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GSTM2	� Glutathione transferase
GTP	� Guanosine triphosphate
HVA	� Homovanillic acid
HD	� Huntington�s disease
HTT	� Huntingtin gene
IGF	� Insulin growth factor
IP3	� Inositol trisphosphate
JNK	� c-Jun kinase
L-DOPA	� Levodopa
LB	� Lewy bodies
LRRK2	� Leucine-rich repeat kinase 2
MAPK	� Mitogen-activated protein kinase
MAPT	� Microtubule-associated protein
MAT	� Monoamine transporter
MAO	� Monoamine oxidase
mTORC2	� mTOR complex 2
NAc	� Nucleus accumbens
NET	� Norepinephrine transporter
NMDA	� Glutamate N-methyl-D-aspartate
Parkin	� PRKN
PD	� Parkinson�s disease
PDPK1	� Phosphatidylinositol-dependent kinase 1
PIP2	� Phosphatidylinositol-2-phosphate
PIP3	� Phosphatidylinositol-3-phosphate
PKA	� Protein kinase A
PKC	� Protein kinase C
PLC	� Phospholipase C
PP1	� Protein phosphatase 1
PP2A	� Protein phosphatase 2A
PP2B	� Protein phosphatase 2B
RGS	� Regulators of G protein signaling
RIM	� Rab3a-interacting molecule
ROS	� Reactive oxygen species
RTK	� Receptor tyrosine kinase
SNCA	� �-Synuclein
STEP	� Striatal-enriched tyrosine phosphatase
SZ	� Schizophrenia
TAAR​	� Trace amine-associated receptors
VMAT2	� Vesicular monoamine transporter
VTA	� Ventral tegmental area

Background

Initially, studies on neural cell communication focused 
exclusively on electrophysiological aspects but, in the begin-
ning of twentieth century, scientists such as John N. Lang-
ley and Thomas R. Elliot introduced the concept of chemi-
cal release upon nerve stimulation (Elliott 1905; Sourkes 
2009; Starke 2014). These ideas were con�rmed later by 
the work of Otto Loewi, Henry Dale, Ulf von Euler, and 
others, who demonstrated that acetylcholine and adrena-
line acted as chemical transmitters in the parasympathetic 

and sympathetic nervous systems (Loewi 1921; Dale 1935, 
1937; von Euler 1946). Subsequently, the physiological roles 
of another chemical transmitter, dopamine, were described 
by Carlsson et�al. (1957). Chemical transmitters such as 
acetylcholine and dopamine belong to a class of molecules 
termed neurotransmitters that are the primary mode of cell-
to-cell communication in the nervous system and associated 
with many diseases.

Typically, neurotransmitters are synthesized endoge-
nously and act as signaling molecules (Wurtman et�al. 1980). 
Neurotransmitters are stored in vesicles in presynaptic ter-
minals and released into the synaptic cleft in response to an 
action potential or after a graded potential threshold is met 
(Kanner and Schuldiner 1987; Attwell et�al. 1993; Steinhardt 
et�al. 1994). Once released, they can elicit a physiological 
response in postsynaptic or nearby cells. In general, neuro-
transmission occurs quickly and the compound is rapidly 
(i) metabolized by enzymes (Kanner and Schuldiner 1987), 
(ii) taken back up by presynaptic neuron (Iversen 1971), or 
(iii) bound to postsynaptic neurons or target cells� receptors 
(Garris et�al. 1994).

Many compounds are released by cells, but bona �de neu-
rotransmitters must meet a distinct set of criteria (Sourkes 
2009): (i) the compound should be synthesized in presyn-
aptic neurons; (ii) when the presynaptic neuron is activated, 
the release of this compound should lead to an e�ect on 
postsynaptic neuron(s) or target cell(s); (iii) when adminis-
tered exogenously, similar outcomes to endogenous stimula-
tion would occur; and (iv) a mechanism of neurotransmitter 
removal, from synaptic cleft after signaling, should be in 
place.

Neurotransmitters can be subdivided according to their 
molecular identity: small organic molecules, peptides, mon-
oamines, nucleotides, and amino acids (Kandel et�al. 2013). 
A functional classi�cation may also be utilized, since these 
molecules can act as excitatory or inhibitory transmitters 
and can also bind to fast response ionotropic receptors or 
slower response metabotropic receptors (Kandel et�al. 2013). 
For instance, glutamate-containing synapses are mainly fast 
excitatory and frequently observed in memory storage ele-
ments (Dingledine et�al. 1999). In contrast, �-aminobutyric 
acid (GABA) is the primary inhibitory neurotransmitter in 
the central nervous system (CNS) and binds to ionotropic 
(GABAA) and metabotropic (GABAB) receptors (Werhahn 
et�al. 1999). Acetylcholine is the neurotransmitter that sig-
nals from neuron to muscle at the neuromuscular junction, 
and is also present in many brain regions where it binds to 
muscarinic (metabotropic) or nicotinic (ionotropic) receptors 
(Fambrough et�al. 1973; Whitehouse et�al. 1986; Jones et�al. 
2012). Recently, a number of reports have indicated that 
neuron terminals can co-release di�erent neurotransmitters 
which may present synergistic functions (Bartfai et�al. 1988; 
Hnasko and Edwards 2012).
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The monoamine transmitters share many biochemical 
characteristics, i.e., they are small charged molecules, nor-
mally cannot cross the blood�brain barrier (Kortekaas et�al. 
2005), synthesized from amino acids by short metabolic 
routes and regulated by one rate-limiting enzymatic reaction 
(Stahl 1985). In general, monoamine neurotransmitters exert 
their actions on neuronal circuitry by binding to metabo-
tropic receptors, and have a slower modulation compared 
to the fast neurotransmission mediated by glutamate and 
GABA (Beaulieu and Gainetdinov 2011), with the excep-
tion of serotonin which can also bind to ionotropic receptors 
(MacDermott et�al. 1999; Lee et�al. 2010).

One group of monoamines, the catecholamines, are 
derived from the amino acid tyrosine and include the three 
essential neurotransmitters: norepinephrine, epinephrine, 
and dopamine (Fernstrom and Fernstrom 2007). Norepi-
nephrine typically regulates sleep patterns, focus, and alert-
ness (Spector et�al. 1965; Mitchell and Weinshenker 2010), 
while epinephrine controls the adrenal glands, sleep, alert-
ness, and the �ght-or-�ight response (Aston-Jones 2005; 
Chrousos 2009). As a major monoamine neurotransmitter, 
dopamine has essential roles regulating motor neurons (Har-
rington et�al. 1996), spatial memory function (Luciana et�al. 
1998), motivation (Salamone and Correa 2012), arousal 
(Andretic et�al. 2005; Zion et�al. 2006), reward and pleasure 
(Schultz 1998; Berridge and Kringelbach 2008), as well as 
in lactation (Demarest et�al. 1984), sexual behavior (Krüger 
et�al. 2005), and nausea (Nakagawa et�al. 2008).

Dopamine-producing neurons were first mapped by 
Annica Dahlström and Kjell Fuxe in 1964 (Dahlström and 
Fuxe 1964; AndØn et�al. 1966 ). In humans, projections of 
dopaminergic neurons extending from the substantia nigra 
pars compacta to the dorsal striatum, known as the nigros-
triatal pathway, control movement and motor skill learning 
(Hikosaka et�al. 2002). The loss of these dopaminergic neu-
rons is most often associated with the symptoms of Parkin-
son�s disease.

In the present review, we focus on the roles of dopamine 
signaling in normal physiological processes (homeostasis) 
and related pathologies, and further demonstrate the clinical 
relevance of this molecular network to the diagnostics and 
therapeutics of a range of human maladies.

Dopamine

Synthesis and�Metabolism

The majority of dopamine synthesis occurs directly from 
tyrosine but, since L-phenylalanine can be converted to 
tyrosine by phenylalanine hydroxylase, dopamine can also 
be indirectly synthesized from phenylalanine (Nagatsu 
et�al. 1964; Fernstrom and Fernstrom 2007). Regardless, 

the primary metabolic route involves a two-step synthesis in 
the cytosol. Tyrosine hydroxylase (the rate-limiting enzyme) 
converts tyrosine to levodopa (L-DOPA) using tetrahydrobi-
opterin, oxygen (O2), and iron (Fe2+) as cofactors. L-DOPA 
can then be converted to dopamine by aromatic L-amino 
acid decarboxylase (DOPA decarboxylase), having pyridoxal 
phosphate as a cofactor (Christenson et�al. 1970). A minor 
synthesis pathway may also occur, in which p-tyramine can 
be converted to dopamine through Cytochrome P450 2D6 
activity in the substantia nigra (Bromek et�al. 2011; Fergu-
son and Tyndale 2011). Following synthesis in dopaminergic 
neurons, dopamine is sequestered into the acidic lumen of 
synaptic vesicles via the vesicular monoamine transporter 2 
(VMAT2) (Fig.�1a) (Eiden and Weihe 2011). In noradrener-
gic and adrenergic cells, dopamine can be further converted 
into norepinephrine and epinephrine by sequential modi�ca-
tions from dopamine �-hydroxylase and phenylethanolamine 
N-methyltransferase in the presence of O2, L-ascorbic acid, 
and S-adenosyl-L-methionine (Udenfriend and Wyngaarden 
1956; Weinshilboum et�al. 1971).

The acidic environment of the synaptic vesicle lumen 
stabilizes dopamine and prevents oxidation (Guillot and 
Miller 2009). In a non-acidic microenvironment, dopamine 
is sensitive to oxidation or further metabolism by mono-
amine oxidase B (MAO-B) into 3,4-Dihydroxyphenylacet-
aldehyde (DOPAL) which is preferentially converted into 
3, 4-dihydroxyphenylacetic acid (DOPAC) by the enzyme 
aldehyde dehydrogenase (ALDH). Catechol-O-Methyltrans-
ferase (COMT) can further degrade DOPAC into homovan-
illic acid (HVA), and can also directly convert dopamine 
into 3-methoxytyramine (Eisenhofer et�al. 2004; Chen et�al. 
2011). Dopamine and its end products can be quanti�ed in 
blood and cerebral spinal �uid, although it is di�cult to 
determine their origin because they are produced by CNS 
and certain peripheral organs, such as kidney and gut (Jose 
et�al. 2002; Anlauf et�al. 2003). In pathologies such as Alz-
heimer�s and Parkinson�s diseases, the amounts of HVA and 
3-methoxytyramine are correlated with disease progression. 
Hence, these components may be useful biomarkers (Mori-
moto et�al. 2017; Stefani et�al. 2017), since they can con-
tribute to the speci�city of the diagnosis (Reitz and Mayeux 
2014).

Dopamine is sensitive to spontaneous, metal-catalyzed, 
and enzyme-catalyzed oxidation into electron-de�cient 
quinones if it is not sequestered into vesicles or metabo-
lized by MAO-B or COMT (Damier et�al. 1996; Chen et�al. 
2011; Segura-Aguilar et�al. 2014). Dopamine quinones 
are short-lived toxic species that readily form covalent 
bonds with cellular macromolecules (Stokes et�al. 1999). 
The dopamine quinone can also undergo intramolecular 
cyclization to aminochrome which polymerizes and forms 
neuromelanin, the dark pigment contained in the dopamin-
ergic neurons found in the substantia nigra pars compacta 
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(Segura-Aguilar et�al. 2014). Neuromelanin is formed in 
dopaminergic neurons of substantia nigra pars compacta 
due to the levels of VMAT-2 which are lower than mes-
olimbic system (Segura-Aguilar et�al. 2014), leading to an 
inverse relationship between VMAT-2 expression level and 
neuromelanin content in human midbrain dopaminergic 
neurons (Liang et�al. 2004).

In healthy subjects aminochrome is not toxic in dopamin-
ergic neurons by the action of DT-diaphorase which can cat-
alyze the reduction of aminochrome to Leukoaminochrome 
(Lozano et�al. 2010; Segura-Aguilar et�al. 2014; Huenchu-
guala et�al. 2016; Herrera-Soto et�al. 2017) and glutathione 
transferase (GSTM2) which can convert aminochrome to 
4-Glutathionyl-5,6-dihydroxy indoline preventing neuro-
toxicity (Hauser and Hastings 2013; Huenchuguala et�al. 
2016; Segura-Aguilar and Huenchuguala 2018). GSTM-2 
is only expressed in astrocytes, but dopaminergic neurons 
can internalize it, which may protect them from amino-
chrome over accumulation. In fact, free aminochrome could 
induce mitochondrial dysfunction leading to cell death and 

dopaminergic neurons loss (Arriagada et�al. 2004; Aguirre 
et�al. 2012; Huenchuguala et�al. 2017).

Dopamine as�a�Neurotransmitter

Extracellular dopamine levels are modulated by two main 
mechanisms: phasic and tonic transmission (Fig.� 1b) 
(Floresco et�al. 2003). Phasic dopamine release is driven 
directly by action potentials in the dopamine-containing 
cells that result in fast and transient increase of dopamine 
concentrations near the presynaptic terminal. Conversely, 
tonic transmission occurs when dopamine is released, 
independently from presynaptic action potentials, and 
is regulated by the activity of other neurons and neuro-
transmitter reuptake (Floresco et�al. 2003). Tonic release 
generates milder and less spatially restricted increases in 
extracellular dopamine compared to phasic release (Ven-
ton et�al. 2003). One interesting aspect of those �ring 
mechanisms is related to the e�ect of DAT on dopamine 
extracellular levels. Phasic dopamine burst can reach a 

Fig. 1   Dopamine synthesis and phasic/tonic transmissions. a Primary 
metabolic route involving a two-step synthesis. First tyrosine hydrox-
ylase (TH) converts tyrosine to L-DOPA which can then be converted 
to dopamine. Dopamine is transported from the cytosol by a vesicular 
monoamine transporter (VMAT2) into synaptic vesicles where it is 
stored until release into synaptic cleft. Dopamine degradation path-
ways with Monoamine oxidase (MAO) present in outer mitochondrial 
membrane. Dopamine receptors are present in both post and presyn-
aptic neurons (including dopamine transporter, DAT). Moreover, 

there is an association between the presence of atypical levels of DAT 
and the onset of ADHD. b Dopamine phasic transmission is triggered 
by action potentials that reach the dopaminergic neuron synapse, 
resulting in a fast and transient dopamine release in the synaptic cleft 
due to synchronized burst �ring. Tonic transmission occurs by slow 
and irregular �ring in the neuron without presynaptic action poten-
tials, being regulated by the activity of other neurons and neurotrans-
mitter reuptake or degradation. Modi�ed from (Bilder et�al. 2004)
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Dopamine Signaling in�Normal Brain 
Function

To exert its actions, dopamine has to bind to a particu-
lar set of receptors, located at the plasma membrane of 
respective target cells. Dopamine receptors belong to 
the superfamily of GPCRs. The �rst indication of their 
existence was described in 1972 and they were identi�ed 
in 1975 (Kebabian et�al. 1972; Burt et�al. 1975; Seeman 
et�al. 1975). Five di�erent subtypes of dopamine receptors 
have been described so far: D1, D2, D3, D4, and D5. All 
dopamine receptors are metabotropic and lead to the for-
mation of second messengers, which trigger or block the 
activation of speci�c cell signaling pathways (Baik 2013a; 
Beaulieu et�al. 2015).

Dopamine Receptors

Dopamine receptors are widely expressed in the CNS, 
but are also found peripherally in blood vessels, kid-
neys, heart, retina, and adrenals controlling catechola-
mine release and the renin�angiotensin system (Fig.�2a) 
(Missale et�al. 1998). D1 and D2 are the most abundantly 

expressed dopamine receptors in the brain (D1 being the 
highest), and the two are rarely co-expressed in the same 
cells (Missale et�al. 1998; Baik 2013a).

Based on their structure and pharmacological proper-
ties, dopamine GPCR receptors have been subdivided in 
two major groups: D1-like receptors, which includes D1 
and D5; and D2-like receptors comprising D2, D3, and D4 
(Baik 2013a). D1-like receptors are mostly found in the cau-
date�putamen (striatum), nucleus accumbens, substantia 
nigra pars reticulata, olfactory bulb, amygdala, and frontal 
cortex (Savasta et�al. 1986; Wamsley et�al. 1989). D2-like 
receptors are mainly expressed in striatum, the lateral part of 
the globus pallidus, core of the nucleus accumbens, ventral 
tegmental area, hypothalamus, amygdala, cortical areas, hip-
pocampus, and pituitary (Wamsley et�al. 1989; Yokoyama 
et�al. 1994). D1 and D5 receptors are located in postsynaptic 
dopamine-mediated cells, whereas D2 and D3 can be local-
ized both post- and presynaptically (Beaulieu and Gainetdi-
nov 2011; Baik 2013a). D4 receptors are largely expressed 
in the retina (Cohen et�al. 1992). D1 and D5 receptors are 
coupled to G�s,olf protein, stimulating the production of the 
second messenger cAMP. On the other hand, D2, D3, and 
D4 receptors are coupled to G�i,o protein, which inhibits the 
production of intracellular cAMP (Kebabian 1978).

Fig. 2   Distribution of dopamine, dopamine receptors, and dopaminer-
gic pathways in central and peripheral systems. a Expression of dopa-
mine and dopamine receptors (D1/D2-like receptors) in the periphery. 
Dopamine (continuous black arrow) is produced in kidney and gut 
while dopamine receptors (dashed black arrow) are located mainly 
in retina, blood vessels, heart, adrenal, and kidney. b Distribution of 
the four main dopaminergic pathways in the central nervous system. 

VTA is the source of mesocorticolimbic system: dopaminergic neu-
rons project to cortex via mesocortical pathway (blue) and, to nucleus 
accumbens via mesolimbic pathway (red). Dopamine neurons in the 
substantia nigra project to the striatum and form the nigrostriatal 
pathway (yellow). The tuberoinfundibular pathway (green) is formed 
by dopaminergic neurons that project from hypothalamic nuclei 
(arcuate nucleus and periventricular nucleus) to the pituitary
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