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1. ABSTRACT

Reward deficiency syndrome (RDS) was 
first proposed by Kenneth Blum in 1995 to provide a 
clinically relevant and predictive term for conditions 
involving deficits in mesocorticolimbic dopamine 
function. Genetic, molecular, and neuronal alterations in 
key components of this circuitry contribute to a reward 
deficit state that can drive drug-seeking, consumption, 
and relapse. Among the dysfunctions observed in RDS 
are dysregulated resting state networks, which recently 
have been assessed in detail in chronic drug users 
by, positron emission tomography, functional magnetic 
resonance imaging, and functional connectivity analysis. 
A growing number of studies are helping to determine 
the putative roles of dopamine and glutamatergic 
neurotransmission in the regulation of activity in resting 
state networks, particularly in brain reward circuitry 
affected in drug use disorders. Indeed, we hypothesize 
in the present review that loss of homeostasis of 
these systems may lead to ‘unbalanced’ functional 
networks that might be both cause and outcome of 
disrupted synaptic communication between cortical and 
subcortical systems essential for controlling reward, 
emotional control, sensation seeking, and chronic drug 
use.
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2. INTRODUCTION

Drug use disorders continue to represent a 
major health and socioeconomic challenge affecting the 
lives of many in the U.S. and worldwide. In 2013, in the 
U.S. alone 24.6. million individuals aged 12 years or older 
reported illicit drug use, and among these, 1.5. million 
reported using the psychostimulant cocaine (1). An 
astounding 21.6. million adults 18 or older were reported 
that same year as having a substance use disorder, with 
4.2. million showing abuse of dependence on marijuana, 
1.9. million on pain relievers, 855,000 cocaine, and 
517,000 heroin (1). These staggering numbers warrant 
more preclinical research, especially in novel directions 
that could ultimately help diagnose drug use disorders 
(through genetic testing) and offer effective treatments.

Reward Deficiency Syndrome (RDS) was first 
defined by K. Blum in 1995 as a putative predictor of 
impulsive and addictive behaviors related in large part 
to mesolimbic dopamine (DA) system dysfunction (see 
Table 1) (2-6). Binding of the neurotransmitter dopamine 
(DA) to the D2 DA receptor (DRD2), for example, has 
been linked to a variety of behaviors reflecting reward 
seeking (7-9), and the DRD2 has been referred to as 
a reward gene (10-14). The TaqI A1 allele of the DRD2 
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gene has been most associated with neuropsychiatric 
disorders in general, and aggression (15), alcoholism, and 
chronic drug use conditions (16). Co-Morbid antisocial 
personality disorder symptoms and children and adults 
with attention deficit hyperactivity disorder (ADHD) or 
Tourette’s Syndrome and high novelty seeking (17) and 
gambling and obesity (18, 19) have also been associated 
with the DRD2A1.

The brain reward circuitry, in particular, the 
DAergic system and the DA D1 and D2 receptors, have 
been implicated in reward mechanisms (10, 20). The net 
outcome of neurotransmitter interaction in mesolimbic 
brain regions is to produce “reward” when DA is released 
from afferent ventral tegmental area (VTA) synapses on 
GABAergic medium spiny neurons (MSNs) in the nucleus 
accumbens (NAc). This interaction involves D1 and D2 
class of receptors among possibly nine total receptor 
subtypes (2, 21-23). Although initially dubbed the 
pleasure or anti-stress neurotransmitter DA may primarily 
be considered to be a “motivation molecule” (24-26) that 
when released into the synapse increases feelings of 
well-being and reduces stress (27, 28).

The mesocorticolimbic DA pathway plays an 
especially important role in mediating the reinforcement 
of natural reward-seeking behaviors, such as sex 
and eating, as well as non-natural reward-seeking 
behaviors mostly centered around chronic drug use (29). 
Completion of the consummatory phase of natural 
reward seeking involves the satisfaction of physiological 
(appetitive) drives (e.g.,  hunger and reproduction). 

Seeking unnatural rewards not critical to survival tend 
to involve learning and habit formation, and thus entails 
satisfaction from acquired, pleasures like hedonic 
sensations derived from alcohol and other drugs, as 
well as from gambling and other risk-taking behaviors 
(30-33). Utilizing positron emission tomography (PET) 
others have found substantially lower levels of D2 
receptors in obese, and alcohol and drug dependent 
subjects compared to non-dependent individuals (34-37). 
In animals, overexpression of the D2 receptor via viral 
vector-mediated delivery of the DRD2 gene directly into 
the NAc resulted in a significant reduction of alcohol and 
cocaine consumption (38-41). Also, there is clinical and 
preclinical evidence that obesity is inversely proportional 
to DRD2 levels in the brain, and that food restriction 
reversed this finding (36, 37, 42).

3. “DOPAMINE HOMEOSTASIS”: BRINGING 
FUNCTIONAL BALANCE TO THE DOPAMINE 
REWARD PATHWAY

Based on the notion that dysregulation of 
mesocorticolimbic DAergic activity promotes further drug 
use, a goal should be to regulate key components of 
this system to reduce abnormal craving, drug seeking, 
and other addictive behaviors included under the 
term RDS (43). Indeed, neuronal populations in the 
mesocorticolimbic system can be identified based on 
their unique gene expression patterns. Such information 
offers potential targets for the development of treatments 
to modulate deficient components of the reward circuit. 
Regarding therapeutic targets, it is believed that there 

Table 1. Reward Deficiency Behaviors a biogenetic model for the diagnosis and treatment of impulsive, 
addictive, and compulsive behaviors (3)

Addictive Behaviors Impulsive behaviors Obsessive
compulsive
behaviors

Personality
disordersSubstance Related Non substance related Spectrum disorders Disruptive 

impulsive 

Alcohol Thrill seeking (novelty) Attention‑deficit Hyperactivity Anti‑social Body
Dysmorphic 

Paranoid 

Cannabis Sexual
Sadism 

Tourettes and
Tic Syndrome 

Conduct Hoarding Schizoid 

Opioids Sexual Masochism Autism Intermittent 
Explosive 

Trichotillomania
(hair pulling) 

Borderline 

Sedatives and
Hypnotics 

Hypersexual Oppositional 
Defiant 

Excoriation
(skin picking) 

Schizotypal 

Stimulants Gambling Exhibitionistic Non‑suicidal
Self‑Injury 

Histrionic 

Tobacco Internet
Gaming 

Narcissistic 

Glucose Avoidant 

Food Dependant 

Modified according to DSM‑5. Reproduced with permission from (2).
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are many potential gene polymorphisms involved in 
the brain reward system and these known (and even 
unknown) polymorphisms will need to be identified across 
the central nervous system (CNS) especially along the 
brain reward circuitry (44, 45). Certainly, damage to DNA 
along this reward circuitry likely leads to altered, or even 
diminished, DAergic activity (46). Reduced dopaminergic 
activity has the effect of increasing sensitivity to stress, 
blunting reward sensation, and even impairing aspects 
of reward learning, especially in aged individuals (47-49).

There are numerous genes involved in regulating 
the activity of this system. The result of their patterns of 
expression, or their normal function, is to mediate a series 
of neurochemical mechanisms that have previously been 
described as the “brain reward cascade” (50). The brain 
reward cascade involves the release of serotonin, which 
has been shown to stimulate hypothalamic release of 
enkephalin in the substantia nigra. Enkephalin in turn 
inhibits GABA in the substantia nigra, which regulates 
the amount of DA released in the nucleus accumbens 
(“reward site”). The origin of the release of DA is the VTA. 
Various receptors (including 5HT2a receptors, μ-opiate 
receptors, GABA-A receptors, GABA-B receptors, and 
D1 and D2 like DA receptors) are critical in reward 
cascade. It is well known that under normal conditions 
DA in the nucleus accumbens works to maintain normal 
drives (51-56). Recent evidence postulates the role of 
dorsa raphe nuclei in the reward cascade.

For over forty years the Dorsal Raphe 
Nucleus (DRN) have been classified as a serotonergic 
structure and the VTA as a DAergic structure. These 
are two brain reward areas where electrical stimulation 
produces reinforcement responding at the highest rates 
and lowest thresholds (meaning increased reward 
sensitivity). Although multiple studies have examined 
the contributions of the DRN and VTA to reward most of 
these studies, have been focused on the serotonergic 
effects. As a result, these investigations have produced 
conflicting results, and the actual role of DRN-to-VTA 
circuitry in regulating motivated behaviors remains 
unclear. Contrary to the idea that the major input from 
DRN to VTA is serotonergic, Marisela Morales and 
her group (57) found that DRN neurons expressing 
the vesicular glutamate transporter-3 (GluT3) provide 
a major source of inputs from DRN to VTA. Within the 
VTA, these DRN-derived GlutT3 terminals synapse on 
DA neurons. Qi et al. (57) found that some of these VTA 
neurons innervated by DRN GluT3 synapses, in turn, 
innervate neurons in the NAc. By genetic approaches to 
specifically express channel rhodopsin 2 (ChR2) in DRN-
GlutT3 neurons, it was also found that AMPA-mediated 
excitatory currents on DA-neurons that innervate the 
NAc can be elicited by intra-VTA light stimulation of 
the VGLUT3  -fibers. Such stimulation causes DA 
release in the NAc, reinforces instrumental behaviors, 
and established conditioned place preference. The 

Qi et al. (57) discovery of a rewarding excitatory 
glutamatergic synaptic input to the meso-accumbens DA 
neurons arising from DRN neurons containing VGLUT3, 
suggested that, new targets that may be important to 
improve deficits in motivation observed in RDS patients. 
Moreover, unpublished work from this research team at 
NIDA also found that GABA from the Substania Nigra 
regulates VGLUT3 synaptic inputs, and as a result may 
control VTA DA release in the NAc.

In RDS, reduced sensitivity and inefficiency 
of the reward system has been a theme considered by 
many investigators and has generated some controversy 
regarding the regulation of “liking” and “wanting” rewards, 
particularly drug reward (58-63). However, various genetic/
epigenetic factors and neuroanatomical substrates 
converge upon the mesocorticolimbic DA reward system 
in mediating multiple ways in which addictions and related 
psychiatric conditions are expressed (64). Both genetic 
antecedents and environmental influences (epigenetic), 
may result in a deficiency of synaptic DA and predispose 
individuals to a high risk for multiple addictive, impulsive, 
and compulsive behaviors (65).

It is well known that alcohol and other drugs 
of abuse, as well as sex, food, gambling, aggressive 
thrills and other positive reinforcers, cause activation 
and neuronal release of brain DA and involvement of 
the Na(+)/K(+)-ATPase (66). Increases in DA release, 
particularly in NAc, can decrease negative feelings and 
satisfy abnormal feelings like cravings for substances 
like alcohol, cocaine, heroin, and nicotine, which among 
others are linked to low DA activity (67). Therefore, a 
formidable challenge to both scientists and clinicians in 
the field of substance and non-substance compulsive 
seeking behaviors is the development of compounds 
that can induce “dopamine homeostasis”. In other words, 
rather than tilting the dopamine-mediated brain reward 
balance to either extreme (too high or too low), a balance 
needs to be maintained within a limited functional range. 
Assessing such functional limits within mesocorticolimbic 
circuitry requires in vivo brain functional biomarkers 
of activity, which are only possible through functional 
magnetic resonance imaging (fMRI) and potentially 
functional connectivity analysis of brain network activity. 
Emerging evidence strongly suggests that cognitive, 
emotional and behavioral disturbances observed in 
some psychiatric illnesses are associated with functional 
deficits in widespread brain networks (68-72). The same 
principle of dysregulated functional circuitry may hold true 
for drug addiction (73). However, the cellular mechanisms 
mediating resting state functional connectivity, and in 
particular the role of dopamine, serotonin, and glutamate 
in mediating specific patterns of functional connectivity 
remain unclear. In the following sections, we summarize 
some of the work that has been done, specifically focusing 
on studies examining changes in functional connectivity 
and drug use disorders.
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4. UNDERSTANDING RESTING STATE BRAIN 
FUNCTIONAL CONNECTIVITY

Recently, there has been controversy concerning 
the role of brain DA in reward and addiction. David Nutt and 
associates eloquently proposed that DA may be central 
to psychostimulant dependence, and somewhat relevant 
for alcohol, but not important for opiates, nicotine, or 
even cannabis (74). Others have also argued that surfeit 
theories can explain cocaine-seeking behavior and non-
substance-related addictive behaviors. It seems prudent 
to make a distinction between, what constitutes “surfeit” 
as compared to ”deficit” regarding short-term (acute), 
and long-term (chronic), brain reward circuit responsivity. 
In an attempt to resolve the controversy regarding the 
contributions of mesolimbic DA systems to reward, we 
cite the three most important competing explanatory 
categories: “liking,” “learning,” and “wanting.” They are 
(a) the hedonic impact (liking reward), (b) the ability to 
predict rewarding effects (learning) and (c) rewarding 
stimuli incentive salience (wanting).

Regarding acute effects, RDS behaviors, 
and most drugs of abuse have been linked to 
hyperdopaminergic states and heightened feelings 
of well-being due to the preferential DA release at 
mesolimbic-VTA-caudate-accumbens loci. Also, most of 
the evidence seems to favor the “surfeit theory” (59, 75) 
in the acute phase of the experience. The “dopamine 
hypotheses”, is now known to be complex and involves 
encoding attention, reward expectancy, incentive 
motivation and the set point of hedonic tone.

In terms of chronic effects, the work of 
Willuhn’s group provides impetus to develop anti-RDS 
compounds that can modulate dopamine function. They 
demonstrated, in an extended access cocaine self-
administration paradigm, that excessive use of cocaine 
is caused by decreased phasic DA signaling in the 
striatum (76). Also regarding chronic addictions, others 
have shown a blunted responsivity at brain reward sites 
with food, nicotine, and even gambling behavior. Being 
cognizant that there are differences in DAergic function 
as addictions progress, relapse may involve a prolonged 
state of DA deficiency. Vulnerability to compulsive 
drug use and relapse may be the cumulative effects of 
genetic reward polymorphisms and elevated sensitivity 
to stress. The preferred goal to combat relapse may be 
DA homeostasis and with this aim functional connectivity 
in both animal and human models is an emerging area 
of interest.

Compulsive drug use can affect widely distributed 
regions of the brain and evidence is accumulating that 
the functional interactions between brain regions change 
throughout the stages of cocaine use, abstinence, and 
relapse (77-88). Identifying neural circuits affected 
by cocaine use disorders, and understanding their 

association with compulsive drug seeking behavior, 
remains a challenge (73). Some researchers have 
addressed this matter by applying novel optogenetic 
approaches to investigate the causal role of individual 
neuronal groups in driving drug self-administration and 
reinstatement (89-96).

The brain of humans and rodents show a high 
degree of intrinsic synchronous activity measured by blood 
oxygen level-dependent (BOLD) fMRI during rest (97, 98). 
Functional connectivity analysis of these synchronous 
BOLD signals may provide insight into network-level 
changes associated with cocaine and other RDS behaviors 
during self-administration, withdrawal, and reinstatement. 
BOLD signal oscillations have neurobiological and 
behavioral significance (99-101) in human subjects 
and animal models (97, 98). Changes in functional 
connectivity in humans are associated with dysfunctional 
cognitive and behavioral states (68) that might contribute 
to addiction severity and relapse (81, 85, 88, 102). For 
example, it has been reported that cocaine users show 
a reduction in resting state activity along specific neural 
pathways, also significantly increased connectivity has 
been cited (81). In cocaine users, shorter withdrawal 
lengths mostly involve increased or altered connectivity, 
in cortical, striatal and midbrain regions, while, longer 
duration withdrawal times mostly involve significant 
reductions in functional connectivity in comparison to 
controls. However, changes in functional connectivity can 
vary according to factors such as length of abstinence, 
propensity to relapse, response to treatment (81, 85, 103). 
For example, impulsivity and loss of control over recent 
cocaine use are associated with increased functional 
connectivity between prefrontal cortex and striatum (104). 
Subjects with cocaine use disorders that were stabilized 
for 4-8  days in inpatient clinics (short-term abstinence) 
showed hyperconnectivity between structures involved in 
memory, visuospatial processing, and motivation (105). 
This novel approach can reflect the integrity of functional 
circuits that mediate aspects of neural communication 
between CNS regions (106). This method is an informative 
biomarker that may be used to examining the effects of 
drugs of abuse on mesocorticolimbic regions.

4.1. Functional connectivity and addiction: 
neurobiological underpinnings

Understand functional connectivity changes, 
particularly in the context of well-studied intrinsically 
active networks such as Salience, Executive, and Default 
networks, is key to being able to address widespread 
neuroadaptations involved in and/or contributing to 
addictive behaviors. Activity in these and other previously 
described networks, in turn, may relate to underlying 
cellular adaptations in the biophysical properties of 
neuronal membranes. These adaptations include 
changes in electrical excitability of select neurons within a 
broader network and the occurrence of synaptic plasticity 
that can modify the responsiveness of mesocorticolimbic 
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DA and glutamate neurons to subsequent drug reward 
challenges (107-113). For example, in rats, repeated 
cocaine or amphetamine administration alters the 
number of dendritic spines, their morphology, and hinders 
structural plasticity in NAc, prefrontal cortex, and other 
neocortical regions (114-118).

A single exposure or repeated administration of 
cocaine and other drugs of abuse increases the ability 
to elicit long-term potentiation (LTP) and long-term 
depression (LTD) in VTA DA neurons (109, 110, 119-121). 
Repeated cocaine also alters these forms of synaptic 
plasticity in NAc, amygdala, and forebrain (109, 110), 
and effect biophysical parameters leading to changes 
in excitability of NAc MSNs (122, 123). Altered synaptic 
plasticity may impact subsequent excitability and 
plasticity within these regions (110, 122), with the 
consequence of altering the activity of downstream and 
upstream structures (124-126). For example, changes 
in excitability of NAc MSNs (123) may affect activity in 
both the VTA directly, or through the ventral pallidum (91), 
and this circuitry is influential for reinstatement of drug 
seeking behavior (127). Moreover, NAc neurons are 
also influenced by changes in prefrontal cortical 
(PFC) (128, 129) and ventral hippocampal (125, 130) 
activity via incoming glutamatergic synapses, which may 
elicit reinstatement (89, 93, 131). Given the extensive 
connectivity these neurons share with other structures, 
it is likely that the effects of repeated cocaine on their 
activity significantly impacts activity in broadly distributed 
regions of the brain. Thus, in the cocaine-addicted brain, 
a wider network of structures may show altered functional 
connectivity through synaptic changes in PFC, NAc, and 
VTA neurons. Connectivity is likely to involve ventral 
hippocampus, amygdala, pallidal areas, substantia 
nigra, anterior thalamus, and other higher cortical 
centers integrating sensory and spatial information, and 
long-term memory. A  critically important aspect of the 
mentioned in vivo functional neurocircuitry of cocaine use 
is that key players in the circuitry vary through distinct 
stages of addiction (78).

4.2. Are glutaminergic and dopaminergic 
pathways therapeutic targets for reward 
homeostasis?

Glutamate and DA represent potential 
targets for novel treatments that modulate not only 
cocaine seeking behavior, but also other RDS 
behaviors, and there is growing evidence that these 
neurotransmitters are necessary for the establishment 
of resting state functional connectivity networks. Both 
substrates are affected by chronic psychostimulant 
administration (111, 112). In cocaine self-administering 
rats, basal extracellular glutamate concentrations are 
reduced in the core of NAc (128), which also receives 
heightened PFC-evoked glutamate release (94, 123). 
Evidence supports this heightened release and reduced 
tonic extracellular glutamate in reinstatement (123, 132). 

Elevating extrasynaptic glutamate by stimulating the 
cystine-glutamate exchanger using the pro-cystine 
drug, N-acetylcysteine (NAC), has been found to reduce 
cue- and cocaine-prompted reinstatement (123, 132-135). 
This outcome supports its development as a treatment 
for cocaine craving and addiction (136). N-acetylcysteine 
restores synaptic plasticity in NAc, normalizes neuronal 
excitability, and glutamate transport (122, 133). 
Additionally, it was recently shown that as cocaine intake 
escalates, phasic DA signaling in the ventromedial 
striatum is reduced (76). The DA precursor L-3,4-
dihydrophenylalanine (L-DOPA) was found to reduce 
escalated cocaine intake and restore striatal DA (76). 
Consistent with this result, in human subjects, L-DOPA 
was observed to increase functional connectivity between 
midbrain and striatal regions (72). In this regard, Febo and 
Blum (unpublished) have examined the effects of a DA 
precursor complex (KB220Z) on functional connectivity 
and have observed that there is a significant increase in 
functional connectivity strength in PFC and NAc of the 
rat (Figure 1).

Key ingredients in this complex act synergistically 
to replenish the pool of L-DOPA and facilitate its conversion 
to DA. The formulation is directed at re-establishing 
baseline connectivity through the DA biosynthetic pathway 
amongst other ingredients (L-Tyrosine and pyridoxine, 
which provide the enzymatic co-factor pyridoxal-5’-
phosphate for L-amino acid decarboxylase conversion 
of L-DOPA to DA) (6, 137). A KB220 variant has been 
tested in abstinent psychostimulant abusers and found to 
normalize quantitative electroencephalographic (qEEG) 
abnormalities (137). Moreover, a preliminary double-
blind cross-over study in heroin-dependent participants 
shows increases in ventral striatal functional connectivity 
(Figure 2).

Understanding how DA and glutamate 
systems modulate resting state functional connectivity 
in mesocorticolimbic structures increases the utility of 
this functional mapping strategy as a biomarker for drug 
use disorders. Research in this regard is limited but has 
recently been approached indirectly through examination 
of the effects of, DA depletion (like Parkinsonism and 
related conditions), DA replacement therapies (like 
L-DOPA), DAergic agonists and N-methyl-D-aspartate 
(NMDA) receptor blockers, on resting state functional 
connectivity (138-141).

The role of DA in the brain at rest is an important 
and an emerging area of research interest especially in 
Parkinsonism (142). Piray et al. (143) using systematic 
pharmacological manipulation of dopamine D2-receptors 
and resting-state functional imaging in humans, found 
that DA modulates interactions between motivational and 
cognitive regions, as well cognitive and motor regions 
of the striatum. Specifically, stimulation and blockade of 
the dopamine D2-receptor had opposite (increasing and 
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decreasing) effects on the efficacy of those interactions. 
In fact, trait impulsivity was specifically associated 
with DAergic modulation of ventral-to-dorsal striatal 
connectivity. Ventral-to-dorsal striatal connectivity in 
individuals with high trait impulsivity exhibited greater 
drug-induced increases (after stimulation) and decreases 
(after blockade) of than those with low trait impulsivity.

Individuals with early stage Parkinsonism, which 
have some initial level of DA depletion in basal ganglia 
structures, showed decreased connectivity of the left 
dorsolateral prefrontal cortex and right insular cortex, right 
superior frontal gyrus and anterior cingulate compared to 
unaffected subjects (138). Others have reported reduced 
connectivity (specifically, node degree) in left putamen, 
right globus pallidus (139). Interestingly, Nagano-Saito 
and colleagues used a transient DA depletion strategy 
by administering an amino acid solution deficient of 
D-Phenylalanine/L-Tyrosine to healthy participants and 
found that performance on set shifting tasks and frontal-
striatal connectivity were both reduced in comparison to 
administering a more balanced amino acid solution (140). 

Thus, deficits in cognitive flexibility caused by acute 
reductions in DA may be associated with a reduction 
in functional connectivity between prefrontal cortex and 
striatum.

There is also building evidence that enhancement 
of DA synthesis and increasing the releasable pool of 
this catecholamine adjusts functional connectivity in 
mesocorticolimbic areas. Thus, administering (L-DOPA; 
which is a precursor for DA synthesis) to healthy 
participants reduced connectivity between the amygdala 
and bilateral inferior frontal gyri and areas of the default 
mode network (DMN) (141). Another group showed 
that L-DOPA increased functional connectivity between 
midbrain and DMN, between caudate and frontal-
parietal areas, and ventral striatum and a frontoinsular 
network (72). On the other hand, blocking DA receptors 
with haloperidol exerted opposite effects on functional 
connectivity between these regions (144). L-DOPA has 
also been shown to increase functional connectivity areas 
of the putamen, cerebellum, and brainstem, and between 
inferior ventral striatum and ventrolateral prefrontal 
cortex (145). Interestingly, it was observed to disrupt 
connectivity between striatal areas and the DMN (145). 
In further support that DA replacement therapies may 
correct deficits in functional connectivity, recently it was 
shown that Parkinson’s patients without medication 
showed significant impairments in connectivity with striatal 
divisions, which was improved by upon administering DA 
medications to patients (142). The above-cited effects of 
DA depletion and replenishment with L-DOPA illustrate 
the important role of DA in modulating resting state 
networks. Consistent with the role of DA in regulating 
activity in basal ganglia, most effects are observed in 
ventral and dorsal striatal regions and their connectivity 
with cortical structures known to receive DA inputs. 
However, it is important to note that in the case of RDS, 
the networks impacted by deficient DA activity may vary 
from DA pathways affected in Parkinsonism due to the 
source of DA being VTA in the mesolimbic pathway rather 
than through Substantia Nigra (nigrostriatal pathway). 

Figure 1. Administration of a complex (KB220Z) increases connectivity with the NAc and PFC. This effect would presumably benefit cocaine-addicted 
individuals showing reduced functional connectivity in mesocorticolimbic circuitry. Reproduced with permission from (79).

Figure 2. A double-blind cross-over study in abstinent heroin-dependent 
participants of KB220Z, a DA precursor complex one hour following delivery 
of neurotransmitter precursors, functional connectivity between regions of 
the accumbens and the medial orbital cortex is enhanced. Arrow and blue 
circle are shown to emphasize increases in functional connectivity in NAc 
with oral KB220Z. Reproduced with permission from (6).
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Importantly, a caveat to focusing on L-DOPA as a 
treatment strategy is that it omits other components of 
the Brain Reward Cascade.

Administering the DA and norepinephrine 
transporter blocker methylphenidate to healthy subjects 
has been shown to exert varied effects across a 
number of studies, which include increased motor-
memory circuit connectivity and reduced prefrontal 
cortical connectivity (146). Others have reported that 
methylphenidate, mostly reduced functional connectivity 
between NAc and ventral pallidum and subthalamic nucleus, 
and reduced connectivity between NAc and prefrontal 
and temporal cortices (147). However, in another study 
methylphenidate at the same dose (40 mg) was mostly 
found to increase connectivity between dorsal attentional 
networks and thalamus, increase connectivity between 
association areas and primary sensorimotor regions, 
and decrease connectivity with striatothalamocortical 
circuits (148). These above-mentioned effects of 
methylphenidate, are mediated, in part, by elevated 
extracellular levels DA and norepinephrine. However, 
the effect of DA receptor stimulation on functional 
connectivity is unclear. Subjects administered the DA 
agonist, bromocriptine show changes in frontal-striatum 
functional connectivity, which specifically correlated with 
working memory performance (149). In consideration 
of the functional connectivity changes affected in drug 
use disorders (summarized in the preceding sections); 
it makes much less sense to use drugs that bind to DA 
receptors or transporter. That is to say, the results of such 
studies do not seem to be well aligned with outcomes, 
that would benefit or correct deficits in functional 
connectivity. However, based on the effects of L-DOPA 
and our preliminary results with KB220, we argue that 
enhancement of DAergic biochemical pathways would 
instead be an improved strategy adjusting or balancing 
resting state networks, particularly in frontal and striatal 
regions (Figures 1 and 2).

The role of glutamate in functional connectivity 
has largely been assessed by studies seeking to 
understand the effects of ketamine on functional 
connectivity. Ketamine, which has antidepressant 
properties, is a NMDA receptor blocker. Based on the 
excitatory neurotransmission mediated through NMDA 
receptors (activation leading to neuronal depolarization), 
one would expect significant reductions in functional 
connectivity (because such depolarizations would 
be prevented in the presence of the drug). However, 
some studies have shown hyperconnectivity instead. 
Ketamine increased prefrontal connectivity in healthy 
participants (150) and corticothalamic circuitry (151). 
Positive symptoms of ketamine are associated with 
increased cortical paracentral lobule and left precentral 
gyral connectivity, whereas increased connectivity in 
prefrontal and striatal areas was surprisingly associated 
with negative symptoms (152). Interestingly, NMDA 

blockade reduced functional connectivity between the 
DMN and dorsomedial prefrontal cortex, and DMN 
to prefrontal, anterior and posterior cingulate cortical 
areas (153). Regulating extracellular levels of glutamate 
and increasing glutamate transmission (which are both 
disrupted in drug use disorders) with N-acetylcysteine 
(NAC) increases functional connectivity between major 
mesocorticolimbic areas including the ventral striatum, 
prefrontal cortex, precuneus, and areas of the DMN (154). 
This increased functional connectivity correlates with 
improved affective scores and less craving (154).

Overall, the above results bring us a step closer 
to understanding the contributions of DA and glutamate 
in modulating resting state networks. An important aspect 
of these studies that should be considered in light of the 
varied results is the potential for baseline connectivity 
to differ across individual subjects. Moreover, regarding 
treatment strategies, it appears that treatments directed 
at balancing biochemical functioning in mesocorticolimbic 
areas, like L-DOPA, KB220, and NAC, might provide a 
better strategy for correcting the deficiencies present in 
these regions and a better and more consistent readout 
in functional connectivity studies.

To summarize, Willuhn’s group (76) reported 
that dopaminergic function is reduced as substance 
(cocaine) and non-substance-related addictive behavior 
increases. Decreases in D2/D3 receptors and lower 
activation of cues in occipital cortex and cerebellum were 
associated with chronic cocaine exposure by Volkow 
et al. in a recent PET study (155). Therefore, treatment 
strategies, directed towards dopamine homeostasis like 
less powerful pro-dopamine regulators (unable to induce 
DA receptor down –regulation), along with glutaminergic 
optimization using NAC that might conserve DA function 
and may be an attractive approach to relapse prevention 
in psychoactive drug and behavioral addictions. However, 
we caution against the sole use of L-DOPA because of 
known side effects as seen with Parkinson patients (156).

4.3. Dopamine and brain functional 
connectivity: Psychiatric genetic links

Arvid Carlsson, Paul Greengard, Eric Kandel 
equally shared the 2000 Nobel Prize in Physiology or 
Medicine for their outstanding work concerning signal 
transduction in the nervous system and the role of DA as 
a neurotransmitter. Now fifteen years later neuroscientists 
and clinicians have seen some amazing advances 
concerning DA and brain functional connectivity and 
genetic risk factors affecting psychiatric conditions. 
With advances in neuroimaging techniques such as 
fMRI, single-photon emission computerized tomography 
(SPECT), PET, and now optogenetics, understanding 
of DA’s role in the brain will change. Keeping within this 
narrow perspective some studies that further enhance 
our knowledge related to DA and potential DA regulation 
will briefly be discussed.
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It is important to acknowledge the seminal 
findings of Blum et al. (10) published in JAMA on the 
first association of the DRD2 A1 allele as a risk factor 
for severe alcoholism. The role of the A1 allele of the 
DRD2 gene and other reward genes like Mu-Opiate 
Receptor, MOA-A, GABAA, COMT, 5-HTTLPR, DRD4, 
and associated risk alleels, have been confirmed in 
RDS behaviors (157-170). There is also evidence of an 
association of the DRD2 Taq A1 polymorphisms with 
addiction relapse (171), increased hospitalization (172), 
and even mortality (173). However, much less is known 
about the actual role of DA per se in brain functional 
connectivity and potential allelic risk factors in developing 
deficits.

As of 06-29-2016 a word Pubmed search 
“Psychiatric Genetics” revealed 17,433 articles. However, 
a word search using the terms, “Psychiatric Genetics” 
and “Brain Functional Connectivity” revealed only 74 
articles suggesting the relatively new area of research. 
The following section provides a brief snapshot of this 
emerging area of psychiatry.

In one experiment, Zhou et al. (174) found 
significant COMT (rs4680)×DRD2(rs1076560) interaction 
in intra-network connectivity. The network included the 
left medial prefrontal cortex of the anterior DMN, the 
right dorsal attention network at the right dorsolateral 
frontal cortex, and the left dorsal anterior cingulate cortex 
in the salience network. Moreover, they also found that 
DRD2 genotypes exerted differential effects on intra-
network connectivity in subgroups of COMT genotypes. 
Zhou et al. concluded that “These findings suggest a 
network-dependent modulation of the DA-related genetic 
variations on intra-network connectivity.” Regarding 
clinical relevance, (175) a set of structured multimodal 
activities (Combination Training; CT), revealed that 
cognitive/occupational performances and reorganization 
of functional connectivity benefited from greater functional 
connectivity and cortical thickness in a group of healthy 
elderly individuals. This effect was most pronounced in 
carriers of polymorphisms of both COMT (Val158Met) 
and DAergic genes (DRD3 ser9gly).

Work by Tian et al. (176) suggested that COMT 
and DRD2 genotypes may associate with brain functional 
connectivity and dopamine signaling. In support, Xu 
et  al. (177) evaluated different genotypic combinations 
of COMT and DRD2 in healthy humans and found a 
non-additive COMT x DRD2 interaction in rsFC in the 
right dorsal anterior cingulate cortex (dACC) exhibiting 
a U-shape modulation by DA signaling. Interestingly, the 
authors suggest “healthy young adults without optimal 
DA signaling may maintain their normal behavioral 
performance via a functional compensatory mechanism 
in response to structural deficit due to genetic variation.”

Interestingly, Meyer et al. (178) pointed out 
that prefrontal DA levels are relatively increased in 

adolescence compared to adulthood. It is well known 
that carriers of the MET variant of COMT result in lower 
enzymatic activity and higher DA availability. Oppositional 
effects were observed in prefrontal brain networks at 
rest, of adolescents and adults, in areas of the brain 
including anterior medial PFC and ventrolateral as well 
as the dorsolateral PFC, and parahippocampal gyrus. 
They also observed an age-dependent and significant 
reversal of COMT Val158Met effects on resting state 
functional connectivity between the anterior medial 
PFC and ventrolateral and the dorsolateral PFC, and 
parahippocampal gyrus. Val homozygous adults exhibited 
increased and adolescents decreased connectivity 
compared to Met homozygotes for all reported 
regions. This finding is somewhat surprising given the 
understanding that carriers of the Val variant results in 
a lower availability of synaptic DA. As such, one would 
expect a decrease in rsFC and not an increase as seen 
in adults compared to adolescents (179). Nevertheless, 
it does suggest that adolescent and adult resting state 
networks are dose-dependent and diametrically affected 
by COMT genotypes when a hypothetical model of DA 
function that follows an inverted U-shaped curve is 
followed.

It is well known that DA signaling through D2 
and other DA receptors has been implicated in reward 
processing, regulation of cognition and the effects of 
drugs of abuse, and also has significant effects on 
responses to stressors and salient aversive stimuli (180). 
In fact, Peciña et al. (181) found that a haplotype block 
comprised of two SNPs, rs4274224, and rs4581480, 
had an effect on the hemodynamic responses of the 
subgenual anterior cingulate cortices (sgACC) during 
implicit emotional processing and the dorsolateral PFC 
during reward expectation. The authors suggest that 
these findings may be normal variation and contribute 
to potential vulnerability to psychopathology associated 
with functions, such as risk for mood and substance use 
disorders (or RDS behaviors).

Recent evidence supports the notion that 
the DMN consists of brain regions which relative to 
cognitive processing have “increased” activity during 
rest. Moreover, this activity in the DMN is associated 
with  functional  connectivity with the striatum, a 
DA-enriched brain region (182). Specifically, it was 
found a lowered DA state caused the following network 
changes: reduced global and local efficiency of the 
whole brain network, reduced regional efficiency in limbic 
areas, reduced modularity of brain networks, and greater 
connectivity between the normally anti-correlated task-
positive and DMN. In support of the work, earlier studies 
by Sambataro et al. (183) evaluated a functional SNP 
within the dopamine D2 receptor gene (DRD2, rs1076560 
G > T) shifts splicing of the 2 D2 isoforms, D2 short and 
D2 long. Within the anterior DMN, the variant GG subjects 
had relatively greater connectivity in medial PFC, which 
was directly correlated with striatal DA transporter (DAT) 
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binding. However, within the posterior DMN, GG subjects 
had reduced  connectivity  in posterior cingulate relative 
to T carriers. Additionally, rs1076560 genotype predicted 
connectivity differences within a striatal network, and 
these changes were correlated with connectivity in 
medial PFC and posterior cingulate within the DMN. 
Sambataro et al. (183), proposed that that genetically 
determined D2 receptor signaling is associated with DMN 
connectivity and that these changes are correlated with 
striatal function and presynaptic DA signaling. Moreover, 
regarding cognitive processing, non-carriers of the 
A1 allele of the DRD2/ANKK1-Taq A1 polymorphism 
associated with higher DRD2 density show increased task-
switching costs, increased prefrontal switching activity in 
the inferior frontal junction area, and increased functional 
connectivity in dorsal frontostriatal circuits relative to 
A1 allele carriers (184). Also, Stelzel et al. (184) found 
a DRD2 haplotype analysis confirmed an association 
between high D2 density and increased switching effort. 
Accordingly, these results emphasize the importance of 
individual differences in striatal  D2  signaling in healthy 
humans, leads to individual differences in switching 
intentionally to newly relevant behaviors.

Finally, understanding that personality traits 
linked to emotion processing are, in part, heritable and 
genetically based, Blasi et al. (185), evaluated the role of 
the DRD2 (intronic single nucleotide polymorphism within 
the DRD2 (rs1076560, guanine > thymine or G > T). They 
found greater amygdala activity during implicit processing 
and dorsolateral PFC response during explicit processing 
of facial emotional stimuli in GG subjects compared with 
GT. They also discovered that rs1076560 genotype 
is associated with differential relationships between 
amygdala/dorsolateral PFC functional connectivity and 
emotion control scores.

5. SUMMARY AND PERSPECTIVES

Based on the above-cited literature, we predict 
that a feeling of well-being can be achieved only when 
DA is released in the nucleus accumbens at balanced 
“dopamine homeostatic” levels. Any deviation causes 
“dopamine resistance” and as such could result in 
increased aberrant cravings. Accordingly, there is a 
need for a compound that can target and achieve DA 
regulation, i.e. DA homeostasis. There is further need for 
a compound that can be administered to normalize such 
brain functional impairments by activating the release of 
brain DA at the reward site and thus reduce excessive 
craving behaviors.

It is now known that drug addiction is 
characterized by widespread abnormalities in brain 
function and neurochemistry, including drug-associated 
effects on concentrations of the excitatory and inhibitory 
neurotransmitters glutamate and gamma-aminobutyric 
acid (GABA), respectively. In healthy individuals, 
these neurotransmitters may drive the resting state, 

a default condition of brain function that is disrupted 
in addiction. We are in agreement with the concept 
that resting state functional connectivity may have 
valuable clinical relevance to the development of 
and risk for RDS behaviors. Studies have shown that 
addicted individuals tended to show decreases in the 
glutaminergic system compared with healthy controls. 
Moreover, select corticolimbic brain regions showing 
glutamatergic and/or GABAergic abnormalities have 
been similarly implicated in resting-state functional 
connectivity deficits in drug addiction (186). There are 
many studies showing impairments of resting state 
functional connectivity with alcohol, opiates, cannabis, 
psychostimulants, nicotine, glucose and even some of 
the behavioral addictions, further suggesting the need 
to find compounds that will restore normal resting state 
functional connectivity (6, 187-200).

Along these lines, it has been shown that 
when NAC was compared to placebo, smokers who 
maintained abstinence, reported less craving and higher 
positive affect, and concomitantly exhibited stronger 
rsFC between ventral striatal nodes, medial prefrontal 
cortex and precuneus-key DMN nodes, and the 
cerebellum (154). Most recently, our laboratory proposed 
the combination of NAC with a well-known enkephalinase 
inhibitor and other pro-DAergic substances to combat 
aberrant RDS behaviors (6).

6. CONCLUSION

The role of DA in brain function is being clarified 
by the advancement of neuroimaging tools indicating its 
critical involvement in resting state functional connectivity 
in the brain reward circuitry. It is accepted that alterations 
of dopaminergic regulation, lead to changes in brain 
functional connectivity considered by many as a key to 
all addictions. Given the vast amount of research in this 
area as an emerging science, it is important to realize 
that ultimately studies on humans are tantamount to 
the development of clinically relevant therapeutics. 
However, continued work on animal models of addiction 
involving, for example, fMRI coupled with optogenetics 
seems parsimonious to extract not only required neuro-
mechanisms of substance and non-substance-related 
addictive behaviors (RDS) and provide a mechanistic 
rationale to evaluate promising anti-RDS agents.

7. ACKNOWLEDGEMENTS

Authors thank Margaret A. Madigan and 
Verda Erin Agan for assistance with manuscript editing. 
Kenneth Blum, PhD is the inventor of KB220z and 
Genetic Addiction Risk Score (GARS). His patents 
domestic and foreign issued and pending are owned and 
held in his corporation Synaptamine, Inc. and KENBER, 
LLC. He has licensed a number of entities to market and 
sell these patented products including: LaVitaRDS, Inc; 
Nupathways, Inc., Victory Nutrition, International, LLC; 



Dopamine homeostasis: brain functional connectivity in RDS

	 678� © 1996-2017

Igene LLC.Dr. Blum is chief Scientific Advisor of Dominion 
Diagnostics, LLc. Dr. Blum is Chairman of the Scientific 
Advisory Board of LaVita RDS and Neuroscience advisor 
to: Summit Estates Recovery Center; The Shores 
Treatment & Recovery Center, and Nupathways, Inc. 
Dr. Blum is on the Scientific Advisory Board of Rivermend 
Health along with Mark S. Gold (Chairman), and David 
Baron. Drs. Febo and Badgaiyan are members of LaVita 
RDS Scientific Advisory Board. There are no other 
conflicts to report. The initial draft was developed by MF 
and KB. Subsequent drafts were provided by MSG, DB, 
LCMP, RDB, PKT and ZD. All authors contributed to many 
aspects of this manuscript and subsequently approved the 
final work. Any and all concerns or questions of accuracy 
or integrity of any part of this intensive review has been 
resolved. MF is supported by NIH grant DA038009 and 
DA019946 and the McKnight Brain Foundation. LMCP 
is supported by a post-doctoral fellowship from the 
McKnight Brain Foundation. PKT is supported by NIH 
grant R01HD70888. Rajendra D. Badgaiyan is supported 
by the National Institutes of Health grants 1R01NS073884 
and 1R21MH073624; Kenneth Blum is the recipients of 
a grant to PATH FOUNDATION NY, by Life Extension 
Foundation, Ft/Lauderdale, Florida

8. REFERENCES

1.	 SAMHSA: Substance Use and Mental 
Health Estimates from the 2013. In: National 
Survey on Drug Use and Health: Overview of 
Findings. (2014)

2.	 K. Blum, P. J. Sheridan, R. C. Wood, E. R. 
Braverman, T. J. Chen, J. G. Cull and D. E. 
Comings: The D2 dopamine receptor gene as 
a determinant of reward deficiency syndrome. 
J R Soc Med, 89(7), 396-400 (1996)

3.	 K. Blum, E. R. Braverman, J. M. Holder, J. F. 
Lubar, V. J. Monastra, D. Miller, J. O. Lubar, T. 
J. Chen and D. E. Comings: Reward deficiency 
syndrome: a biogenetic model for the diagnosis 
and treatment of impulsive, addictive, and 
compulsive behaviors. J Psychoactive Drugs, 
32 Suppl, i-iv, 1-112 (2000)

4.	 D. E. Comings and K. Blum: Reward 
deficiency syndrome: genetic aspects of 
behavioral disorders. Prog Brain Res, 126, 
325-41 (2000)
DOI: 10.1016/S0079-6123(00)26022-6

5.	 K. Blum, M. Febo, R. D. Badgaiyan, Z. 
Demetrovics, T. Simpatico, C. Fahlke, M. 
Oscar-Berman, M. Li, K. Dushaj and M. S. Gold: 
Common Neurogenetic Diagnosis and Meso-
Limbic Manipulation of Hypodopaminergic 
Function in Reward Deficiency Syndrome 

(RDS): Changing the Recovery Landscape. 
Curr Neuropharmacol (2016)

6.	 K. Blum, Y. Liu, W. Wang, Y. Wang, Y. Zhang, 
M. Oscar-Berman, A. Smolen, M. Febo, D. 
Han, T. Simpatico, F. J. Cronje, Z. Demetrovics 
and M. S. Gold: rsfMRI effects of KB220Z 
on neural pathways in reward circuitry of 
abstinent genotyped heroin addicts. Postgrad 
Med, 127(2), 232-41 (2015)
DOI: 10.1080/00325481.2015.994879

7.	 K. Blum, W. Calhoun, J. Merritt and J. E. 
Wallace: L-DOPA: effect on ethanol narcosis 
and brain biogenic amines in mice. Nature, 
242(5397), 407-9 (1973)
DOI: 10.1038/242407a0

8.	 C. A. Dackis and M. S. Gold: New concepts 
in cocaine addiction: the dopamine depletion 
hypothesis. Neurosci Biobehav Rev, 9(3), 
469-77 (1985)
DOI: 10.1016/0149-7634(85)90022-3

9.	 G. Di Chiara: Drug addiction as dopamine-
dependent associative learning disorder. Eur 
J Pharmacol, 375(1-3), 13-30 (1999)

10.	 K. Blum, E. P. Noble, P. J. Sheridan, A. 
Montgomery, T. Ritchie, P. Jagadeeswaran, 
H. Nogami, A. H. Briggs and J. B. Cohn: 
Allelic association of human dopamine D2 
receptor gene in alcoholism. JAMA, 263(15), 
2055-60 (1990)
DOI: 10.1001/jama.1990.03440150063027

11.	 D. T. Eisenberg, B. Campbell, J. Mackillop, 
J. K. Lum and D. S. Wilson: Season of birth 
and dopamine receptor gene associations 
with impulsivity, sensation seeking and 
reproductive behaviors. PLoS One, 2(11), 
e1216 (2007) 
DOI: 10.1371/journal.pone.0001216

12.	 J. Hietala, C. West, E. Syvalahti, K. Nagren, P. 
Lehikoinen, P. Sonninen and U. Ruotsalainen: 
Striatal D2 dopamine receptor binding 
characteristics in vivo in patients with alcohol 
dependence. Psychopharmacology (Berl), 
116(3), 285-90 (1994)
DOI: 10.1007/BF02245330

13.	 N. D. Volkow, L. Chang, G. J. Wang, J. S. 
Fowler, D. Franceschi, M. Sedler, S. J. Gatley, 
E. Miller, R. Hitzemann, Y. S. Ding and J. 
Logan: Loss of dopamine transporters in 
methamphetamine abusers recovers with 
protracted abstinence. J  Neurosci, 21(23), 
9414-8 (2001)

http://dx.doi.org/10.1016/S0079-6123%2800%2926022-6
http://dx.doi.org/10.1080/00325481.2015.994879
http://dx.doi.org/10.1038/242407a0
http://dx.doi.org/10.1016/0149-7634%2885%2990022-3
http://dx.doi.org/10.1001/jama.1990.03440150063027
http://dx.doi.org/10.1371/journal.pone.0001216
http://dx.doi.org/10.1007/BF02245330


Dopamine homeostasis: brain functional connectivity in RDS

	 679� © 1996-2017

14.	 N. D. Volkow, G. J. Wang, J. S. Fowler, J. 
Logan, M. Jayne, D. Franceschi, C. Wong, 
S. J. Gatley, A. N. Gifford, Y. S. Ding and 
N. Pappas: “Nonhedonic” food motivation 
in humans involves dopamine in the dorsal 
striatum and methylphenidate amplifies this 
effect. Synapse, 44(3), 175-80 (2002)
DOI: 10.1.002/syn.10075

15.	 D. S. Chester, C. N. DeWall, K. J. Derefinko, S. 
Estus, D. R. Lynam, J. R. Peters and Y. Jiang: 
Looking for reward in all the wrong places: 
dopamine receptor gene polymorphisms 
indirectly affect aggression through sensation-
seeking. Soc Neurosci, 1-8 (2015)
DOI: 10.1.080/17470919.2.015.1.119191

16.	 Z. Duan, M. He, J. Zhang, K. Chen, B. Li and 
J. Wang: Assessment of functional tag single 
nucleotide polymorphisms within the DRD2 
gene as risk factors for post-traumatic stress 
disorder in the Han Chinese population. 
J Affect Disord, 188, 210-7 (2015)
DOI: 10.1016/j.jad.2015.08.066

17.	 E. P. Noble, T. Z. Ozkaragoz, T. L. Ritchie, 
X. Zhang, T. R. Belin and R. S. Sparkes: D2 
and D4 dopamine receptor polymorphisms 
and personality. Am J Med Genet, 81(3), 
257-67 (1998)
DOI: 10.1002/(SICI)1096-8628(19980508) 81 
:3<257:: AID- AJMG10>3.0.CO;2-E

18.	 K. Blum, E. R. Braverman, R. C. Wood, J. Gill, 
C. Li, T. J. Chen, M. Taub, A. R. Montgomery, 
P. J. Sheridan and J. G. Cull: Increased 
prevalence of the Taq I A1 allele of the 
dopamine receptor gene (DRD2) in obesity 
with comorbid substance use disorder: a 
preliminary report. Pharmacogenetics, 6(4), 
297-305 (1996)
DOI: 10.1097/00008571-199608000-00003

19.	 D. E. Comings, R. J. Rosenthal, H. R. Lesieur, 
L. J. Rugle, D. Muhleman, C. Chiu, G. Dietz 
and R. Gade: A  study of the dopamine D2 
receptor gene in pathological gambling. 
Pharmacogenetics, 6(3), 223-34 (1996)
DOI: 10.1097/00008571-199606000-00004

20.	 P. S. D’Aquila, R. Rossi, A. Rizzi and A. 
Galistu: Possible role of dopamine D1-like and 
D2-like receptors in behavioural activation 
and “contingent” reward evaluation in sodium-
replete and sodium-depleted rats licking for 
NaCl solutions. Pharmacol Biochem Behav, 
101(1), 99-106 (2012)

DOI: 10.1.016/j.pbb.2011.1.2.0.04
21.	 K. Yamamoto, R. Fontaine, C. Pasqualini 

and P. Vernier: Classification of Dopamine 
Receptor Genes in Vertebrates: Nine 
Subtypes in Osteichthyes. Brain Behav Evol, 
86(3-4), 164-75 (2015)
DOI: 10.1.159/000441550

22.	 N. D. Volkow, G. J. Wang, J. S. Fowler, J. 
Logan, S. J. Gatley, A. Gifford, R. Hitzemann, 
Y. S. Ding and N. Pappas: Prediction of 
reinforcing responses to psychostimulants 
in humans by brain dopamine D2 
receptor levels. Am J Psychiatry, 156(9), 
1440-3 (1999)

23.	 N. D. Volkow and M. Morales: The Brain 
on Drugs: From Reward to Addiction. Cell, 
162(4), 712-25 (2015)
DOI: 10.1.016/j.cell.2015.0.7.0.46

24.	 K. Blum, A. L. Chen, J. Giordano, J. Borsten, 
T. J. Chen, M. Hauser, T. Simpatico, J. 
Femino, E. R. Braverman and D. Barh: The 
addictive brain: all roads lead to dopamine. 
J Psychoactive Drugs, 44(2), 134-43 (2012)
DOI: 10.1.080/02791072.2.012.6.85407

25.	 R. D. Hall, F. E. Bloom and J. Olds: 
Neuronal and neurochemical substrates of 
reinforcement. Neurosci Res Program Bull, 
15(2), 131-314 (1977)

26.	 C. Sagheddu, A. L. Muntoni, M. Pistis and 
M. Melis: Endocannabinoid Signaling in 
Motivation, Reward, and Addiction: Influences 
on Mesocorticolimbic Dopamine Function. Int 
Rev Neurobiol, 125, 257-302 (2015) 
DOI: 10.1016/bs.irn.2015.10.004

27.	 R. Picetti, S. D. Schlussman, Y. Zhou, B. 
Ray, E. Ducat, V. Yuferov and M. J. Kreek: 
Addictions and stress: clues for cocaine 
pharmacotherapies. Curr Pharm Des, 19(40), 
7065-80 (2013)
DOI: 10.2174/13816128113199990610

28.	 C. E. Johnston, D. J. Herschel, A. W. Lasek, R. 
P. Hammer, Jr. and E. M. Nikulina: Knockdown 
of ventral tegmental area mu-opioid receptors 
in rats prevents effects of social defeat 
stress: implications for amphetamine cross-
sensitization, social avoidance, weight 
regulation and expression of brain-derived 
neurotrophic factor. Neuropharmacology, 89, 
325-34 (2015) 
DOI: 10.1016/j.neuropharm.2014.10.010

http://dx.doi.org/10.1.002/syn.10075
http://dx.doi.org/10.1.080/17470919.2.015.1.119191
http://dx.doi.org/10.1016/j.jad.2015.08.066
http://dx.doi.org/10.1002/%28SICI%291096-8628%2819980508%2981:3%3C257::AID-AJMG10%3E3.0.CO%3B2-E
http://dx.doi.org/10.1002/%28SICI%291096-8628%2819980508%2981:3%3C257::AID-AJMG10%3E3.0.CO%3B2-E
http://dx.doi.org/10.1097/00008571-199608000-00003
http://dx.doi.org/10.1097/00008571-199606000-00004
http://dx.doi.org/10.1.016/j.pbb.2011.1.2.0.04
http://dx.doi.org/10.1.159/000441550
http://dx.doi.org/10.1.016/j.cell.2015.0.7.0.46
http://dx.doi.org/10.1.080/02791072.2.012.6.85407
http://dx.doi.org/10.1016/bs.irn.2015.10.004
http://dx.doi.org/10.2174/13816128113199990610
http://dx.doi.org/10.1016/j.neuropharm.2014.10.010


Dopamine homeostasis: brain functional connectivity in RDS

	 680� © 1996-2017

29.	 M. Melis, S. Spiga and M. Diana: The 
dopamine hypothesis of drug addiction: 
hypodopaminergic state. Int Rev Neurobiol, 
63, 101-54 (2005)
DOI: 10.1016/S0074-7742(05)63005-X

30.	 G. F. Koob: Neurocircuitry of alcohol addiction: 
synthesis from animal models. Handb Clin 
Neurol, 125, 33-54 (2014)
DOI: 10.1016/B978-0-444-62619-6.00003-3

31.	 E. Navratilova, C. W. Atcherley and F. 
Porreca: Brain Circuits Encoding Reward 
from Pain Relief. Trends Neurosci, 38(11), 
741-50 (2015)
DOI: 10.1.016/j.tins.2015.0.9.0.03

32.	 H. Tibboel, J. De Houwer and B. Van 
Bockstaele: Implicit measures of “wanting” 
and “liking” in humans. Neurosci Biobehav 
Rev, 57, 350-64 (2015)
DOI: 10.1016/j.neubiorev.2015.09.015

33.	 F. Zhang, H. C. Tsai, R. D. Airan, G. D. Stuber, 
A. R. Adamantidis, L. de Lecea, A. Bonci and 
K. Deisseroth: Optogenetics in Freely Moving 
Mammals: Dopamine and Reward. Cold 
Spring Harb Protoc, 2015(8), 715-24 (2015) 
DOI: 10.1.101/pdb.top086330

34.	 N. D. Volkow, G. J. Wang, J. S. Fowler, 
J. Logan, R. Hitzemann, Y. S. Ding, N. 
Pappas, C. Shea and K. Piscani: Decreases 
in dopamine receptors but not in dopamine 
transporters in alcoholics. Alcohol Clin Exp 
Res, 20(9), 1594-8 (1996)
DOI: 10.1111/j.1530-0277.1996.tb05936.x

35.	 N. D. Volkow, G. J. Wang, F. Telang, J. S. 
Fowler, P. K. Thanos, J. Logan, D. Alexoff, Y. 
S. Ding, C. Wong, Y. Ma and K. Pradhan: Low 
dopamine striatal D2 receptors are associated 
with prefrontal metabolism in obese subjects: 
possible contributing factors. Neuroimage, 
42(4), 1537-43 (2008)
DOI: 10.1.016/j.neuroimage.2008.0.6.0.02

36.	 G. J. Wang, N. D. Volkow, P. K. Thanos and 
J. S. Fowler: Imaging of brain dopamine 
pathways: implications for understanding 
obesity. J Addict Med, 3(1), 8-18 (2009)
DOI: 10.1.097/ADM.0b013e31819a86f7

37.	 K. Blum, P. K. Thanos and M. S. Gold: 
Dopamine and glucose, obesity, and reward 
deficiency syndrome. Front Psychol, 5, 
919 (2014)
DOI: 10.3.389/fpsyg.2014.0.0919

38.	 R. D. Myers and D. E. Robinson: Mmu and D2 
receptor antisense oligonucleotides injected 
in nucleus accumbens suppress high alcohol 
intake in genetic drinking HEP rats. Alcohol, 
18(2-3), 225-33 (1999)

39.	 P. K. Thanos, N. D. Volkow, P. Freimuth, H. 
Umegaki, H. Ikari, G. Roth, D. K. Ingram and R. 
Hitzemann: Overexpression of dopamine D2 
receptors reduces alcohol self-administration. 
J Neurochem, 78(5), 1094-103 (2001)
DOI: 10.1046/j.1471-4159.2001.00492.x

40.	 P. K. Thanos, S. N. Rivera, K. Weaver, D. 
K. Grandy, M. Rubinstein, H. Umegaki, G. 
J. Wang, R. Hitzemann and N. D. Volkow: 
Dopamine D2R DNA transfer in dopamine 
D2 receptor-deficient mice: effects on ethanol 
drinking. Life Sci, 77(2), 130-9 (2005) 
DOI: 10.1.016/j.lfs.2004.1.0.0.61

41.	 P. K. Thanos, M. Michaelides, H. Umegaki 
and N. D. Volkow: D2R DNA transfer into 
the nucleus accumbens attenuates cocaine 
self-administration in rats. Synapse, 62(7), 
481-6 (2008)
DOI: 10.1.002/syn.20523

42.	 P. K. Thanos, M. Michaelides, Y. K. Piyis, G. 
J. Wang and N. D. Volkow: Food restriction 
markedly increases dopamine D2 receptor 
(D2R) in a rat model of obesity as assessed 
with in-vivo muPET imaging ((11C) raclopride) 
and in-vitro ((3H) spiperone) autoradiography. 
Synapse, 62(1), 50-61 (2008) 
DOI: 10.1.002/syn.20468

43.	 E. R. Korpi, B. den Hollander, U. Farooq, E. 
Vashchinkina, R. Rajkumar, D. J. Nutt, P. Hyytia 
and G. S. Dawe: Mechanisms of Action and 
Persistent Neuroplasticity by Drugs of Abuse. 
Pharmacol Rev, 67(4), 872-1004 (2015) 
DOI: 10.1.124/pr.115.0.10967

44.	 K. Blum, R. D. Badgaiyan, Z. Demotrovics, 
J. Fratantonio, G. Agan and M. Febo: Can 
Genetic Testing Provide Information to 
Develop Customized Nutrigenomic Solutions 
for Reward Deficiency Syndrome? Clin Med 
Rev Case Rep, 2(1) (2015)

45.	 D. M. Walker, H. M. Cates, E. A. Heller and 
E. J. Nestler: Regulation of chromatin states 
by drugs of abuse. Curr Opin Neurobiol, 30, 
112-21 (2015)
DOI: 10.1016/j.conb.2014.11.002

46.	 H. Kobayashi, K. Fukuhara, S. Tada-Oikawa, 

http://dx.doi.org/10.1016/S0074-7742%2805%2963005-X
http://dx.doi.org/10.1016/B978-0-444-62619-6.00003-3
http://dx.doi.org/10.1.016/j.tins.2015.0.9.0.03
http://dx.doi.org/10.1016/j.neubiorev.2015.09.015
http://dx.doi.org/10.1.101/pdb.top086330
http://dx.doi.org/10.1111/j.1530-0277.1996.tb05936.x
http://dx.doi.org/10.1.016/j.neuroimage.2008.0.6.0.02
http://dx.doi.org/10.1.097/ADM.0b013e31819a86f7
http://dx.doi.org/10.3.389/fpsyg.2014.0.0919
http://dx.doi.org/10.1046/j.1471-4159.2001.00492.x
http://dx.doi.org/10.1.016/j.lfs.2004.1.0.0.61
http://dx.doi.org/10.1.002/syn.20523
http://dx.doi.org/10.1.002/syn.20468
http://dx.doi.org/10.1.124/pr.115.0.10967
http://dx.doi.org/10.1016/j.conb.2014.11.002


Dopamine homeostasis: brain functional connectivity in RDS

	 681� © 1996-2017

Y. Yada, Y. Hiraku, M. Murata and S. Oikawa: 
The mechanisms of oxidative DNA damage 
and apoptosis induced by norsalsolinol, an 
endogenous tetrahydroisoquinoline derivative 
associated with Parkinson’s disease. 
J Neurochem, 108(2), 397-407 (2009) 
DOI: 10.1.111/j.1471-4159.2.008.0.5774.x

47.	 J. Persson, A. Rieckmann, G. Kalpouzos, 
H. Fischer and L. Backman: Influences of a 
DRD2 polymorphism on updating of long-term 
memory representations and caudate BOLD 
activity: magnification in aging. Hum Brain 
Mapp, 36(4), 1325-34 (2015) 
DOI: 10.1.002/hbm.22704

48.	 S. Frank, R. Veit, H. Sauer, P. Enck, H. C. 
Friederich, T. Unholzer, U. M. Bauer, K. 
Linder, M. Heni, A. Fritsche and H. Preissl: 
Dopamine Depletion Reduces Food-
Related Reward Activity Independent of 
BMI. Neuropsychopharmacology, 41(6), 
1551-9 (2016) 
DOI: 10.1.038/npp.2015.3.13

49.	 E. R. Mesco, S. G. Carlson, J. A. Joseph and 
G. S. Roth: Decreased striatal D2 dopamine 
receptor mRNA synthesis during aging. Brain 
Res Mol Brain Res, 17(1-2), 160-2 (1993)

50.	 K. Blum and P. G. Kozlowski: Ethanol and 
neuromodulator interactions: a cascade model 
of reward. In: Alcohol and Behavior. Ed H. Ollat, 
S. Parvez&H. Parvez. VSP, Utrecht (1990)

51.	 G. L. Gessa, F. Muntoni, M. Collu, L. Vargiu 
and G. Mereu: Low doses of ethanol activate 
dopaminergic neurons in the ventral tegmental 
area. Brain Res, 348(1), 201-3 (1985)
DOI: 10.1016/0006-8993(85)90381-6

52.	 G. Yadid, K. Pacak, I. J. Kopin and D. S. 
Goldstein: Endogenous serotonin stimulates 
striatal dopamine release in conscious rats. 
J Pharmacol Exp Ther, 270(3), 1158-65 (1994)

53.	 L. H. Parsons, G. F. Koob and F. Weiss: 
Extracellular serotonin is decreased in the 
nucleus accumbens during withdrawal from 
cocaine self-administration. Behav Brain Res, 
73(1-2), 225-8 (1996)

54.	 C. M. Adler, I. Elman, N. Weisenfeld, L. 
Kestler, D. Pickar and A. Breier: Effects 
of acute metabolic stress on striatal 
dopamine release in healthy volunteers. 
Neuropsychopharmacology, 22(5), 
545-50 (2000) 
DOI: 10.1.016/s0893-133x(99)00153-0

55.	 A. E. Kelley and K. C. Berridge: The neuroscience 
of natural rewards: relevance to addictive drugs. 
J Neurosci, 22(9), 3306-11 (2002)
DOI: 20026361

56.	 T. W. Robbins and B. J. Everitt: 
Neurobehavioural mechanisms of reward 
and motivation. Curr Opin Neurobiol, 6(2), 
228-36 (1996)
DOI: 10.1016/S0959-4388(96)80077-8

57.	 J. Qi, S. Zhang, H. L. Wang, H. Wang, J. 
de Jesus Aceves Buendia, A. F. Hoffman, 
C. R. Lupica, R. P. Seal and M. Morales: 
A glutamatergic reward input from the dorsal 
raphe to ventral tegmental area dopamine 
neurons. Nat Commun, 5, 5390 (2014)
DOI: 10.1.038/ncomms6390

58.	 R. A. Wise: Dual roles of dopamine in food 
and drug seeking: the drive-reward paradox. 
Biol Psychiatry, 73(9), 819-26 (2013)
DOI: 10.1.016/j.biopsych.2012.0.9.0.01

59.	 K. Blum, E. Gardner, M. Oscar-Berman and M. 
Gold: “Liking” and “wanting” linked to Reward 
Deficiency Syndrome (RDS): hypothesizing 
differential responsivity in brain reward 
circuitry. Curr Pharm Des, 18(1), 113-8 (2012)
DOI: 10.2174/138161212798919110

60.	 R. Z. Goldstein, P. A. Woicik, S. J. Moeller, F. 
Telang, M. Jayne, C. Wong, G. J. Wang, J. S. 
Fowler and N. D. Volkow: Liking and wanting 
of drug and non-drug rewards in active 
cocaine users: the STRAP-R questionnaire. 
J Psychopharmacol, 24(2), 257-66 (2010)
DOI: 10.1.177/0269881108096982

61.	 C. A. Davis, R. D. Levitan, C. Reid, J. C. Carter, 
A. S. Kaplan, K. A. Patte, N. King, C. Curtis 
and J. L. Kennedy: Dopamine for “wanting” 
and opioids for “liking”: a comparison of obese 
adults with and without binge eating. Obesity 
(Silver Spring), 17(6), 1220-5 (2009)
DOI: 10.1.038/oby.2009.5.2

62.	 P. Willner, D. James and M. Morgan: 
Excessive alcohol consumption and 
dependence on amphetamine are associated 
with parallel increases in subjective ratings of 
both ‘wanting’ and ‘liking’. Addiction, 100(10), 
1487-95 (2005) 
DOI: 10.1.111/j.1360-0443.2.005.0.1222.x

63.	 T. E. Robinson and K. C. Berridge: Incentive-
sensitization and addiction. Addiction, 96(1), 
103-14 (2001)
DOI: 10.1.080/09652140020016996

http://dx.doi.org/10.1.111/j.1471-4159.2.008.0.5774.x
http://dx.doi.org/10.1.002/hbm.22704
http://dx.doi.org/10.1.038/npp.2015.3.13
http://dx.doi.org/10.1016/0006-8993%2885%2990381-6
http://dx.doi.org/10.1.016/s0893-133x%2899%2900153-0
http://dx.doi.org/20026361
http://dx.doi.org/10.1016/S0959-4388%2896%2980077-8
http://dx.doi.org/10.1.038/ncomms6390
http://dx.doi.org/10.1.016/j.biopsych.2012.0.9.0.01
http://dx.doi.org/10.2174/138161212798919110
http://dx.doi.org/10.1.177/0269881108096982
http://dx.doi.org/10.1.038/oby.2009.5.2
http://dx.doi.org/10.1.111/j.1360-0443.2.005.0.1222.x
http://dx.doi.org/10.1.080/09652140020016996


Dopamine homeostasis: brain functional connectivity in RDS

	 682� © 1996-2017

64.	 A. Bowirrat and M. Oscar-Berman: 
Relationship between dopaminergic 
neurotransmission, alcoholism, and Reward 
Deficiency syndrome. Am J Med Genet B 
Neuropsychiatr Genet, 132B(1), 29-37 (2005) 
DOI: 10.1.002/ajmg.b.30080

65.	 T. Hillemacher, H. Frieling, V. Buchholz, 
R. Hussein, S. Bleich, C. Meyer, U. John, 
A. Bischof and H. J. Rumpf: Alterations in 
DNA-methylation of the dopamine-receptor 
2 gene are associated with abstinence and 
health care utilization in individuals with a 
lifetime history of pathologic gambling. Prog 
Neuropsychopharmacol Biol Psychiatry, 63, 
30-4 (2015)
DOI: 10.1016/j.pnpbp.2015.05.013

66.	 L. N. Zhang, J. X. Li, L. Hao, Y. J. Sun, Y. H. 
Xie, S. M. Wu, L. Liu, X. L. Chen and Z. B. 
Gao: Crosstalk between dopamine receptors 
and the Na(+)/K(+)-ATPase (review). Mol Med 
Rep, 8(5), 1291-9 (2013) 
DOI: 10.3.892/mmr.2013.1.697

67.	 R. B. Rothman, B. E. Blough and M. H. 
Baumann: Dual dopamine/serotonin releasers 
as potential medications for stimulant and 
alcohol addictions. AAPS J, 9(1), E1-10 (2007)
DOI: 10.1208/aapsj0901001

68.	 M. Filippi, M. P. van den Heuvel, A. Fornito, 
Y. He, H. E. Hulshoff Pol, F. Agosta, G. Comi 
and M. A. Rocca: Assessment of system 
dysfunction in the brain through MRI-based 
connectomics. Lancet Neurol, 12(12), 
1189-99 (2013) 
DOI: 10.1.016/S1474-4422(13)70144-3

69.	 M. P. van den Heuvel, O. Sporns, G. Collin, 
T. Scheewe, R. C. Mandl, W. Cahn, J. Goni, 
H. E. Hulshoff Pol and R. S. Kahn: Abnormal 
rich club organization and functional brain 
dynamics in schizophrenia. JAMA Psychiatry, 
70(8), 783-92 (2013) 
DOI: 10.1.001/jamapsychiatry.2013.1.328

70.	 M. Rubinov and O. Sporns: Complex 
network measures of brain connectivity: 
uses and interpretations. Neuroimage, 52(3), 
1059-69 (2010)
DOI: 10.1.016/j.neuroimage.2009.1.0.0.03

71.	 I. E. Sommer, M. Clos, A. L. Meijering, K. 
M. Diederen and S. B. Eickhoff: Resting 
state functional connectivity in patients with 
chronic hallucinations. PLoS One, 7(9), 
e43516 (2012)

DOI: 10.1371/journal.pone.0043516
72.	 D. M. Cole, N. Y. Oei, R. P. Soeter, S. Both, 

J. M. van Gerven, S. A. Rombouts and C. F. 
Beckmann: Dopamine-dependent architecture 
of cortico-subcortical network connectivity. 
Cereb Cortex, 23(7), 1509-16 (2013) 
DOI: 10.1.093/cercor/bhs136

73.	 N. D. Volkow, G. J. Wang, D. Tomasi and 
R. D. Baler: Unbalanced neuronal circuits 
in addiction. Curr Opin Neurobiol, 23(4), 
639-48 (2013)
DOI: 10.1.016/j.conb.2013.0.1.0.02

74.	 D. J. Nutt, A. Lingford-Hughes, D. Erritzoe 
and P. R. Stokes: The dopamine theory of 
addiction: 40  years of highs and lows. Nat 
Rev Neurosci, 16(5), 305-12 (2015)
DOI: 10.1.038/nrn3939

75.	 Q. J. Huys, D. A. Pizzagalli, R. Bogdan 
and P. Dayan: Mapping anhedonia onto 
reinforcement learning: a behavioural meta-
analysis. Biol Mood Anxiety Disord, 3(1), 
12 (2013)
DOI: 10.1186/2045-5380-3-12

76.	 I. Willuhn, L. M. Burgeno, P. A. Groblewski 
and P. E. Phillips: Excessive cocaine use 
results from decreased phasic dopamine 
signaling in the striatum. Nat Neurosci, 17(5), 
704-9 (2014)

77.	 S. J. Li, B. Biswal, Z. Li, R. Risinger, C. Rainey, 
J. K. Cho, B. J. Salmeron and E. A. Stein: 
Cocaine administration decreases functional 
connectivity in human primary visual and 
motor cortex as detected by functional MRI. 
Magn Reson Med, 43(1), 45-51 (2000)
DOI: 10.1002/(SICI)1522-2594(200001)43: 
1<45::AID-MRM6>3.3.CO;2-S
DOI: 10.1002/(SICI)1522-2594(200001)43 
:1<45::AID-MRM6>3.0.CO;2-0

78.	 P. W. Kalivas and N. D. Volkow: The neural 
basis of addiction: a pathology of motivation 
and choice. Am J Psychiatry, 162(8), 
1403-13 (2005)
DOI: 10.1.176/appi.ajp.162.8.1.4.03

79.	 H. Gu, B. J. Salmeron, T. J. Ross, X. 
Geng, W. Zhan, E. A. Stein and Y. Yang: 
Mesocorticolimbic circuits are impaired in 
chronic cocaine users as demonstrated 
by resting-state functional connectivity. 
Neuroimage, 53(2), 593-601 (2010) 
DOI: 10.1.016/j.neuroimage.2010.0.6.0.66

http://dx.doi.org/10.1.002/ajmg.b.30080
http://dx.doi.org/10.1016/j.pnpbp.2015.05.013
http://dx.doi.org/10.3.892/mmr.2013.1.697
http://dx.doi.org/10.1208/aapsj0901001
http://dx.doi.org/10.1.016/S1474-4422%2813%2970144-3
http://dx.doi.org/10.1.001/jamapsychiatry.2013.1.328
http://dx.doi.org/10.1.016/j.neuroimage.2009.1.0.0.03
http://dx.doi.org/10.1371/journal.pone.0043516
http://dx.doi.org/10.1.093/cercor/bhs136
http://dx.doi.org/10.1.016/j.conb.2013.0.1.0.02
http://dx.doi.org/10.1.038/nrn3939
http://dx.doi.org/10.1186/2045-5380-3-12
http://dx.doi.org/10.1002/%28SICI%291522-2594%28200001%2943:1%3C45::AID-MRM6%3E3.3.CO%3B2-S
http://dx.doi.org/10.1002/%28SICI%291522-2594%28200001%2943:1%3C45::AID-MRM6%3E3.3.CO%3B2-S
http://dx.doi.org/10.1002/%28SICI%291522-2594%28200001%2943:1%3C45::AID-MRM6%3E3.0.CO%3B2-0
http://dx.doi.org/10.1002/%28SICI%291522-2594%28200001%2943:1%3C45::AID-MRM6%3E3.0.CO%3B2-0
http://dx.doi.org/10.1.176/appi.ajp.162.8.1.4.03
http://dx.doi.org/10.1.016/j.neuroimage.2010.0.6.0.66


Dopamine homeostasis: brain functional connectivity in RDS

	 683� © 1996-2017

80.	 N. Ma, Y. Liu, N. Li, C. X. Wang, H. Zhang, X. 
F. Jiang, H. S. Xu, X. M. Fu, X. Hu and D. R. 
Zhang: Addiction related alteration in resting-
state brain connectivity. Neuroimage, 49(1), 
738-44 (2010) 
DOI: 10.1.016/j.neuroimage.2009.0.8.0.37

81.	 J. Camchong, A. W. MacDonald, 3rd, B. 
Nelson, C. Bell, B. A. Mueller, S. Specker 
and K. O. Lim: Frontal hyperconnectivity 
related to discounting and reversal learning 
in cocaine subjects. Biol Psychiatry, 69(11), 
1117-23 (2011) 
DOI: 10.1.016/j.biopsych.2011.0.1.0.08

82.	 C. Kelly, X. N. Zuo, K. Gotimer, C. L. Cox, L. 
Lynch, D. Brock, D. Imperati, H. Garavan, J. 
Rotrosen, F. X. Castellanos and M. P. Milham: 
Reduced interhemispheric resting state 
functional connectivity in cocaine addiction. 
Biol Psychiatry, 69(7), 684-92 (2011)
DOI: 10.1.016/j.biopsych.2010.1.1.0.22

83.	 J. M. Cisler, A. Elton, A. P. Kennedy, J. Young, 
S. Smitherman, G. Andrew James and C. D. 
Kilts: Altered functional connectivity of the 
insular cortex across prefrontal networks in 
cocaine addiction. Psychiatry Res, 213(1), 
39-46 (2013)
DOI: 10.1.016/j.pscychresns.2013.0.2.0.07

84.	 A. B. Konova, S. J. Moeller, D. Tomasi, N. 
D. Volkow and R. Z. Goldstein: Effects of 
methylphenidate on resting-state functional 
connectivity of the mesocorticolimbic 
dopamine pathways in cocaine addiction. 
JAMA Psychiatry, 70(8), 857-68 (2013)
DOI: 10.1.001/jamapsychiatry.2013.1.129

85.	 M. J. McHugh, C. H. Demers, J. Braud, R. 
Briggs, B. Adinoff and E. A. Stein: Striatal-
insula circuits in cocaine addiction: implications 
for impulsivity and relapse risk. Am J Drug 
Alcohol Abuse, 39(6), 424-32 (2013) 
DOI: 10.3.109/00952990.2.013.8.47446

86.	 P. D. Worhunsky, M. C. Stevens, K. M. Carroll, 
B. J. Rounsaville, V. D. Calhoun, G. D. 
Pearlson and M. N. Potenza: Functional brain 
networks associated with cognitive control, 
cocaine dependence, and treatment outcome. 
Psychol Addict Behav, 27(2), 477-88 (2013)
DOI: 10.1.037/a0029092

87.	 J. Camchong, A. W. Macdonald, 3rd, B. A. 
Mueller, B. Nelson, S. Specker, V. Slaymaker 
and K. O. Lim: Changes in resting functional 
connectivity during abstinence in stimulant 

use disorder: a preliminary comparison 
of relapsers and abstainers. Drug Alcohol 
Depend, 139, 145-51 (2014)
DOI: 10.1016/j.drugalcdep.2014.03.024

88.	 M. J. McHugh, C. H. Demers, B. J. Salmeron, 
M. D. Devous, Sr., E. A. Stein and B. Adinoff: 
Cortico-amygdala coupling as a marker 
of early relapse risk in cocaine-addicted 
individuals. Front Psychiatry, 5, 16 (2014) 
DOI: 10.3.389/fpsyt.2014.0.0016

89.	 B. T. Chen, H. J. Yau, C. Hatch, I. Kusumoto-
Yoshida, S. L. Cho, F. W. Hopf and A. Bonci: 
Rescuing cocaine-induced prefrontal cortex 
hypoactivity prevents compulsive cocaine 
seeking. Nature, 496(7445), 359-62 (2013) 
DOI: 10.1.038/nature12024

90.	 B. R. Lee, Y. Y. Ma, Y. H. Huang, X. Wang, 
M. Otaka, M. Ishikawa, P. A. Neumann, N. 
M. Graziane, T. E. Brown, A. Suska, C. Guo, 
M. K. Lobo, S. R. Sesack, M. E. Wolf, E. 
J. Nestler, Y. Shaham, O. M. Schluter and 
Y. Dong: Maturation of silent synapses in 
amygdala-accumbens projection contributes 
to incubation of cocaine craving. Nat Neurosci, 
16(11), 1644-51 (2013) 
DOI: 10.1.038/nn.3533

91.	 M. T. Stefanik, Y. M. Kupchik, R. M. Brown 
and P. W. Kalivas: Optogenetic evidence that 
pallidal projections, not nigral projections, from 
the nucleus accumbens core are necessary 
for reinstating cocaine seeking. J  Neurosci, 
33(34), 13654-62 (2013) 
DOI: 10.1.523/JNEUROSCI.1570-13.2.013

92.	 M. T. Stefanik, K. Moussawi, Y. M. Kupchik, 
K. C. Smith, R. L. Miller, M. L. Huff, K. 
Deisseroth, P. W. Kalivas and R. T. LaLumiere: 
Optogenetic inhibition of cocaine seeking in 
rats. Addict Biol, 18(1), 50-3 (2013)
DOI: 10.1.111/j.1369-1600.2.012.0.0479.x

93.	 M. T. Stefanik and P. W. Kalivas: Optogenetic 
dissection of basolateral amygdala projections 
during cue-induced reinstatement of cocaine 
seeking. Front Behav Neurosci, 7, 213 (2013)
DOI: 10.3.389/fnbeh.2013.0.0213

94.	 A. Suska, B. R. Lee, Y. H. Huang, Y. Dong 
and O. M. Schluter: Selective presynaptic 
enhancement of the prefrontal cortex to 
nucleus accumbens pathway by cocaine. Proc 
Natl Acad Sci U S A, 110(2), 713-8 (2013) 
DOI: 10.1.073/pnas.1206287110

95.	 F. Lucantonio, Y. K. Takahashi, A. F. Hoffman, 

http://dx.doi.org/10.1.016/j.neuroimage.2009.0.8.0.37
http://dx.doi.org/10.1.016/j.biopsych.2011.0.1.0.08
http://dx.doi.org/10.1.016/j.biopsych.2010.1.1.0.22
http://dx.doi.org/10.1.016/j.pscychresns.2013.0.2.0.07
http://dx.doi.org/10.1.001/jamapsychiatry.2013.1.129
http://dx.doi.org/10.3.109/00952990.2.013.8.47446
http://dx.doi.org/10.1.037/a0029092
http://dx.doi.org/10.1016/j.drugalcdep.2014.03.024
http://dx.doi.org/10.3.389/fpsyt.2014.0.0016
http://dx.doi.org/10.1.038/nature12024
http://dx.doi.org/10.1.038/nn.3533
http://dx.doi.org/10.1.523/JNEUROSCI.1570-13.2.013
http://dx.doi.org/10.1.111/j.1369-1600.2.012.0.0479.x
http://dx.doi.org/10.3.389/fnbeh.2013.0.0213
http://dx.doi.org/10.1.073/pnas.1206287110


Dopamine homeostasis: brain functional connectivity in RDS

	 684� © 1996-2017

C. Y. Chang, S. Bali-Chaudhary, Y. Shaham, C. 
R. Lupica and G. Schoenbaum: Orbitofrontal 
activation restores insight lost after cocaine 
use. Nat Neurosci, 17(8), 1092-9 (2014) 
DOI: 10.1.038/nn.3763

96.	 P. K. Thanos, L. Robison, E. J. Nestler, R. 
Kim, M. Michaelides, M. K. Lobo and N. D. 
Volkow: Mapping brain metabolic connectivity 
in awake rats with muPET and optogenetic 
stimulation. J Neurosci, 33(15), 6343-9 (2013) 
DOI: 10.1.523/jneurosci.4997-12.2.013

97.	 B. Biswal, F. Z. Yetkin, V. M. Haughton and 
J. S. Hyde: Functional connectivity in the 
motor cortex of resting human brain using 
echo-planar MRI. Magn Reson Med, 34(4), 
537-41 (1995)
DOI: 10.1002/mrm.1910340409

98.	 C. P. Pawela, B. B. Biswal, Y. R. Cho, D. S. 
Kao, R. Li, S. R. Jones, M. L. Schulte, H. 
S. Matloub, A. G. Hudetz and J. S. Hyde: 
Resting-state functional connectivity of the rat 
brain. Magn Reson Med, 59(5), 1021-9 (2008) 
DOI: 10.1.002/mrm.21524

99.	 G. Buzsaki and A. Draguhn: Neuronal 
oscillations in cortical networks. Science, 
304(5679), 1926-9 (2004) 
DOI: 10.1.126/science.1099745

100.	 W. J. Pan, G. Thompson, M. Magnuson, 
W. Majeed, D. Jaeger and S. Keilholz: 
Simultaneous FMRI and electrophysiology in 
the rodent brain. J Vis Exp(42) (2010)
DOI: 10.3.791/1901

101.	 W. J. Pan, G. J. Thompson, M. E. Magnuson, 
D. Jaeger and S. Keilholz: Infraslow LFP 
correlates to resting-state fMRI BOLD signals. 
Neuroimage, 74, 288-97 (2013)
DOI: 10.1016/j.neuroimage.2013.02.035

102.	 N. Ma, Y. Liu, X. M. Fu, N. Li, C. X. Wang, H. 
Zhang, R. B. Qian, H. S. Xu, X. Hu and D. R. 
Zhang: Abnormal brain default-mode network 
functional connectivity in drug addicts. PLoS 
One, 6(1), e16560 (2011) 
DOI: 10.1371/journal.pone.0016560

103.	 J. C. Motzkin, A. Baskin-Sommers, J. P. 
Newman, K. A. Kiehl and M. Koenigs: Neural 
correlates of substance abuse: Reduced 
functional connectivity between areas 
underlying reward and cognitive control. Hum 
Brain Mapp (2014) 
DOI: 10.1.002/hbm.22474

104.	 Y. Hu, B. J. Salmeron, H. Gu, E. A. Stein 
and Y. Yang: Impaired functional connectivity 
within and between frontostriatal circuits and 
its association with compulsive drug use and 
trait impulsivity in cocaine addiction. JAMA 
Psychiatry, 72(6), 584-92 (2015) 
DOI: 10.1.001/jamapsychiatry.2015.1.

105.	 Z. Wang, J. Suh, Z. Li, Y. Li, T. Franklin, 
C. O’Brien and A. R. Childress: A  hyper-
connected but less efficient small-world 
network in the substance-dependent brain. 
Drug Alcohol Depend, 152, 102-8 (2015) 
DOI: 10.1016/j.drugalcdep.2015.04.015

106.	 G. Deco and M. Corbetta: The dynamical 
balance of the brain at rest. Neuroscientist, 
17(1), 107-23 (2011) 
DOI: 10.1.177/1073858409354384

107.	 J. A. Loweth, A. F. Scheyer, M. Milovanovic, 
A. L. LaCrosse, E. Flores-Barrera, C. T. 
Werner, X. Li, K. A. Ford, T. Le, M. F. Olive, 
K. K. Szumlinski, K. Y. Tseng and M. E. Wolf: 
Synaptic depression via mGluR1 positive 
allosteric modulation suppresses cue-
induced cocaine craving. Nat Neurosci, 17(1), 
73-80 (2014) 
DOI: 10.1.038/nn.3590

108.	 J. A. Loweth, K. Y. Tseng and M. E. 
Wolf: Adaptations in AMPA receptor 
transmission in the nucleus accumbens 
contributing to incubation of cocaine craving. 
Neuropharmacology, 76 Pt B, 287-300 (2014) 
DOI: 10.1.016/j.neuropharm.2013.0.4.0.61

109.	 J. A. Kauer and R. C. Malenka: Synaptic 
plasticity and addiction. Nat Rev Neurosci, 
8(11), 844-58 (2007) 
DOI: 10.1.038/nrn2234

110.	 C. Luscher and R. C. Malenka: Drug-evoked 
synaptic plasticity in addiction: from molecular 
changes to circuit remodeling. Neuron, 69(4), 
650-63 (2011)
DOI: 10.1.016/j.neuron.2011.0.1.0.17

111.	 R. A. Wise: Dopamine, learning and motivation. 
Nat Rev Neurosci, 5(6), 483-94 (2004) 
DOI: 10.1.038/nrn1406

112.	 L. J. Vanderschuren and P. W. Kalivas: 
Alterations in dopaminergic and glutamatergic 
transmission in the induction and expression 
of behavioral sensitization: a critical review 
of preclinical studies. Psychopharmacology 
(Berl), 151(2-3), 99-120 (2000)

http://dx.doi.org/10.1.038/nn.3763
http://dx.doi.org/10.1.523/jneurosci.4997-12.2.013
http://dx.doi.org/10.1002/mrm.1910340409
http://dx.doi.org/10.1.002/mrm.21524
http://dx.doi.org/10.1.126/science.1099745
http://dx.doi.org/10.3.791/1901
http://dx.doi.org/10.1016/j.neuroimage.2013.02.035
http://dx.doi.org/10.1371/journal.pone.0016560
http://dx.doi.org/10.1.002/hbm.22474
http://dx.doi.org/10.1.001/jamapsychiatry.2015.1
http://dx.doi.org/10.1016/j.drugalcdep.2015.04.015
http://dx.doi.org/10.1.177/1073858409354384
http://dx.doi.org/10.1.038/nn.3590
http://dx.doi.org/10.1.016/j.neuropharm.2013.0.4.0.61
http://dx.doi.org/10.1.038/nrn2234
http://dx.doi.org/10.1.016/j.neuron.2011.0.1.0.17
http://dx.doi.org/10.1.038/nrn1406


Dopamine homeostasis: brain functional connectivity in RDS

	 685� © 1996-2017

113.	 M. Marinelli and F. J. White: Enhanced 
vulnerability to cocaine self-administration 
is associated with elevated impulse activity 
of midbrain dopamine neurons. J  Neurosci, 
20(23), 8876-85 (2000)

114.	 T. E. Robinson and B. Kolb: Alterations in the 
morphology of dendrites and dendritic spines 
in the nucleus accumbens and prefrontal 
cortex following repeated treatment with 
amphetamine or cocaine. Eur J Neurosci, 
11(5), 1598-604 (1999)
DOI: 10.1046/j.1460-9568.1999.00576.x

115.	 T. E. Robinson and B. Kolb: Structural 
plasticity associated with exposure to drugs 
of abuse. Neuropharmacology, 47  Suppl  1, 
33-46 (2004)
DOI: 10.1016/j.neuropharm.2004.06.025

116.	 T. E. Robinson, G. Gorny, E. Mitton and B. 
Kolb: Cocaine self-administration alters the 
morphology of dendrites and dendritic spines 
in the nucleus accumbens and neocortex. 
Synapse, 39(3), 257-66 (2001)
DOI: 10.1.002/1098-2396(20010301)39: 
3<257:: AID-SYN1007>3.0.CO;2-1

117.	 B. F. Singer, L. M. Tanabe, G. Gorny, C. 
Jake-Matthews, Y. Li, B. Kolb and P. Vezina: 
Amphetamine-induced changes in dendritic 
morphology in rat forebrain correspond to 
associative drug conditioning rather than 
nonassociative drug sensitization. Biol 
Psychiatry, 65(10), 835-40 (2009) 
DOI: 10.1.016/j.biopsych.2008.1.2.0.20

118.	 P. K. Thanos, R. Kim, F. Delis, M. Ananth, G. 
Chachati, M. J. Rocco, I. Masad, J. A. Muniz, 
S. C. Grant, M. S. Gold, J. L. Cadet and N. D. 
Volkow: Chronic Methamphetamine Effects 
on Brain Structure and Function in Rats. PLoS 
One, 11(6), e0155457 (2016)
DOI: 10.1371/journal.pone.0155457

119.	 M. A. Ungless, J. L. Whistler, R. C. Malenka 
and A. Bonci: Single cocaine exposure in vivo 
induces long-term potentiation in dopamine 
neurons. Nature, 411(6837), 583-7 (2001)
DOI: 10.1.038/35079077

120.	 Q. S. Liu, L. Pu and M. M. Poo: Repeated 
cocaine exposure in vivo facilitates LTP 
induction in midbrain dopamine neurons. 
Nature, 437(7061), 1027-31 (2005)
DOI: 10.1.038/nature04050

121.	 S. L. Borgland, R. C. Malenka and A. 

Bonci: Acute and chronic cocaine-induced 
potentiation of synaptic strength in the 
ventral tegmental area: electrophysiological 
and behavioral correlates in individual rats. 
J Neurosci, 24(34), 7482-90 (2004) 
DOI: 10.1.523/JNEUROSCI.1312-04.2.004

122.	 K. Moussawi, A. Pacchioni, M. Moran, M. 
F. Olive, J. T. Gass, A. Lavin and P. W. 
Kalivas: N-Acetylcysteine reverses cocaine-
induced metaplasticity. Nat Neurosci, 12(2), 
182-9 (2009)
DOI: 10.1.038/nn.2250

123.	 K. Moussawi, A. Riegel, S. Nair and 
P. W. Kalivas: Extracellular glutamate: 
functional compartments operate in different 
concentration ranges. Front Syst Neurosci, 5, 
94 (2011)
DOI: 10.3.389/fnsys.2011.0.0094

124.	 S. B. Floresco and A. A. Grace: Gating of 
hippocampal-evoked activity in prefrontal 
cortical neurons by inputs from the 
mediodorsal thalamus and ventral tegmental 
area. J Neurosci, 23(9), 3930-43 (2003)

125.	 S. B. Floresco, C. L. Todd and A. A. Grace: 
Glutamatergic afferents from the hippocampus 
to the nucleus accumbens regulate activity of 
ventral tegmental area dopamine neurons. 
J Neurosci, 21(13), 4915-22 (2001)

126.	 S. B. Floresco, A. R. West, B. Ash, H. Moore 
and A. A. Grace: Afferent modulation of 
dopamine neuron firing differentially regulates 
tonic and phasic dopamine transmission. Nat 
Neurosci, 6(9), 968-73 (2003) 
DOI: 10.1.038/nn1103

127.	 K. McFarland and P. W. Kalivas: The circuitry 
mediating cocaine-induced reinstatement of 
drug-seeking behavior. J  Neurosci, 21(21), 
8655-63 (2001)

128.	 K. McFarland, C. C. Lapish and P. W. Kalivas: 
Prefrontal glutamate release into the core of 
the nucleus accumbens mediates cocaine-
induced reinstatement of drug-seeking 
behavior. J Neurosci, 23(8), 3531-7 (2003)

129.	 H. Trantham, K. K. Szumlinski, K. McFarland, 
P. W. Kalivas and A. Lavin: Repeated cocaine 
administration alters the electrophysiological 
properties of prefrontal cortical neurons. 
Neuroscience, 113(4), 749-53 (2002)
DOI: 10.1016/S0306-4522(02)00246-4

130.	 M. Legault, P. P. Rompre and R. A. 

http://dx.doi.org/10.1046/j.1460-9568.1999.00576.x
http://dx.doi.org/10.1016/j.neuropharm.2004.06.025
http://dx.doi.org/10.1.002/1098-2396%25252820010301%252939:3%253C257::AID-SYN1007%253E3.0.CO%253B2-1
http://dx.doi.org/10.1.002/1098-2396%25252820010301%252939:3%253C257::AID-SYN1007%253E3.0.CO%253B2-1
http://dx.doi.org/10.1.016/j.biopsych.2008.1.2.0.20
http://dx.doi.org/10.1371/journal.pone.0155457
http://dx.doi.org/10.1.038/35079077
http://dx.doi.org/10.1.038/nature04050
http://dx.doi.org/10.1.523/JNEUROSCI.1312-04.2.004
http://dx.doi.org/10.1.038/nn.2250
http://dx.doi.org/10.3.389/fnsys.2011.0.0094
http://dx.doi.org/10.1.038/nn1103
http://dx.doi.org/10.1016/S0306-4522%2802%2900246-4


Dopamine homeostasis: brain functional connectivity in RDS

	 686� © 1996-2017

Wise: Chemical stimulation of the ventral 
hippocampus elevates nucleus accumbens 
dopamine by activating dopaminergic neurons 
of the ventral tegmental area. J  Neurosci, 
20(4), 1635-42 (2000)

131.	 S. R. Vorel, X. Liu, R. J. Hayes, J. A. Spector 
and E. L. Gardner: Relapse to cocaine-seeking 
after hippocampal theta burst stimulation. 
Science, 292(5519), 1175-8 (2001)
DOI: 10.1.126/science.1058043

132.	 D. A. Baker, K. McFarland, R. W. Lake, H. 
Shen, S. Toda and P. W. Kalivas: N-acetyl 
cysteine-induced blockade of cocaine-
induced reinstatement. Ann N Y Acad Sci, 
1003, 349-51 (2003)
DOI: 10.1196/annals.1300.023

133.	 L. A. Knackstedt, R. I. Melendez and P. W. 
Kalivas: Ceftriaxone restores glutamate 
homeostasis and prevents relapse to cocaine 
seeking. Biol Psychiatry, 67(1), 81-4 (2010)
DOI: 10.1.016/j.biopsych.2009.0.7.0.18

134.	 Y. M. Kupchik, K. Moussawi, X. C. Tang, 
X. Wang, B. C. Kalivas, R. Kolokithas, K. 
B. Ogburn and P. W. Kalivas: The effect of 
N-acetylcysteine in the nucleus accumbens 
on neurotransmission and relapse to cocaine. 
Biol Psychiatry, 71(11), 978-86 (2012) 
DOI: 10.1.016/j.biopsych.2011.1.0.0.24

135.	 C. M. Reichel, K. Moussawi, P. H. Do, 
P. W. Kalivas and R. E. See: Chronic 
N-acetylcysteine during abstinence or 
extinction after cocaine self-administration 
produces enduring reductions in drug seeking. 
J Pharmacol Exp Ther, 337(2), 487-93 (2011) 
DOI: 10.1.124/jpet.111.1.79317

136.	 R. M. Brown, Y. M. Kupchik and P. W. Kalivas: 
The story of glutamate in drug addiction 
and of N-acetylcysteine as a potential 
pharmacotherapy. JAMA Psychiatry, 70(9), 
895-7 (2013)
DOI: 10.1.001/jamapsychiatry.2013.2.207

137.	 K. Blum, T. J. Chen, S. Morse, J. Giordano, A. 
L. Chen, J. Thompson, C. Allen, A. Smolen, J. 
Lubar, E. Stice, B. W. Downs, R. L. Waite, M. 
A. Madigan, M. Kerner, F. Fornari and E. R. 
Braverman: Overcoming qEEG abnormalities 
and reward gene deficits during protracted 
abstinence in male psychostimulant and 
polydrug abusers utilizing putative dopamine 
D(2) agonist therapy: part  2. Postgrad Med, 
122(6), 214-26 (2010)

DOI: 10.3.810/pgm.2010.1.1.2.237
138.	 C. C. de Bondt, N. J. Gerrits, D. J. Veltman, H. 

W. Berendse, O. A. van den Heuvel and Y. D. 
van der Werf: Reduced task-related functional 
connectivity during a set-shifting task in 
unmedicated early-stage Parkinson’s disease 
patients. BMC Neurosci, 17(1), 20 (2016)
DOI: 10.1186/s12868-016-0254-y

139.	 J. Xu, J. Zhang, J. Wang, G. Li, Q. Hu and 
Y. Zhang: Abnormal fronto-striatal functional 
connectivity in Parkinson’s disease. Neurosci 
Lett, 613, 66-71 (2016)
DOI: 10.1016/j.neulet.2015.12.041

140.	 A. Nagano-Saito, M. Leyton, O. Monchi, Y. K. 
Goldberg, Y. He and A. Dagher: Dopamine 
depletion impairs frontostriatal functional 
connectivity during a set-shifting task. 
J Neurosci, 28(14), 3697-706 (2008) 
DOI: 10.1.523/JNEUROSCI.3921-07.2.008

141.	 P. Flodin, K. Gospic, P. Petrovic and P. 
Fransson: Effects of L-dopa and oxazepam on 
resting-state functional magnetic resonance 
imaging connectivity: a randomized, cross-
sectional placebo study. Brain Connect, 2(5), 
246-53 (2012)
DOI: 10.1.089/brain.2012.0.081

142.	 P. T. Bell, M. Gilat, C. O’Callaghan, D. A. 
Copland, M. J. Frank, S. J. Lewis and J. M. 
Shine: Dopaminergic basis for impairments 
in functional connectivity across subdivisions 
of the striatum in Parkinson’s disease. Hum 
Brain Mapp, 36(4), 1278-91 (2015)
DOI: 10.1.002/hbm.22701

143.	 P. Piray, H. E. den Ouden, M. E. van der 
Schaaf, I. Toni and R. Cools: Dopaminergic 
Modulation of the Functional Ventrodorsal 
Architecture of the Human Striatum. Cereb 
Cortex (2015)
DOI: 10.1.093/cercor/bhv243

144.	 D. M. Cole, C. F. Beckmann, N. Y. Oei, S. 
Both, J. M. van Gerven and S. A. Rombouts: 
Differential and distributed effects of dopamine 
neuromodulations on resting-state network 
connectivity. Neuroimage, 78, 59-67 (2013) 
DOI: 10.1016/j.neuroimage.2013.04.034

145.	 C. Kelly, G. de Zubicaray, A. Di Martino, D. 
A. Copland, P. T. Reiss, D. F. Klein, F. X. 
Castellanos, M. P. Milham and K. McMahon: 
L-dopa modulates functional connectivity 
in striatal cognitive and motor networks: 
a double-blind placebo-controlled study. 

http://dx.doi.org/10.1.126/science.1058043
http://dx.doi.org/10.1196/annals.1300.023
http://dx.doi.org/10.1.016/j.biopsych.2009.0.7.0.18
http://dx.doi.org/10.1.016/j.biopsych.2011.1.0.0.24
http://dx.doi.org/10.1.124/jpet.111.1.79317
http://dx.doi.org/10.1.001/jamapsychiatry.2013.2.207
http://dx.doi.org/10.3.810/pgm.2010.1.1.2.237
http://dx.doi.org/10.1186/s12868-016-0254-y
http://dx.doi.org/10.1016/j.neulet.2015.12.041
http://dx.doi.org/10.1.523/JNEUROSCI.3921-07.2.008
http://dx.doi.org/10.1.089/brain.2012.0.081
http://dx.doi.org/10.1.002/hbm.22701
http://dx.doi.org/10.1.093/cercor/bhv243
http://dx.doi.org/10.1016/j.neuroimage.2013.04.034


Dopamine homeostasis: brain functional connectivity in RDS

	 687� © 1996-2017

J Neurosci, 29(22), 7364-78 (2009)
DOI: 10.1.523/JNEUROSCI.0810-09.2.009

146.	 O. M. Farr, S. Zhang, S. Hu, D. Matuskey, 
O. Abdelghany, R. T. Malison and C. S. 
Li: The effects of methylphenidate on 
resting-state striatal, thalamic and global 
functional connectivity in healthy adults. Int J 
Neuropsychopharmacol, 17(8), 1177-91 (2014)
DOI: 10.1.017/S1461145714000674

147.	 J. G. Ramaekers, E. A. Evers, E. L. 
Theunissen, K. P. Kuypers, A. Goulas and P. 
Stiers: Methylphenidate reduces functional 
connectivity of nucleus accumbens in brain 
reward circuit. Psychopharmacology (Berl), 
229(2), 219-26 (2013)
DOI: 10.1.007/s00213-013-3105-x

148.	 S. Mueller, A. Costa, D. Keeser, O. Pogarell, 
A. Berman, U. Coates, M. F. Reiser, M. Riedel, 
H. J. Moller, U. Ettinger and T. Meindl: The 
effects of methylphenidate on whole brain 
intrinsic functional connectivity. Hum Brain 
Mapp, 35(11), 5379-88 (2014)
DOI: 10.1.002/hbm.22557

149.	 D. L. Wallace, J. J. Vytlacil, E. M. Nomura, S. 
E. Gibbs and M. D’Esposito: The dopamine 
agonist bromocriptine differentially affects 
fronto-striatal functional connectivity during 
working memory. Front Hum Neurosci, 5, 
32 (2011)
DOI: 10.3.389/fnhum.2011.0.0032

150.	 A. Anticevic, P. R. Corlett, M. W. Cole, A. 
Savic, M. Gancsos, Y. Tang, G. Repovs, J. D. 
Murray, N. R. Driesen, P. T. Morgan, K. Xu, F. 
Wang and J. H. Krystal: N-methyl-D-aspartate 
receptor antagonist effects on prefrontal 
cortical connectivity better model early than 
chronic schizophrenia. Biol Psychiatry, 77(6), 
569-80 (2015)
DOI: 10.1.016/j.biopsych.2014.0.7.0.22

151.	 A. Hoflich, A. Hahn, M. Kublbock, G. S. 
Kranz, T. Vanicek, C. Windischberger, 
A. Saria, S. Kasper, D. Winkler and R. 
Lanzenberger: Ketamine-Induced Modulation 
of the Thalamo-Cortical Network in Healthy 
Volunteers As a Model for Schizophrenia. Int 
J Neuropsychopharmacol, 18(9) (2015)
DOI: 10.1.093/ijnp/pyv040

152.	 N. R. Driesen, G. McCarthy, Z. Bhagwagar, 
M. Bloch, V. Calhoun, D. C. D’Souza, R. 
Gueorguieva, G. He, R. Ramachandran, 
R. F. Suckow, A. Anticevic, P. T. Morgan 

and J. H. Krystal: Relationship of resting 
brain hyperconnectivity and schizophrenia-
like symptoms produced by the NMDA 
receptor antagonist ketamine in humans. Mol 
Psychiatry, 18(11), 1199-204 (2013)
DOI: 10.1.038/mp.2012.1.94

153.	 M. Scheidegger, M. Walter, M. Lehmann, C. 
Metzger, S. Grimm, H. Boeker, P. Boesiger, 
A. Henning and E. Seifritz: Ketamine 
decreases resting state functional network 
connectivity in healthy subjects: implications 
for antidepressant drug action. PLoS One, 
7(9), e44799 (2012)
DOI: 10.1371/journal.pone.0044799

154.	 B. Froeliger, P. A. McConnell, N. Stankeviciute, 
E. A. McClure, P. W. Kalivas and K. M. 
Gray: The effects of N-Acetylcysteine 
on frontostriatal resting-state functional 
connectivity, withdrawal symptoms and 
smoking abstinence: A double-blind, placebo-
controlled fMRI pilot study. Drug Alcohol 
Depend, 156, 234-42 (2015)
DOI: 10.1016/j.drugalcdep.2015.09.021

155.	 N. D. Volkow, G. J. Wang, Y. Ma, J. S. Fowler, 
W. Zhu, L. Maynard, F. Telang, P. Vaska, Y. S. 
Ding, C. Wong and J. M. Swanson: Expectation 
enhances the regional brain metabolic and 
the reinforcing effects of stimulants in cocaine 
abusers. J Neurosci, 23(36), 11461-8 (2003)

156.	 M. Fabbri, M. Coelho, D. Abreu, L. C. 
Guedes, M. M. Rosa, N. Costa, A. Antonini 
and J. J. Ferreira: Do patients with late-stage 
Parkinson’s disease still respond to levodopa? 
Parkinsonism Relat Disord, 26, 10-6 (2016) 
DOI: 10.1.016/j.parkreldis.2016.0.2.0.21

157.	 L. F. Alguacil and C. Gonzalez-Martin: Target 
identification and validation in brain reward 
dysfunction. Drug Discov Today, 20(3), 
347-52 (2015)
DOI: 10.1.016/j.drudis.2014.1.0.0.14

158.	 T. Hahn, K. H. Notebaert, T. Dresler, L. 
Kowarsch, A. Reif and A. J. Fallgatter: 
Linking online gaming and addictive behavior: 
converging evidence for a general reward 
deficiency in frequent online gamers. Front 
Behav Neurosci, 8, 385 (2014)
DOI: 10.3.389/fnbeh.2014.0.0385

159.	 Y. Cui, S. B. Ostlund, A. S. James, C. S. Park, 
W. Ge, K. W. Roberts, N. Mittal, N. P. Murphy, 
C. Cepeda, B. L. Kieffer, M. S. Levine, J. 
D. Jentsch, W. M. Walwyn, Y. E. Sun, C. J. 

http://dx.doi.org/10.1.523/JNEUROSCI.0810-09.2.009
http://dx.doi.org/10.1.017/S1461145714000674
http://dx.doi.org/10.1.007/s00213-013-3105-x
http://dx.doi.org/10.1.002/hbm.22557
http://dx.doi.org/10.3.389/fnhum.2011.0.0032
http://dx.doi.org/10.1.016/j.biopsych.2014.0.7.0.22
http://dx.doi.org/10.1.093/ijnp/pyv040
http://dx.doi.org/10.1.038/mp.2012.1.94
http://dx.doi.org/10.1371/journal.pone.0044799
http://dx.doi.org/10.1016/j.drugalcdep.2015.09.021
http://dx.doi.org/10.1.016/j.parkreldis.2016.0.2.0.21
http://dx.doi.org/10.1.016/j.drudis.2014.1.0.0.14
http://dx.doi.org/10.3.389/fnbeh.2014.0.0385


Dopamine homeostasis: brain functional connectivity in RDS

	 688� © 1996-2017

Evans, N. T. Maidment and X. W. Yang: 
Targeted expression of mu-opioid receptors 
in a subset of striatal direct-pathway neurons 
restores opiate reward. Nat Neurosci, 17(2), 
254-61 (2014)
DOI: 10.1.038/nn.3622

160.	 L. Rovai, A. G. Maremmani, M. Pacini, P. P. 
Pani, F. Rugani, F. Lamanna, E. Schiavi, S. 
Mautone, L. Dell’Osso and I. Maremmani: 
Negative dimension in psychiatry. 
Amotivational syndrome as a paradigm of 
negative symptoms in substance abuse. Riv 
Psichiatr, 48(1), 1-9 (2013)
DOI: 10.1.708/1228.1.3610

161.	 Y. Paelecke-Habermann, M. Paelecke, 
K. Giegerich, K. Reschke and A. Kubler: 
Implicit and explicit reward learning in chronic 
nicotine use. Drug Alcohol Depend, 129(1-2), 
8-17 (2013)
DOI: 10.1.016/j.drugalcdep.2012.0.9.0.04

162.	 M. Golub and C. Hogrefe: Prenatal iron 
deficiency and monoamine oxidase A (MAOA) 
polymorphisms: combined risk for later 
cognitive performance in rhesus monkeys. 
Genes Nutr, 9(2), 381 (2014)
DOI: 10.1007/s12263-013-0381-3

163.	 C. I. Dixon, H. V. Morris, G. Breen, S. 
Desrivieres, S. Jugurnauth, R. C. Steiner, 
H. Vallada, C. Guindalini, R. Laranjeira, G. 
Messas, T. W. Rosahl, J. R. Atack, D. R. 
Peden, D. Belelli, J. J. Lambert, S. L. King, 
G. Schumann and D. N. Stephens: Cocaine 
effects on mouse incentive-learning and 
human addiction are linked to alpha2 subunit-
containing GABAA receptors. Proc Natl Acad 
Sci U S A, 107(5), 2289-94 (2010)
DOI: 10.1.073/pnas.0910117107

164.	 Y. Du and Y. J. Wan: The interaction of 
reward genes with environmental factors 
in contribution to alcoholism in mexican 
americans. Alcohol Clin Exp Res, 33(12), 
2103-12 (2009)
DOI: 10.1.111/j.1530-0277.2.009.0.1050.x

165.	 C. Davis, R. D. Levitan, A. S. Kaplan, J. 
Carter, C. Reid, C. Curtis, K. Patte, R. Hwang 
and J. L. Kennedy: Reward sensitivity and 
the D2 dopamine receptor gene: A  case-
control study of binge eating disorder. Prog 
Neuropsychopharmacol Biol Psychiatry, 
32(3), 620-8 (2008)
DOI: 10.1.016/j.pnpbp.2007.0.9.0.24

166.	 M. X. Cohen, A. Krohn-Grimberghe, C. E. 
Elger and B. Weber: Dopamine gene predicts 
the brain’s response to dopaminergic drug. 
Eur J Neurosci, 26(12), 3652-60 (2007)
DOI: 10.1.111/j.1460-9568.2.007.0.5947.x

167.	 K. Blum, T. J. Chen, B. Meshkin, R. L. 
Waite, B. W. Downs, S. H. Blum, J. F. 
Mengucci, V. Arcuri, E. R. Braverman and T. 
Palomo: Manipulation of catechol-O-methyl-
transferase (COMT) activity to influence 
the attenuation of substance seeking 
behavior, a subtype of Reward Deficiency 
Syndrome (RDS), is dependent upon 
gene polymorphisms: a hypothesis. Med 
Hypotheses, 69(5), 1054-60 (2007)
DOI: 10.1.016/j.mehy.2006.1.2.0.62

168.	 E. C. Finger, A. A. Marsh, B. Buzas, N. 
Kamel, R. Rhodes, M. Vythilingham, 
D. S. Pine, D. Goldman and J. R. Blair: 
The impact of tryptophan depletion and 
5-HTTLPR genotype on passive avoidance 
and response reversal instrumental learning 
tasks. Neuropsychopharmacology, 32(1), 
206-15 (2007)
DOI: 10.1.038/sj.npp.1301182

169.	 G. Ponce, M. A. Jimenez-Arriero, G. Rubio, 
J. Hoenicka, I. Ampuero, J. A. Ramos and T. 
Palomo: The A1 allele of the DRD2 gene (TaqI 
A polymorphisms) is associated with antisocial 
personality in a sample of alcohol-dependent 
patients. Eur Psychiatry, 18(7), 356-60 (2003)
DOI: 10.1016/j.eurpsy.2003.06.006

170.	 S. C. Dulawa, D. K. Grandy, M. J. Low, M. 
P. Paulus and M. A. Geyer: Dopamine D4 
receptor-knock-out mice exhibit reduced 
exploration of novel stimuli. J  Neurosci, 
19(21), 9550-6 (1999)

171.	 A. Dahlgren, H. L. Wargelius, K. J. Berglund, 
C. Fahlke, K. Blennow, H. Zetterberg, L. 
Oreland, U. Berggren and J. Balldin: Do 
alcohol-dependent individuals with DRD2 A1 
allele have an increased risk of relapse? A pilot 
study. Alcohol Alcohol, 46(5), 509-13 (2011)
DOI: 10.1.093/alcalc/agr045

172.	 J. P. Connor, R. M. Young, J. B. Saunders, 
B. R. Lawford, R. Ho, T. L. Ritchie and E. 
P. Noble: The A1 allele of the D2 dopamine 
receptor gene region, alcohol expectancies 
and drinking refusal self-efficacy are 
associated with alcohol dependence severity. 
Psychiatry Res, 160(1), 94-105 (2008)

http://dx.doi.org/10.1.038/nn.3622
http://dx.doi.org/10.1.708/1228.1.3610
http://dx.doi.org/10.1.016/j.drugalcdep.2012.0.9.0.04
http://dx.doi.org/10.1007/s12263-013-0381-3
http://dx.doi.org/10.1.073/pnas.0910117107
http://dx.doi.org/10.1.111/j.1530-0277.2.009.0.1050.x
http://dx.doi.org/10.1.016/j.pnpbp.2007.0.9.0.24
http://dx.doi.org/10.1.111/j.1460-9568.2.007.0.5947.x
http://dx.doi.org/10.1.016/j.mehy.2006.1.2.0.62
http://dx.doi.org/10.1.038/sj.npp.1301182
http://dx.doi.org/10.1016/j.eurpsy.2003.06.006
http://dx.doi.org/10.1.093/alcalc/agr045


Dopamine homeostasis: brain functional connectivity in RDS

	 689� © 1996-2017

DOI: 10.1.016/j.psychres.2007.0.6.0.30
173.	 U. Berggren, C. Fahlke, K. J. Berglund, 

K. Wadell, H. Zetterberg, K. Blennow, D. 
Thelle and J. Balldin: Dopamine D2 receptor 
genotype is associated with increased 
mortality at a 10-year follow-up of alcohol-
dependent individuals. Alcohol Alcohol, 45(1), 
1-5 (2010)
DOI: 10.1.093/alcalc/agp041

174.	 Y. Zhou, F. Leri, E. Cummins and M. J. Kreek: 
Individual differences in gene expression of 
vasopressin, D2 receptor, POMC and orexin: 
vulnerability to relapse to heroin-seeking in 
rats. Physiol Behav, 139, 127-35 (2015) 
DOI: 10.1016/j.physbeh.2014.11.002

175.	 V. Pieramico, R. Esposito, F. Sensi, F. 
Cilli, D. Mantini, P. A. Mattei, V. Frazzini, D. 
Ciavardelli, V. Gatta, A. Ferretti, G. L. Romani 
and S. L. Sensi: Combination training in aging 
individuals modifies functional connectivity 
and cognition, and is potentially affected by 
dopamine-related genes. PLoS One, 7(8), 
e43901 (2012)
DOI: 10.1371/journal.pone.0043901

176.	 L. Tian, T. Jiang, Y. Wang, Y. Zang, Y. He, 
M. Liang, M. Sui, Q. Cao, S. Hu, M. Peng 
and Y. Zhuo: Altered resting-state functional 
connectivity patterns of anterior cingulate 
cortex in adolescents with attention deficit 
hyperactivity disorder. Neurosci Lett, 400(1-2), 
39-43 (2006)
DOI: 10.1.016/j.neulet.2006.0.2.0.22

177.	 J. Xu, W. Qin, B. Liu, T. Jiang and C. Yu: 
Interactions of genetic variants reveal inverse 
modulation patterns of dopamine system on 
brain gray matter volume and resting-state 
functional connectivity in healthy young 
adults. Brain Struct Funct (2015)
DOI: 10.1.007/s00429-015-1134-4

178.	 B. M. Meyer, J. Huemer, U. Rabl, R. 
N. Boubela, K. Kalcher, A. Berger, T. 
Banaschewski, G. Barker, A. Bokde, C. 
Buchel, P. Conrod, S. Desrivieres, H. Flor, V. 
Frouin, J. Gallinat, H. Garavan, A. Heinz, B. 
Ittermann, T. Jia, M. Lathrop, J. L. Martinot, 
F. Nees, M. Rietschel, M. N. Smolka, L. 
Bartova, A. Popovic, C. Scharinger, H. H. 
Sitte, H. Steiner, M. H. Friedrich, S. Kasper, T. 
Perkmann, N. Praschak-Rieder, H. Haslacher, 
H. Esterbauer, E. Moser, G. Schumann and 
L. Pezawas: Oppositional COMT Val158Met 

effects on resting state functional connectivity 
in adolescents and adults. Brain Struct Funct, 
221(1), 103-14 (2016)
DOI: 10.1.007/s00429-014-0895-5

179.	 K. Blum, M. Febo, D. E. Smith, A. K. 
Roy, 3rd, Z. Demetrovics, F. J. Cronje, J. 
Femino, G. Agan, J. L. Fratantonio, S. C. 
Pandey, R. D. Badgaiyan and M. S. Gold: 
Neurogenetic and epigenetic correlates of 
adolescent predisposition to and risk for 
addictive behaviors as a function of prefrontal 
cortex dysregulation. J  Child Adolesc 
Psychopharmacol, 25(4), 286-92 (2015)
DOI: 10.1.089/cap.2014.0.146

180.	 M. Pecina, M. Martinez-Jauand, T. Love, J. 
Heffernan, P. Montoya, C. Hodgkinson, C. 
S. Stohler, D. Goldman and J. K. Zubieta: 
Valence-specific effects of BDNF Val66Met 
polymorphism on dopaminergic stress and 
reward processing in humans. J  Neurosci, 
34(17), 5874-81 (2014)
DOI: 10.1.523/jneurosci.2152-13.2.014

181.	 M. Pecina, B. J. Mickey, T. Love, H. Wang, S. 
A. Langenecker, C. Hodgkinson, P. H. Shen, 
S. Villafuerte, D. Hsu, S. L. Weisenbach, C. S. 
Stohler, D. Goldman and J. K. Zubieta: DRD2 
polymorphisms modulate reward and emotion 
processing, dopamine neurotransmission 
and openness to experience. Cortex, 49(3), 
877-90 (2013)
DOI: 10.1.016/j.cortex.2012.0.1.0.10

182.	 F. Carbonell, A. Nagano-Saito, M. Leyton, P. 
Cisek, C. Benkelfat, Y. He and A. Dagher: 
Dopamine precursor depletion impairs 
structure and efficiency of resting state brain 
functional networks. Neuropharmacology, 84, 
90-100 (2014)
DOI: 10.1016/j.neuropharm.2013.12.021

183.	 F. Sambataro, L. Fazio, P. Taurisano, B. 
Gelao, A. Porcelli, M. Mancini, L. Sinibaldi, G. 
Ursini, R. Masellis, G. Caforio, A. Di Giorgio, 
A. Niccoli-Asabella, T. Popolizio, G. Blasi 
and A. Bertolino: DRD2 genotype-based 
variation of default mode network activity and 
of its relationship with striatal DAT binding. 
Schizophr Bull, 39(1), 206-16 (2013) 
DOI: 10.1.093/schbul/sbr128

184.	 C. Stelzel, U. Basten, C. Montag, M. Reuter 
and C. J. Fiebach: Frontostriatal involvement 
in task switching depends on genetic 
differences in d2 receptor density. J Neurosci, 

http://dx.doi.org/10.1.016/j.psychres.2007.0.6.0.30
http://dx.doi.org/10.1.093/alcalc/agp041
http://dx.doi.org/10.1016/j.physbeh.2014.11.002
http://dx.doi.org/10.1371/journal.pone.0043901
http://dx.doi.org/10.1.016/j.neulet.2006.0.2.0.22
http://dx.doi.org/10.1.007/s00429-015-1134-4
http://dx.doi.org/10.1.007/s00429-014-0895-5
http://dx.doi.org/10.1.089/cap.2014.0.146
http://dx.doi.org/10.1.523/jneurosci.2152-13.2.014
http://dx.doi.org/10.1.016/j.cortex.2012.0.1.0.10
http://dx.doi.org/10.1016/j.neuropharm.2013.12.021
http://dx.doi.org/10.1.093/schbul/sbr128


Dopamine homeostasis: brain functional connectivity in RDS

	 690� © 1996-2017

30(42), 14205-12 (2010) 
DOI: 10.1.523/jneurosci.1062-10.2.010

185.	 G. Blasi, L. Lo Bianco, P. Taurisano, B. Gelao, 
R. Romano, L. Fazio, A. Papazacharias, A. Di 
Giorgio, G. Caforio, A. Rampino, R. Masellis, 
A. Papp, G. Ursini, L. Sinibaldi, T. Popolizio, 
W. Sadee and A. Bertolino: Functional 
variation of the dopamine D2 receptor gene is 
associated with emotional control as well as 
brain activity and connectivity during emotion 
processing in humans. J  Neurosci, 29(47), 
14812-9 (2009) 
DOI: 10.1.523/jneurosci.3609-09.2.009

186.	 S. J. Moeller, E. D. London and G. Northoff: 
Neuroimaging markers of glutamatergic 
and GABAergic systems in drug addiction: 
Relationships to resting-state functional 
connectivity. Neurosci Biobehav Rev, 61, 
35-52 (2016) 
DOI: 10.1016/j.neubiorev.2015.11.010

187.	 C. Imperatori, M. Fabbricatore, M. Innamorati, 
B. Farina, M. I. Quintiliani, D. A. Lamis, E. 
Mazzucchi, A. Contardi, C. Vollono and G. 
Della Marca: Modification of EEG functional 
connectivity and EEG power spectra in 
overweight and obese patients with food 
addiction: An eLORETA study. Brain Imaging 
Behav, 9(4), 703-16 (2015) 
DOI: 10.1.007/s11682-014-9324-x

188.	 B. J. Weiland, A. Sabbineni, V. D. Calhoun, R. 
C. Welsh, A. D. Bryan, R. E. Jung, A. R. Mayer 
and K. E. Hutchison: Reduced left executive 
control network functional connectivity is 
associated with alcohol use disorders. Alcohol 
Clin Exp Res, 38(9), 2445-53 (2014)
DOI: 10.1.111/acer.12505

189.	 W. Yang, F. Wang, Z. Zhang, X. Ren, Z. Zhang, 
Y. Li and T. Sun: (Altered effective connectivity 
of insula in nicotine addiction). Zhonghua Yi 
Xue Za Zhi, 94(21), 1667-70 (2014)

190.	 A. S. Fischer, S. Whitfield-Gabrieli, R. M. 
Roth, M. F. Brunette and A. I. Green: Impaired 
functional connectivity of brain reward circuitry 
in patients with schizophrenia and cannabis 
use disorder: Effects of cannabis and THC. 
Schizophr Res, 158(1-3), 176-82 (2014)
DOI: 10.1.016/j.schres.2014.0.4.0.33

191.	 T. Y. Zhai, Y. C. Shao, C. M. Xie, E. M. Ye, F. 
Zou, L. P. Fu, W. J. Li, G. Chen, G. Y. Chen, 
Z. G. Zhang, S. J. Li and Z. Yang: Altered 
intrinsic hippocmapus declarative memory 

network and its association with impulsivity in 
abstinent heroin dependent subjects. Behav 
Brain Res, 272, 209-17 (2014)
DOI: 10.1016/j.bbr.2014.06.054

192.	 H. Lu and E. A. Stein: Resting state 
functional connectivity: its physiological 
basis and application in neuropharmacology. 
Neuropharmacology, 84, 79-89 (2014)
DOI: 10.1016/j.neuropharm.2013.08.023

193.	 M. Kohno, A. M. Morales, D. G. Ghahremani, 
G. Hellemann and E. D. London: Risky 
decision making, prefrontal cortex, and 
mesocorticolimbic functional connectivity 
in methamphetamine dependence. JAMA 
Psychiatry, 71(7), 812-20 (2014)
DOI: 10.1.001/jamapsychiatry.2014.3.99

194.	 J. Pujol, L. Blanco-Hinojo, A. Batalla, M. 
Lopez-Sola, B. J. Harrison, C. Soriano-Mas, 
J. A. Crippa, A. B. Fagundo, J. Deus, R. de 
la Torre, S. Nogue, M. Farre, M. Torrens and 
R. Martin-Santos: Functional connectivity 
alterations in brain networks relevant to 
self-awareness in chronic cannabis users. 
J Psychiatr Res, 51, 68-78 (2014)
DOI: 10.1016/j.jpsychires.2013.12.008

195.	 R. L. Carhart-Harris, R. Leech, D. Erritzoe, 
T. M. Williams, J. M. Stone, J. Evans, D. 
J. Sharp, A. Feilding, R. G. Wise and D. 
J. Nutt: Functional connectivity measures 
after psilocybin inform a novel hypothesis 
of early psychosis. Schizophr Bull, 39(6), 
1343-51 (2013)
DOI: 10.1.093/schbul/sbs117

196.	 J. Upadhyay, N. Maleki, J. Potter, I. Elman, D. 
Rudrauf, J. Knudsen, D. Wallin, G. Pendse, 
L. McDonald, M. Griffin, J. Anderson, L. 
Nutile, P. Renshaw, R. Weiss, L. Becerra 
and D. Borsook: Alterations in brain structure 
and functional connectivity in prescription 
opioid-dependent patients. Brain, 133(Pt 7), 
2098-114 (2010)
DOI: 10.1.093/brain/awq138

197.	 J. T. Zhang, S. S. Ma, S. W. Yip, L. J. Wang, C. 
Chen, C. G. Yan, L. Liu, B. Liu, L. Y. Deng, Q. 
X. Liu and X. Y. Fang: Decreased functional 
connectivity between ventral tegmental 
area and nucleus accumbens in Internet 
gaming disorder: evidence from resting state 
functional magnetic resonance imaging. 
Behav Brain Funct, 11(1), 37 (2015)
DOI: 10.1186/s12993-015-0082-8

http://dx.doi.org/10.1.523/jneurosci.1062-10.2.010
http://dx.doi.org/10.1.523/jneurosci.3609-09.2.009
http://dx.doi.org/10.1016/j.neubiorev.2015.11.010
http://dx.doi.org/10.1.007/s11682-014-9324-x
http://dx.doi.org/10.1.111/acer.12505
http://dx.doi.org/10.1.016/j.schres.2014.0.4.0.33
http://dx.doi.org/10.1016/j.bbr.2014.06.054
http://dx.doi.org/10.1016/j.neuropharm.2013.08.023
http://dx.doi.org/10.1.001/jamapsychiatry.2014.3.99
http://dx.doi.org/10.1016/j.jpsychires.2013.12.008
http://dx.doi.org/10.1.093/schbul/sbs117
http://dx.doi.org/10.1.093/brain/awq138
http://dx.doi.org/10.1186/s12993-015-0082-8


Dopamine homeostasis: brain functional connectivity in RDS

	 691� © 1996-2017

198.	 S. Kuhn and J. Gallinat: Brain structure 
and functional connectivity associated with 
pornography consumption: the brain on porn. 
JAMA Psychiatry, 71(7), 827-34 (2014) 
DOI: 10.1.001/jamapsychiatry.2014.9.3

199.	 S. Koehler, S. Ovadia-Caro, E. van der Meer, 
A. Villringer, A. Heinz, N. Romanczuk-Seiferth 
and D. S. Margulies: Increased functional 
connectivity between prefrontal cortex and 
reward system in pathological gambling. 
PLoS One, 8(12), e84565 (2013)
DOI: 10.1371/journal.pone.0084565

200.	 S. W. Kraus, V. Voon and M. N. 
Potenza: Neurobiology of Compulsive 
Sexual Behavior: Emerging Science. 
Neuropsychopharmacology, 41(1), 
385-6 (2016)
DOI: 10.1.038/npp.2015.3.00

Key Words: Dopamine, Glutamate, Resting 
State Functional Connectivity, Reward Deficiency 
Syndrome, RDS, Addiction, Stress, Genetics, 
DRD2 Gene, Taq1 A1 Allele, Functional Magnetic 
Resonance Imaging

Send correspondence to: Kenneth Blum, 
Department of Psychiatry, University of Florida, 
Box 100256 Gainesville, Forida 32610-0256.  
Tel: 352-294-4955, Fax: 352-392-8217, 
E-mail: drd2gene@gmail.com

http://dx.doi.org/10.1.001/jamapsychiatry.2014.9.3
http://dx.doi.org/10.1371/journal.pone.0084565
http://dx.doi.org/10.1.038/npp.2015.3.00
mailto:drd2gene@gmail.com

