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Abstract

Eating disorders (ED) as well as substance use disorders (SUD) commonly start

during adolescence and young adulthood, an important time of brain maturation

that includes neurotransmitter receptor expression. Increasing attention should

be paid to neurobiological mechanisms and brain circuit alterations that may be

shared across those potentially related disorders. Studies in ED suggested lower

cerebrospinal fluid (CSF), serotonin (5-HT), and dopamine (DA) metabolite

levels, neurotransmitters involved in the regulation of eating, mood, and anxiety,

among other functions. Higher 5-HT metabolite levels after recovery suggested

that this could be a trait alteration. The body of CSF neurotransmitter research in

SUD is small. However, alcoholism may be associated with reduced CSF 5-HT

metabolites, and acute substance use may increase 5-HT release but also inhibit

5-HT neuronal activity through auto-inhibition, while withdrawal from most

substances is associated with reduced extracellular 5-HT. More recent research

in ED using brain imaging implicated neurotransmitter receptors such as the

5-HT1A receptor, 5-HT2A receptor, and 5-HT transporter or DA D2/3 receptors,

which predicted high anxiety and harm avoidance. Studies in SUD suggested

5-HT and DA receptors may undergo adaptive changes during stages of the

illness. Other addictive disorders include tobacco use and gambling behavior,

and their neurobiology has been linked to reward and DA pathways. Overall,

research suggests that 5-HT and DA are involved in the neurobiology ED and

SUD as well as behavioral addictions, and comparative research across disorders

should be undertaken to identify underlying mechanisms.
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3.1 Introduction

The eating disorders (ED) anorexia (AN), bulimia nervosa (BN), and binge-eating

disorder (BED), as well as the substance use disorders (SUD), commonly start

during adolescence or young adulthood (American Psychiatric Association, 2013),

a time full of changes in brain biology and maturation (Rumsey & Ernst, 2009).

Advances in technology have allowed us to examine aspects of central neurotrans-

mitter systems that could be related to eating and addictive disorder pathophysiol-

ogy. Older studies have focused on cerebral spinal fluid (CSF) to examine

metabolite levels of various neurotransmitters such as serotonin (5-HT), dopamine

(DA), norepinephrine (NE), and opioids, as well as other indirect measures of

central neurochemical concentration and activity, such as platelet studies and

pharmacologic challenge studies. Since then, various brain imaging techniques

have been employed to examine brain neurotransmitter receptor availability, espe-

cially positron emission tomography (PET), which uses radio tracers that bind to

specific neurotransmitters in the brain. In the more recent past, brain imaging

techniques such as functional magnetic resonance imaging (fMRI) have used

behavioral paradigms that stimulate specific neurotransmitter circuits, an approach

that helps tie brain neurotransmitters to disorder-relevant behaviors. One such

approach is the study of the brain reward system. Both food and substances of

abuse provide powerful stimulation of brain reward circuits (Kelley & Berridge,

2002; Kelley, Schiltz, & Landry, 2005), and hence, there should be significant

overlap in the neurobiology of neurotransmitters across those disorders (Kaye et al.,

2013). This chapter will review past neurotransmitter research in ED and SUD as

well as describe recent developments that may help identify altered brain circuits

that may be shared between those disorders.

3.2 Serotonin

3.2.1 Anorexia Nervosa

Several authors have reviewed evidence for 5-HT dysregulation in individuals who

were ill with AN and BN (Brewerton, 1995; Jimerson, Lesem, Kaye, Hegg, &

Brewerton, 1990; Jimerson et al., 1997; Kaye, Strober, & Jimerson, 2004; Steiger,

Gauvin, et al., 2001; Treasure & Campbell, 1994). Brain 5-HT is involved in mood,

anxiety, feeding, and sleep regulation among other processes (Naughton,

Mulrooney, & Leonard, 2000). Early studies used CSF 5-HT metabolite levels to

approximate 5-HT brain levels (Stanley, Traskman-Bendz, & Dorovini-Zis, 1985).
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Ill restricting-type AN subjects had a significant reduction in CSF of the serotonin

metabolite 5-hydroxyindoleacetic acid (5-HIAA) compared to control women

(Jimerson, Lesem, Hegg, & Brewerton, 1990; Kaye, Ebert, Gwirtsman, & Weiss,

1984; Kaye, Gwirtsman, George, Jimerson, & Ebert, 1988). Interestingly, a recent

study has found increased 5-HT but also DA metabolites in obesity (Markianos,

Evangelopoulos, Koutsis, & Sfagos, 2013), indicating that symptomatic AN and

OB may be on opposite ends of a neurobiological spectrum. In comparison,

recovered restricting-type AN subjects had elevated concentrations of CSF

5-HIAA, proposing the possibility that elevated 5-HT could be a premorbid trait.

5-HT neuronal pathways play a role in the expression of anxiety and fear, obses-

sional behaviors, and depression (Charney, Woods, Krystal, & Heninger, 1990;

Kaye et al., 2008; Price, Charney, Delgado, & Heninger, 1990), and increased 5-HT

activity may be related to harm-avoidance traits (Kaye et al., 2008). By depleting

tryptophan, the dietary precursor of 5-HT (Fernstrom & Wurtman, 1971), food

restriction may produce anxiolytic effects for those predisposed to ED develop-

ment. In fact, studies have found that depletion of tryptophan (TRP) may reduce

dysphoric mood in ill and recovered AN subjects (Kaye et al., 2003), and food

reduction may thus produce “self-medicating” effects.

Neurotransmitter receptor imaging studies assess the “functional availability” of

5-HT receptors in the brain. In particular, the 5-HT1A and 5-HT2A receptors are

believed to be involved in the modulation of mood, feeding, impulse control, sleep,

and anxiety. Using PET and the radioligand [11C]WAY, 5-HT1A receptor binding

has been found to be elevated across most brain regions in a mixed group of

symptomatic restricting- and binge-eating/purging-type AN subjects compared to

healthy controls, as well as in binge-eating/purging-type AN after recovery (Bailer

et al., 2005). In contrast, recovered restricting-type AN individuals showed normal

brain 5-HT1A binding (Bailer et al., 2005). In addition, there appears to be reduced

5-HT2A binding in the frontal, parietal, and occipital cortices in both ill and

recovered AN individuals (Audenaert et al., 2003; Frank et al., 2002). In summary,

after recovery, 5-HT1A receptor binding seems to differentiate AN subtypes,

whereas 5-HT2A receptor binding is reduced in both restricting and binge-eating/

purging AN in various brain regions. Since these disturbances occur after recovery,

they may reflect either trait disturbances or scars from the illness.

Some progress has been made to tie such neuroreceptor abnormalities to

ED-related behaviors. Harm avoidance, a behavioral correlate of anxiety, has

been found to be positively correlated with mesial temporal cortex (amygdala and

hippocampus) 5-HT2A binding in recovered binge-eating/purging AN, and with

mesial temporal cortex 5-HT1A binding in recovered restricting-type AN. Most

recently, the interaction of 5-HT transporter binding with DA receptor availability

was associated with harm avoidance in AN after recovery (Bailer et al., 2013),

suggesting that interaction of those two neurotransmitter systems contributes to the

modulation of complex behaviors such as anxiety.

The 5-HT1A receptor has been implicated in food reward modulation (Carli &

Samanin, 2000), while the 5-HT2C receptor may in part transmit “reward signals”

(Higgins & Fletcher, 2003). Serotonin brain levels influence weight in rodents,
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there is cross talk with reward modulating sites (Konkle & Bielajew, 1999), and

5-HT is implicated in delay of reinforcement and reward processing (Cardinal,

Winstanley, Robbins, & Everitt, 2004). Furthermore, 5-HT may be involved in the

learning and “appraisal” of rewarding stimuli (Merali, Michaud, McIntosh, Kent, &

Anisman, 2003). Thus, the 5-HT system appears to take part in cognitive, emo-

tional, and salience aspects of eating modulation.

Some, but not all, genetic studies support altered 5-HT receptor function in AN

(Collier et al., 1997; Enoch, Greenberg, Murphy, & Goldman, 2001; Hinney,

Ziegler, Nothen, Remschmidt, & Hebebrand, 1997; Nacmias et al., 1999; Sorbi

et al., 1998), and the possibility that genotype could contribute to 5-HT receptor

function in AN will need further study.

3.2.2 Bulimia Nervosa

Ill individuals with BN have normal CSF 5-HIAA levels, but the more severely

affected present with lower CSF 5-HIAA levels (Jimerson, Lesem, Kaye, &

Brewerton, 1992). In contrast, recovered BN individuals showed elevated CSF

5-HIAA (Kaye & Weltzin, 1991). This suggests that abnormally high 5-HT brain

levels could be a trait marker for AN as well as BN. Considerable evidence also

exists for a dysregulation of 5-HT processes in BN. Examples include blunted

prolactin response to the 5-HT receptor agonists m-chlorophenylpiperazine

(m-CPP), 5-hydroxytrytophan, and DL-fenfluramine and enhanced migraine-like

headache response to m-CPP challenge (Brewerton & George, 1993; Brewerton,

Mueller, et al., 1992; Monteleone, Brambilla, Bortolotti, Ferraro, & Maj, 1998).

Acute perturbation of 5-HT tone by dietary depletion of tryptophan has also been

linked to increased food intake and mood irritability in individuals with BN

compared to healthy controls (Bruce et al., 2009), which further suggested that

this neurotransmitter system could be involved in the psychopathology of BN.

Brain imaging studies (Kaye et al., 2001) have found reduced orbitofrontal

5-HT2A receptor binding in recovered BN using PET and the radioligand [18F]

altanserin. A number of studies have implicated the orbitofrontal cortex in inhibi-

tory processes (Robbins, 2005) and in the representation of food-related affective

values (Kringelbach, O’Doherty, Rolls, & Andrews, 2003). Thus, orbitofrontal

alterations may contribute to behavioral disturbances associated with BN, such as

impulsivity and altered emotional processing (Steiger, Young, et al., 2001),

although this has not been explored empirically yet using specific behavior tasks

with 5-HT-related probes. BN women failed to show the negative correlations of

age and 5-HT2A binding found in normal controls (Kaye et al., 2001), and this lack

of correlation may reflect a scarring effect from the illness. Symptomatic BN

patients have also shown reduced 5-HT transporter binding in the thalamus and

hypothalamus (Tauscher et al., 2001), but increased 5-HT1A receptor binding

(Tiihonen et al., 2004), most prominently in the medial prefrontal cortex, posterior

cingulate, and angular gyrus of the parietal cortex. After recovery, patients with BN

had increased 5-HT1A binding compared to healthy controls as well (Bailer et al.,
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2011), and 5-HT1A binding in BN predicted measures for inhibition. The dynamics

between 5-HT receptor expression and synaptic 5-HT are not well understood.

Reduced 5-HT2A binding in recovered BN subjects may be related to higher level of

endogenous 5-HT in the synaptic cleft or a downregulation of the receptor. With the

same schema, increased 5-HT1A receptor binding during the symptomatic state may

reflect reduced 5-HT synaptic level and an upregulation of the receptor (Enoch

et al., 1998; Jimerson et al., 1992). In addition, reduced 5-HT transporter availabil-

ity in ill individuals with BN may be an adaptation in response to lowered 5-HT

concentrations in the premorbid state. Of interest, selective 5-HT reuptake

inhibitors (SSRIs) are effective in the treatment of BN, but symptomatic BN

requires higher doses of such medications compared to, for instance, patients

being treated for depression. This relative resistance to SSRI treatment may be

related to an upregulation of 5-HT1A autoreceptors, which inhibit 5-HT release.

3.2.3 Binge-Eating Disorder

A new ED, binge-eating disorder (BED), was just introduced in the last edition of

the DSM (American Psychiatric Association, 2013). That disorder is characterized

by binge episodes as in bulimia nervosa but lacks compensatory mechanisms, and

BED is therefore typically associated with obesity. BED individuals share high

depression and anxiety in addition to preoccupation over shape and weight with AN

and BN. The use of the 5HT reuptake inhibitors fluoxetine and sertraline showed

some promise reducing binge-eating symptoms and body weight in BED

(Leombruni et al., 2008), but it is yet unclear whether the use of such medication

is in fact targeting binge eating or rather depression and anxiety, with eating

behavior changes as secondary effects (Akkermann, Nordquist, Oreland, &

Harro, 2010). A small study with ten BED subjects studying prolactin response to

the 5HT stimulating challenge drug D-fenfluramine did not find a difference on this

measure compared to controls (Monteleone, Brambilla, Bortolotti, & Maj, 2000).

The supplement chromium effects mood and eating behavior and has shown some

promising pilot results, but larger studies will be needed for confirmation

(Brownley, Von Holle, Hamer, La Via, & Bulik, 2013).

3.2.4 Substance Use Disorders

Studying neurotransmitters in addictive disorders is similarly difficult as in ED, as

the biological effects here of drug or alcohol interact with existing predisposing

biological factors, and teasing apart short-lived state from illness determining trait

factors is complex. This has complicated human research in this area, and most of

the knowledge stems from animal studies, although they might not reflect “real-

life” circumstances. However, it is known that acute administration of substances

such as alcohol, stimulants, cocaine, and opioids increases extracellular 5-HT but in

return decreases 5-HT neurotransmission via either 5-HT1A receptor auto-inhibition
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(in response to alcohol, cocaine, stimulants) or gamma-aminobutyric acid (GABA)

action (in response to opioids) in the brain (Kirby, Zeeb, & Winstanley, 2011).

Interestingly, 5-HT neuronal response tends to normalize again during chronic use,

while withdrawal has been associated with decrease of extracellular 5-HT, and thus

possibly contributing to dysphoria and craving during removal of the substance

from the organism (Kirby et al., 2011).

The body of literature on neurotransmitter research in humans with SUD

problems has been small and is not always easy to interpret with respect to disorder

pathology. CSF studies have found a variety of results across alcohol and substance

addictions. 5-HIAA levels of alcoholics 1–2 months after their last drink were

significantly lower compared to healthy controls or alcoholics within 1–2 days after

their last drink (Ballenger, Goodwin, Major, & Brown, 1979). Others found reduced

platelet 5-HT content, uptake, and CSF 5-HIAA secondary to chronic alcohol use,

which was hypothesized be related to anxiety and depression associated with

alcohol use (Tollefson, 1989). However, another study did not find 5-HIAA levels

in CSF in alcohol dependence different from controls, and there was also no group

difference in DA or NE metabolites (Agartz, Shoaf, Rawlings, Momenan, &

Hommer, 2003). More than ten brain imaging studies have assessed the 5-HT

transporter in alcohol dependence, but no uniform picture has emerged, that is,

studies found increased, normal, or decreased transporter availability (Cosgrove,

2010).

A study in cocaine addiction found no significant relationships between cocaine

craving scores and CSF 5-HIAA concentrations, but that study did not report on a

comparison group (Roy, Berman, Gonzalez, & Roy, 2002). Ecstasy users however

showed lower CSF 5-HIAA compared to controls (Stuerenburg et al., 2002). The

number of studies that has investigated CSF neurotransmitters including 5-HT is

small, but chronic alcohol or substance use may be associated with lower 5-HT

metabolites in CSF compared to controls. How this contributes to illness behavior is

uncertain. However, ED and SUD are associated with alterations in 5-HT system

activity, and this could contribute to mood and anxiety problems that could prolong

the illness or promote relapse. Brain imaging of the 5-HT transporter found

increased availability in the brain stem of cocaine-dependent individuals during

acute abstinence, which could indicate a compensatory upregulation (Jacobsen

et al., 2000). In contrast, in alcoholism, 5-HT transporter availability was lower

in some studies (Heinz et al., 1998; Szabo et al., 2004) but normal in another

(Brown et al., 2007) compared to controls. Importantly, tobacco smoking may have

an important confounding role in those studies by apparently suppressing 5-HT

transporter availability in alcoholism (Cosgrove et al., 2009).

3.2.5 Other Addictive Disorders

Gambling disorder is new in DSM-5, and tobacco use has now the same criteria as

the other SUD. A multitude of neurotransmitter systems are involved in gambling,

including 5-HT (Leeman & Potenza, 2013), but whether for instance increase
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(Cuomo et al., 2013) or depletion (Koot et al., 2012) of 5-HT promotes the behavior

is uncertain. The highly addictive substance nicotine acts on nicotinic acetylcholine

receptors and 5-HT among transmitters such as adenosine, cannabinoids, DA, and

glutamate, but the exact mechanisms need further study (Wooters, Bevins, &

Bardo, 2009).

3.2.6 Summary

While our understanding of 5-HT in the pathophysiology of those disorders is

limited, there may be important overlap between the importance of 5-HT in ED

and SUD. As mentioned above, 5-HT has been associated with high anxiety and

inhibition in ED. In SUD and addictions, high impulsivity has been associated with

disease risk, and 5-HT might have an important role in this trait behavior

(Winstanley, Dalley, Theobald, & Robbins, 2004; Winstanley, Olausson, Taylor,

& Jentsch, 2010). For instance, individuals vulnerable to addiction may show

higher “impulsive choice,” a construct that includes the inability to await larger

rewards in the future, instead selecting smaller but immediate rewards (Ainslie,

1975; Reynolds, 2006). Clinically, this could be translated into the inability to work

toward the benefits of long-term recovery and rather chose the immediate, short-

term perceived benefits from substance or alcohol use. Therefore, neurobio-

logically, AN and addictive disorder individuals could be on opposite ends of a

spectrum of low to high impulsivity, possibly mediated at least in part by 5-HT

function. The BN population is somewhere in the middle in this framework with

aspects of both inhibition and disinhibition, which is reflected phenotypically in

binge/purge episodes alternating with food restriction (Tozzi et al., 2005). AN, BN,

and SUD populations have heightened sensitivity to salient stimuli (Brunelle et al.,

2004; Jappe et al., 2011; Lyvers, Duff, Basch, & Edwards, 2012; Wagner et al.,

2006). How those potential traits interact with high anxiety and inhibition in ED

(Fig. 3.1) but frequently low inhibition and high impulsivity in SUD will require

further careful and comparative study.

3.3 Dopamine

The DA pathways are a neuromodulatory system that arises from cells in the

midbrain (Kapur & Remington, 1996). These midbrain neurons release DA,

which acts on DA receptors. DA function contributes to the modulation of motor

activity (Alexander, Crutcher, & DeLong, 1990), weight and feeding behaviors

(Halford, Cooper, & Dovey, 2004), and reinforcement and reward (Volkow,

Fowler, & Wang, 2002). There is some indication that AN responds to typical

and atypical neuroleptics (Brewerton, 2004; Brewerton, 2012; Cassano et al.,

2003), which may indicate alterations in the DA system in that disorder.
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3.3.1 Anorexia Nervosa

In ill AN, CSF homovanillic acid (HVA), the major DA metabolite, was reduced by

about 30 % compared to controls (Kaye, Ebert, Raleigh, & Lake, 1984). In addition,

recovered restricting-type AN subjects had significantly reduced concentrations of

CSF HVA compared to controls and other ED subjects (Kaye, Frank, &McConaha,

1999). Whether individuals with restricting-type AN have an intrinsic disturbance

of DA (James & Starr, 1980; Kapur & Remington, 1996; Ugedo, Grenhoff, &

Svensson, 1989) remains uncertain. A mixed group of recovered restricting-type

and recovered binge-eating/purging-type AN women had increased DA D2/D3

receptor binding potential (BP) in the anteroventral striatum (Frank et al., 2005),

while decreased D2/D3 receptor binding has been found in obese subjects (Wang,

Volkow, Thanos, & Fowler, 2004). That finding supports the possibility that D2/D3

receptor binding may be inversely related to weight and eating, with restricting-

type AN on one end and obesity on the other end of the spectrum. Thus, increased

D2/D3 receptor availability in AN may contribute to a drive to become emaciated.

Increased DA D2/D3 receptor binding in AN might help explain the underlying

mechanism for why individuals with AN are able to lose weight, resist eating, and

overexercise, are protected from substance abuse, and are insensitive to natural

rewards. It is worth noting that food restriction sensitizes D2/D3 receptors in rats,

and if the same mechanism happens in AN then this could be a factor complicating

recovery (Carr, Tsimberg, Berman, & Yamamoto, 2003). The mentioned PET

imaging studies tested available DA receptor profiles, but they could not test the

Fig. 3.1 To the left are behavioral and biological aspects that could drive eating and substance

use disorder behaviors. To the right is a schematic of brain structures involved in reward

processing. AN anorexia nervosa, BN bulimia nervosa, SUD substance use disorder
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functionality of those receptors in relation to actual behavior. Others found

increased eye blink compared to controls (Barbato, Fichele, Senatore, Casiello, &

Muscettola, 2006) that suggested heightened DA sensitivity (Karson, 1983) in AN,

which could provide important clues that a downregulation of receptor sensitivity

might be important, despite the notion of low extracellular DA in AN.

3.3.2 Bulimia Nervosa

The early research indicated that CSF HVA is normal in individuals with BN when

they are ill (Kaye et al., 1990). A very recent study found that BN individuals had a

trend to lower DA D2/3 receptor binding in the striatum compared to controls, and

BN individuals showed less DA release compared to controls in response to

methylphenidate application (Broft et al., 2012). While this body of research is

small, it suggests that food restriction in AN may increase, and episodic binge

eating in BN could reduce DA pathway activity.

3.3.3 Binge-Eating Disorder

Having the addiction model in mind as in BN, research in BED has also focused on

brain DA function. A fairly solid model exists that describes DA in the mechanism

of binge eating (Avena, Bocarsly, & Hoebel, 2012) suggesting an addictive quality

(see Chaps. 1 and 13). Further, human studies have found higher DA release in

relation to binge eating (Wang et al., 2011), and the DA D2 receptor may be

involved in this disorder (Davis et al., 2012). A recent study in rodents supports

that notion (Halpern et al., 2013). Another recent study using the DA reuptake

inhibitor bupropion in BED led to short-term lower body weight, but did not

improve behaviors such as binge eating or food craving (White & Grilo, 2013).

All in all, the BED population is neurobiologically very heterogeneous, and no clear

recommendations can be given for pharmacologic intervention (Marazziti, Corsi,

Baroni, Consoli, & Catena-Dell’Osso, 2012).

3.3.4 Substance Use Disorders

DA has been extensively studied in animal models of addictive disorders. This

stems from the understanding that this neurotransmitter is intimately involved in the

processing of and response to salient, “rewarding or punishing” stimuli (Kelley &

Berridge, 2002; Ross & Peselow, 2009). Studying brain circuits that are related to

DA models in the context of brain reward function is particularly interesting for

several reasons. First, within brain reward circuits, DA is critically associated with

providing signals regarding the presence and amplitude of rewards (Kelley, Baldo,

Pratt, & Will, 2005; Schultz, 2002). Such signals facilitate reinforcement learning

(Daw & Doya, 2006) and have been found to code the value of a stimulus (Daw,
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Gershman, Seymour, Dayan, & Dolan, 2011; Jocham, Klein, & Ullsperger, 2011),

which may even include the metabolic value of food (de Araujo, Ren, & Ferreira,

2010). Second, computer models for DA neuron reward activation exist that can be

related to human in vivo brain function (Sutton & Barto, 1998), helping in the study

of in vivo dynamics of human DA function.

Alcoholism was not associated with alterations in HVA levels compared to

controls in an early study (Ballenger et al., 1979), in a small follow-up study

(Sjoquist & Borg, 1984), or in a larger more recent investigation (Agartz et al.,

2003). One study though found higher HVA levels in early onset alcoholics com-

pared to controls or late onset alcoholic subjects, but HVA levels were unrelated to

craving measures (Petrakis et al., 1999). In contrast, cocaine-dependent individuals

showed significantly higher CSF HVA than did the healthy controls, as did short-

term abstinent cocaine-dependent individuals (Roy, Berman, Gonzalez, et al., 2002;

Roy, Berman, Williams, Kuhn, & Gonzalez, 2002). Thus, in alcoholism DA

metabolites do not seem to reflect the addiction pathophysiology, although the

time of onset of the alcohol disorder could be related to HVA levels. There may

be more to be learned from CSF HVA in cocaine addiction, but the research body is

small and cannot be interpreted without using great caution.

DA transporter availability was in most studies increased in cocaine addiction

compared to controls (Crits-Christoph et al., 2008; Jacobsen et al., 2000; Malison

et al., 1998). It was hypothesized that this would be a compensatory upregulation,

and this was supported by the gradual decline in receptor levels during abstinence.

The DA D2/3 receptor was found to be lower compared to controls in most cocaine

dependence studies, possibly a sign of downregulation in response to overstimula-

tion (Martinez et al., 2004; Volkow et al., 1993; Volkow et al., 1990). In contrast,

lower DA D2/3 receptor availability seems to be a more consistent marker for

alcohol dependence (Cosgrove, 2010). Importantly, lower DA D2/3 receptor avail-

ability may be related to greater alcohol craving (Heinz et al., 2004) and higher

consumption (Martinez et al., 2005), as well as predict treatment outcome or relapse

(Guardia et al., 2000).

3.3.5 Other Addictive Disorders

As stated above, multiple neurotransmitter systems are involved in addictions

including tobacco and gambling. This is complicating treatment development,

and effective treatments were frequently found by chance, while systematically

studied compounds that promised success in animal models have failed (Pierce,

O’Brien, Kenny, & Vanderschuren, 2012). Gambling disorder is new to the field of

addictions and as there are only moderately well-formed concepts of neurotrans-

mitter involvement. Similarly to tobacco use, careful study will be required to

identify key neurotransmitters that can become targets for pharmacologic interven-

tion. DA appears to be the obvious first neurotransmitter, but as above in SUD, its

involvement is intertwined with many other systems in the brain.
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3.3.6 Summary

DA function is a particularly interesting neurotransmitter system to study across

ED, SUD, and other addictive disorders. There is a clear overlap between natural

rewards such as food and substances of abuse and addiction with respect to

activation of the reward pathways (Kelley & Berridge, 2002). Prospective studies

in rodents that were exposed to over- or underconsumption of food (Avena, Rada, &

Hoebel, 2008; Carr, 2007; Johnson & Kenny, 2010) suggest adaptive DA-related

changes to food intake with sensitization to food restriction but desensitization to

excessive food ingestion quality (see Chaps. 1 and 13). Similar models have been

proposed for addictive disorders, where the organism eventually desensitizes so

much that exposure to alcohol or drugs only improves the mood state toward

“normal” without providing the “high” when first using (Koob & Le Moal, 2005).

For the addiction field a so-called reward deficiency model has been established,

proposing that such a reduced reward response could drive excessive use (Blum,

Gardner, Oscar-Berman, & Gold, 2012; Comings & Blum, 2000). This model could

fit the proposed psychopathology in BN and BED with a downregulation of

response to food stimuli and excessive sensitivity in AN after deprivation. Impor-

tantly, such adaptations could be targeted when in search for neurobiological

treatments for those disorders.

3.4 Norepinephrine

NE is part of the body’s stress system, which is also closely linked to the corticoid

system and corticotropin-releasing factor (CRF). Foods, as well as substances of

abuse, are regularly used by individuals in response to stress, while in AN food

restriction may be used in an attempt to handle stress better. Animal research has

shown that during withdrawal of substances of abuse anxiety increases, the

responsiveness to rewards is lowered, DA system function is reduced, and this is

accompanied by increases of CRF in the amygdala (Koob, 2010, 2013). Thus this

biologic system around stress may be highly important as a trigger for behaviors

that involve eating or alcohol and drug use. Other behaviors and central functions

that norepinephrine is involved are learning and memory, sleep–wake cycle, rein-

forcement, and general body metabolism, functions that have been associated with

eating behavior (Cooper, Bloom, & Roth, 2003).

3.4.1 Eating Disorders

The CSF levels of NE in underweight AN individuals and in these patients a few

weeks after weight restoration were similar to those in normal subjects, while long-

term (20� 7 months) weight-recovered AN individuals had a 50 % decrease in CSF

NE levels compared with those of controls (Kaye, Ebert, Raleigh, et al., 1984),

which could point toward trait alterations. A study in obese individuals did not find
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alterations in NE metabolites (Markianos et al., 2013), while another study found

that obese individuals compared to controls had reduced NE metabolite

methoxyhydroxyphenylglycol (MHPG) levels in addition to reduced

corticotropin-releasing hormone, beta-endorphins, and neuropeptide Y (Strombom

et al., 1996).

Bulimic patients had a significantly lower mean CSF NE concentration, while

CSF 5-HIAA and HVA were normal compared to controls (Kaye et al., 1990).All in

all, there may be alterations in ED with respect to the body’s stress system, but the

data are too few to draw meaningful conclusions at this point.

3.4.2 Substance Use Disorders

The available basic research in SUD and NE is larger, and theoretical models exist

on how this system could be involved. Most prominently, stress may be involved in

a reduced ability to experience rewards, causing a “reward deficit” which may

promote use (Koob, 2013). Clinically, alcohol-dependent individuals without overt

autonomic nervous system signs showed no change in MHPG in an earlier

(Fujimoto, Nagao, Ebara, Sato, & Otsuki, 1983) and a more recent study (Agartz

et al., 2003), but there was a positive correlation between CSF MHPG and intensity

of withdrawal symptoms in one study (Fujimoto et al., 1983). Yet another study that

explored family background in alcohol-dependent individuals showed that CSF

MHPG correlated negatively with subjective reported ethanol consumption as well

as presence of first-degree relatives with alcohol problems and presence of memory

lapses (Valverius, Hogstrom-Brandt, & Borg, 1993).

3.4.3 Summary

Most research on the relationship between stress-related neurotransmitters and

hormones in the control of ED and SUD or addiction has been done in animals.

However, this neurotransmitter system may provide a very promising avenue of

research in targeting cognitive-emotional factors that contribute to those disorders.

3.5 Opioids

While DA has been mostly associated with the drive to approach rewards or

so-called wanting, the opioids may be particularly involved in the hedonic

(“liking”) aspects of food and other rewarding stimuli (Berridge, Robinson, &

Aldridge, 2009; Kelley & Berridge, 2002). One could then speculate that

individuals with trait-related attenuation in this system might be prone to excessive

need for hedonic stimulation, or if that system were overly expressed, it could be

highly able to resist both food and alcohol or drug stimuli.
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3.5.1 Eating Disorders

A small sample of subjects ill with AN showed significantly lower CSF

concentrations of the opioid beta-endorphin, as well as beta-lipotropin and

adrenocorticotropic hormone (ACTH), all derived from the same precursor mole-

cule, proopiomelanocortin (POMC) (Kaye et al., 1987). However, those alterations

remitted with recovery (Kaye, 1987). Another investigation found higher levels of

CSF opioids in severely underweight patients with AN compared to controls and

the same patients after weight restoration, while chronic AN with mild underweight

had normal levels of CSF opioids (Kaye, Pickar, Naber, & Ebert, 1982). In light of

those studies, it could be that food restriction sensitizes opioid activity in AN. This

could be consistent with research in BN that found less mu-opioid receptor binding

in the left insular cortex compared to controls while binding correlated inversely

with recent fasting behavior in that study, suggesting that the episodic excessive

food intake downregulates this receptor (Bencherif et al., 2005; Bencherif et al.,

2004; Brewerton, Lydiard, Laraia, Shook, & Ballenger, 1992; Stoeckel et al.,

2008).

3.5.2 Substance Use Disorders

Mu-opioid receptor binding has been found to be increased in active cocaine users,

as well as during immediate abstinence, but then decline, with the steeper the

decline indicating a longer time to relapse (Gorelick et al., 2005; Zubieta et al.,

1996). This receptor may have a critical role in craving and relapse in cocaine users.

In alcohol dependence, mu-opioid receptor availability may be increased or

decreased (Bencherif et al., 2004; Heinz et al., 2005), and more research is needed

to study the relevance of this neurotransmitter system in alcoholism.

3.5.3 Summary

There is a strong theoretical framework describing how the opioid system could be

involved in ED and SUD. There is a large body of research in animals but a small

amount of human work with respect to brain imaging. In contrast, a variety of

studies have used opioid receptor active agents as potential treatments, although

models of action for this receptor are still under development (Spetea, Asim,

Wolber, & Schmidhammer, 2013). Interestingly, more commonly μ-opioid receptor
agonists are used in the treatment of drug addiction, while antagonists have

provided some but only modest success (Tetrault & Fiellin, 2012). Most recently,

an opioid receptor antagonist showed some promise in altering brain response to

images of food in binge-eating individuals (Cambridge et al., 2013), suggesting that

this receptor could become an important treatment target, at least in eating-related

disorders.

3 The Role of Neurotransmitter Systems in Eating and Substance Use Disorders 59



3.6 Brain DA and Reward Function to Advance
Neurotransmitter Research in Eating and Substance Use
Disorders

The use of CSF samples and radioligand brain imaging to study neurotransmitter

systems has given us directions for further research; however, how those systems

are related to actual behavior continues to be largely obscure. The combination of

functional imaging that applies disorder-relevant tasks that have been associated

with specific neurotransmitter function has been a current approach for human

clinical in vivo research to answer such questions. Studying brain circuits that are

related to DA models in the context of brain reward function could be particularly

important here, as DA is critically associated with providing signals regarding the

presence and amplitude of rewards (Kelley, Baldo, et al., 2005; Schultz, 2002),

facilitates reinforcement learning (Daw & Doya, 2006), and has been found to code

the value of natural and drug reward stimuli (Daw et al., 2011; de Araujo et al.,

2010; Jocham et al., 2011; Kelley, Schiltz, et al., 2005). Second, computer models

for DA neuron reward activation exist that can be related to human in vivo brain

function. Predictions of brain neurotransmitter response can be compared with

actual brain activation and compared across pathologic or control groups. Such a

model is the temporal difference model (Sutton & Barto, 1981). This model is a

theoretical framework for computational reward learning that predicts brain DA

neuron response. This model has been previously tested for unexpected reward

receipt and omission in animal studies (Schultz, Dayan, & Montague, 1997) and

later validated for human brain imaging (D’Ardenne, McClure, Nystrom, & Cohen,

2008; O’Doherty, Dayan, Friston, Critchley, & Dolan, 2003). In brief, DA neurons

exhibit a phasic burst of activation in response to the presentation of an unexpected

rewarding stimulus (the primary, unconditioned reward stimulus US). After

repeated presentation of an additional arbitrary stimulus (the conditioned stimulus

CS) preceding the US, the phasic activation of DA neurons transfers in time to the

presentation of the CS. Thus, the CS elicits a conditioned DA response. This

conditioned response is thought to reflect a prediction regarding upcoming rewards,
so that after presentation of the CS, there is a high likelihood of a reward appearing.

As it is thought to be a prediction, such a prediction can be violated. If the CS (and

therefore the conditioned DA response) is not followed by the expected reward

(US), then there is a violation of the prediction, and as a consequence at the time of

expected but omitted reward, there is a decrease in DA tone. This relationship

between CS and US is termed a “prediction error,” the difference between the value

of the reward stimulus received and that predicted.

Most recently 21 underweight, restricting-type AN (age M 22.5, SD 5.8 years);

19 obese (age M 27.1, SD 6.7 years); and 23 healthy control women (age M 24.8,

SD 5.6 years) were studied using functional magnetic resonance brain imaging

(fMRI) together with a reward-conditioning task that elicits the prediction error

response (Frank et al., 2012). The DA model reward-learning signal distinguished

groups in the anteroventral striatum, insula, and prefrontal cortex, with brain

responses greater in the AN group, but lower activation in the obese group,
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compared to controls. These results suggested that brain reward circuits are more

responsive to unexpected food stimuli in AN but less responsive in obese women. A

study using the same task in BN found reduced presumably DA-related response in

insula, ventral putamen, amygdala, and orbitofrontal cortex, and binge/purge fre-

quency in BN inversely predicted reduced TD model response (Frank, Reynolds,

Shott, & O’Reilly, 2011). Those results suggest that there may be adaptive changes

in response to under- or overeating in ED as seen in the animal studies described

above (Avena, 2013). The stronger response in AN but lesser activation in BN and

obese also indicates that those groups have differences in strength of learning

signals derived from DA-related activation provided to the prefrontal cortex. A

few studies have investigated prediction error response in addictive disorders. For

instance, methamphetamine has been shown to enhance the brain response during

prediction error stimulation (Menon et al., 2007). Most recently, research in alcohol

dependence has now shown that those individuals have a functioning prediction

error response but that the prefrontal cortex does not adequately learn from those

signals (Park et al., 2010). Thus, this model provides the opportunity to study a

variety of potential brain circuitry alterations including subcortical stimulus-reward

associations and higher-order learning-related pathways. As the prediction error

response has been associated with specific DA receptors, namely, the D1 and D2

type, there could be important avenues for future drug interventions (Maia & Frank,

2011).

Conclusion

Research over the past 30 or years has provided a variety of important findings

with respect to 5-HT, DA, NE, and opioid neurotransmitter system alterations

across ED and SUD populations. There are no studies that investigated how

those disorders overlap from a neurobiological level. The neurotransmitter

system that may have the biggest promise to reveal similarities across disorders

may be the DA system, as there is strong neuroscience-based knowledge,

especially regarding its involvement in reward processing. However, 5-HT

function may also be a strong candidate as it is involved in impulsivity and

inhibition, behaviors relevant to both ED and SUD, and research into the NE

system could provide important markers that relate to cognitive-emotional

triggers for pathologic eating or substance use in the context of stress. More

comparative research will be needed to disentangle interactions between these

disorders and neurotransmitter systems.

References

Agartz, I., Shoaf, S., Rawlings, R. R., Momenan, R., & Hommer, D. W. (2003). CSF monoamine

metabolites and MRI brain volumes in alcohol dependence. Psychiatry Research, 122(1), 21–
35.

Ainslie, G. (1975). Specious reward: A behavioral theory of impulsiveness and impulse control.

Psychological Bulletin, 82(4), 463–496.

3 The Role of Neurotransmitter Systems in Eating and Substance Use Disorders 61



Akkermann, K., Nordquist, N., Oreland, L., & Harro, J. (2010). Serotonin transporter gene

promoter polymorphism affects the severity of binge eating in general population. Progress
in Neuro-Psychopharmacology and Biological Psychiatry, 34(1), 111–114. doi:10.1016/j.
pnpbp.2009.10.008.

Alexander, G., Crutcher, M., & DeLong, M. (1990). Basal ganglia-thalamocortical circuits:

Parallel substrates for motor, oculomotor “prefrontal” and “limbic” functions. Progress in
Brain Research, 85, 119–146.

American Psychiatric Association. (2013). Diagnostic and statistical manual of mental disorders
(5th ed.). Arlington, VA: American Psychiatric Publishing.

Audenaert, K., Van Laere, K., Dumont, F., Vervaet, M., Goethals, I., Slegers, G., . . . Dierckx,
R. (2003). Decreased 5-HT2a receptor binding in patients with anorexia nervosa. Journal of
Nuclear Medicine, 44(2), 163–169.

Avena, N. M. (2013). Animal models of eating disorders. Totowa, NJ: Humana Press.

Avena, N. M., Bocarsly, M. E., & Hoebel, B. G. (2012). Animal models of sugar and fat bingeing:

Relationship to food addiction and increased body weight.Methods in Molecular Biology, 829,
351–365. doi:10.1007/978-1-61779-458-2_23.

Avena, N. M., Rada, P., & Hoebel, B. G. (2008). Underweight rats have enhanced dopamine

release and blunted acetylcholine response in the nucleus accumbens while bingeing on

sucrose. Neuroscience, 156(4), 865–871. doi:10.1016/j.neuroscience.2008.08.017, S0306-

4522(08)01179-2 [pii].

Bailer, U. F., Bloss, C. S., Frank, G. K., Price, J. C., Meltzer, C. C., Mathis, C. A., . . . Kaye, W. H.

(2011). 5-HT(1)A receptor binding is increased after recovery from bulimia nervosa compared

to control women and is associated with behavioral inhibition in both groups. International
Journal of Eating Disorders, 44(6), 477–487. doi:10.1002/eat.20843

Bailer, U. F., Frank, G. K., Henry, S. E., Price, J. C., Meltzer, C. C., Weissfeld, L., . . . Kaye, W. H.

(2005). Altered brain serotonin 5-HT1A receptor binding after recovery from anorexia nervosa

measured by positron emission tomography and [carbonyl11C]WAY-100635. Archives of
General Psychiatry, 62(9), 1032–1041.

Bailer, U. F., Frank, G. K., Price, J. C., Meltzer, C. C., Becker, C., Mathis, C. A., . . . Kaye, W. H.

(2013). Interaction between serotonin transporter and dopamine D2/D3 receptor radioligand

measures is associated with harm avoidant symptoms in anorexia and bulimia nervosa.

Psychiatry Research, 211(2), 160–168. doi:10.1016/j.pscychresns.2012.06.010
Ballenger, J. C., Goodwin, F. K., Major, L. F., & Brown, G. L. (1979). Alcohol and central

serotonin metabolism in man. Archives of General Psychiatry, 36(2), 224–227.
Barbato, G., Fichele, M., Senatore, I., Casiello, M., & Muscettola, G. (2006). Increased dopami-

nergic activity in restricting-type anorexia nervosa. Psychiatry Research, 142(2–3), 253–255.
doi:10.1016/j.psychres.2005.07.031.

Bencherif, B., Guarda, A. S., Colantuoni, C., Ravert, H. T., Dannals, R. F., & Frost, J. J. (2005).

Regional mu-opioid receptor binding in insular cortex is decreased in bulimia nervosa and

correlates inversely with fasting behavior. Journal of Nuclear Medicine, 46(8), 1349–1351.
Bencherif, B., Wand, G. S., McCaul, M. E., Kim, Y. K., Ilgin, N., Dannals, R. F., & Frost, J. J.

(2004). Mu-opioid receptor binding measured by [11C]carfentanil positron emission tomogra-

phy is related to craving and mood in alcohol dependence. Biological Psychiatry, 55(3), 255–
262.

Berridge, K. C., Robinson, T. E., & Aldridge, J. W. (2009). Dissecting components of reward:

‘liking’, ‘wanting’, and learning. Current Opinion in Pharmacology, 9(1), 65–73. doi:10.1016/
j.coph.2008.12.014, S1471-4892(08)00212-9 [pii].

Blum, K., Gardner, E., Oscar-Berman, M., & Gold, M. (2012). “Liking” and “wanting” linked to

Reward Deficiency Syndrome (RDS): Hypothesizing differential responsivity in brain reward

circuitry. Current Pharmaceutical Design, 18(1), 113–118.
Brewerton, T. D. (1995). Toward a unified theory of serotonin dysregulation in eating and related

disorders. Psychoneuroendocrinology, 20(6), 561–590.

62 G.K.W. Frank

http://dx.doi.org/10.1016/j.pnpbp.2009.10.008
http://dx.doi.org/10.1016/j.pnpbp.2009.10.008
http://dx.doi.org/10.1007/978-1-61779-458-2_23
http://dx.doi.org/10.1016/j.neuroscience.2008.08.017
http://dx.doi.org/10.1002/eat.20843
http://dx.doi.org/10.1016/j.pscychresns.2012.06.010
http://dx.doi.org/10.1016/j.psychres.2005.07.031
http://dx.doi.org/10.1016/j.coph.2008.12.014
http://dx.doi.org/10.1016/j.coph.2008.12.014


Brewerton, T. (2004). 9th annual meeting of the Eating Disorders Research Society. Expert
Opinion Investigating Drugs, 13, 73–78.

Brewerton, T. D. (2012). Antipsychotic agents in the treatment of anorexia nervosa: Neuropsy-

chopharmacologic rationale and evidence from controlled trials. Current Psychiatry Reports,
14(4), 398–405. doi:10.1007/s11920-012-0287-6.

Brewerton, T. D., & George, M. S. (1993). Is migraine related to the eating disorders? Interna-
tional Journal of Eating Disorders, 14(1), 75–79.

Brewerton, T. D., Lydiard, R. B., Laraia, M. T., Shook, J. E., & Ballenger, J. C. (1992). CSF beta-

endorphin and dynorphin in bulimia nervosa. American Journal of Psychiatry, 149, 1086–
1090.

Brewerton, T. D., Mueller, E. A., Lesem, M. D., Brandt, H. A., Quearry, B., George, D. T., . . .
Jimerson, D. C. (1992). Neuroendocrine responses to m-chlorophenylpiperazine and

L-tryptophan in bulimia. Archives of General Psychiatry, 49(11), 852–861.
Broft, A., Shingleton, R., Kaufman, J., Liu, F., Kumar, D., Slifstein, M., . . . Walsh, B. T. (2012).

Striatal dopamine in bulimia nervosa: A PET imaging study. International Journal of Eating
Disorders, 45(5), 648–656. doi:10.1002/eat.20984

Brown, A. K., George, D. T., Fujita, M., Liow, J. S., Ichise, M., Hibbeln, J., . . . Innis, R. B. (2007).
PET [11C]DASB imaging of serotonin transporters in patients with alcoholism. Alcoholism,
Clinical and Experimental Research, 31(1), 28–32. doi:10.1111/j.1530-0277.2006.00261.x

Brownley, K. A., Von Holle, A., Hamer, R. M., La Via, M., & Bulik, C. M. (2013). A double-blind,

randomized pilot trial of chromium picolinate for binge eating disorder: Results of the Binge

Eating and Chromium (BEACh) study. Journal of Psychosomatic Research, 75(1), 36–42.
doi:10.1016/j.jpsychores.2013.03.092.

Bruce, K. R., Steiger, H., Young, S. N., Kin, N. M., Israel, M., & Levesque, M. (2009). Impact of

acute tryptophan depletion on mood and eating-related urges in bulimic and nonbulimic

women. Journal of Psychiatry and Neuroscience, 34(5), 376–382.
Brunelle, C., Assaad, J. M., Barrett, S. P., Avila, C., Conrod, P. J., Tremblay, R. E., & Pihl, R. O.

(2004). Heightened heart rate response to alcohol intoxication is associated with a reward-

seeking personality profile. Alcoholism, Clinical and Experimental Research, 28(3), 394–401.
Cambridge, V. C., Ziauddeen, H., Nathan, P. J., Subramaniam, N., Dodds, C., Chamberlain, S. R.,

. . . Fletcher, P. C. (2013). Neural and behavioral effects of a novel mu opioid receptor

antagonist in binge-eating obese people. Biological Psychiatry, 73(9), 887–894. doi:10.1016/
j.biopsych.2012.10.022

Cardinal, R. N., Winstanley, C. A., Robbins, T. W., & Everitt, B. J. (2004). Limbic corticostriatal

systems and delayed reinforcement. Annals of the New York Academy of Sciences, 1021, 33–
50.

Carli, M., & Samanin, R. (2000). The 5-HT(1A) receptor agonist 8-OH-DPAT reduces rats’

accuracy of attentional performance and enhances impulsive responding in a five-choice serial

reaction time task: Role of presynaptic 5-HT(1A) receptors. Psychopharmacology, 149(3),
259–268.

Carr, K. D. (2007). Chronic food restriction: Enhancing effects on drug reward and striatal cell

signaling. Physiology and Behavior, 91(5), 459–472. doi:10.1016/j.physbeh.2006.09.021,

S0031-9384(06)00425-2 [pii].

Carr, K., Tsimberg, Y., Berman, Y., & Yamamoto, N. (2003). Evidence of increased dopamine

receptor signaling in food-restricted rats. Neuroscience, 119, 1157–1167.
Cassano, G., Miniati, M., Pini, S., Rotondo, A., Banti, S., Borri, C., . . . Mauri, M. (2003).

Six-month open trial of haloperidol as an adjunctive treatment for anorexia nervosa: A

preliminary report. International Journal of Eating Disorders, 33, 172–177.
Charney, D. S., Woods, S. W., Krystal, J. H., & Heninger, G. R. (1990). Serotonin function and

human anxiety disorders. Annals of the New York Academy of Sciences, 600, 558–572.
Collier, D. A., Arranz, M. J., Li, T., Mupita, D., Brown, N., & Treasure, J. (1997). Association

between 5-HT2A gene promoter polymorphism and anorexia nervosa. Lancet, 350(9075), 412.

3 The Role of Neurotransmitter Systems in Eating and Substance Use Disorders 63

http://dx.doi.org/10.1007/s11920-012-0287-6
http://dx.doi.org/10.1002/eat.20984
http://dx.doi.org/10.1111/j.1530-0277.2006.00261.x
http://dx.doi.org/10.1016/j.jpsychores.2013.03.092
http://dx.doi.org/10.1016/j.biopsych.2012.10.022
http://dx.doi.org/10.1016/j.biopsych.2012.10.022
http://dx.doi.org/10.1016/j.physbeh.2006.09.021


Comings, D. E., & Blum, K. (2000). Reward deficiency syndrome: Genetic aspects of behavioral

disorders. Progress in Brain Research, 126, 325–341.
Cooper, J., Bloom, F., & Roth, R. (2003). The biochemical basis of neuropharmacology (8th ed.).

Oxford, UK: Oxford University Press.

Cosgrove, K. P. (2010). Imaging receptor changes in human drug abusers. Current Topics in
Behavioral Neurosciences, 3, 199–217. doi:10.1007/7854_2009_24.

Cosgrove, K. P., Krantzler, E., Frohlich, E. B., Stiklus, S., Pittman, B., Tamagnan, G. D., . . .
Staley, J. K. (2009). Dopamine and serotonin transporter availability during acute alcohol

withdrawal: Effects of comorbid tobacco smoking. Neuropsychopharmacology, 34(10), 2218–
2226. doi:10.1038/npp.2009.49

Crits-Christoph, P., Newberg, A., Wintering, N., Ploessl, K., Gibbons, M. B., Ring-Kurtz, S., . . .
Present, J. (2008). Dopamine transporter levels in cocaine dependent subjects. Drug and
Alcohol Dependence, 98(1–2), 70–76. doi:10.1016/j.drugalcdep.2008.04.014

Cuomo, I., Kotzalidis, G. D., Caccia, F., Danese, E., Manfredi, G., & Girardi, P. (2013).

Citalopram-associated: A case report. Journal of Gambling Studies. doi:10.1007/s10899-

013-9360-2.

D’Ardenne, K., McClure, S. M., Nystrom, L. E., & Cohen, J. D. (2008). BOLD responses

reflecting dopaminergic signals in the human ventral tegmental area. Science, 319(5867),
1264–1267. doi:10.1126/science.1150605, 319/5867/1264 [pii].

Davis, C., Levitan, R. D., Yilmaz, Z., Kaplan, A. S., Carter, J. C., & Kennedy, J. L. (2012). Binge

eating disorder and the dopamine D2 receptor: Genotypes and sub-phenotypes. Progress in
Neuro-Psychopharmacology and Biological Psychiatry, 38(2), 328–335. doi:10.1016/j.pnpbp.
2012.05.002.

Daw, N. D., & Doya, K. (2006). The computational neurobiology of learning and reward. Current
Opinion in Neurobiology, 16(2), 199–204.

Daw, N. D., Gershman, S. J., Seymour, B., Dayan, P., & Dolan, R. J. (2011). Model-based

influences on humans’ choices and striatal prediction errors. Neuron, 69(6), 1204–1215.
doi:10.1016/j.neuron.2011.02.027, S0896-6273(11)00125-5 [pii].

de Araujo, I. E., Ren, X., & Ferreira, J. G. (2010). Metabolic sensing in brain dopamine systems.

Results and Problems in Cell Differentiation, 52, 69–86. doi:10.1007/978-3-642-14426-4_7.
Enoch, M. A., Greenberg, B. D., Murphy, D. L., & Goldman, D. (2001). Sexually dimorphic

relationship of a 5-HT2A promoter polymorphism with obsessive-compulsive disorder.

Biological Psychiatry, 49(4), 385–388.
Enoch, M. A., Kaye, W. H., Rotondo, A., Greenberg, B. D., Murphy, D. L., & Goldman, D. (1998).

5-HT2A promoter polymorphism -1438G/A, anorexia nervosa, and obsessive-compulsive

disorder. Lancet, 351(9118), 1785–1786.
Fernstrom, J. D., & Wurtman, R. J. (1971). Brain serotonin content: Physiological dependence on

plasma tryptophan levels. Science, 173(992), 149–152.
Frank, G. K., Bailer, U. F., Henry, S. E., Drevets, W., Meltzer, C. C., Price, J. C., . . . Kaye, W. H.

(2005). Increased dopamine D2/D3 receptor binding after recovery from anorexia nervosa

measured by positron emission tomography and [11c]raclopride. Biological Psychiatry, 58
(11), 908–912.

Frank, G., Kaye, W., Meltzer, C., Price, J., Greer, P., McConaha, C., & Skovira, K. (2002).

Reduced 5-HT2A receptor binding after recovery from anorexia nervosa. Biological Psychia-
try, 52(9), 896–906.

Frank, G. K., Reynolds, J. R., Shott, M. E., Jappe, L., Yang, T. T., Tregellas, J. R., & O’Reilly,

R. C. (2012). Anorexia nervosa and obesity are associated with opposite brain reward response.

Neuropsychopharmacology: Official Publication of the American College of Neuropsycho-
pharmacology. doi:10.1038/npp.2012.51

Frank, G. K., Reynolds, J. R., Shott, M. E., & O’Reilly, R. C. (2011). Altered temporal difference

learning in bulimia nervosa. Biological Psychiatry, 70(8), 728–735. doi:10.1016/j.biopsych.
2011.05.011.

64 G.K.W. Frank

http://dx.doi.org/10.1007/7854_2009_24
http://dx.doi.org/10.1038/npp.2009.49
http://dx.doi.org/10.1016/j.drugalcdep.2008.04.014
http://dx.doi.org/10.1007/s10899-013-9360-2
http://dx.doi.org/10.1007/s10899-013-9360-2
http://dx.doi.org/10.1126/science.1150605
http://dx.doi.org/10.1016/j.pnpbp.2012.05.002
http://dx.doi.org/10.1016/j.pnpbp.2012.05.002
http://dx.doi.org/10.1016/j.neuron.2011.02.027
http://dx.doi.org/10.1007/978-3-642-14426-4_7
http://dx.doi.org/10.1038/npp.2012.51
http://dx.doi.org/10.1016/j.biopsych.2011.05.011
http://dx.doi.org/10.1016/j.biopsych.2011.05.011


Fujimoto, A., Nagao, T., Ebara, T., Sato, M., & Otsuki, S. (1983). Cerebrospinal fluid monoamine

metabolites during alcohol withdrawal syndrome and recovered state. Biological Psychiatry,
18(10), 1141–1152.

Gorelick, D. A., Kim, Y. K., Bencherif, B., Boyd, S. J., Nelson, R., Copersino, M., . . . Frost, J. J.
(2005). Imaging brain mu-opioid receptors in abstinent cocaine users: Time course and relation

to cocaine craving. Biological Psychiatry, 57(12), 1573–1582. doi:10.1016/j.biopsych.2005.
02.026

Guardia, J., Catafau, A. M., Batlle, F., Martin, J. C., Segura, L., Gonzalvo, B., . . . Casas,

M. (2000). Striatal dopaminergic D(2) receptor density measured by [(123)I]iodobenzamide

SPECT in the prediction of treatment outcome of alcohol-dependent patients. American
Journal of Psychiatry, 157(1), 127–129.

Halford, J., Cooper, G., & Dovey, T. (2004). The pharmacology of human appetite expression.

Current Drug Targets, 5, 221–240.
Halpern, C. H., Tekriwal, A., Santollo, J., Keating, J. G., Wolf, J. A., Daniels, D., & Bale, T. L.

(2013). Amelioration of binge eating by nucleus accumbens shell deep brain stimulation in

mice involves D2 receptor modulation. Journal of Neuroscience, 33(17), 7122–7129. doi:10.
1523/JNEUROSCI.3237-12.2013

Heinz, A., Ragan, P., Jones, D. W., Hommer, D., Williams, W., Knable, M. B., . . . Linnoila,
M. (1998). Reduced central serotonin transporters in alcoholism. American Journal of Psychi-
atry, 155(11), 1544–1549.

Heinz, A., Reimold, M., Wrase, J., Hermann, D., Croissant, B., Mundle, G., . . . Mann, K. (2005).

Correlation of stable elevations in striatal mu-opioid receptor availability in detoxified alco-

holic patients with alcohol craving: A positron emission tomography study using carbon

11-labeled carfentanil. Archives of General Psychiatry, 62(1), 57–64. doi:10.1001/archpsyc.
62.1.57

Heinz, A., Siessmeier, T., Wrase, J., Hermann, D., Klein, S., Grusser, S. M., . . . Bartenstein,
P. (2004). Correlation between dopamine D(2) receptors in the ventral striatum and central

processing of alcohol cues and craving. American Journal of Psychiatry, 161(10), 1783–1789.
doi:10.1176/appi.ajp.161.10.1783

Higgins, G. A., & Fletcher, P. J. (2003). Serotonin and drug reward: Focus on 5-HT2C receptors.

European Journal of Pharmacology, 480(1–3), 151–162.
Hinney, A., Ziegler, A., Nothen, M. M., Remschmidt, H., & Hebebrand, J. (1997). 5-HT2A

receptor gene polymorphisms, anorexia nervosa, and obesity. Lancet, 350(9087), 1324–1325.
Jacobsen, L. K., Staley, J. K., Malison, R. T., Zoghbi, S. S., Seibyl, J. P., Kosten, T. R., & Innis,

R. B. (2000). Elevated central serotonin transporter binding availability in acutely abstinent

cocaine-dependent patients. American Journal of Psychiatry, 157(7), 1134–1140.
James, T. A., & Starr, M. S. (1980). Rotational behaviour elicited by 5-HT in the rat: Evidence for

an inhibitory role of 5-HT in the substantia nigra and corpus striatum. Journal of Pharmacy and
Pharmacology, 32(3), 196–200.

Jappe, L. M., Frank, G. K., Shott, M. E., Rollin, M. D., Pryor, T., Hagman, J. O., . . . Davis,
E. (2011). Heightened sensitivity to reward and punishment in anorexia nervosa. International
Journal of Eating Disorders, 44(4), 317–324. doi: 10.1002/eat.20815

Jimerson, D. C., Lesem, M. D., Hegg, A. P., & Brewerton, T. D. (1990). Serotonin in human eating

disorders. Annals of the New York Academy of Sciences, 600, 532–544.
Jimerson, D., Lesem, M., Kaye, W., & Brewerton, T. (1992). Low serotonin and dopamine

metabolite concentrations in cerebrospinal fluid from bulimic patients with frequent binge

episodes. Archives of General Psychiatry, 49(2), 132–138.
Jimerson, D. C., Lesem, M. D., Kaye, W. H., Hegg, A. P., & Brewerton, T. D. (1990). Eating

disorders and depression: Is there a serotonin connection? Biological Psychiatry, 28(5), 443–
454.

Jimerson, D. C., Wolfe, B. E., Metzger, E. D., Finkelstein, D. M., Cooper, T. B., & Levine, J. M.

(1997). Decreased serotonin function in bulimia nervosa. Archives of General Psychiatry, 54
(6), 529–534.

3 The Role of Neurotransmitter Systems in Eating and Substance Use Disorders 65

http://dx.doi.org/10.1016/j.biopsych.2005.02.026
http://dx.doi.org/10.1016/j.biopsych.2005.02.026
http://dx.doi.org/10.1523/JNEUROSCI.3237-12.2013
http://dx.doi.org/10.1523/JNEUROSCI.3237-12.2013
http://dx.doi.org/10.1001/archpsyc.62.1.57
http://dx.doi.org/10.1001/archpsyc.62.1.57
http://dx.doi.org/10.1176/appi.ajp.161.10.1783
http://dx.doi.org/10.1002/eat.20815


Jocham, G., Klein, T. A., & Ullsperger, M. (2011). Dopamine-mediated reinforcement learning

signals in the striatum and ventromedial prefrontal cortex underlie value-based choices.

Journal of Neuroscience, 31(5), 1606–1613. doi:10.1523/JNEUROSCI.3904-10.2011, 31/5/
1606 [pii].

Johnson, P. M., & Kenny, P. J. (2010). Dopamine D2 receptors in addiction-like reward dysfunc-

tion and compulsive eating in obese rats. Nature Neuroscience, 13(5), 635–641. doi:10.1038/
nn.2519, nn.2519 [pii].

Kapur, S., & Remington, G. (1996). Serotonin-dopamine interaction and its relevance to schizo-

phrenia. American Journal of Psychiatry, 153(4), 466–476.
Karson, C. N. (1983). Spontaneous eye-blink rates and dopaminergic systems. Brain: A Journal of

Neurology, 106(Pt 3), 643–653.
Kaye, W. (1987). Opioid antagonist drugs in the treatment of anorexia nervosa. In P. Garfinkel &

D. Gardner (Eds.), The role of psychotropic drug use for treating eating disorders (pp. 150–
160). NY, Bruner/Mazel.

Kaye, W., Bailer, U., Frank, G., Henry, S., Price, J., Meltzer, C., . . . Putnam, K. (2008). Serotonin

transporter binding after recovery from eating disorders. Psychopharmacology, 197(3), 521–
522. doi:10.1007/s00213-007-1048-9

Kaye, W. H., Ballenger, J. C., Lydiard, R. B., Stuart, G. W., Laraia, M. T., O’Neil, P., . . . Hsu,
G. (1990). CSF monoamine levels in normal-weight bulimia: Evidence for abnormal norad-

renergic activity. American Journal of Psychiatry, 147(2), 225–229.
Kaye, W. H., Barbarich, N. C., Putnam, K., Gendall, K. A., Fernstrom, J., Fernstrom, M., . . .

Kishore, A. (2003). Anxiolytic effects of acute tryptophan depletion in anorexia nervosa.

International Journal of Eating Disorders, 33(3), 257–267.
Kaye, W. H., Berrettini, W. H., Gwirtsman, H. E., Chretien, M., Gold, P. W., George, D. T., . . .

Ebert, M. H. (1987). Reduced cerebrospinal fluid levels of immunoreactive

pro-opiomelanocortin related peptides (including beta-endorphin) in anorexia nervosa. Life
Sciences, 41(18), 2147–2155.

Kaye, W. H., Ebert, M. H., Gwirtsman, H. E., & Weiss, S. R. (1984). Differences in brain

serotonergic metabolism between nonbulimic and bulimic patients with anorexia nervosa.

American Journal of Psychiatry, 141(12), 1598–1601.
Kaye, W. H., Ebert, M. H., Raleigh, M., & Lake, R. (1984). Abnormalities in CNS monoamine

metabolism in anorexia nervosa. Archives of General Psychiatry, 41(4), 350–355.
Kaye, W. H., Frank, G. K., &McConaha, C. (1999). Altered dopamine activity after recovery from

restricting-type anorexia nervosa. Neuropsychopharmacology, 21(4), 503–506.
Kaye, W. H., Frank, G. K., Meltzer, C. C., Price, J. C., McConaha, C. W., Crossan, P. J., . . .

Rhodes, L. (2001). Altered serotonin 2A receptor activity in women who have recovered from

bulimia nervosa. American Journal of Psychiatry, 158(7), 1152–1155.
Kaye, W. H., Gwirtsman, H. E., George, D. T., Jimerson, D. C., & Ebert, M. H. (1988). CSF

5-HIAA concentrations in anorexia nervosa: Reduced values in underweight subjects normal-

ize after weight gain. Biological Psychiatry, 23(1), 102–105.
Kaye, W. H., Pickar, D., Naber, D., & Ebert, M. H. (1982). Cerebrospinal fluid opioid activity in

anorexia nervosa. American Journal of Psychiatry, 139(5), 643–645.
Kaye, W., Strober, M., & Jimerson, D. (2004). The neurobiology of eating disorders. In D. S.

Charney & E. J. Nestler (Eds.), The neurobiology of mental illness (pp. 1112–1128). New

York, NY: Oxford Press.

Kaye, W., & Weltzin, T. (1991). Neurochemistry of bulimia nervosa. Journal of Clinical Psychi-
atry, 52(10 Suppl.), 21–28.

Kaye, W. H., Wierenga, C. E., Bailer, U. F., Simmons, A. N., Wagner, A., & Bischoff-Grethe,

A. (2013). Does a shared neurobiology for foods and drugs of abuse contribute to extremes of

food ingestion in anorexia and bulimia nervosa? Biological Psychiatry, 73(9), 836–842. doi:10.
1016/j.biopsych.2013.01.002.

66 G.K.W. Frank

http://dx.doi.org/10.1523/JNEUROSCI.3904-10.2011
http://dx.doi.org/10.1038/nn.2519
http://dx.doi.org/10.1038/nn.2519
http://dx.doi.org/10.1007/s00213-007-1048-9
http://dx.doi.org/10.1016/j.biopsych.2013.01.002
http://dx.doi.org/10.1016/j.biopsych.2013.01.002


Kelley, A. E., Baldo, B. A., Pratt, W. E., & Will, M. J. (2005). Corticostriatal-hypothalamic

circuitry and food motivation: Integration of energy, action and reward. Physiology and
Behavior, 86(5), 773–795.

Kelley, A. E., & Berridge, K. C. (2002). The neuroscience of natural rewards: Relevance to

addictive drugs. Journal of Neuroscience, 22(9), 3306–3311.
Kelley, A. E., Schiltz, C. A., & Landry, C. F. (2005). Neural systems recruited by drug- and food-

related cues: Studies of gene activation in corticolimbic regions. Physiology and Behavior, 86
(1–2), 11–14.

Kirby, L. G., Zeeb, F. D., & Winstanley, C. A. (2011). Contributions of serotonin in addiction

vulnerability. Neuropharmacology, 61(3), 421–432. doi:10.1016/j.neuropharm.2011.03.022.

Konkle, A. T., & Bielajew, C. (1999). Feeding and reward interactions from chronic paroxetine

treatment. Pharmacology, Biochemistry and Behavior, 63(3), 435–440.
Koob, G. F. (2010). The role of CRF and CRF-related peptides in the dark side of addiction. Brain

Research, 1314, 3–14. doi:10.1016/j.brainres.2009.11.008.
Koob, G. F. (2013). Theoretical frameworks and mechanistic aspects of alcohol addiction: Alcohol

addiction as a reward deficit disorder. Current Topics in Behavioral Neurosciences, 13, 3–30.
doi:10.1007/7854_2011_129.

Koob, G. F., & Le Moal, M. (2005). Plasticity of reward neurocircuitry and the ‘dark side’ of drug

addiction. Nature Neuroscience, 8(11), 1442–1444.
Koot, S., Zoratto, F., Cassano, T., Colangeli, R., Laviola, G., van den Bos, R., & Adriani,

W. (2012). Compromised decision-making and increased gambling proneness following die-

tary serotonin depletion in rats. Neuropharmacology, 62(4), 1640–1650. doi:10.1016/j.

neuropharm.2011.11.002

Kringelbach, M. L., O’Doherty, J., Rolls, E., & Andrews, C. (2003). Activation of the human

orbitofrontal cortex to a liquid food stimulus is correlated with its subjective pleasantness.

Cerebral Cortex, 13, 1064–1071.
Leeman, R. F., & Potenza, M. N. (2013). A targeted review of the neurobiology and genetics of

behavioural addictions: An emerging area of research. Canadian Journal of Psychiatry, 58(5),
260–273.

Leombruni, P., Piero, A., Lavagnino, L., Brustolin, A., Campisi, S., & Fassino, S. (2008). A

randomized, double-blind trial comparing sertraline and fluoxetine 6-month treatment in obese

patients with binge eating disorder. Progress in Neuro-Psychopharmacology and Biological
Psychiatry, 32(6), 1599–1605. doi:10.1016/j.pnpbp.2008.06.005.

Lyvers, M., Duff, H., Basch, V., & Edwards, M. S. (2012). Rash impulsiveness and reward

sensitivity in relation to risky drinking by university students: Potential roles of frontal

systems. Addictive Behaviors, 37(8), 940–946. doi:10.1016/j.addbeh.2012.03.028.
Maia, T. V., & Frank, M. J. (2011). From reinforcement learning models to psychiatric and

neurological disorders. Nature Neuroscience, 14(2), 154–162. doi:10.1038/nn.2723, nn.2723
[pii].

Malison, R. T., Best, S. E., van Dyck, C. H., McCance, E. F., Wallace, E. A., Laruelle, M., . . .
Innis, R. B. (1998). Elevated striatal dopamine transporters during acute cocaine abstinence as

measured by [123I] beta-CIT SPECT. American Journal of Psychiatry, 155(6), 832–834.
Marazziti, D., Corsi, M., Baroni, S., Consoli, G., & Catena-Dell’Osso, M. (2012). Latest

advancements in the pharmacological treatment of binge eating disorder. European Review
for Medical and Pharmacological Sciences, 16(15), 2102–2107.

Markianos, M., Evangelopoulos, M. E., Koutsis, G., & Sfagos, C. (2013). Elevated CSF serotonin

and dopamine metabolite levels in overweight subjects. Obesity (Silver Spring), 21(6), 1139–
1142. doi:10.1002/oby.20201.

Martinez, D., Broft, A., Foltin, R. W., Slifstein, M., Hwang, D. R., Huang, Y., . . . Laruelle,
M. (2004). Cocaine dependence and d2 receptor availability in the functional subdivisions of

the striatum: Relationship with cocaine-seeking behavior. Neuropsychopharmacology, 29(6),
1190–1202. doi:10.1038/sj.npp.1300420

3 The Role of Neurotransmitter Systems in Eating and Substance Use Disorders 67

http://dx.doi.org/10.1016/j.neuropharm.2011.03.022
http://dx.doi.org/10.1016/j.brainres.2009.11.008
http://dx.doi.org/10.1007/7854_2011_129
http://dx.doi.org/10.1016/j.neuropharm.2011.11.002
http://dx.doi.org/10.1016/j.neuropharm.2011.11.002
http://dx.doi.org/10.1016/j.pnpbp.2008.06.005
http://dx.doi.org/10.1016/j.addbeh.2012.03.028
http://dx.doi.org/10.1038/nn.2723
http://dx.doi.org/10.1002/oby.20201
http://dx.doi.org/10.1038/sj.npp.1300420


Martinez, D., Gil, R., Slifstein, M., Hwang, D. R., Huang, Y., Perez, A., . . . Abi-Dargham,

A. (2005). Alcohol dependence is associated with blunted dopamine transmission in the ventral

striatum. Biological Psychiatry, 58(10), 779–786. doi:10.1016/j.biopsych.2005.04.044
Menon, M., Jensen, J., Vitcu, I., Graff-Guerrero, A., Crawley, A., Smith, M. A., & Kapur,

S. (2007). Temporal difference modeling of the blood-oxygen level dependent response during

aversive conditioning in humans: Effects of dopaminergic modulation. Biological Psychiatry,
62(7), 765–772. doi:10.1016/j.biopsych.2006.10.020

Merali, Z., Michaud, D., McIntosh, J., Kent, P., & Anisman, H. (2003). Differential involvement

of amygdaloid CRH system(s) in the salience and valence of the stimuli. Progress in Neuro-
Psychopharmacology and Biological Psychiatry, 27(8), 1201–1212.

Monteleone, P., Brambilla, F., Bortolotti, F., Ferraro, C., & Maj, M. (1998). Plasma prolactin

response to D-fenfluramine is blunted in bulimic patients with frequent binge episodes.

Psychological Medicine, 28(4), 975–983.
Monteleone, P., Brambilla, F., Bortolotti, F., & Maj, M. (2000). Serotonergic dysfunction across

the eating disorders: Relationship to eating behaviour, purging behaviour, nutritional status and

general psychopathology. Psychological Medicine, 30(5), 1099–1110.
Nacmias, B., Ricca, V., Tedde, A., Mezzani, B., Rotella, C. M., & Sorbi, S. (1999). 5HT2A

receptor gene polymorphisms in anorexia nervosa and bulimia nervosa. Neuroscience Letters,
277(2), 134–136.

Naughton, M., Mulrooney, J. B., & Leonard, B. E. (2000). A review of the role of serotonin

receptors in psychiatric disorders. Human Psychopharmacology, 15(6), 397–415.
O’Doherty, J. P., Dayan, P., Friston, K., Critchley, H., & Dolan, R. J. (2003). Temporal difference

models and reward-related learning in the human brain. Neuron, 38(2), 329–337.
Park, S. Q., Kahnt, T., Beck, A., Cohen, M. X., Dolan, R. J., Wrase, J., & Heinz, A. (2010).

Prefrontal cortex fails to learn from reward prediction errors in alcohol dependence. Journal of
Neuroscience, 30(22), 7749–7753. doi:10.1523/JNEUROSCI.5587-09.2010

Petrakis, I. L., Trevisan, L., D’Souza, C., Gil, R., Krasnicki, S., Webb, E., . . . Krystal, J. H. (1999).
CSF monoamine metabolite and beta endorphin levels in recently detoxified alcoholics and

healthy controls: Prediction of alcohol cue-induced craving? Alcoholism, Clinical and Experi-
mental Research, 23(8), 1336–1341.

Pierce, R. C., O’Brien, C. P., Kenny, P. J., & Vanderschuren, L. J. (2012). Rational development of

addiction pharmacotherapies: Successes, failures, and prospects. Cold Spring Harbor
Perspectives in Medicine, 2(6), a012880. doi:10.1101/cshperspect.a012880.

Price, L. H., Charney, D. S., Delgado, P. L., & Heninger, G. R. (1990). Lithium and serotonin

function: Implications for the serotonin hypothesis of depression. Psychopharmacology, 100
(1), 3–12.

Reynolds, B. (2006). A review of delay-discounting research with humans: Relations to drug use

and gambling. Behavioural Pharmacology, 17(8), 651–667. doi:10.1097/FBP.

0b013e3280115f99.

Robbins, T. W. (2005). Chemistry of the mind: Neurochemical modulation of prefrontal cortical

function. Journal of Comparative Neurology, 493(1), 140–146.
Ross, S., & Peselow, E. (2009). The neurobiology of addictive disorders. Clinical Neuropharma-

cology, 32(5), 269–276.
Roy, A., Berman, J., Gonzalez, B., & Roy, M. (2002). Cerebrospinal fluid monoamine metabolites

in cocaine patients: No relationship to cue-induced craving. Journal of Psychopharmacology,
16(3), 227–229.

Roy, A., Berman, J., Williams, R., Kuhn, C., & Gonzalez, B. (2002). Higher levels of CSF

homovanillic acid in recently abstinent cocaine-dependent patients. American Journal of
Psychiatry, 159(6), 1053–1055.

Rumsey, J. M., & Ernst, M. (2009). Neuroimaging in developmental clinical neuroscience.
Cambridge, UK: Cambridge University Press.

Schultz, W. (2002). Getting formal with dopamine and reward. Neuron, 36(2), 241–263.

68 G.K.W. Frank

http://dx.doi.org/10.1016/j.biopsych.2005.04.044
http://dx.doi.org/10.1016/j.biopsych.2006.10.020
http://dx.doi.org/10.1523/JNEUROSCI.5587-09.2010
http://dx.doi.org/10.1101/cshperspect.a012880
http://dx.doi.org/10.1097/FBP.0b013e3280115f99
http://dx.doi.org/10.1097/FBP.0b013e3280115f99


Schultz, W., Dayan, P., & Montague, P. R. (1997). A neural substrate of prediction and reward.

Science, 275(5306), 1593–1599.
Sjoquist, B., & Borg, S. (1984). Catecholamines and metabolites in cerebrospinal fluid of

teetotallers and sober alcoholics. Drug and Alcohol Dependence, 13(4), 389–394.
Sorbi, S., Nacmias, B., Tedde, A., Ricca, V., Mezzani, B., & Rotella, C. M. (1998). 5-HT2A

promoter polymorphism in anorexia nervosa. Lancet, 351(9118), 1785.
Spetea, M., Asim, M. F., Wolber, G., & Schmidhammer, H. (2013). The μ opioid receptor and

ligands acting at the μ opioid receptor, as therapeutics and potential therapeutics. Current
Pharmaceutical Design, 19(42), 7415–34.

Stanley, M., Traskman-Bendz, L., & Dorovini-Zis, K. (1985). Correlations between aminergic

metabolites simultaneously obtained from human CSF and brain. Life Sciences, 37(14), 1279–
1286.

Steiger, H., Gauvin, L., Israel, M., Koerner, N., Ng Ying Kin, N. M., Paris, J., & Young, S. N.

(2001). Association of serotonin and cortisol indices with childhood abuse in bulimia nervosa.

Archives of General Psychiatry, 58(9), 837–843.
Steiger, H., Young, S., Kin, N., Koerner, N., Israel, M., Lageix, P., & Paris, J. (2001). Implications

of impulsive and affective symptoms for serotonin function in bulimia nervosa. Psychological
Medicine, 31(1), 85–95.

Stoeckel, L. E., Weller, R. E., Cook, E. W., 3rd, Twieg, D. B., Knowlton, R. C., & Cox, J. E.

(2008). Widespread reward-system activation in obese women in response to pictures of high-

calorie foods. Neuroimage, 41(2), 636–647. doi:10.1016/j.neuroimage.2008.02.031, S1053-

8119(08)00163-8 [pii].

Strombom, U., Krotkiewski, M., Blennow, K., Mansson, J. E., Ekman, R., & Bjorntorp, P. (1996).

The concentrations of monoamine metabolites and neuropeptides in the cerebrospinal fluid of

obese women with different body fat distribution. International Journal of Obesity and Related
Metabolic Disorders, 20(4), 361–368.

Stuerenburg, H. J., Petersen, K., Baumer, T., Rosenkranz, M., Buhmann, C., & Thomasius,

R. (2002). Plasma concentrations of 5-HT, 5-HIAA, norepinephrine, epinephrine and dopa-

mine in ecstasy users. Neuro Endocrinology Letters, 23(3), 259–261.
Sutton, R. S., & Barto, A. G. (1981). Toward a modern theory of adaptive networks: Expectation

and prediction. Psychological Review, 88(2), 135–170.
Sutton, R. S., & Barto, A. G. (Eds.). (1998). Toward a modern theory of adaptive networks:

Expectation and prediction. Boston, MA: MIT Press.

Szabo, Z., Owonikoko, T., Peyrot, M., Varga, J., Mathews, W. B., Ravert, H. T., . . . Wand,

G. (2004). Positron emission tomography imaging of the serotonin transporter in subjects with

a history of alcoholism. Biological Psychiatry, 55(7), 766–771. doi:10.1016/j.biopsych.2003.
11.023

Tauscher, J., Pirker, W., Willeit, M., de Zwaan, M., Bailer, U., Neumeister, A., . . . Kasper,
S. (2001). [123I] beta-CIT and single photon emission computed tomography reveal reduced

brain serotonin transporter availability in bulimia nervosa. Biological Psychiatry, 49(4), 326–
332.

Tetrault, J. M., & Fiellin, D. A. (2012). Current and potential pharmacological treatment options

for maintenance therapy in opioid-dependent individuals. Drugs, 72(2), 217–228. doi:10.2165/
11597520-000000000-00000.

Tiihonen, J., Keski-Rahkonen, A., Lopponen, M., Muhonen, M., Kajander, J., Allonen, T., . . .
Rissanen, A. (2004). Brain serotonin 1A receptor binding in bulimia nervosa. Biological
Psychiatry, 55, 871.

Tollefson, G. D. (1989). Serotonin and alcohol: Interrelationships. Psychopathology, 22(Suppl. 1),
37–48.

Tozzi, F., Thornton, L., Klump, K. L., Fichter, M., Halmi, K., Kaplan, A., . . . Kaye, W. (2005).

Symptom fluctuation in eating disorders: Correlates of diagnostic crossover. American Journal
of Psychiatry, 162(4), 732–740.

3 The Role of Neurotransmitter Systems in Eating and Substance Use Disorders 69

http://dx.doi.org/10.1016/j.neuroimage.2008.02.031
http://dx.doi.org/10.1016/j.biopsych.2003.11.023
http://dx.doi.org/10.1016/j.biopsych.2003.11.023
http://dx.doi.org/10.2165/11597520-000000000-00000
http://dx.doi.org/10.2165/11597520-000000000-00000


Treasure, J., & Campbell, I. (1994). The case for biology in the aetiology of anorexia nervosa.

Psychological Medicine, 24(1), 3–8.
Ugedo, L., Grenhoff, J., & Svensson, T. H. (1989). Ritanserin, a 5-HT2 receptor antagonist,

activates midbrain dopamine neurons by blocking serotonergic inhibition. Psychopharmacol-
ogy, 98(1), 45–50.

Valverius, P., Hogstrom-Brandt, A. M., & Borg, S. (1993). Norepinephrine metabolite in CSF

correlates with ethanol consumption and heredity in humans. Alcohol, 10(6), 499–503.
Volkow, N., Fowler, J., &Wang, G. (2002). Role of dopamine in drug reinforcement and addiction

in humans: Results from imaging studies. Behavioural Pharmacology, 13, 335–366.
Volkow, N. D., Fowler, J. S., Wang, G. J., Hitzemann, R., Logan, J., Schlyer, D. J., . . .Wolf, A. P.

(1993). Decreased dopamine D2 receptor availability is associated with reduced frontal

metabolism in cocaine abusers. Synapse, 14(2), 169–177. doi:10.1002/syn.890140210
Volkow, N. D., Fowler, J. S., Wolf, A. P., Schlyer, D., Shiue, C. Y., Alpert, R., . . . Christman,

D. (1990). Effects of chronic cocaine abuse on postsynaptic dopamine receptors. American
Journal of Psychiatry, 147(6), 719–724.

Wagner, A., Barbarich-Marsteller, N. C., Frank, G. K., Bailer, U. F., Wonderlich, S. A., Crosby,

R. D., . . . Kaye, W. H. (2006). Personality traits after recovery from eating disorders: Do

subtypes differ? International Journal of Eating Disorders, 39(4), 276–284.
Wang, G. J., Geliebter, A., Volkow, N. D., Telang, F. W., Logan, J., Jayne, M. C., . . . Fowler, J. S.

(2011). Enhanced striatal dopamine release during food stimulation in binge eating disorder.

Obesity (Silver Spring), 19(8), 1601–1608. doi:10.1038/oby.2011.27
Wang, G., Volkow, N., Thanos, P., & Fowler, J. S. (2004). Similarity between obesity and drug

addiction as assessed by neurofunctional imaging: A concept review. Journal of Addictive
Diseases, 23, 39–53.

White, M. A., & Grilo, C. M. (2013). Bupropion for overweight women with binge-eating

disorder: A randomized, double-blind, placebo-controlled trial. Journal of Clinical Psychiatry,
74(4), 400–406. doi:10.4088/JCP.12m08071.

Winstanley, C. A., Dalley, J. W., Theobald, D. E., & Robbins, T. W. (2004). Fractionating

impulsivity: Contrasting effects of central 5-HT depletion on different measures of impulsive

behavior. Neuropsychopharmacology, 29(7), 1331–1343.
Winstanley, C. A., Olausson, P., Taylor, J. R., & Jentsch, J. D. (2010). Insight into the relationship

between impulsivity and substance abuse from studies using animal models. Alcoholism,
Clinical and Experimental Research, 34(8), 1306–1318. doi:10.1111/j.1530-0277.2010.

01215.x.

Wooters, T. E., Bevins, R. A., & Bardo, M. T. (2009). Neuropharmacology of the interoceptive

stimulus properties of nicotine. Current Drug Abuse Review, 2(3), 243–255.
Zubieta, J. K., Gorelick, D. A., Stauffer, R., Ravert, H. T., Dannals, R. F., & Frost, J. J. (1996).

Increased mu opioid receptor binding detected by PET in cocaine-dependent men is associated

with cocaine craving. Nature Medicine, 2(11), 1225–1229.

70 G.K.W. Frank

http://dx.doi.org/10.1002/syn.890140210
http://dx.doi.org/10.1038/oby.2011.27
http://dx.doi.org/10.4088/JCP.12m08071
http://dx.doi.org/10.1111/j.1530-0277.2010.01215.x
http://dx.doi.org/10.1111/j.1530-0277.2010.01215.x

	3: The Role of Neurotransmitter Systems in Eating and Substance Use Disorders
	3.1 Introduction
	3.2 Serotonin
	3.2.1 Anorexia Nervosa
	3.2.2 Bulimia Nervosa
	3.2.3 Binge-Eating Disorder
	3.2.4 Substance Use Disorders
	3.2.5 Other Addictive Disorders
	3.2.6 Summary

	3.3 Dopamine
	3.3.1 Anorexia Nervosa
	3.3.2 Bulimia Nervosa
	3.3.3 Binge-Eating Disorder
	3.3.4 Substance Use Disorders
	3.3.5 Other Addictive Disorders
	3.3.6 Summary

	3.4 Norepinephrine
	3.4.1 Eating Disorders
	3.4.2 Substance Use Disorders
	3.4.3 Summary

	3.5 Opioids
	3.5.1 Eating Disorders
	3.5.2 Substance Use Disorders
	3.5.3 Summary

	3.6 Brain DA and Reward Function to Advance Neurotransmitter Research in Eating and Substance Use Disorders
	References


