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Substance use disorder (SUD), based on the Diagnostic and Statistical Manual of Mental 
Disorders, Fifth Edition (DSM-5), is defined by symptoms caused by utilizing a substance 
that a person continues taking despite its negative effects. Impulsive decision making is 
commonly defined as a reduced ability to choose a delayed large reward instead of a small 
immediate reward. Dopamine has been implicated as a prominent neurotransmitter 
implicated in the development and pattern of addiction and impulsivity, especially in 
regard to substance use disorder. Discovery as a key player in the development of 
addiction dates to the 1950s, with a study performed by Olds and Milner on rats placed in 
a Skinner box. Their original discovery is part of the beginning of what would become the 
search into the main mechanistic source of addiction, and how exactly it works at a 
cellular, physiological, and psychological level. The dopaminergic pathways of our brains 
are well-studied. It is well established that most of the dopaminergic neurons of the 
brain are located in the ventral mid-brain and consists of four main pathways: 
mesocortical, mesolimbic, nigrostriatal, and tuberoinfundibular pathways. Dopamine 
acts various receptors, with dopamine (D) receptors 1, 2, and 3 playing a major role in 
motor function and receptors D1 and D2 playing a major role in reward. There are 
additional studies warranted, especially finding ways to manipulate the dopaminergic 
system to treat addiction disorders of all varieties. The focus of the present investigation 
is to delve into the current literature regarding dopamine and its clinical implications in 
substance use disorder and impulsive behavior. 

INTRODUCTION 

Dopamine has been shown to be a key player in the cycle of 
addictive behavior since it was initially discovered to play 
a role in subsequent studies following a study done in the 
1950s by Olds and Milner. Their initial study showed that 
rats would use the process of positive reinforcement by re
peatedly self-stimulating parts of their brain that consisted 
of dopaminergic neurons by pressing a lever after being 
placed in a Skinner Box.1 Many subsequent studies follow
ing this breakthrough discovery were focused on studying 
dopamine specifically as a key player in reward and im
pulsiveness pathways. Some of these studies showed that 
blocking the dopaminergic pathways with neuroleptic 
drugs leads to the lack of positive reinforcement in rats 
and primates, showing dopamine’s essential role in the de
velopment of addiction and reward behaviors.2 Since these 
discoveries, immense research has been undertaken in the 
hopes of understanding fully how dopamine works in the 
addiction process to find potential treatments for addiction. 

Addiction is a growing problem in our society, whether it 
involves a substance, internet, or activity. It can be preva
lent in up to 30% of cases seen in a primary care setting 
and 50% in patients with a pre-existing psychiatric illness. 
Unfortunately, it is often missed or undiagnosed by physi
cians, whether that is due to inadequate screening or bias.3,
4 According to the Diagnostic and Statistical Manual of 
Mental Disorders, Fifth Edition (DSM-5), a substance use 
disorder (SUD) is defined by symptoms caused by utilizing 
a substance that a person continues taking despite its neg
ative effects. Based on decades of research, DSM-5 defin
ition of substance abuse disorder includes 11 criteria that 
can arise from substance misuse. These criteria categorized 
into four categories — impaired control, physical depen
dence, social problems, and risky use. These criteria include 
using a substance longer than directed, trying to cut down 
on use, withdrawals, tolerance, neglecting responsibilities, 
continued use in the face of relationship issues, neglecting 
important or desirable social events, use in risky settings, 
and continued use despite physical and mental health con
sequences. 
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There are many addictive substances that are commonly 
used in today’s society and trigger the dopaminergic system 
to release dopamine and result in addiction. These sub
stances include cocaine, amphetamines, alcohol, opiates, 
nicotine, caffeine, benzodiazepines, and barbiturates to 
name a few. Other activators of dopaminergic effects in
clude things such as foods, internet usage, and gambling.5 
There are varying direct effects and withdrawal symptoms 
that exist among the different forms of addictive drugs 
that exist. However, among all of these drugs, the common 
theme of dopaminergic activation and the brain reward 
system are the common denominator among them. The 
pathways in which dopaminergic activation and the down
stream effects of reward and pleasure are well-studied, al
beit vast and complex. In this study, therefore, we review 
the latest literature regarding dopamine physiology and 
cellular pathways including the downstream effects of indi
vidual dopamine receptors and the significance of their cor
relation to substance abuse disorder, reward, motivation, 
and impulsivity. 

DOPAMINERGIC PATHWAYS 

DOPAMINE 

Dopamine (3-hydroxytyramine) is the prominent cate
cholaminergic neurotransmitter in the central nervous sys
tem where it is produced in the ventral tegmental area and 
in the substantia nigra, extending into the hypothalamus, 
striatum (caudate-putamen), cortex, and limbic system of 
the brain.6 Dopamine is also produced in the peripheral 
nervous system specifically in the kidney and intestines.7 
Most of dopamine is synthesized directly from tyrosine, 
which is actively transported from the liver, but it can also 
be processed indirectly from phenylalanine.7,8 Through a 
series of reactions involving tyrosine hydroxylase, L-dopa 
is formed which is converted by dopa decarboxylase to 
dopamine. 

DOPAMINE RECEPTORS 

For dopamine to be effective it binds to specific transmem
brane G protein-coupled receptors (GPCRS) which are di
vided into two major groups: D1-like receptors (D1 and D5) 
generally have a stimulating effect and D2-like receptors 
(D2-D4) are associated with inhibitory actions.9 Dopamine 
receptors are prevalent in the brain, especially subtypes 
D1 and D2. D1-like receptors are predominantly located in 
the frontal and temporal cortex, striatum, substantia ni
gra pars reticulata, nucleus accumbens, olfactory bulb, hip
pocampus, amygdala, and hypothalamus. D2-like receptors 
are largely present in basal ganglia, striatum, nucleus ac
cumbens, ventral tegmental area, hippocampus, pituitary, 
hypothalamus, and frontal cerebral cortex.7,8 

DOPAMINE RECEPTOR FUNCTIONS 

Dopamine is involved in a variety of central nervous system 
functions such as motor abilities, sleep, attention, emotion, 
and reward and it has an effect peripherally on the cardio

vascular, renal, immune, endocrine, and renal systems as 
well.10,11 D1, D2, and D3 are the major receptors which con
trol locomotion while D4 and D5 have a minimal role in mo
tor function. Involvement of D1 and D2 in the processes of 
reward and reinforcement has strong implications for ad
dictive behaviors since research indicates that the manip
ulation of these receptors can alter one’s response to drug 
addiction.10,11 Additional activities which are influenced 
by means of dopamine receptors include learning, work
ing memory, impulse control, and decisions.7 The response 
dopamine evokes depends on the specific receptor it binds 
to and activates. A majority of the dopamine downstream 
signaling involves GPCRs which experience continuous reg
ulation after binding occurs. For example, with drug addic
tion, there is an upregulation of D1 while D2 is downreg
ulated. This can result in a downstream effect of neuronal 
death.7 

DOPAMINERGIC PATHWAYS 

Dopamine neurons innervate various portions of the brain 
and most of them are located in the midbrain’s ventral as
pect which is where three of four main dopaminergic path
ways originate.7,12 The mesocortical pathway originates 
from the ventral tegmental area and extends to the pre
frontal cortex, nucleus accumbens, amygdala, and hip
pocampal area.13 This pathway mediates emotions and 
cognition (working memory, attention). An imbalance in 
dopamine levels, particularly in the prefrontal cortex, has a 
negative effect on memory. When dopamine receptors are 
blocked in this pathway by antipsychotic drugs, negative 
symptoms of schizophrenia exacerbate.14,15 The mesolim
bic pathway also originates from the ventral tegmental area 
and extends to the nucleus accumbens, prefrontal cortex, 
amygdala, and lateral septal nuclei. This system is involved 
with reward and motivation and the release of dopamine 
mediates the pleasure which is experienced.8,14,15 The ni
grostriatal pathway which is associated with habit develop
ment and control/learning of voluntary motor function pro
jects from the substantia nigra to the basal ganglia (caudate 
nucleus and putamen). A breakdown in this pathway results 
in Parkinson’s Disease. When dopamine receptors in this 
path are blocked, extrapyramidal symptoms ensue. Origi
nating from the hypothalamus and extending to the pitu
itary is the tuberoinfundibular pathway. Dopamine neurons 
which form this system are responsible for the inhibition of 
prolactin release.7,8 

PREFRONTAL CORTEX, DOPAMINE AND ADDICTION 

As mentioned, the mesolimbic pathway is associated with 
the experience of pleasure. When pleasure activates this 
system such as that experienced with drug addiction, there 
is a release of dopamine especially in the prefrontal cortex 
and nucleus accumbens. This release of dopamine is a key 
factor in substance abuse because it elicits immediate plea
sure and the desire to continue to seek pleasure via the 
abuse of drugs. The mesolimbic pathway is considered to 
have a significant role in addictive behaviors.14,15 
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INFLUENCE OF DOPAMINE ON IMPULSIVITY 

Impulsive decision making is commonly defined as a re
duced ability to choose a delayed large reward instead of 
a small immediate reward.16 The effects of dopamine have 
long been postulated to contribute to impulsive behavior 
in human beings. Impulsive behavior is implicated in ad
diction,17 Attention deficit disorder (ADHD),18 and Parkin
son’s disease (PD). 
Impulsive decision making is a prominent characteristic 

of ADHD; amphetamines are a mainstay of therapy and 
work primarily by influencing neurotransmission of 
dopamine, norepinephrine, and serotonin.19 

Methylphenidate (MPH) inhibits reuptake of Norepineph
rine and dopamine in the CNS. A 2022 study found that 
administration of MPH reduced choice impulsivity and is 
associated with increased striatal activity and fronto-stri
atal connectivity, suggesting dopamine modulation follow
ing MPH administration may reduce impulsive choices by 
increasing fronto-striatal connectivity.20 Conversely, a ran
domized clinical controlled trial found that the dopamine 
D2/D3 antagonist amisulpride, reduced reward impulsivity 
in a cohort of 41 patients compared to a placebo group.21 
Pharmacologic agents that modulate dopaminergic re

ceptor/dopaminergic metabolism are associated with im
pulsive behaviors. Impulse control disorders occur in 
around 17% patients treated with dopamine agonists.22 
Ropinirole, a D3 receptor agonist, was proven to reduce 
proactive inhibition in a double blinded placebo controlled 
trial.23 Tolcapone inhibits catechol-O-methyltransferase 
(COMT) from metabolizing catecholamines in the CNS and 
PNS. Tolcapone has been associated with improvement of 
pathologic gambling symptoms and statistically significant 
reductions in PG-Yale Brown Obsessive compulsiveness 
scale scores.24 Dopamine’s influence on impulsive behavior 
is implicated in addiction. Clinical trial data demonstrates 
that 15-day administration of the D3 dopamine receptor 
agonist Pramipexole produced two-fold increases in posi
tive subjective effect rating following cocaine administra
tion in a cohort of cocaine users.25 
The influence of dopaminergic neural pathways on im

pulsive behavior is also evidenced by PD patients. The crux 
of PD treatment involves pharmacologic replacement of 
dopamine (DRT) , modulation of CNS dopamine receptors, 
and deep brain stimulation (DBS) (Grant et al., 2013). Im
pulsive behavior/impulse control disorders (ICD) have long 
been associated with dopamine replacement therapy and 
include pathologic gambling, hypersexuality, binge eating, 
and compulsive shopping.26 A prospective cohort study 
found that incident rates of ICD and related behaviors in
creased by 8% at 1 year, 18% at 2 years, and 25% at 3 years 
following DRT.27 Conversely, the incidence ICD symptoms 
decreased in PD patients not receiving DRT. 
Evidence for the association with DBS and impulsive be

haviors is poorly characterized. Neuropsychiatric side ef
fects of impulsivity and mania following subthalamic DBS 
are postulated to arise as sequalae of modulatory effects 
through differential recruitment of frontostriatal net
works.28 A 2021 clinical trial found that PD patients had 

significantly higher scores on the TCI dimension Novelty-
Seeking following implantation of DBS than before at base
line suggesting that increased dopamine activity in the sub
thalamic nucleus (STN) and globus pallidus internus (GPi) 
is associated with an increase in impulsive behavior.29 Data 
from a 2018 study evaluating ICD in 61 PD patients at 1 and 
7 years following DBS treatment found that all preopera
tive ICDs disappeared after DBS therapy; but 11% of PD pa
tients developed a subsequent ICD in the following 7 years 
after receiving DBS therapy.30 This data suggests that mod
ulation of dopamine level in the CNS of PD patients con
tributes to both improvement and development of impul
sive behavior. 

IMPLICATION OF DOPAMINE IN SUBSTANCE 
ABUSE 

MOTIVATION AND REWARD 

At a behavioral level, the drive, motivation, reward, and im
pulsivity of drug abuse are similar to behaviors such as eat
ing, defending oneself, or copulation. What all these behav
iors share is an extrinsic stimulus of both past and present 
experiences leading to the cycle of cellular excitability re
sponse intrinsically motivating future behavior. Based on 
both experience and prior reward cycles of these extrinsic 
stimuli, the impetus for a behavioral response is intrinsi
cally motivated. At the cellular level, this reinforcing re
ward-driven behavioral cycle is a direct product of the de
gree of dopamine response at the cerebral location 
responsible for that behavioral stimulus’ reward. This re
lationship of developed dopamine response to behavioral 
modifications is referred to as the dopamine motive system. 
The dopamine motive system also suggests that repeated 
exposure to a dopamine-releasing stimulus causes progres
sive downregulation of the excitatory dopamine response 
to that stimulus as well as other dopamine-releasing stim
uli, leading to decreased self-regulation and the emergence 
of impulsive and compulsive reactions to these stimuli. 
Therefore, the dopamine motive system can contribute to 
addiction when compromised and, therefore, must be re
balanced between stimulus-response and reward to allevi
ate these impulsive and compulsive behaviors.31‑33 

IMPLICATIONS OF DOPAMINE IN SUBSTANCE ABUSE 

At the cellular and synaptic level, the dopamine motive sys
tem begins with the dopamine synthesizing neurons in the 
ventral tegmental area (VTA) and the substania nigra. Once 
synthesized, the dopamine will be stored within the vesi
cles of the neuron axon terminals of the VTA and substantia 
nigra for future release from neurons projecting to the nu
cleus accumbens (NAc) and dorsal striatum, respectively.31 
Once the VTA and substantia nigra neurons receive an ex
citatory action potential caused by stimuli like food, sex, 
and drug use, the dopamine stored within these vesicles is 
released into the synaptic cleft. Once in the synaptic cleft, 
dopamine binds to either dopamine receptors, transmitting 
this action potential to the neurons of the NAc and dor
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sal striatum. Once bound to the post-synaptic dopamine 
receptors, dopamine elicits changes within the postsynap
tic neuron, leading to altered neuron excitability. The re
lease of dopamine by the presynaptic neurons of the VTA 
to the postsynaptic neurons of the NAc is correlated with 
rewarding stimuli, signaling the stimuli behavior as desir
able and should be pursued. On the other hand, the ex
citability of the dopaminergic neurons in the substantia ni
gra, which project to the dorsal striatum, are correlated 
with converting reward signals into habitual actions based 
on prior experience. Over time, this habitual reward-associ
ated behavior causes a decreased regulatory input from the 
prefrontal cortex to the dorsal striatum, causing decreased 
cognitive regulation of addiction-like behaviors.32 The VTA 
and NAc neural circuit is considered the major reward path
way of the central nervous system where rewarding stimuli 
promote the release of dopamine from the VTA into the 
NAc, reenforcing impulsive reward-seeking behavior, which 
is habitually complemented by action forming input of the 
substantia nigra and dorsal striatum.6,34 Chronic exposure 
to addictive drugs compromises this dopamine motive sys
tem by both forming habitual downregulation of behavioral 
response and by initiating adaptive changes through alter
ing the D1, D2, and D3 dopamine receptor density, distri
bution, and sensitivity in the NAc. This means that fewer 
receptors are available to bind dopamine, leading to re
duced sensitivity to dopamine release. Therefore, increas
ing amounts of the inciting stimulus are required to achieve 
the same level of dopamine-induced reward or pleasure.32,
35 

This relationship of this dopamine release adaptation re
sponse to drive, motivation, reward, and impulsivity in drug 
abuse is well supported by animal and clinical patient stud
ies. One example of the many homeostatic compensatory 
mechanisms for the downregulation of dopamine reward-
response cycles in mice studies occurs by upregulation of 
leptin response at the post-synaptic neurons on the NAc, 
therefore downregulating dopamine-dependent cocaine re
inforcement.36 Another demonstrated mechanism of 
dopamine response adaptation shows that optogenetic ac
tivation of both D1 and D2 neurons in the NAc enhances 
motivation-orientated activity in mice models; conversely, 
optogenetic inhibition of D2 neurons in the NAc decreases 
motivation. This D2 inhibitory effect is also seen in chronic 
addictive drug use due to the downregulation of the 
dopaminergic response of D2 receptors in the NAc.37 In an
other mouse model study, developmental overexpression of 
the D2 receptor in striatal spiny projection neurons resulted 
in a population of mice that had a reduction in motiva
tion, working memory, and cognitive flexibility.38 Several 
behavioral, pharmacologic studies on rodents have demon
strated that antagonizing dopamine receptors or depleting 
dopamine levels in the ventral striatum correlate with di
minished motivation.39 Fluctuation in dopamine levels also 
contributes to motivation levels/apathy, as demonstrated 
by humans with Parkinson’s disease, a pathology defined 
by decreased dopamine production related to the loss of 
dopamine-producing neurons. These apathetic and de
creased motivational symptoms of Parkinson’s disease are 

suggested to be largely related to the dopamine production 
deficit, and the symptoms are often pharmaceutically coun
teracted by dopamine receptor agonists. For example, 
chronic subthalamic nucleus deep brain stimulation in ro
dent models results in motivational deficits; the deficits 
were fully reversed by treatment with the D2 and D3 re
ceptor agonist pramipexole.40 Further rodent studies also 
suggest an increase in both impulsivity and inattention in 
a dose-dependent manner when dopaminergic dysfunction 
is simulated by the administration of dopamine receptor 
antagonists.41 Therefore, the direct downregulation of the 
dopamine motive system elicited by chronic exposure to 
addictive drugs is suggested to elicit the symptoms of de
creased drive, motivation, reward, and increased impulsiv
ity as a product of acquired dopamine tolerance related to 
various compensatory mechanisms of decreased dopamine 
receptor response (Table 1).31,32,42 

CONCLUSION 

The various systems and pathways involving dopamine in 
our body are vast and very complex, making understanding 
difficult and therapeutic interventions challenging. Since 
its discovery many years ago, extensive research has been 
taken to understand dopamine and how it influences bodily 
systems, functions, motives, and actions. Even with our ex
tensive understanding of the dopaminergic pathways in our 
brain, there is still much more to learn. Studies that dive 
deeper into the mediation or modulation of these path
ways as a potential treatment for addiction and substance 
use disorder are warranted in the future, especially with 
how prevalent addiction and substance is currently in our 
world. Substance use disorder and addiction, in general, re
main major issues and can include many matters other than 
drugs, including internet use, pornography, alcohol, and 
many more. Even with the major advances and insight sci
entists and clinicians have made throughout the years into 
how dopamine influences these behaviors, it is still impor
tant to continue to strive for clinical advancements to help 
potentially treat these addictions pharmacologically. With 
ADHD also becoming more prominent in recent decades, 
the study of correlations of internet use and ADHD rates 
could also be a potential area for more research as to ascer
tain how dopamine plays a direct and substantial role. 
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Table 1. Clinical Trails Demonstrating the Influence of Dopamine on Impulsivity and Substance Abuse             

Author 
(Year) 

Methodology Results and Findings Conclusions 

Weber 
S 
(2016) 

A randomized double-
blind study comparing 
cue-induced 
responding and reward 
impulsivity with a delay 
discounting task on 
participants who 
received amisulpride, 
naltrexone, or placebo. 

Amisulpride was associated with statistically 
significantly suppressed reward impulsivity compared 
to the placebo group (t(78)=2.58 P<0.01). 

Data suggests that D2/D3 
dopamine antagonist 
amisulpride may show 
promise in the treatment of 
addiction in individuals 
with heightened drug cue 
activity and elevated 
reward impulsivity. 

Pham U 
(2021) 

A prospective 
randomized study 
comparing Novelty 
seeking, Self 
Directness, 
Cooperativity, and 
Social Conformity 
scores in Parkinson 
patients one year after 
STN-DBS therapy. 

Parkinson's disease patients who underwent STN-
DBS had significantly higher novelty seeking and 
lower persistence scores (-0.8 +/- 3; P<0.01) than 
comparative norms. 

The study found higher 
baseline level of impulsivity 
in patients who underwent 
STN-DBS therapy, 
suggesting that treatment 
may affect a patient’s 
personality by increasing 
components of impulsivity. 

Grant J 
(2013) 

24 individuals with 
Pathological Gambling 
disorder were given 8 
week course of 
tolcapone and 
assessed with score on 
PG-Yale Brown 
Obcessive Compulsive 
Scale (PG-YBPCS) and 
pre- and post- 
treatment fMRI. 

Treatment with Tolcapone was associated with 
significantly significant reductions in PG-YBPCS (Visit 
one score 23.63 +/- 4.49 vs Visit 5 score 10.50 
+/-7.02; P<0.001). 

Pathological gambling 
symptoms improved 
significantly in the majority 
of subjects treated with the 
COMT inhibitor Tolcapone, 
and the magnitude of 
improvement was 
associated with val/val 
COMT polymorphism. 

Newton 
T 
(2015) 

A randomized double-
blind, placebo-
controlled trial 
examining the effects 
of pramipexole 
treatment on the 
subjective effects 
produced by cocaine in 
a cohort of individuals 
with cocaine use 
disorder. 

Pramipexole treatment enhances the positive 
subjective effects of cocaine; Pramipexole is 
associated with increased diastolic blood pressure 
and heart rate and produces upwards of two-fold 
increases in positive subjective effects of following 
cocaine administration. Post-hoc comparisons 
revealed significantly greater ratings from 
participants treated with pramipexole (3 mg) 
compared to placebo (pramipexole 0 mg) following 20 
mg cocaine (p < 0.001) 

Chronic activation of the 
D3 receptor increases 
subjective positive effects 
following the 
administration of cocaine 
in individuals with cocaine 
use disorder. Pramipexole 
should be prescribed with 
caution to individuals with 
the potential for cocaine 
abuse. 

Daood 
M 
(2022) 

A randomized double-
blind placebo-
controlled trial. Fifty 
seven health 
participants 
participated and 
completed delayed 
discounting task twice 
during fMRI scans after 
administration of 
methylphenidate 
(20mg) or placebo. 

Methylphenidate was associated with a significant 
improvement in choice impulsivity compared to 
placebo during the delayed discounting task. (t[56] = 
2.336, p = .023; %Now choices: placebo session = 
43.69%; MPH session = 41.63%) 

Acute methylphenidate 
administration is 
associated with increased 
striatal activity, fronto 
striatal connectivity and 
reduced choice impulsivity. 
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