Dopamine- and cAMP-Regulated Phosphoprotein, Mr 32 kDa | Encyclopedia.pub

Dopamine- and cAMP-Regulated
Phosphoprotein, Mr 32 kDa

Subjects: Substance Abuse

Contributor: Megan R. Greener , Sarah J. Storr

Dopamine-and-cAMP-regulated phosphoprotein, Mr 32 kDa (DARPP-32) is an integrator of dopamine and
glutamate. It is an interesting potential target in the pursuit of improving current pharmacological treatment options

for addiction.

DARPP-32 addiction nicotine alcohol opioid stimulant

| 1. DARPP-32 Discovery

The late Paul Greengard discovered dopamine-and-cAMP-regulated phosphoprotein, Mr 32 kDa (DARPP-32)
during his pioneering work that proved the same mechanisms used in the endocrine system are used for
communication between nerve cells [, Within glycogenolysis, for example, epinephrine binds to a 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)
2,
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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 D; 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 (Thr’*) residue Bl 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 (41
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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.

| 2. DARPP-32 Phosphorylation

As discussed in 4.1, DARPP-32 is phosphorylated via PKA at the Thr’* residue. This occurs primarily through the
actions of dopamine (and D1-selective agonists) on striatal neurons expressing the D1 class of receptors, such as
within striatonigral subpopulations 51 Adenosine acting on Aga-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 Bl The effect of these two neurotransmitters is additive as they both activate the
cAMP/PKA/DARPP-32 signalling pathway and cause PP-1 inhibition [ 1n contrast, D,-receptor activation via
dopamine and D--selective agonists reduces levels of DARPP-32 phosphorylation at the Thr3* residue, through
adenylyl cyclase inhibition that results in decreased PKA activity . As PKA regulates a variety of cAMP-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.

Cyclin-dependent kinase 5 (CDK-5) phosphorylates DARPP-32 at the threonine-75 (Thr’®) residue Bl This
prevents the actions of PKA at the Thr3* site [19] Opposingly, casein kinase | (CK1) and casein kinase Il (CK2) act
to attenuate the actions of DARPP-32 as a PP-1 inhibitor X1, CK2 phosphorylates DARPP-32 at Serine-97 (Ser®’)
and increases the efficiency of Thr* phosphorylation whilst phosphorylation of Serine-130 (Ser*3°) via CK1 acts to
inhibit protein phosphatase-2B (calcineurin) [12I13]  calcineurin and protein phosphatase-2A (PP-2A) act
synergistically to dephosphorylate DARPP-32 at Thr3* (4] Therefore, reducing calcineurin-dependent
dephosphorylation of DARPP-32 would increase levels of Thr3*-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,
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glutamate at | mGlu-5 receptors (mGIu5) potentiates cAMP formation coupled to A, receptors and increases
Thr34 phosphorylation. It can also increase phosphorylation at Ser!3? and Thr’® through group | mGlu receptors 13,
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).
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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, Thr’®, Ser?” and Ser'3%), DARPP-32 acts as
either a PP-1 or PKA inhibitor.

| 3. DARPP-32 Localisation

Through immunohistochemistry investigations, expression of DARPP-32 has been identified in the brain, adrenal
medulla, kidney, and parathyroid cells 8. However, immunocytochemistry localization experiments and
biochemical studies proved that DARPP-32 is predominantly localised in medium spiny neurons (MSNs) within the
striatum 71, 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 ventral striatum (nucleus accumbens) is innervated from the

VTA and contributes to the reward pathway 18],

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 (22, The localisation of DARPP-32 within neurons expressing high levels of dopaminergic and

glutaminergic innervation is indicative of the importance of these neurotransmitters in regulating DARPP-32. As
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both dopamine and glutamate neurotransmission is critical to addiction pathophysiology, it is also indicative of the

involvement of DARPP-32 in substance abuse.

| 4. DARPP-32 and Neuroplasticity

Changes in neural plasticity discussed in Section 3 are strongly associated with a pathway known as the mitogen-
activated protein kinase (MAPK), extracellular signal-related kinase (ERK) cascade [29. 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 21, 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 hippocampus neurons and dopaminergic neurons in the VTA. Cocaine,

methylphenidate and amphetamines do the reverse [22],

Dopaminergic and glutaminergic pathways modulate both DARPP-32 and the MAPK/ERK cascade, and ERK is a
downstream effector of DARPP-32 [231. 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-32 knock out (KO) mice, highlighting the

importance of DARPP-32 involvement in this pathway [24],

| 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 differentially 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 Thr** independent of concentration or repeated administration. Nicotine causes

inhibition of Thr®* phosphorylation at low concentrations and increases Thr®* phosphorylation at higher
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concentrations. Psychostimulants cause increased Thr3* phosphorylation and decreased Thr’® phosphorylation

after acute administration and the reverse after chronic administration.

5.1. DARPP-32 and Alcohol

Moderate levels of alcohol (ethanol) are proven to increase Thr3* phosphorylation, thus activating D; dependent
cAMP/PKA/DARPP-32 signalling pathways and inhibiting PP-1 23, A downstream effect of this reduced
phosphatase activity is phosphorylation of the NR; subunit on NMDA receptors 28, Usually, ethanol is a potent
inhibitor of NMDA receptors 24, However, within DARPP-32 expressing brain regions via the mechanism
discussed above, NMDA sensitivity to ethanol is reduced [28l. Disinhibition of NMDA receptors allows enhanced
glutaminergic transmission that contributes to the reward pathway 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 2.

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 Y. 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

D, receptor agonist B2l This highlights a potential role of the D;/DARPP-32/Thr3* pathway in ethanol sensitization.

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

and ethanol reinforcement

5.2. DARPP-32 and Opioids

Some evidence shows that acute administration of opioids increases D; dependent phosphorylation of Thr34 and
has no effect on Thr’® phosphorylation B2, It is suggested that this Thr3* phosphorylation augments

hyperlocomotor responses to opioids, but seemingly has no effect on behavioural sensitisation 23,

Hyperlocomotion is a heightened state of locomotive activity; the forward progression carrying a person from one
destination to the other B4, It is often used as a phenotypical representation of substance abuse because all drugs
of abuse have locomotor enhancing effects. Accordingly, increases in locomotor activity often parallel the

progression of substance dependence, due to repeated administration progressively increasing the effect (221,

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 p opioid receptors B8, In striatonigral neurons within the striatum,
activation of the p receptor causes an interaction with D, receptors that inhibits the increase in DARPP-32

phosphorylation BZ. This would therefore reduce Thr3* phosphorylation and contradict the effect of this on motor
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response. Supporting this, acute morphine administration to morphine-sensitised rats has shown a delayed

increase in Thr’® phosphorylation, hence PKA inhibition of and reduction in Thr3* phosphorylation 28!,

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.

5.3. DARPP-32 and Nicotine

The effect of nicotine on DARPP-32 is dose-dependent, causing a sustained decrease in Thr3* phosphorylation at
low concentrations (1 pm) and transient increases at higher concentrations (100 pm). This is likely due to D, or
D, receptor signalling at low or high concentrations, respectively . In vivo arterial concentrations of nicotine are
usually closer to the lower value; approximately 0.5 pm “9. Hence, an educated guess would be to assume

Thr3* phosphorylation is low within human smokers.

Investigations using DARPP-32 KO mice displayed heightened nicotine intake, responsiveness to motor
depressant effects and a generally enhanced behavioural response to nicotine M. It could therefore be
hypothesised that low levels of Thr3* 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.

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 previous
content regarding the unacknowledged severity of CUD. Despite this, there is evidence to show that agonists for

the CB, receptor (a neural cannabinoid receptor) do increase Thr34 phosphorylation in MSNs [42],

This phosphorylation has been linked to the cataleptic effects of high dose cannabinoids “3l. Through genetic
inactivation of receptors involved in the DARPP-32/PKA pathway and resulting decreases in motor depression, it is
clear Thr3* is involved in the suppressive psychomotor effects of cannabinoids #4]. 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 CB; receptor and D, receptors to increase ERK phosphorylation and enhance
CB; expression (thus increasing cannabinoid signalling) has been proven ¥ |t 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.

5.5. DARPP-32 and Psychostimulants

https://encyclopedia.pub/entry/26913 7/12



Dopamine- and cAMP-Regulated Phosphoprotein, Mr 32 kDa | Encyclopedia.pub

Psychostimulants exhibit different degrees of DARPP-32 phosphorylation depending on acute or chronic
administration. Acutely, Thr3* phosphorylation is increased whilst Thr’®> phosphorylation decreases. After chronic
administration, CDK-5 (and p53, another transcription factor) are upregulated to result in reversal of this ratio €.
DARPP-32 KO mice show reduced sensitivity, reward and locomotor activity acutely, and increased locomotor
sensitivity after chronic use 2. It is therefore plausible that these changes are dependent on the phosphorylation

state of DARPP-32. This supports use as a therapeutic target.

Further investigations have highlighted the importance of DARPP-32 phosphorylation in psychostimulant
dependence. Acutely, interrelations between cocaine, DARPP-32 and the ERK pathway have been realised. High
levels of Thr3* and decreased Thr’® phosphorylation corresponds to increased ERK signalling, thus contributing to
both genetic expression and behavioural response 8. This enhanced signalling is associated with cocaine-
conditioned place preference behaviour, which represents contextual drug reward 2. Meanwhile, high levels of
Thr’> phosphorylation after chronic administration are intrinsically linked to psychostimulant-induced locomotion

and behavioural sensitisation 29511,

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.
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