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Foreword

| am proud that the Royal College of Physicians remains at the forefront of policy
development in the field of smoking 45 years after our influential intervention of
1962. John Britton and his team have produced another stimulating and radical
report that faces up to the issue of nicotine addiction and challenges the current
position on alternative nicotine products. | congratulate them on this
comprehensive, carefully argued report and commend it to you.

October 2007 lan Gilmore
President, Royal College of Physicians



Preface

Cigarette smoking is powerfully addictive, and caused 100 million deaths in the
20th century. In the 21st century, if smoking trends persist as expected, one
billion people will die from smoking tobacco. All of these deaths are preventable.

Current national and international tobacco control policies focus, quite
rightly, on measures that help to prevent people from starting smoking, and help
existing smokers to quit. However, once established, smoking is a very difficult
addiction to break, and millions of people smoking today will never succeed. At
present rates of progress it will take over two decades for the prevalence of
smoking in the UK to halve from current levels, such that by 2025 there will
probably still be over five million smokers in the UK. Preventing harm to the
health of these smokers is a vital priority in this country, and in all countries
where the smoking epidemic is established.

The Royal College of Physicians first called for radical policies to reduce the
prevalence of smoking in 1962. Several of the policies we recommended then
have since become established international practice. However, those measures,
then and now, do not address the problem of smokers who cannot quit. The
majority of the 150 million deaths from smoking expected worldwide in the next
20 years will occur in people who are smoking today. These people need help.

In this report we make the case for harm reduction strategies to protect
smokers. We demonstrate that smokers smoke predominantly for nicotine, that
nicotine itself is not especially hazardous, and that if nicotine could be provided
in a form that is acceptable and effective as a cigarette substitute, millions of lives
could be saved. We also argue that the regulatory systems that currently govern
nicotine products in most countries, including the UK, actively discourage the
development, marketing and promotion of significantly safer nicotine products
to smokers.

Harm reduction is a fundamental component of many aspects of medicine
and, indeed, everyday life, yet for some reason effective harm reduction
principles have not been applied to tobacco smoking. This report makes the case
for radical reform of the way that nicotine products are regulated and used in
society. The ideas we present are controversial, and challenge many current and
entrenched views in medicine and public health. They also have the potential to
save millions of lives. They deserve serious consideration.

October 2007 John Britton
Chair, Tobacco Advisory Group of the Royal College of Physicians
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1.2  The history of tobacco use

1.3 The smoking epidemic

1.4  The health impacts of tobacco smoking
1.5 Conclusions

1.1 Introduction

An estimated 1.3 billion people worldwide currently smoke tobacco, mostly in the
form of cigarettes.! The number of smokers is growing, particularly in middle-
and low-income income countries where cigarettes are marketed aggressively by
some of the world’s most powerful companies, and is expected to reach 1.6 billion
by 2025.2 The health impacts of this inexorable spread in smoking are daunting.
Smoking is already the leading cause of premature death in the developed world
and is rapidly reaching that status in the developing world.3

Historically, tobacco has been used in a wider variety of forms, including
smokeless tobacco. Use of smokeless tobacco has remained widespread in parts
of the world and, in some countries, particularly Sweden and the United States, is
once again increasing. This chapter reviews the history and diversity of tobacco
use over time and place, examines the global spread of the cigarette epidemic,
and reviews briefly the health impacts of different forms of tobacco use.

1.2 The history of tobacco use
1.2.1 Origins

Although historical accounts of tobacco use vary,*-% the fact that tobacco
Is considered so powerful in native American culture that it is thought to play
a part in creation itself suggests that tobacco use is an ancient activity in the
Americas.” The tobacco plant is indigenous to the American continent. By
15000 BC humans there may have begun to pick and use wild tobacco species,
and smoked tobacco as part of ceremonial practices. By 5000 BC it is likely that
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2 Harm reduction in nicotine addiction

tobacco cultivation began simultaneously with maize-based agriculture in central
Mexico.> Thence, tobacco use and cultivation spread northwards — the first
archaeological evidence for tobacco use, found in New Mexico, dates to 1400 BC
— and smoking, originally limited to medicinal and ceremonial rituals, became
adopted by wider society.>®

By the time the Europeans arrived on the continent, tobacco use among
indigenous Americans throughout North and South America was widespread
and a core element of virtually all Native American cultures.>® Christopher
Columbus was presented with tobacco leaves on his arrival in October 1492 and
he and his fellow explorers provide the first written documentation of tobacco
use.> Records suggest that tobacco was being used in a variety of forms: it was
smoked, chewed, inhaled as a powder, drunk as a tea, inserted as a liquid enema
and consumed as a jelly. The natives of North America, for example, smoked
tobacco with a pipe, while the Mayas mainly used crude cigars and cigarettes.*’

1.2.2 The global spread of tobacco use begins

A few years after Columbus’ arrival in America, tobacco leaf and seeds were
brought back to Spain and Portugal. Tobacco use then gradually spread through-
out Europe, Russia and the Middle East.#? In 1560, Jean Nicot, the French
ambassador to the Portuguese court (after whom nicotine was named), intro-
duced tobacco and smoking to the French court as a medicine. Between 1530
and 1600, Spanish and Portuguese traders introduced tobacco to China, Japan,
the Philippines, India and Africa.’® Oceania was the last continent reached by
tobacco — Captain Cook arrived smoking a pipe in 1769 and was promptly
doused with water lest he be a demon.

The predominant mode of tobacco use has changed considerably over time. In
Europe, for example, pipe use predominated throughout the 17th century, to be
replaced by snuff at the turn of the 18th century.!! By the end of the 18th century,
snuff taking was in decline and a revival in smoking, initially in the form of cigars,
occurred, although largely among the wealthier classes.®1! Spain became a centre
for cigar manufacture in the 1600s, and the European cigarette probably
originated in the practice of beggars who rolled fragments of tobacco from used
cigars in paper to make papaletes.* Philip Morris, which is now the world’s largest
privately run cigarette company, began life in 1847 as a tobacconist on Bond
Street in London, selling hand-rolled Turkish cigarettes. The Crimean War
(1853-6) popularised cigarette smoking among British soldiers who copied the
art of hand-rolling tobacco from their Turkish allies. The first factories making
hand-rolled cigarettes opened in the UK in the 1850s.
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In the USA also, cigars, snuff and chewing tobacco were popular before
cigarettes, which were first made from scraps left over after the production of other
tobacco products. Cigarettes did not gain widespread popularity until after the
American Civil War (1861-5). The origins of the US tobacco companies reflect this
pattern. Lorillard was established in 1760 to process tobacco, cigars, and snuff. The
Liggett & Myers Tobacco Company developed from a family snuff business
established in the early 1800s. Twelve years after its official formation in 1873, it
became the largest manufacturer of plug chewing tobacco in the world. The
RJ Reynolds Tobacco Company was established in 1875 to produce chewing tobacco.

Elsewhere, the traditional form of tobacco use, until cigarettes were introduced,
was often pipe smoking.® In Japan, although cigar smoking was introduced first
via the Portuguese, smoking in long thin pipes (kiseru), probably introduced by
the Dutch, became far more popular and came to accompany the tea ceremony.®
Cigarettes were only introduced after the Meiji Restoration of 1868.12 In China,
tobacco pipe smoking was also traditional and, although initially seen as taboo
(with various unsuccessful prohibitions ordered), it became so widely accepted by
the 18t century that even women and children smoked.>

1.2.3 Mass production of cigarettes and the launch of the smoking
epidemic

The nature and scale of tobacco use changed irrevocably in the early 1880s with
the introduction of the Bonsack machine (a cigarette-rolling machine to replace
hand rolling) and the mass manufacture of cigarettes.!* Compared with trad-
itional smoking methods, manufactured cigarettes were relatively clean, easy to
use and increasingly affordable.!® From that point on, cigarettes, and white
cigarettes in particular, became the dominant form of tobacco used, and cigarette
smoking spread globally on a massive scale.? The mass manufacture of cigarettes
stimulated cigarette marketing, initially to overcome resistance to machine-made
goods but subsequently to create demand for the vastly increased production.
Competition between the tobacco companies in the US and UK markets
escalated, prompting the first series of tobacco company mergers and the launch
of the global cigarette manufacturers, known today as the transnational tobacco
companies.'® The smoking epidemic had begun.

1.2.4 Continuing diversity in tobacco use

By the end of the 19th century, manufactured cigarettes and various types of hand-
rolled cigarette accounted for up to 85% of all tobacco consumed worldwide.?
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However, in contrast to the almost exclusive use of white cigarettes in the West,
tobacco was, and continues to be, smoked in many different ways elsewhere. Bidis,
which comprise tobacco hand-rolled in a non-tobacco leaf, are commonly used
across much of South East Asia, and in India outsell cigarettes by seven to one. The
Indonesian market is dominated by kreteks, cigarettes in which tobacco is blended
with cloves, producing an anaesthetic agent (eugenol) which leads to deeper
inhalation and high tar yields.1® The water pipe (shisha, hookah or hubbly bubbly)
iIs commonly used to smoke tobacco in many countries of North Africa, the
Mediterranean and parts of Asia, and clay pipes (suipa, chilum or hookli) are used
in South East Asia.%16 These and other methods of tobacco use are discussed in
more detail in Chapter 5. Even manufactured cigarettes vary widely in design, for
example in the use of filters, paper and additives. They also vary in the kind of
tobacco used and how it is processed — factors that in turn influence the
physiochemical nature of the smoke. In the United Kingdom, for example, flue-
cured tobacco is preferred, while elsewhere in Europe a mixture of air-cured and
flue-cured tobacco predominates.’

Traditional forms of smokeless tobacco use do persist, leading to considerable
national and regional variation in tobacco habits. Smokeless tobacco use is wide-
spread across much of South, South East and Central Asia, North Africa and the
Middle East. In Mumbai, India, for example, 56% of women chew tobacco.®
There is a wide variation in the type of tobacco used and in the ingredients added
(see Box 1.1).10.18.19

In developed countries, use of smokeless tobacco is far less common. In the UK,
for example, smokeless tobacco is used almost exclusively by minority groups of
South Asian origin, among whom usage is thought to vary according to com-
munity and gender from 27% to 98%.%° In the United States, an estimated 3% of
adults use smokeless tobacco (including chewing tobacco and snuff) compared
with about 20% who smoke cigarettes,?>?? though use of smokeless tobacco has
increased over recent years.??

An exception to the dominance of the cigarette in developed countries is
Sweden where snus, a moist snuff that can be rolled by the user or bought in soft
porous packs which are put under the upper lip, is used widely. Snus has been
used in Sweden since 1637, and Sweden has the highest rate of per capita
consumption of snuff in the world.?* The high rates of snus use among Swedish
men, combined with the fact that male smoking and tobacco-related mortality
rates in Sweden are the lowest in the world and have been for some time,? has led
to a growing interest in the role that less harmful smokeless tobacco products
could play in smoking cessation and harm reduction as part of a broad approach
to the provision and regulation of alternative sources of nicotine.?%2” However,
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Box 1.1 Forms of tobacco use.

Smoking tobacco

Manufactured cigarettes Machine-manufactured cigarettes containing shredded or
reconstituted tobacco processed with hundreds of chemicals and wrapped in paper,
usually with a filter.

Bidis Small, thin, hand-rolled cigarettes containing small volumes of tobacco hand-
wrapped in hon-tobacco leaves, usually dried temburni leaves. Common in South Asia,
particularly India.

Kreteks Clove-flavoured cigarettes commonly consumed in Indonesia.

Cigars Air-cured and fermented tobaccos within a tobacco leaf wrapper. Vary in size
from cigarette-sized cigarillos to much larger versions. Vary in form regionally, with some
forms smoked with the ignited end placed inside the mouth.

Pipes Tobacco placed in the bowl of the pipe and inhaled through the stem, sometimes
through water.

Smokeless tobacco

Often referred to as spit tobacco, spitting tobacco or swallow tobacco. Produced in two
main forms — chewing tobacco and snuff:

Chewing tobacco Taken orally by placing a pinch of the mixture in the mouth between
the gum and cheek and gently sucking and chewing. A wide variety of regional forms
exists with use most common in Asia, the Middle East and the US (and migrant groups
from these regions). Forms include: gutkha, khaini, mawa, mishri, pan masala, qgiwam,
zarda (Asia), shammah and zarda (Middle East), loose-leaf, moist plug, plug and twist-
roll (US). The tobacco is often mixed with a variety of other compounds including spices
or sweeteners, lime (calcium hydroxide) and other psychoactive substances such as
areca nut.

Moist snuff Ground tobacco taken orally and held in the mouth between cheek and gum.
Increasingly pre-packaged into small paper or cloth packets. Forms include snus
(Sweden and Norway), nass or naswa (central Asia and the Middle East) and toombak
(Sudan). A variety of brands are available in the US including Skoal, Skoal Bandits and
Timber Wolf.

Dry snuff Powered tobacco inhaled through the nose or held between the lip and gum or
cheek. Once popular, its use is now in decline.

Adapted from the Tobacco atlas,'®© Smokeless tobacco factsheets,'® and CDC factsheet.1®

the supply of snus or other oral tobacco products that are designed to be sucked
was prohibited in the European Union in the early 1990s, so, with the exception
of some minority use in Sweden’s neighbouring countries, this product is not
used appreciably elsewhere in Europe. Smokeless products that are designed to be
chewed, including those used by the South Asian community, remain legal.
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1.3 The smoking epidemic
1.3.1 A conceptual model

The onset of mass manufacture of cigarettes precipitated the smoking epidemic.
A four-stage model of the epidemic has been described, based on observations of
trends in cigarette consumption and tobacco-related diseases in western
countries with the longest history of cigarette use, namely the United Kingdom
and the United States (Fig 1.1; Table 1.1).22 The model describes the typical
sequence of uptake of smoking in men and women, and the subsequent
occurrence of the harmful consequences of smoking. The epidemic begins with a
rise in male smoking, followed by a period of stable high rates and then gradual
decline. The onset of female smoking typically occurs later but then follows a
similar pattern. Tobacco-related mortality among men and women follows the
rise and fall of smoking prevalence, but with a lag of about 30-40 years.

————— % male smokers % male deaths
% female smokers ------ % female deaths
701 r40

Stage IV

Stage | Stage Il .~

60

Percentage of smokers among adults
Bupjows Ag pasned syreap Jo abeiusdiad

Year

Fig 1.1 The four-stage evolution of the smoking epidemic. Reproduced from Lopez AD,
Collishaw NE, Piha T. A descriptive model of the cigarette epidemic in developed
countries. Tob Control 1994;3:242-7, with permission from the BMJ Publishing Group.28

The delay between the onset of smoking and its health impacts is a key feature
of the epidemic, and one that explains why historically there has been confusion
about the health impacts of tobacco. Smoking kills through causing a wide range
of diseases, principally cancers, vascular disease and chronic lung disease (see
Chapter 6 for further discussion). The delay between the onset of smoking and
the occurrence of disease varies at individual and population level and from one
disease to another. Death rates from lung cancer in a population do not reach
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1 Use of tobacco in society 9

their maximum until 30-40 years after the peak in smoking prevalence, while
deaths from vascular diseases will occur somewhat earlier.?8 Similarly, the excess
risk of death from cardiovascular disease for an individual smoker declines quite
quickly after quitting smoking, while the risk of lung cancer falls more slowly.28.29
The delayed occurrence of health impacts means that countries in the early stages
of the epidemic may be able to prevent much of the future growth in tobacco-
related disease if effective public health interventions are implemented imme-
diately. However, in countries with long-established tobacco epidemics, or where
prevalence has been growing for several decades, tobacco-related mortality can
only be reduced in the short term if large numbers of current smokers quit.3°
Reducing uptake among young people will only reduce mortality many decades
into the future.

Other trends suggested by the model include the one-to-two decade delay
between the increase in male and female smoking and the changing social
pattern of smoking. Smoking is initially more common among the upper classes
— uptake of any ‘innovation’ being usually more rapid among wealthier people.
However, as the better off quit in response to health promotion messages, this
pattern reverses, resulting in considerable social inequalities in smoking habits
and health in the later stages of the epidemic. This is discussed briefly below and
described further in Chapter 10.

1.3.2 The smoking epidemic in the United Kingdom

In the UK, the smoking epidemic took hold from the start of the 20th century.
Male smoking increased rapidly over the next 50 years,'® particularly during the
two world wars, and by the late 1940s an estimated 65% of men were cigarette
smokers. Male smoking prevalence then began to fall, and did so consistently
until the early 1990s (Fig 1.2).31 Women began to smoke approximately 20 years
after their male counterparts, once social barriers to female smoking had
begun to be dismantled. The tobacco industry played a key role in this process by
promoting smoking as a symbol of emancipation, assisted by social changes
during the world wars.™® Female smoking then increased steadily, reaching a peak
some 20 years later than male smoking in about the mid-1970s, and declined
thereafter.

The UK is now in the later stages of the smoking epidemic model. Rates of
smoking fell substantially through the 1970s and 1980s, particularly in men.
Since the early 1990s, male and female smoking rates have been fairly similar.
This pattern is typical of the late stages of the epidemic (though in some
northern European countries female smoking is now more prevalent than male
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Fig 1.2 The UK smoking epidemic (projected data shown by dotted lines). Reproduced
from West with permission.3!

smoking). The rate of decline of smoking prevalence in the UK has since slowed
considerably with little change through the 1990s.32 Detailed analysis shows that
a significant decline of about 0.4% per year occurred between 1999 and 2002,%
and the latest data (from the 2004/5 General Household Survey) again suggest a
small decline in prevalence. Of adults in Britain aged 16 or over, 25% (26% men
and 23% women) now smoke cigarettes (Fig 1.2).31:32

Another key feature of this late stage of the epidemic is the social inequality in
smoking and smoking-related health that emerges as smoking becomes increas-
ingly entrenched among the least well off in society (see Chapter 10). In the UK,
current smoking rates show an approximate two-fold variation between profes-
sional and working classes,33-% though these figures hide a far greater disparity
between the most and least deprived groups.®® These gradients are among the
largest in Europe.3’ Other differences in smoking behaviour between social groups
include poorer smokers starting to smoke at a younger age, consuming more
tobacco, and finding it harder to quit.36-38

Mortality from tobacco, although still substantial (see Chapter 6), is also now
declining in both men and women in the UK. Owing to the trends in smoking
described above, the decline in male tobacco-related mortality occurred a few
decades earlier than in women, in whom the decline has only recently begun.3®
Nevertheless, tobacco remains the leading cause of morbidity and mortality
in the UK, recently estimated to cause 106,000 deaths each year, or about one in
six of all deaths.38-42 Moreover, owing to the social gradients in smoking habits
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described above, smoking is the leading cause of health inequalities, thought to
account for half of the difference in survival to 70 years of age between the
professional and unskilled manual social classes.3®

1.3.3 The smoking epidemic elsewhere

The smoking epidemic in other northern and western European countries, in
North America and in Australasia is also relatively advanced, but elsewhere is
typically at an earlier stage. Some countries in sub-Saharan Africa are still at
stage one of the epidemic, with low rates of cigarette smoking limited largely to
men, and with little or no increase in tobacco-related diseases yet evident.! Some
countries in Asia, North Africa and Latin America fit stage two of the epidemic,
characterised by higher rates of male smoking and an increase in tobacco-related
diseases in men beginning to occur, while smoking among women remains a
relatively new phenomenon. Other countries in these regions are moving
towards stage three of the epidemic — also typical of some countries in southern
and eastern Europe — where male smoking rates are very high but are starting to
fall, female smoking rates are close to reaching their peak, but tobacco-related
deaths continue to rise in both genders.!

Not all countries fit the smoking epidemic model.! For example, in the countries
of the former Soviet Union, tobacco smoking in men began around the end of the
19th century, at the same time as in the UK. However, the epidemic subsequently
developed slightly differently, probably because cigarettes were produced and sold
by a state monopoly rather than by the privately run transnational tobacco com-
panies operating in the West. Thus, tobacco marketing was unknown, and smoking
among women remained socially less acceptable and far less common. However,
since the collapse of the Soviet system in the early 1990s, smoking rates in women
have increased substantially; rates in women in Russia, for example, doubled
between 1992 and 2003.% In men, the very high rates of smoking (between 50%
and 65%)* have failed to decline as the model would predict. Instead, increases
have been observed in Russia, the only former Soviet country in which longitudinal
data have been analysed.*® These increases can be attributed to the aggressive
marketing by the transnational tobacco companies as they gained access to markets
in the region and the absence of effective tobacco control measures.*

1.3.4 The vector of the epidemic

Such patterns in the development of tobacco use within populations pro-
vide evidence of how the tobacco industry, particularly transnational tobacco
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companies, acts as the vector for the epidemic. Patterns of smoking uptake can
be explained largely by the presence and activity of the transnational tobacco com-
panies, particularly from the 1950s onwards, when tobacco companies began to
increase their international investments. During the 1970s, major investments
were made in Latin America, in the 1980s in Asia, and in the 1990s in the former
Eastern bloc countries.*>#647 China, the world’s largest tobacco market, remains
the primary target for expansion, with companies jostling to establish the first
substantial joint venture with the China National Tobacco Corporation.*

This global expansion was first triggered by health scares in the West,14.49.50
which resulted in declining tobacco consumption, and subsequently by global
political and economic change, including trade and investment liberalisation, and
the opening of formerly closed markets. Trade and investment liberalisation has
contributed significantly to increases in cigarette consumption, particularly in low-
and middle-income countries.?%! It is also notable that the most marked increases
in smoking prevalence have occurred in markets newly targeted by the trans-
national tobacco companies, and particularly among women. As a result, and
contrary to the view that could easily be formed by an affluent citizen in a
developed country, the global smoking epidemic continues to grow. The
consequences of this global expansion are startling. It has caused global cigarette
consumption to continue to increase. Falling per capita consumption in industrial-
ised countries (by 10% between 1970 and the mid-1990s) has been more than
offset by rises in low- and middle-income countries (Fig 1.3).252 Over three
quarters of the world’s smokers (most recently estimated at 1.3 billion smokers)
now live in low- and middle-income countries.!> While an estimated 35% of men
in developed countries smoke, this compares with almost 50% of men in
developing countries and almost two thirds of Chinese men.! As a result, the future
global health burden from tobacco will continue to increase, particularly in women,
and will shift sharply in geographical focus from high- to low- and middle-income
countries as outlined further below.

1.4 The health impacts of tobacco smoking

Smoking is uniquely harmful: half of all long-term smokers will eventually be
killed by their habit and, of these, half will die during middle age, losing
20-25 years of life.3545 Smoking has now been positively associated with over
40 diseases and the list continues to grow (see Chapter 6).°6 For most diseases,
the association with smoking is strong and viewed as causal. Specifically, the
major associations between smoking and disease satisfy the commonly accepted
criteria for causality. Thus, the associations are strong and consistent (having
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Fig 1.3 Trends in per capita adult cigarette consumption. Reproduced with permission
from the International Bank for Reconstruction and Development/The World Bank.2

been found in numerous studies, using different designs, and in different popula-
tions), with evidence of a relation. The temporal relation between smoking and
disease has been established and plausible biological mechanisms exist. The
diseases fall into three main categories: cancer, vascular diseases and chronic lung
diseases (Table 1.2).5456-61

Most of the evidence on the health impacts of smoking comes from high-
income countries but more recent evidence is emerging from other countries
including China and India.52-5%> These studies suggest that the overall risks of
smoking are about as great as in high-income countries and the diseases caused by
smoking are similar. However, the specific patterns of smoking-related diseases
may differ, reflecting the pre-existing distribution of underlying causes of death. In
China, compared with the West, tobacco causes far more deaths from chronic lung
diseases than from vascular disease. Smoking kills by making smoking-related
diseases that are already present in the population much more common.

The components of cigarette smoke collectively explain its health impacts.66:67
Smoke contains over 4,000 chemicals, approximately 500 in the vapour phase
(including carbon monoxide, ammonia, nitrogen oxides, hydrogen cyanide, and
various hydrocarbons) and over 3,500 in the particulate phase (including ‘tars’
and most of the carcinogenic agents). Nicotine appears in both phases.l’
Nicotine is the predominant addictive chemical and the reason why smokers
continue to smoke (see Chapters 2, 3 and 4). However, cigarette smoke also
contains carcinogenic agents in the particulate phase, including tobacco-specific
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Table 1.2. Relative risks in current male smokers versus males who have never
smoked (female data for cervical cancer) based on UK Doctors Study and the

American Cancer Society Cancer Prevention Study II.

Increased risk in smokers
largely or entirely due to
smoking

Cancers

Mouth, pharynx, larynx
24, 24.5

Lung 15, 22.4

Bladder 2.3, 2.9

Pancreas 2.2, 2.1

Cardiovascular disease

Ischaemic heart disease
1.6,1.9

Hypertension 1.4, 2.4

Other heart disease 2.1

Aortic aneurysm 4.1, 6.3

Peripheral vascular disease
9.7

Respiratory diseases

Chronic obstructive
pulmonary disease
12.7,17.6

Asthma 2.2, 1.3

Other diseases

Increased risk among
smokers partly due to
smoking

Oesophagus 7.5, 7.6
Leukaemia (myeloid) 1.8,
Kidney 2.1, 3

Stomach 1.7

Cerebral vascular
disease 1.5, 1.9

Pneumonia 1.9

Peptic ulcer

Crohn’s disease

Osteoporosis

Periodontitis

Tobacco amblyobia

Age-related macular
degeneration

Cataracts

Hip fracture

Increased risk among
smokers largely or partly
due to confounding
factors

Liver 1.6
Cervix 2.1
Large bowel

Cirrhosis
Suicide
Poisoning

Adapted from data in Doll,>¢ Boyle,>’, Doll,%® and Wald and Hackshaw.61

N-nitrosamines (TSNAs), polynuclear aromatic hydrocarbons (PAH), and
tobacco non-specific N-nitrosamines.!’” The carbon monoxide, nitrogen oxides
and other gaseous constituents of cigarette smoke have been shown to play a
particular role in cardiovascular disease: they reduce oxygen transport, promote
the atherosclerotic process, alter the serum lipid profile and increase platelet
stickiness and tendency to aggregate.58
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The exact composition of tobacco smoke is primarily determined by the
type of tobacco (including how it has been manufactured, cured and stored),
although variations in cigarette design, including filtration, ventilation, paper
and additives and the manner in which individuals smoke, also has an influence
(see Chapter 5).17:67

1.4.1 Impacts of smoking on global health status

The impacts of smoking on global health status are daunting. Smoking is the
single largest cause of avoidable, premature death in economically developed
countries, and is rapidly achieving this status outside the developed world.?8 Peto
et al estimate that in 1995 smoking caused three million deaths globally and that
by approximately 2025 this will increase to about 10 million deaths each year.
Moreover, the global distribution of these deaths will change dramatically,
reflecting the shift in the epidemic described above. In 1995, two thirds of deaths
caused by tobacco occurred in the developed world and accounted for one in six
deaths there; by 2025, three quarters of deaths caused by tobacco will be in the
developing world.352

1.4.2 The health impacts of smoking in context

Since the early 1990s, efforts have been made to assess the comparative importance
of different risk factors on health, both globally and in regional population groups,
in order to help determine policy and research priorities. Recently published
analyses based on 2001 data compare smoking with 19 other risk factors.%® These
show that in high-income countries smoking is the leading cause of death,
responsible for 18.5% (almost one in five) of all deaths. In low- and middle-
income countries, estimates suggest that only high blood pressure and childhood
underweight currently cause more deaths than smoking, and that smoking is
responsible for 6.9% of the total (more than one in 15 deaths). Globally, smoking
is estimated to have caused 4.8 million deaths in 2001; 8.5% of the total
(approximately one in 12 deaths). This is in line with the estimates given above
confirming the upward trajectory of the tobacco epidemic.

Tobacco also causes considerable long-term morbidity. Disability adjusted life
years (DALYs) are a measure of healthy life lost as a result of individuals being in
a state of poor health or disability. One DALY can be thought of as one lost year
of healthy life. Estimates have been made using DALYs to quantify the impact of
these risk factors on morbidity. Smoking was identified as the leading cause of
disability in high-income countries, where it is responsible for 13% of DALYs
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lost. In low- and middle-income countries it is responsible for 4% of DALYS lost
(Fig 1.4).5° Globally, smoking in 2001 was responsible for the loss of 72.9 million
DALYs, almost 5% of the total. Along with mortality, the global burden of
morbidity from tobacco is predicted to increase.5%0 The 2001 figures are almost
double the estimated DALYs lost globally to tobacco use in 1990. A further rise to
over 120 million DALYs lost to tobacco — just over 9% of the global total — is
predicted by 2020.7°

1.4.3 The health impacts of other forms of tobacco use
Cigars, pipes and bidis

The data given above relate almost exclusively to cigarette smoking. The health
consequences of smoking tobacco in other forms have been less thoroughly
evaluated, but are thought to be broadly similar. The smoke from cigars, pipes
and bidis has been shown to be carcinogenic and studies show an increased risk
of cancers of the oral cavity, pharynx, larynx, oesophagus, lung and stomach — a
subset of those already shown to be linked with cigarette smoking.”* Compared
with cigarette smokers, cigar smokers appear to have similar risks of oral and
oesophageal cancers, but lower risks of lung and laryngeal cancer, coronary heart
disease and chronic obstructive pulmonary disease, probably because cigar
smokers tend not to inhale and smoke less tobacco in total.”> Those who switch
from cigarette smoking to cigar or pipe smoking reduce their risk of death over
those that continue to smoke cigarettes, but have considerably higher risks of
dying than those who quit altogether.”>73

The changing cigarette

The form of the commercial cigarette has changed considerably since the 1950s,
largely in response to health concerns. Filterless cigarettes have given way to
filtered versions (virtually all cigarettes sold commercially in the UK are now
filtered), the type and preparation of tobacco used in cigarettes has changed,
various ingredients have been added, and machine-measured tar and nicotine
yields (but not the actual tar and nicotine content or the tar and nicotine delivered
in the process of normal smoking) have fallen considerably.1”.67.74 Some studies
suggest that the introduction of filters in the 1950s and initial reduction in tar
yields from very high levels (over 25 mg) may have had some health benefits,
particularly in reducing some cancer risks, but there has been little or no apparent
effect on risk of vascular or chronic obstructive pulmonary disease.>”8.7°Any
potential benefits have, however, largely been swamped by the introduction and
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Fig 1.4 Burden of disease attributable in 2001 to 10 leading regional risk factors, by
disease type in (a) high-income countries and (b) low- and middle-income countries.
Reproduced from Lopez et al with permission of the World Bank.69

marketing of so called ‘light’ cigarettes — a cynical attempt by the industry to
encourage smokers concerned about health risks to switch to ‘lights’ rather than
quit. Evidence suggests that although such cigarettes may have lower machine-
measured nicotine and tar yields, the actual tar and nicotine delivered during
smoking differs little from ‘full flavour’ cigarettes (see Chapter 5).7
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Smokeless products

The health risks of smokeless tobacco are considerably lower than those associated
with combustible tobacco products as it is largely the combustion process that
makes tobacco use so deadly.””?” The evidence on the health effects of smokeless
products is reviewed in Chapter 8. The major benefits of smokeless tobacco
products over combustible products are the virtual absence of respiratory risks,
and potentially lower cardiovascular risks due to the absence of the gaseous
components in smoke. However, it is also clear that the risks of smokeless tobacco
use vary between products and, although low in relation to cigarette smoking, are
not inconsequential.

1.5 Conclusions

H Tobacco use originated in the American continent thousands of years ago
and has spread to the rest of the world in the last 500 years.

H Tobacco continues to be used in many different ways, but the most
common form of consumption is now the cigarette.

H The current global epidemic of cigarette smoking is a recent phenomenon,
dating from around the turn of the 20th century.

H The onset of the smoking epidemic typically occurs in men before women,
with epidemic increases in deaths caused by smoking occurring
20-30 years after the onset of smoking.

H In some developed countries, both smoking prevalence and mortality rates
are now falling.

H Most countries are at an earlier stage of the epidemic, and globally both
smoking rates and mortality are rising.

H Smoking is the biggest avoidable cause of premature death and disability in
most developed countries, and with the evolution of the global smoking
epidemic will be equally important in the future wherever smoking
becomes prevalent.

H In 2001, smoking caused 4.8 million deaths, equivalent to about one in
every 12 of all deaths, globally.

H By 2025, there will be an estimated 1.6 billion smokers in the world, and
smoking will cause approximately 10 million deaths each year.

H Most of these deaths will occur in people who already smoke, rather than
those who start smoking between now and 2025. Therefore, while
preventing the uptake of smoking is crucially important to the prevention
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of deaths in the longer term, promoting smoking cessation has a greater
effect on mortality in the shorter term.

H Itis, therefore, crucial to find ways of helping existing smokers to quit

smoking, as well as preventing the uptake of smoking.
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2.1 Chemical and pharmacokinetic aspects of nicotine

Nicotine belongs to a large family of amine-containing chemicals called alkaloids.
Most alkaloids are produced by plants. Although nicotine is particularly abundant
in tobacco, detectable amounts are also found in some related plants, such as
potato, aubergine and tomato. Nicotine in plants probably functions as an
insecticide, and concentrated solutions of nicotine were once widely sold for this
purpose, giving way in recent years to organophosphates.

The chemical name for nicotine is (S)-3-(1-Methyl-2-pyrroli-dinyl)pyridine,
reflecting the existence of two nitrogen-containing carbon rings (Fig 2.1). In its
pure form, nicotine is a colourless or pale yellow oily liquid. In chemical terms,
pure nicotine is a base and is often referred to as nicotine free-base. It combines
with acids to form stable, powdered salts which can be readily dissolved in water;
this is the form of nicotine most commonly used by research scientists.

The absorption, distribution and fate of nicotine in the body has been studied
extensively and reviewed recently.! Nicotine can be absorbed slowly or rapidly,
depending on the route of administration and on the way the drug is formulated.
Nicotine is most rapidly taken up after cigarette smoke inhalation, with arterial
levels peaking approximately 20 seconds after each puff.?2 Although the kinetics
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Fig 2.1 Chemical structure of
nicotine.

of delivery of inhaled nicotine to the brain are still not fully understood, it is
estimated that nicotine from smoked tobacco reaches the brain about 10 seconds
faster than from the intravenously injected drug.? In contrast, the various forms
of nicotine replacement therapy (patch, gum, nasal spray, inhaler etc) deliver
nicotine much more slowly.!

In body fluids such as blood, most nicotine molecules are positively charged
and will not pass readily through cell membranes. This is because nicotine is a
weak base, with a pKa of about 8.0.1 Nevertheless, a significant proportion
(approximately 30%) of nicotine in the circulation is uncharged, and in this form
it distributes readily to tissues including the brain. The brain efficiently extracts
nicotine from the circulation and releases it back to the blood over the course of
many minutes.3* In abstinent smokers, nicotine levels in the blood initially decline
with a half-life of about two hours. However, after a few hours of abstinence,
nicotine disappears more slowly as the circulation continues to be replenished by
nicotine stored in tissues.! Nicotine blood levels in smokers vary during the day,
typically rising during the morning and reaching a plateau in the early afternoon
which continues until late evening. During the night, nicotine levels decline to
about one third of their daytime maximum. A pattern of peaks and troughs
corresponding to individual cigarettes is superimposed on this circadian rhythm.

Nicotine undergoes extensive metabolism in the body, primarily in the liver,
and six primary metabolites have been recognised in humans.! Cotinine, the
most abundant metabolite, has a much longer plasma half-life than nicotine
(16-20 hours).® It is used in smoking cessation studies as a measure of tobacco
smoke exposure and smoking to confirm self-reported abstinence. Animal
experiments suggest that chronic nicotine exposure leads to an accumulation of
cotinine and other metabolites in the brain.” This is potentially significant
because some metabolites are known to be pharmacologically active.® For
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example, both cotinine and nornicotine (another major metabolite) are able to
enhance the in vitro release of dopamine in animal studies,®1° and nornicotine is
voluntarily self-administered by rats.!! It is not known whether cotinine and
nornicotine reach pharmacologically significant concentrations in the brains of
smokers, but on present evidence it would certainly be premature to rule out a
role for nicotine metabolites in the motivation to smoke. Any nicotine that is not
metabolised is excreted, mainly by the kidney.

2.2 The physiological functions of nicotinic receptors

Nicotine produces pharmacological actions by targeting proteins whose natural
role is to act as receptors for the neurotransmitter acetylcholine (ACh) (Fig 2.2).
These receptors are commonly referred to as nicotinic cholinergic receptors or
NAChRs. Acetylcholine also acts on a second type of receptor that is insensitive to
nicotine but sensitive to a mushroom-derived drug, muscarine (termed
muscarinic cholinergic receptors). Both ACh and nicotine activate nicotinic
receptors, and they are therefore termed nicotinic agonists. Drugs which block
these receptors are known as nicotinic antagonists.

nAChRs
Terminal
Axon (Z
EEEN Ach EEE
Cell
body
Nicotine

Fig 2.2 A cholinergic neuron (left) forming a synapse with a second neuron (right). The
neurotransmitter acetylcholine (ACh) is released from a nerve terminal of the former and
crosses the synapse to stimulate nicotinic receptors (hAAChRs) located postsynaptically
on the latter neuron. Nicotine, which is not naturally produced in the body, can gain
access to the same nicotinic receptors as ACh. Once nicotine has bound to these
receptors, it may stimulate or desensitise them, depending in part on the drug
concentration and how long the drug is present. ACh = acetylcholine.

Acetylcholine performs a plethora of functions in the peripheral and central
nervous systems, some mediated by nicotinic receptors and others by muscarinic
receptors. The molecular structure of nicotinic receptors favours rapid com-
munication between neurons. Thus, when nAChRs are activated by ACh or
nicotine, they transmit a signal to the inside of the cell within milliseconds. In
contrast, muscarinic ACh receptors tend to react within seconds to minutes.
Rapid neurotransmission is obviously important at the junction between motor
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nerve terminals and skeletal muscles, and it is therefore unsurprising that
NAChRs mediate this function. Nicotinic receptors also play a key role in auto-
nomic nervous system activity, thereby modulating processes as diverse as
digestion, hormone secretion, blood pressure control, and pupil constriction.

In the brain and spinal cord, only a very small percentage of neurons use ACh
as a neurotransmitter, yet these neurons ramify widely, so that virtually the entire
central nervous system is supplied with ACh-releasing terminals. Nicotinic and
muscarinic receptors are also widely distributed. These two receptor types are
sometimes found at the same synapses, but can also occur independently. In
anatomical terms, the brain can be subdivided into regions (cerebral cortex,
hypothalamus, striatum etc) and into several hundred smaller structures known
as nuclei. Most, if not all, brain nuclei express nicotinic receptors.1213 Therefore,
these anatomical considerations suggest that nicotine could exert a widespread
influence on the brain through actions on nicotinic cholinergic receptors.

Nicotinic receptors are located on the outer surface of neurons and help to
regulate their electrical activity. They do this principally by controlling the entry
of electrically charged chemicals (ions, particularly sodium and calcium) into
cells. Each nicotinic receptor is cylindrical in shape, and has a central channel
through which ions can be permitted to pass into the cell (Fig 2.3). In the
absence of an agonist, the nicotinic receptor assumes a ‘resting’ shape in which

Q\Q Nicotine

Me N tobacco

Acetylcholine (ACh)

. Neuronal nicotinic
natural neurotransmitter

acetylcholine receptor
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Tobacco Natural Brain disorders
addiction physiological and therapies

functions?

Fig 2.3 A nicotinic acetylcholine receptor located in the outer membrane of a neuron.
The receptor comprises five subunits (shown in blue) surrounding a central channel,
which can open to allow the passage of positively-charged ions (Na* and Ca*™) into the
cell.
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the ion channel is closed. When a nicotinic agonist is administered, some agonist
molecules bind to the receptor and induce the receptor to change its shape so
that the ion channel opens. The resultant flow of positively charged ions into the
cell can have several consequences. First, the neuron becomes more electrically
active, producing electrical impulses (action potentials) at a faster rate. When
these impulses are conducted along the axon of the neuron to the nerve
terminals, they result in increased release of the neurotransmitter. Second, some
nicotinic receptors are capable of conducting calcium ions (Ca**) into the
neuron. Ca** ions play a critical role as signalling molecules within the cell. By
increasing Ca** ion levels within the cell, nicotinic receptors can have a pro-
nounced effect on many cell processes ranging from neurotransmitter release to
gene expression.

Nicotinic receptors are composed of five subunits (Fig 2.3). Each subunit is
encoded by a single gene and denoted by a Greek letter and Arabic number.1 All
subunits expressed in the brain are either o or  (for example, a4, $2). Nicotinic
receptors, in turn, can be differentiated into subtypes, depending on the com-
bination of subunits that they contain. Thus, according to current nomen-
clature, nAChRs that comprise only a:4f2 subunits are termed a.4p2 receptors;
if additional types of subunits are suspected, a ‘wild card’ asterisk is added (hence
a4p2* receptors). In the brain, a7* and a4f32* are particularly prevalent. It is not
known how many nAChR subtypes are expressed in the mammalian brain, but
pharmacological and molecular genetic studies have already identified about a
dozen.’® Nicotinic receptor subtypes differ greatly in their anatomical location, in
their sensitivity to nicotine, and in their propensity to desensitise (lose respon-
siveness to nicotine) and resensitise (become responsive to nicotine again) when
exposed to this drug.1>-1

2.3 Brain nicotinic receptors and cigarette smoking
2.3.1 General issues

Nicotine is thought to play a critical role in tobacco dependence,!® and since
nicotinic ACh receptors represent the main molecular target for this drug, they
are likely to be heavily involved in the mechanisms of nicotine dependence. The
receptor subtype or subtypes relevant to dependence are likely to be those located
in neuronal systems mediating reinforcement, of which the ventral tegmental area
(VTA) appears to be particularly important (see Chapter 3). However, on current
evidence, it is likely that nAChRs in other brain areas also contribute to nicotine
dependence.
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To be involved in the development of dependence, the relevant nAChR subtypes
have to be sensitive to smoking-relevant concentrations of nicotine. It is important
to note that nicotine and other agonists not only activate nicotinic receptors; these
drugs can also turn off (desensitise) receptor function. In the desensitised state,
receptors are temporarily unreactive and their ion channels are closed. It used to
be thought that nicotinic receptors only assume a desensitised state when exposed
to high, near-lethal concentrations of nicotine. However, this conclusion was
drawn from work on peripheral nicotinic receptors. In the brain, nicotinic
receptors are generally much more prone to desensitisation, and some can even be
turned off by levels of nicotine experienced on a daily basis by smokers.

The common assumption is that smokers seek nicotine to cause nAChR
stimulation rather than desensitisation, or possibly a combination of the two. If
nicotine receptor activation is indeed an important component of why smokers
smoke, it is therefore evident that if receptors desensitise on exposure to nicotine,
they should regain their sensitivity rapidly enough to ensure that a significant
proportion of the receptors can be activated at any one time.

Daytime venous plasma nicotine concentrations in smokers tend to peak at
around 30 ng/ml or 0.2 pM,! and animal studies have shown that brain tissue
sequesters nicotine, maintaining a 2.5-5-fold concentration gradient compared
with levels in the blood.!®% Brain nicotine concentrations in habitual smokers
are, therefore, likely to fluctuate between about 0.1 uM and 1 uM, though these
estimates do not allow for sequestration of brain nicotine in lipid and other
cellular compartments where it may be unavailable to act on receptors.

2.3.2 Differential sensitivity of nicotinic receptor subtypes to activation
by nicotine

Acute sensitivity of NnAChRs to nicotine has been assessed in vitro in recombinant
NAChR subtypes expressed in cultured cells or in frog egg cells (oocytes) and in
native (naturally occurring) nAChRs also isolated from mammalian tissue, and also
in vivo in laboratory animals. Recombinant receptors represent a useful research
tool, but they frequently fail to match their native counterparts in pharmacological
and other respects.?

In isolated brain tissue, brief submicromolar application of nicotine to native
NAChRs exerts numerous actions, including neuronal excitation and increased
release of several neurotransmitters.2223 The use of isolated tissue permits greater
control over the experimental conditions than is usually possible in vivo; conse-
quently, one can be more confident that the observed effects of nicotine reflect
direct actions of the drug on the neuronal population under study. The great
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majority of these in vitro studies have been conducted in rat or mouse tissue.
Neuronal excitation has been investigated using electrophysiological recording
techniques mainly in brain areas and neuronal populations that are known to
express NAChRs abundantly. These include the hippocampus, midbrain dopamine
neurons, thalamus, and medial habenular nucleus.?*-?7 Electrophysiological
approaches have also identified modulatory effects of nicotine on neurotransmitter
release from defined neuronal projections in the brain, such as the thalamocortical
and habenulo-interpeduncular pathways.?8-32 In most cases, a stimulatory effect of
nicotine was observed, but inhibition has also been reported.® In most of these
studies, it has been possible to identify the neurotransmitter in question, such as
glutamate or gamma-aminobutyric acid (GABA).282232 Nicotine-evoked neuro-
transmitter release can also be studied from isolated synaptosomes (pinched-off
nerve terminals) or tissue slices.1>23 This approach is more versatile than electro-
physiological recording in that it can detect the release of a wider range of neuro-
transmitters, notably dopamine, ACh, noradrenaline and serotonin, in addition to
glutamate and GABA.1>23

The above effects of nicotine on neuronal excitability and neurotransmitter
release are mediated by a variety of nAChR subtypes. For example, glutamate
release is commonly regulated by nAChRs comprised of a7 subunits, whereas
release of other neurotransmitters tends to be controlled by multiple receptor
subtypes.t® This diverse pharmacology is seen at nicotine concentrations that are
relevant to smoking. Several nicotine-sensitive NAChR subtypes have been
identified in isolated rodent tissue using pharmacological and genetic knockout
approaches.>34-3 These include a4p2* NAChRs (see section 2.2 for explanation
of nomenclature), which are widely and abundantly expressed in the brains of all
mammalian species examined, including the human brain.?! Other subtypes are
distributed more discretely, such as a6p3* isoforms associated with dopamine
releasing terminals.3* In contrast, the a.7* nAChR subtype, although abundant in
humans and other mammals, is only weakly activated by nicotine when applied
acutely in concentrations likely to occur during smoking.?

2.3.3 Modulation of nicotinic receptor function by desensitisation and
resensitisation

Experiments in animals have shown that nicotinic receptors in the brain typically
become at least partially unresponsive to nicotine (desensitised) when the drug is
applied continuously for a few seconds or minutes. The speed at which this hap-
pens, referred to as desensitisation Kinetics, helps to determine which potentially
active nAChR subtypes predominate in cigarette smokers. Perhaps surprisingly,
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many receptors can be desensitised by concentrations of nicotine lower than those
required for receptor activation.l’ Potentially, then, a proportion of brain nAChRs
may be desensitised even before the first cigarette is smoked in the morning.
In vitro studies have shown profound differences between nAChR subtypes in terms
of the rapidity and extent to which they desensitise when acutely exposed to
nicotine.!” For example, a7 nAChRs desensitise in less than a second, but require
high concentrations to do so, whereas a42 receptors can desensitise at much lower
(nanomolar) concentrations of nicotine, albeit much more slowly.

Pharmacological studies have tended to focus on the acute activating and
desensitising actions of nicotine. Nicotine AChR subtypes differ markedly in their
propensity to desensitise to subchronic in vitro exposure to nicotine over hours or
days. Based on a substantial literature, nicotine administered in concentrations of
0.1-0.3 uM has been estimated to reduce nAChR function by approximately 50%
for a3p2-nAChR; by 10-50% for a.3p4-nAChR; by 50-100% for a4p2-nAChR;
by 20-50% for a4p4-nAChR; and by 50-100% for a.7-nAChR.3" Although not all
of these receptor subtypes have yet been identified in the human brain, their
existence seems likely, based on the anatomical distribution of messenger RNA
(mRNA) that would encode them.?1:38 Accordingly, it has been suggested that, in
smokers, a3*-nAChRs, being less apt to desensitise, may predominate func-
tionally over a4* and a7*-nAChRs.3° Such a conclusion must be viewed with
caution, however, not least because it is based on the use of recombinant nAChRs,
which quite frequently behave differently from their native counterparts.3’ In this
context, one should also note that native o7 receptors have been identified in the
embryonic rat brain that do not inactivate with subchronic nicotine exposure.*°

While our knowledge of nAChR desensitisation Kinetics is incomplete, even
less is known about how rapidly different NAChR subtypes recover their function
(resensitise) after brief nicotine exposure. Recombinant nAChRs have shown
substantial recovery within minutes or hours of rapid nicotine removal in in vitro
experiments, at least for the few receptor subtypes that have been tested thus
far.8741 In human neuroblastoma cells, which possess native a3* and o.7* sub-
types, the full nicotinic response was regained within five minutes, even after 48
hours exposure to nicotine.*? In isolated brain tissue, where multiple nAChR
subtypes contribute to the response, some recovery of sensitivity has been
observed within several minutes following brief application of nicotine,*44 but
an additional persistent insensitivity lasting several hours has also been detected,
even after acute administration.*
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2.4 Insights into nAChR activation, desensitisation and
resensitisation from in vivo studies

In vitro characterisation of nAChR functioning — activation, desensitisation and
resensitisation — provides a starting point, but ultimately may tell us little about
habitual smokers. One reason for this is that some potent nicotine actions
observed in vitro have not been found to be significant when the drug is given
acutely in vivo. This is illustrated by many dopaminergic neurons in the brain.
These neurons express well-characterised nAChRs on their cell bodies and
dendrites, which modulate cell firing.%¢ In addition, dopaminergic neurons possess
presynaptic receptors which promote transmitter release.>* However, in laboratory
rodents, systemic administration of nicotine stimulates dopamine release mainly
or entirely by stimulating nAChRs in the dopamine cell body region.*¢4” Brain
noradrenergic neurons provide a second example of this phenomenon.*® In vitro
studies are also subject to the caveat that they cannot readily reproduce the longer-
term changes in NAChRs that result from prolonged in vivo exposure to nicotine.
Such alterations are discussed in the next section.

2.5 Regulation of nicotinic receptor expression and function by
chronic nicotine exposure

2.5.1 Differential regulation of nicotinic receptor subtypes

Chronic and continuous exposure to nicotine can markedly alter the expression
and function of brain nAChRs in vivo. In terms of NAChR expression, post-mortem
analysis has shown that cigarette smokers possess more nicotinic receptors than
non-smokers and ex-smokers.**-! This high level of nAChR numbers was found in
a number of brain regions, to somewhat differing degrees. Conceivably, individuals
who ultimately become highly addicted smokers may possess more brain nicotinic
receptors even before they take up cigarette smoking, or smoking may result in up-
regulation of nicotinic receptors. The question of what is the main cause of the
observed increase in nicotinic receptors in smokers could be examined best through
longitudinal studies using brain imaging techniques. Animal studies strongly
suggest that increased expression of nicotinic receptors stems at least in part from
up-regulation following chronic nicotine administration.3” Animal studies have
also shown that nAChR subtypes differ in their propensity to proliferate in
response to nicotine; for example, a4p2*-nAChRs up-regulate more readily than
o.7-nAChRs and a.3/06p2*-nAChRs.375253 Much less is known in this regard about
the human brain, although, consistent with the animal literature, post-mortem
analysis has revealed an increased density of a4p2*-nAChRs but not a.7-nAChRs in
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smokers.® The occurrence of agonist-induced receptor proliferation may appear
paradoxical, but it is not always accompanied by increased receptor function.3’

In the animal literature, there are numerous reports of either functional down-
or up-regulation of receptors following chronic nicotine exposure.” Unfor-
tunately, most studies of this sort have had to rely on post-mortem analysis of
brain tissue, and some of the mixed results in this field may be attributable to
differences in the way that brain tissue is prepared. Nevertheless, when tissue
preparation is standardised, it becomes apparent that nicotinic receptors located
on different neuronal populations can regulate in opposite directions. For
example, in one study, chronic nicotine administration led to an increase in
nicotine-evoked release of dopamine and 5-HT from rat striatal slices, whereas
ACh release was reduced in the same tissue.>* In another more recent study,
chronic nicotine administration greatly attenuated the ability of an acute nicotine
challenge to promote ex vivo hippocampal ACh release, whereas nicotine-evoked
noradrenaline release was increased.>®

These diverse findings presumably reflect anatomical differences in receptor
subtype expression. This is suggested by studies in cultured cells, where extended
nicotine exposure alters nAChR expression and function in a highly subtype-
dependent manner.3” Hence, it seems likely that chronic nicotine exposure in
smokers promotes the function of certain nAChR subtypes at the expense of others,
but the literature from animal studies gives little indication of which subtypes may
be favoured in this way. For example, while radioligand binding studies in rats have
reported a selective proliferation of a4p2* or a6* receptors,”®°7 it is not yet
established whether increased receptor abundance translates into increased receptor
function in these cases.

With in vivo nicotine exposure, more persistent forms of NAChR desensitisa-
tion (‘receptor inactivation’) are likely to come to the fore. Evidence for this
comes from rodent studies where as few as one or two systemic injections of
nicotine can induce NAChR-mediated tolerance for a few or even many hours,
depending on the study.58-60 However, multiple injections of nicotine given over
several days have been found to produce a much more prolonged nAChR
inactivation, such that the prolactin release response to nicotine did not recover
for more than a week after the last injection.®

It is still largely a matter of speculation which of the many nAChR populations
in the brain remain active during daytime smoking. Recently, however, it has been
claimed that most a4p2 receptors are desensitised by cigarette smoking.5! These
authors used a positron emission tomography (PET) imaging radiotracer to
estimate the degree of occupancy of a4p2-nAChRs in human smokers. Given that
radio-labelled nicotine binds with high (nanomolar) affinity to a4p2 receptors
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in vitro, it was hypothesised that these receptors would be almost completely
occupied by cigarette smoking. Subjects were screened to confirm that they had
abstained from cigarettes for at least 48 hours when tested. Smoking exerted a
remarkably profound effect on radiotracer binding, with effects apparent even after
a single cigarette puff, and it was estimated that daytime smoking results in near-
complete receptor occupancy (96% or more). It was further suggested that, across
the day, most o432 receptors shift to a high-affinity desensitised state, leaving very
few that can still be activated by nicotine. However, this conclusion is tempered by
the caveat that nAChR radiotracers are not capable of detecting receptors remain-
ing in a lower-affinity state which would still be possible to activate by nicotine.

2.5.2 Effect of chronic exposure on acute in vivo effects of nicotine in
animals

Nicotine exerts numerous acute neuropharmacological and behavioural effects
in drug-naive animals, but few studies have examined whether these effects can
be obtained during chronic exposure to nicotine. This is surprising, since it is
widely acknowledged that most cigarette smokers are continuously exposed to
pharmacological concentrations of nicotine, even during the night and before
the first cigarette of the day.! For various reasons, it has also proved difficult to
emulate the pronounced diurnal pattern of nicotine exposure experienced by
smokers in laboratory animals. Most investigators have employed subcutaneous
osmotic mini-pumps that deliver nicotine at a constant rate over several days up
to a few weeks. Against a background of continuous nicotine exposure, acute
nicotine administration lost its ability to increase detectably dopamine overflow
in the nucleus accumbens, measured by the microdialysis sampling method in
rats.626% This finding may be highly significant, given the importance currently
attributed to the mesolimbic dopamine system in mediating the reinforcing
effects of nicotine (see Chapter 3). Importantly, the observed insensitivity to
nicotine was associated with plasma concentrations mimicking daytime smoking
levels. The loss of nicotine-induced mesolimbic dopamine overflow persisted for
at least one or two days after withdrawal of chronic nicotine in rats.5*

By no means are all of nicotine's acute effects lost during chronic drug exposure,
however. For example, in the above-mentioned microdialysis experiments, chronic
drug infusion that was sufficient to abolish the mesolimbic dopamine response had
little if any effect on dopamine overflow in the neighbouring nigrostriatal dopa-
mine pathway.®? Clearly, then, at least some acute actions of nicotine can persist
despite continuous nicotine dosing. This fact has also been demonstrated using
immunohistochemical mapping of fos, a protein marker for neuronal activation.5°66
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In drug-naive animals, a single systemic nicotine injection increased fos expression
in several brain areas, as expected from previous studies. This acute response was
affected variably by continuous chronic nicotine delivered by osmotic mini-pump;
in some brain areas (the nucleus accumbens and parts of the hypothalamus, for
example) it was reduced or abolished, whereas in another area (the central nucleus
of the amygdala) it was unaffected.5>66 It is not known why tolerance to nicotine
should develop in some neuronal populations but not in others, but differences
in nicotinic receptor subtype expression almost certainly contribute to these
differences.

The persistence of functional brain nAChRs in fos expression studies is
remarkable, considering that chronic plasma nicotine levels in these studies were
well in excess of those found in typical smokers. However, at least two other types
of study provide corroborating evidence. In the first, administration of a NnAChR
antagonist to rodents receiving chronic nicotine readily precipitates withdrawal
signs, some of which are mediated by brain nAChRs;®’ such a result would not be
expected if all nAChRs were already inactivated. Second, nicotine-induced
stimulation of brain nAChRs provides a signal that rats can learn to recognise in
order to make the correct response to obtain a food reward. This acute effect of
nicotine persists undiminished when superimposed on a background of chronic
continuous nicotine.%

2.6 Acute actions of nicotine maintained in habitual cigarette
smokers

The evidence from animal studies reviewed above suggests, therefore, that, in the
continued presence of nicotine, some brain NAChRs lose their ability to function
while others remain sensitive to nicotine. But is this also the case in human
cigarette smokers, and what happens to the key receptors which may modulate
neurobiological processes underlying addiction to nicotine? These are harder
questions to answer and few published studies have addressed this issue. It is well
established that cigarette smokers become partially tolerant to a number of
nicotine's subjective and behavioural effects, most notably nausea and other
aversive effects.®® As in animal studies, short-term tolerance can be demonstrated
within minutes or hours of acute drug administration, and more prolonged drug
exposure results in chronic tolerance. It is likely that at least some of the tolerance
observed is mediated by desensitisation of nAChRs in the brain.

The animal evidence reviewed above suggests that profound tolerance to the
actions of nicotine develops in some brain areas but not in others. In human
subjects, it is possible to visualise the anatomical pattern of nicotinic activation
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using functional magnetic resonance imaging (fMRI). Such a study has revealed
widespread effects of intravenous nicotine in cigarette smokers.”® However, the
nicotine doses used in that study were extremely high, equivalent to the nicotine
yield from one to two cigarettes infused in a single minute.! Hence, it is possible
that nicotine was able to stimulate NAChR subtypes that would not normally be
activated during smoking.

Human brain imaging has also been used to estimate the proportion of a4p2
brain nicotinic receptors that are occupied by circulating levels of nicotine.5! The
investigators concluded that, across the day, cigarette smoking causes most o432
receptors to become desensitised, leaving very few that can still be activated by
nicotine. As mentioned above, this conclusion should perhaps be viewed with
caution, but, if true, these findings are potentially important given the high
prevalence of this receptor subtype in the brain and in dopaminergic pathways in
particular.

Perhaps surprisingly, administration of the nAChR blocker mecamylamine
does not produce significant signs of nicotine withdrawal in human smokers,
even when they are actively smoking.”>72 Since mecamylamine is centrally active,
the absence of withdrawal effects might suggest that few nAChRs are still
functional in these individuals. However, mecamylamine can precipitate mild
withdrawal in human subjects wearing a nicotine patch instead of smoking.”
Administration of mecamylamine also increases acutely cigarette smoking in a
consistent manner, as if smokers are attempting to overcome the effects of
NAChR blockade.”>737* Unfortunately, mecamylamine antagonises both central
and peripheral nAChRs, both of which contribute to the short-term regulation of
smoking behaviour.”® Hence, human studies with mecamylamine do not
unequivocally demonstrate the presence of functional nAChRs in the brain of
active smokers.

2.7 Effects of nicotine on release of brain dopamine in smokers

It is widely thought that cigarette smokers seek nicotine because it releases
dopamine in the mesolimbic system of the brain. Most of the evidence derives from
laboratory studies in rodents. Thus, systemic injection of nicotine reliably increases
mesolimbic dopamine release (see Chapter 3), and the same phenomenon has been
observed in animals actively working to obtain the drug.”® In addition, laboratory
animals self-administer nicotine less if dopaminergic transmission is disrupted
surgically or with drugs.”’."8

This sort of evidence may appear compelling, but it is important to consider
the limitations of such studies, apart from the obvious possibility of species
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differences. First, animals were typically drug-free when given nicotine, so brain
NAChRs were minimally desensitised. Second, most of these studies were of only a
few days’ duration, reducing the possibility of compensatory receptor up- or
down-regulation of nAChR density. Third, rats self-administering the drug were
offered only limited daily access, insufficient to produce dependence.”® Fourth,
self-administered nicotine was delivered in multiple doses, each equivalent to the
yield from one whole cigarette, potentially producing actions in the brain that
would not be encountered by human smokers. Finally, intravenous nicotine was
injected almost instantaneously, whereas nicotine from cigarette smoke is released
into the bloodstream over the course of a minute or so.? This difference could be
critical because recent evidence suggests that such differences in infusion speed
can have a great effect on the impact that nicotine has on the brain in animal
models.&

What then is the evidence that cigarette smoking increases mesolimbic dopa-
mine release (in human subjects)? This question has been addressed principally
with PET imaging, using radiotracers that bind to dopamine receptors; the
extent of dopamine release is inferred indirectly from a decline in radiotracer
labelling. Results to date have been somewhat mixed. A first study, targeting the
D1 subtype of dopamine receptor, provided no evidence for smoking-induced
dopamine release.8! However, in this study, the control subjects were expecting a
cigarette immediately after the scan, so it is possible that expectation-induced
dopamine release obscured any effect of active smoking.

Subsequent studies have focused on the D2 dopamine receptor subtype. In
one report,32 dopamine release did not consistently increase during cigarette
smoking in subjects who were at least 12 hours abstinent. However, the degree of
pleasure experienced during smoking was correlated with dopamine release.
Unexpectedly, this correlation occurred not in the mesolimbic system, but
instead in a dopamine terminal area (caudate-putamen) more usually associated
with motor control than with emotion. In contrast, another group observed an
apparent increase in mesolimbic dopamine release in subjects smoking after only
three hours of deprivation.8® This effect was surprisingly large, more akin to that
seen previously with amphetamine and cocaine. However, a much smaller effect
of smoking has now been reported in a new group of subjects.8

Taken together, these PET imaging studies suggest that in humans cigarette
smoke can increase dopamine release, even if the location and extent of this
effect appears somewhat unpredictable. All subjects in the studies were at least
three hours abstinent from smoking, and such an interval could conceivably
allow many desensitised nAChRs to regain their function prior to the test
session. Perhaps, then, the test cigarette resembled most closely that of the first
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cigarette in a normal smoker's day. What remains entirely unknown is whether
subsequent cigarettes are also capable of releasing brain dopamine. Instead,
smoking-associated cues may well play a key role in maintaining cigarette
smoking behaviour (see Chapter 3).

A further limitation of brain imaging studies is that they cannot tell us directly
how much of an impact any dopamine release would have on smoking behaviour
or subjective responses to smoking. One way to address this question is to
attenuate dopaminergic transmission experimentally by giving a dopamine
receptor blocker. This approach has yielded mixed results, with both increases
and decreases in smoking behaviour reported in different studies.8>-87 Here,
interpretation is further complicated by the possibility of non-selective drug
effects unrelated to dopamine receptor blockade. Dopaminergic transmission
can also be reduced temporarily in human subjects by administering an experi-
mental meal lacking the chemical precursors for this neurotransmitter. This
dietary manipulation has previously been found to decrease the stimulant effects
of amphetamine and cocaine — drugs which normally increase dopaminergic
transmission. However, the dopamine-depleting diet failed to change smoking
behaviour, the urge to smoke or various subjective effects of smoking.88

2.8 Contribution of nicotinic receptor subtypes to the reinforcing
effects of nicotine in animal models

Nicotinic receptors are distributed widely in the brain, and their natural function
Is to mediate the effects of the neurotransmitter ACh. Since nAChRs may be
physiologically important, smoking cessation drugs that target multiple nAChRs
indiscriminately are likely to have unwanted effects. With a view to developing
more selective drugs, much effort has been expended trying to identify subtypes
of NAChR that contribute to the reinforcing effects of nicotine in animal
models.8 Behavioural tests have focused largely on conditioned place preference
(CPP) and intravenous nicotine self-administration (IVSA), with rats and mice
being the animals of choice. The CPP procedure relies on the tendency of
animals to prefer an environment where they previously received a rewarding
stimulus. This type of conditioning is usually carried out using a two-compart-
ment box: the animal is repeatedly confined to one side after drug injection and
to the other side after a control injection of saline. On the test day, both sides are
accessible and the time spent in each is recorded. The IVSA procedure, in
contrast, makes use of a Skinner box equipped with levers, and here the animal
must work in order to obtain the drug. Attention has also been paid to the
mesolimbic dopamine system, in the expectation that this neuronal population
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mediates the drug's reinforcing effects. Since nicotinic drugs tend to have limited
selectivity for a given receptor subtype, much of this research has relied on the
use of genetically modified (especially ‘knockout’) mice that fail to express a
particular nAChR subunit.%

Several conclusions can be drawn from these studies. First, CPP associated with
systemic nicotine administration requires the expression of a4 and 2 but not
a7 subunits.?>%2 Second, dopamine release evoked by acute systemic injection of
nicotine also requires the presence of a4 and 2 nAChR subunits,®4 probably
located in the dopamine cell body area.3436:% Third, nicotine IVSA relies to an
important extent on nAChRs containing the 2 subunit®®% and possibly depends
on o7 subunits as well, although here results are mixed.?”% The participation of
ad-containing receptors in nicotine 1VSA has not been established but seems
likely, since this behaviour is dependent on mesolimbic dopamine transmission.’’
Finally, the possible participation of other nAChR subunits has not yet been
reported.

Signs of nicotine withdrawal have also been studied in mice lacking specific
NAChR subunits. In one study, mice were chronically treated with oral nicotine
so as to achieve plasma levels in the low smoking range.®® Spontaneous with-
drawal subsequently elicited several behavioural signs, some being dependent on
the expression of a7 subunits. Other studies have examined withdrawal precip-
itated by acute administration of the antagonist mecamylamine during chronic
nicotine administration.10%191 Here, B4 but not a2 receptors appeared critical,
but circulating levels of nicotine were not measured to see whether they were in
the smoking range.

Thus, it is still not clear which nAChR subtype or subtypes contribute to
tobacco dependence, but animal models suggest that nicotinic receptors
containing a4 and B2 subunits are the most likely candidates. This conclusion
appears consistent with the recently reported success of the a4p2-selective
agonist varenicline in smoking cessation trials, although it should be borne in
mind that varenicline has additional pharmacological actions.192 Finally, it is
important to emphasise that existing animal testing paradigms model, at best,
only certain aspects of cigarette smoking.

2.9 Conclusions

H Nicotine targets receptors whose natural function is to interact with the
neurotransmitter acetylcholine (ACh).

H By activating these nicotinic receptors, nicotine increases the firing rate of
neurons and increases the release of various neurotransmitters.
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The effect of nicotine on different nicotinic receptors is dose dependent
and is also modified by sustained exposure, which causes some receptors to
become desensitised.

Long-term exposure to nicotine also causes an increase in the number of
nicotinic receptors in the brain, but it is not clear how many of these
receptors are functional.

In animal studies, the acute reinforcing effects of nicotine appear to be
dependent on dopamine release in the brain. However, nicotine-induced
dopamine release is curtailed markedly or even disappears when animals
are chronically exposed to the drug.

Although cigarette smoking in humans promotes dopamine release, the
contribution of this effect to sustained smoking behaviour in humans is
still not fully understood (see Chapter 3).

It is also not clear which nicotinic receptor subtypes are responsible for
reinforcing effects of this drug in humans.
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reinforcing properties are enhanced by the process of self-administration.2>26 This
sensitised response is thought to be important to the development of dependence
on drugs such as nicotine, although the neurobiological mechanisms which
mediate the effect remain to be established.

3.5 The role of the accumbal core

The acute administration of nicotine to drug-naive rats has little or no effect on
DA overflow in the accumbal core. However, if the drug is given repetitively in the
form of daily injections, the DA projections become sensitised to the drug and
injections of nicotine elicit substantial and sustained increases in DA overflow in
this subdivision of the structure.?%2! Neurons within the accumbal core send
major projections to areas of the brain which mediate motor responses and,
therefore, it has been proposed that this subdivision of the nucleus accumbens is
likely to be involved in the control of locomotion.'® Because of this, it has been
suggested that increased DA overflow in the accumbal core may mediate the
locomotor stimulant properties of nicotine,32% which can be measured in animals
as an increase in locomotion in a simple activity box. This conclusion is consistent
with the evidence that the repetitive administration of nicotine to experimental
rats not only results in sensitisation of its effects on DA overflow in the accumbal
core, but also in sensitisation of its effects on locomotor activity. This is further
supported indirectly by experiments with another psychostimulant, amphetamine,
which have shown that selective destruction of DA terminals in the accumbal core
of rats attenuate the locomotor stimulant properties of the drug.?®

Other experiments, however, have shown that expression of the sensitised DA
response to nicotine in the core of the accumbens of experimental rats is
attenuated or abolished by the prior administration of drugs which block
N-methyl-D-aspartic acid (NMDA) receptors for glutamate in the brain.?"8
Since the microdialysis studies which generated these data could be performed in
conscious freely moving animals, it was also possible to test the effects of the
antagonists on the sensitised locomotor response to nicotine in the same
animals. The experiments showed that the antagonists had no effect on the
sensitised locomotor response to nicotine, demonstrating a clear dissociation
between the sensitised neural and the behavioural responses to the drug.?’-2¢ The
location of the NMDA receptors remains controversial, although it seems reason-
able to suggest that they are located on the DA neurons in the VTA which project
to the accumbens (Fig 3.3).2°

These and other results have led to the suggestion that the sensitised DA
responses to nicotine observed in the accumbal core are more likely to be
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Fig 3.3 Neuronal regulation of mesoaccumbens dopamine neurons within the ventral
tegmental area. The neurons shown are thought to synapse with the DA-secreting
neurons in the ventral tegmental area (VTA). The ACh (cholinergic neurons) probably
project, predominantly, from the pedunculopontine tegmentum (PPTQ) in the midbrain.
Some of the glutamate-secreting neurons may also project from project from the PPTg,
although glutamate neurons in the prefrontal cortex also innervate this structure. The
GABA-secreting neurons are located on projections from the nucleus accumbens and
on inter-neurons located within the VTA. DA = dopamine; VTA = ventral tegmental area;
ACh = acetylcholine.

implicated in the neurobiology underlying nicotine dependence than a simple
neurobiological correlate of the locomotor stimulant properties of the drug.303!
Interestingly, sensitisation of the DA projections to the accumbal core, evoked by
nicotine, appear to be a response which predominates when the drug is given non-
contingently by an experimenter rather than when the drug is self-administered.
This fact led Lecca and colleagues to argue that the DA projections to the accumbal
core do not play a major role in the neurobiology underlying nicotine addiction.?
This conclusion, however, is controversial. Others have suggested that the sensitised
DA responses in the accumbal core, evoked by repetitive administration of the
drugs, is fundamentally important to their ability to cause dependence, particularly
with regard to the role that conditioned stimuli play in the development of the
addiction.32333% This important issue is considered in the following section.

3.6 The role of conditioned stimuli in nicotine reinforcement

Most of the experiments which have explored nicotine self-administration in
experimental animals have incorporated a conditioned stimulus into the experi-
mental design. Indeed, it often proves difficult to demonstrate nicotine self-
administration in experimental animals when nicotine is the sole reinforcer.33% In
these paradigms, the presentation of nicotine is associated with the presentation of
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another stimulus (such as a light or a tone which itself has little or no reinforcing
properties), and both the acquisition and maintenance of responding for nicotine
is facilitated.3>3¢ Furthermore, the cues can acquire the properties of a conditioned
stimulus which maintains nicotine-seeking behaviour even when the primary
reinforcer (nicotine) is absent.® Studies with other reinforcers, such as food or
cocaine, have shown that the effects of conditioned stimuli on reward-seeking
behaviour depend upon increased activity of neurons located within the core of
the nucleus accumbens.3”38 Robinson and Berridge have long argued that the
sensitised responses to drugs of abuse mediate the attribution of ‘incentive
salience’ (the capacity to motivate animals to seek the drug) to conditioned stimuli
paired with delivery of the drug.3%3 They argue that these paired stimuli or cues
are, therefore, pivotally important to the transition to dependence.

Other animal studies, in which a conditioned stimulus has been paired with
intravenous injections of cocaine rather than nicotine, have shown that in the
absence of the primary reinforcer (cocaine) the non-contingent presentation of a
conditioned stimulus evokes a regionally selective increase in DA overflow in the
core of the nucleus accumbens.®® The presentation of a conditioned stimulus in
this way is thought to model the way such stimuli provoke drug-seeking behaviour
in abstinent individuals. Thus, the data taken together provide strong support for
the conclusion that increased DA overflow in the core subdivision of the nucleus
accumbens promotes the compulsive drug-seeking behaviour that characterises
the transition to addiction,?* and that the addicted animal experiences reward
from both the drug itself and from the paired stimulus.

3.7 Desensitisation and the neurobiology of addiction

The data summarised in the preceding paragraphs have provided strong support
for the conclusion that the reinforcing properties of nicotine, which underpin
addiction to the drug, depend upon stimulation of the nicotinic receptors located
on the mesolimbic DA projections to the nucleus accumbens. However, if animals
are given a second injection of nicotine within 60-90 minutes of the first, the DA
response to the drug in the nucleus accumbens is either abolished or attenuated
substantially.*® Also, if nicotine is delivered by continuous infusion using a
protocol which maintains the blood nicotine concentration at a level commonly
found in the plasma of habitual smokers, the DA response to nicotine injection is
blocked.*%41 Furthermore, the blood nicotine concentration in experimental
animals allowed to self-administer nicotine intravenously rises quickly to con-
centrations that could be expected to desensitise the neuronal nicotinic receptors
which mediate its effects on DA overflow in the nucleus accumbens.®442 These
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results, which are supported by other electrophysiological data,*® suggest that
exposure to nicotine not only stimulates the nicotinic receptors in the brain which
mediate its effects on DA release in the accumbens, but can also desensitise the
receptors if exposure to the drug is sustained even for a relatively short period of
time. Many regular smokers smoke in a way that is likely to result in the accumula-
tion of nicotine to a concentration that causes desensitisation of these receptors.
Nevertheless, they continue to smoke, and to find the habit reinforcing, when it is
unlikely that the nicotine they inhale has any significant effects on DA overflow in
the accumbens.3%4* Thus, hypotheses which seek to explain the addiction to
nicotine and tobacco need to explain why self-administration continues at a time
when the drug no longer stimulates DA overflow.

3.8 The effects of nicotine withdrawal

There is abundant evidence that many regular smokers experience significant
withdrawal effects when they first quit smoking, and that these symptoms can be
relieved by nicotine replacement.*>-*8 Studies with experimental animals have
shown that the abrupt withdrawal of nicotine, following a period of chronic
treatment, elicits behavioural changes which are thought to model some of the
symptoms of the tobacco abstinence syndrome experienced by abstinent
smokers.*®%0 Other behavioural results, using an experimental approach in which
rats are trained to stimulate reward pathways within the brain directly through
indwelling electrodes, suggest that nicotine withdrawal from experimental
animals increases the threshold at which animals find stimuli sufficiently
rewarding to elicit a behavioural response.®%2 This latter response to nicotine
withdrawal has been putatively associated with decreased DA overflow in the
accumbal shell.>® The neural responses to nicotine withdrawal are thought to
model the neurobiological changes within the brain which mediate the anhedonia
(the diminished ability to experience pleasure) experienced by many smokers
when they first quit the habit. This symptom may also be experienced following
relatively short periods of overnight abstinence. All these behavioural conse-
guences of nicotine withdrawal can be reversed by the administration of nicotine
and some non-nicotinic therapies for tobacco dependence such as bupropion.>*°°
Thus, these studies are thought to provide a behavioural model which can be used
to explore novel treatments which might be used to alleviate the effects of
nicotine withdrawal in humans.

It seems reasonable to suggest that many smokers will seek to maintain their
blood nicotine concentrations at levels which prevent the symptoms of withdrawal.
This explanation provides one potential reason why smokers may continue to
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smoke at times when they are unlikely to experience any positive reinforcement
derived directly from increased DA overflow in the nucleus accumbens. However, it
does not account for the fact that nicotine replacement therapy, although a valuable
aid to smoking cessation, is not as efficacious as would be anticipated if tobacco
dependence reflected a ‘simple’ addiction to nicotine.®® It is important, therefore, to
consider more carefully other mechanisms that might be involved, including the
putative role of the nicotine delivery vehicle, and of behavioural and other social
factors and cues associated with smoking.

When given to animals that have not been preloaded with the drug, a single
injection of nicotine results in a sustained increase in DA overflow that persists
for 60-120 minutes.2%21 Mansvelder and colleagues have suggested that the
sustained response reflects complex effects on the nicotinic receptors located on
the DA neurons themselves and the terminals of GABA and glutamate neurons
which innervate the VTA (see Fig 3.3).5"-°8 Balfour and colleagues have argued
that the sustained DA response to nicotine is related to stimulation of NMDA
glutamatergic receptors located on DA-secreting neurons in the VTA, resulting in
an increased proportion of the cells which exhibit burst firing.344° Balfour and
colleagues also suggest that burst-firing of DA neurons results in DA release from
varicosities directly into the interstitial space sampled by the dialysis probes that
are commonly used to measure DA overflow in the brain.*® Common to the
hypotheses of both groups is the concept that a single injection of nicotine elicits
a sustained increase in extra-cellular DA, which plays a central role in the
development of nicotine dependence. Significantly, a study by Lecca and
colleagues has shown that the self-administration of nicotine also elicits a
sustained increase in DA overflow in the accumbal shell and core which persists
for at least 90 minutes into the experimental session.?

3.9 The putative role of paracrine dopamine

The presentation of natural rewards, such as food to a hungry rat, also increases
DA overflow in the nucleus accumbens. Recent studies, however, suggest that
increased DA overflow in the nucleus accumbens is not essential for animals to
learn to respond to obtain rewards of this type, although it does facilitate the
acquisition of responding and increase its intensity.>° Thus, increased DA overflow
does not seem to mediate the reinforcing properties of natural rewards directly,
but to enhance their effects on behaviour. Balfour has argued that the data are
consistent with the hypothesis that extracellular DA in the interstitial space
between the cells functions as a local hormone which influences the probability
that an individual learns the behaviours associated with the delivery of rewards,
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responsible for the metabolism of DA in the human brain. They have argued that
one of the primary consequences of this enzyme inhibition will be the potentiation
of the effects of nicotine on monoamine, particularly DA, release in the brain,
thereby enhancing the addictive potential of the nicotine inhaled in tobacco
smoke. This conclusion is supported by the results of studies with experimental
rats which have shown that pharmacological inhibition of MAO in the brain does
enhance the reinforcing properties of nicotine when they are assessed using a self-
administration paradigm.®®

3.12 Conclusions

H Drug dependence has commonly been perceived primarily as a ‘drug-
seeking’ behaviour in which an addicted individual exhibits a powerful
desire or craving for the drug, and that on each occasion the addicted
individual takes the drug, he or she experiences a powerful rewarding effect
which is mediated directly by the drug itself.

H However, evidence from both animal and human studies indicates that
addiction to tobacco smoking is more complex. It also seems to depend
critically upon the ability of nicotine to confer powerful rewarding
properties on other sensory cues arising from the process of smoking, or
possibly also the circumstances in which smoking occurs.

H The direct reinforcing properties of nicotine are experienced
predominantly only after periods of temporary abstinence — after sleep, for
example. For much of the remainder of the smoking day, nicotinic
receptors are desensitised and the nicotine inhaled by the smoker probably
does not cause stimulation of the pathways, particularly the mesolimbic
DA system, implicated in the development of dependence. During these
periods, smoking is probably reinforced primarily by conditioned stimuli
(sensory cues) present in the smoke.

H By smoking in this way, smokers can maintain their blood nicotine level at
a concentration sufficient to prevent the aversive consequences of
withdrawal, while continuing to derive some positive reinforcement from
the conditioned stimuli present in the smoke, and possibly other
behavioural cues associated with smoking.

H Hypotheses concerning the neurobiological mechanisms have been derived
predominantly from studies with experimental animals. As far as it has
been possible to test them, the pharmacological responses to nicotine
inhaled by humans in tobacco smoke elicit similar effects in the human
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brain to those observed in experimental animals. It is important to
acknowledge, however, that the rats and mice commonly used for
experimental studies lack the complex cognitive skills and social behaviour
of humans. It is also important to acknowledge that the interplay between
the pharmacological properties of nicotine inhaled in tobacco smoke and
the cues and conditioned stimuli associated with human tobacco
dependence are likely to be even more complex than those revealed by
animal studies. Future studies which seek to establish better treatments for
tobacco addiction might usefully focus on this aspect of the problem.
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