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Abstract: We are amidst a global addiction crisis, yet stigmas surrounding addiction counterintu-
itively prevail. Understanding and appreciating the neurobiology of addiction is essential to dissolve
this stigma and for the development of new pharmacological agents to improve upon currently nar-
row therapeutic options. This review highlights this and evaluates dopamine-and-cAMP-regulated
phosphoprotein, Mr 32 kDa (DARPP-32) as a potential target to treat various forms of substance abuse.
Despite the proven involvement of DARPP-32 in addiction pathophysiology, no robust investigations
into compounds that could pharmacologically modulate it have been carried out. Agents capable of
altering DARPP-32 signalling in this way could prevent or reverse drug abuse and improve upon
currently substandard treatment options.

Keywords: opioids; alcohol; nicotine; stimulants; cannabinoids; addiction; dependence; treatment;
DARPP-32

1. Introduction

Recent drug reports show that half a million deaths worldwide are annually attributed
to drug use, and even more deaths occur through indirect association to substance abuse
when considering use as a risk factor for premature death [1]. Similar reports on inter-
national alcohol consumption suggest harmful use of alcohol causes around 3 million
deaths per year [2]. Tobacco use results in around 8 million deaths a year; more than
7 million from tobacco use directly and approximately 1.2 million from second-hand smoke
exposure [3]. These already concerning figures are likely to increase in response to the
negative impact of the COVID-19 pandemic on the mental health of the general population,
and resultingly higher levels of drug and alcohol consumption [4]. Developing issues
such as the emergence of illicit drugs sold as benzodiazepines or synthetic cannabinoids,
increasing variability in the purity of recreational drugs and the continuing burden of
addiction to prescribed medication could augment this further [5]. Conclusively, we are
amid an international addiction crisis.

Counterintuitively there is a prevailing stigma surrounding addiction treatment. Com-
monly public perceptions can fail to legitimize addiction as a disease or can place blame
on the individual suffering from the disease itself [6]. For this individual, there are often
additional obstacles to overcome before seeking clinical help; they must first overcome the
anticipation of stigma and judgement. The result of this is often a reduction in accessing
treatment and resultingly higher rates of substance abuse related hospitalisations [7]. More
broadly, this stigma translates to a disproportionate lack of addiction research and financial
underinvestment into addiction treatments. The result is often care from non-specialist
health care professionals and sub-optimal treatment pathways. Limited options of suitable
pharmacological interventions heighten the crisis further [8]. Addiction is a key public
health issue, and one that requires validation as such. It is vital that the stigma of addiction
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is dissolved, appreciation of the proven neurobiological mechanisms of addiction are ac-
knowledged and efforts are put towards the discovery of new pharmaceutical agents that
can improve upon currently narrow treatment options.

2. Current Pharmacological Treatment

Evidence-based treatment of addiction currently relies on a combination of behavioural
and pharmacological interventions. Comprehensively, the treatment of addiction must be
in lieu of a drug-free lifestyle and restoration of productive functioning in the individual.
The goal of pharmacological intervention specifically is to achieve drug abstinence [9].

2.1. Pharmacological Treatment of Alcohol Addiction

Disulfiram, acamprosate and naltrexone are the most used from the narrow list of
pharmacological agents licensed to treat alcohol use disorder (AUD) [10]. Other pharma-
cotherapies exist to assist a recovering AUD patient, such as the use of benzodiazepines in
alcohol withdrawal or thiamine in alcoholism-associated deficiencies [11]. The three listed
are the only pharmacological options to treat AUD itself, rather than treating associated
symptoms of an individual attempting to achieve abstinence alone.

The longest-standing drug of this list is disulfiram, having been used in the treatment
of AUD since 1951 despite only moderate clinical effectiveness [12]. The basis of disulfiram
use resembles aversion therapy; it induces an acute physical reaction of nausea and vomit-
ing in response to alcohol intake [13]. Resultingly, disulfiram use can be limited by a lack
of adherence, a negative public perception and effectiveness is dependent on subjects who
are committed to abstinence.

There are discrepancies in the application of acamprosate to treat AUD. Firstly, the
mechanism in which acamprosate can reduce alcohol intake is not fully understood [14].
Secondly, there are contrasting conclusions as to whether acamprosate is efficacious [15–17].
Whilst some studies claim acamprosate effectively reduces alcohol intake, others report
no evidence of increased efficacy. What is clear throughout investigations is that acam-
prosate as a single agent (without combination of other pharmacotherapy or behavioural
intervention) has a substandard effect on reduction in alcohol use.

Naltrexone is an opioid antagonist with extensive evidence that supports use in
reduction in heavy drinking. However, the efficacy of naltrexone is less evident in terms
of achieving complete abstinence and hepatotoxicity issues from oral preparations of
naltrexone that require liver function monitoring present another obstacle [18].

2.2. Pharmacological Treatment of Opioid Addiction

Opioid use disorder (OUD) refers to the abuse and dependence of the illicit opioid
heroin and those available legally. Commonly abused examples of the latter include
fentanyl, oxycodone, morphine and codeine. An alarming rise in opioid misuse has
occurred over recent years culminating in a greater number of people using opioids and a
sharp increase in death rates predominantly from overdose [19].

Commonplace treatment for OUD is through opioid maintenance therapy (OMT).
One of two potent and long-acting opioid agonists methadone or buprenorphine (often
combined with naloxone, an opioid antagonist added for overdose prevention) are given to
patients through a controlled, daily dosing regimen. The principle behind this is prolonged
stimulation of opioid receptors that relieves withdrawal symptoms and avoids cravings
without the experience of euphoria [20].

Studies investigating methadone and buprenorphine as maintenance therapy agents
concluded that they reduced opioid consumption and increased treatment retention when
compared with non-pharmacological therapy or placebos, respectively [21,22]. Despite the
success of these parameters, there are drawbacks and limitations to OMT. One difficulty
faced is the detoxification from methadone or buprenorphine themselves; high rates of
opioid relapse can occur during this period and effective detoxification regimens are yet
to be perfected [23]. Polydrug abuse amongst OMT patients is another issue, with reports
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of misuse of OMT medication and confirmed reduction in retention rates in response [24].
Due to the potential of abuse of the medications used in OMT, and reported increased
mortality from their use, there are stringent regulations to delivery of the service [25].
From the constant government scrutiny of OMT in the United States to the requirement
of supervision for consumption in the United Kingdom, governing the complex policies
involved with OMT creates an additional barrier to the delivery of care [26,27].

2.3. Pharmacological Treatment of Nicotine Addiction

Pharmacotherapy interventions for smoking cessation centre around reduction in ad-
diction to nicotine; the primary psychoactive substance and psychostimulant in tobacco [28].
A psychostimulant refers to a psychotropic substance that can alter the central nervous
system [29]. To combat this, nicotine replacement therapy (NRT) is most widely used [30].
The mechanism of action of NRT is via stimulation of nicotinic receptors in the ventral
tegmental area (VTA) of the brain; dopamine release and peripheral actions of nicotine
result in lower nicotine withdrawal symptoms in those attempting to quit [31]. NRT has
been consistently proven to increase the likelihood of a successful quit attempt; recent
reports suggest by 50–60% [32].

Other commonly used pharmacotherapies in tobacco addiction are varenicline and
bupropion. Varenicline, a partial nicotine agonist, and bupropion, originally an anti-
depressant, both relieve cravings and withdrawal symptoms. Meta-analysis of 14 vareni-
cline and 36 bupropion trials showed, respectively, that abstinence rate can double and quit
rate significantly increases through use of these pharmacological agents [33].

2.4. Pharmacological Treatment of Cannabinoid Addiction

The most notable and prevalent components of the cannabis plant are ∆9-tetrahydro-
cannabinol (THC), a psychotropic cannabinoid, and cannabidiol (CBD), a non-psychoactive
cannabinoid [34]. Owing to the psychoactive tendencies of THC, cannabis is the third most
common substance of abuse in use (after alcohol and nicotine). Of these multi-million
users, 10% are at risk of life-time dependence [35]. In contrast, the weighting of cannabis
use disorder (CUD) as a significant health condition is underacknowledged, especially in
comparison to other abusable substances. Cannabis use has a multitude of acute mental and
physical adverse effects including impairment of coordination, hyperemesis and anxiety
with suicidal tendencies [36]. Chronically, exacerbation or attainment of mental illness and
psychotic disorders has been extensively documented [37]. Owing to this, CUD is equally
as problematic to healthcare as other forms of substance dependence.

Preclinically, substitution therapy was trialled with oral cannabinoid agonist dronabi-
nol which assisted in the relief of withdrawal symptoms but failed to prevent relapse [38].
Use of the cannabinoid receptor antagonist rimonabant was an alternative approach, how-
ever intolerable psychiatric side effects prevented this agent from progressing to applicable
treatment [39]. Increasing political agendas to legalise the use of cannabis for both medical
and recreation reasons are likely to increase global usage and resultingly harm [40]. Whilst
attempts to implement CBD in routine medical practice are increasing everywhere from
chronic pain to the treatment of CUD itself (where more research is needed to confirm safety
and efficacy), there are still currently no licensed pharmacological agents for CUD [41].

2.5. Pharmacological Treatment of Psychostimulant Addiction

The somewhat effective therapeutic options for opioid and alcohol abuse (and nicotine,
a psychostimulant itself) are not mirrored in the treatment of psychostimulant abuse
broadly. Whilst nicotine and caffeine are more prevalent, psychostimulant abuse generally
refers to illicit psychostimulants including cocaine and amphetamines, the latter a group
of molecules including D-amphetamine (AMPH), methamphetamine (METH), and 3,4-
methylenedioxymethamphetamine (MDMA) [42]. Cocaine use has been a rising concern
for over a decade, particularly in the United States and Europe, where estimated users
are 2 million and 3.5 million, respectively [43,44]. Globally, illicit psychostimulants are
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widely used with an estimated 18.2 million cocaine users and 34.2 million amphetamine
users [45]. Despite this, there are currently no therapeutic options licensed to treat cocaine
or amphetamine addiction specifically and treatment is usually reliant on behavioural
interventions alone [46].

A similar approach to nicotine and opioid dependence treatment is used to attempt
to combat this issue. This involves off-label use of prescription psychostimulants such
as amphetamine salts or methylphenidate to prevent withdrawal [47]. However, abuse
of prescription amphetamines is increasing in commonality. In the United States alone,
prescription rates in young adults and adolescents tripled between 2005 and 2014 giving
rise to issues such as patient misuse and prescription exchange [48]. Due to a lack of
addictive properties, the psychostimulant modafinil has been extensively studied as a
potential treatment option. Contrasting results in efficacy (especially when considering
poly-drug dependencies) have limited use [49]. Hence, the risk of misuse and diversion is
a huge limitation for this therapy.

2.6. Attempts to Improve Pharmacological Treatment Options

Efforts to improve upon treatment of alcohol and opioid dependence has recently
centred around intramuscular depot formulations of naltrexone proven to reduce hepa-
totoxicity issues and improve adherence [50]. However, depot naltrexone has shown no
superiority in improving abstinence in recent studies and the extent to which adherence is
increased is questionable [51]. Increasing understanding of the endocannabinoid system
in cannabis dependence has provided a rationale for influencing this pharmacologically.
Fatty acid amide hydrolase (FAAH) is an endocannabinoid synthetizing enzyme currently
showing promise as a pharmacological target for CUD. FAAH-inhibitors can influence this
endocannabinoid system and novel agent PF-04457845 has been proven to reduce cannabis
withdrawal and reduce relapse without adverse side effects [52]. This promising lead could
be a potential pharmacological agent for CUD, if it can be separated from preconceptions
of other previously tested, unsafe FAAH-inhibitors [53].

Improvement attempts for psychostimulant addiction (as well as heroin) have stemmed
from the coupling of narcotics to immunogenic proteins to stimulate immune response; ‘ad-
diction vaccines’. However, no such pharmacological option has been licensed for clinical
use despite decades of research efforts [54].

The anomaly here is in the treatment of nicotine dependence. Despite efficacious,
evidence-based options for pharmacological treatment, tobacco consumption is still an
evident public health issue. This highlights adherence as a huge issue in addiction treatment,
alongside the need for improvement of combined pharmacological and behavioural efforts.

The limitations of the currently approved pharmacological agents are clear. Most
notably, the lack of any available pharmacological treatment options for psychostimulant or
cannabinoid abuse represents an enormous failure in the healthcare system and a definite
gap in knowledge.

3. The Neurobiology of Addiction

Reduction in stigma and development of new therapeutic agents will rely on an
acknowledgement of the neurobiological mechanisms that occur throughout the addiction
process; how does a person transition from use of a substance to complete dependence on
it? Whilst all drugs of abuse will inflict distinct neurobiological responses, the mechanism
of addiction to each is analogous.

Our current understanding of these drug-induced pathologies is based on decades
of research which were predominantly founded upon animal models of addiction where
investigations into both molecular biology and resulting phenotypic behaviour were uti-
lized [55]. An over-simplified clarification of this process is the grouping of addiction into
three progressive stages; intoxication, withdrawal and anticipation (craving). Distinct neu-
robiological mechanisms have been documented that parallel each of these stages through
both animal and human imaging studies [56].
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During intoxication, all drugs of abuse increase dopamine concentration within the
nucleus accumbens and dorsal striatum in the brain. This is the mesolimbic system, a
key integrator of reward neurocircuitry. Hence, increased dopamine levels produce the
rewarding effect associated with consumption of drugs or alcohol [57].

Normal physiological levels of dopamine within the prefrontal cortex activate D2
receptors and, to a lesser extent owing to a lower binding affinity, D1 receptors. High
dopamine concentrations in response to substance abuse results in greater activation of
the D1 receptor. This is vital for both reward (through pathways modulating the striatum
and cortex) and for conditioning processes that are significant to later stages of addiction
(through mechanisms involving the amygdala, medial orbitofrontal cortex and hippocam-
pus) [58].

During withdrawal, the same neuropharmacological mechanisms that stimulate re-
ward are altered to result in a negative state that opposes prior positive effects during
intoxication. Dopaminergic transmission is lower in an addicted brain going through with-
drawal. As a result, the euphoria experienced during initial intoxication is diminished (even
with repeated exposure to the substance). This lack of reward can translate further to result
in an individual becoming less motivated by activity that was once deemed rewarding [59].
Furthermore, the resulting changes to the extended amygdala in the forebrain in response
to repeated drug exposure causes activation of brain and pituitary stress systems. Increased
extra-cellular corticotropin-releasing factor (CRF) in the amygdala regions of the brain
gives rise to dysphoria in the individual, which physically manifests as increased stress
and a prolonged negative state associated with withdrawal [60]. The resulting compulsion
of this is a key element of the transition from drug use to dependence; the urge to use the
substance to alleviate symptoms of this transient dysphoria, not simply for the reward.

Continual dopaminergic transmission results in alterations in neuroplasticity (the
remodelling and reorganisation of neural networks in response to stimuli). The result
is changes to midbrain dopaminergic neurons and their projections into the nucleus ac-
cumbens and dorsal striatum. The behavioural inflexibility and drug salience associated
with this is known as conditioning. This is the route of the third stage; overwhelming
cravings [61]. Neurotransmitters such as endogenous opioids, GABA and serotonin, as
well as noradrenergic and cholinergic pathways are influenced by drugs of abuse. These
neurotransmitters modulate the dopaminergic pathway and thus alter the mechanisms
discussed [62].

Glutamate is also a key integrator of addiction neurobiology. The mesocorticolim-
bic dopamine system is closely related to glutaminergic structures, and glutamate has
been proven to affect the dopaminergic system. Glutaminergic input increases the ac-
tivity of dopaminergic cells and enhances dopamine release in the nucleus accumbens,
augmenting the reward pathway. It has also been suggested that the prefronto-accumbal
glutamatergic pathway contributes to the mediation of reward [63]. Furthermore, glutamin-
ergic transmission is heavily involved in sensitisation; the associated increase in incentive
salience with repeated drug-taking [64]. This is evident through changes in glutaminergic
transmission that occur in response to sensitizing treatment schedules of drugs of abuse,
likely through activation of D1 receptors which augments glutaminergic activity through
increased expression of NMDA receptors post-synaptically [65].

4. Dopamine- and cAMP-Regulated Phosphoprotein, Mr 32 kDa (DARPP-32)

DARPP-32 is an integrator of dopamine and glutamate [66]. Hence, it is an interesting
potential target in the pursuit of improving current pharmacological treatment options for
addiction.

4.1. DARPP-32 Discovery

The late Paul Greengard discovered DARPP-32 during his pioneering work that
proved the same mechanisms used in the endocrine system are used for communication
between nerve cells [67]. Within glycogenolysis, for example, epinephrine binds to a
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G-protein coupled receptor (GPCR) causing a subunit to activate adenylyl cyclase and
result in an increased cytosolic concentration of cAMP (the second messenger). cAMP
activates protein kinase A (PKA) and this causes a cascade of phosphorylation that results
in decreased glycogen synthesis and increased glycogen breakdown (see Figure 1) [68].
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Figure 1. The glycogenolysis pathway: This is a second messenger pathway in which epinephrine
binds to a GPCR, activates PKA and stimulates a cascade of phosphorylation that decreases glycogen
synthesis and increases glycogen breakdown.

In DARPP-32 modulation, dopamine binds to D1 receptors located in the striatum
and causes a Gs subunit to interact with adenylyl cyclase and result in the same pathway;
increased intracellular cAMP, activation of PKA and, in this case, phosphorylation of
DARPP-32 at the threonine-34 (Thr34) residue [69]. The result of this pathway is the
conversion of DARPP-32 into a potent inhibitor of protein phosphatase-1 (PP-1) (see
Figure 2). PP-1 is a multifunctional protein affecting a variety of signalling pathways,
making DARPP-32 an effector of downstream changes in physiological function and a
promising target for pharmacological intervention [70].

4.2. DARPP-32 Phosphorylation

As discussed in 4.1, DARPP-32 is phosphorylated via PKA at the Thr34 residue. This
occurs primarily through the actions of dopamine (and D1-selective agonists) on striatal neu-
rons expressing the D1 class of receptors, such as within striatonigral subpopulations [71].
Adenosine acting on A2A-expressing regions such as within striatopallidal neurons has
the same effect; increased activity of adenylyl cyclase to stimulate cAMP formation and
activate cAMP-dependent PKA [72]. The effect of these two neurotransmitters is additive
as they both activate the cAMP/PKA/DARPP-32 signalling pathway and cause PP-1 in-
hibition [73]. In contrast, D2-receptor activation via dopamine and D2-selective agonists
reduces levels of DARPP-32 phosphorylation at the Thr34 residue, through adenylyl cyclase
inhibition that results in decreased PKA activity [74]. As PKA regulates a variety of cAMP-



NeuroSci 2022, 3 500

dependent physiological processes, the ability to act as either a PKA or PP-1 inhibitor gives
rise to the unique switch function of DARPP-32.
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Figure 2. The D1/DARPP-32/PKA pathway: Dopamine binds to D1 receptors, activates PKA and
stimulates a cascade of phosphorylation that results in the inhibition of PP-1.

Cyclin-dependent kinase 5 (CDK-5) phosphorylates DARPP-32 at the threonine-75
(Thr75) residue [75]. This prevents the actions of PKA at the Thr34 site [76]. Opposingly,
casein kinase I (CK1) and casein kinase II (CK2) act to attenuate the actions of DARPP-32
as a PP-1 inhibitor [77]. CK2 phosphorylates DARPP-32 at Serine-97 (Ser97) and increases
the efficiency of Thr34 phosphorylation whilst phosphorylation of Serine-130 (Ser130) via
CK1 acts to inhibit protein phosphatase-2B (calcineurin) [78,79]. Calcineurin and protein
phosphatase-2A (PP-2A) act synergistically to dephosphorylate DARPP-32 at Thr34 [80].
Therefore, reducing calcineurin-dependent dephosphorylation of DARPP-32 would in-
crease levels of Thr34-phosphorylated DARPP-32.

Glutamate can also regulate DARPP-32 phosphorylation. Acting at both NMDA and
AMPA receptors, glutamate causes calcium-dependent activation of calcineurin to result in
dephosphorylation of DARPP-32. Opposingly, glutamate at I mGlu-5 receptors (mGlu5)
potentiates cAMP formation coupled to A2A receptors and increases Thr34 phosphorylation.
It can also increase phosphorylation at Ser130 and Thr75 through group I mGlu receptors [81].
The ability of DARPP-32 to alter downstream signalling depending on phosphorylation
site is indicative of the central role it plays in signal transduction (see Figure 3).

4.3. DARPP-32 Localisation

Through immunohistochemistry investigations, expression of DARPP-32 has been
identified in the brain, adrenal medulla, kidney, and parathyroid cells [82]. However, im-
munocytochemistry localization experiments and biochemical studies proved that DARPP-
32 is predominantly localised in medium spiny neurons (MSNs) within the striatum [83].
The striatum is a site of major dopaminergic innervation within the central nervous system.
The dorsal striatum (caudate nucleus and putamen) receives dopaminergic input from the
substantia nigra pars compacta that contributes to coordination and response, whilst the



NeuroSci 2022, 3 501

ventral striatum (nucleus accumbens) is innervated from the VTA and contributes to the
reward pathway [84].
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Figure 3. A summary of the actions of dopamine and glutamate on DARPP-32 phosphorylation:
Through phosphorylation of DARPP-32 at four main amino acid sites (Thr34, Thr75, Ser97 and Ser130),
DARPP-32 acts as either a PP-1 or PKA inhibitor.

Excitatory neurons from the cortex, thalamus and limbic areas of the brain input high
levels of glutaminergic innervation to the (predominantly GABAergic) striatal neurons
through both NMDA and non-NMDA classes of glutamate receptors [85]. The localisation
of DARPP-32 within neurons expressing high levels of dopaminergic and glutaminer-
gic innervation is indicative of the importance of these neurotransmitters in regulating
DARPP-32. As both dopamine and glutamate neurotransmission is critical to addiction
pathophysiology, it is also indicative of the involvement of DARPP-32 in substance abuse.

4.4. DARPP-32 and Neuroplasticity

Changes in neural plasticity discussed in Section 3 are strongly associated with a path-
way known as the mitogen-activated protein kinase (MAPK), extracellular signal-related
kinase (ERK) cascade [86]. This results in the activation of downstream transcription factors
such as cAMP response element binding protein (CREB) and subsequent expression of
proteins that cause structural dendritic and synaptic changes that are associated with all
forms of substance abuse [87]. For example, opioids and psychostimulants have opposing
effects on neuronal plasticity in response to this pathway. Opioids decrease the number
and complexity of dendritic spines on MSNs and the prefrontal cortex, alongside hip-
pocampus neurons and dopaminergic neurons in the VTA. Cocaine, methylphenidate and
amphetamines do the reverse [88].

Dopaminergic and glutaminergic pathways modulate both DARPP-32 and the MAPK/
ERK cascade, and ERK is a downstream effector of DARPP-32 [89]. Furthermore, PP-
1 is usually responsible for activation of striatal-enriched tyrosine phosphatase (STEP);
a phosphatase that dephosphorylates and deactivates ERK. Thus, through DARPP-32
dependent PP-1 inhibition, ERK is activated. ERK activation in response to d-amphetamine
(an amphetamine salt), cocaine, morphine, THC and nicotine abuse was lacking in DARPP-
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32 knock out (KO) mice, highlighting the importance of DARPP-32 involvement in this
pathway [90].

4.5. DARPP-32 and Substances of Abuse

In addition to the integration of dopaminergic and glutaminergic transmission that
makes DARPP-32 so relevant to addiction pathophysiology, the protein itself is also differ-
entially influenced by the various drugs of abuse (see Figure 4).
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Figure 4. A summary of the effect of various drugs of abuse on DARPP-32 phosphorylation: Alcohol,
opioids and cannabinoids cause an increase in Thr34 independent of concentration or repeated
administration. Nicotine causes inhibition of Thr34 phosphorylation at low concentrations and
increases Thr34 phosphorylation at higher concentrations. Psychostimulants cause increased Thr34

phosphorylation and decreased Thr75 phosphorylation after acute administration and the reverse
after chronic administration.

4.5.1. DARPP-32 and Alcohol

Moderate levels of alcohol (ethanol) are proven to increase Thr34 phosphorylation,
thus activating D1 dependent cAMP/PKA/DARPP-32 signalling pathways and inhibiting
PP-1 [91]. A downstream effect of this reduced phosphatase activity is phosphorylation of
the NR1 subunit on NMDA receptors [92]. Usually, ethanol is a potent inhibitor of NMDA
receptors [93]. However, within DARPP-32 expressing brain regions via the mechanism
discussed above, NMDA sensitivity to ethanol is reduced [94]. Disinhibition of NMDA
receptors allows enhanced glutaminergic transmission that contributes to the reward path-
way and allows long term synaptic plasticity to promote ethanol dependence. Somewhat
expectantly, investigations into ethanol motivation using DARPP-32 KO mice proved it to
be key in modulating ethanol-seeking behaviour [95].

Further studies into levels of DARPP-32 mRNA in rats with genetic preference or
avoidance showed significant differences in genetic expression, implying the importance of
DARPP-32 in genetic probability of addictive tendencies [96]. Another study showed that
ethanol sensitized mice (who consumed more alcohol and were therefore more susceptible
to addiction) had higher DARPP-32 phosphorylation when co-administered a D1 receptor
agonist [97]. This highlights a potential role of the D1/DARPP-32/Thr34 pathway in ethanol
sensitization.

DARPP-32 therefore exists as a promising therapeutic target, due to prevalent in-
volvement in ethanol dependence pathophysiology. Modulation of the phosphorylation
pathways associated with it could reduce plasticity changes and ethanol reinforcement

4.5.2. DARPP-32 and Opioids

Some evidence shows that acute administration of opioids increases D1 dependent
phosphorylation of Thr34 and has no effect on Thr75 phosphorylation [98]. It is suggested
that this Thr34 phosphorylation augments hyperlocomotor responses to opioids, but seem-
ingly has no effect on behavioural sensitisation [99].
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Hyperlocomotion is a heightened state of locomotive activity; the forward progression
carrying a person from one destination to the other [100]. It is often used as a phenotypical
representation of substance abuse because all drugs of abuse have locomotor enhanc-
ing effects. Accordingly, increases in locomotor activity often parallel the progression
of substance dependence, due to repeated administration progressively increasing the
effect [101].

This dependence on DARPP-32 to cause hyperlocomotion in opioid use therefore
supports the involvement of DARPP-32 in addiction progression. However, there are
discrepancies in this knowledge. Locomotor activity is increased through opioid interaction
with µ opioid receptors [102]. In striatonigral neurons within the striatum, activation of the
µ receptor causes an interaction with D1 receptors that inhibits the increase in DARPP-32
phosphorylation [103]. This would therefore reduce Thr34 phosphorylation and contradict
the effect of this on motor response. Supporting this, acute morphine administration to
morphine-sensitised rats has shown a delayed increase in Thr75 phosphorylation, hence
PKA inhibition of and reduction in Thr34 phosphorylation [104].

An interrelation of opioid effecting DARPP-32 and vice versa is clear. Further clarity
of whether the mechanisms of this interaction progress addiction would clarify whether
DARPP-32 is a potential target for opioid dependence treatment.

4.5.3. DARPP-32 and Nicotine

The effect of nicotine on DARPP-32 is dose-dependent, causing a sustained decrease
in Thr34 phosphorylation at low concentrations (1 µm) and transient increases at higher
concentrations (100 µm). This is likely due to D2 or D1 receptor signalling at low or high
concentrations, respectively [105]. In vivo arterial concentrations of nicotine are usually
closer to the lower value; approximately 0.5 µm [106]. Hence, an educated guess would be
to assume Thr34 phosphorylation is low within human smokers.

Investigations using DARPP-32 KO mice displayed heightened nicotine intake, re-
sponsiveness to motor depressant effects and a generally enhanced behavioural response to
nicotine [107]. It could therefore be hypothesised that low levels of Thr34 phosphorylation
could exert behavioural control of nicotine through its phosphorylation state. Modulation
of DARPP-32 to influence this behavioural control would in this sense be a promising
therapeutic target.

4.5.4. DARPP-32 and Cannabinoids

Evidence of the effect of cannabinoids on DARPP-32 phosphorylation are somewhat
less concrete and explored than that of other substances of abuse. This is perhaps responsive
to earlier discussions in Section 2.4 regarding the unacknowledged severity of CUD. Despite
this, there is evidence to show that agonists for the CB1 receptor (a neural cannabinoid
receptor) do increase Thr34 phosphorylation in MSNs [108].

This phosphorylation has been linked to the cataleptic effects of high dose cannabi-
noids [109]. Through genetic inactivation of receptors involved in the DARPP-32/PKA
pathway and resulting decreases in motor depression, it is clear Thr34 is involved in the
suppressive psychomotor effects of cannabinoids [110]. To what extent this is relevant
to DARPP-32 as a therapeutic target for addiction would require more understanding of
DARPP-32 involvement in CUD pathophysiology.

Interaction between the CB1 receptor and D2 receptors to increase ERK phospho-
rylation and enhance CB1 expression (thus increasing cannabinoid signalling) has been
proven [111]. It is likely that DARPP-32 is an integrator within this cross talk and DARPP-32
shows promise as a potential target for CUD, but further clarifications are required.

4.5.5. DARPP-32 and Psychostimulants

Psychostimulants exhibit different degrees of DARPP-32 phosphorylation depending
on acute or chronic administration. Acutely, Thr34 phosphorylation is increased whilst
Thr75 phosphorylation decreases. After chronic administration, CDK-5 (and p53, another
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transcription factor) are upregulated to result in reversal of this ratio [112]. DARPP-32
KO mice show reduced sensitivity, reward and locomotor activity acutely, and increased
locomotor sensitivity after chronic use [113]. It is therefore plausible that these changes are
dependent on the phosphorylation state of DARPP-32. This supports use as a therapeu-
tic target.

Further investigations have highlighted the importance of DARPP-32 phosphoryla-
tion in psychostimulant dependence. Acutely, interrelations between cocaine, DARPP-32
and the ERK pathway have been realised. High levels of Thr34 and decreased Thr75

phosphorylation corresponds to increased ERK signalling, thus contributing to both ge-
netic expression and behavioural response [114]. This enhanced signalling is associated
with cocaine-conditioned place preference behaviour, which represents contextual drug
reward [115]. Meanwhile, high levels of Thr75 phosphorylation after chronic adminis-
tration are intrinsically linked to psychostimulant-induced locomotion and behavioural
sensitisation [116,117].

DARPP-32 is undoubtably integral to psychostimulant dependence. Arguments
for application as a therapeutic target are most well-supported for psychostimulants as
opposed to other abusable substance groups.

5. Discussion

Ultimately, it can be concluded that DARPP-32 is a modulator of the actions of abusable
substances, and vice versa. When considering the joint reliance of addiction pathophys-
iology and DARPP-32 modulation on dopaminergic and glutaminergic signalling, this
is unsurprising. Yet, little research has been carried out to use DARPP-32 in addiction
treatment.

Genetic silencing of DARPP-32 via siRNA has yielded some promising results in the
field of opiate addiction. SiRNA silencing was initially used to investigate the downstream
effects on PP-1, ERK and CREB in response to DARPP-32 silencing [118]. This led to alter-
ations in the activity of these effectors and facilitated further investigations using siRNA
DARPP-32 to treat addiction. Intracerebral administration of gold nanorods complexed
to DARPP-32 to decrease expression resulted in a lack of condition placed aversive be-
haviour in opiate-addicted animals in vivo [119,120]. This is an example of DARPP-32
influence with efficacious results in substance dependence reduction in an animal model.
However, the technology has not been fully optimized and does not exist yet as an option
for pharmacotherapy [121].

Methylphenidate has also been proven to induce changes in DARPP-32 expression;
cerebral levels of DARPP-32 were altered in both young and adult rats after methylphenidate
delivery [122]. Thus, reiterating the ability of DARPP-32 expression to be pharmacolog-
ically altered. In vivo pharmacological agents affecting other components in DARPP-32
pathways, for example D1 agonists or antagonists, have demonstrated their ability to alter
DARPP-32 phosphorylation [123]. Hence, it is entirely plausible that other pharmacological
agents could influence this phosphorylation directly.

One aspect that must be carefully considered in lieu of this is the effect of phosphoryla-
tion targeting on functional levels of DARPP-32, particularly when considering previously
discussed higher intakes of nicotine in KO mice. If targeting phosphorylation resulted in in-
activation or degradation of DARPP-32, there could be an increased risk of nicotine uptake.
This is relevant in the knowledge that nicotine is a commonly co-abused substance [124].
Compounds capable of selectively modulating phosphorylation without influencing total
levels of DARPP-32 would therefore be of particular interest.

6. Conclusions

Current standards of treatment for substance abuse are universally incomplete, as
evidenced by high mortality rates. Minimal and problematic pharmacological treatment
options combined with the relentlessly persistent stigma associated with addiction are
hugely detrimental. This is an important, global issue for which there is an evident unmet
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clinical need. This review magnifies the relevance of DARPP-32 in addiction pathophys-
iology and potential application of DARPP-32 in the treatment of substance abuse. A
compound capable of influencing DARPP-32 phosphorylation and resulting downstream
effects (without negatively affecting functionality) could be therapeutically efficacious
against substance abuse. With further investigation, a compound such as this could be
implemented to improve upon substandard treatment options or address substance abuse
disorders for which there are currently no licensed treatments.
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41. Hall, W.; Stjepanović, D.; Caulkins, J.; Lynskey, M.; Leung, J.; Campbell, G.; Degenhardt, L. Public health implications of legalising
the production and sale of cannabis for medicinal and recreational use. Lancet 2019, 394, 1580–1590. [CrossRef]

42. Olive, M.; Taylor, S.B.; Lewis, C.R. The neurocircuitry of illicit psychostimulant addiction: Acute and chronic effects in humans.
Subst. Abus. Rehabil. 2013, 4, 29–43.

43. Karila, L.; Gorelick, D.; Weinstein, A.; Noble, F.; Benyamina, A.; Coscas, S.; Blecha, L.; Lowenstein, W.; Martinot, J.L.; Reynaud,
M.; et al. New treatments for cocaine dependence: A focused review. Int. J. Neuropsychopharmacol. 2007, 11, 425–438. [CrossRef]

44. Pierce, R.; Fant, B.; Swinford-Jackson, S.; Heller, E.; Berrettini, W.; Wimmer, M. Environmental, genetic and epigenetic contributions
to cocaine addiction. Neuropsychopharmacology 2018, 43, 1471–1480. [CrossRef]

45. Farrell, M.; Martin, N.; Stockings, E.; Bórquez, A.; Cepeda, J.; Degenhardt, L. Responding to global stimulant use: Challenges and
opportunities. Lancet 2019, 394, 1652–1667. [CrossRef]

46. Phillips, K.; Epstein, D.; Preston, K. Psychostimulant addiction treatment. Neuropharmacology 2014, 87, 150–160. [CrossRef]
47. Tardelli, V.; Bisaga, A.; Arcadepani, F.; Gerra, G.; Levin, F.; Fidalgo, T. Prescription psychostimulants for the treatment of stimulant

use disorder: A systematic review and meta-analysis. Psychopharmacology 2020, 237, 2233–2255. [CrossRef] [PubMed]
48. Lappin, J.; Sara, G. Psychostimulant use and the brain. Addiction 2019, 114, 2065–2077. [CrossRef] [PubMed]
49. Hersey, M.; Bacon, A.K.; Bailey, L.G.; Coggiano, M.A.; Newman, A.H.; Leggio, L.; Tanda, G. Psychostimulant Use Disorder, an

Unmet Therapeutic Goal: Can Modafinil Narrow the Gap? Front. Neurosci. 2021, 15, 656475. [CrossRef] [PubMed]
50. Blanco-Gandía, M.; Rodríguez-Arias, M. Pharmacological treatments for opiate and alcohol addiction: A historical perspective of

the last 50 years. Eur. J. Pharmacol. 2018, 836, 89–101. [CrossRef]
51. Perez-Macia, V.; Martinez- Cortes, M.; Mesones, J.; Segura-Trepichio, M.; Garcia-Fernandez, L. Monitoring and Improving

Naltrexone Adherence in Patients with Substance Use Disorder. Patient Prefer. Adherence 2021, 15, 999–1015. [CrossRef] [PubMed]

http://doi.org/10.1007/s00228-010-0793-6
http://www.ncbi.nlm.nih.gov/pubmed/20169438
http://doi.org/10.1517/14656560903037168
http://www.ncbi.nlm.nih.gov/pubmed/19538000
http://doi.org/10.2147/SAR.S221618
http://www.ncbi.nlm.nih.gov/pubmed/32099510
http://doi.org/10.1016/j.drugalcdep.2009.03.020
http://doi.org/10.1016/S0376-8716(03)00055-3
http://doi.org/10.1136/bmj.c4851
http://doi.org/10.5402/2012/170981
http://www.ncbi.nlm.nih.gov/pubmed/22530136
http://doi.org/10.3390/ph3072333
http://www.ncbi.nlm.nih.gov/pubmed/27713356
http://doi.org/10.1111/bcp.12116
http://www.ncbi.nlm.nih.gov/pubmed/23488726
http://doi.org/10.1136/bmj.328.7437.454
http://doi.org/10.1002/14651858.CD000146.pub5
http://doi.org/10.1136/bmj.f7535
http://doi.org/10.1007/978-3-030-21737-2_8
http://doi.org/10.1038/s41572-021-00247-4
http://doi.org/10.2174/13816128113199990620
http://doi.org/10.1007/s00406-018-0970-7
http://www.ncbi.nlm.nih.gov/pubmed/30564886
http://doi.org/10.1038/npp.2017.212
http://www.ncbi.nlm.nih.gov/pubmed/28875989
http://doi.org/10.1002/phar.1747
http://www.ncbi.nlm.nih.gov/pubmed/27027272
http://doi.org/10.1016/j.neubiorev.2021.11.033
http://www.ncbi.nlm.nih.gov/pubmed/34822876
http://doi.org/10.1016/S0140-6736(19)31789-1
http://doi.org/10.1017/S1461145707008097
http://doi.org/10.1038/s41386-018-0008-x
http://doi.org/10.1016/S0140-6736(19)32230-5
http://doi.org/10.1016/j.neuropharm.2014.04.002
http://doi.org/10.1007/s00213-020-05563-3
http://www.ncbi.nlm.nih.gov/pubmed/32601988
http://doi.org/10.1111/add.14708
http://www.ncbi.nlm.nih.gov/pubmed/31321819
http://doi.org/10.3389/fnins.2021.656475
http://www.ncbi.nlm.nih.gov/pubmed/34121988
http://doi.org/10.1016/j.ejphar.2018.08.007
http://doi.org/10.2147/PPA.S277861
http://www.ncbi.nlm.nih.gov/pubmed/34040354


NeuroSci 2022, 3 507

52. D’Souza, D.C.; Cortes-Briones, J.; Creatura, G.; Bluez, G.; Thurnauer, H.; Deaso, E.; Bielen, K.; Surti, T.; Radhakrishnan, R.; Gupta,
A.; et al. Efficacy and safety of a fatty acid amide hydrolase inhibitor (PF-04457845) in the treatment of cannabis withdrawal and
dependence in men: A double-blind, placebo-controlled, parallel group, phase 2a single-site randomised controlled trial. Lancet
Psychiatry 2019, 6, 35–45. [CrossRef]

53. Spanagel, R. Cannabinoids and the endocannabinoid system in reward processing and addiction: From mechanisms to interven-
tions. Cannabinoids 2020, 22, 241–250. [CrossRef]

54. Ozgen, M.; Blume, S. The continuing search for an addiction vaccine. Vaccine 2019, 37, 5485–5490. [CrossRef]
55. Kuhn, B.; Kalivas, P.; Bobadilla, A. Understanding Addiction Using Animal Models. Front. Behav. Neurosci. 2019, 13, 262.

[CrossRef]
56. Koob, G.; Volkow, N. Neurocircuitry of Addiction. Neuropsychopharmacology 2009, 35, 217–238. [CrossRef]
57. Volkow, N.; Boyle, M. Neuroscience of Addiction: Relevance to Prevention and Treatment. Am. J. Psychiatry 2018, 175, 729–740.

[CrossRef] [PubMed]
58. Uhl, G.; Koob, G.; Cable, J. The neurobiology of addiction. Ann. N. Y. Acad. Sci. 2019, 1451, 5–28. [CrossRef] [PubMed]
59. Volkow, N.; Koob, G.; McLellan, A. Neurobiological Advances from the Brain Disease Model of Addiction. N. Engl. J. Med. 2016,

374, 363–371. [CrossRef] [PubMed]
60. Koob, G. Neurobiology of Addiction: Toward the Development of New Therapies. Ann. N. Y. Acad. Sci. 2006, 909, 170–185.

[CrossRef]
61. Volkow, N.; Michaelides, M.; Baler, R. The Neuroscience of Drug Reward and Addiction. Physiol. Rev. 2019, 99, 2115–2140.

[CrossRef]
62. Tomkins, D.; Sellers, E. Addiction and the brain: The role of neurotransmitters in the cause and treatment of drug dependence.

CMAJ 2001, 164, 817–821.
63. Tzschentke, T.; Schmidt, W. Glutamatergic mechanisms in addiction. Mol. Psychiatry 2003, 8, 373–382. [CrossRef]
64. Robinson, T. The neural basis of drug craving: An incentive-sensitization theory of addiction. Brain Res. Rev. 1993, 18, 247–291.

[CrossRef]
65. Kalivas, P.; LaLumiere, R.; Knackstedt, L.; Shen, H. Glutamate transmission in addiction. Neuropharmacology 2009, 56, 169–173.

[CrossRef]
66. Nairn, A.; Svenningsson, P.; Nishi, A.; Fisone, G.; Girault, J.; Greengard, P. The role of DARPP-32 in the actions of drugs of abuse.

Neuropharmacology 2004, 47, 14–23. [CrossRef]
67. Hemmings, H.; Greengard, P.; Tung, H.; Cohen, P. DARPP-32, a dopamine-regulated neuronal phosphoprotein, is a potent

inhibitor of protein phosphatase-1. Nature 1984, 310, 503–505. [CrossRef]
68. Feher, J. ATP Production I. In Quantitative Human Physiology; Elsevier: Amsterdam, The Netherlands, 2017. [CrossRef]
69. Wang, H.; Farhan, M.; Xu, J.; Lazarovici, P.; Zheng, W. The involvement of DARPP-32 in the pathophysiology of schizophrenia.

Oncotarget 2017, 8, 53791–53803. [CrossRef]
70. Saidy, B.; Kotecha, S.; Butler, A.; Rakha, E.A.; Ellis, I.O.; Green, A.R.; Martin, S.G.; Storr, S.J. PP1, PKA and DARPP-32 in breast

cancer: A retrospective assessment of protein and mRNA expression. J. Cell. Mol. Med. 2021, 25, 5015–5024. [CrossRef]
71. Fernandez, É.; Schiappa, R.; Girault, J.; Novère, N. DARPP-32 Is a Robust Integrator of Dopamine and Glutamate Signals. PLoS

Comput. Biol. 2006, 2, e176. [CrossRef]
72. Svenningsson, P.; Lindskog, M.; Rognoni, F.; Fredholm, B.; Greengard, P.; Fisone, G. Activation of adenosine A2A and dopamine

D1 receptors stimulates cyclic AMP-dependent phosphorylation of DARPP-32 in distinct populations of striatal projection
neurons. Neuroscience 1998, 84, 223–228. [CrossRef]

73. Nishi, A.; Snyder, G.; Greengard, P. Bidirectional Regulation of DARPP-32 Phosphorylation by Dopamine. J. Neurosci. 1997, 17,
8147–8155. [CrossRef]

74. Dagda, R.; Das Banerjee, T. Role of protein kinase A in regulating mitochondrial function and neuronal development: Implications
to neurodegenerative diseases. Rev. Neurosci. 2015, 26, 359–370. [CrossRef]

75. Bibb, J.A.; Snyder, G.L.; Nishi, A.; Yan, Z.; Meijer, L.; Fienberg, A.A.; Tsai, L.-H.; Kwon, Y.T.; Girault, J.-A.; Czernik, A.J.; et al.
Phosphorylation of DARPP-32 by Cdk5 modulates dopamine signalling in neurons. Nature 1999, 402, 669–671. [CrossRef]

76. Svenningsson, P.; Nishi, A.; Fisone, G.; Girault, J.-A.; Nairn, A.C.; Greengard, P. DARPP-32: An Integrator of Neurotransmission.
Annu. Rev. Pharmacol. Toxicol. 2004, 44, 269–296. [CrossRef]

77. Bibb, J.A.; Nishi, A.; O’Callaghan, J.P.; Ule, J.; Lan, M.; Snyder, G.L.; Horiuchi, A.; Saito, T.; Hisanaga, S.-I.; Czernik, A.J.; et al.
Phosphorylation of Protein Phosphatase Inhibitor-1 by Cdk5. J. Biol. Chem. 2001, 276, 14490–14497. [CrossRef]

78. Girault, J.; Hemmings, H.; Williams, K.; Nairn, A.; Greengard, P. Phosphorylation of DARPP-32, a dopamine- and cAMP-regulated
phosphoprotein, by casein kinase II. J. Biol. Chem. 1989, 264, 21748–21759. [CrossRef]

79. Desdouits, F.; Siciliano, J.; Greengard, P.; Girault, J. Dopamine- and cAMP-regulated phosphoprotein DARPP-32: Phosphorylation
of Ser-137 by casein kinase I inhibits dephosphorylation of Thr-34 by calcineurin. Proc. Natl. Acad. Sci. USA 1995, 92, 2682–2685.
[CrossRef]

80. Nishi, A.; Snyder, G.; Nairn, A.; Greengard, P. Role of Calcineurin and Protein Phosphatase-2A in the Regulation of DARPP-32
Dephosphorylation in Neostriatal Neurons. J. Neurochem. 2016, 72, 2015–2021. [CrossRef]

81. Nishi, A.; Watanabe, Y.; Higashi, H.; Tanaka, M.; Nairn, A.; Greengard, P. Glutamate regulation of DARPP-32 phosphorylation in
neostriatal neurons involves activation of multiple signaling cascades. Proc. Natl. Acad. Sci. USA 2005, 102, 1199–1204. [CrossRef]

http://doi.org/10.1016/S2215-0366(18)30427-9
http://doi.org/10.31887/DCNS.2020.22.3/rspanagel
http://doi.org/10.1016/j.vaccine.2019.06.074
http://doi.org/10.3389/fnbeh.2019.00262
http://doi.org/10.1038/npp.2009.110
http://doi.org/10.1176/appi.ajp.2018.17101174
http://www.ncbi.nlm.nih.gov/pubmed/29690790
http://doi.org/10.1111/nyas.13989
http://www.ncbi.nlm.nih.gov/pubmed/30644552
http://doi.org/10.1056/NEJMra1511480
http://www.ncbi.nlm.nih.gov/pubmed/26816013
http://doi.org/10.1111/j.1749-6632.2000.tb06682.x
http://doi.org/10.1152/physrev.00014.2018
http://doi.org/10.1038/sj.mp.4001269
http://doi.org/10.1016/0165-0173(93)90013-P
http://doi.org/10.1016/j.neuropharm.2008.07.011
http://doi.org/10.1016/j.neuropharm.2004.05.010
http://doi.org/10.1038/310503a0
http://doi.org/10.1016/b978-0-12-800883-6.00020-3
http://doi.org/10.18632/oncotarget.17339
http://doi.org/10.1111/jcmm.16447
http://doi.org/10.1371/journal.pcbi.0020176
http://doi.org/10.1016/S0306-4522(97)00510-1
http://doi.org/10.1523/JNEUROSCI.17-21-08147.1997
http://doi.org/10.1515/revneuro-2014-0085
http://doi.org/10.1038/45251
http://doi.org/10.1146/annurev.pharmtox.44.101802.121415
http://doi.org/10.1074/jbc.M007197200
http://doi.org/10.1016/S0021-9258(20)88248-9
http://doi.org/10.1073/pnas.92.7.2682
http://doi.org/10.1046/j.1471-4159.1999.0722015.x
http://doi.org/10.1073/pnas.0409138102


NeuroSci 2022, 3 508

82. Belkhiri, A.; Zhu, S.; El-Rifai, W. DARPP-32: From neurotransmission to cancer. Oncotarget 2016, 7, 17631–17640. [CrossRef]
[PubMed]

83. Ouimet, C.; Miller, P.; Hemmings, H.; Walaas, S.; Greengard, P. DARPP-32, a dopamine- and adenosine 3′:5′-monophosphate-
regulated phosphoprotein enriched in dopamine-innervated brain regions. III. Immunocytochemical localization. J. Neurosci.
1984, 4, 111–124. [CrossRef] [PubMed]

84. Dupre, K. A Potential Neuroanatomical Dissociation of DARPP-32 in Striatal ERK Signaling. J. Neurosci. 2008, 28, 10783–10785.
[CrossRef] [PubMed]

85. Greengard, P.; Allen, P.; Nairn, A. Beyond the Dopamine Receptor. Neuron 1999, 23, 435–447. [CrossRef]
86. Impey, S.; Obrietan, K.; Storm, D. Making New Connections. Neuron 1999, 23, 11–14. [CrossRef]
87. Wiegert, J.; Bading, H. Activity-dependent calcium signaling and ERK-MAP kinases in neurons: A link to structural plasticity of

the nucleus and gene transcription regulation. Cell Calcium 2011, 49, 296–305. [CrossRef]
88. Russo, S.; Dietz, D.; Dumitriu, D.; Morrison, J.; Malenka, R.; Nestler, E. The addicted synapse: Mechanisms of synaptic and

structural plasticity in nucleus accumbens. Trends Neurosci. 2010, 33, 267–276. [CrossRef] [PubMed]
89. Gould, T.; Manji, H. DARPP-32: A molecular switch at the nexus of reward pathway plasticity. Proc. Natl. Acad. Sci. USA 2005,

102, 253–254. [CrossRef]
90. Valjent, E.; Pascoli, V.; Svenningsson, P.; Paul, S.; Enslen, H.; Corvol, J.-C.; Stipanovich, A.; Caboche, J.; Lombroso, P.J.; Nairn,

A.C.; et al. From the Cover: Regulation of a protein phosphatase cascade allows convergent dopamine and glutamate signals to
activate ERK in the striatum. Proc. Natl. Acad. Sci. USA 2004, 102, 491–496. [CrossRef]

91. Svenningsson, P.; Nairn, A.; Greengard, P. DARPP-32 mediates the actions of multiple drugs of abuse. AAPS J. 2005, 7, E353–E360.
[CrossRef] [PubMed]

92. Snyder, G.; Fienberg, A.; Huganir, R.; Greengard, P. A Dopamine/D1 Receptor/Protein Kinase A/Dopamine- and cAMP-
Regulated Phosphoprotein (Mr32 kDa)/Protein Phosphatase-1 Pathway Regulates Dephosphorylation of the NMDA Receptor. J.
Neurosci. 1998, 18, 10297–10303. [CrossRef]

93. Hoffman, P.; Rabe, C.; Grant, K.; Valverius, P.; Hudspith, M.; Tabakoff, B. Ethanol and the NMDA receptor. Alcohol 1990, 7,
229–231. [CrossRef]

94. Maldve, R.E.; Zhang, T.A.; Ferrani-Kile, K.; Schreiber, S.S.; Lippmann, M.J.; Snyder, G.L.; Fienberg, A.A.; Leslie, S.W.; Gonzales,
R.A.; Morrisett, R.A. DARPP-32 and regulation of the ethanol sensitivity of NMDA receptors in the nucleus accumbens. Nat.
Neurosci. 2002, 5, 641–648. [CrossRef] [PubMed]

95. Risinger, F.; Freeman, P.; Greengard, P.; Fienberg, A. Motivational Effects of Ethanol in DARPP-32 Knock-Out Mice. J. Neurosci.
2001, 21, 340–348. [CrossRef]

96. Nuutinen, S.; Kiianmaa, K.; Panula, P. DARPP-32 and Akt regulation in ethanol-preferring AA and ethanol-avoiding ANA rats.
Neurosci. Lett. 2011, 503, 31–36. [CrossRef]

97. Abrahao, K.; Oliveira Goeldner, F.; Souza-Formigoni, M. Individual Differences in Ethanol Locomotor Sensitization Are Associated
with Dopamine D1 Receptor Intra-Cellular Signaling of DARPP-32 in the Nucleus Accumbens. PLoS ONE 2014, 9, e98296.
[CrossRef]

98. Borgkvist, A.; Usiello, A.; Greengard, P.; Fisone, G. Activation of the cAMP/PKA/DARPP-32 Signaling Pathway is Required for
Morphine Psychomotor Stimulation but not for Morphine Reward. Neuropsychopharmacology 2007, 32, 1995–2003. [CrossRef]
[PubMed]

99. Yger, M.; Girault, J. DARPP-32, Jack of All Trades? Master of Which? Front. Behav. Neurosci. 2011, 5, 56. [CrossRef] [PubMed]
100. Konsolaki, E.; Skaliora, I. Motor vs. cognitive elements of apparent “hyperlocomotion”: A conceptual and experimental

clarification. Proc. Natl. Acad. Sci. USA 2014, 112, E3–E4. [CrossRef] [PubMed]
101. Zhang, J.; Kong, Q. Locomotor activity: A distinctive index in morphine self-administration in rats. PLoS ONE 2017, 12, e0174272.

[CrossRef] [PubMed]
102. Smith, M.; Greene-Naples, J.; Lyle, M.; Iordanou, J.; Felder, J. The Effects of Repeated Opioid Administration on Locomotor

Activity: I. Opposing Actions of µ and κ Receptors. J. Pharmacol. Exp. Ther. 2009, 330, 468–475. [CrossRef]
103. Lindskog, M.; Svenningsson, P.; Fredholm, B.; Greengard, P.; Fisone, G. µ- and δ-opioid receptor agonists inhibit DARPP-32

phosphorylation in distinct populations of striatal projection neurons. Eur. J. Neurosci. 1999, 11, 2182–2186. [CrossRef]
104. Scheggi, S.; Crociani, A.; De Montis, M.; Tagliamonte, A.; Gambarana, C. Dopamine D1 receptor-dependent modifications in the

dopamine and cAMP-regulated phosphoprotein of Mr 32 kDa phosphorylation pattern in striatal areas of morphine-sensitized
rats. Neuroscience 2009, 163, 627–639. [CrossRef]

105. Hamada, M.; Higashi, H.; Nairn, A.; Greengard, P.; Nishi, A. Differential regulation of dopamine D1 and D2 signaling by nicotine
in neostriatal neurons. J. Neurochem. 2004, 90, 1094–1103. [CrossRef]

106. Lee, A.; Picciotto, M. Effects of nicotine on DARPP-32 and CaMKII signaling relevant to addiction. A Tribute to Paul Greengard
(1925–2019). Adv. Pharmacol. 2021, 90, 89–115. [CrossRef]

107. Zhu, H.; Lee, M.; Guan, F.; Agatsuma, S.; Scott, D.; Fabrizio, K.; Fienberg, A.A.; Hiroi, N. DARPP-32 Phosphorylation Opposes
the Behavioral Effects of Nicotine. Biol. Psychiatry 2005, 58, 981–989. [CrossRef]

108. Borgkvist, A.; Marcellino, D.; Fuxe, K.; Greengard, P.; Fisone, G. Regulation of DARPP-32 phosphorylation by ∆9-
tetrahydrocannabinol. Neuropharmacology 2008, 54, 31–35. [CrossRef]

http://doi.org/10.18632/oncotarget.7268
http://www.ncbi.nlm.nih.gov/pubmed/26872373
http://doi.org/10.1523/JNEUROSCI.04-01-00111.1984
http://www.ncbi.nlm.nih.gov/pubmed/6319625
http://doi.org/10.1523/JNEUROSCI.4160-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18945885
http://doi.org/10.1016/S0896-6273(00)80798-9
http://doi.org/10.1016/S0896-6273(00)80747-3
http://doi.org/10.1016/j.ceca.2010.11.009
http://doi.org/10.1016/j.tins.2010.02.002
http://www.ncbi.nlm.nih.gov/pubmed/20207024
http://doi.org/10.1073/pnas.0408700102
http://doi.org/10.1073/pnas.0408305102
http://doi.org/10.1208/aapsj070235
http://www.ncbi.nlm.nih.gov/pubmed/16353915
http://doi.org/10.1523/JNEUROSCI.18-24-10297.1998
http://doi.org/10.1016/0741-8329(90)90010-A
http://doi.org/10.1038/nn877
http://www.ncbi.nlm.nih.gov/pubmed/12068305
http://doi.org/10.1523/JNEUROSCI.21-01-00340.2001
http://doi.org/10.1016/j.neulet.2011.08.002
http://doi.org/10.1371/journal.pone.0098296
http://doi.org/10.1038/sj.npp.1301321
http://www.ncbi.nlm.nih.gov/pubmed/17251906
http://doi.org/10.3389/fnbeh.2011.00056
http://www.ncbi.nlm.nih.gov/pubmed/21927600
http://doi.org/10.1073/pnas.1413820112
http://www.ncbi.nlm.nih.gov/pubmed/25540420
http://doi.org/10.1371/journal.pone.0174272
http://www.ncbi.nlm.nih.gov/pubmed/28380023
http://doi.org/10.1124/jpet.108.150011
http://doi.org/10.1046/j.1460-9568.1999.00597.x
http://doi.org/10.1016/j.neuroscience.2009.06.053
http://doi.org/10.1111/j.1471-4159.2004.02574.x
http://doi.org/10.1016/bs.apha.2020.09.002
http://doi.org/10.1016/j.biopsych.2005.05.026
http://doi.org/10.1016/j.neuropharm.2007.06.025


NeuroSci 2022, 3 509

109. Polissidis, A.; Chouliara, O.; Galanopoulos, A.; Rentesi, G.; Dosi, M.; Hyphantis, T.; Marselos, M.; Papadopoulou-Daifoti, Z.;
Nomikos, G.G.; Spyraki, C.; et al. Individual differences in the effects of cannabinoids on motor activity, dopaminergic activity
and DARPP-32 phosphorylation in distinct regions of the brain. Int. J. Neuropsychopharmacol. 2009, 13, 1175–1191. [CrossRef]

110. Andersson, M. Cannabinoid Action Depends on Phosphorylation of Dopamine- and cAMP-Regulated Phosphoprotein of 32 kDa
at the Protein Kinase A Site in Striatal Projection Neurons. J. Neurosci. 2005, 25, 8432–8438. [CrossRef] [PubMed]

111. Chiang, Y.; Lo, Y.; Chen, J. Crosstalk between Dopamine D2 receptors and cannabinoid CB1 receptors regulates CNR 1 promoter
activity via ERK1/2 signaling. J. Neurochem. 2013, 127, 163–176. [CrossRef] [PubMed]

112. Girault, J.; Nairn, A. DARPP-32 40 years later. A Tribute to Paul Greengard (1925–2019). Adv. Pharmacol. 2021, 90, 67–87.
[CrossRef] [PubMed]

113. Zachariou, V.; Sgambato-Faure, V.; Sasaki, T.; Svenningsson, P.; Berton, O.; Fienberg, A. Phosphorylation of DARPP-32 at
Threonine-34 is Required for Cocaine Action. Neuropsychopharmacology 2005, 31, 555–562. [CrossRef] [PubMed]

114. Sun, W.; Zhou, L.; Hazim, R.; Quinones-Jenab, V.; Jenab, S. Effects of acute cocaine on ERK and DARPP-32 phosphorylation
pathways in the caudate-putamen of Fischer rats. Brain Res. 2007, 1178, 12–19. [CrossRef]

115. Tropea, T.; Kosofsky, B.; Rajadhyaksha, A. Enhanced CREB and DARPP-32 phosphorylation in the nucleus accumbens and CREB,
ERK, and GluR1 phosphorylation in the dorsal hippocampus is associated with cocaine-conditioned place preference behavior. J.
Neurochem. 2008, 106, 1780–1790. [CrossRef]

116. Engmann, O.; Giralt, A.; Gervasi, N.; Marion-Poll, L.; Gasmi, L.; Filhol, O.; Picciotto, M.R.; Gilligan, D.; Greengard, P.; Nairn, A.C.;
et al. DARPP-32 interaction with adducin may mediate rapid environmental effects on striatal neurons. Nat. Commun. 2015,
6, 10099. [CrossRef]

117. Scheggi, S.; Raone, A.; De Montis, M.; Tagliamonte, A.; Gambarana, C. Behavioral expression of cocaine sensitization in rats is
accompanied by a distinct pattern of modifications in the PKA/DARPP-32 signaling pathway. J. Neurochem. 2007, 103, 1168–1183.
[CrossRef]

118. Mahajan, S.; Aalinkeel, R.; Reynolds, J.; Nair, B.; Sykes, D.; Hu, Z. Therapeutic Targeting of “DARPP-32”: A Key Signaling
molecule in the Dopiminergic Pathway for the Treatment of Opiate Addiction. Int. Rev. Neurobiol. 2009, 88, 199–222. [CrossRef]
[PubMed]

119. Ignatowski, T.A.; Aalinkeel, R.; Reynolds, J.L.; Nair, B.B.; Sykes, D.E.; Gleason, C.P.K.; Law, W.C.; Mammen, M.J.; Prasad, P.N.;
Schwartz, S.A.; et al. Nanotherapeutic Approach for Opiate Addiction Using DARPP-32 Gene Silencing in an Animal Model of
Opiate Addiction. J. Neuroimmune Pharmacol. 2015, 10, 136–152. [CrossRef]

120. Bonoiu, A.; Mahajan, S.; Ding, H.; Roy, L.; Yong, K.; Kumar, R. Nanotechnology approach for drug addiction therapy: Gene
silencing using delivery of gold nanorod-siRNA nanoplex in dopaminergic neurons. Proc. Natl. Acad. Sci. USA 2009, 106,
5546–5550. [CrossRef] [PubMed]

121. Kopwitthaya, A.; Cheung Law, W.; Vathy, A.L.; Aalinkeel, R.; Reynolds, L.J.; Nair, B.; Mahajan, S. Evaluating the Efficacy of Gene
Silencing in Dopaminergic Neuronal Cells in-vitro Using Gold Nanorods (GNR) with Different Surface Properties Complexed to
DARPP-32 siRNA. J. Adv. Pharm. Sci. Technol. 2014, 1, 36–50. [CrossRef]

122. Souza, R.P.; Soares, E.C.; Rosa, D.V.; Souza, B.R.; Gomes, K.M.; Valvassori, S.S.; Réus, G.Z.; Inácio, C.G.; Martins, M.R.; Gomez,
M.V.; et al. Cerebral DARPP-32 expression after methylphenidate administration in young and adult rats. Int. J. Dev. Neurosci.
2008, 27, 1–7. [CrossRef]

123. Di Luca, M.; Cimino, M.; Cattabeni, F. The phosphorylation state of DARPP-32, a third messenger for dopamine, is regulated by
in vivo pharmacological treatments. Neurochem. Int. 1992, 20, 165–170. [CrossRef]

124. Kohut, S. Interactions between nicotine and drugs of abuse: A review of preclinical findings. Am. J. Drug Alcohol Abus. 2016, 43,
155–170. [CrossRef]

http://doi.org/10.1017/S1461145709991003
http://doi.org/10.1523/JNEUROSCI.1289-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16162925
http://doi.org/10.1111/jnc.12399
http://www.ncbi.nlm.nih.gov/pubmed/23952963
http://doi.org/10.1016/bs.apha.2020.09.004
http://www.ncbi.nlm.nih.gov/pubmed/33706939
http://doi.org/10.1038/sj.npp.1300832
http://www.ncbi.nlm.nih.gov/pubmed/16123776
http://doi.org/10.1016/j.brainres.2007.07.051
http://doi.org/10.1111/j.1471-4159.2008.05518.x
http://doi.org/10.1038/ncomms10099
http://doi.org/10.1111/j.1471-4159.2007.04818.x
http://doi.org/10.1016/s0074-774288008-2
http://www.ncbi.nlm.nih.gov/pubmed/19897079
http://doi.org/10.1007/s11481-015-9585-1
http://doi.org/10.1073/pnas.0901715106
http://www.ncbi.nlm.nih.gov/pubmed/19307583
http://doi.org/10.14302/issn.2328-0182.japst-12-183
http://doi.org/10.1016/j.ijdevneu.2008.11.001
http://doi.org/10.1016/0197-0186(92)90232-G
http://doi.org/10.1080/00952990.2016.1209513

	Introduction 
	Current Pharmacological Treatment 
	Pharmacological Treatment of Alcohol Addiction 
	Pharmacological Treatment of Opioid Addiction 
	Pharmacological Treatment of Nicotine Addiction 
	Pharmacological Treatment of Cannabinoid Addiction 
	Pharmacological Treatment of Psychostimulant Addiction 
	Attempts to Improve Pharmacological Treatment Options 

	The Neurobiology of Addiction 
	Dopamine- and cAMP-Regulated Phosphoprotein, Mr 32 kDa (DARPP-32) 
	DARPP-32 Discovery 
	DARPP-32 Phosphorylation 
	DARPP-32 Localisation 
	DARPP-32 and Neuroplasticity 
	DARPP-32 and Substances of Abuse 
	DARPP-32 and Alcohol 
	DARPP-32 and Opioids 
	DARPP-32 and Nicotine 
	DARPP-32 and Cannabinoids 
	DARPP-32 and Psychostimulants 


	Discussion 
	Conclusions 
	References

