans, Swann, & Meldrum, 1987,
Marangos, von Lubitz, Daval, & Deckert, 1990; Miller & Hsu, 1992; Rudolphi,
Schubert, Parkinson, & Fredholm, 1992; von Lubitz, Dambrosia, Kempski, &
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Redmond, 1988). Extracellular concentration of adenosine increases rapidly during
an episode of ischemia (Berne, Rubio, & Curnish, 1974; Hagberg et al., 1987) but
the number of adenosine receptors decreases promptly (Adén, Lindstrém, Bona,
Hagberg, & Fredholm, 1994; Lee, Tetzlaff, & Kreutzberg, 1986). Acute treatment
with adenosine A1l receptor agonists protects neurons from injury induced by focal
or global ischemia (Rudolphi et al., 1992). This acute treatment is effective even
when administered up to 30 min postischemia (von Lubitz et al., 1989).

Conversely, a chronic treatment with an adenosine A1l agonist leads to damage
and mortality significantly exceeding that of untreated animals (von Lubitz, Lin,
Melman, et al., 1994). The effects of A2a receptors in ischemia are less clear and
were only studied acutely. A2a agonists have no apparent effect on hippocampal
damage (von Lubitz et al., 1995); A2a antagonists can reduce (Gao & Phillis, 1994)
or not (von Lubitz et al., 1995) the extent of neuronal damage. The role of A3
receptors in ischemia is poorly understood (Jacobson et al., 1996). Acute preischemic
stimulation of A3 receptors with agonists results in significant increase in morpho-
logical damage and mortality (Webb, Sills, Chovan, Peppard, & Francis, 1993), but
chronic exposure to the A3 agonist reduces damage and mortality (von Lubitz, Lin,
Popik, Carter, & Jacobson, 1994).

Concerning epilepsy, an acute exposure to methylxanthines worsens brain dam-
age induced by seizures (Pinard, Riche, Puiroud, & Seylaz, 1990) and decreases the
threshold to various convulsants (Albertson et al., 1983; Ault et al., 1987; Cutrufo
et al., 1992; De Sarro et al., 1997; Dragunow, 1990; Turski et al., 1985). Conversely,
as shown in ischemia, chronic treatment with caffeine or an adenosine A1 antagonist
leads to decreased susceptibility to seizures (Georgiev et al., 1993; Johansson,
Georgiev, Kuosmanen, & Fredholm, 1996; von Lubitz, et al., 1993; von Lubitz, Paul,
Ji, Carter, & Jacobson, 1994). A chronic treatment with a low dose of caffeine
protects also the hippocampus in a lesional model of temporal lobe epilepsy (Rigoulot,
Leroy, Koning, Ferrandon, & Nehlig, 2003).

Conversely, chronic treatment with an adenosine Al agonist, cyclopentylade-
nosine, results in pronounced increase in seizure-induced intensity and mortality
(von Lubitz, Paul, et al., 1994). A chronic treatment with the A3 receptor agonist,
IB-MECA, results in almost complete protection against NMDA-induced seizures
and significant reduction of mortality after electroshock and pentylenetetrazol-
induced seizures (von Lubitz et al., 1995). These effects occur without changes in
the number of adenosine Al receptors and are most markedly observed during
ongoing treatment and not after (Georgiev et al., 1993). This effect may, however,
involve an action at the Al receptors because decreased susceptibility to seizures
results also from chronic exposure to an adenosine Al receptor antagonist (von
Lubitz, Paul, et al., 1994). The exact mechanism has not been yet clarified.

Thus, upregulation of adenosine receptors does not appear to be necessary to
allow chronic exposure to caffeine to exert neuroprotective or anticonvulsant effects.
However, as suggested by Johansson et al. (1996), a primary effect on adenosine
receptors triggered by the chronic exposure to caffeine could lead to adaptive changes
in other transmission systems and/or in fundamental properties related to neuronal
excitability, as reflected by a reduction in c-fos expression after seizures in animals
treated with caffeine (Johansson et al., 1996). Among other mechanisms, the excitatory
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action of acetylcholine on cholinergic neurons is reduced (Lin & Phillis, 1990) and
the coupling of receptors to G-proteins is altered by chronic caffeine treatment (Chen
et al., 1999; Fastbom & Fredholm, 1990).

In addition, the psychostimulant effects of caffeine involve the phosphorylation
of DARPP-32 (Fredholm, Chen, Cunha, et al., 2005). Thus, it is likely that the effects
of chronic caffeine exposure in ischemia and epilepsy are mediated via a complex
cascade of downstream reactions involving adenosine receptors, G-proteins, and
DARPP-32 whose regulation might be altered with consequences on various neu-
rotransmission systems, even in the absence of a change in the total number of
adenosine receptors.

CAFFEINE AND PARKINSON’S DISEASE

Parkinson’s disease is caused by severe degeneration of dopamine neurons in the
substantia nigra, which leads to incapacity to control voluntary movements and
tremor, akinesia, rigidity, and postural instability. It is presently treated by the
precursor of dopamine, L-dopa, which is not very active on tremor, or dopamine
D2 receptor agonists. These treatments lead to long-term complications, including
loss of drug efficacy and dyskinesia (Marsden, 1990). Bromocriptine, a dopamine
D2 receptor agonist, induces locomotor stimulation in rodents (Jackson et al., 1995)
and is currently used alone or in combination with L-dopa to achieve greater effec-
tiveness (Montastruc, Rascol, Senard, & Rascol, 1994; Nakanishi et al., 1992;
Olsson, Rascol, Korten, Dupont, & Gauthier, 1989).

Likewise, experimental evidence suggests that the antiparkinsonian effects of
dopamine agonists could be improved if an adenosine antagonist were used in a
combined therapy. Indeed, in the rat model of unilateral lesion of striatal dopamin-
ergic pathways by 6-hydroxydopamine (6-OHDA), the contralateral rotation induced
by dopaminergic agonists is potentiated by acute treatment with caffeine or theo-
phylline (Fredholm, Fuxe, & Agnati, 1976; Fredholm et al., 1983; Fuxe &
Ungerstedt, 1974). Similar effects have been obtained using selective A2a receptor
antagonists in the same model (Fenu, Pinna, Ongini, & Morelli, 1997; Jiang et al.,
1993; Pinna, Di Chiara, Wardas, & Morelli, 1996).

In monkey and marmoset models of Parkinson’s disease, administration of an
A2a antagonist improves the antiparkinsonian activity of L-dopa (Kanda et al., 1998,
2000; Shimada et al., 1997). In human parkinsonian patients, use of adenosine
antagonists such as methylxanthines has led to contradictory results. Some older
studies report no change when caffeine is combined with L-dopa or bromocriptine
(Kartzinel, Shoulson, & Clane, 1976; Shoulson & Chase, 1975), while a more recent
one finds improvements in tremor, but only after prolonged treatment (Mally &
Stone, 1994).

Although it is well recognized that methylxantines possess dopamine-like prop-
erties in animal models of parkinsonism (Casas et al., 1989a, b; Herrera—Marschitz
et al., 1988), one of the major limitations for their use is the rapid tolerance to their
dopamine agonist-like properties (Evans & Griffiths, 1992; Finn & Holtzman, 1987).
However, several recent experimental data suggest that tolerance to caffeine-induced
rotational behavior in rodents can be reversed if coadministered with substances like
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the cholinergic muscarinic receptor antagonist, scopolamine (Casas et al., 1999a),
the dopamine D2 receptor agonist, bromocriptine (Casas et al., 1999b), or the mixed
dopamine D1/D2 receptor agonist, pergolide (Prat et al., 2000). In fact, simulta-
neously to activation of the D2 receptors, a maximal activation of the D1 receptors
may be necessary to prevent tolerance to caffeine in this rat model of Parkinson’s
disease (Casas et al., 2000). Thus, many experimental data suggest that methylxan-
tines or A2a adenosine receptor antagonists could be introduced in the treatment of
Parkinson’s disease because tolerance to their effect can be counteracted.

Ahead of treatment, it has also been shown that caffeine consumption could
delay onset or possible occurrence of Parkinson’s disease. Epidemiological studies
starting as early as 1968 reported that coffee intake is inversely related to the
occurrence of Parkinson’s disease (Benedetti et al., 2000; Fall, Frederikson, Axelson,
& Granérus, 1999; Grandinetti, Morens, Reed, & MacEachem, 1994; Hellenbrand
et al., 1996; Jimenez—Jimenez, Mateo, & Gimenez—Roldan, 1992; Nefzger, Quadfazel,
& Karl, 1968; Ross et al., 2000; Tan et al., 2003). This effect is consistent in
populations from all over the world. Only one study showed that the protective effect
of coffee intake disappeared after adjustment for smoking (Grandinetti et al., 1994).

The inverse relation between caffeine intake and risk of Parkinson’s disease was
recently reported in large cohort studies including 8,004 to 88,565 participants
studied over a duration of 10 to 30 years (Ascherio et al., 2001; Paganini—Hill, 2001;
Ross et al., 2000; for review, see Schwarzschild & Ascherio, 2004). Most recent
case-control studies also favored an inverse relationship between caffeine consump-
tion and the incidence of Parkinson’s disease (Fall et al., 1999; Hellenbrand et al.,
1996; Hernan, Takkouche, Caarmafio-Isorna, & Gestal-Otero, 2002), with the
exception of one study (Checkoway et al., 2002).

For example, the study from the Honolulu Heart Program reported that men who
drank more than four cups of coffee a day were five times less likely to develop the
disease than those who drank no coffee (Ross et al., 2000). This relationship is valid
for caffeine from all sources. No other constituents of coffee like niacin, milk, or
sugar are associated with the disease. It was suggested that an underlying preclinical
olfactory deficit preventing the rewarding effects of the smell of coffee may exist
among the population of future parkinsonians (Benedetti et al., 2000). However,
recent data suggest that the progressive degeneration of the striatonigral neurons
that underlies development of the disease has little effect on caffeine consumption
(Schwarzschild & Ascherio, 2004).

The American Nurse’s Health Study and Health Professionals Follow-up Study
reported a clear inverse dose—response in men with a protective effect of coffee and
tea and no protection from decaffeinated coffee. In women, the relationship has a
U shape, with the highest for moderate caffeine consumption (Ascherio et al., 2001).
Two more recent studies confirmed a protective role of caffeine consumption for
postmenopausal women not using estrogen, but a reverse, deleterious fourfold
increased risk for women who take estrogens and drink six or more cups of coffee
daily (Ascherio et al., 2003, 2004). The reasons underlying this interaction are not
clear.

The mechanism of action hypothesized concerns adenosine A2a receptors that
are mainly the target of low doses of caffeine. A2a receptors are colocalized with
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dopamine D2 receptors in brain regions involved in control of locomotion. Blockade
of A2a adenosine receptors increases locomotor activity via stimulation of dopamine
D2 receptors. Thus, in animal models of Parkinson’s disease, A2a receptor antago-
nists improve motor deficits (Kuwana et al., 1999).

Two human studies confirm these data. The use of theophylline, an A2a receptor
antagonist associated or not with L-dopa, alleviated part of the motor symptoms of
parkinsonian patients (Kostic, Svetel, Sternic, Dragosevic, & Przedborski, 1999;
Mally & Stone, 1994). Furthermore, A2a receptor antagonists and D2 agonists
possess neuroprotective properties (Chen et al., 2001; Iida et al., 1999) and their
combined use could represent a future strategy for treatment of degeneration in
Parkinson’s disease. However, the efficacy of this type of combination needs to be
confirmed further (for review, see Chen, 2003, and Schwarschild & Ascherio, 2004).
Moreover, a recent study reported the potentiation of beneficial effects of combined
inactivation of A2a and metabotropic subtype 5 glutamate receptors, supporting this
pharmacological strategy as a promising anti-parkinsonian therapy (Coccurello,
Breysse, & Amalric, 2004).

CAN CAFFEINE BE CONSIDERED A DRUG
OF DEPENDENCE?

Caffeine has been shown to act as a mild reinforcer (i.e., maintaining its self-
administration or being preferentially chosen over placebo)—although not
consistently—in humans and animals (Griffiths & Mumford, 1996). At abrupt
cessation, caffeine induces a withdrawal syndrome in a subset of sensitive individ-
uals, about 11 to 22% of the population (Dews, O’Brien, & Bergman, 2002). This
syndrome is mostly characterized by headaches, feelings of weakness, impaired
concentration, fatigue, irritability, and withdrawal feelings (Griffiths et al., 1990; for
review, see Nehlig, 1999, 2004). These symptoms usually start 12 to 24 h after
caffeine cessation and reach a peak after 20 to 48 h. They never occur when caffeine
consumption is progressively decreased. Therefore, the possible physical dependence
on the methyxanthine has been considered for about two decades (Griffiths et al.,
1990; Griffiths & Mumford, 1995, 1996; Griffiths & Woodson, 1988b; Holtzman,
1990; Strain, Mumford, Silverman, & Griffiths, 1994), but appears quite low com-
pared to common drugs of abuse such as cocaine, amphetamine, morphine, and
nicotine.

Drugs of abuse selectively activate the shell of the nucleus accumbens, which
plays a critical role in drug dependence (Di Chiara, 1995; Self & Nestler, 1995).
This nucleus is functionally and morphologically divided into a core and a shell
part. The ventromedial shell part belongs to the mesolimbic dopaminergic system
that originates in the ventral tegmental area and ends mainly in the frontal and
prefrontal cortices. The shell of the nucleus accumbens plays a role in emotions,
motivation, and reward functions; the laterodorsal core is thought to regulate somato-
motor functions (Alheid & Heimer, 1988; Heimer, Zahm, Churchill, Kalivas, &
Wohltmann, 1991).

Drugs of abuse specifically increase dopamine release and functional activity in
the shell of the nucleus accumbens without affecting the core of the nucleus
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(Orzi, Passarelli, La Riccia, Di Grezia, & Pontieri, 1996; Pontieri, Tanda, & Di
Chiara, 1995; Pontieri, Tanda, Orzi, & Di Chiara, 1996; Porrino, Domer, Crane, &
Sokoloff, 1988; Stein & Fuller, 1992). These drug-induced changes in the shell of
the nucleus accumbens have been hypothesized to relate to the general abuse liability
of these drugs independently from their specific mechanism of action (Orzi et al.,
1996; Porrino et al., 1988).

In the structures mediating motor activity, sleep, and mood that are all very
sensitive to the effects of caffeine, functional activity is significantly increased after
alow dose of 1 mg/kg in the rat (Nehlig & Boyet, 2000). Conversely, at 1 and 2.5 mg/kg,
caffeine does not induce any change in glucose utilization in any part of the mesolim-
bic dopaminergic system that mediates addiction and reward. At 5 mg/kg, methylx-
anthine increases functional activity in the ventral tegmental area, the site of origin
of the mesolimbic dopamine cell bodies; other parts of the mesolimbic dopaminergic
system, such as the shell of the nucleus accumbens and medial prefrontal cortex,
are only activated after 10 mg/kg caffeine. Likewise 0.5 to 5 mg/kg caffeine do not
trigger any release of dopamine in the shell of the nucleus accumbens (Acquas et
al., 2002; Solinas et al., 2002); this is in contrast to what occurs with common drugs
of abuse that, at low doses, induce dopamine release specifically in the shell com-
pared to the core of the nucleus (Di Chiara & Imperato, 1988; Orzi et al., 1996;
Pontieri et al., 1995, 1996).

The increase in functional activity and dopamine release in the shell of the
nucleus accumbens occurs only after high doses of caffeine (at least 10 mg/kg) at
which the methylxanthine also activates the core part of the same nucleus and induces
widespread nonspecific metabolic increases in a majority of brain regions (Nehlig
& Boyet, 2000; Solinas et al., 2002). The general activating effects of high doses
of caffeine on brain functional activity are likely to reflect the numerous side and
adverse effects of ingestion of such doses of the methylxanthine—that is, anxiety,
nervousness, and dysphoria (James, 1991; Nehlig et al., 1992).

However, although high doses of caffeine appear to be able to activate the brain
circuits of reward, this occurs in a nonspecific way. Low doses of caffeine reflecting
the usual human level of consumption do not appear to be able to activate the shell
of the nucleus accumbens. Conversely, caffeine triggers dopamine release in the
sensitive locomotor region, the caudate nucleus (Okada et al., 1996, 1997), and induces
also c-fos mRNA labeling only in the caudate nucleus. Amphetamine and cocaine
label more the nucleus accumbens than the caudate nucleus (Johansson et al., 1994)
and even more the shell than the core, especially cocaine (Graybiel, Moratalla, &
Robertson, 1990).

The difference in the functional consequences of the psychostimulants cocaine
and amphetamine on the one hand and caffeine on the other is most likely relevant
to their respective mechanisms of action. Amphetamine and cocaine induce a release
or inhibit the uptake of dopamine (McMillen, 1983), which will bind to D1 and D2
dopamine receptors in the striatum. At low doses, caffeine acts preferentially at the
level of adenosine A2a receptors (Fredholm, 1995) mainly found in the striatum
where they colocalize with dopamine D2 receptors. This adenosine A2—dopamine
D2 interaction, which underlies most of the central actions of caffeine (Fuxe, Ferré,
Zoli, & Agnati, 1998), explains the high sensitivity of functional activity in the
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striatum to caffeine (Nehlig & Boyet, 2000) as well as the specific caffeine-induced
striatal expression of immediate early genes (Johansson et al., 1994; Svenningsson,
Nomikos, & Fredholm, 1995; Svenningsson, Strom, Johanson, & Fredholm, 1995).

When circulating levels of caffeine increase, the methylxanthine binds also to
adenosine A1 receptors (Fredholm, 1995) present in other neurons of the striatum in
which they colocalize with D1 dopamine receptors. The higher doses of caffeine lead
to expression of immediate early genes in AI-D1 and A2a—D2 neurons in the striatum
(Johansson et al., 1994; Svenningsson, Nomikos, et al., 1995; Svenningsson, Strom,
et al.,, 1995). In the present study, it appears that caffeine mimics the effects of
amphetamine and cocaine by activating the brain reward pathways only at rather high
doses (10 mg/kg), when binding to A1 adenosine receptors is already likely to occur.

However, at the latter dose, there is no specificity of response in the shell of the
nucleus accumbens as reported with dopamine and cocaine (Orzi et al., 1996; Pontieri
etal., 1995, 1996; Porrino et al., 1988; Stein & Fuller, 1992) because 10 mg/kg caffeine
also trigger an increase in functional activity in the core of the nucleus accumbens,
which is not involved in addiction and reward, as well as in most other brain regions.
This generalized response most likely reflects the widespread distribution of adenosine
Al receptors that are participating in the brain’s response to large doses of caffeine.

Thus, although caffeine acts as a psychostimulant and activates the dopaminergic
system as amphetamine and cocaine do, the different substances lead to quite
different effects on cerebral functional activity. In fact, caffeine appears to be used
consciously or unconsciously to manage mood state and alleviate the adverse effects
of caffeine deprivation (Phillips—Bute & Lane, 1998; Rogers & Dernoncourt, 1998).
It must also be remembered that human caffeine consumption is fractioned over the
day, but doses given in animal studies are usually injected as an intravenous or
intraperitoneal bolus. Thus, data on the effects of increasing doses of caffeine on
cerebral functional activity are rather in favor of caffeine acting as a positive rein-
forcer at the doses reflecting the general human consumption and do not support
participation of the brain circuitry of addiction and reward at low doses (one cup
per day) of caffeine, as hypothesized in the study by Strain et al. (1994).

CONCLUSION

The evolution of recent animal research has moved from the use of high to low realistic
doses of caffeine relevant to the daily human consumption. At these low doses, caffeine
exerts most of its stimulatory effects via blockade of adenosine A2a and A1 receptors.
Caffeine also interacts with dopamine receptors, but the mechanism is very different
from that of drugs like amphetamine and cocaine. The functions most sensitive to
caffeine appear to be locomotor activity, sleep, and mood; at doses relevant to human
daily consumption, caffeine does not activate the brain circuit of addiction and reward.

Therapeutic use of caffeine or A2a receptor antagonists has already been tested
in Parkinson’s disease, for which coffee consumption prior to the disease delays or
prevents the occurrence of symptoms. The mechanisms underlying the difference
between acute and long-term effects of the methylxanthine in brain pathologies
should be studied in more detail to allow induction of the adaptive changes that
seem to be able to trigger neuroprotection.
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