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INTRODUCTION

The Gateway Hypothesis describes a developmental pro-
cess of involvement in drugs in the general population in
which certain drugs serve as a gateway for the use of other
substances in a specific temporal sequence. In this review,
we discuss the hypothesis from three perspectives. First, we
review epidemiological data that first delineated the
sequence that is typical in Western societies (1). Second,
we describe recent studies on the molecular mechanisms
underlying the gateway effect (2). Finally, we consider
briefly some of the implications of the gateway perspective
for understanding broad trends in drug use in the popula-
tion across different birth cohorts. As an epilogue, we
discuss the implications of the findings as regards the use of
e-cigarettes, especially by young people. A related review
has previously been published (3).

The epidemiological underpinning of the Gateway
Hypothesis

The prevalence of the use of different drug classes varies
greatly. For example, in 2012, the lifetime prevalence of use
in individuals aged 18-34 years in the United States ranged
from 88.4% for alcohol, to 67.3% for cigarettes, 52.7% for
marijuana, 16.4% for cocaine and 2.1% for heroin (4). The
mean ages of onset were 15.6 years for cigarettes, 16.5 for
alcohol and marijuana, 19.2 for cocaine and 20.1 for heroin.
These ages of onset provide some insight into potential
sequences of involvement into various drug classes. Most

The Gateway Hypothesis describes how tobacco or alcohol use precedes marijuana and
other illicit drug use. We review the epidemiological data, explore the underlying molecular
mechanisms in mice and discuss the societal implications of the hypothesis, including the
use of e-cigarettes by young people.

Conclusion: Our mouse model identifies biological processes underlying the hypothesis,
showing that nicotine is a gateway drug that exerts a priming effect on cocaine through
increased global acetylation in the striatum.

marijuana users (64.6%) started smoking or drinking before
they started using marijuana, with 22.6% starting at the
same age, 12.4% starting marijuana first and 4% starting
smoking first. The patterns are even more striking for
cocaine: 96.9% started smoking or drinking first, 2.2%
started all three drugs at the same age, 0.8% started cocaine
first, and 0.1% never smoked nor drank (Fig. 1).

Thus, in the general population in the United States and
in other Western societies, there is a well-defined sequence
of progression of drug usage. Drug usage starts with a legal
drug and proceeds to illegal drugs. Typically, the use of
tobacco or alcohol precedes the use of marijuana, which in

Key notes

e The Gateway Hypothesis describes the developmental
sequence of drug involvement in which tobacco or
alcohol use precedes the use of marijuana and other
illicit drugs.

e We review the epidemiological data, explore the
underlying molecular mechanisms and discuss the
societal implications of the hypothesis, including young
people’s use of e-cigarettes.

e Our mouse model identifies biological processes under-
lying the hypothesis, showing that nicotine is a gateway
drug that exerts a priming effect on cocaine through
increased global acetylation in the striatum.
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Figure 1 Most cocaine users have smoked cigarettes or drank alcohol before
starting to use cocaine (U.S. population, ages 18-34, National Survey on Drug
Use and Health 2012).

turn precedes the use of cocaine and other illicit substances.
The main pathways and the minor ones are displayed in
Figure 2. Even in the current period, when rates of
marijuana use among youths have greatly increased and
surpass those of cigarette use, most of those who have
experimented with marijuana or cocaine first experimented
with cigarettes or alcohol. Thus, in 2012, 56.3% of the high
school seniors in the Monitoring the Future survey stated
that they started smoking or drinking before using mari-
juana, with 30.7% saying that they started at the same age
and 13% saying that they initiated marijuana use first. The
comparable rates for cocaine were 84.5%, 14.1% and 1.4%.
The existence of a regular developmental sequence of
involvement in drugs of abuse is one of the most consistent
findings in the epidemiology of drug use (1,5-9). Thus, in an
analysis of representative samples of 17 countries, Degen-
hardt et al. (10) reported a very significant association
between the use of alcohol and tobacco with cannabis use
in all countries, except Japan, and between cannabis and
other illicit drugs in all 17 countries. However, entry into a
lower stage drug does not inexorably leads to a higher stage
drug. Furthermore, the Gateway Hypothesis addresses
developmental patterns of initiation of the use of different
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drugs. It does not directly address the development of
dependence on these drugs.

An alternative to the Gateway Hypothesis has been
proposed, based on the notion that the use of multiple drug
classes reflects a common liability for drug use and that this
liability, rather than the use of a particular drug, increases
the risk of progressing to the use of another drug (11-13).
Generalised risks include common genetic predispositions,
psychosocial factors conducive to using drugs and environ-
mental factors, including drug availability and opportunities
for using drugs (6,13-20). However, even strong advocates
of a Common Liability Model have found that the majority
of their sample followed the gateway sequence. Thus, 77.6%
of 124 marijuana users first used alcohol and, or, tobacco
(21). Our position is that the Gateway Hypothesis and the
Common Liability Model are complementary. Common
factors explain the use of drugs in general, while specific
factors explain why young people use specific drugs and do
so in a particular sequence (8,22). In fact, population
studies have found both generalised risk across substances
and substance-specific risk, particularly risks attributable to
tobacco use. As documented by Huizink et al. (8), smoking
directly affects initiation to illicit drugs, although common
genetic influences are sources of generalised risks across
substances. This may be especially true in the case of drug
dependence, as opposed to drug initiation, although specific
risk factors for dependence on legal and illegal drugs have
been identified (22).

Surprisingly, little progress has been made in addressing
the two fundamental questions that derive from the obser-
vation that the use of one class of drug is followed by the use
of another class. Firstly, does the use of the first drug cause
the use of the second drug, and secondly, what mechanisms
underlie the progression of drug use? Although epidemio-
logical studies have established the sequence between
substances and specified their association, epidemiological
studies cannot establish a causal progression, nor can they
identify the underlying cellular and molecular mechanisms
that could contribute to the gateway sequence of drug use.

To test the causal validity of the Gateway Hypothesis, we
undertook a programme that we had advocated earlier
(23,24) to carry out research in an animal model, in which
the investigator would administer one drug and observe
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Figure 2 Pathways of drug involvement.
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how it influences the reaction of the animal to a second
drug. The investigator would then be able to change the
order of drug exposures and observe the effects on
outcomes.

From epidemiology to molecular biology: translational
epidemiology

To obtain biological insights into the transition from
nicotine to cocaine in the development of drug abuse, we
bridged the epidemiology of drug use and molecular biology
by developing a mouse model that explored the behaviour,
physiology and molecular mechanisms underlying the
gateway sequence.

Animal models can provide a rigorous test of drug use
progression, in which drug-taking behaviour can be
observed in relation to well-defined prior experiences with
specific drugs, independently of any social or legal con-
straints regulating and defining drug use. Alternate specifi-
cations of the sequential order of drug presentation can
help resolve the possibility that the ordered use between
any two drugs is only determined by social factors related to
the availability of different substances. In 2003, this paper’s
co-author Denise Kandel (23) wrote an editorial in the
Journal of the American Medical Association advocating
the use of animal models to address the Gateway Hypoth-
esis. In collaboration with Amir Levine, Luca Colnaghi and
Yan-You Huang, we developed a biological model system of
the gateway sequence and applied it to mice (2). In mice,
one can readily control the ordered use between two drugs
so that order becomes the only experimental determinant of
outcome, and other factors, such as the relative availability
of different substances, are not relevant.

As a first step, we examined the sequence between
nicotine and cocaine. The early work of Wikler (25)
established that addiction is a form of learning. Subse-
quently, this paper’s co-author Eric Kandel (26) and his
colleagues worked out the molecular steps whereby the
gene transcription factor cyclic AMP response-element-
binding protein (CREB) switches on long-term memory.
More recently, Hyman et al. (27) found in the striatum, a
target in the brain that is critical for drugs of abuse, that the
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same molecular logic and the same molecular steps play a
major role in addiction as those that have been found to
underlie memory. These are activation of the transcriptional
regulator of CREB, the key switch from short- to long-term
memory and immediate early genes, such as FosB, and its
isoform AFosB. Accumulation of AFosB is a crucial step in
establishing addiction to most drugs of abuse and has been
used as a molecular marker for these processes. Nestler
found that knockout of FosB leads to decreased addictive
behaviour (28). Levine et al. (29) and Nestler (30) found
that cocaine leads to chromatin structure alteration in the
FosB gene, due to histone acetylation of the promoter of the
transcription factor AFosB.

If the gateway sequence is biologically causal, how does
the causality work? Does use of a specific gateway drug,
such as nicotine, enhance sensitivity to another drug, such
as cocaine? Are the same molecular steps that have been
found to play a role in addiction also involved? For
example, is priming due to a remodelling of chromatin
structure resulting from histone acetylation?

A TEST OF THE GATEWAY HYPOTHESIS

The sequential paradigm that we developed defined four
experimental groups: nicotine followed by saline, nicotine
followed by cocaine, cocaine followed by water and cocaine
followed by nicotine. Water followed by saline was the
control group. Nicotine was provided in the drinking water,
and saline and cocaine were administered through intraperi-
toneal injection. We applied this paradigm at different levels
of analysis: behavioural, neurophysiological and molecular.

Behaviour

In behavioural studies, we examined how sequential
administration of nicotine and cocaine alters locomotor
sensitisation and conditioned place preference. These are
two addiction-related behaviours whose response to drugs
of abuse depends in large part upon the striatum. We found
that nicotine dramatically enhances the locomotor response
to cocaine, by 98%, but cocaine does not alter the baseline
activity of nicotine (Fig. 3). Mice pretreated with nicotine

Cocaine -> Nicotine

L | [l saline ->Water

[ ] saline -> Nicotine
B Cocaine ->Water
[[] Cocaine ->Nicotine

Day 11

Day 11

Figure 3 24-hour nicotine treatment has no effect on cocaine-induced locomotion (Panel A), whereas 7 days of nicotine treatment increases the locomotor effects of
cocaine on days 9 through 11 (Panel B). By contrast, cocaine does not change the baseline activity of nicotine (Panel C). *p<0.05.
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similarly showed a 78% further increase in place preference
for the cocaine-coupled chamber compared with mice
treated only with cocaine.

Cell and molecular biology

We then used the sequential drug administration paradigm
to examine three cell biological and molecular markers of
the priming effect of nicotine on cocaine and of cocaine on
nicotine: synaptic plasticity, transcription of FosB and the
recruitment of histone acetylation. We focused on the
striatum, which is where most drugs of abuse exert their
addictive effect.

In examining synaptic plasticity, we found that nicotine
enhances the changes in long-term potentiation induced by
cocaine, but cocaine has no effect on the action of nicotine
on long-term potentiation (Fig. 4).

We next explored the expression of FosB and found that
in the Nucleus Accumbens, the expression of FosB induced
by cocaine is enhanced by pretreatment with nicotine, but
FosB expression induced by nicotine is not enhanced with
pretreatment with cocaine (Fig. 5).

Finally, we explored histone acetylation and gene expres-
sion. Chromatin is a combination of DNA and the protein
spools (nucleosomes) around which the DNA is wrapped.
The nucleosomes are made up of two copies of four
different types of histone proteins, H1, H2, H3 and H4,
around which the DNA winds. Thus, chromatin structure
equals gene expression. The cascade of gene expression is
initiated by the acetylation of histone tails by the CREB-
binding protein (CBP). This neutralises the positively
charged lysine residues on the histone tails that interact
with DNA, thereby decreasing the affinity of histones for
DNA, opening up the promoter and recruiting the machin-
ery for transcription: the TATA box-binding protein and
polymerase II. This, in turn, allows transcription of AFosB

Caudate Putamen

180 4

160

140

120

100

80

60 1

Field potential amplitude (% of baseline)

40

The Gateway Hypothesis of substance abuse

to occur. We found that cocaine acetylates the FosB
promoter site only on histone H4, whereas nicotine acet-
ylates both histones H3 and H4 and does so to a degree that
cocaine cannot enhance it further (Fig. 6). Furthermore,
although cocaine acetylates H4 as much as nicotine does, it
only does so locally at the FosB promoter. In contrast,
nicotine leads to more widespread acetylation of H3 and
H4 throughout the whole striatum. Nicotine accomplishes
this increase in widespread histone acetylation by inhibiting
histone deacetylase, the enzyme that removes the acetyla-
tion (HDACsS), thereby creating an environment primed for
the induction of gene expression (FosB). As a result of the
inhibition of HDAC, cocaine can now allow transcription
to go on for a long time. The acetylated chromatin induced
by nicotine exposure then allows greater FosB gene
expression in response to cocaine injection than cocaine
alone. This model is illustrated in Figure 7.

The priming effect of nicotine on cocaine-induced
responses requires that nicotine be continuously adminis-
tered when cocaine is given. Nicotine is administered for
7 days and needs to be administered concurrently on the
eighth day when cocaine is introduced. There was no
enhancement of the locomotor effect of cocaine (sensiti-
sation), long-term potentiation or FosB expression after
14 days, if nicotine treatment was stopped before cocaine
was administered.

FROM MOLECULAR BIOLOGY TO EPIDEMIOLOGY: TRANSLATIONAL
EPIDEMIOLOGY

Animal models suggest predictions to be tested in human
populations

We found that priming of the cocaine response by nicotine
requires both more than 1 day of treatment and concurrent
exposure to nicotine with the first cocaine exposure. This

Il Water ->Saline

[] Nicotine

M Cocaine

I Nicotine ->Cocaine
[ Cocaine ->Nicotine

60 1

Time (min)

0 20 40 60 80 100 120 140 160 180 200

Field potential amplitude (% of baseline)

Figure 4 In the Nucleus Accumbens, nicotine enhances LTP changes induced by cocaine, but cocaine has no effect on the action of nicotine on LTP. HFS = High-

frequency stimulation. *p<0.05
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Figure 5 The expression of FosB induced by cocaine is enhanced by pretreatment with nicotine, but FosB expression induced by nicotine is not enhanced with

pretreatment with cocaine. *p<0.05
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Figure 6 Nicotine, but not cocaine, induces histone hyperacetylation in the striatum at the FosB promoter. (A) histone H3 (K9); (B) H4 (K5 to K16). *p<0.05

finding prompted us to return to human populations and
ask two questions. What is the smoking status of cocaine
users at the time they start using cocaine? Does onset of
cocaine usage, while actively smoking, result in enhanced
effects of cocaine and higher rates of cocaine dependence?
To address these questions, we re-examined existing data
from a small longitudinal cohort of former high school
students followed from the ages of 15.7-34.2 years (31). The
majority of cocaine users (75.2%) were smoking during the
month of cocaine onset. We also analysed data from the
National Epidemiologic Study of Alcohol and Related
Conditions (32), a large national cohort representative of
the U.S. population. The rate of cocaine dependence was
highest among cocaine users who initiated cocaine after
having smoked cigarettes (20.2%) and was much lower
among those who initiated cocaine before smoking (6.3%)
or who had only smoked fewer than 100 cigarettes (10.2%).

SOCIETAL IMPLICATIONS
The Gateway Hypothesis has implications for understand-
ing the behaviour of individuals at the societal level. We

postulate that, at the population level, the drug behaviour of
adults from different birth cohorts will be shaped by
patterns of drug use they experienced as adolescents. As a
consequence, in different historical periods, the levels of
cocaine consumption in the adult population will vary as a
function of the societal levels of smoking experienced by
different cohorts in adolescence. To test this hypothesis,
longitudinal data from adolescence to adulthood in differ-
ent birth cohorts would be optimal. However, in the
absence of these data, we used a suitable alternative to
multiple longitudinal samples: repeated cross-sectional
surveys from representative national samples, as the age
groups in the surveys are a random subsample of their
respective birth cohorts.

In collaboration with Kerry Keyes and Ava Hamilton
from the School of Public Health at Columbia University,
we started a limited test of the Gateway Hypothesis. We
examined the drug behaviour of 12th graders (last year of
high school in the United States) as a function of the levels
of cigarette use they experienced 4 years earlier in the 8th
grade, in 18 birth cohorts from 1991 to 2008. These cohorts
spanned a period of lower smoking prevalence among 8th

134 ©2014 Foundation Acta Paediatrica. Published by John Wiley & Sons Ltd 2015 104, pp. 130-137
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Figure 7 A molecular model for the nicotine—cocaine gateway sequence of
drug usage. (A) FosB promoter region at baseline. (B) Acetylation of the
promoter region of FosB after 7 days of nicotine exposure. (C) FosB expression
in response to cocaine with previous nicotine exposure. TBP, TATA box-binding
protein.

graders (44% lifetime prevalence in 1991), a period of peak
prevalence (49% in 1996) and a period of lower prevalence
(20.5% in 2008). As predicted, periods of increase in
lifetime smoking among 8th graders were followed by
significant increases in rates of cocaine by seniors 4 years
later. As lifetime smoking rates increased by 12%, lifetime
cocaine rates increased by 43%. Correlatively, as smoking
rates declined (by 59%), so did cocaine rates decline (by
43%) (Fig. 8).

DISCUSSION

Our results suggest a model (Fig. 7), whereby nicotine
exerts its priming effect on cocaine through HDAC inhibi-
tion and provides a potential molecular explanation for the
unidirectional sequence of drug use of nicotine on cocaine
observed in mice and human populations. Thus, nicotine
acts as a gateway drug and exerts a priming effect on
cocaine in the sequence of drug use through increased
global histone acetylation in the striatum, creating an
environment primed for the induction of gene expression.
Long-term synaptic plasticity in the Nucleus Accumbens is
blocked when nicotine exposure is followed by cocaine
treatment, which presumably relieves inhibitory constraints
on dopaminergic neurons in the ventral tegmental area and

The Gateway Hypothesis of substance abuse
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Figure 8 Proportional change in prevalence of smoking in 8th grade and
cocaine use in 12th grade 4 years later among birth cohorts in periods when
smoking prevalence increased and then decreased [Based on data from
Monitoring the Future (42)].

leads to enhanced dopamine release when preceded by
chronic nicotine exposure. For all measures — behavioural
sensitisation, conditioned place preference, long-term syn-
aptic potentiation and FosB gene expression — reversing the
order of nicotine and cocaine administration is ineffective.
Cocaine does not enhance the effect of nicotine. Impor-
tantly, the effect of nicotine on cocaine requires prior
chronic, 7 day, exposure to nicotine. The priming effect
does not occur when treating with nicotine for 24 h and
then administering cocaine. Together, these results provide
a biological basis and a molecular mechanism for the
directionality of drug exposure observed in humans,
whereby one drug affects the neural circuitry in a manner
that potentiates the effects of another subsequently admin-
istered drug. Widespread acetylation of histones in the
striatum by nicotine activates AFosB in response to cocaine,
a gene related to reward and addiction, and thereby greatly
enhances the rewarding effects of cocaine.

Moreover, we only observed the priming effect of nico-
tine when cocaine administration partially overlapped with
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nicotine exposure, suggesting that HDAC inhibition by
nicotine depends on continuous nicotine intake. This is
consistent with human epidemiological data, which simi-
larly show that most individuals start using cocaine while
concurrently using nicotine, a state that may enhance the
physiological effects of cocaine. Concurrent smoking at
onset of cocaine, in humans as in mice, is associated with
greater persistence in cocaine consumption and addiction
compared with not actively smoking when starting to use
cocaine.

Finally, we documented at the population level how rates
of smoking in adolescence impact on the prevalence of
cocaine use in respective birth cohorts in early adulthood.

One can now ask whether the hyperacetylation produced
by nicotine also a molecular explanation of drug action
shared by the two other gateway drugs, alcohol and
marijuana. Is there a single mechanism for all gateway
sequences or does each sequence use a distinct mechanism?
By having identified a specific biological mechanism that
explains the sequence from cigarettes to cocaine in the
population, we believe that the Gateway Hypothesis and
Common Liability Model are complementary. Common
factors will explain the use of drugs in general, while
specific factors will explain why young people use specific
drugs and do so in a particular sequence.

AND NOW TO E-CIGARETTES

The data that we present here can help inform the current
debate about the potential benefits or harms of e-cigarettes,
which have been presented as a tool for reducing smoking
and the associated health burden in the population (33).
Advocates emphasise its advantage as a clean product,
without the morbidity associated with combustible tobacco.
However, the users now include not only the chronic long-
term smokers, the consumers that were originally envis-
aged, but adolescents and young adults, among whom use is
increasing sharply. Thus, in the United States, the number
of middle and high school students aged 11-17 using
e-cigarettes doubled from 2011 to 2012 (34) and tripled
from 2011 to 2013 (35). Discussions of the health effects of
e-cigarettes focus on the lungs and the heart (36-38). None
discuss the effect of e-cigarettes on the brain. The serious
consequences on brain functioning of the kind we report
here are not considered. The fact is that e-cigarettes are
nicotine delivery devices that will have the same physio-
logical effects on the brain, such as the acetylation effects
that we have described, with attending addictive behaviours
to a variety of drugs and experiences. Furthermore, the
effects that we report are based on adult mice. We would
expect these effects to be even stronger in adolescent
animals. Indeed, pretreatment with nicotine has been
reported to lead to enhanced cocaine-induced locomotor
activity and increased initial self-administration of cocaine
among adolescent but not adult rats (39,40). In addition, in
rodents, nicotine treatment during adolescence enhances
adult response to cocaine in adulthood (41). Whether
e-cigarettes will prove to be a gateway to the use of

Kandel and Kandel

combustible cigarettes and illicit drugs is uncertain, but it is
clearly a possibility.

Rather than conveying the public health message that
smoking is damaging to one’s health, endorsement of
e-cigarettes will implicitly condone smoking behaviour. In
its descriptions and imagery, this is the message that is
reinforced by the extensive advertising campaigns devel-
oped around the product. Its appeal to young people,
reinforced by the availability of a multiplicity of flavours,
during a critical period of brain development, presages a
public health crisis.

Nicotine acts as a gateway drug on the brain, and this
effect is likely to occur whether the exposure is from
smoking tobacco, passive tobacco smoke or e-cigarettes.
More effective prevention programmes need to be devel-
oped for all the products that contain nicotine, especially
those targeting young people. Our data suggest that effective
interventions would not only prevent smoking, and its
negative health consequences, but also decrease the risk of
progressing to illicit drug use and addiction.
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