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Is Sugar a Gateway Drug?
Abstract
Addiction is a chronic, relapsing disorder with genetic, biochemical and psychosocial antecedents. Chronic use of drugs of abuse results in characteristic biochemical changes in the mesolimbic pathway of the brain including reduced extracellular dopamine levels and down regulation of dopamine 2 receptors. Similar
biochemical changes have been identified with consumption of high concentrations of sugar. Cross-sensitization between sugar and drugs of abuse has been
demonstrated to occur. This raises the possibility that sugar could act as a gateway drug, increasing the subsequent risk of becoming addicted to drugs of abuse.  
This article examines the research that indicates sugar can act as a gateway drug.    
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Introduction
In 2012, more than 22 million people in the U.S. aged 12 or older
suffered from substance abuse or dependence [1]. The development of addictions is associated with characteristic changes in
the mesolimbic pathway (MLP) in the brain [2, 3]. Factors known
to influence the MLP and increase the risk of addictions include
genetic polymorphisms and environmental influences [4, 5].
Foods and beverages containing high concentrations of sugar are
examples of the latter [6]. Excessive sugar consumption causes
changes in the MLP that mimic the effects of drugs of abuse
(DOA) [7, 8]. Furthermore, changes in the MLP resulting from the
excessive ingestion of sugar have been demonstrated to increase
the likelihood of future drug use [9, 10]. This raises the question,
can sugar act as a gateway drug?

Method
PubMed and reference lists were searched for articles published
until October 1, 2015 using the keywords: sugar and addiction.
Secondary searches included articles cited in sources identified
by the previous search.   

Addiction and the mesolimbic pathway
Drug addiction has been described as a chronically relapsing disorder characterized by compulsion to take one or more drugs of
abuse (DOA) with loss of control over drug intake and continued
use despite negative consequences [11, 12]. Kalivas and Volkow
[13] described three stages of addiction: (1) Acute drug effects,
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(2) A transition from recreational use to repetitive use, and (3)
End-stage addiction characterized by an overwhelming desire to
use the drug, a diminished ability to control drug-seeking, and
reduced pleasure from other, everyday rewards.  
The biochemical etiology of addiction has been linked to neurochemical and neurophysiological changes in the mesolimbic
pathway (MLP). More than half a century ago, electrical stimulation of the brain was demonstrated to produce positive reinforcement in rats [14]. Subsequently, the medial forebrain bundle (an older name for the mesolimbic pathway) was suggested
as the final common pathway for reward messages involving a
variety of forebrain reward sites [15]. The MLP, also known as
the “mesolimbic dopamine system” [3], has been demonstrated
to be involved in motivation, pleasure, and reward [16].
The MLP is formed by dopaminergic neurons originating in the
ventral tegmental area (VTA) and projecting to the nucleus accumbens (NAc) [17, 18]. Dopamine (DA) is known to be an important neurotransmitter associated with reward [19-22]. Pleasurable stimuli [23, 24] and natural rewards [25] trigger the release
of DA in the NAc shell.     
Drugs of abuse (DOA) such as alcohol, nicotine, psychostimulants, opiates, and marijuana, also stimulate DA release in the
NAc [24-26]. In fact, all DOA have been demonstrated to trigger
DA release in the NAc [3, 21, 27, 28].   
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DOA increase extracellular DA in the NAc through a variety of
mechanisms. For example, cocaine blocks the DA transporter
(DAT) [29] whereas amphetamines induce DA release from presynaptic neurons [30]. Opiates inhibit Gamma-Aminobutyric acid
(GABA) interneurons that in turn inhibit mesolimbic DA neurons,
thus promoting DA release [2].
Release of DA in the NAc is associated with pleasure and reward
[16]. The more rapidly DA levels rise, the stronger the reinforcing
effect of the drug [31].  
Chronic or repeated use of DOA produces neurochemical and
neurophysiological alterations in the MLP associated with addictions. These changes include decreased levels of extracellular DA
[32] and down regulation of DA 2 receptors (D2Rs) [33].
Reduced D2R density has been found in chronic users of DOA.
Morphine and cocaine decrease NAc D2R mRNA in rats [34, 35].
D2Rs are down regulated in cocaine addicts [36], methamphetamine abusers [37], and alcoholics [33].
High numbers of D2Rs have been suggested to have a protective
role in alcoholism [38]. In rats, artificially increasing the number
of D2Rs reduces alcohol and cocaine intake [39-41]. These findings suggest the number of D2Rs correlates inversely with selfadministration of DOA’s [26].
To summarize these findings, chronic use of DOA results in reduced levels of extracellular DA and decreased D2R density in
the MLP. Low levels of D2Rs are associated with increased consumption of DOA and addiction [37, 40, 41] whereas normal or
high levels of D2Rs are associated with low craving behaviors and
decreased consumption of DOA [38].

Homeostasis and the brain reward cascade
More than two decades ago, Blum and Kozlowski [42] proposed
the existence of a “Brain Reward Cascade” or BRC. The BRC is
an interactive cascade of neurotransmitters that influences DA
release in the MLP. The BRC begins with the release of serotonin
(5-HT) in the hypothalamus. 5-HT then triggers the release of
met-enkephalin in the VTA. Binding of met-enkephalin to opiate
receptors inhibits the release of GABA. This reduction of the inhibitory neurotransmitter GABA disinhibits DA release, resulting
in increased levels of extracellular DA in the NAc [23, 43].
Under normal conditions, release of neurotransmitters along the
BRC creates a homeostasis within the MLP. However, under abnormal circumstances, such as during chronic self-administration
of DOA, this homeostasis is disrupted.  Evidence for this homeostasis model comes from a study by Koob [44] who found rats
allowed to self-administer ethanol during acute withdrawal selfadministered just enough ethanol to return extracellular DA levels in the NAc to predependence baseline levels.

Reward deficiency syndrome
Genetics contribute significantly to vulnerability to addictions.
Heritability for addiction has been estimated at 50% [45] with
multiple genes contributing to this predisposition.  
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Numerous genetic polymorphisms have been linked with the development of addictions. These include genes for: the serotonergic 2A receptor (5HT2AR), serotonergic transporter (5HTTLPR),
dopamine D1 receptor (D1R), dopamine D2 receptor (D2R), dopamine D3 receptor (D3R), dopamine D4 receptor (D4R), dopamine
transporter (DAT), the catechol-O-methyltransferase (COMT),
mono-amine oxidase (MOA), mu-opiate receptor (MOR), and
GABA-B3 genes [46]. These polymorphisms produce dopaminergic hypofunction in the MLP [46], which has been hypothesized
to increase the use of DOA in order to raise DA levels [4].   
Blum and colleagues [43] proposed that genetic polymorphism of
the D2R is associated with hypodopaminergic functioning in the
NAc. This produces a condition they labeled “Reward Deficiency Syndrome” (RDS) [47]. RDS is associated with polysubstance
abuse [43, 46].   
D2 agonists alter extracellular DA levels and D2R density in the
MLP.  Both the dose of the D2 agonist and the frequency of administration of the D2 agonist are important factors that influence extracellular DA levels and D2R density. Constant stimulation with low doses of D2 agonists results in proliferation of D2Rs
[23]. However, chronic stimulation with more potent D2 agonists
results in decreased D2R density [48]. Chronic use of DOA also results in reduced D2R density [33, 37]. Intermittent administration
of DOA leads to a more pronounced increase in extracellular DA
levels than occurs following acute administration of these drugs
[25].    
Reduced D2R density produces a hypodopaminergic state that is
functionally similar to RDS. Reduced DA levels in addicts, along
with increased sensitivity to the DA enhancing effects of DOA,
have been proposed as mechanisms leading to drug-seeking behavior and subsequent addiction [26].
Dopaminergic hypofunction has been proposed as a common etiologic factor contributing to a number of impulsive, compulsive,
and addictive disorders [47]. The proposed mechanism involves
the utilization of substances and/or behaviors that stimulate the
release of mesolimbic DA in order to compensate for the underlying dopaminergic hypofunction, thus restoring homeostasis to
this system [23]. This seeking out of DA may underlie the craving
and binging that occur with DA-stimulating substances [23].  

Allostasis
Koob and Le Moal [49] conceptualized addiction as a “cycle of
spiralling dysregulation of brain reward systems that progressively increases, resulting in compulsive use and loss of control
over drug-taking” (p. 97). These investigators proposed that a
continuous process of hedonic homeostatic dysregulation alters
DA’s normal set point, resulting in stabilization at a new, pathological set point.  This occurs through allostasis, which they defined as “the process of maintaining apparent reward function
stability by changes in brain reward mechanisms” [49] (p. 97).
In other words, repeated stimulation of DA by DOA results in a
restabilization of MPL dopaminergic tone at a lower, pathological
set point.  
This article is available in: http://drugabuse.imedpub.com/archive.php
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Food’s effects on the MLP
The same neurobiological pathway involved in addiction to DOA
modulates food consumption and can result in addiction to food
[50-53]. Food triggers DA release in the MLP [25]. This effect diminishes, however, when the food is no longer novel due to repeated access (unless the animal is food deprived) [54-56]. Thus,
extracellular DA levels in the MLP adapt to repeated presentation
of the same food reward, whereas novel foods continue to stimulate DA release [25].
Overconsumption of palatable food results in downregulation of
D2Rs and a state of reward hyposensitivity that mimics the effects of chronic administration of DOA. This reduction in D2Rs is
similar in magnitude to the reduction reported in drug-addicted
subjects [57].  

Sugar’s effects on extracellular DA levels in the
MLP
Sugar produces biochemical changes in the MLP similar to those
produced by DOA. For example, Hajnal et al. [58] found that rats
fed oral sucrose solutions at concentrations of 0.03 M, 0.1 M,
and 0.3 M experienced a concentration-dependent increase in
extracellular DA levels in the NAc that was statistically significant
(P<0.01). Also, Rada et al. [56] showed that sucrose-dependent
rats released more DA in the NAc following sucrose ingestion
than control rats that were not sucrose-dependent. The difference in DA release was statistically significant (P<0.03).  
Acute administration of D2 antagonists causes a dose-dependent
inhibition of sucrose intake in rats [59-61].
Habituation to the stimulatory DA response in the NAc shell occurs after a single pre-exposure to the same taste or food in rats
[54]. However, rats fed sucrose intermittently continue to produce increased levels of DA [56, 62]. Also, the amount of DA released in the NAc is proportional to the sucrose concentration,
rather than the volume of sucrose ingested [58]. Foods with
higher concentrations of sucrose trigger greater amounts of DA
release than foods with lower concentrations of sugar, and intermittent exposure to sucrose produces higher levels of DA than
continuous exposure.  

Sugar’s effects on DA receptors
Intermittent ingestion of sugar has been demonstrated to reduce
D2Rs in rats. Colantuoni and colleagues [7] found that rats fed a
25% glucose solution with chow for 12 hours each day doubled
their glucose intake in 10 days. After 30 days, receptor binding
was evaluated and compared with chow-fed controls. D2R binding decreased significantly in the glucose-fed rats. Bello et al. [63]
found that food-restricted rats fed a diet supplemented with sucrose (0.3 M) for 2 hours a day exhibited decreased D2R binding
in the NAc shell after 7 days. Spangler et al. [64] reported rats
placed on a chronic schedule of intermittent binging on a 10%
sucrose solution exhibited decreased levels of D2R mRNA in the
NAc compared with ad libitum chow controls.
© Under License of Creative Commons Attribution 3.0 License
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Cross-sensitization between sugar and drugs of
abuse
Drug-induced sensitization may lead to increased self-administration of the same drug. Sensitization has been suggested to
play a role in drug addiction [65]. Additionally, sensitization to
one drug can lead to increased self-administration of another
drug, a process known as “cross-sensitization” [6].   
Cross-sensitization has been demonstrated between various
DOA. Amphetamines cross-sensitize to cocaine or phencyclidine
[66]. Cocaine cross-sensitizes to alcohol [67] Heroin cross-sensitizes to the synthetic cannabinoid receptor agonist WIN55212.2
[68].  
Several studies have found intermittent sugar intake cross-sensitizes to drugs of abuse. Rats fed a 10% sucrose solution crosssensitize to amphetamine [8] and rats given access to granulated
sucrose cross-sensitize to cocaine [69]. Rats provided intermittent access to 10% sucrose, then forced to abstain, show increased intake of alcohol [9]. Also, rats that prefer sweet-taste
will self-administer cocaine at a higher rate [70]. These studies
indicate that sugar cross-sensitizes to DOA.  
Avena & colleagues [6] have suggested that cross-sensitization
between sugar and DOA may contribute to addiction by enhancing responsiveness to DA in the MLP. When one drug leads to the
increased use of another drug, this is referred to as “consummatory cross-sensitization” or “gateway effect” [6].  

The gateway hypothesis
The idea that developmental stages and sequences of drug use exist
was first proposed nearly four decades ago [71-73]. This idea suggests that a progressive and hierarchical sequence of stages of drug
use can be described [74-76]. The basic premise of the developmental stage hypothesis is that involvement in various classes of drugs
follows definite pathways and individuals who ingest one drug are
at risk of progressing to the use of another drug [74].    
The term gateway drug appeared in the 1980’s. This term was
initially used to refer to alcohol and cigarettes, two licit drugs
that were used prior to the use of illicit drugs. Later, the term
gateway drug was applied to illicit drugs, such as marijuana, as
well [74].
The Gateway Hypothesis suggests the use of some drugs (i.e.,
gateway drugs) increases the subsequent risk of using other
drugs [74, 77]. There are three propositions to the Gateway Hypothesis: (1) a developmental sequence of involvement with different classes or categories of drugs exists, (2) the use of a drug
earlier in the sequence is associated with an increased risk or
likelihood of use of a drug later in the sequence, and (3) the use
of a drug earlier in the sequence causes the use of a drug later in
the sequence [74]. Examples include the use of tobacco or alcohol leading to marijuana use [74] or nicotine leading to cocaine
use [78].   
The mechanism by which the use of one drug leads to the increased use of another drug remains controversial. Degenhardt
et al. [79] suggested etiological factors might include drug avail-
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ability and attitudes of drug users. Schenk [77], on the other
hand, suggested sensitization provides a mechanism for the progression of drug use both within and across drug classes. Numerous studies have demonstrated that exposure to certain drugs
produces a sensitized behavioral response to those same drugs,
and also produces neuroadaptive changes in DA neurotransmission [77]. Nicotine and alcohol, for example, have been demonstrated to produce a sensitized response to DA [77].
Cross-sensitization may contribute to the process of a gateway
drug increasing the risk of subsequent use of other drugs [77].
Cross-sensitization occurs when administration of one substance
results in sensitization to another drug [6]. This cross-sensitization involves one drug priming the MLP, so that subsequent use
of a different drug produces greater than expected release of DA.
One example would be pretreatment with nicotine sensitizing
mice to alcohol, resulting in a greater release of DA than would
otherwise be expected [80].

Is sugar a gateway drug?
Erickson [18] defined a drug as “any chemical other than food
or water that produces a therapeutic or nontherapeutic pharmacological action in the body” (p. 93). Based upon this definition,
sugar would not be classified as a drug, because it is generally
considered to be a food, and foods are excluded from the category of drugs.
However, as Tupper [81] has emphasized, definitions of “drugs”
and “foods” are strongly influenced by political and cultural factors. Whether we define sugar as a drug or a food is strongly
influenced by factors other than the existing scientific evidence
regarding its pharmacological effects.
More important than semantics, however, is the understanding
of the research previously cited in this article that indicate sugar’s
effects on the MLP mimic the effects of numerous drugs of abuse
including cocaine, heroin, nicotine, and alcohol. If we are willing to
consider the possibility that sugar acts like a drug on the MLP, we
can then begin to examine whether sugar acts as a gateway drug.  
As previously discussed, the Gateway Hypothesis consists of 3
propositions. Do these propositions apply to sugar? We can look
at each of these three propositions individually in relationship to
sugar.  

Proposition 1 - “There is a developmental
sequence of involvement with different classes
or categories of drugs.”
Much of the research on the addictive nature of sugar has been
performed on rats in a laboratory setting. This makes it challenging to determine whether a developmental sequence exist involving different classes or categories of drugs. Rats in a laboratory
setting do not generally have access to a wide range of different
classes of drugs. However, evidence suggests that the ingestion
of sugar does increase the subsequent use of drugs of abuse.  
Avena et al. [9] found that rats given intermittent access to 10%
sucrose subsequently consumed more ethanol than rats given ad
libitum access to sucrose (P<0.05). Rats provided intermittent ac-
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cess to sugar also show signs of cross sensitization with amphetamine [8] and cocaine [69].
These studied suggest the use of sugar can lead to the increased
use drugs of abuse.

Proposition 2 - “The use of a drug earlier in
the sequence is associated with an increased
risk or likelihood of use of a drug later in the
sequence.”
Studies have demonstrated that a rat’s level of sucrose preference can predict its desire to self-administer cocaine [82]. Furthermore, studies have demonstrated cross-sensitization between sugar and drugs of abuse [8, 9, 70, 83].  
Several studies have reported a positive correlation between the
intake of sugar or saccharin solutions and the self-administration
of morphine, cocaine, and amphetamine [69, 83-85]. Also, the
acquisition of amphetamine self-administration has been shown
to be more rapid in high sucrose feeder rats than in low sucrose
feeders [84]. Sugar has also been demonstrated to produces a
gateway effect for alcohol [9] and cocaine [70].  
These findings support the proposition that sugar intake is associated with an increased likelihood of using drugs of abuse.  

Proposition 3 - “The use of a drug earlier in the
sequence causes the use of a drug later in the
sequence.”
Evidence supporting this proposition comes from previously cited research demonstrating that increased release of DA in the
NAc following the ingestion of high concentrations of sugar leads
to down-regulation of D2Rs [7, 63, 64]. This produces a hypodopaminergic state of allostasis [49]. The behavioral consequence
of this state is an increased use of substances that trigger DA release in an effort to regain homeostasis in the MLP [23]. Ingestion
of DOA releases DA in the NAc [3, 21, 24-28]. Thus, the ingestion
of food and drinks containing high concentrations of sugar would
be expected to contribute to the repeated use of DOA in an attempt to restabilize MLP DA levels at a homeostatic level.   

Discussion
Although sugar is not ordinarily viewed as a drug of abuse, intermittent binging with sugar triggers neurochemical responses
in the MLP that parallel those produced by DOA. Furthermore,
evidence has demonstrated sugar may be addictive when consumed in a binge-like manner [6].  
Although quantitatively different, the neurochemical changes
produced by the intermittent ingestion of sugar are qualitatively
similar to the changes produced by DOA in the MLP [6]. These
include increased release of DA [54, 56, 58], reduced D2R mRNA
[64], and down-regulation of D2Rs [7, 63]. The resultant hypodopaminergic state is associated with increased drug seeking [49].
Cross-tolerance has been demonstrated between sugar and DOA
[8, 9, 70, 83]. These findings suggest the repeated ingestion of
This article is available in: http://drugabuse.imedpub.com/archive.php
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sugar, particularly in high concentrations, may lead to “gateway
effects,” resulting in increased use of DOA. Withdrawal effects of
sugar parallel those observed with drugs of abuse [6, 86]. Thus,
tolerance and withdrawal, the two hallmarks of dependence,
have been demonstrated to occur following the repeated ingestion of sugar.  
Despite the evidence supporting sugar’s role as a gateway drug,
several limitations to this review must be noted. First, some researchers have challenged the validity of the Gateway Hypothesis. In a prospective study, Tarter et al. [87] found that 22.4%
of subjects who used marijuana did not exhibit the gateway sequence. In these individuals, marijuana use was not preceded by
the use of licit substances, leading the authors to conclude the
gateway sequence is not an invariant pattern among drug-using
youth.  
Morral et al. [88] proposed an alternate “common factor model”
of drug use. This model suggested that progression from marijuana to other drugs could be explained by the order in which individuals have the opportunity to use these drugs, without assuming that marijuana contributes to the risk of using “hard drugs.”
Degenhardt et al. [79] analyzed drug use patterns using World
Health Organization (WHO) and World Mental Health (WMH)
Surveys. In this study of 85,088 individuals from 17 countries,
the authors found factors other than the Gateway Effect contributed to the ordering and progression of drug use. These factors
included: exposure or access to certain drugs, attitudes toward
certain drugs, background prevalence of drug use, age of onset,
and degree of exposure to certain drugs.
Another limitation of this study is the use of the term “drug”
when referring to sugar.   This application of the term “drug”
is likely to provoke controversy, as sugar has historically been
viewed as a food, rather than a drug. However, numerous studies
have demonstrated that sugar produces effects on the MLP similar to those produced by drugs of abuse. Thus, a reexamination of
sugar’s potential role as a drug appears warranted, based upon
the evidence provided in the afore-referenced articles.  
Quantitative studies are needed to determine whether a threshold dose exists which transforms sugar from a pleasure-inducing
food to a MLP-priming drug. Such studies should evaluate whether a dose or concentration of sugar can be identified that produces sufficient DA release in the MLP to cause allostasis, with
the subsequent triggering of drug craving and drug seeking behaviors.  

© Under License of Creative Commons Attribution 3.0 License
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Also, a lack of specificity regarding the use of the term “gateway drug” is problematic. Some studies limit the definition of a
gateway drug to licit substances only (e.g., alcohol and tobacco)
whereas others include illicit substances (e.g., cannabis). In this
article, the term “gateway drug” is used to refer to sugar, a substance that many would not consider to be a drug at all.  Therefore, identifying sugar as a gateway drug is likely to be controversial.    
Another limitation of this review is that the majority of research
cited involves studies using rats as subjects.  Although rats may
respond to sugar as a gateway drug, additional studies are needed to determine if sugar exhibits similar effects in humans.
Variability in the types and concentrations of sugar utilized in referenced studies is a further limitation of this article. Additional
studies are needed to clarify whether different sugars (e.g.,
monosaccharides, disaccharides, and polysaccharides) have similar or different effects on the MLP.
Most existing studies investigate only sugar’s short-term effects
on the MLP and the subsequent use of DOA. Long-term studies
are needed to investigate whether sugar’s effects on the MLP
and on the subsequent use of DOA persist over longer periods of
time (e.g., years).
Finally, the implication of the findings in this paper would indicate that any substance that triggers DA release in the MLP has
the potential to be a gateway drug. Further research is needed
to clarify whether all substances that trigger DA release in the
MLP act as gateway drugs, or if only specific substances function
as gateway drugs. The degree to which substances trigger DA release and the rate at which DA levels rise influence the reinforcing effects of these substances. Therefore, studies designed to
evaluate sugar’s quantitative effects on DA levels in the MLP are
likely to yield useful data.

Conclusion
If sugar acts as a gateway drug, what implications does this have
for future generations? Per capita soft-drink consumption has increased nearly 500% in the past 50 years [89] and consumption
of high-fructose corn syrup increased >1000% from 1970 to 1990
[90]. The full impact of this increase in sugar intake on the BRC,
the MLP, and addictive behaviors remains to be determined. Further research is needed to clarify sugar’s role as a gateway drug.
Additionally, further research examining strategies for minimizing sugar’s adverse impact on the MLP and the subsequent development of addictions is recommended.  

5

Journal
ARCHIVOS
of Drug
DE MEDICINA
Abuse
ISSN
2471-853X
1698-9465

References
1

Substance Abuse and Mental Health Services Administration
(SAMHSA) (2013). Results from the 2012 National Survey on Drug
Use and Health: Mental Health Findings, NSDUH Series H-47, HHS
Publication No. (SMA) 13-4805. Rockville, MD: Substance Abuse and
Mental Health Services Administration, USA.

2

Alex KD, Pehek EA (2007) Pharmacologic mechanisms of serotonergic
regulation of dopamine neurotransmission. Pharmacol Ther 113:
296-320.

3

Pierce RC, Kumaresan V (2006) The mesolimbic dopamine system:
the final common pathway for the reinforcing effect of drugs of
abuse? Neurosci Biobehav Rev 30: 215-238.

4

Noble EP (2000) Addiction and its reward process through
polymorphisms of the D2 dopamine receptor gene: a review. Eur
Psychiatry 15: 79-89.

5

Kreek MJ, Nielsen DA, Butelman ER, LaForge KS (2005) Genetic
influences on impulsivity, risk taking, stress responsivity and
vulnerability to drug abuse and addiction. Nat Neurosci 8: 14501457.

6

Avena NM, Rada P, Hoebel BG (2008) Evidence for sugar addiction:
Behavioral and neurochemical effects of intermittent, excessive
sugar intake. Neuroscience & Biobehavioral Reviews 32: 20-39.

7

Colantuoni C, Schwenker J, McCarthy J, Rada P, Ladenheim B, et al.
(2001) Excessive sugar intake alters binding to dopamine and muopioid receptors in the brain. Neuroreport 12: 3549-3552.

8

Avena NM, Hoebel BG (2003) A diet promoting sugar dependency
causes behavioral cross-sensitization to a low dose of amphetamine.
Neuroscience 122: 17-20.

9

Avena NM, Carrillo CA, Needham L, Leibowitz SF, Hoebel BG (2004)
Sugar-dependent rats show enhanced intake of unsweetened
ethanol. Alcohol 34: 203-209.

10 Bocarsly ME, Barson JR, Hauca JM, Hoebel BG, Leibowitz SF, et al.
(2012) Effects of perinatal exposure to palatable diets on body weight
and sensitivity to drugs of abuse in rats. Physiol Behav 107: 568-575.
11 Leshner AI (1997) Addiction is a brain disease, and it matters. Science
278: 45-47.
12 Deroche-Gamonet V, Belin D, Piazza PV (2004) Evidence for addictionlike behavior in the rat. Science 305: 1014-1017.
13 Kalivas PW, Volkow ND (2005) The neural basis of addiction: a
pathology of motivation and choice. Am J Psychiatry 162: 1403-1413.
14 Olds J, Milner P (1954) Positive reinforcement produced by electrical
stimulation of septal area and other regions of rat brain. Journal of
Comparative and Physiological Psychology 47: 419-427.
15 Olds J, Olds ME (1965) Drives, rewards, and the brain. In: T.M.
Newcombe, T.M. (Ed.), New Directions in Psychology. Holt, Rinehart
and Winston, New York.
16 Berridge KC, Kringelbach ML (2008) Affective neuroscience of
pleasure: reward in humans and animals. Psychopharmacology
(Berl) 199: 457-480.
17 Bonci A, Bernardi G, Grillner P, Mercuri NB (2003) The dopaminecontaining neuron: maestro or simple musician in the orchestra of
addiction? Trends Pharmacol Sci 24: 172-177.
18 Erickson CK (2007) The science of addiction: From neurobiology to
treatment. W.W. Norton and Company, New York.

6

2015
Vol. 1 No. 1: 8

19 Liebman JM, Butcher LL (1973) Effects on self-stimulation behavior
of drugs influencing dopaminergic neurotransmission mechanisms.
Naunyn Schmiedebergs Arch Pharmacol 277: 305-318.
20 Wise RA, Rompre PP (1989) Brain dopamine and reward. Annu Rev
Psychol 40: 191-225.
21 Wise RA (1996) Neurobiology of addiction. Curr Opin Neurobiol 6:
243-251.
22 Wise RA (1998) Drug-activation of brain reward pathways. Drug
Alcohol Depend 51: 13-22.
23 Blum K, Chen ALC, Chen TJH, Braverman ER, Reinking J, et al. (2008)
Activation instead of blocking mesolimbic dopaminergic reward
circuitry is a preferred modality in the long term treatment of reward
deficiency syndrome (RDS): a commentary. Theoretical Biology and
Medical Modelling 5:24.
24 Gardner EL (2011) Addiction and brain reward and antireward
pathways. Adv Psychosom Med 30: 22-60.
25 Spanagel R, Weiss F (1999) The dopamine hypothesis of reward: past
and current status. Trends Neurosci 22: 521-527.
26 Diana M (2011) The dopamine hypothesis of drug addiction and its
potential therapeutic benefit. Frontiers in Psychiatry 2: 1-7.
27 Koob GF, Sanna PP, Bloom FE (1998) Neuroscience of addiction.
Neuron 21: 467-476.
28 Nestler EJ (2001) Molecular basis of long-term plasticity underlying
addiction. Nat Rev Neurosci 2: 119-128.
29 Ritz MC, Kuhar MJ (1993) Psychostimulant drugs and a dopamine
hypothesis regarding addiction: update on recent research. Biochem
Soc Symp 59: 51-64.
30 Butcher SP, Fairbrother IS, Kelly JS, Arbuthnott GW (1988)
Amphetamine-induced dopamine release in the rat striatum: an in
vivo microdialysis study. J Neurochem 50: 346-355.
31 Volkow ND, Fowler JS, Wang GJ, Swanson JM, Telang F (2007)
Dopamine in drug abuse and addiction: results of imaging studies
and treatment implications. Arch Neurol 64: 1575-1579.
32 Gerrits MA, Petromilli P, Westenberg HG, Di Chiara G, van Ree JM (2002)
Decrease in basal dopamine levels in the nucleus accumbens shell during
daily drug-seeking behaviour in rats. Brain Research 924: 141-150.
33 Volkow ND, Wang GJ, Fowler JS, Logan J, Hitzemann R, et al. (1996)
Decreases in dopamine receptors but not in dopamine transporters
in alcoholics. Alcoholism: Clinical and Experimental Research 20:
1594-1598.
34 Georges F, Stinus L, Bloch B, Le Moine C (1999) Chronic morphine
exposure and spontaneous withdrawal are associated with
modifications of dopamine receptor and neuropeptide gene
expression in the rat striatum. Eur J Neurosci 11: 481-490.
35 Turchan J, LasoÅ„ W, Budziszewska B, PrzewÅ‚ocka B (1997) Effects of
single and repeated morphine administration on the prodynorphin,
proenkephalin and dopamine D2 receptor gene expression in the
mouse brain. Neuropeptides 31: 24-28.
36 Volkow ND, Fowler JS, Wang GJ, Hitzemann R, Logan J, et al. (1993)
Decreased dopamine D2 receptor availability is associated with reduced
frontal metabolism in cocaine abusers. Synapse 14: 169-177.
37 Volkow ND, Chang L, Wang GJ, Fowler JS, Ding YS, et al. (2001) Low
level of brain dopamine D2 receptors in methamphetamine abusers:
association with metabolism in the orbitofrontal cortex. American
Journal of Psychiatry 158: 2015-2021.
This article is available in: http://drugabuse.imedpub.com/archive.php

Journal
ARCHIVOS
of Drug
DE MEDICINA
Abuse
ISSN
2471-853X
1698-9465

38 Volkow ND, Wang GJ, Begleiter H, Porjesz B, Fowler JS, et al. (2006)
High levels of dopamine D2 receptors in unaffected members of
alcoholic families: possible protective factors. Arch Gen Psychiatry
63: 999-1008.
39 Thanos PK, Volkow ND, Freimuth P, Umegaki H, Ikari H, et al. (2001)
Overexpression of dopamine D2 receptors reduces alcohol selfadministration. J Neurochem 78: 1094-1103.
40 Thanos PK, Taintor NB, Rivera SN, Umegaki H, Ikari H, et al. (2004)
DRD2 gene transfer into the nucleus accumbens core of the alcohol
preferring and nonpreferring rats attenuates alcohol drinking.
Alcohol Clin Exp Res 28: 720-728.
41 Thanos PK, Michaelides M, Umegaki H, Volkow ND (2008) D2R
DNA transfer into the nucleus accumbens attenuates cocaine selfadministration in rats. Synapse 62: 481-486.
42 Blum K, Kozlowski PC (1990) Ethanol and neuromodulator
interactions: a cascade model of reward. Progress in Alcohol
Research 2: 131-149.
43 Blum K, Braverman ER, Holder JM, Lubar JF, Monastra VJ, et al. (2000)
Reward deficiency syndrome: a biogenetic model for the diagnosis
and treatment of impulsive, addictive, and compulsive behaviors.
Journal of Psychoactive Drugs, 32: 1-112.
44 Koob GF (2003) Alcoholism: allostasis and beyond. Alcohol Clin Exp
Res 27: 232-243.
45 Demers CH, Bogdan R, Agrawal A (2014) The Genetics, Neurogenetics
and Pharmacogenetics of Addiction. Curr Behav Neurosci Rep 1: 3344.
46 Blum K, Oscar-Berman M, Giordano J, Downs BW, Simpatico T, et al.
(2012) Neurogenetic impairments of brain reward circuitry links to
reward deficiency syndrome (RDS): Potential nutrigenomic induced
dopaminergic activation. Journal of Genetic Syndromes & Gene
Therapy, 3: 1000e115.

2015
Vol. 1 No. 1: 8

55 Di Chiara G, Tanda G (1997) Blunting of reactivity of dopamine
transmission to palatable food: a biochemical marker of anhedonia
in the CMS model? Psychopharmacology (Berl) 134: 351-353.
56 Rada P, Avena NM, Hoebel BG (2005) Daily bingeing on sugar
repeatedly releases dopamine in the accumbens shell. Neuroscience
134: 737-744.
57 Wang GJ, Volkow ND, Logan J, Pappas NR, Wong CT, et al. (2001)
Brain dopamine and obesity. Lancet 357: 354-357.
58 Hajnal A, Smith GP, Norgren R (2004) Oral sucrose stimulation increases
accumbens dopamine in the rat. American Journal of Physiology.
Regulatory, Integrative and Comparative Physiology 286: R31-R37.
59 Hsiao S, Smith GP (1995) Raclopride reduces sucrose preference in
rats. Pharmacol Biochem Behav 50: 121-125.
60 Schneider LH, Davis JD, Watson CA, Smith GP (1990) Similar effect of
raclopride and reduced sucrose concentration on the microstructure
of sucrose sham feeding. Eur J Pharmacol 186: 61-70.
61 Yu WZ, Silva RM, Sclafani A, Delamater AR, Bodnar RJ (2000) Role of
D1 and D2 dopamine receptors in the acquisition and expression of
flavor-preference conditioning in sham-feeding rats. Pharmacology
Biochemistry and Behavior 67: 537-544.
62 Avena NM, Rada P, Moise N, Hoebel BG (2006) Sucrose sham feeding
on a binge schedule releases accumbens dopamine repeatedly and
eliminates the acetylcholine satiety response. Neuroscience 139:
813-820.
63 Bello NT, Lucas LR, Hajnal A (2002) Repeated sucrose access influences
dopamine D2 receptor density in the striatum. Neuroreport 13:
1575-1578.
64 Spangler R, Wittkowski KM, Goddard NL, Avena NM, Hoebel BG, et
al. (2004) Opiate-like effects of sugar on gene expression in reward
areas of the rat brain. Brain Res Mol Brain Res 124: 134-142.

47 Blum K, Sheridan PJ, Wood RC, Braverman ER, Chen TJ, et al. (1996)
The D2 dopamine receptor gene as a determinant of reward
deficiency syndrome. J R Soc Med 89: 396-400.

65 Robinson TE, Berridge KC (1993) The neural basis of drug craving: an
incentive-sensitization theory of addiction. Brain Res Brain Res Rev
18: 247-291.

48 Chen JF, Aloyo VJ, Weiss B (1993) Continuous treatment with the
D2 dopamine receptor agonist quinpirole decreases D2 dopamine
receptors, D2 dopamine receptor messenger RNA and proenkephalin
messenger RNA, and increases mu opioid receptors in mouse
striatum. Neuroscience 54: 669-680.

66 Greenberg BD, Segal DS (1985) Acute and chronic behavioral
interactions between phencyclidine (PCP) and amphetamine:
evidence for a dopaminergic role in some PCP-induced behaviors.
Pharmacology Biochemistry & Behavior 23: 99-105.

49 Koob GF, Le Moal M (2001) Drug addiction, dysregulation of reward,
and allostasis. Neuropsychopharmacology 24: 97-129.
50 Avena NM, Bocarsly ME, Hoebel BG, Gold MS (2011) Overlaps in
the nosology of substance abuse and overeating: the translational
implications of "food addiction". Curr Drug Abuse Rev 4: 133-139.
51 Blum K, Liu Y, Shriner R, Gold MS (2011) Reward circuitry dopaminergic
activation regulates food and drug craving behavior. Curr Pharm Des
17: 1158-1167.
52 Blumenthal DM, Gold MS (2010) Neurobiology of food addiction.
Curr Opin Clin Nutr Metab Care 13: 359-365.
53 Campbell H, Oscar-Berman M, Giordano J, Beley T, Barh D, et al.
(2013) Common Phenotype in Patients with Both Food and Substance
Dependence: Case Reports. J Genet Syndr Gene Ther 4.
54 Bassareo V, Di Chiara G (1997) Differential influence of associative
and nonassociative learning mechanism on the responsiveness of
prefrontal and accumbal dopamine transmission to food stimuli in
rats fed ad libitum. The Journal of Neuroscience 17: 851-861.
© Under License of Creative Commons Attribution 3.0 License

67 Itzhak Y, Martin JL (1999) Effects of cocaine, nicotine, dizocipline
and alcohol on mice locomotor activity: cocaine-alcohol crosssensitization involves upregulation of striatal dopamine transporter
binding sites. Brain Research 818: 204-211.
68 Pontieri FE, Monnazzi P, Scontrini A, Buttarelli FR, Patacchioli FR (2001)
Behavioral sensitization to heroin by cannabinoid pretreatment in
the rat. Eur J Pharmacol 421: R1-3.
69 Gosnell BA (2005) Sucrose intake enhances behavioral sensitization
produced by cocaine. Brain Res 1031: 194-201.
70 Carroll ME, Anderson MM, Morgan AD (2007) Regulation of
intravenous cocaine self-administration in rats selectively bred for
high (HiS) and low (LoS) saccharin intake. Psychopharmacology (Berl)
190: 331-341.
71 Hamburg BA, Kraemer HC, Jahnke W (1975) A hierarchy of drug use
in adolescene: behavioral and attitudinal correlates of substantial
drug use. Am J Psychiatry 132: 1155-1163.
72 Kandel D (1975) Stages in adolescent involvement in drug use.
Science 190: 912-914.

7

Journal
ARCHIVOS
of Drug
DE MEDICINA
Abuse
ISSN
2471-853X
1698-9465

73 Kandel DB, Kessler RC, Margulies RZ (1978) Antecedents of adolescent
initiation into stages of drug use: A developmental analysis. J Youth
Adolesc 7: 13-40.
74 Kandel DB, Jessor R (2002) The gateway hypothesis revisited. In:
Kandel DB (Edr) Stages and Pathways of Drug Involvement: Examining
the Gateway Hypothesis. Cambridge University Press, New York.
75 Kandel D, Yamaguchi K (1993) From beer to crack: developmental
patterns of drug involvement. Am J Public Health 83: 851-855.
76 Yamaguchi K, Kandel DB (1984) Patterns of drug use from adolescence
to young adulthood: II. Sequences of progression. Am J Public Health
74: 668-672.
77 Schenk S (2002) Sensitization as a process underlying the progression
of drug use via gateway drugs. In: Kandel, DB (Edr) Stages and
Pathways of Drug Involvement. Cambridge Press, New York.
78 Lai S, Lai H, Page JB, McCoy CB (2000) The association between
cigarette smoking and drug abuse in the United States. J Addict Dis
19: 11-24.
79 Degenhardt L, Dierker L, Chiu WT, Medina-Mora ME, Neumark Y,
et al. (2010) Evaluating the drug use “gateway” theory using crossnational data: Consistency and associations of the order of initiation
of drug use among participants in the WHO World Mental Health
Surveys. Drug and Alcohol Dependence 108: 84-97.
80 Johnson DH, Blomqvist O, Engel JA, Soderpalm B (1995) Subchronic
intermittent nicotine treatment enhance ethanol-induced
locomotor stimulation and dopamine turnover in mice. Behavioral
Pharmacology 6: 203-207.
81 Tupper KW (2012) Psychoactive substances and the English language:

8

2015
Vol. 1 No. 1: 8

“Drugs,” discourses, and public policy. Contemporary Drug Problems 39:
461-492.
82 Levine AS, Kotz CM, Gosnell BA (2003) Sugars: hedonic aspects,
neuroregulation, and energy balance. Am J Clin Nutr 78: 834S-842S.
83 Gosnell BA, Lane KE, Bell SM, Krahn DD (1995) Intravenous
morphine self-administration by rats with low versus high saccharin
preferences. Psychopharmacology (Berl) 117: 248-252.
84 DeSousa NJ, Bush DE, Vaccarino FJ (2000) Self-administration of
intravenous amphetamine is predicted by individual differences in
sucrose feeding in rats. Psychopharmacology (Berl) 148: 52-58.
85 Gosnell BA (2000) Sucrose intake predicts rate of acquisition of cocaine
self-administration. Psychopharmacology (Berl) 149: 286-292.
86 Colantuoni C, Rada P, McCarthy J, Patten C, Avena NM, et al.
(2002). Evidence that intermittent, excessive sugar intake causes
endogenous opioid dependence. Obesity Research 10: 478-488.
87 Tarter RE, Vanyukov M, Kirisci L, Reynolds M, Clark DB (2006)
Predictors of marijuana use in adolescents before and after licit drug
use: Examination of the Gateway Hypothesis. American Journal of
Psychiatry 163: 2134-2140.
88 Morral AR, McCaffrey DF, Paddock SM (2002) Reassessing the
marijuana gateway effect. Addiction 97: 1493-1504.
89 Putnam JJ, Allshouse JE (1999) Food consumption, prices, and
expenditures, 1970-1997. Statistical Bulletin No. (SB-965). Food and
Consumers Economics Division, Economics Research Service, US
Department of Agriculture; Washington, D.C.
90 Bray GA, Nielsen SJ, Popkin BM (2004) Consumption of high-fructose
corn syrup in beverages may play a role in the epidemic of obesity.
Am J Clin Nutr 79: 537-543.

This article is available in: http://drugabuse.imedpub.com/archive.php

