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Dopamine and its receptors are currently recognized targets for the treatment of several
neuropsychiatric disorders, including Parkinson’s disease, schizophrenia, some drug use
addictions, as well as depression. Dopamine receptors are widely distributed in various
regions of the brain, but their role and exact contribution to neuropsychiatric diseases has
not yet been thoroughly studied. Based on the types of dopamine receptors and their
distribution in different brain regions, this paper reviews the current research status of the
molecular, cellular and circuit mechanisms of dopamine and its receptors involved in
depression. Multiple lines of investigation of these mechanisms provide a new future
direction for understanding the etiology and treatment of depression and potential new
targets for antidepressant treatments.
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GRAPHICAL ABSTRACT | The pathogenesis of depression cannot be separated from the involvement of various brain regions. Dopamine and its dopamine receptors are
widely distributed in various regions of the brain, but the role and exact mechanisms of dopamine receptors in psychiatric disorders such as depression have not been
thoroughly investigated. In this paper, we review the current status of research on themolecular pathways andmechanisms of dopamine receptor involvement in depression
from the perspective of the types of dopamine receptors and their distribution in different regions of the brain, including the progress of research on the role of dopamine
receptor D1-D2 heterodimers, which provides potential new targets for antidepressant drug therapy.

INTRODUCTION

Depression is one of the most common chronic psychiatric
disorders with a high morbidity and recurrence rate, which is
mainly characterized by low mood, cognitive dysfunction, the
inability to experience pleasure from normally rewarding stimuli
(anhedonia), despair, sleep disturbance, etc. (Malhi and Mann,
2018; Rehm and Shield, 2019; Rice et al., 2019). According to the
World Health Organization, by 2030, depression will be the
leading cause of disability worldwide (Mathers and Loncar,
2006; Brhlikova et al., 2011). Depression is a public health
problem that needs to be addressed urgently, but its etiology
and pathophysiology remain to be fully understood despite many
advances in the understanding of this disease (Fox and Lobo,
2019). Several hypotheses have been proposed to explain the
causes of depression. These include the monoamine hypothesis
(Schildkraut, 1965), the monoamine receptor hypothesis (Sulser
et al., 1978; Charney et al., 1981), inflammation hypothesis
(Normann and Cornelius, 1978), neural immunity hypothesis
(Andreoli et al., 1989), neurotrophic factor hypothesis (Altar,
1999), hypothalamic-pituitary-adrenal (HPA) axis hypothesis

(Kathol et al., 1989; Nestler et al., 2002), neurogenesis
hypothesis (Malberg et al., 2000), neuronal and synaptic
plasticity hypothesis (Schinder and Poo, 2000) as well as
neural circuit hypothesis (López et al., 1999). Each hypothesis
is related to specific cellular pathways and mechanisms of
interaction between parts of the neural circuits underlying
emotional, motivational, mnemonic, and cognitive deficits in
depression (Peng et al., 2015). There is a certain degree of
evidence for cellular and circuit level changes underlying each
of these hypotheses, but many questions remain unanswered. The
monoamine neurotransmitter hypothesis is the most widely
studied hypothesis at present, which suggests that the
occurrence of depression is related to reduced function of the
monoamine neurotransmitters such as norepinephrine (NE) and
serotonin (5-HT), and in more modern conceptions of the
hypothesis, also dopamine (DA) (Nutt, 2008). Currently, the
first-line drugs clinically used for the treatment of depression
are all developed under the classical monoamine hypothesis,
among which the most common antidepressants include
tricyclic antidepressants (TCAs), selective 5-HT reuptake
inhibitors (SSRIs), dual 5-HT and NE reuptake inhibitors
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(SNRIs), noradrenergic and specific serotonergic antidepressants
(NaSSA), and other types (Schatzberg, 1998; Qin et al., 2014;
McCormack, 2015; Blier, 2016). Nevertheless, these
antidepressants generally have many disadvantages, such as
slow onset, high rates of side effects, high recurrence rate, a
high rate of interactions with other drugs, heterogeneous
therapeutic responses, and other limitations (Peretti et al.,
2000). These limitations suggest the need for additional
research on the pathogenesis of depression to develop new
antidepressant drugs based on a better understanding of the
underlying mechanisms. One approach in this search for
additional mechanisms is to study the receptors that
specifically bind to the monoamine neurotransmitters.

In recent years, clinical research has shown that the function of
the DA systems and DA receptors is involved in depression
(David et al., 2020). This is not surprising because DA affects a
variety of functions relevant to depression: emotion, perception,
behavior, and motivation. However, recent research has shown
that DA receptors and their heterodimers play a crucial role in the
communication and connection of various neural circuits that
may be involved in depression. Previously, DA receptors were
thought to be primarily monomeric receptors, but now there is
increasing evidence that multiple DA receptors can exist in the
form of oligomers, forming homomeric and heteromeric receptor
complexes, including ionotropic glutamate receptors (George
et al., 2014; Guitart et al., 2014; Marsango et al., 2015). Some
of these interactions may be regulated through signal
transduction mechanisms, particularly through adenylate
cyclase (AC) and cyclic adenosine monophosphate (cAMP)
signaling (Beaulieu et al., 2015; Yeom et al., 2020). In recent
studies, these complexes have been suggested to be a new
direction for the study of the etiology of depression (Hasbi
et al., 2020b; Hasbi et al., 2020c; Noori et al., 2020). Different

DA receptor subtypes act on different neuronal pathways, which
are likely to be the focus of research on the pathogenesis of
depression (de Kwaasteniet et al., 2014).

THE SYNTHESIS AND METABOLISM OF
DOPAMINE AND ITS RELATIONSHIP WITH
DEPRESSION
Several animal models of depression are associated with
decreased dopaminergic (DAergic) activity and anhedonia-like
behavior. Anhedonia is thought to be a core feature of depression,
and DA plays a key role in the perception of pleasure and reward,
as well as motivated behavior, so it is important to discuss the
normal roles of DA in behavior before exploring the relationship
between DA receptors and depression. DA is the most abundant
catecholamine neurotransmitter in the brain (Drozak and Bryla,
2005), which plays an important role in regulating rapid
glutamate- and gamma-aminobutyric acid (GABA) -mediated
neurotransmission in many brain regions, and is involved in
many physiological and behavioral processes, including aspects of
reward valuation and motivation, motor control and behavioral
selection, attention and certain aspects of cognition, and some
types of hormone secretion (Gainetdinov et al., 2002). There are
five DAergic receptor subtypes in the G protein-coupled receptor
(GPCR) superfamily (D1R, D2R, D3R, D4R, and D5R) (Gurevich
et al., 2016). DA is synthesized directly from tyrosine by the
enzyme tyrosine hydroxylase (TH), or indirectly from the
essential amino acid phenylalanine (Franco et al., 2021), which
is transformed into tyrosine by phenylalanine hydroxylase (PH)
(Klein et al., 2019). As shown in Figure 1, when tyrosine enters
the neuron, it is transformed into L-3,4-dihydroxyphenyl-L-
alanine (l-DOPA) catalyzed by TH in the cytoplasm. l-DOPA
is absorbed by large neutral amino-acid (LNAA) transporters and
decarboxylated to DA by aromatic L-amino acid decarboxylase
(AADC) present in neurons and glial cells. Studies have shown
that l-DOPA plays a neuroprotective role on DAergic neurons
through astrocytes (Asanuma and Miyazaki, 2016). As a
metabolic precursor of DA, l-DOPA plays an important role
in DAergic neurotransmission. Acute l-DOPA treatment
enhances the transmission of DA in the substantia nigra and
is one of the standard treatments for Parkinson’s disease (Cao
et al., 2020). In addition, clinical studies have shown that l-DOPA
improves the cognitive processing and gait speeds of elderly
patients with depression (Rutherford et al., 2019). These
improvements were associated with reduced binding of labeled
raclopride in selected striatal subregions, indicative of increased
DAergic neurotransmission. DA and glutamate released by
midbrain DA neurons have different properties, which are
reflected in different synaptic vesicle mechanisms (Silm et al.,
2019). Vesicular monoamine transporters (VMAT) mediate the
packaging and storage of the monoamines (5-HT, DA, histamine,
adrenaline, and NE) (Yaffe et al., 2018). VMAT is responsible for
the transport of cytoplasmic monoamines into synaptic vesicles
for storage and subsequent extracellular release in the CNS
(central nervous system) (Wimalasena, 2011). VMAT is
responsible for the packaging and transport of

FIGURE1 | Diagram of the relationship between the synthesis and
metabolism of dopamine. PH, phenylalanine hydroxylase; TH, tyrosine
hydroxylase; l-DOPA, levo-dopa; AADC, aromatic L-amino acid
decarboxylase; VMAT, vesicular monoamine transporter; LTP, Long-
term potentiation; MAO, monoamine oxidase; DOPAC, 3,4-
dihydroxyphenylacetic acid; COMT, catechol-o-methyltransferase.
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neurotransmitter molecules into presynaptic storage vesicles
prior to release into the synaptic cleft when an action
potential or other signal leads to increased synaptic calcium
levels (Gantz et al., 2015). Two closely related VMATs,
VMAT-1 and VMAT-2 have been cloned, expressed, and
characterized, and both have distinct pharmacological
properties and tissue distribution characteristics (Wimalasena,
2011).

VMAT-1 is expressed preferentially in neuroendocrine cells
and the peripheral nervous system, while VMAT-2 is mainly
expressed in the CNS (Wimalasena, 2011). Although most
research on DAergic mechanisms in the brain has focused on
VMAT-2, a recent study by Lohoff et al. suggests that significant
changes in DAergic signaling in the frontal cortex occur in
VMAT-1 null-mutant mice (Lohoff et al., 2019). This suggests
that the role of VMAT-1 in CNS function may be
underappreciated and that it may be involved in functions
relevant to the pathogenesis and/or treatment of psychiatric
disorders. Genetic variation in the VMAT-1 gene (SLC18A1)
has been implicated in the activity of neural circuits associated
with emotion, it plays an important role in brain structural
changes in patients with depression (Vaht et al., 2016; Won
et al., 2017). DA signaling and distribution are mainly regulated
by VMAT-2 and DA transporter (DAT) proteins, which
transport DA to synaptic vesicles and presynaptic terminals,
respectively, and are regulated by complex processes such as
phosphorylation and protein-protein interactions (German et al.,
2015). Conditional deletion of VMAT-2 in astrocytes leads to loss
of prefrontal cortex (PFC) DA homeostasis, resulting in impaired
synaptic transmission and plasticity as well as impaired executive
function (Petrelli et al., 2020). Petrelli et al. concluded that the
lack of VMAT-2-dependent DA stores in astrocytes causes an
abnormal increase in mitochondrial enzyme monoamine oxidase
B (MAOB) and the plasma membrane organic cation transporter

3 (OCT3) activity, which leads to a decrease in extracellular DA
levels (Petrelli et al., 2020). Clinical pharmacological studies have
shown that the uptake of DA by monoaminergic neurons
mediated by VMAT-2 can prevent the oxidation of DA, and
the overexpression of VMAT-2 may provide a potential target for
neuroprotective therapy in various psychiatric diseases (Segura
et al., 2019). DAT is a plasma membrane glycoprotein selectively
expressed in the presynaptic membrane of central DAergic
neurons (Mortensen and Amara, 2003). It belongs to the Na+
CI− dependent membrane transporter gene family and is most
densely distributed in the basal ganglia (Wang et al., 2015).
Accurate regulation of synaptic DA levels by DAT ensures the
phasic nature of the DA signal, which underlies the ability of DA
to encode reward prediction errors. The spatial and temporal
strength of DA signaling is largely dependent on the role of DAT,
which regulates both extracellular and intracellular DA levels
(Giros et al., 1996). Pharmacological changes in DAT function
not only modulate DA reuptake, but also induce rapid alterations
in the plasmalemmal expression of the transporter (Kahlig and
Galli, 2003). DAT is regulated by different presynaptic proteins,
including DRD2 and DRD3 (acting as sensors of extracellular DA
concentration, regulating the synthesis and release of DA), and
abnormal DAT function is closely associated with several
neurodegenerative diseases and psychiatric disorders (Rouge-
Pont et al., 2002; Sokoloff et al., 2006). Research by Condon
et al. (2019) shows that DAT is the primary regulator of DA
short-term plasticity, controlling the balance between release-
dependent and release-independent mechanisms. Some studies
suggest that decreased DAT availability may be a hallmark of
anhedonic depression, suggesting that DAT may serve as a
specific therapeutic target for patients with high levels of
anhedonia (Camardese et al., 2014). Degradation of DA occurs
via two enzymatic processes catalyzed by MAO and
cathecholamine O methyltransferase (COMT), which produces

TABLE1 | Classification, function, and localization of dopamine receptors in the brain as well as the relevant signaling pathway.

Dopamine receptor subtypes

D1-like receptor D2-like receptor

D1 receptor D5 receptor D2 receptor D3 receptor D4 receptor

Second messenger effect Increase AC Increase AC Decrease AC Decrease AC Decrease AC
Cognate G protein Gαs/olf Gαs/olf Gαi/o Gαi/o Gαi/o
cAMP production Stimulate Stimulate Inhibit Inhibit Inhibit
Localization Striatum Ventral tegmental area Nucleus accumbens Olfactory nodules Prefrontal cortex

Nucleus accumbens Striatum Olfactory nodules Nucleus accumbens Anterior motor cortex
Prefrontal cortex Thalamus Striatum Striatum Cingulate cortex
Substantia nigra Hippocampus Islands of Calleja Amygdala Substantia nigra
Amygdala Olfactory nodule Substantia nigra Hypothalamus Hypothalamus
Hippocampus Substantia nigra Ventral tegmental area Islands of Calleja Hippocampus
Thalamus Hippocampus Ventral tegmental area Caudate nucleus

Pituitary Basal ganglia Nucleus accumbens
Prefrontal cortex Ventral tegmental area

Relevant pathway cAMP/PKA signaling cAMP/PKA signaling cAMP/PKA signaling cAMP/PKA signaling cAMP/PKA signaling
DARPP-32 signaling DARPP-32 signaling DARPP-32 signaling DARPP-32 signaling DARPP-32 signaling
ERK signaling ERK signaling GSK-3β signaling GSK-3β signaling GSK-3β signaling
MAPK signaling MAPK signaling PI3K/AKT signaling PI3K/AKT signaling PI3K/AKT signaling

Note: AC, Adenylyl cyclase; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; DARPP-32, dopamine- and cAMP-regulated neuronal phosphoprotein; ERK, Extracellular
signal-regulated kinases; GSK-3β, Glycogen synthase kinase-3beta; MAPK, mitogen-activated protein kinases; PI3K, phosphoinositide 3-kinase; Akt, protein kinase B.
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homovanillic acid (HVA, a primary DA metabolite) (Franco
et al., 2021) (see Figure 1).

MAO is a mitochondrial enzyme that inactivates DA in the
brain. It was concluded that the MAOB and COMT are mainly
expressed in astrocytes (Cahoy et al., 2008; Petrelli et al., 2020). In
fact, the HVA is made in glial cells (astrocytes). Astrocytes can
coordinate neural development by orchestrating synapse
formation and function, which may be closely related to the
pathogenesis of neurodevelopmental abnormalities common in
psychiatric disorders (Chung et al., 2015). Reduced COMT
activity in the PFC predicts a decrease in midbrain DA
synthesis (Meyer-Lindenberg et al., 2005). COMT variants that
alter DA function also affect prefrontal cortical connectivity, and
these differences are associated with depression (Na et al., 2018).
The COMTVal158Met polymorphism affects levels of DA, which
plays an important role in depression (Camardese et al., 2014;
Otsuka et al., 2019). Inoue et al. have shown that transmembrane
protein 132D (TMEM132D), COMT, and GABA receptor alpha
6 subunits (GABRA6) genotypes are associated with emotional
processing in the cingulate, frontal cortex, and hippocampus in
panic disorder and major depressive disorder (MDD)
(Papaleonidopoulos et al., 2018). Results have shown that the
levels of HVA in the cerebrospinal fluid (CSF), are decreased in
patients with depression (Reddy et al., 1992; Saloner et al., 2020).
Antidepressant treatments reversed DAergic hypoactivity and
anhedonia-like behavior, as well as increased HVA levels in CSF

(Horikoshi et al., 2019), which suggests an important role of DA
in the pathophysiology of depression.

CLASSIFICATION AND DISTRIBUTION OF
DOPAMINE RECEPTORS AND THEIR
SIGNALING PATHWAYS
Based on their ligand recognition properties and their effect on
cAMP, DA receptors were initially divided into two
pharmacological families: D1-like receptors and D2-like
receptors. D1-like receptors are coupled to Gs and Golf
proteins, whose binding activates adenylate cyclase (AC),
increasing the activation of the cAMP/PKA cascade response,
and intracellular events resulting modification of cortico-striatal
glutamatergic synapses (Beninger and Miller, 1998). Signaling
cascades activated by D1-like receptors can also have long-term
effects on cellular function by regulating transcription. For
example, D1-like receptor agonists increase cAMP levels and
the phosphorylation of the cAMP-response element binding
protein (CREB) at Ser133, which subsequently regulates the
transcription of many genes that are important for a variety of
psychiatric disorders (Zhang et al., 2016). Related studies have
suggested that the behavioral effects of some D1 agonists are not
related to cAMP/PKA signaling, but rather involve non-cAMP-
mediated signaling, including phospholipase C (PLC)-mediated

FIGURE 2 | Schematic diagram of D1-like dopamine receptor and D2-like dopamine receptor activation signaling cascade. Upon activation of the dopamine D1-
like receptor, activated PKA mediates the phosphorylation of DARPP-32, which acts as an effective inhibitor of PP-1, which in turn dephosphorylates another
phosphatase STEP. Dopamine D1-like receptor activation mediates dopamine-dependent inhibitory cascades by increasing ERK phosphorylation by blocking the
dephosphorylation of STEP. Numerous studies have demonstrated that modulation of the cAMP/PKA signaling pathway can improve depression. D2-like receptor
activation promotes phosphorylation/activation of Akt and phosphorylation/inactivation of its substrate GSK-3β. The physiological significance of this D2 receptor-
activated Akt/GSK3 signaling has been extensively discussed in terms of neuroprotection against oxidative stress in depression. In addition, numerous studies have also
shown that the PI3K/Akt pathway has an integral role in the treatment of depression. PLC, Phospholipase C; IP3, Inositol triphosphate; CamKII, calmodulin-dependent
protein kinase II; DAG, diacylglycerol; PKC, protein kinase C; GluA1, glutamate A1; GluN2B, Glutamate Receptor Ionotropic, NMDA 2B; AC, Adenylyl cyclase; cAMP,
cyclic adenosine monophosphate; PKA, Protein Kinase A; DARPP-32, Dopamine- and cAMP-regulated phosphoprotein; PP-1, protein phosphatase-1; STEP, striatal-
enriched tyrosine phosphatase; ERK, extracellular-signal-regulated kinases; βArr2, β-arrestin-2; PP2A, protein phosphatase 2A; Akt, protein kinase B; PI3K,
phosphatidylinositol-3; GSK3, glycogen synthase kinase 3.
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calcium elevation (O’Sullivan et al., 2004). SKF-83959 is a highly
D1-biased ligand with a full agonistic effect (via Gαq) on D1-
mediated activation of PLC signaling and an antagonistic effect
on D1-mediated AC signaling (O’Sullivan et al., 2004). In
contrast, D2-like receptors are coupled to Go and Gi proteins,
which are involved in the inactivation of AC, resulting in a
decrease in cytosolic cAMP levels (Beaulieu and Gainetdinov,
2011; Alexander et al., 2019). Binding of DA to D2-like receptors
inhibit the cAMP/PKA signaling pathway ultimately affecting the
CREB phosphorylation. Later, five DA receptor subtypes were
cloned by molecular biology techniques: the D1-like receptors
included the D1R and D5R subtypes, while the D2-like receptors
included the D2R, D3R, and DRD4 subtypes (Table 1) (Undieh,
2010). There are two splice variants of the DRD2 gene that result
in receptors of different lengths (number of amino acids), we were
termed DRD2L (long) and DRD2S (short)]. DA receptors are
mainly distributed in the CNS and peripheral nervous system.
Among them, D1R and D2R are the most abundant subtypes in
the CNS (Wang et al., 2008). D1-like receptors are mainly present
postsynaptically, whereas D2-like receptors are present in
postsynaptic DAergic target neurons and also act
presynaptically as autoreceptors on DA neurons. The activity
of DA receptors is extremely complex and is regulated by a variety
of factors in different brain regions, including the ventral
tegmental area (VTA), nucleus accumbens (NAc), Substantia
nigra, PFC, hippocampus, amygdala, striatum, and lateral
habenular nucleus (LHb), and ventral pallidum (VP). The
localization of D1-like and D2-like receptors is different.

D1-like receptors are highly expressed in the striatum, NAc,
substantia nigra, olfactory bulb, amygdala, and PFC, with lower
levels of expression in the hippocampus, cerebellum, thalamus,
and hypothalamus (Beaulieu et al., 2007; Dunlop and Nemeroff,
2007). In NAc, plasticity-related signaling of Ca2+/calmodulin-
dependent protein kinase II (CamKII) and adenosine A2A
receptors (A2ARs) are required for discrimination learning
(Iino et al., 2020). Recent evidence suggests that all of these
G-protein-mediated signaling cascades converge on, the
phosphorylation of two ionotropic glutamate receptor
subunits, GluA1 and GluN2B, which play a key role in
glutamatergic transmission (Koutsokera et al., 2014). D1-like
receptors are expressed in striatal GABAergic medium spiny
neurons (MSNs) that project to the medial globus pallidus and
the substantia nigra reticulata (SNr) (i.e., the direct nigrostriatal
pathway), while DRD2 is expressed on the MSNs that project to
the lateral globus pallidus (i.e., the indirect pathway). D1-like
receptors influence the function of multiple voltage-gated ion
channels, as well as N-Methyl-D-Aspartate (NMDA) and
GABAA receptors, by directly or indirectly acting on DARPP-
32, the MAPK signaling pathway (such as ERK, JNK, P38), and
other kinases and phosphatases (Chen et al., 2004). DRD2
receptor is mainly distributed in the hippocampus, striatum,
thalamus, pituitary olfactory nodule, substantia nigra, and
VTA (Missale et al., 1998). It has become increasingly clear
that D2R acts through protein kinase B (Akt)-GSK-3
(glycogen synthase kinase 3) signaling cascade, and this
signaling pathway involves the multifunctional scaffold protein
β-arrestin2 (βArr2), which plays a role in GPCR desensitization

(Beaulieu et al., 2007). The expression of D3R is relatively low in
the central nervous system and is mainly distributed in the limbic
system, including the NAc shell and olfactory tubercle (Missale
et al., 1998). It also has a lower level of expression in other
portions of the striatum, basal ganglia, the NAc core, islands of
Calleja, substantia nigra, the VTA, hippocampus, septum, and
various cortical regions (Le Moine and Bloch, 1996; Gurevich
et al., 2016; Solís et al., 2017). DRD4 receptor is expressed at low
levels in the basal ganglia and high expression in the striatum,
frontal cortex, medulla, amygdala, hypothalamus, midbrain, and
islands of Calleja, however, these levels are much lower than other
DA receptors. DRD5 receptor also has lower levels of expression
in other brain regions, including the PFC, anterior motor cortex,
cingulate cortex, substantia nigra, hypothalamus, and
hippocampus (Dunlop and Nemeroff, 2007). DRD5 also has a
low level of expression overall, but this does include MSNs of the
caudate nucleus and the VTA (Hernández-Echeagaray et al.,
2007). However, the contribution of these receptors to circuit-
level functional connections between brain regions remains
poorly understood. Previous studies have shown that several
subtypes of DA receptors may colocalize on some cells, but
the receptors are largely segregated. The signaling pathway
diagram for D1-like receptors and D2-like receptors is
summarized in Figure 2, and a summary of all 5 DA
receptors is given in Table 1.

The ultimate actions of DA receptor stimulation are also
affected by dimerization. DA D1-D2 heterodimers are
expressed in key cerebral cortical and subcortical regions in all
species, and the differences in their expression in the striatum of
different species suggest an evolutionary role of D1-D2
heterodimers in higher CNS function (Hasbi et al., 2020c).
D1-D2 receptor heterodimers in subsets of neurons were first
found in the rat striatum and are coupled with Gαq proteins to
regulate intracellular calcium signaling (Perreault et al., 2012a),
directly linking DA and calcium signaling (Perreault et al., 2012a;
Perreault et al., 2014). Related studies have shown that the
expression of D1-D2 receptor heterodimers in the striatum of
juvenile rats is lower than in adult rats, and as result juvenile rats
are less sensitive to D1-D2 receptor combined stimulation
(Perreault et al., 2012b). This suggests that there may be
significant age-dependent neurotransmission differences in the
D1-D2 receptor heteromeric pathway combined with an in situ
proximity ligation assay (PLA) technique with different neuronal
markers to characterize the neurons expressing D1-D2 receptor
heterodimers in the striatum (including the caudate nucleus, the
putamen, and the NAc core and shell of the), finding
heterodimers in all striatal regions and projection neurons of
the direct and indirect basal ganglia pathways (Rico et al., 2017).

D1-D2 heterodimers induce calcium release via a Gαq-
dependent pathway, distinct from Gs/Golf- or Gi/Go- dependent
pathways activated by the D1 receptor or D2 receptor
independently (Rashid et al., 2007; Hasbi et al., 2009). The
increase in intracellular calcium content is rapid and transient,
independent of extracellular calcium influx, and involves
activation of Gq protein and phospholipase C (PLC) (Hasbi
et al., 2009). D1-D2 heterodimers trigger calcium signaling by
activating Gαq and PLC, leading to the activation of calmodulin
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kinase II-α (CaMKIIα) (Hasbi et al., 2009; Ng et al., 2010;
Perreault et al., 2012a). Specific activation of D1-D2 receptor
heterodimers in striatal neurons and the cellular co-expression of
DRD1 and DRD2 leads to the intracellular release of calcium
from stores sensitive to activation of inositol triphosphate
receptors (IP3-R) (So et al., 2005). This calcium signaling
results in an increased form of phosphorylation-activated form
of CaMKIIα in striatal neurons and rat striatum (So et al., 2005).
Phosphorylation of GluA1 and GluN2B plays a key role in the
glutamatergic transmission and is regulated by the D1-D2
heterodimers signaling pathway. Expression of the GluA1
subunit of the AMPA receptor is associated with anhedonia.
Studies have shown that mice lacking GluA1 (mice with Gria1
knockout) show a reduction in licking cluster size, a measure of
palatability of feeding behavior, and GluA1 is necessary for
hedonic responding (Strickland et al., 2021).

Information processing in the brain requires multiple forms of
synaptic plasticity involving NMDA-type glutamate receptors
(NMDAR) and AMPA-type glutamate receptors (AMPAR),
including long-term potentiation (LTP) and long-term
depression (LTD), and homeostatic scaling, potentially
mediated by DA (Madadi Asl et al., 2018; Madadi Asl et al.,
2022). PKA can anchor the scaffold protein AKAP150 to regulate
GluA1 phosphorylation and plays a role in controlling Ca2+
-permeable AMPA receptor (CP-AMPAR) synaptic binding in
NMDAR-dependent LTD (Sanderson et al., 2016). Inhibition of

the recruitment, deletion, or activity of CP-AMPAR, would
interfere with LTD, therefore, synaptic recruitment of CP-
AMPAR is required to transiently increase NMDAR Ca (2+)
signaling during LTD induction (Sanderson et al., 2016). On this
basis, D1-D2 heterodimers-mediated signal transduction
pathways may be thought to play an important role in other
forms of synaptic plasticity as well, especially in LTP (Hasbi et al.,
2009). Long-term synaptic plasticity is an essential form of brain
plasticity. Inhibition of facilitated synaptic transmission may
impair the function and structure of brain circuits implicated
in the pathophysiology of depression, and antidepressants may
counteract these alterations (Holderbach et al., 2007). Relevant
findings suggest that activation of the D1-receptor complex,
raises intracellular levels of cAMP, while the D2-receptor
complex, inhibits intracellular levels of cAMP. The cAMP-
response element binding protein (CREB) activates protein
kinases in different DA receptors, such as protein kinase A
(PKA), calmodulin-dependent protein kinase (CaMK) after
phosphorylation at Ser133, and binds to the cAMP response
element (CRE) of the target gene promoter (Santanavanich et al.,
2005). This unique intracellular calcium signaling pathway links
DA and brain-derived neurotrophic factor (BDNF) through a
rapid increase in calcium signaling and CaMKIIα activation
(Hasbi et al., 2009). Experimental studies have shown that
basal levels of p-CAMKII, total CaMKII and BDNF are
reduced in the CA1 region of the hippocampus of stressed rats

FIGURE 3 | Schematic diagram of the dopamine receptor complex signaling cascade. D1-D2 heterodimers induce calcium release via a Gαq-dependent pathway,
distinct fromGs/Golf- or Gi/Go- dependent pathways activated by D1 receptor heterodimers or D2 receptor heterodimers. D1-D2 heterodimers trigger calcium signaling
by activating Gαq and PLC, leading to the activation of calmodulin kinase II-α(CaMKIIα). When calcium ions enter cells through various ion channels on the membrane,
CaMKIIα is activated. Activation of CaMKIIα promotes its autophosphorylation, which binds to GluN2B and phosphorylates GluN2B at the S1303 site (p-GluN2B).
Studies have shown that the interaction between GluN2B and CaMKIIα is significant for the synaptic CaMKIIα localization and activity. Phosphorylation of GluA1 and
GluN2B plays a key role in the glutamatergic transmission and is regulated by the D1-D2 heterodimers signaling pathway. Inhibition of the recruitment, deletion, or activity
of Ca(2+)-permeable AMPA receptors (CP-AMPARs) would interfere with long-term depression. CaMKIIα/BDNF/CREB-dependent neural plasticity pathwaysmay be an
important target for dopamine receptor complex research. D1R, dopamine D1-like receptor; D2R, dopamine D2-like receptor; PLC, Phospholipase C; IP3, Inositol
triphosphate; CamKII, Calmodulin kinase II; p-CamKII, Phosphorylated CamKII; GluA1, glutamate A1; GluN2B, Glutamate Receptor Ionotropic, NMDA 2B; CP-
AMPARs, calcium-permeable AMPA receptors; AC, Adenylyl cyclase; cAMP, cyclic adenosine monophosphate; CREB, cAMP-response element-binding protein;
p-CREB, Phosphorylated-CREB; BDNF, Brain-Derived Neurotrophic Factor.
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(Alzoubi et al., 2013). BDNF, which is synthesized and released at
glutamate nerve terminals, plays an important role in neuronal
development by regulating protein synthesis and has been shown
to increase the translation of hundreds of proteins isolated from
synaptoneurosomes. In this review, we summarize recent studies
on the etiology and pathogenesis of depression that involve
different DA receptor mechanisms and different brain regions.
The signaling pathway diagram summary of the DA receptor
complex is shown in Figure 3.

DOPAMINE RECEPTORS AND
DEPRESSION
Dopamine D1-Like Receptors and
Depression
Positron emission tomography (PET) and functional magnetic
resonance imaging (fMRI) can be used to study receptor binding
potentials in the human brain in vivo (Hamilton et al., 2018). PET
studies using radioligands for DRD1 have shown some promise as
a means of researching the DA system in psychiatric diseases,
ideally with higher selectivity radioligands, so that DRD1 can be
evaluated as a candidate biomarker for disease and ultimately for
treatment (Cervenka, 2019; Stenkrona et al., 2019; Yokokura
et al., 2020). Currently, mice lacking DA D1 receptors are
widely used to study the involvement of DA receptors D1-like
class (D1 and D5) in motor and cortical striatal LTD and LTP,
and endogenous DA stimulation of different subtypes of striatal
neurons D1 and D5 receptors induces LTP and LTD, respectively
(Kerr and Wickens, 2001; Rivera et al., 2002). Centonze et al.
concluded that D1 and D5 receptors have different effects on the
dependence of activity on both synaptic plasticity and
spontaneous motor activity differently (Centonze et al., 2003).
It has long been known that DRD1/DRD5 mechanisms regulate
long-term plasticity and memory in the hippocampus (Hansen
and Manahan-Vaughan, 2014). The mossy fiber (MF) synapse in
the hippocampal CA3 region plays an important role in the
molecular mechanisms of synaptic plasticity. Hagena et al.
suggest that D1/D5 receptors are critical in regulating synaptic
plasticity in MF-CA3 synapses, especially as a modulator of
candidate processes for long-term memory (Hagena and
Manahan-Vaughan, 2016). Lazenka et al. have shown that DA
D1 receptor signal transduction is involved in behavioral pain-
related depression in rats, suggesting that indirect and/or direct
D1 receptor agonists might alleviate pain-related behavioral
depression (Lazenka et al., 2017). In addition, Desormeaux
et al. showed that modulation of selective DA D1-like receptor
agonist A77636 induced antidepressant-like effects in rats
(Desormeaux et al., 2020). Quetiapine is an atypical
antipsychotic that is effective in treating depression and
anxiety disorders. Male BALB/c mice injected with quetiapine
every other day and pretreated with the D1 receptor antagonist
SKF-35866 in the following experiments found a significant
increase in the preference to the quetiapine-paired chamber in
mice treated with 120 mg/kg quetiapine, and this effect was
blocked by pretreatment with SKF-35866, suggesting that the
antidepressant-like effects of quetiapine may be modulated by D1

receptors (Althobaiti, 2021). Recent experimental studies have
shown that activation of the DRD1 receptor and PKA is involved
in the memory-improving effect of acute physical exercise
(Ramires Lima et al., 2021).

A large number of studies have shown that the impaired
function of the medial prefrontal cortex (mPFC) is involved in
depression. Hare et al. used optogenetics to stimulate the
pyramidal cells expressing DRD1 in mPFC and found that the
activation of the pyramidal cells expressing DRD1 could produce
rapid and long-lasting antidepressant and anti-anxiety responses
(Hare et al., 2019). The application of optogenetics techniques has
made it possible to perform a more precise anatomical and
cellular dissection of the role of specific DA receptors in DA-
related functions (Beaulieu et al., 2015). Numa et al. showed that
downregulation of D1R in mPFC reduces c-Fos expression in the
interstitial nucleus of the posterior limb of the anterior
commissure (IPAC) induced by social defeat stress. However,
contrary to the above findings, Fedotova et al. showed that the D1
receptor antagonist SCH-23390 produced antidepressant-like
effects in ovariectomized rats, where repeated administration
of SCH-23390 greatly enhanced the antidepressant-like effects
(Fedotova and Ordyan, 2011). However, the D1 receptor agonist
SKF-38393 failed to alter depressi-like behavior in
ovariectomized rats in FST but blocked the antidepressant-like
effects of 17β-estradiol (17β-E2) (Fedotova and Ordyan, 2011).
This suggests that D1 receptors may be activated by subthreshold
social defeat stress in the mPFC. However, the specific
mechanisms by which D1 receptor agonists and D1 receptor
antagonists affect DAergic properties need to be further
investigated.

Dopamine D2-Like Receptors and
Depression
With the development of novel radioligands, in vivo imaging can
provide a new perspective on the pathophysiology of depression.
An approach using PET has suggested that deep brain stimulation
(DBS) of the medial forebrain bundle (MFB) partially reverses
depression-like phenotypes associated with DRD2 blockade
(Thiele et al., 2020). This effect appears to be related to
increased levels of both DRD2 and DRD1. A growing body of
evidence suggests that the direct D2-like receptor agonist
pramipexole has antidepressant effects, particularly in
electroconvulsive treatment (ECT) resistant depression
(Gauthier et al., 2017) or in patients with deficits in baseline
reward processing (Whitton et al., 2020). The effect of traumatic
brain injury (TBI) on DA receptor binding was examined in
patients with post-injury MDD (TBI-MDD) and patients without
post-injury MDD (TBI-NON), as well as non-TBI control
patients (Jolly et al., 2019). [11C]PHNO PET imaging was
used to assess DRD2/DRD3 binding ratios (Le Foll et al.,
2016). TBI was associated with reduced binding ratios overall,
and these values were even lower in MDD patients, although this
difference was not statistically significant. Given the small
number of subjects, the finding is worthy of adding to
determine whether DAergic mechanisms may be involved in
post-traumatic depression. Fatima et al. (2020) suggested that

Frontiers in Pharmacology | www.frontiersin.org August 2022 | Volume 13 | Article 9477858

Zhao et al. Dopamine Receptors and Depression

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


selective D2 receptor agonists Ropinirole (ROPI) alleviate
depression by upregulating tyrosine hydroxylase and
increasing neurogenesis in the hippocampal region of
prenatally stressed rats. Papp et al. (2019) found that both
Wistar and Wistar-Kyoto rats (which have been validated as
an animal model for treatment-resistant depression) exposed to
chronic mild stress had reduced sucrose intake and impaired
memory consolidation. Chronic treatment with serotonin and
norepinephrine reuptake inhibitor venlafaxine reversed these
effects in Wistar rats, while DBS reversed depression-like
effects in Wistar-Kyoto rats (Papp et al., 2019). Venlafaxine
reversed the effect of the DRD2 agonist L-742,626 on memory
consolidation in unstressed, but not stressed, Wistar rats, while in
Wistar-Kyoto rats, DBS reversed the effects of L-742,626, or the
DRD3 agonist 7-hydroxy-N, N-di-N-propyl-2-aminotetralin (7-
OH-DPAT) in both the stressed and unstressed rats (Papp et al.,
2019). These results suggest that the effect of stress on memory
consolidation impairment in rats can involve both DRD2 and
DRD3 receptors in the ventral medial prefrontal cortex and that
DBS effects on depressive symptoms may act in part through
effects on DA function. The use of tractography for more refined
deep brain stimulation electrode targeting and closed-loop deep
brain stimulation approaches are the future trends in the
treatment of depression (Dougherty, 2018).

A study in DRD3−/− mice demonstrated that the elimination
of DRD3 receptors induces chronic depressive symptoms
(Moraga-Amaro et al., 2014). Moreover, DRD3 expression and
function are down-regulated during stress and depression, and
antidepressant therapy can reverse these changes, suggesting that
enhanced DAergic neurotransmission mediated by DRD3 down-
regulation is involved in the adaptive changes underlying
antidepressant activity. BDNF regulates the expression of
DRD3 in certain brain regions, and the induction of BDNF by
antidepressant therapy is related to behavioral outcomes (Leggio
et al., 2013). Wang et al. (2020) used DRD3 KO mice to further
demonstrate that DRD3 deficiency-induced depressive-like
behavior involves neuroinflammation in mesolimbic brain
regions, which helps us to understand DRD3 KO-induced
depressive-like behavior and provides potential molecular and
cellular targets for the treatment of depressive phenotypes.
Experimental studies suggest that exposure to neonatal
maternal separation (MS) and chronic mild stress (CMS) in
adulthood completely inhibits reward-induced intra-NAc DA
release, which is a useful indicator of depression severity and
various therapeutic efficacy (Minami et al., 2017). Inflammation
plays an important role in the pathophysiology of depression, and
the peripheral administration of lipopolysaccharide (LPS) is one
of the most common models of inflammation-induced
depression. LPS results in a significant decrease in DRD3 in
the VTA, mPFC, and NAc, key structures within the mesolimbic
DAergic system (Wang J. et al., 2018). Pre-treatment stratification
in depressed patients may be beneficial by taking into account the
role of multiple anti-inflammatory agents in depression. DRD4 is
also associated with the pathophysiology of several psychiatric
disorders characterized by cognitive deficits, including depression
(Rondou et al., 2010; Navakkode et al., 2017). Previous studies
have shown increased expression of DRD4 in the basal amygdala

of depressed patients compared to control subjects, and in vivo
imaging studies of depressed patients show results consistent with
those post mortem findings (Xiang et al., 2008). DRD4 appears to
have a homeostatic role on synapses that stabilizes neural
network activity. Navakkode et al. demonstrated that DRD4
plays a bidirectional role in the CA1 region of the
hippocampus (Navakkode et al., 2017). Blocking DRD4 affects
late-LTP and transforms early-LTP into late LTP (Navakkode
et al., 2017). This enhanced LTP was dependent on protein
synthesis, NMDAR activation, and CaMKII phosphorylation,
as well as GABAA-receptor, mediated mechanisms (Navakkode
et al., 2017).

Dopamine D1-D2 Receptor Heterodimers
and Depression
DA receptors are involved in homomeric and heteromeric
complexes, which provide new targets for antidepressant drug
discovery and are important for a deeper understanding of the
complex physiological roles of these receptors in the brain
(Perreault et al., 2014). It is necessary to further understand
the role of DA receptor changes in specific brain regions of
depressed patients and to determine the specific DA receptor
mechanisms and other molecular complexes that underlie these
functional changes that lead to depressive symptomatology. This
will help to elucidate the pathophysiology of depression and aid in
the development of new drugs with greater efficacy and fewer side
effects. Recently, an increasing number of articles have
highlighted the ability of both DRD1 and DRD2 to form
heterodimers, and a growing body of evidence has linked D1-
D2 heterodimers to drug addiction, Parkinson’s disease,
schizophrenia, depression, and anhedonia (Shen et al., 2015;
Hasbi et al., 2020b; Hasbi et al., 2020c; Noori et al., 2020). D1
and D2 receptors can form a heterodimeric complex that is
present in a heterologous system and primary striatal neurons,
as well as in the rodent brain in vivo (Perreault et al., 2014).
However, most studies carried out to date stem from observations
in heterologous systems and the biological significance of DA
receptor heterodimers in vivo is only beginning to emerge. Recent
data from in situ assessment of mRNA expression using RNA-
FISH techniques revealed significant co-localization of DRD1 and
DRD2 receptor mRNAs in the NAc, amygdala, piriform cortex,
olfactory tubercle, claustrum, prelimbic cortex, and orbitofrontal
cortex (Hasbi et al., 2020c). Perreault et al. (2014) showed that
D1-D2 heterodimers may differentially regulate c-fos expression
in a region-dependent manner either through its activation or
through tonic inhibition of neuronal activity.

Studies have demonstrated that D1-D2 receptor heterodimers
are upregulated in the postmortem brain of patients with
depression and have identified an interfering peptide that
disrupts D1-D2 receptor interactions (Pei et al., 2010). Pei
et al. (2010) used the interfering peptide Tat-D2LIL3-29-2 to
block the D1-D2 receptor heterodimers, significantly reducing
immobility time in the forced swimming test without affecting
locomotor performance and reducing escape failure in the
learned helplessness tests in rats. This implies that the D1-D2
receptor heterodimers play an important role in the pathology of
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depression. Regulation of D1-D2 receptor heterodimers may be a
novel pharmacological target for the treatment of depression and
anxiety disorders, particularly addressing the high incidence of
these conditions in females (Hasbi et al., 2020c). The coupling
between DR1 and DR2 receptors in the brain is significantly
increased in MDD patients (Hasbi et al., 2020c). A new study
suggests that genetic interactions between DA receptor regulatory
regions may influence the level of depressive symptoms through
epistatic interactions between DRD1 and DRD2 regulatory
elements that may affect D1-D2 heterodimers function
(Corrales et al., 2016). Both DRD1 and DRD2 can form
homomers and heterodimers, and the receptor configurations
in the homomeric and heteromeric states appear to involve
changes in their respective intracellular conformations,
producing different G-protein coupling and subsequent
activation of different signaling pathways (Hasbi et al., 2014).
There are currently no selective antagonists targeting the D1-D2
heterodimers, but serial deletions and point mutations have been
used to identify the amino acids involved in the interaction
interface between the receptors. Residues in the DRD1
receptor located in the carboxylic tail interact with the DRD2
receptor to form D1-D2 receptor heterodimers (Hasbi et al.,
2014). Interfering peptides block the formation of D1-D2
heterodimers and block the calcium signaling pathways
activated by D1-D2 heterodimers, revealing a role of the D1-
D2 complex in regulating behavioral despair in vivo (Hasbi et al.,
2014). This interfering peptide may represent a new
pharmacological tool to selectively disrupt GPCR heterodimers
activity without affecting the function of the constituent receptors
to elucidate the functional and behavioral consequences of D1-D2
heterodimers activity (Hasbi et al., 2014), and perhaps a potential
therapeutic avenue for affecting heterodimer function in the
absence of effects on the individual receptors. Identification of
an interfering peptide that interferes with D1-D2 receptor

heterodimers and has antidepressant-like effects may provide a
new therapeutic strategy for the treatment of major depressive
disorder (Pei et al., 2010; Duan et al., 2013; Brown and Liu, 2014).

CIRCUIT MECHANISMS OF DEPRESSION
RELATED TO DOPAMINE RECEPTORS
(INTERESTING NEW TARGETS)
Four major brain DAergic pathways are involved in mammalian
brain function: the nigrostriatal pathway (from cells in the A9
region), the mesolimbic and the mesocortical pathways (often
collectively termed the mesocorticolimbic pathway, from cells in
the A10 region, and the thalamic-tuberoinfundibular pathway
(from cells in the A12 region) (Beaulieu and Gainetdinov, 2011).
The nigrostriatal pathway projects from the substantia nigra pars
compacta to the dorsal striatum (caudate and putamen) (Beaulieu
and Gainetdinov, 2011). The mesocorticolimbic DAergic
pathway is the most thoroughly studied DA pathway at
present. The mesolimbic DA system, composed of DAergic
projections from the VTA to the NAc, amygdala,
hippocampus, and olfactory tubercle, plays a key role in
reward-related learning, cognition, motivation, and decision-
making processes (Polter et al., 2018; Heymann et al., 2020).
Themesocortical pathway also originates in the VTA and projects
into the frontal and temporal cortices, particularly the anterior
cingulate cortex (ACC), entorhinal cortex, and PFC, which is
thought to be important for attention and executive function
(Dunlop and Nemeroff, 2007; Beaulieu and Gainetdinov, 2011).
Some aspects of anterior pituitary function are also controlled by
DAergic activity. The thalamic-tuberoinfundibular pathway
originates from the arcuate nucleus of the hypothalamus (A12)
and projects onto the median hypothalamic eminence (Ben-
Jonathan and Hnasko, 2001). The details are shown in Figure 4.

FIGURE 4 | Four major brain dopaminergic pathways as well as depression-related brain regions and a schematic of brain circuitry implicated in depression.
Dopaminergic (DAergic; orange) and glutamatergic (Gluergic; green) direct inputs converge on γ-aminobutyric acid (GABA)ergic (blue) neurons in the NAc to regulate
behaviors of depression. The dopaminergic pathway from the VTA to the NAc plays a key role in reward-related behavior. Direct dopaminergic outputs of the VTA arise
from the NAc, PFC, VP, BLA, and Hp, while the VTA, VP, BLA, and LHb receive NAc GABAergic inputs as well VTA, PFC, BLA, and Hp glutamatergic inputs.
Besides, VTA receives PFC and LHb glutamatergic inputs. ACC, anterior cingulate cortex; HP, hippocampus; LHb, lateral habenula; PFC, prefrontal cortex; NAc,
nucleus accumbens; VTA, ventral tegmental area; VP, ventral pallidum.
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Ventral Tegmental Area
The VTA is a heterogeneous brain structure that plays a central
role in reward-seeking and processing, learning, motivation, and
neuropsychiatric disorders that involves alterations in these
functions such as depression and addiction (Lüscher and
Malenka, 2011; Cohen et al., 2012; Barker et al., 2016).
Numerous studies have shown that DA neuronal activity of
VTA plays a role in the pathophysiology of depressive
symptoms, and regulating the activity of DA neurons in VTA
has great potential as an antidepressant strategy (Bai et al., 2017).
The mesocorticolimbic DA system originates from the VTA and
mainly projects to the PFC, NAc, hippocampus, BLA, dorsal
striatum, ventral striatum, and the OT, where DA transmission is
partially regulated through negative feedback mechanisms via
DAD2 autoreceptors located on cell bodies and terminals of VTA
DAergic neurons (Gasbarri et al., 1994; Chaudhury et al., 2013)
(Figure 4). The DAergic pathway from the VTA to the NAc plays
a key role in reward-related phenomena and plays an important
role in aberrant motivational and emotional processes involved in
psychiatric disorders (Nielsen et al., 2016). DAergic neurons have
been the main focus of VTA research. DAergic neurons in the
VTA are key components of the reward pathway, but their
activity is tightly controlled by several types of inhibitory

GABAergic inputs (Polter et al., 2018) (Figure 4). VTA GABA
interneurons bi-directionally regulate the activity of local DA
neurons, which is the basis of reward or aversion at the behavioral
level (Creed et al., 2014). The VTA contains a mixture of DAergic
(~65%) and GABAergic (~30%) neurons, and their interactions
coordinate reward-seeking behavior and influence depressive-like
behavior (Margolis et al., 2006; Nair-Roberts et al., 2008;
Yamaguchi et al., 2011) (Figure 4). Although DA projection
neurons are usually emphasized, VTA projection neurons can
express DA, glutamate, or GABA, and are capable of multiplexing
combinations of these neurotransmitters as well as neuropeptides
(Barker et al., 2016). VTA GABA projection neurons project to
areas such as the NAc, the VP, the PFC, the LHb, the central
amygdala (CeA), and the dorsal raphe nucleus (DRN), among
other regions (Juarez and Han, 2016; Bouarab et al., 2019)
(Figure 4). The in vivo discharge pattern of DA neurons in
the VTA is controlled by GABA afferents mainly from the NAc
and local GABA interneurons (Simmons et al., 2017). VTA
GABA neurons have a variety of functions, both affecting
DAergic activity through local inhibitory control and exerting
DA-independent effects (Bouarab et al., 2019). For example, the
optogenetic strategies of selective stimulation of VTA GABA
neurons as well as their projection fibers to the NAc, suggest that

FIGURE5 |NAc dopamine receptors in D1-MSNs and D2-MSNs receive PFC glutamatergic andGABAergic inputs, and VTA dopaminergic andGABAergic inputs.
The direct NAc innervation of the VTA/SNr is mainly mediated by D1-MSNs. In general, NAc core projects to dlVP, NAc shell innervates the vmVP, and this process is
mainly mediated by D2-MSNs.Whereas D1-MSNsmediate reinforcement and reward or antidepressant-like behavior, D2-MSNs have been associated with punishment
and aversion or depressant-like behavior. VTA, ventral tegmental area; SNr, substantia nigra pars reticulata; VP, ventral pallidum; dlVP, dorsolateral pallidum; vmVP,
ventromedial pallidum.
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the dynamic interaction between VTA DA and GABA neurons
can control the initiation and termination of reward-related
behaviors (van Zessen et al., 2012). In addition to the
populations of VTA DA and GABA neurons, that have been
studied for a long time, glutamatergic neurons have been
identified in the VTA (Yamaguchi et al., 2007). Indeed,
approximately 5% of the total neuronal content of the VTA)
were recently discovered in the VTA, expressing the vesicular
glutamate transporter 2, VGluT2 (Barbano et al., 2020).
Papathanou et al. (2018) suggested that VGluT2 in mature DA
neurons actively promotes glutamate neurotransmission in the
NAc, and highlighted the co-release of VGluT2-mediated
glutamate in the complex mechanisms of synaptic plasticity in
drug addiction.

Optogenetic stimulation of the NAc lateral shell inputs to the
VTA produced a robust real-time place preference and positive
reinforcement of intracranial self-stimulation (Pignatelli and
Bonci, 2018). Indeed, the inputs of information from the NAc
subnuclei to specific VTA microcircuits will be important for a
deeper understanding of the mechanisms of neuropsychiatric
diseases that involve altered motivational function (Pignatelli and
Bonci, 2018). The activation of D1-D2 receptor heteromers in
NAc induced the enhanced expression of GABA-related proteins
in NAc and VTA (Perreault et al., 2012a). Activation of the D1-
D2 receptor heteromers increases GABAergic tone in the NAc
and perhaps by NAc efferent inhibition of the VTA (Hasbi et al.,
2017). In optogenetic experiments of DA neurons in VTA, staged
optogenetic activation of these neurons can alleviate chronic
stress-induced depressive-like behavior within a few seconds, a
phenomenon that requires DA receptors in the NAc to function,
although the specific type of receptor is not known (Zhang et al.,
2019). DRD2 receptor activation enhances Kv7.4 currents
through a Gi/o and redox-dependent cellular pathway, and
Kv7.4 facilitates DA-induced inhibition of spontaneous firing
of VTA DA neurons (Su et al., 2019). DRD2 receptor-mediated
auto-inhibition may be involved in the development of
depressive-like behaviors induced by stress, and thus the
selective targeting of Kv7.4 is considered a promising
antidepressant treatment strategy (Su et al., 2019).

Nucleus Accumbens
The NAc is part of the striatum, which together with the olfactory
tubercles makes up the ventral striatum (Marcott et al., 2018).
The NAc is one of the key regions of the brain reward circuit, and
in some neuropsychiatric disorders, such as depression, there is
an aberrant response to rewarding and aversive signals. The NAc
receives glutamatergic projections from the PFC, hippocampus,
and amygdala, as well as DAergic innervation from the VTA
(Groenewegen et al., 1999). As an important part of the midbrain
VTA-NAc-PFC reward circuit, critical afferent projections to the
NAc arise from a direct projection from the midbrain VTA (Zhou
et al., 2018; Castro and Bruchas, 2019; Soares-Cunha et al., 2020).
Glutamatergic synaptic transmission is mainly mediated by
AMPAR and NMDAR, and the MSNs in the core and shell of
the NAc receive glutamatergic input from PFC, hippocampus,
and amygdala. In rodents, more than 95% of the cells in NAc are
MSNs, which receive excitatory input from four major brain

regions, namely the PFC, hippocampus, basolateral amygdala,
and the thalamus (Sesack and Grace, 2010). Morphological
evidence suggests that DA D1 and D2 receptors form
complexes in the dorsal striatum and NAc of mammalian
species (including mice, rats, non-human primates, and
humans), and in all of these species, a higher number of
MSNs expressing the D1-D2 heteromers was observed in the
NAc than in the dorsal striatum (caudate and putamen) (Hasbi
et al., 2020a).

GABA MSNs subtypes that co-express DRD1 and DRD2 also
exhibit glutamatergic phenotype, thus showing a combined
GABAergic/glutamatergic phenotype (Perreault et al., 2012a).
The NAc mainly contains GABA-expressing MSNs divided
into subtypes based on the expression of DA receptors:
DRD1-containing MSNs (D1-MSNs) and DRD2-containing
MSNs (D2-MSNs) (Francis et al., 2019). These two
populations of MSNs constitute the main NAc output
projections, which have different functional roles in stress and
reward-mediated behavior (Soares-Cunha et al., 2020). Since cells
expressing both receptors appear to have glutamatergic
expression as well, this would suggest that this pathway acts
separately from these other well-characterized GABAergic output
pathways. DAergic signaling mainly acts through D1-MSNs and
D2-MSNs. D1-MSNs project primarily to the VTA/SNr (the
direct pathway) (Perreault et al., 2010). D2-MSNs project
indirectly to the VTA/SNr via the dlVP/vmVP (Soares-Cunha
et al., 2016; McCutcheon et al., 2019). These striatal projections
are summarized in Figure 5. D1-MSNs are involved in mediating
responses to reward signals, while D2-MSNs are involved in
mediating responses to aversive signals (Soares-Cunha et al.,
2016). The classical view of striatal D1R signaling as pre-
reward/reinforcement and D2R signaling as pre-aversive is too
simplistic, and it is premature to assume that neurons expressing
D1R and D2R play completely independent (and opposite) roles
(Soares-Cunha et al., 2016). This relationship is clearer for the
dorsal striatum than for the ventral striatum, where the
relationship to reward/aversion may be less distinct and
dependent on the duration of stimulation (Soares-Cunha et al.,
2020). The positive enhancement that is mediated by midbrain
DA neurons entails the activation of D1 and D2 receptors in the
NAc. Targeting D1-MSN activity may provide new therapeutic
strategies for depression or other affective disorders. The
mesolimbic DAergic system role in the pathophysiology of
depression is more and more obvious. BDNF is elevated in the
NAc of depressed patients and contributes positively to
depressive-like behavior in rodents. BDNF is widely
considered to be critical for neural and synaptic plasticity
throughout the nervous system, and recent studies have shown
that BDNF in the mesolimbic DA circuit originates from DA
neurons in the VTA that project into the NAc (Koo et al., 2019).
Koo et al. concluded that chronic social defeat stress (CSDS) mice
exacerbate failure-induced behavioral symptoms during repeated
optogenetic stimulation of the mesolimbic VTA-NAc circuit and
that these behavioral symptoms can be normalized by BDNF-
TrkB blockade in the NAc (Wook Koo et al., 2016). Staged
stimulation of the VTA-NAc pathway promotes the release of
BDNF and DA from VTA DA terminals (Bass et al., 2013). D1-
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D2 receptor heteromers are highly expressed in NAc and have
been shown to enhance BDNF expression and signal transduction
in NAc (Shen et al., 2015). Research by Rahman et al. has shown
that the simultaneous activation of DAD1- and D2-like receptors
in the NAc stimulates long-loop negative feedback pathway from
the NAc to the VTA reducing somatodendritic DA release, while
the sole activation of D1- or D2-like receptors in the NAc reduces
DA terminal release but without any effect in the VTA (Rahman
and McBride, 2001).

Recent research has shown that the chemokine receptor CCR2
contributes to depression associated with neuropathic pain by
increasing NR2B-mediated currents in both D1- and D2- MSNs
in the NAc shell (Wu et al., 2018). Further experiments showed
that inhibition of CCR2 in D1R-MSN and D2R-MSN reduced
SNL-induced neuropathic pain and depressive-like behavior (Wu
et al., 2018). Using whole-cell patch-clamp electrophysiology,
Francis et al. (2015) found that the excitatory synaptic input
frequency of D1-MSNs decreased while that of D2-MSNs
increased in mice that exhibited depressive-like behavior after
experiencing CSDS. Notably, bidirectional alterations in D1-
MSN activity promoted the opposite behavioral outcome of
chronic social stress, while bidirectional modulation of D2-
MSN did not alter the behavioral response to CSDS (Francis
et al., 2015). The relationship of NAc neurons in rats that co-
express DRD1 and DRD2, forming D1-D2 heterodimers, with
depression is unclear. MSNs have been shown to have the unique
property of expressing D1-D2 receptor heterodimers. The NAc
exhibits relatively abundant D1–D2 heterodimers (Perreault
et al., 2010), and activation of D1–D2 heterodimers in the
NAc shell can alter the expression of proteins involved in
GABA and glutamate activity in VTA and the SNr (Fatima
et al., 2020). The polylactic acid (PLA), fluorescence resonance
energy transfer (FRET), and immunoprecipitation techniques
were used to establish the presence of D1-D2 heterodimers in
the striatum of rats and monkeys. Perreault et al. (2010) found
that in NAc cell bodies, the energy transfer between fluorescent-
labeled D1R and D2R was very high, indicating a stronger
receptor-receptor interaction and higher densities of
heterodimers. Those authors subsequently showed that MSNs
co-expressing DRD1 and DRD2 showed a unique dual GABA/
glutamate phenotype and activation of the D1R–D2R
heterodimers altered the expression of proteins involved in
GABA and glutamate activity in regions of the mesolimbic
and nigrostriatal pathways (Fatima et al., 2020). A novel
mechanism that modulates depressive-like and anxiety-like
behavior in rats through the DA system involves D1-D2
receptor heterodimers (Shen et al., 2015). Recent research
suggests that higher D1-D2 heterodimer expression in female
animals may significantly increase susceptibility to depressive-
like and anxiety-like behavior (Hasbi et al., 2020c). Specifically,
compared with male rats, activation of D1-D2 heterodimers in
the NAc of female rats resulted in greater activation of BDNF/
TrkB and Akt/GSK3/β-catenin, two important depression-related
signaling pathways, and this difference may explain the greater
predisposition of female rats to depressive and anxiety behaviors
(Hasbi et al., 2020c). In Sprague-Dawley rats, selective activation
of D1-D2 heterodimer increased grooming behavior and reduced

AMPA receptor GluA1 phosphorylation via calcium/calmodulin
kinase II-α, suggesting that D1-D2 heterodimer play a role in
modulating the sensitivity of the reward pathway (Perreault et al.,
2010). Therefore, targeting D1-MSN/D2-MSN activity may
provide novel treatment strategies for depression or other
affective disorders (Francis et al., 2015).

The Prefrontal Cortex
DA regulation in the PFC plays a key role in the modulation of
stress responsiveness, cognition, motivation, and emotional
behavior, and DA regulation mediates a variety of effects on
neuronal physiology and function in the PFC (Cohen et al., 2012).
Previous studies have shown that decreased DAergic
transmission in the medial PFC is associated with the
pathophysiology of depression. All subtypes of D1-like
receptors and D2-like receptors are present in PFC, but DRD1
receptors are the most abundant (Santana et al., 2009). The DRD1
receptor is highly expressed in the glutamatergic pyramidal cells
of the PFC (Arnsten et al., 1994), while the DRD2 receptor is most
commonly found in GABAergic interneurons in the PFC and
plays a role in inhibiting NMDA receptor-mediated excitatory
neurotransmission. In cortical regions, DA modulates excitatory
postsynaptic currents (EPSCs) and inhibitory postsynaptic
currents (IPSCs) through DRD1 and DRD2 receptors (Zheng
et al., 1999; Trantham-Davidson et al., 2004). Activation of the D1
receptor enhances the firing of DRD1+ pyramidal cells and VIP-
positive (VIP+) interneurons, which indicates that the DRD1
receptor enhances both excitatory and inhibitory microcircuits in
the PFC (Anastasiades et al., 2019). Alterations in DRD1 density
are associated with cognitive dysfunction in psychiatric disorders,
and in the PFC DRD1 also plays a key role in the regulation of
working memory (McCarthy et al., 2020). Infusions of a DRD1
DA receptor agonist directly into the mPFC and infusion of
DRD2 receptor antagonist into the NAc shell, reduced stress-
induced behavioral changes in DA-deficient rats, indicating that
DAergic transmission via DRD1 in the mPFC modulates DRD2
-mediated stress responsiveness in the NAc (Scornaiencki et al.,
2009). Pyramidal neurons (PYR), as the main output neurons in
the mPFC, play an important role in stress-induced cortical
dysfunction. Recent evidence has shown that PYR neurons
expressing DA DRD1 (D1-PYR) or DRD2 (D2-PYR) exhibit
differences in ion channel expression, inhibitory synaptic
innervation, and subcortical projection targets (Anastasiades
et al., 2019). DRD1 and DRD2 are expressed on glutamatergic
PYR neurons in the PFC, but the role of D1 and D2 receptors
expressed in PFC PYR in depression and antidepressant
responses is largely unknown.

DA activates DRD1 and DRD2 receptors in PFC, signaling by
stimulating Gαs or inhibiting Gαi proteins respectively, as well as
β-arrestins, to regulate the activity of pyramidal neurons and
interneurons (Beaulieu et al., 2007). Although several
antidepressant drugs can affect the DA system of the mPFC,
the role of the D1-like or D2-like receptors in the PFC region in
the antidepressant process is still unclear. l-SPD, which has a
unique pharmacological profile of DRD1 agonism and DRD2
antagonism exerted antidepressant-like effects on the CMSmodel
of depression (Zhang et al., 2017). Specifically, l-SPD activates the
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downstream signaling of the PKA/mTOR pathway, leading to an
increase in expression of the synaptogenesis-related proteins PSD
95 and synapsin I. Additionally, l-SPD also triggers long-term
potentiation in the mPFC, suggesting that the D1R/PKA/mTOR
signaling cascade plays a key role in l-SPD-mediated
antidepressant responses (Zhang et al., 2017). Recent studies
have shown that elevated mPFC DA levels may further
enhance excitatory synaptic transmission through activation of
the D1/PKA/DARPP32 intracellular signaling pathways, which
may be the underlying mechanism of antidepressant-like effects.
Recently, the mechanism of the antidepressant-like action of
ketamine in the PFC region has become increasingly clear
(Wohleb et al., 2017). Ketamine infusions in the ilPFC are
sufficient to produce long-lasting antidepressant-like responses
in rats (Fuchikami et al., 2015). Similar effects could be produced
by optogenetic stimulation of ilPFC neurons, while the effects of
systemic ketamine could be blocked by optogenetic inactivation.
Further study demonstrated that the antidepressant effect of
optogenetic stimulation was mediated by DRD1-expressing,
but not DRD2-expressing mPFC neurons (Hare et al., 2019).
Some of these effects were associated with structural changes in
mPFC neurons. D1 receptor and its associated signaling pathways
in mPFC neurons mediate acute stress-induced dendritic
plasticity and contribute to the suppression of stress
susceptibility (Shinohara et al., 2018).

By contrast, specific layer V pyramidal neuron subtypes in
PFC selectively express DRD2, triggering post-depolarization of
Ca2+ dependent channels, which can effectively regulate the
activity of specific PFC neurons (Gee et al., 2012). The effect
of the antidepressant venlafaxine on memory consolidation
impairment in Wistar rats with chronic mild stress (an animal
model of treatment-resistant depression) is related to the D2-like
receptor inhibition in the ventromedial prefrontal cortex,
suggesting an important relationship between depression and
D2-like activity (Papp et al., 2019). Studies have shown that
altered expression and function of DRD3 in patients and animal
models of depression correlate with the severity of depression or
depressive-like behavior. DRD3 has been extensively studied in
animal models of LPS-induced inflammatory depressive-like
behavior. LPS significantly reduces DRD3 in the VTA, mPFC,
and NAc, key regions within the mesolimbic DAergic system. LPS
reduces DRD3 in the VTA, mPFC, and NAc (Wang J. et al.,
2018). The DRD3 agonist pramipexole had antidepressant effects
in the LPS model, while the DRD3 antagonist NGB2904 induced
depressive-like behavior by preventing the induction of pro-
inflammatory cytokines and BDNF and ERK1/2-CREB
signaling pathways. These findings provide a mechanism for
the role of DRD3 in LPS-induced depressive-like behavior by
mediating potential cross-effects between pro-inflammatory
cytokines (tumor necrosis factor-α, interleukin-1β, and
interleukin-6), BDNF, and changes in the ERK1/2-CREB
signaling in the VTA and NAc. This indicates that DRD3 is a
potential target for the treatment of depression.

Hippocampus
Hp is a complex structure in the temporal lobe associated with
memory, cognition, and stress. Hp has functional differences

along its dorso-ventral axis reflected in differences in gene
expression and anatomical connectivity (Castro-Hernández
et al., 2017). The dorsal Hp (dHp) is associated with different
types of memory and cognitive function, while the ventral Hp
(vHp) is associated with the emotional and motivational
consequences of stress, including depression and anxiety
(Bagot et al., 2015). The Hp contains high levels of
glucocorticoid receptors and mediates feedback inhibition to
the HPA axis. Chronic activation of this system produces
changes in stress responses that contribute to the development
of depression. The Hp is the most frequently studied brain region
in depression research, along with other areas of the brain that are
associated with stress, memory formation/consolidation, and
emotion, such as the PFC and amygdala (Liu et al., 2017).
Numerous studies have shown that DA receptors regulate
long-term synaptic plasticity and memory function in the Hp,
and also play a key role in imparting novelty and reward signals
that influence memory formation (Hansen and Manahan-
Vaughan, 2014; Rocchetti et al., 2015; Palacios-Filardo and
Mellor, 2019; Park et al., 2021). In animal models of
depression, chronic and severe stress impairs Hp-dependent
explicit memory formation, and this effect can be explained by
changes in hippocampal synaptic plasticity, e.g., alterations in
LTP and LTD (Kim and Diamond, 2002). In the dentate gyrus
(DG) of the Hp, the D1-like receptor antagonists block the LTD
induced by afferent stimulation (Wiescholleck and Manahan-
Vaughan, 2014). Pharmacological, genetic, biochemical, and
imaging methods have been used to show that activation of
DRD1 in the hippocampus, but not DRD2, increases calcium
inflow through NMDA receptors, which enhances the MEK-ERK
and mTOR pathways (David et al., 2020). Both pathways inhibit
eEF2K activity by phosphorylation of eEF2K on e366, resulting in
dephosphorization of eEF2 Thr56, suggesting that eEF2 may be a
promising therapeutic target for the treatment of depression
(David et al., 2020). In models of desperate behavior induced
by prenatal stress (PNS) and chronic unpredictable mild stress
(CUMS), the selective non-ergoline DA D2-like receptor agonist
ropinirole (ROPI) upregulates Hp and PFC developmental gene
expression, possibly because D2 receptor agonists increase the
levels of the rate-limiting enzyme TH in the Hp and PFC (Fatima
et al., 2020). At the same time, downregulation of GSK-3β and
enhanced BDNF and TH expression are observed, thereby
promoting adult hippocampal neurogenesis and alleviating
symptoms of depression (Fatima et al., 2020). In a model of
LPS-induced peripheral inflammation, the DA DRD2/DRD3
agonist pramipexole (PPX) inhibited the increase in LPS-
induced IL-1 expression and eliminated the increase in 3-
nitrotyrosine (3-nitrotyrosine, 3-NT) in the Hp (Lieberknecht
et al., 2017). However, the authors of this study also concluded
that the antidepressant-like effects observed with PPX in LPS-
treated mice may be dependent on its anti-inflammatory
properties and may not be related to the activation of DAD2
receptors (Lieberknecht et al., 2017). Therefore, the role of
dopamine D2 receptors in Hp needs to be further investigated.
In rodents, the projection to the NAc from the vHp is associated
with stress susceptibility, and stress-induced increases in vHp-
NAc activity are consistent with the increase of spontaneous
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excitatory postsynaptic current frequency (Muir et al., 2020).
Different subpopulations of D1+ MSNs in the NAc medial shell
(NAcMS) project to the VTA(D1+VTA MSNs) and the VP
(D1+VP MSNs) and receive inputs from the vHp and
basolateral amygdala (BLA) (Baimel et al., 2019). Although the
vHp and BLA inputs target D1+VTA and D1+VP MSNs, those
vHPC inputs are stronger on D1+VTA MSNs. Through
optogenetic manipulation to bidirectional control of afferent-
specific synaptic function, a unique role for vHp-NAc in driving
depressive-like behavioral phenotypes was shown (Bagot et al.,
2015). These studies suggest that circuit-level therapeutic
interventions that inhibit the overactivation of presynaptic
vHp may constitute an effective strategy for the treatment of
depression.

Lateral Habenular Nucleus
It has recently emerged that the LHb is a critical brain region in
the pathophysiology of depression. There is growing evidence
from rodent and human studies that abnormal activity in the LHb
is associated with depressive symptoms, such as helplessness and
lack of pleasure (Yang et al., 2018). Pharmacological and
optogenetic manipulation of the LHb activity alters DAergic
regulation of mPFC neuronal activity, which controls multiple
brain processes that are relevant to depression. Chronic stress-
induced hyperactivity VTA-projecting LHb neurons is associated
with increased passive coping response, and the neurons show
increased burst and tonic firing (Cerniauskas et al., 2019).
Hyperactivity of LHb is found in both rodent models of
depression and human patients with depression. In LHb
neurons, p11 is a multifunctional protein associated with
depression and is significantly upregulated under chronic
restraint stress. That is, downregulation of P11 expression in
LHb can reduce stress-induced depressive-like behavior (Seo
et al., 2018). Moreover, overexpression of p11 in D2 receptor-
containing LHb neurons induces depressive-like behaviors,
suggesting that p11 in LHb may be a key molecule in the
regulation of negative emotions (Seo et al., 2018). Quantitative
proteomic screens show that LHb expression of the β form of
calcium/calmodulin-dependent protein kinase type II (βCaMΚΙΙ)
is up-regulated in animal models of depression and down-
regulated by antidepressants (Li et al., 2013).

Additional evidence shows that DA function in the habenula
regulates these outputs and depressive-like behavior. DRD2 has
functionally important expression in LHb, especially in the
middle portion of LHb, which regulates the effect of aversive
stimuli on behavioral output influenced by DAergic activity
(Aizawa et al., 2012). LHb DRD2+ neurons regulate emotional
behavior via negative reward signals and participate in stress-
induced depressive-like behavior (Matsumoto and Hikosaka,
2007; Stamatakis and Stuber, 2012). Injecting DA antagonists
into mPFC blocks aversive emotions induced by activation of the
LHb-VTA pathway, and increased DA neuronal activity in the
mesocortical projections, either via direct LHb inputs or
indirectly via the rostromedial tegmental nucleus (RMTg))
(Stamatakis and Stuber, 2012). Both DRD1 and DRD2 are
expressed in the LHb (Chan et al., 2017). Injection of DA
receptor agonists or antagonists into LHb showed that

activation or inhibition of DRD1 but not DRD2 in LHb
increased anxiety-like behavior, but decreased depressive-like
behavior in rats (Chan et al., 2017). The above results confirm
that the DRD1+ and DRD2+ LHb neurons are important
molecular and cellular determinants of depressive-like
behavior. DRD1 dysfunction in the LHb increases anxiety-like
behavior but decreases depressive-like behavior, and impairs
aversive learning in rats, suggesting that proper activation of
DRD1 in LHb is important for this processing, and manipulation
of LHb neurons through DRD1 may be a target for the treatment
of depression (Proulx et al., 2014). Studies report that unilateral 6-
hydroxydopamine lesions of the substantia nigra pars compacta
(SNc) in rats induces depressive-like behavior and hyperactivity
of the LHb. Intra-LHb injection of the DRD4 receptor agonist
A412997 and antagonist L-741,742 increase depressive-like
behavior and produce antidepressant-like effects in SNc-
lesioned rats (Hui et al., 2020). These studies suggest roles for
DAergic receptor in the modulation of habenula circuits involved
in depression. The role of DAergic receptor heterodimers in
habenula function have not yet been explored.

Ventral Pallidum
TheVP is an important node in themedial limbic network, being the
primary output of the NAc and projecting to the LHb and the VTA
(Wulff et al., 2019). VP is the central structure of the reward system,
receiving intensive innervation from NAc, and consists mainly of
GABAergic neurons, with roles in cognition and addiction (Root
et al., 2015). The VP is a significant convergence point at the
interface of the motivational and reward circuitry associated with
depression (Smith et al., 2009). The VP mainly contains GABAergic
neurons, but also contains a smaller proportion of cholinergic and
glutamatergic neurons (Geisler et al., 2007; Faget et al., 2018; Tooley
et al., 2018). VP neurons send projections to different areas of the
brain, some associatedwith reward (e.g., DAergic VTAneurons) and
some associated with aversion (e.g., LHb). Glutamatergic VP
neurons increase the activity of neurons in the LHb, medial
tegmental nucleus, and GABAergic VTA neurons and adaptively
limit reward-seeking (Tooley et al., 2018). It has been shown that the
VP is the convergence point of MSN expressing DA receptor type 1
(D1-MSNs) and type 2 (D2-MSNs) of the NAc (Creed et al., 2016),
and targeting VP may provide a new therapeutic strategy for
depression. There are two discrete circuits of parvalbumin-
positive (PV) neurons in the VP, which project to either the LHb
or the VTA, with consequently different potential roles in the
pathogenesis of depression (Knowland et al., 2017). Optogenetic
techniques have revealed that both excitatory and inhibitory VP cells
drive motivational behavior, and fine-tuning these inhibitory/
excitatory signaling pathways is critical for normal hedonic and
motivational processes (Faget et al., 2018).

POTENTIAL ANTIDEPRESSANT-LIKE
EFFECTS OF DOPAMINE RECEPTOR
AGONISTS/ANTAGONISTS
The role of DA receptors in depression has attracted increasing
attention recently. DA receptors have been identified in many brain
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regions associated with the development of depression.
Unfortunately, traditional approaches that directly manipulate
DA receptors cannot be used in clinical practice because of their
effects on blood pressure (Sassano-Higgins et al., 2011;Wang S. et al.,
2018). An increasing number of studies have shown that the action
of DA receptor modulators may be a potential treatment for
depression if these peripheral DA effects can be overcome. In
recent years, PET imaging with [11C]-(+)-PHNO has enabled
researchers to assess in vivo the occupancy of DA receptors and/
or their down- or up-regulation by given drug treatment (Leggio
et al., 2016). Today, the search for useful molecular determinants of
DA selectivity seems achievable. The advances in D1- and D2-like

receptor agonists and antagonists have provided more selective
compounds that may be able to selectively target different DA
receptors and perhaps address depression-related symptoms. D1R
is a promising drug target, where its selective activation may provide
a new approach for the treatment of depression. In female rats,
repeated injections of the D1 receptor partial agonists SKF 83959
increase BDNF expression and TrkB activation, thereby affecting
depressive and anxiety-like behavior (Hasbi et al., 2020c). Pergolide
targets DRD1 and DRD2 receptors and improves visual-spatial
working memory, verbal learning and memory, and executive
function in schizotypal patients (McClure et al., 2010), indicating
that DA agonists may be beneficial for cognitive abnormalities in

TABLE 2 | Representative dopamine receptor agonists and antagonists and their role in the treatment of depression.

Dopamine
receptor
agonist

Representative
substance

Subjects (Methodology) Effects on depressive-like
behavior

References

D1R Agonist Pergolide 41 non-demented patients suffering from mild or
moderate depression and Parkinson’s disease

Demonstrated antidepressant effects in PD patients Rektorová et al.
(2013)

SKF-81297 Chronically stressed rats 100 ng of SKF 81297 significantly ameliorate
depressive-like behavior

Mizoguchi et al.
(2002)

SKF-38393 Adult ovariectomized female rats Blocked the antidepressant-like effect Fedotova and
Ordyan (2011)

D2R Agonist Cabergoline Male Wistar and Wistar-Kyoto rats Antidepressant-like property Chiba et al. (2010)
Piribedil The placebo-controlled, randomized, double-

blinded trial was conducted in 37 patients with
Parkinson’s disease presenting with apathy

Dopamine agonist piribedil improves apathy in
Parkinson’s disease

Thobois et al.
(2013)

Quinpirole Sprague Dawley rats Delivery of quinpirole into the NAc of control animals
induced depressive-like behaviors

Qiao et al. (2020)

Pramipexole five RCTs, three open-label trials, and five
observational studies, with 504 participants

Patients treated with Pramipexole showed
improvement in depressive symptoms

Tundo et al.
(2019)

Ropinirole 32 unipolar and bipolar patients who remained
depressed

No difference in primary or secondary outcome
measures was detected between the treatment and
control groups

Gershon et al.
(2019)

L-742,626 Wistar or Wistar-Kyoto rats Venlafaxine reversed the effect of L-742,626 in
controls

Papp et al. (2019)

D3R Agonist Rotigotine 48 PD patients Rotigotine improves apathy, depression, and anxiety
in PD patients

Castrioto et al.
(2020)

D4R Agonist PD-168,077 174 transverse hippocampal slices (400 μm)
prepared from 87 male Wistar rats

D4R activation induces synaptic depression Navakkode et al.
(2017)

D1/D5R Agonist SKF-38393 Adult zebrafish (AB wild-type; ~50:50 male:
female ratio at 4-month of age)

Pretreatment with the agonist SKF-38393 protects
subjects from conspecific alarm substance (CAS, a
natural stressor)

Fontana et al.
(2021)

D1R Antagonist SKF-83566 Forty-nine male Long–Evans rats Administration of SKF 83566 blocked LTP in mPFC
and resulted in long-term depression induced by
high-frequency stimulation

Coppa-Hopman
et al. (2009)

Haloperidol seven patients (five men and two women; mean
age = 36.7 years, SD = 13.8, range = 26–61)

The first description of the efficacy and safety of the
SSRI citalopram in combination with haloperidol in
the treatment of psychotic depression

Bonomo et al.
(2002)

D2R Antagonist Raclopride Adult outpatients with depression >59 years old Depression status is associated with lower [[11C]
raclopride binding

Rutherford et al.
(2019)

Sulpiride ten patients and ten age-matched male
volunteers

Improve depressive-like behavior and may have the
effect of increasing dopamine turnover

Verbeeck et al.
(2001)

Risperidone 16-week randomized placebo-controlled trial for
participants concurrently treated with risperidone

A combination of Risperidone and Omega-3
improves depressive-like behavior

Robinson et al.
(2019)

D3R Antagonist 7-OH-DPAT Wistar or Wistar-Kyoto rats Potential anti-anxiety and antidepressant effects Rogóz et al.
(2004)

D4R Antagonist L-741,742 Male Sprague Dawley rats Electrophysiological currents were inhibited by DA-
D4-receptor antagonist L-741,742 and it was
observed in LHb neurons when DA uptake or
degradation was blocked

Root et al. (2015)

D1/D5R
Antagonist

SCH-23390 Gerbil (Meriones unguiculatus, n = 130) pups Decreasing dopamine receptor signaling diminishes
social learning

Paraouty et al.
(2021)
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schizophrenia spectrum disorders. These effects may extend to
antidepressant effects. Studies have shown that depressive-like
behavior induced by chronic unpredictable stress (CUS) is
accompanied by a significant decrease in both DA levels and
DRD2 expression in NAc. Before CUS in Sprague Dawley rats,
infusion of the DRD2 agonist Quinpirole and DRD2 antagonist
eticlopride to NAc reversed depressive-like behavior induced by
CUS and normalized DA levels in NAc (Qiao et al., 2020).
Interestingly, the most recent studies found that Partial agonist
activity of the DRD2 is a key feature of third-generation
antipsychotics (TGAs), which have antidepressant-like effects and
improved cognitive performance (Chen et al., 2022). The unique and
selective DRD2-selective partial agonist (−)-IHCH7041may provide
the medical community with chemical tools for exploring signaling
pathways that counteract the efficacy and side effects of psychiatric
disorders such as depression (Chen et al., 2022). A growing body of
evidence also suggests that DRD3 receptor antagonists may be
effective antidepressants (Maramai et al., 2016). Cariprazine is a
partial agonist of D2/D3 receptors that has recently been approved in
the United States for the treatment of psychiatric disorders (Findlay
et al., 2017). Cariprazine reduces anhedonia resulting from chronic
unpredictable stress and shows an effective antidepressant effect
comparable to aripiprazole and the tricyclic antidepressant
imipramine (Duric et al., 2017). Furthermore, the antianhedonic-
like effect of Cariprazine was not observed in D3 knockout mice,
suggesting that the cariprazine antidepressant-like activity is
mediated by DRD3 (Duric et al., 2017). Aripiprazole,
Blonanserin, and the D2/D3 receptors partial agonist Cariprazine
play an important role in the treatment of depression, and this may
not be possible without the role of D3R (Leggio et al., 2016).
Therefore, the development of novel, more selective chemical
scaffolds for D3R ligands may be essential. Injection of the
DRD4 agonist A-412,997 or the antagonist L-741,742 into the
LHb affects the expression of depressive-like behaviors and
produces antidepressant-like effects in SNc-lesioned rats (Hui
et al., 2020). In general, DA receptor agonists/antagonists will be
a new option for the treatment of depression. Representative DA

receptor agonists and antagonists and their role in the treatment of
depression are summarized in Table 2.

CONCLUSION

According to the types of DA receptors and their distribution in
different brain regions, this paper reviews the current research
status of the molecular, cellular and neural circuit mechanisms of
DA receptors involved in depression, including the research
progress into the role of DA receptor D1-D2 heterodimers.
Understanding the function and localization of DA and its
receptors in the brain and the complexity of their signaling
mechanisms as well as pharmacological strategies based on
receptor complexes may have potential new applications in the
depression pathogenesis. Multidimensional analysis of DA
receptors and DA receptor-related mechanisms or post-receptor
signaling cascades will provide an exciting opportunity for
depression treatment, which will minimize the side effects of
depression, and these approaches may be closely related to the
metabolic targeting of DA receptors and heterodimers and their
downstream intracellular signaling events.

AUTHOR CONTRIBUTIONS

FZ wrote the manuscript. ZC and JP made the critical revisions.
RC reviewed editing and funding acquisition. BL completed
conception, design, editing, and funding acquisition. All
authors approved the final version of the manuscript for
submission.

FUNDING

This work was supported by the National Natural Science
Foundation of China (81871070 and 31971078).

REFERENCES

Aizawa, H., Kobayashi, M., Tanaka, S., Fukai, T., and Okamoto, H. (2012).
Molecular Characterization of the Subnuclei in Rat Habenula. J. Comp.
Neurol. 520 (18), 4051–4066. doi:10.1002/cne.23167

Alexander, S. P. H., Christopoulos, A., Davenport, A. P., Kelly, E., Mathie, A.,
Peters, J. A., et al. (2019). The Concise Guide to Pharmacology 2019/20: G
Protein-Coupled Receptors. Br. J. Pharmacol. 176 Suppl 1, S21. doi:10.1111/
bph.14748

Altar, C. A. (1999). Neurotrophins and Depression. Trends Pharmacol. Sci. 20 (2),
59–61. doi:10.1016/s0165-6147(99)01309-7

Althobaiti, Y. S. (2021). Quetiapine-Induced Place Preference in Mice: Possible
Dopaminergic Pathway. Pharmaceuticals 14 (2), 156. doi:10.3390/ph14020156

Alzoubi, K. H., Srivareerat, M., Aleisa, A. M., and Alkadhi, K. A. (2013). Chronic
Caffeine Treatment Prevents Stress-Induced LTP Impairment: the Critical Role
of Phosphorylated CaMKII and BDNF. J. Mol. Neurosci. 49 (1), 11–20. doi:10.
1007/s12031-012-9836-z

Anastasiades, P. G., Boada, C., and Carter, A. G. (20191991). Cell-Type-Specific D1
Dopamine ReceptorModulation of ProjectionNeurons and Interneurons in the
Prefrontal Cortex. Cereb. Cortex 29 (7), 3224–3242. doi:10.1093/cercor/bhy299

Andreoli, A., Taban, C., and Garrone, G. (1989). Stress, Depression, Immunity:
Current Trends in Research in the Field of Psychoimmunology. Ann. Med.
Psychol. Paris. 147 (1), 35–46.

Arnsten, A. F., Cai, J. X., Murphy, B. L., and Goldman-Rakic, P. S. (1994).
Dopamine D1 Receptor Mechanisms in the Cognitive Performance of
Young Adult and Aged Monkeys. Psychopharmacol. Berl. 116 (2), 143–151.
doi:10.1007/BF02245056

Asanuma, M., and Miyazaki, I. (2016). 3-O-Methyldopa Inhibits Astrocyte-
Mediated Dopaminergic Neuroprotective Effects of L-DOPA. BMC
Neurosci. 17 (1), 52. doi:10.1186/s12868-016-0289-0

Bagot, R. C., Parise, E. M., Peña, C. J., Zhang, H. X., Maze, I., Chaudhury, D., et al.
(2015). Ventral Hippocampal Afferents to the Nucleus Accumbens Regulate
Susceptibility to Depression. Nat. Commun. 6, 7062. doi:10.1038/ncomms8062

Bai, M., Zhu, X., Zhang, L., Zhang, Y., Xue, L., Wang, Y., et al. (2017). Divergent
Anomaly in Mesocorticolimbic Dopaminergic Circuits Might Be Associated
with Different Depressive Behaviors, an Animal Study. Brain Behav. 7 (10),
e00808. doi:10.1002/brb3.808

Baimel, C., McGarry, L. M., and Carter, A. G. (2019). The Projection Targets of
Medium Spiny Neurons Govern Cocaine-Evoked Synaptic Plasticity in the
Nucleus Accumbens. Cell. Rep. 28 (9), 2256–e3. doi:10.1016/j.celrep.2019.
07.074

Frontiers in Pharmacology | www.frontiersin.org August 2022 | Volume 13 | Article 94778517

Zhao et al. Dopamine Receptors and Depression

https://doi.org/10.1002/cne.23167
https://doi.org/10.1111/bph.14748
https://doi.org/10.1111/bph.14748
https://doi.org/10.1016/s0165-6147(99)01309-7
https://doi.org/10.3390/ph14020156
https://doi.org/10.1007/s12031-012-9836-z
https://doi.org/10.1007/s12031-012-9836-z
https://doi.org/10.1093/cercor/bhy299
https://doi.org/10.1007/BF02245056
https://doi.org/10.1186/s12868-016-0289-0
https://doi.org/10.1038/ncomms8062
https://doi.org/10.1002/brb3.808
https://doi.org/10.1016/j.celrep.2019.07.074
https://doi.org/10.1016/j.celrep.2019.07.074
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Barbano, M. F., Wang, H. L., Zhang, S., Miranda-Barrientos, J., Estrin, D. J.,
Figueroa-González, A., et al. (2020). VTA Glutamatergic Neurons Mediate
Innate Defensive Behaviors. Neuron 107 (2), 368–e8. doi:10.1016/j.neuron.
2020.04.024

Barker, D. J., Root, D. H., Zhang, S., and Morales, M. (2016). Multiplexed
Neurochemical Signaling by Neurons of the Ventral Tegmental Area.
J. Chem. Neuroanat. 73, 33–42. doi:10.1016/j.jchemneu.2015.12.016

Bass, C. E., Grinevich, V. P., Gioia, D., Day-Brown, J. D., Bonin, K. D., Stuber, G. D.,
et al. (2013). Optogenetic Stimulation of VTA Dopamine Neurons Reveals that
Tonic but Not Phasic Patterns of Dopamine Transmission Reduce Ethanol Self-
Administration. Front. Behav. Neurosci. 7, 173. doi:10.3389/fnbeh.2013.00173

Beaulieu, J. M., Espinoza, S., and Gainetdinov, R. R. (2015). Dopamine Receptors -
IUPHAR Review 13. Br. J. Pharmacol. 172 (1), 1–23. doi:10.1111/bph.12906

Beaulieu, J. M., Gainetdinov, R. R., and Caron, M. G. (2007). The Akt-GSK-3
Signaling Cascade in the Actions of Dopamine. Trends Pharmacol. Sci. 28 (4),
166–172. doi:10.1016/j.tips.2007.02.006

Beaulieu, J. M., and Gainetdinov, R. R. (2011). The Physiology, Signaling, and
Pharmacology of Dopamine Receptors. Pharmacol. Rev. 63 (1), 182–217.
doi:10.1124/pr.110.002642

Ben-Jonathan, N., and Hnasko, R. (2001). Dopamine as a Prolactin (PRL)
Inhibitor. Endocr. Rev. 22 (6), 724–763. doi:10.1210/edrv.22.6.0451

Beninger, R. J., and Miller, R. (1998). Dopamine D1-like Receptors and Reward-
Related Incentive Learning. Neurosci. Biobehav Rev. 22 (2), 335–345. doi:10.
1016/s0149-7634(97)00019-5

Blier, P. (2016). Neurobiology of Depression and Mechanism of Action of
Depression Treatments. J. Clin. Psychiatry 77 (3), e319. doi:10.4088/JCP.
13097tx3c

Bouarab, C., Thompson, B., and Polter, A. M. (2019). VTA GABA Neurons at the
Interface of Stress and Reward. Front. Neural Circuits 13, 78. doi:10.3389/fncir.
2019.00078

Brhlikova, P., Pollock, A. M., and Manners, R. (2011). Global Burden of Disease
Estimates of Depression-Hhow Reliable Is the Epidemiological Evidence? J. R.
Soc. Med. 104 (1), 25–34. doi:10.1258/jrsm.2010.100080

Brown, V., and Liu, F. (2014). Intranasal Delivery of a Peptide with Antidepressant-
like Effect. Neuropsychopharmacology 39 (9), 2131–2141. doi:10.1038/npp.
2014.61

Bonomo, V., and Fogliani, A. M. (2000). Citalopram and haloperidol for psychotic
depression. Am. J. Psychiatry 157 (10), 1706–1707. doi:10.1176/appi.ajp.157.10.
1706-a

Cahoy, J. D., Emery, B., Kaushal, A., Foo, L. C., Zamanian, J. L., Christopherson, K.
S., et al. (2008). A Transcriptome Database for Astrocytes, Neurons, and
Oligodendrocytes: a New Resource for Understanding Brain Development
and Function. J. Neurosci. 28 (1), 264–278. doi:10.1523/JNEUROSCI.4178-
07.2008

Camardese, G., Di Giuda, D., Di Nicola, M., Cocciolillo, F., Giordano, A., Janiri, L.,
et al. (2014). Imaging Studies on Dopamine Transporter and Depression: a
Review of Literature and Suggestions for Future Research. J. Psychiatr. Res. 51,
7–18. doi:10.1016/j.jpsychires.2013.12.006

Cao, C., Li, D., Zhan, S., Zhang, C., Sun, B., and Litvak, V. (2020). L-Dopa
Treatment Increases Oscillatory Power in the Motor Cortex of Parkinson’s
Disease Patients. Neuroimage Clin. 26, 102255. doi:10.1016/j.nicl.2020.102255

Castrioto, A., Thobois, S., Anheim, M., Quesada, J. L., Lhommée, E., Klinger, H.,
et al. (2020). A randomized controlled double-blind study of rotigotine on
neuropsychiatric symptoms in de novo PD. NPJ Parkinson’s Dis. 6 (1), 41.
doi:10.1038/s41531-020-00142-x

Castro, D. C., and Bruchas, M. R. (2019). A Motivational and Neuropeptidergic
Hub: Anatomical and Functional Diversity within the Nucleus Accumbens
Shell. Neuron 102 (3), 529–552. doi:10.1016/j.neuron.2019.03.003

Castro-Hernández, J., Adlard, P. A., and Finkelstein, D. I. (2017). Pramipexole
Restores Depressed Transmission in the Ventral hippocampus Following
MPTP-Lesion. Sci. Rep. 7, 44426. doi:10.1038/srep44426

Centonze, D., Grande, C., Saulle, E., Martin, A. B., Gubellini, P., Pavón, N., et al.
(2003). Distinct Roles of D1 and D5Dopamine Receptors inMotor Activity and
Striatal Synaptic Plasticity. J. Neurosci. 23 (24), 8506–8512. doi:10.1523/
jneurosci.23-24-08506.2003

Cerniauskas, I., Winterer, J., de Jong, J. W., Lukacsovich, D., Yang, H., Khan, F.,
et al. (2019). Chronic Stress Induces Activity, Synaptic, and Transcriptional

Remodeling of the Lateral Habenula Associated with Deficits in Motivated
Behaviors. Neuron 104 (5), 899–e8. doi:10.1016/j.neuron.2019.09.005

Cervenka, S. (2019). PET Radioligands for the Dopamine D1-Receptor:
Application in Psychiatric Disorders. Neurosci. Lett. 691, 26–34. doi:10.
1016/j.neulet.2018.03.007

Chan, J., Ni, Y., Zhang, P., Zhang, J., and Chen, Y. (2017). D1-like Dopamine
Receptor Dysfunction in the Lateral Habenula Nucleus Increased Anxiety-like
Behavior in Rat. Neuroscience 340, 542–550. doi:10.1016/j.neuroscience.2016.
11.005

Charney, D. S., Menkes, D. B., and Heninger, G. R. (1981). Receptor Sensitivity and
the Mechanism of Action of Antidepressant Treatment. Implications for the
Etiology and Therapy of Depression. Arch. Gen. Psychiatry 38 (10), 1160–1180.
doi:10.1001/archpsyc.1981.01780350094011

Chaudhury, D., Walsh, J. J., Friedman, A. K., Juarez, B., Ku, S. M., Koo, J. W., et al.
(2013). Rapid Regulation of Depression-Related Behaviours by Control of
Midbrain Dopamine Neurons. Nature 493 (7433), 532–536. doi:10.1038/
nature11713

Chen, J., Rusnak, M., Luedtke, R. R., and Sidhu, A. (2004). D1 Dopamine Receptor
Mediates Dopamine-Induced Cytotoxicity via the ERK Signal Cascade. J. Biol.
Chem. 279 (38), 39317–39330. doi:10.1074/jbc.M403891200

Chen, Z., Fan, L., Wang, H., Yu, J., Lu, D., Qi, J., et al. (2022). Structure-based
Design of a Novel Third-Generation Antipsychotic Drug Lead with Potential
Antidepressant Properties. Nat. Neurosci. 25 (1), 39–49. doi:10.1038/s41593-
021-00971-w

Chiba, S., Numakawa, T., Ninomiya, M., Yoon, H. S., and Kunugi, H. (2010).
Cabergoline, a dopamine receptor agonist, has an antidepressant-like property
and enhances brain-derived neurotrophic factor signaling. Psychopharmacology
211 (3), 291–301. doi:10.1007/s00213-010-1894-8

Chung, W. S., Allen, N. J., and Eroglu, C. (2015). Astrocytes Control Synapse
Formation, Function, and Elimination. Cold Spring Harb. Perspect. Biol. 7 (9),
a020370. doi:10.1101/cshperspect.a020370

Cohen, J. Y., Haesler, S., Vong, L., Lowell, B. B., and Uchida, N. (2012). Neuron-
type-specific Signals for Reward and Punishment in the Ventral Tegmental
Area. Nature 482 (7383), 85–88. doi:10.1038/nature10754

Condon, M. D., Platt, N. J., Zhang, Y. F., Roberts, B. M., Clements, M. A., Vietti-
Michelina, S., et al. (2019). Plasticity in Striatal Dopamine Release Is Governed
by Release-independent Depression and the Dopamine Transporter. Nat.
Commun. 10 (1), 4263. doi:10.1038/s41467-019-12264-9

Coppa-Hopman, R., Galle, J., and Pimkine, D. (2009). D1 receptor antagonist-
induced long-term depression in the medial prefrontal cortex of rat, in vivo: An
animal model of psychiatric hypofrontality. J. Psychopharmacol. 23 (6),
672–685. doi:10.1177/0269881108091256

Corrales, E., Navarro, A., Cuenca, P., and Campos, D. (2016). Candidate Gene
Study Reveals DRD1 and DRD2 as Putative Interacting Risk Factors for Youth
Depression. Psychiatry Res. 244, 71–77. doi:10.1016/j.psychres.2016.07.032

Creed, M., Ntamati, N. R., Chandra, R., Lobo, M. K., and Lüscher, C. (2016).
Convergence of Reinforcing and Anhedonic Cocaine Effects in the Ventral
Pallidum. Neuron 92 (1), 214–226. doi:10.1016/j.neuron.2016.09.001

Creed, M. C., Ntamati, N. R., and Tan, K. R. (2014). VTA GABA Neurons
Modulate Specific Learning Behaviors through the Control of Dopamine
and Cholinergic Systems. Front. Behav. Neurosci. 8, 8. doi:10.3389/fnbeh.
2014.00008

David, O., Barrera, I., Gould, N., Gal-Ben-Ari, S., and Rosenblum, K. (2020). D1
Dopamine Receptor Activation Induces Neuronal eEF2 Pathway-dependent
Protein Synthesis. Front. Mol. Neurosci. 13, 67. doi:10.3389/fnmol.2020.00067

de Kwaasteniet, B. P., Pinto, C., Ruhé, H. G., Ruhé, E. H., vanWingen, G. A., Booij,
J., et al. (2014). Striatal Dopamine D2/3 Receptor Availability in Treatment
Resistant Depression. PloS one 9 (11), e113612. doi:10.1371/journal.pone.
0113612

Desormeaux, C., Demars, F., Davenas, E., Jay, T. M., and Lavergne, F. (2020).
Selective Activation of D1 Dopamine Receptors Exerts Antidepressant-like
Activity in Rats. J. Psychopharmacol. 34 (12), 1443–1448. doi:10.1177/
0269881120959613

Dougherty, D. D. (2018). Deep Brain Stimulation: Clinical Applications. Psychiatr.
Clin. North Am. 41 (3), 385–394. doi:10.1016/j.psc.2018.04.004

Drozak, J., and Bryła, J. (2005). Dopamine: Not Just a Neurotransmitter. Postepy
Hig. Med. Dosw (Online) 59, 405–420. doi:10.1016/j.biocel.2004.12.009

Frontiers in Pharmacology | www.frontiersin.org August 2022 | Volume 13 | Article 94778518

Zhao et al. Dopamine Receptors and Depression

https://doi.org/10.1016/j.neuron.2020.04.024
https://doi.org/10.1016/j.neuron.2020.04.024
https://doi.org/10.1016/j.jchemneu.2015.12.016
https://doi.org/10.3389/fnbeh.2013.00173
https://doi.org/10.1111/bph.12906
https://doi.org/10.1016/j.tips.2007.02.006
https://doi.org/10.1124/pr.110.002642
https://doi.org/10.1210/edrv.22.6.0451
https://doi.org/10.1016/s0149-7634(97)00019-5
https://doi.org/10.1016/s0149-7634(97)00019-5
https://doi.org/10.4088/JCP.13097tx3c
https://doi.org/10.4088/JCP.13097tx3c
https://doi.org/10.3389/fncir.2019.00078
https://doi.org/10.3389/fncir.2019.00078
https://doi.org/10.1258/jrsm.2010.100080
https://doi.org/10.1038/npp.2014.61
https://doi.org/10.1038/npp.2014.61
https://doi.org/10.1176/appi.ajp.157.10.1706-a
https://doi.org/10.1176/appi.ajp.157.10.1706-a
https://doi.org/10.1523/JNEUROSCI.4178-07.2008
https://doi.org/10.1523/JNEUROSCI.4178-07.2008
https://doi.org/10.1016/j.jpsychires.2013.12.006
https://doi.org/10.1016/j.nicl.2020.102255
https://doi.org/10.1038/s41531-020-00142-x
https://doi.org/10.1016/j.neuron.2019.03.003
https://doi.org/10.1038/srep44426
https://doi.org/10.1523/jneurosci.23-24-08506.2003
https://doi.org/10.1523/jneurosci.23-24-08506.2003
https://doi.org/10.1016/j.neuron.2019.09.005
https://doi.org/10.1016/j.neulet.2018.03.007
https://doi.org/10.1016/j.neulet.2018.03.007
https://doi.org/10.1016/j.neuroscience.2016.11.005
https://doi.org/10.1016/j.neuroscience.2016.11.005
https://doi.org/10.1001/archpsyc.1981.01780350094011
https://doi.org/10.1038/nature11713
https://doi.org/10.1038/nature11713
https://doi.org/10.1074/jbc.M403891200
https://doi.org/10.1038/s41593-021-00971-w
https://doi.org/10.1038/s41593-021-00971-w
https://doi.org/10.1007/s00213-010-1894-8
https://doi.org/10.1101/cshperspect.a020370
https://doi.org/10.1038/nature10754
https://doi.org/10.1038/s41467-019-12264-9
https://doi.org/10.1177/0269881108091256
https://doi.org/10.1016/j.psychres.2016.07.032
https://doi.org/10.1016/j.neuron.2016.09.001
https://doi.org/10.3389/fnbeh.2014.00008
https://doi.org/10.3389/fnbeh.2014.00008
https://doi.org/10.3389/fnmol.2020.00067
https://doi.org/10.1371/journal.pone.0113612
https://doi.org/10.1371/journal.pone.0113612
https://doi.org/10.1177/0269881120959613
https://doi.org/10.1177/0269881120959613
https://doi.org/10.1016/j.psc.2018.04.004
https://doi.org/10.1016/j.biocel.2004.12.009
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Duan, T. T., Tan, J. W., Yuan, Q., Cao, J., Zhou, Q. X., and Xu, L. (2013). Acute
Ketamine Induces Hippocampal Synaptic Depression and Spatial Memory
Impairment through Dopamine D1/D5 Receptors. Psychopharmacol. Berl. 228
(3), 451–461. doi:10.1007/s00213-013-3048-2

Dunlop, B. W., and Nemeroff, C. B. (2007). The Role of Dopamine in the
Pathophysiology of Depression. Arch. Gen. Psychiatry 64 (3), 327–337.
doi:10.1001/archpsyc.64.3.327

Duric, V., Banasr, M., Franklin, T., Lepack, A., Adham, N., Kiss, B., et al. (2017).
Cariprazine Exhibits Anxiolytic and Dopamine D3 Receptor-dependent
Antidepressant Effects in the Chronic Stress Model. Int.
J. Neuropsychopharmacol. 20 (10), 788–796. doi:10.1093/ijnp/pyx038

Faget, L., Zell, V., Souter, E., McPherson, A., Ressler, R., Gutierrez-Reed, N., et al.
(2018). Opponent Control of Behavioral Reinforcement by Inhibitory and
Excitatory Projections from the Ventral Pallidum. Nat. Commun. 9 (1), 849.
doi:10.1038/s41467-018-03125-y

Fatima, M., Ahmad, M. H., Srivastav, S., Rizvi, M. A., and Mondal, A. C. (2020). A
Selective D2 Dopamine Receptor Agonist Alleviates Depression through Up-
Regulation of Tyrosine Hydroxylase and Increased Neurogenesis in
hippocampus of the Prenatally Stressed Rats. Neurochem. Int. 136, 104730.
doi:10.1016/j.neuint.2020.104730

Fedotova, J., and Ordyan, N. (2011). Involvement of D1 Receptors in Depression-
like Behavior of Ovariectomized Rats. Acta Physiol. Hung 98 (2), 165–176.
doi:10.1556/APhysiol.98.2011.2.8

Findlay, L. J., El-Mallakh, P. L., and El-Mallakh, R. S. (2017). Cariprazine for the
Treatment of Bipolar Disorder. Perspect. Psychiatr. Care 53 (3), 148–155.
doi:10.1111/ppc.12150

Fontana, B. D., Cleal, M., Gibbon, A. J., McBride, S. D., and Parker, M. O. (2021).
The effects of two stressors on working memory and cognitive flexibility in
zebrafish (Danio rerio): The protective role of D1/D5 agonist on stress
responses. Neuropharmacology 196, 108681. doi:10.1016/j.neuropharm.2021.
108681

Fox, M. E., and Lobo, M. K. (2019). The Molecular and Cellular Mechanisms of
Depression: a Focus on Reward Circuitry. Mol. Psychiatry 24 (12), 1798–1815.
doi:10.1038/s41380-019-0415-3

Francis, T. C., Chandra, R., Friend, D. M., Finkel, E., Dayrit, G., Miranda, J., et al.
(2015). Nucleus Accumbens Medium Spiny Neuron Subtypes Mediate
Depression-Related Outcomes to Social Defeat Stress. Biol. Psychiatry 77
(3), 212–222. doi:10.1016/j.biopsych.2014.07.021

Francis, T. C., Yano, H., Demarest, T. G., Shen, H., and Bonci, A. (2019). High-
Frequency Activation of Nucleus Accumbens D1-MSNs Drives Excitatory
Potentiation on D2-MSNs. Neuron 103 (3), 432–e3. doi:10.1016/j.neuron.
2019.05.031

Franco, R., Reyes-Resina, I., and Navarro, G. (2021). Dopamine in Health and
Disease: Much More Than a Neurotransmitter. Biomedicines 9 (2), 109. doi:10.
3390/biomedicines9020109

Fuchikami, M., Thomas, A., Liu, R., Wohleb, E. S., Land, B. B., DiLeone, R. J., et al.
(2015). Optogenetic Stimulation of Infralimbic PFC Reproduces Ketamine’s
Rapid and Sustained Antidepressant Actions. Proc. Natl. Acad. Sci. U. S. A. 112
(26), 8106–8111. doi:10.1073/pnas.1414728112

Gainetdinov, R. R., Sotnikova, T. D., and Caron, M. G. (2002). Monoamine
Transporter Pharmacology and Mutant Mice. Trends Pharmacol. Sci. 23 (8),
367–373. doi:10.1016/s0165-6147(02)02044-8

Gantz, S. C., Levitt, E. S., Llamosas, N., Neve, K. A., and Williams, J. T. (2015).
Depression of Serotonin Synaptic Transmission by the Dopamine Precursor
L-DOPA. Cell. Rep. 12 (6), 944–954. doi:10.1016/j.celrep.2015.07.005

Gasbarri, A., Verney, C., Innocenzi, R., Campana, E., and Pacitti, C. (1994).
Mesolimbic Dopaminergic Neurons Innervating the Hippocampal
Formation in the Rat: a Combined Retrograde Tracing and
Immunohistochemical Study. Brain Res. 668 (1-2), 71–79. doi:10.1016/0006-
8993(94)90512-6

Gauthier, C., Souaiby, L., Advenier-Iakovlev, E., and Gaillard, R. (2017).
Pramipexole and Electroconvulsive Therapy in Treatment-Resistant
Depression. Clin. Neuropharmacol. 40 (6), 264–267. doi:10.1097/WNF.
0000000000000253

Gee, S., Ellwood, I., Patel, T., Luongo, F., Deisseroth, K., and Sohal, V. S. (2012).
Synaptic Activity Unmasks Dopamine D2 Receptor Modulation of a Specific
Class of Layer V Pyramidal Neurons in Prefrontal Cortex. J. Neurosci. 32 (14),
4959–4971. doi:10.1523/JNEUROSCI.5835-11.2012

Geisler, S., Derst, C., Veh, R. W., and Zahm, D. S. (2007). Glutamatergic Afferents
of the Ventral Tegmental Area in the Rat. J. Neurosci. 27 (21), 5730–5743.
doi:10.1523/JNEUROSCI.0012-07.2007

George, S. R., Kern, A., Smith, R. G., and Franco, R. (2014). Dopamine Receptor
Heteromeric Complexes and Their Emerging Functions. Prog. Brain Res. 211,
183–200. doi:10.1016/B978-0-444-63425-2.00008-8

German, C. L., Baladi, M. G., McFadden, L. M., Hanson, G. R., and Fleckenstein, A.
E. (2015). Regulation of the Dopamine and Vesicular Monoamine
Transporters: Pharmacological Targets and Implications for Disease.
Pharmacol. Rev. 67 (4), 1005–1024. doi:10.1124/pr.114.010397

Gershon, A. A., Amiaz, R., Shem-David, H., and Grunhaus, L. (2019). Ropinirole
Augmentation for Depression: A Randomized Controlled Trial Pilot Study. J.
clin. Psychopharmacol. 39 (1), 78–81. doi:10.1097/JCP.0000000000000984

Giros, B., Jaber, M., Jones, S. R., Wightman, R. M., and Caron, M. G. (1996).
Hyperlocomotion and Indifference to Cocaine and Amphetamine in Mice
Lacking the Dopamine Transporter. Nature 379 (6566), 606–612. doi:10.1038/
379606a0

Groenewegen, H. J., Wright, C. I., Beijer, A. V., and Voorn, P. (1999). Convergence
and Segregation of Ventral Striatal Inputs and Outputs. Ann. N. Y. Acad. Sci.
877, 49–63. doi:10.1111/j.1749-6632.1999.tb09260.x

Guitart, X., Navarro, G., Moreno, E., Yano, H., Cai, N. S., Sánchez-Soto, M., et al.
(2014). Functional Selectivity of Allosteric Interactions within G Protein-
Coupled Receptor Oligomers: the Dopamine D1-D3 Receptor
Heterotetramer.Mol. Pharmacol. 86 (4), 417–429. doi:10.1124/mol.114.093096

Gurevich, E. V., Gainetdinov, R. R., and Gurevich, V. V. (2016). G Protein-Coupled
Receptor Kinases as Regulators of Dopamine Receptor Functions. Pharmacol.
Res. 111, 1–16. doi:10.1016/j.phrs.2016.05.010

Hagena, H., andManahan-Vaughan, D. (2016). Dopamine D1/D5, but Not D2/D3,
Receptor Dependency of Synaptic Plasticity at Hippocampal Mossy Fiber
Synapses that Is Enabled by Patterned Afferent Stimulation, or Spatial
Learning. Front. Synaptic Neurosci. 8, 31. doi:10.3389/fnsyn.2016.00031

Hamilton, J. P., Sacchet, M. D., Hjørnevik, T., Chin, F. T., Shen, B., Kämpe, R., et al.
(2018). Striatal Dopamine Deficits Predict Reductions in Striatal Functional
Connectivity in Major Depression: a Concurrent 11C-Raclopride Positron
Emission Tomography and Functional Magnetic Resonance Imaging
Investigation. Transl. Psychiatry 8 (1), 264. doi:10.1038/s41398-018-0316-2

Hansen, N., and Manahan-Vaughan, D. (2014). Dopamine D1/D5 Receptors
Mediate Informational Saliency that Promotes Persistent Hippocampal
Long-Term Plasticity. Cereb. Cortex 24 (4), 845–858. doi:10.1093/cercor/
bhs362

Hare, B. D., Shinohara, R., Liu, R. J., Pothula, S., DiLeone, R. J., and Duman, R. S.
(2019). Optogenetic Stimulation of Medial Prefrontal Cortex Drd1 Neurons
Produces Rapid and Long-Lasting Antidepressant Effects. Nat. Commun. 10
(1), 223. doi:10.1038/s41467-018-08168-9

Hasbi, A., Fan, T., Alijaniaram, M., Nguyen, T., Perreault, M. L., O’Dowd, B. F.,
et al. (2009). Calcium Signaling Cascade Links Dopamine D1-D2 Receptor
Heteromer to Striatal BDNF Production and Neuronal Growth. Proc. Natl.
Acad. Sci. U. S. A. 106 (50), 21377–21382. doi:10.1073/pnas.0903676106

Hasbi, A., Madras, B. K., Bergman, J., Kohut, S., Lin, Z., Withey, S. L., et al. (2020a).
Δ-Tetrahydrocannabinol Increases Dopamine D1-D2 Receptor Heteromer and
Elicits Phenotypic Reprogramming in Adult Primate Striatal Neurons. iScience
23 (1), 100794. doi:10.1016/j.isci.2019.100794

Hasbi, A., Nguyen, T., Rahal, H., Manduca, J. D., Miksys, S., Tyndale, R. F., et al.
(2020b). Sex Difference in Dopamine D1-D2 Receptor Complex Expression
and Signaling Affects Depression- and Anxiety-like Behaviors. Biol. Sex. Differ.
11 (1), 8. doi:10.1186/s13293-020-00285-9

Hasbi, A., Perreault, M. L., Shen,M. Y., Zhang, L., To, R., Fan, T., et al. (2014). A Peptide
Targeting an Interaction Interface Disrupts the Dopamine D1-D2 Receptor
Heteromer to Block Signaling and Function In Vitro and In Vivo: Effective
Selective Antagonism. FASEB J. 28 (11), 4806–4820. doi:10.1096/fj.14-254037

Hasbi, A., Perreault, M. L., Shen, M. Y. F., Fan, T., Nguyen, T., Alijaniaram, M.,
et al. (2017). Activation of Dopamine D1-D2 Receptor Complex Attenuates
Cocaine Reward and Reinstatement of Cocaine-Seeking through Inhibition of
DARPP-32, ERK, andΔFosB. Front. Pharmacol. 8, 924. doi:10.3389/fphar.2017.
00924

Hasbi, A., Sivasubramanian, M., Milenkovic, M., Komarek, K., Madras, B. K., and
George, S. R. (2020c). Dopamine D1-D2 Receptor Heteromer Expression in
Key Brain Regions of Rat and Higher Species: Upregulation in Rat Striatum

Frontiers in Pharmacology | www.frontiersin.org August 2022 | Volume 13 | Article 94778519

Zhao et al. Dopamine Receptors and Depression

https://doi.org/10.1007/s00213-013-3048-2
https://doi.org/10.1001/archpsyc.64.3.327
https://doi.org/10.1093/ijnp/pyx038
https://doi.org/10.1038/s41467-018-03125-y
https://doi.org/10.1016/j.neuint.2020.104730
https://doi.org/10.1556/APhysiol.98.2011.2.8
https://doi.org/10.1111/ppc.12150
https://doi.org/10.1016/j.neuropharm.2021.108681
https://doi.org/10.1016/j.neuropharm.2021.108681
https://doi.org/10.1038/s41380-019-0415-3
https://doi.org/10.1016/j.biopsych.2014.07.021
https://doi.org/10.1016/j.neuron.2019.05.031
https://doi.org/10.1016/j.neuron.2019.05.031
https://doi.org/10.3390/biomedicines9020109
https://doi.org/10.3390/biomedicines9020109
https://doi.org/10.1073/pnas.1414728112
https://doi.org/10.1016/s0165-6147(02)02044-8
https://doi.org/10.1016/j.celrep.2015.07.005
https://doi.org/10.1016/0006-8993(94)90512-6
https://doi.org/10.1016/0006-8993(94)90512-6
https://doi.org/10.1097/WNF.0000000000000253
https://doi.org/10.1097/WNF.0000000000000253
https://doi.org/10.1523/JNEUROSCI.5835-11.2012
https://doi.org/10.1523/JNEUROSCI.0012-07.2007
https://doi.org/10.1016/B978-0-444-63425-2.00008-8
https://doi.org/10.1124/pr.114.010397
https://doi.org/10.1097/JCP.0000000000000984
https://doi.org/10.1038/379606a0
https://doi.org/10.1038/379606a0
https://doi.org/10.1111/j.1749-6632.1999.tb09260.x
https://doi.org/10.1124/mol.114.093096
https://doi.org/10.1016/j.phrs.2016.05.010
https://doi.org/10.3389/fnsyn.2016.00031
https://doi.org/10.1038/s41398-018-0316-2
https://doi.org/10.1093/cercor/bhs362
https://doi.org/10.1093/cercor/bhs362
https://doi.org/10.1038/s41467-018-08168-9
https://doi.org/10.1073/pnas.0903676106
https://doi.org/10.1016/j.isci.2019.100794
https://doi.org/10.1186/s13293-020-00285-9
https://doi.org/10.1096/fj.14-254037
https://doi.org/10.3389/fphar.2017.00924
https://doi.org/10.3389/fphar.2017.00924
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


after Cocaine Administration. Neurobiol. Dis. 143, 105017. doi:10.1016/j.nbd.
2020.105017

Hernández-Echeagaray, E., Cepeda, C., Ariano, M. A., Lobo, M. K., Sibley, D. R.,
and Levine, M. S. (2007). Dopamine Reduction of GABA Currents in Striatal
Medium-Sized Spiny Neurons Is Mediated Principally by the D(1) Receptor
Subtype. Neurochem. Res. 32 (2), 229–240. doi:10.1007/s11064-006-9141-8

Heymann, G., Jo, Y. S., Reichard, K. L.,McFarland, N., Chavkin, C., Palmiter, R. D., et al.
(2020). Synergy of Distinct Dopamine Projection Populations in Behavioral
Reinforcement. Neuron 105 (5), 909–e5. doi:10.1016/j.neuron.2019.11.024

Holderbach, R., Clark, K., Moreau, J. L., Bischofberger, J., and Normann, C. (2007).
Enhanced Long-Term Synaptic Depression in an Animal Model of Depression.
Biol. Psychiatry 62 (1), 92–100. doi:10.1016/j.biopsych.2006.07.007

Horikoshi, S., Miura, I., Ichinose, M., Yamamoto, S., Ito, M., Watanabe, K., et al.
(2019). Low- and High-Dose Aripiprazole Augmentation and Plasma Levels of
Homovanillic Acid in Major Depressive Disorder: A Randomized, Open-Label
Study. Hum. Psychopharmacol. 34 (3), e2696. doi:10.1002/hup.2696

Hui, Y., Du, C., Xu, T., Zhang, Q., Tan, H., and Liu, J. (2020). Dopamine D4
Receptors in the Lateral Habenula Regulate Depression-Related Behaviors via a
Pre-synaptic Mechanism in Experimental Parkinson’s Disease. Neurochem. Int.
140, 104844. doi:10.1016/j.neuint.2020.104844

Iino, Y., Sawada, T., Yamaguchi, K., Tajiri, M., Ishii, S., Kasai, H., et al. (2020).
Dopamine D2 Receptors in Discrimination Learning and Spine Enlargement.
Nature 579 (7800), 555–560. doi:10.1038/s41586-020-2115-1

Jolly, A. E., Raymont, V., Cole, J. H., Whittington, A., Scott, G., De Simoni, S., et al.
(2019). Dopamine D2/D3 Receptor Abnormalities after Traumatic Brain Injury
and Their Relationship to Post-traumatic Depression. Neuroimage Clin. 24,
101950. doi:10.1016/j.nicl.2019.101950

Juarez, B., and Han, M. H. (2016). Diversity of Dopaminergic Neural Circuits in
Response to Drug Exposure. Neuropsychopharmacology 41 (10), 2424–2446.
doi:10.1038/npp.2016.32

Kahlig, K. M., and Galli, A. (2003). Regulation of Dopamine Transporter Function
and Plasma Membrane Expression by Dopamine, Amphetamine, and Cocaine.
Eur. J. Pharmacol. 479 (1-3), 153–158. doi:10.1016/j.ejphar.2003.08.065

Kathol, R. G., Jaeckle, R. S., Lopez, J. F., and Meller, W. H. (1989). Pathophysiology
of HPA axis Abnormalities in Patients with Major Depression: an Update. Am.
J. Psychiatry 146 (3), 311–317. doi:10.1176/ajp.146.3.311

Kerr, J. N., and Wickens, J. R. (2001). Dopamine D-1/D-5 Receptor Activation Is
Required for Long-Term Potentiation in the Rat Neostriatum In Vitro.
J. Neurophysiol. 85 (1), 117–124. doi:10.1152/jn.2001.85.1.117

Kim, J. J., and Diamond, D. M. (2002). The Stressed hippocampus, Synaptic Plasticity
and Lost Memories. Nat. Rev. Neurosci. 3 (6), 453–462. doi:10.1038/nrn849

Klein,M.O., Battagello,D. S., Cardoso,A. R.,Hauser,D.N., Bittencourt, J. C., andCorrea,
R. G. (2019). Dopamine: Functions, Signaling, and Association with Neurological
Diseases. Cell. Mol. Neurobiol. 39 (1), 31–59. doi:10.1007/s10571-018-0632-3

Knowland, D., Lilascharoen, V., Pacia, C. P., Shin, S., Wang, E. H., and Lim, B. K.
(2017). Distinct Ventral Pallidal Neural Populations Mediate Separate
Symptoms of Depression. Cell. 170 (2), 284–e18. doi:10.1016/j.cell.2017.06.015

Koo, J. W., Chaudhury, D., Han, M. H., and Nestler, E. J. (2019). Role of
Mesolimbic Brain-Derived Neurotrophic Factor in Depression. Biol.
Psychiatry 86 (10), 738–748. doi:10.1016/j.biopsych.2019.05.020

Koutsokera, M., Kafkalias, P., Giompres, P., Kouvelas, E. D., and Mitsacos, A.
(2014). Expression and Phosphorylation of Glutamate Receptor Subunits and
CaMKII in a Mouse Model of Parkinsonism. Brain Res. 1549, 22–31. doi:10.
1016/j.brainres.2013.12.023

Lazenka, M. F., Freitas, K. C., Henck, S., and Negus, S. S. (2017). Relief of Pain-
Depressed Behavior in Rats by Activation of D1-like Dopamine Receptors.
J. Pharmacol. Exp. Ther. 362 (1), 14–23. doi:10.1124/jpet.117.240796

Le Foll, B., Payer, D., Di Ciano, P., Guranda, M., Nakajima, S., Tong, J., et al. (2016).
Occupancy of Dopamine D3 and D2 Receptors by Buspirone: A [11C]-
(+)-PHNO PET Study in Humans. Neuropsychopharmacology 41 (2),
529–537. doi:10.1038/npp.2015.177

Le Moine, C., and Bloch, B. (1996). Expression of the D3 Dopamine Receptor in
Peptidergic Neurons of the Nucleus Accumbens: Comparison with the D1 and
D2 Dopamine Receptors. Neuroscience 73 (1), 131–143. doi:10.1016/0306-
4522(96)00029-2

Leggio, G. M., Bucolo, C., Platania, C. B., Salomone, S., and Drago, F. (2016).
Current Drug Treatments Targeting Dopamine D3 Receptor. Pharmacol. Ther.
165, 164–177. doi:10.1016/j.pharmthera.2016.06.007

Leggio, G. M., Salomone, S., Bucolo, C., Platania, C., Micale, V., Caraci, F., et al.
(2013). Dopamine D(3) Receptor as a New Pharmacological Target for the
Treatment of Depression. Eur. J. Pharmacol. 719 (1-3), 25–33. doi:10.1016/j.
ejphar.2013.07.022

Li, K., Zhou, T., Liao, L., Yang, Z., Wong, C., Henn, F., et al. (2013). βCaMKII in
Lateral Habenula Mediates Core Symptoms of Depression. Science 341 (6149),
1016–1020. doi:10.1126/science.1240729

Lieberknecht, V., Cunha, M. P., Junqueira, S. C., Coelho, I. D., de Souza, L. F., Dos
Santos, A. R., et al. (2017). Antidepressant-like Effect of Pramipexole in an
Inflammatory Model of Depression. Behav. Brain Res. 320, 365–373. doi:10.
1016/j.bbr.2016.11.007

Liu, W., Ge, T., Leng, Y., Pan, Z., Fan, J., Yang, W., et al. (2017). The Role of Neural
Plasticity in Depression: FromHippocampus to Prefrontal Cortex.Neural Plast.
2017, 6871089. doi:10.1155/2017/6871089

Lohoff, F.W., Carr, G. V., Brookshire, B., Ferraro, T. N., and Lucki, I. (2019). Deletion of
the Vesicular Monoamine Transporter 1 (Vmat1/slc18a1) Gene Affects Dopamine
Signaling. Brain Res. 1712, 151–157. doi:10.1016/j.brainres.2019.01.029

López, J. F., Akil, H., and Watson, S. J. (1999). Neural Circuits Mediating Stress.
Biol. psychiatry 46 (11), 1461–1471.

Lüscher, C., and Malenka, R. C. (2011). Drug-evoked Synaptic Plasticity in
Addiction: from Molecular Changes to Circuit Remodeling. Neuron 69 (4),
650–663. doi:10.1016/j.neuron.2011.01.017

Madadi Asl, M., Asadi, A., Enayati, J., and Valizadeh, A. (2022). Inhibitory Spike-
timing-dependent Plasticity Can Account for Pathological Strengthening of
Pallido-Subthalamic Synapses in Parkinson’s Disease. Front. Physiol. 13,
915626. doi:10.3389/fphys.2022.915626

Madadi Asl, M., Valizadeh, A., and Tass, P. A. (2018). Dendritic and Axonal
Propagation Delays May Shape Neuronal Networks with Plastic Synapses.
Front. Physiol. 9, 1849. doi:10.3389/fphys.2018.01849

Malberg, J. E., Eisch, A. J., Nestler, E. J., and Duman, R. S. (2000). Chronic
Antidepressant Treatment Increases Neurogenesis in Adult Rat
hippocampus. J. Neurosci. 20 (24), 9104–9110. doi:10.1523/jneurosci.20-
24-09104.2000

Malhi, G. S., and Mann, J. J. (2018). Depression. Lancet 392 (10161), 2299–2312.
doi:10.1016/S0140-6736(18)31948-2

Maramai, S., Gemma, S., Brogi, S., Campiani, G., Butini, S., Stark, H., et al. (2016).
Dopamine D3 Receptor Antagonists as Potential Therapeutics for the
Treatment of Neurological Diseases. Front. Neurosci. 10, 451. doi:10.3389/
fnins.2016.00451

Marcott, P. F., Gong, S., Donthamsetti, P., Grinnell, S. G., Nelson, M. N., Newman,
A. H., et al. (2018). Regional Heterogeneity of D2-Receptor Signaling in the
Dorsal Striatum and Nucleus Accumbens.Neuron 98 (3), 575–e4. doi:10.1016/j.
neuron.2018.03.038

Margolis, E. B., Lock, H., Hjelmstad, G. O., and Fields, H. L. (2006). The Ventral
Tegmental Area Revisited: Is There an Electrophysiological Marker for
Dopaminergic Neurons? J. Physiol. 577 (Pt 3), 907–924. doi:10.1113/
jphysiol.2006.117069

Marsango, S., Caltabiano, G., Pou, C., Varela Liste, M. J., and Milligan, G. (2015).
Analysis of Human Dopamine D3 Receptor Quaternary Structure. J. Biol.
Chem. 290 (24), 15146–15162. doi:10.1074/jbc.M114.630681

Mathers, C. D., and Loncar, D. (2006). Projections of Global Mortality and Burden
of Disease from 2002 to 2030. PLoS Med. 3 (11), e442. doi:10.1371/journal.
pmed.0030442

Matsumoto, M., and Hikosaka, O. (2007). Lateral Habenula as a Source of Negative
Reward Signals in Dopamine Neurons. Nature 447 (7148), 1111–1115. doi:10.
1038/nature05860

McCarthy, C. I., Chou-Freed, C., Rodríguez, S. S., Yaneff, A., Davio, C., and Raingo,
J. (2020). Constitutive Activity of Dopamine Receptor Type 1 (D1R) Increases
CaV2.2 Currents in PFC Neurons. J. Gen. Physiol. 152 (5), e201912492. doi:10.
1085/jgp.201912492

McClure, M. M., Harvey, P. D., Goodman, M., Triebwasser, J., New, A.,
Koenigsberg, H. W., et al. (2010). Pergolide Treatment of Cognitive
Deficits Associated with Schizotypal Personality Disorder: Continued
Evidence of the Importance of the Dopamine System in the
Schizophrenia Spectrum. Neuropsychopharmacology 35 (6), 1356–1362.
doi:10.1038/npp.2010.5

McCormack, P. L. (2015). Vilazodone: a Review in Major Depressive Disorder in
Adults. Drugs 75 (16), 1915–1923. doi:10.1007/s40265-015-0490-y

Frontiers in Pharmacology | www.frontiersin.org August 2022 | Volume 13 | Article 94778520

Zhao et al. Dopamine Receptors and Depression

https://doi.org/10.1016/j.nbd.2020.105017
https://doi.org/10.1016/j.nbd.2020.105017
https://doi.org/10.1007/s11064-006-9141-8
https://doi.org/10.1016/j.neuron.2019.11.024
https://doi.org/10.1016/j.biopsych.2006.07.007
https://doi.org/10.1002/hup.2696
https://doi.org/10.1016/j.neuint.2020.104844
https://doi.org/10.1038/s41586-020-2115-1
https://doi.org/10.1016/j.nicl.2019.101950
https://doi.org/10.1038/npp.2016.32
https://doi.org/10.1016/j.ejphar.2003.08.065
https://doi.org/10.1176/ajp.146.3.311
https://doi.org/10.1152/jn.2001.85.1.117
https://doi.org/10.1038/nrn849
https://doi.org/10.1007/s10571-018-0632-3
https://doi.org/10.1016/j.cell.2017.06.015
https://doi.org/10.1016/j.biopsych.2019.05.020
https://doi.org/10.1016/j.brainres.2013.12.023
https://doi.org/10.1016/j.brainres.2013.12.023
https://doi.org/10.1124/jpet.117.240796
https://doi.org/10.1038/npp.2015.177
https://doi.org/10.1016/0306-4522(96)00029-2
https://doi.org/10.1016/0306-4522(96)00029-2
https://doi.org/10.1016/j.pharmthera.2016.06.007
https://doi.org/10.1016/j.ejphar.2013.07.022
https://doi.org/10.1016/j.ejphar.2013.07.022
https://doi.org/10.1126/science.1240729
https://doi.org/10.1016/j.bbr.2016.11.007
https://doi.org/10.1016/j.bbr.2016.11.007
https://doi.org/10.1155/2017/6871089
https://doi.org/10.1016/j.brainres.2019.01.029
https://doi.org/10.1016/j.neuron.2011.01.017
https://doi.org/10.3389/fphys.2022.915626
https://doi.org/10.3389/fphys.2018.01849
https://doi.org/10.1523/jneurosci.20-24-09104.2000
https://doi.org/10.1523/jneurosci.20-24-09104.2000
https://doi.org/10.1016/S0140-6736(18)31948-2
https://doi.org/10.3389/fnins.2016.00451
https://doi.org/10.3389/fnins.2016.00451
https://doi.org/10.1016/j.neuron.2018.03.038
https://doi.org/10.1016/j.neuron.2018.03.038
https://doi.org/10.1113/jphysiol.2006.117069
https://doi.org/10.1113/jphysiol.2006.117069
https://doi.org/10.1074/jbc.M114.630681
https://doi.org/10.1371/journal.pmed.0030442
https://doi.org/10.1371/journal.pmed.0030442
https://doi.org/10.1038/nature05860
https://doi.org/10.1038/nature05860
https://doi.org/10.1085/jgp.201912492
https://doi.org/10.1085/jgp.201912492
https://doi.org/10.1038/npp.2010.5
https://doi.org/10.1007/s40265-015-0490-y
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


McCutcheon, R. A., Abi-Dargham, A., and Howes, O. D. (2019). Schizophrenia,
Dopamine and the Striatum: From Biology to Symptoms. Trends Neurosci. 42
(3), 205–220. doi:10.1016/j.tins.2018.12.004

Meyer-Lindenberg, A., Kohn, P. D., Kolachana, B., Kippenhan, S., McInerney-Leo,
A., Nussbaum, R., et al. (2005). Midbrain Dopamine and Prefrontal Function in
Humans: Interaction and Modulation by COMT Genotype. Nat. Neurosci. 8
(5), 594–596. doi:10.1038/nn1438

Minami, S., Satoyoshi, H., Ide, S., Inoue, T., Yoshioka, M., and Minami, M. (2017).
Suppression of Reward-Induced Dopamine Release in the Nucleus Accumbens
in Animal Models of Depression: Differential Responses to Drug Treatment.
Neurosci. Lett. 650, 72–76. doi:10.1016/j.neulet.2017.04.028

Missale, C., Nash, S. R., Robinson, S. W., Jaber, M., and Caron, M. G. (1998).
Dopamine Receptors: from Structure to Function. Physiol. Rev. 78 (1), 189–225.
doi:10.1152/physrev.1998.78.1.189

Moraga-Amaro, R., Gonzalez, H., Pacheco, R., and Stehberg, J. (2014). Dopamine
Receptor D3 Deficiency Results in Chronic Depression and Anxiety. Behav.
Brain Res. 274, 186–193. doi:10.1016/j.bbr.2014.07.055

Mortensen, O. V., and Amara, S. G. (2003). Dynamic Regulation of the Dopamine
Transporter. Eur. J. Pharmacol. 479 (1-3), 159–170. doi:10.1016/j.ejphar.2003.
08.066

Muir, J., Tse, Y. C., Iyer, E. S., Biris, J., Cvetkovska, V., Lopez, J., et al. (2020).
Ventral Hippocampal Afferents to Nucleus Accumbens Encode Both Latent
Vulnerability and Stress-Induced Susceptibility. Biol. Psychiatry 88 (11),
843–854. doi:10.1016/j.biopsych.2020.05.021

Na, K. S., Won, E., Kang, J., Kim, A., Choi, S., Tae, W. S., et al. (2018). Differential
Effect of COMT Gene Methylation on the Prefrontal Connectivity in Subjects
with Depression versus Healthy Subjects. Neuropharmacology 137, 59–70.
doi:10.1016/j.neuropharm.2018.04.030

Nair-Roberts, R. G., Chatelain-Badie, S. D., Benson, E., White-Cooper, H., Bolam,
J. P., and Ungless, M. A. (2008). Stereological Estimates of Dopaminergic,
GABAergic and Glutamatergic Neurons in the Ventral Tegmental Area,
Substantia Nigra and Retrorubral Field in the Rat. Neuroscience 152 (4),
1024–1031. doi:10.1016/j.neuroscience.2008.01.046

Navakkode, S., Chew, K. C. M., Tay, S. J. N., Lin, Q., Behnisch, T., and Soong, T. W.
(2017). Bidirectional Modulation of Hippocampal Synaptic Plasticity by
Dopaminergic D4-Receptors in the CA1 Area of hippocampus. Sci. Rep. 7
(1), 15571. doi:10.1038/s41598-017-15917-1

Nestler, E. J., Barrot, M., DiLeone, R. J., Eisch, A. J., Gold, S. J., andMonteggia, L. M.
(2002). Neurobiology of Depression. Neuron 34 (1), 13–25. doi:10.1016/s0896-
6273(02)00653-0

Ng, J., Rashid, A. J., So, C. H., O’Dowd, B. F., and George, S. R. (2010). Activation of
Calcium/calmodulin-dependent Protein Kinase IIalpha in the Striatum by the
Heteromeric D1-D2 Dopamine Receptor Complex. Neuroscience 165 (2),
535–541. doi:10.1016/j.neuroscience.2009.10.017

Nielsen, M. Ø., Rostrup, E., Wulff, S., Glenthøj, B., and Ebdrup, B. H. (2016).
Striatal Reward Activity and Antipsychotic-Associated Weight Change in
Patients with Schizophrenia Undergoing Initial Treatment. JAMA psychiatry
73 (2), 121–128. doi:10.1001/jamapsychiatry.2015.2582

Noori, M., Hasbi, A., Sivasubramanian, M., Milenkovic, M., and George, S. R.
(2020). Maternal Separation Model of Postpartum Depression: Potential Role
for Nucleus Accumbens Dopamine D1-D2 Receptor Heteromer. Neurochem.
Res. 45 (12), 2978–2990. doi:10.1007/s11064-020-03145-5

Normann, S. J., and Cornelius, J. (1978). Concurrent Depression of Tumor
Macrophage Infiltration and Systemic Inflammation by Progressive Cancer
Growth. Cancer Res. 38 (10), 3453–3459.

Nutt, D. J. (2008). Relationship of Neurotransmitters to the Symptoms of Major
Depressive Disorder. J. Clin. Psychiatry 69 Suppl E1 (Suppl. E1), 4–7. https://
pubmed.ncbi.nlm.nih.gov/18494537/.

O’Sullivan, G. J., Roth, B. L., Kinsella, A., and Waddington, J. L. (2004). SK&F
83822 Distinguishes Adenylyl Cyclase from Phospholipase C-Coupled
Dopamine D1-like Receptors: Behavioural Topography. Eur. J. Pharmacol.
486 (3), 273–280. doi:10.1016/j.ejphar.2004.01.004

Otsuka, Y., Kakeda, S., Sugimoto, K., Katsuki, A., Nguyen, L. H., Igata, R., et al.
(2019). COMT Polymorphism Regulates the Hippocampal Subfield
Volumes in First-Episode, Drug-Naive Patients with Major Depressive
Disorder. Neuropsychiatr. Dis. Treat. 15, 1537–1545. doi:10.2147/NDT.
S199598

Palacios-Filardo, J., and Mellor, J. R. (2019). Neuromodulation of Hippocampal
Long-Term Synaptic Plasticity. Curr. Opin. Neurobiol. 54, 37–43. doi:10.1016/j.
conb.2018.08.009

Papaleonidopoulos, V., Kouvaros, S., and Papatheodoropoulos, C. (2018). Effects
of Endogenous and Exogenous D1/D5 Dopamine Receptor Activation on LTP
in Ventral and Dorsal CA1 Hippocampal Synapses. Synapse 72 (8), e22033.
doi:10.1002/syn.22033

Papathanou, M., Creed, M., Dorst, M. C., Bimpisidis, Z., Dumas, S., Pettersson, H.,
et al. (2018). Targeting VGLUT2 in Mature Dopamine Neurons Decreases
Mesoaccumbal Glutamatergic Transmission and Identifies a Role for
Glutamate Co-release in Synaptic Plasticity by Increasing Baseline AMPA/
NMDA Ratio. Front. Neural Circuits 12, 64. doi:10.3389/fncir.2018.00064

Papp, M., Gruca, P., Lason, M., Niemczyk, M., and Willner, P. (2019). The Role of
Prefrontal Cortex Dopamine D2 and D3 Receptors in the Mechanism of Action
of Venlafaxine and Deep Brain Stimulation in Animal Models of Treatment-
Responsive and Treatment-Resistant Depression. J. Psychopharmacol. 33 (6),
748–756. doi:10.1177/0269881119827889

Paraouty, N., Rizzuto, C. R., and Sanes, D. H. (2021). Dopaminergic signaling supports
auditory social learning. Sci. Rep. 11 (1), 13117. doi:10.1038/s41598-021-92524-1

Park, A. J., Harris, A. Z., Martyniuk, K. M., Chang, C. Y., Abbas, A. I., Lowes, D. C.,
et al. (2021). Reset of Hippocampal-Prefrontal Circuitry Facilitates Learning.
Nature 591 (7851), 615–619. doi:10.1038/s41586-021-03272-1

Pei, L., Li, S., Wang, M., Diwan, M., Anisman, H., Fletcher, P. J., et al. (2010).
Uncoupling the Dopamine D1-D2 Receptor Complex Exerts Antidepressant-
like Effects. Nat. Med. 16 (12), 1393–1395. doi:10.1038/nm.2263

Peng, G. J., Tian, J. S., Gao, X. X., Zhou, Y. Z., and Qin, X. M. (2015). Research on
the Pathological Mechanism and Drug Treatment Mechanism of Depression.
Curr. Neuropharmacol. 13 (4), 514–523. doi:10.2174/
1570159x1304150831120428

Peretti, S., Judge, R., and Hindmarch, I. (2000). Safety and Tolerability
Considerations: Tricyclic Antidepressants vs. Selective Serotonin Reuptake
Inhibitors. Acta Psychiatr. Scand. Suppl. 403, 17–25. doi:10.1111/j.1600-
0447.2000.tb10944.x

Perreault, M. L., Fan, T., Alijaniaram, M., O’Dowd, B. F., and George, S. R. (2012a).
Dopamine D1-D2 Receptor Heteromer in Dual Phenotype GABA/glutamate-
coexpressing Striatal Medium Spiny Neurons: Regulation of BDNF, GAD67
and VGLUT1/2. PloS one 7 (3), e33348. doi:10.1371/journal.pone.0033348

Perreault, M. L., Hasbi, A., Alijaniaram, M., Fan, T., Varghese, G., Fletcher, P. J.,
et al. (2010). The Dopamine D1-D2 Receptor Heteromer Localizes in
Dynorphin/enkephalin Neurons: Increased High Affinity State Following
Amphetamine and in Schizophrenia. J. Biol. Chem. 285 (47), 36625–36634.
doi:10.1074/jbc.M110.159954

Perreault, M. L., Hasbi, A., Alijaniaram, M., O’Dowd, B. F., and George, S. R.
(2012b). Reduced Striatal Dopamine D1-D2 Receptor Heteromer Expression
and Behavioural Subsensitivity in Juvenile Rats. Neuroscience 225, 130–139.
doi:10.1016/j.neuroscience.2012.08.042

Perreault, M. L., Hasbi, A., O’Dowd, B. F., and George, S. R. (2014). Heteromeric
Dopamine Receptor Signaling Complexes: Emerging Neurobiology and Disease
Relevance. Neuropsychopharmacology 39 (1), 156–168. doi:10.1038/npp.
2013.148

Petrelli, F., Dallérac, G., Pucci, L., Calì, C., Zehnder, T., Sultan, S., et al. (2020).
Dysfunction of Homeostatic Control of Dopamine by Astrocytes in the
Developing Prefrontal Cortex Leads to Cognitive Impairments. Mol.
Psychiatry 25 (4), 732–749. doi:10.1038/s41380-018-0226-y

Pignatelli, M., and Bonci, A. (2018). Spiraling Connectivity of NAc-VTA Circuitry.
Neuron 97 (2), 261–262. doi:10.1016/j.neuron.2017.12.046

Polter, A. M., Barcomb, K., Tsuda, A. C., and Kauer, J. A. (2018). Synaptic Function
and Plasticity in Identified Inhibitory Inputs onto VTA Dopamine Neurons.
Eur. J. Neurosci. 47 (10), 1208–1218. doi:10.1111/ejn.13879

Proulx, C. D., Hikosaka, O., and Malinow, R. (2014). Reward Processing by the
Lateral Habenula in Normal and Depressive Behaviors. Nat. Neurosci. 17 (9),
1146–1152. doi:10.1038/nn.3779

Qiao, H., Yang, S., Xu, C., Ma, X. M., and An, S. C. (2020). Involvement of D2
Receptor in the NAc in Chronic Unpredictable Stress-Induced Depression-like
Behaviors. Stress 23 (3), 318–327. doi:10.1080/10253890.2019.1673361

Qin, B., Zhang, Y., Zhou, X., Cheng, P., Liu, Y., Chen, J., et al. (2014). Selective
Serotonin Reuptake Inhibitors versus Tricyclic Antidepressants in Young

Frontiers in Pharmacology | www.frontiersin.org August 2022 | Volume 13 | Article 94778521

Zhao et al. Dopamine Receptors and Depression

https://doi.org/10.1016/j.tins.2018.12.004
https://doi.org/10.1038/nn1438
https://doi.org/10.1016/j.neulet.2017.04.028
https://doi.org/10.1152/physrev.1998.78.1.189
https://doi.org/10.1016/j.bbr.2014.07.055
https://doi.org/10.1016/j.ejphar.2003.08.066
https://doi.org/10.1016/j.ejphar.2003.08.066
https://doi.org/10.1016/j.biopsych.2020.05.021
https://doi.org/10.1016/j.neuropharm.2018.04.030
https://doi.org/10.1016/j.neuroscience.2008.01.046
https://doi.org/10.1038/s41598-017-15917-1
https://doi.org/10.1016/s0896-6273(02)00653-0
https://doi.org/10.1016/s0896-6273(02)00653-0
https://doi.org/10.1016/j.neuroscience.2009.10.017
https://doi.org/10.1001/jamapsychiatry.2015.2582
https://doi.org/10.1007/s11064-020-03145-5
https://pubmed.ncbi.nlm.nih.gov/18494537/
https://pubmed.ncbi.nlm.nih.gov/18494537/
https://doi.org/10.1016/j.ejphar.2004.01.004
https://doi.org/10.2147/NDT.S199598
https://doi.org/10.2147/NDT.S199598
https://doi.org/10.1016/j.conb.2018.08.009
https://doi.org/10.1016/j.conb.2018.08.009
https://doi.org/10.1002/syn.22033
https://doi.org/10.3389/fncir.2018.00064
https://doi.org/10.1177/0269881119827889
https://doi.org/10.1038/s41598-021-92524-1
https://doi.org/10.1038/s41586-021-03272-1
https://doi.org/10.1038/nm.2263
https://doi.org/10.2174/1570159x1304150831120428
https://doi.org/10.2174/1570159x1304150831120428
https://doi.org/10.1111/j.1600-0447.2000.tb10944.x
https://doi.org/10.1111/j.1600-0447.2000.tb10944.x
https://doi.org/10.1371/journal.pone.0033348
https://doi.org/10.1074/jbc.M110.159954
https://doi.org/10.1016/j.neuroscience.2012.08.042
https://doi.org/10.1038/npp.2013.148
https://doi.org/10.1038/npp.2013.148
https://doi.org/10.1038/s41380-018-0226-y
https://doi.org/10.1016/j.neuron.2017.12.046
https://doi.org/10.1111/ejn.13879
https://doi.org/10.1038/nn.3779
https://doi.org/10.1080/10253890.2019.1673361
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Patients: a Meta-Analysis of Efficacy and Acceptability. Clin. Ther. 36 (7),
1087–e4. doi:10.1016/j.clinthera.2014.06.001

Rahman, S., and McBride, W. J. (2001). D1-D2 Dopamine Receptor Interaction
within the Nucleus Accumbens Mediates Long-Loop Negative Feedback to the
Ventral Tegmental Area (VTA). J. Neurochem. 77 (5), 1248–1255. doi:10.1046/
j.1471-4159.2001.00326.x

Ramires Lima, K., de Souza da Rosa, A. C., Severo Picua, S., Souza E Silva, S., Marks
Soares, N., and Billig Mello-Carpes, P. (2021). One Single Physical Exercise
Session Improves Memory Persistence by Hippocampal Activation of D1
Dopamine Receptors and PKA Signaling in Rats. Brain Res. 1762, 147439.
doi:10.1016/j.brainres.2021.147439

Rashid, A. J., So, C. H., Kong, M. M., Furtak, T., El-Ghundi, M., Cheng, R., et al.
(2007). D1-D2 Dopamine Receptor Heterooligomers with Unique
Pharmacology Are Coupled to Rapid Activation of Gq/11 in the Striatum.
Proc. Natl. Acad. Sci. U. S. A. 104 (2), 654–659. doi:10.1073/pnas.0604049104

Reddy, P. L., Khanna, S., Subhash, M. N., Channabasavanna, S. M., and Rao, B. S.
(1992). CSF Amine Metabolites in Depression. Biol. Psychiatry 31 (2), 112–118.
doi:10.1016/0006-3223(92)90198-9

Rehm, J., and Shield, K. D. (2019). Global Burden of Disease and the Impact of
Mental and Addictive Disorders. Curr. Psychiatry Rep. 21 (2), 10. doi:10.1007/
s11920-019-0997-0

Rektorová, I., Rektor, I., Bares, M., Dostál, V., Ehler, E., Fanfrdlová, Z., et al. (2003).
Pramipexole and pergolide in the treatment of depression in Parkinson’s
disease: a national multicentre prospective randomized study. Eur. J. Neurol.
10 (4), 399–406. doi:10.1046/j.1468-1331.2003.00612.x

Rice, F., Riglin, L., Lomax, T., Souter, E., Potter, R., Smith, D. J., et al. (2019).
Adolescent and Adult Differences in Major Depression Symptom Profiles.
J. Affect Disord. 243, 175–181. doi:10.1016/j.jad.2018.09.015

Rico, A. J., Dopeso-Reyes, I. G., Martínez-Pinilla, E., Sucunza, D., Pignataro, D.,
Roda, E., et al. (2017). Neurochemical Evidence Supporting Dopamine D1-D2
Receptor Heteromers in the Striatum of the Long-Tailed Macaque: Changes
Following Dopaminergic Manipulation. Brain Struct. Funct. 222 (4),
1767–1784. doi:10.1007/s00429-016-1306-x

Rivera, A., Alberti, I., Martín, A. B., Narváez, J. A., de la Calle, A., and Moratalla, R.
(2002). Molecular Phenotype of Rat Striatal Neurons Expressing the Dopamine
D5 Receptor Subtype. Eur. J. Neurosci. 16 (11), 2049–2058. doi:10.1046/j.1460-
9568.2002.02280.x

Robinson, D. G., Gallego, J. A., John, M., Hanna, L. A., Zhang, J.-P., Birnbaum, M.
L., et al. (2019). A potential role for adjunctive omega-3 polyunsaturated fatty
acids for depression and anxiety symptoms in recent onset psychosis: Results
from a 1 week randomized placebo-controlled trial for participants
concurrently treated with risperidone. Schizophr. Res. 204, 295–303. doi:10.
1016/j.schres.2018.09.006

Rocchetti, J., Isingrini, E., Dal Bo, G., Sagheby, S., Menegaux, A., Tronche, F., et al.
(2015). Presynaptic D2 Dopamine Receptors Control Long-Term Depression
Expression and Memory Processes in the Temporal hippocampus. Biol.
Psychiatry 77 (6), 513–525. doi:10.1016/j.biopsych.2014.03.013

Rogóz, Z., Skuza, G., and Kłlodzińska, A. (2004). Anxiolytic- and antidepressant-
like effects of 7-OH-DPAT, preferential dopamine D3 receptor agonist, in rats.
Pol. J. Pharmacol. 56 (5), 519–526. https://pubmed.ncbi.nlm.nih.gov/
15591639/).

Rondou, P., Haegeman, G., and Van Craenenbroeck, K. (2010). The Dopamine D4
Receptor: Biochemical and Signalling Properties. Cell. Mol. Life Sci. 67 (12),
1971–1986. doi:10.1007/s00018-010-0293-y

Root, D. H., Melendez, R. I., Zaborszky, L., and Napier, T. C. (2015). The
Ventral Pallidum: Subregion-specific Functional Anatomy and Roles in
Motivated Behaviors. Prog. Neurobiol. 130, 29–70. doi:10.1016/j.
pneurobio.2015.03.005

Rouge-Pont, F., Usiello, A., Benoit-Marand, M., Gonon, F., Piazza, P. V., and
Borrelli, E. (2002). Changes in Extracellular Dopamine Induced by Morphine
and Cocaine: Crucial Control by D2 Receptors. J. Neurosci. 22 (8), 3293–3301.
doi:10.1523/JNEUROSCI.22-08-03293.2002

Rutherford, B. R., Slifstein, M., Chen, C., Abi-Dargham, A., Brown, P. J., Wall, M.
W., et al. (2019). Effects of L-DOPA Monotherapy on Psychomotor Speed and
[11C]Raclopride Binding in High-Risk Older Adults with Depression. Biol.
Psychiatry 86 (3), 221–229. doi:10.1016/j.biopsych.2019.04.007

Saloner, R., Cherner, M., Grelotti, D. J., Paolillo, E. W., Moore, D. J., Heaton, R. K.,
et al. (2020). Lower CSF Homovanillic Acid Relates to Higher Burden of

Neuroinflammation and Depression in People with HIV Disease. Brain Behav.
Immun. 90, 353–363. doi:10.1016/j.bbi.2020.09.012

Sanderson, J. L., Gorski, J. A., and Dell’Acqua, M. L. (2016). NMDA Receptor-
dependent LTD Requires Transient Synaptic Incorporation of Ca²⁺-Permeable
AMPARs Mediated by AKAP150-Anchored PKA and Calcineurin. Neuron 89
(5), 1000–1015. doi:10.1016/j.neuron.2016.01.043

Santana, N., Mengod, G., and Artigas, F. (2009). Quantitative Analysis of the
Expression of Dopamine D1 and D2 Receptors in Pyramidal and GABAergic
Neurons of the Rat Prefrontal Cortex. Cereb. Cortex 19 (4), 849–860. doi:10.
1093/cercor/bhn134

Santanavanich, C., Ebadi, M., and Govitrapong, P. (2005). Dopamine Receptor
Activation in Bovine Pinealocyte via a cAMP-dependent Transcription
Pathway. J. Pineal Res. 38 (3), 170–175. doi:10.1111/j.1600-079X.2004.00189.x

Sassano-Higgins, S., Friedlich, P., and Seri, I. (2011). AMeta-Analysis of Dopamine
Use in Hypotensive Preterm Infants: Blood Pressure and Cerebral
Hemodynamics. J. Perinatol. 31 (10), 647–655. doi:10.1038/jp.2011.2

Schatzberg, A. F. (1998). Noradrenergic versus Serotonergic Antidepressants:
Predictors of Treatment Response. J. Clin. Psychiatry 59 Suppl 14 (Suppl.
14), 15–18. doi:10.4088/jcp.v59n1007b

Schildkraut, J. J. (1965). The Catecholamine Hypothesis of Affective Disorders: a
Review of Supporting Evidence. Am. J. Psychiatry 122 (5), 509–522. doi:10.
1176/ajp.122.5.509

Schinder, A. F., and Poo, M. (2000). The Neurotrophin Hypothesis for Synaptic
Plasticity. Trends Neurosci. 23 (12), 639–645. doi:10.1016/s0166-2236(00)01672-6

Scornaiencki, R., Cantrup, R., Rushlow,W. J., and Rajakumar, N. (2009). Prefrontal
Cortical D1 Dopamine Receptors Modulate Subcortical D2 Dopamine
Receptor-Mediated Stress Responsiveness. Int. J. Neuropsychopharmacol. 12
(9), 1195–1208. doi:10.1017/S1461145709000121

Segura, A., Sulzer, D., Zucca, F. A., and Zecca, L. (2019). Overexpression of
Vesicular Monoamine Transporter-2 May Block Neurotoxic Metabolites from
Cytosolic Dopamine: a Potential Neuroprotective Therapy for Parkinson’s
Disease. Clin. Pharmacol. Transl. Med. 3 (1), 143–148. https://pubmed.ncbi.
nlm.nih.gov/32864581/.

Seo, J. S., Zhong, P., Liu, A., Yan, Z., and Greengard, P. (2018). Elevation of P11 in
Lateral Habenula Mediates Depression-like Behavior. Mol. Psychiatry 23 (5),
1113–1119. doi:10.1038/mp.2017.96

Sesack, S. R., and Grace, A. A. (2010). Cortico-Basal Ganglia Reward Network:
Microcircuitry. Neuropsychopharmacology 35 (1), 27–47. doi:10.1038/npp.2009.93

Shen, M. Y., Perreault, M. L., Bambico, F. R., Jones-Tabah, J., Cheung, M., Fan, T., et al.
(2015). Rapid Anti-depressant and Anxiolytic Actions Following Dopamine D1-D2
Receptor Heteromer Inactivation. Eur. Neuropsychopharmacol. 25 (12), 2437–2448.
doi:10.1016/j.euroneuro.2015.09.004

Shinohara, R., Taniguchi, M., Ehrlich, A. T., Yokogawa, K., Deguchi, Y., Cherasse,
Y., et al. (2018). Dopamine D1 Receptor Subtype Mediates Acute Stress-
Induced Dendritic Growth in Excitatory Neurons of the Medial Prefrontal
Cortex and Contributes to Suppression of Stress Susceptibility in Mice. Mol.
Psychiatry 23 (8), 1717–1730. doi:10.1038/mp.2017.177

Silm, K., Yang, J., Marcott, P. F., Asensio, C. S., Eriksen, J., Guthrie, D. A., et al.
(2019). Synaptic Vesicle Recycling Pathway Determines Neurotransmitter
Content and Release Properties. Neuron 102 (4), 786–e5. doi:10.1016/j.
neuron.2019.03.031

Simmons, D. V., Petko, A. K., and Paladini, C. A. (2017). Differential Expression of
Long-Term Potentiation Among Identified Inhibitory Inputs to Dopamine
Neurons. J. Neurophysiol. 118 (4), 1998–2008. doi:10.1152/jn.00270.2017

Smith, K. S., Tindell, A. J., Aldridge, J. W., and Berridge, K. C. (2009). Ventral
Pallidum Roles in Reward and Motivation. Behav. Brain Res. 196 (2), 155–167.
doi:10.1016/j.bbr.2008.09.038

So, C. H., Varghese, G., Curley, K. J., Kong, M. M., Alijaniaram, M., Ji, X., et al.
(2005). D1 and D2 Dopamine Receptors Form Heterooligomers and
Cointernalize after Selective Activation of Either Receptor. Mol. Pharmacol.
68 (3), 568–578. doi:10.1124/mol.105.012229

Soares-Cunha, C., Coimbra, B., Sousa, N., and Rodrigues, A. J. (2016). Reappraising
Striatal D1- and D2-Neurons in Reward and Aversion. Neurosci. Biobehav Rev.
68, 370–386. doi:10.1016/j.neubiorev.2016.05.021

Soares-Cunha, C., de Vasconcelos, N. A. P., Coimbra, B., Domingues, A. V., Silva,
J. M., Loureiro-Campos, E., et al. (2020). Nucleus Accumbens Medium Spiny
Neurons Subtypes Signal Both Reward and Aversion. Mol. Psychiatry 25 (12),
3241–3255. doi:10.1038/s41380-019-0484-3

Frontiers in Pharmacology | www.frontiersin.org August 2022 | Volume 13 | Article 94778522

Zhao et al. Dopamine Receptors and Depression

https://doi.org/10.1016/j.clinthera.2014.06.001
https://doi.org/10.1046/j.1471-4159.2001.00326.x
https://doi.org/10.1046/j.1471-4159.2001.00326.x
https://doi.org/10.1016/j.brainres.2021.147439
https://doi.org/10.1073/pnas.0604049104
https://doi.org/10.1016/0006-3223(92)90198-9
https://doi.org/10.1007/s11920-019-0997-0
https://doi.org/10.1007/s11920-019-0997-0
https://doi.org/10.1046/j.1468-1331.2003.00612.x
https://doi.org/10.1016/j.jad.2018.09.015
https://doi.org/10.1007/s00429-016-1306-x
https://doi.org/10.1046/j.1460-9568.2002.02280.x
https://doi.org/10.1046/j.1460-9568.2002.02280.x
https://doi.org/10.1016/j.schres.2018.09.006
https://doi.org/10.1016/j.schres.2018.09.006
https://doi.org/10.1016/j.biopsych.2014.03.013
https://pubmed.ncbi.nlm.nih.gov/15591639/
https://pubmed.ncbi.nlm.nih.gov/15591639/
https://doi.org/10.1007/s00018-010-0293-y
https://doi.org/10.1016/j.pneurobio.2015.03.005
https://doi.org/10.1016/j.pneurobio.2015.03.005
https://doi.org/10.1523/JNEUROSCI.22-08-03293.2002
https://doi.org/10.1016/j.biopsych.2019.04.007
https://doi.org/10.1016/j.bbi.2020.09.012
https://doi.org/10.1016/j.neuron.2016.01.043
https://doi.org/10.1093/cercor/bhn134
https://doi.org/10.1093/cercor/bhn134
https://doi.org/10.1111/j.1600-079X.2004.00189.x
https://doi.org/10.1038/jp.2011.2
https://doi.org/10.4088/jcp.v59n1007b
https://doi.org/10.1176/ajp.122.5.509
https://doi.org/10.1176/ajp.122.5.509
https://doi.org/10.1016/s0166-2236(00)01672-6
https://doi.org/10.1017/S1461145709000121
https://pubmed.ncbi.nlm.nih.gov/32864581/
https://pubmed.ncbi.nlm.nih.gov/32864581/
https://doi.org/10.1038/mp.2017.96
https://doi.org/10.1038/npp.2009.93
https://doi.org/10.1016/j.euroneuro.2015.09.004
https://doi.org/10.1038/mp.2017.177
https://doi.org/10.1016/j.neuron.2019.03.031
https://doi.org/10.1016/j.neuron.2019.03.031
https://doi.org/10.1152/jn.00270.2017
https://doi.org/10.1016/j.bbr.2008.09.038
https://doi.org/10.1124/mol.105.012229
https://doi.org/10.1016/j.neubiorev.2016.05.021
https://doi.org/10.1038/s41380-019-0484-3
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Sokoloff, P., Diaz, J., Le Foll, B., Guillin, O., Leriche, L., Bezard, E., et al. (2006). The
Dopamine D3 Receptor: a Therapeutic Target for the Treatment of
Neuropsychiatric Disorders. CNS Neurol. Disord. Drug Targets 5 (1), 25–43.
doi:10.2174/187152706784111551

Solís, O., Garcia-Montes, J. R., González-Granillo, A., Xu, M., and Moratalla, R.
(2017). Dopamine D3 Receptor Modulates L-DOPA-Induced Dyskinesia by
Targeting D1 Receptor-Mediated Striatal Signaling. Cereb. Cortex 27 (1),
bhv231–446. doi:10.1093/cercor/bhv231

Stamatakis, A. M., and Stuber, G. D. (2012). Activation of Lateral Habenula Inputs
to the Ventral Midbrain Promotes Behavioral Avoidance. Nat. Neurosci. 15 (8),
1105–1107. doi:10.1038/nn.3145

Stenkrona, P., Matheson, G. J., Halldin, C., Cervenka, S., and Farde, L. (2019). D1-
Dopamine Receptor Availability in First-Episode Neuroleptic Naive Psychosis
Patients. Int. J. Neuropsychopharmacol. 22 (7), 415–425. doi:10.1093/ijnp/
pyz017

Strickland, J. A., Austen, J. M., Sprengel, R., and Sanderson, D. J. (2021). The GluA1
AMPAR Subunit Is Necessary for Hedonic Responding but Not Hedonic Value
in Female Mice. Physiol. Behav. 228, 113206. doi:10.1016/j.physbeh.2020.
113206

Su, M., Li, L., Wang, J., Sun, H., Zhang, L., Zhao, C., et al. (2019). Kv7.4 Channel
Contribute to Projection-specific Auto-Inhibition of Dopamine Neurons in the
Ventral Tegmental Area. Front. Cell. Neurosci. 13, 557. doi:10.3389/fncel.2019.
00557

Sulser, F., Vetulani, J., and Mobley, P. L. (1978). Mode of Action of Antidepressant
Drugs. Biochem. Pharmacol. 27 (3), 257–261. doi:10.1016/0006-2952(78)
90226-5

Thiele, S., Sörensen, A., Weis, J., Braun, F., Meyer, P. T., Coenen, V. A., et al.
(2020). Deep Brain Stimulation of the Medial Forebrain Bundle in a Rodent
Model of Depression: Exploring Dopaminergic Mechanisms with
Raclopride and Micro-PET. Stereotact. Funct. Neurosurg. 98 (1), 8–20.
doi:10.1159/000504860

Thobois, S., Lhommée, E., Klinger, H., Ardouin, C., Schmitt, E., Bichon, A., et al.
(2013). Parkinsonian apathy responds to dopaminergic stimulation of D2/D3
receptors with piribedil. Brain 136 (Pt 5), 1568–1577. doi:10.1093/brain/awt067

Tooley, J., Marconi, L., Alipio, J. B., Matikainen-Ankney, B., Georgiou, P., Kravitz,
A. V., et al. (2018). Glutamatergic Ventral Pallidal Neurons Modulate Activity
of the Habenula-Tegmental Circuitry and Constrain Reward Seeking. Biol.
Psychiatry 83 (12), 1012–1023. doi:10.1016/j.biopsych.2018.01.003

Trantham-Davidson, H., Neely, L. C., Lavin, A., and Seamans, J. K. (2004).
Mechanisms Underlying Differential D1 versus D2 Dopamine Receptor
Regulation of Inhibition in Prefrontal Cortex. J. Neurosci. 24 (47),
10652–10659. doi:10.1523/JNEUROSCI.3179-04.2004

Tundo, A., de Filippis, R., and De Crescenzo, F. (2019). Pramipexole in the
treatment of unipolar and bipolar depression. A systematic review and
meta-analysis. Acta Psychiatr. Scand. 140 (2), 116–125. doi:10.1111/acps.13055

Undieh, A. S. (2010). Pharmacology of Signaling Induced by Dopamine D(1)-like
Receptor Activation. Pharmacol. Ther. 128 (1), 37–60. doi:10.1016/j.
pharmthera.2010.05.003

Vaht, M., Kiive, E., Veidebaum, T., and Harro, J. (2016). A Functional Vesicular
Monoamine Transporter 1 (VMAT1) Gene Variant Is Associated with Affect
and the Prevalence of Anxiety, Affective, and Alcohol Use Disorders in a
Longitudinal Population-Representative Birth Cohort Study. Int.
J. Neuropsychopharmacol. 19 (7), pyw013. doi:10.1093/ijnp/pyw013

van Zessen, R., Phillips, J. L., Budygin, E. A., and Stuber, G. D. (2012). Activation of
VTA GABA Neurons Disrupts Reward Consumption. Neuron 73 (6),
1184–1194. doi:10.1016/j.neuron.2012.02.016

Verbeeck,W. J., Berk, M., Paiker, J., and Jersky, B. (2001). The prolactin response to
sulpiride in major depression: the role of the D2 receptor in depression. Eur.
Neuropsychopharmacol. 11 (3), 215–220. doi:10.1016/s0924-977x(01)00086-4

Wang, J., Jia, Y., Li, G., Wang, B., Zhou, T., Zhu, L., et al. (2018). The Dopamine
Receptor D3 Regulates Lipopolysaccharide-Induced Depressive-like Behavior
in Mice. Int. J. Neuropsychopharmacol. 21 (5), 448–460. doi:10.1093/ijnp/
pyy005

Wang, J., Lai, S., Li, G., Zhou, T., Wang, B., Cao, F., et al. (2020). Microglial
Activation Contributes to Depressive-like Behavior in Dopamine D3 Receptor
Knockout Mice. Brain Behav. Immun. 83, 226–238. doi:10.1016/j.bbi.2019.
10.016

Wang, K. H., Penmatsa, A., and Gouaux, E. (2015). Neurotransmitter and
Psychostimulant Recognition by the Dopamine Transporter. Nature 521
(7552), 322–327. doi:10.1038/nature14431

Wang, M., Lee, F. J., and Liu, F. (2008). Dopamine Receptor Interacting Proteins
(DRIPs) of Dopamine D1-like Receptors in the Central Nervous System. Mol.
Cells 25 (2), 149–157. https://pubmed.ncbi.nlm.nih.gov/18414018/.

Wang, S., Che, T., Levit, A., Shoichet, B. K., Wacker, D., and Roth, B. L. (2018).
Structure of the D2 Dopamine Receptor Bound to the Atypical Antipsychotic
Drug Risperidone. Nature 555 (7695), 269–273. doi:10.1038/nature25758

Whitton, A. E., Reinen, J. M., Slifstein, M., Ang, Y. S., McGrath, P. J., Iosifescu, D.
V., et al. (2020). Baseline Reward Processing and Ventrostriatal Dopamine
Function Are Associated with Pramipexole Response in Depression. Brain 143
(2), 701–710. doi:10.1093/brain/awaa002

Wiescholleck, V., and Manahan-Vaughan, D. (2014). Antagonism of D1/D5
Receptors Prevents Long-Term Depression (LTD) and Learning-Facilitated
LTD at the Perforant Path-Dentate Gyrus Synapse in Freely Behaving Rats.
Hippocampus 24 (12), 1615–1622. doi:10.1002/hipo.22340

Wimalasena, K. (2011). Vesicular Monoamine Transporters: Structure-Function,
Pharmacology, and Medicinal Chemistry. Med. Res. Rev. 31 (4), 483–519.
doi:10.1002/med.20187

Wohleb, E. S., Gerhard, D., Thomas, A., and Duman, R. S. (2017). Molecular and
Cellular Mechanisms of Rapid-Acting Antidepressants Ketamine and
Scopolamine. Curr. Neuropharmacol. 15 (1), 11–20. doi:10.2174/
1570159x14666160309114549

Won, E., Han, K. M., Kang, J., Kim, A., Yoon, H. K., Chang, H. S., et al. (2017).
Vesicular Monoamine Transporter 1 Gene Polymorphism and White Matter
Integrity in Major Depressive Disorder. Prog. Neuropsychopharmacol. Biol.
Psychiatry 77, 138–145. doi:10.1016/j.pnpbp.2017.02.028

Wook Koo, J., Labonté, B., Engmann, O., Calipari, E. S., Juarez, B., Lorsch, Z., et al.
(2016). Essential Role of Mesolimbic Brain-Derived Neurotrophic Factor in
Chronic Social Stress-Induced Depressive Behaviors. Biol. Psychiatry 80 (6),
469–478. doi:10.1016/j.biopsych.2015.12.009

Wu, X. B., Jing, P. B., Zhang, Z. J., Cao, D. L., Gao, M. H., Jiang, B. C., et al. (2018).
Chemokine Receptor CCR2 Contributes to Neuropathic Pain and the
Associated Depression via Increasing NR2B-Mediated Currents in Both D1
and D2 Dopamine Receptor-Containing Medium Spiny Neurons in the
Nucleus Accumbens Shell. Neuropsychopharmacology 43 (11), 2320–2330.
doi:10.1038/s41386-018-0115-8

Wulff, A. B., Tooley, J., Marconi, L. J., and Creed, M. C. (2019). Ventral Pallidal
Modulation of Aversion Processing. Brain Res. 1713, 62–69. doi:10.1016/j.
brainres.2018.10.010

Xiang, L., Szebeni, K., Szebeni, A., Klimek, V., Stockmeier, C. A., Karolewicz, B.,
et al. (2008). Dopamine Receptor Gene Expression in Human Amygdaloid
Nuclei: Elevated D4 Receptor mRNA in Major Depression. Brain Res. 1207,
214–224. doi:10.1016/j.brainres.2008.02.009

Yaffe, D., Forrest, L. R., and Schuldiner, S. (2018). The Ins and Outs of Vesicular
Monoamine Transporters. J. Gen. Physiol. 150 (5), 671–682. doi:10.1085/jgp.
201711980

Yamaguchi, T., Sheen, W., and Morales, M. (2007). Glutamatergic Neurons Are
Present in the Rat Ventral Tegmental Area. Eur. J. Neurosci. 25 (1), 106–118.
doi:10.1111/j.1460-9568.2006.05263.x

Yamaguchi, T., Wang, H. L., Li, X., Ng, T. H., and Morales, M. (2011).
Mesocorticolimbic Glutamatergic Pathway. J. Neurosci. 31 (23), 8476–8490.
doi:10.1523/JNEUROSCI.1598-11.2011

Yang, Y., Wang, H., Hu, J., and Hu, H. (2018). Lateral Habenula in the
Pathophysiology of Depression. Curr. Opin. Neurobiol. 48, 90–96. doi:10.
1016/j.conb.2017.10.024

Yeom, M., Ahn, S., Oh, J. Y., Kim, S. Y., Lee, H., Hahm, D. H., et al. (2020). Atopic
Dermatitis Induces Anxiety- and Depressive-like Behaviors with Concomitant
Neuronal Adaptations in Brain Reward Circuits in Mice. Prog.
Neuropsychopharmacol. Biol. Psychiatry 98, 109818. doi:10.1016/j.pnpbp.
2019.109818

Yokokura, M., Takebasashi, K., Takao, A., Nakaizumi, K., Yoshikawa, E.,
Futatsubashi, M., et al. (2020). In Vivo imaging of Dopamine D1 Receptor
and ActivatedMicroglia in Attention-Deficit/hyperactivity Disorder: a Positron
Emission Tomography Study. Mol. Psychiatry 26, 4958–4967. doi:10.1038/
s41380-020-0784-7

Frontiers in Pharmacology | www.frontiersin.org August 2022 | Volume 13 | Article 94778523

Zhao et al. Dopamine Receptors and Depression

https://doi.org/10.2174/187152706784111551
https://doi.org/10.1093/cercor/bhv231
https://doi.org/10.1038/nn.3145
https://doi.org/10.1093/ijnp/pyz017
https://doi.org/10.1093/ijnp/pyz017
https://doi.org/10.1016/j.physbeh.2020.113206
https://doi.org/10.1016/j.physbeh.2020.113206
https://doi.org/10.3389/fncel.2019.00557
https://doi.org/10.3389/fncel.2019.00557
https://doi.org/10.1016/0006-2952(78)90226-5
https://doi.org/10.1016/0006-2952(78)90226-5
https://doi.org/10.1159/000504860
https://doi.org/10.1093/brain/awt067
https://doi.org/10.1016/j.biopsych.2018.01.003
https://doi.org/10.1523/JNEUROSCI.3179-04.2004
https://doi.org/10.1111/acps.13055
https://doi.org/10.1016/j.pharmthera.2010.05.003
https://doi.org/10.1016/j.pharmthera.2010.05.003
https://doi.org/10.1093/ijnp/pyw013
https://doi.org/10.1016/j.neuron.2012.02.016
https://doi.org/10.1016/s0924-977x(01)00086-4
https://doi.org/10.1093/ijnp/pyy005
https://doi.org/10.1093/ijnp/pyy005
https://doi.org/10.1016/j.bbi.2019.10.016
https://doi.org/10.1016/j.bbi.2019.10.016
https://doi.org/10.1038/nature14431
https://pubmed.ncbi.nlm.nih.gov/18414018/
https://doi.org/10.1038/nature25758
https://doi.org/10.1093/brain/awaa002
https://doi.org/10.1002/hipo.22340
https://doi.org/10.1002/med.20187
https://doi.org/10.2174/1570159x14666160309114549
https://doi.org/10.2174/1570159x14666160309114549
https://doi.org/10.1016/j.pnpbp.2017.02.028
https://doi.org/10.1016/j.biopsych.2015.12.009
https://doi.org/10.1038/s41386-018-0115-8
https://doi.org/10.1016/j.brainres.2018.10.010
https://doi.org/10.1016/j.brainres.2018.10.010
https://doi.org/10.1016/j.brainres.2008.02.009
https://doi.org/10.1085/jgp.201711980
https://doi.org/10.1085/jgp.201711980
https://doi.org/10.1111/j.1460-9568.2006.05263.x
https://doi.org/10.1523/JNEUROSCI.1598-11.2011
https://doi.org/10.1016/j.conb.2017.10.024
https://doi.org/10.1016/j.conb.2017.10.024
https://doi.org/10.1016/j.pnpbp.2019.109818
https://doi.org/10.1016/j.pnpbp.2019.109818
https://doi.org/10.1038/s41380-020-0784-7
https://doi.org/10.1038/s41380-020-0784-7
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Zhang, B., Guo, F., Ma, Y., Song, Y., Lin, R., Shen, F. Y., et al. (2017). Activation of
D1R/PKA/mTOR Signaling Cascade in Medial Prefrontal Cortex Underlying
the Antidepressant Effects of L-SPD. Sci. Rep. 7 (1), 3809. doi:10.1038/s41598-
017-03680-2

Zhang, H., Chaudhury, D., Nectow, A. R., Friedman, A. K., Zhang, S., Juarez,
B., et al. (2019). α1- and β3-Adrenergic Receptor-Mediated Mesolimbic
Homeostatic Plasticity Confers Resilience to Social Stress in Susceptible
Mice. Biol. Psychiatry 85 (3), 226–236. doi:10.1016/j.biopsych.2018.
08.020

Zhang, T., Hong, J., Di, T., and Chen, L. (2016). MPTP Impairs Dopamine
D1 Receptor-Mediated Survival of Newborn Neurons in Ventral
Hippocampus to Cause Depressive-like Behaviors in Adult Mice. Front.
Mol. Neurosci. 9, 101. doi:10.3389/fnmol.2016.00101

Zheng, P., Zhang, X. X., Bunney, B. S., and Shi, W. X. (1999). Opposite Modulation
of Cortical N-Methyl-D-Aspartate Receptor-Mediated Responses by Low and
High Concentrations of Dopamine. Neuroscience 91 (2), 527–535. doi:10.1016/
s0306-4522(98)00604-6

Zhou, H., Martinez, E., Lin, H. H., Yang, R., Dale, J. A., Liu, K., et al. (2018).
Inhibition of the Prefrontal Projection to the Nucleus Accumbens Enhances

Pain Sensitivity and Affect. Front. Cell. Neurosci. 12, 240. doi:10.3389/fncel.
2018.00240

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhao, Cheng, Piao, Cui and Li. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org August 2022 | Volume 13 | Article 94778524

Zhao et al. Dopamine Receptors and Depression

https://doi.org/10.1038/s41598-017-03680-2
https://doi.org/10.1038/s41598-017-03680-2
https://doi.org/10.1016/j.biopsych.2018.08.020
https://doi.org/10.1016/j.biopsych.2018.08.020
https://doi.org/10.3389/fnmol.2016.00101
https://doi.org/10.1016/s0306-4522(98)00604-6
https://doi.org/10.1016/s0306-4522(98)00604-6
https://doi.org/10.3389/fncel.2018.00240
https://doi.org/10.3389/fncel.2018.00240
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


GLOSSARY

5-HT serotonin

A2ARs adenosine A2A receptors

AADC aromatic L-amino acid decarboxylase

AC adenylate cyclase

ACC anterior cingulate cortex

Akt protein kinase B

AMPAR AMPA-type glutamate receptors

BDNF brain-derived neurotrophic factor

BLA basolateral amygdala

CamKII Ca2+/calmodulin-dependent protein kinase II

cAMP cyclic adenosine monophosphate

CNS central nervous system

COMT cathecholamine O methyltransferase

CP-AMPAR Ca2+ -permeable AMPA receptor

CREB cAMP-response element binding protein

CSDS chronic social defeat stress

CSF cerebrospinal fluid

CUMS chronic unpredictable mild stress

D1/2/3/4/5R dopamine receptor subtype 1/2/3/4/5

D1-MSNs DRD1-containing MSNs

D2-MSNs DRD2-containing MSNs

DA dopamine

DAergic dopaminergic

DARPP-32 dopamine- and cAMP-regulated phosphoprotein

DAT DA transporter

DBS deep brain stimulation

DG dentate gyrus

dlVP dorsolateral subcompartment of the ventral pallidum

DRD1 dopamine receptor D1

DRD2 dopamine receptor D2

DRD3 dopamine receptor D3

DRD4 dopamine receptor D4

DRD5 dopamine receptor D5

ECT electroconvulsive treatment

EPSCs excitatory postsynaptic currents

ERK extracellular signal-regulated kinase

fMRI functional magnetic resonance imaging

FRET fluorescence resonance energy transfer

GABA gamma-aminobutyric acid

GABRA6 GABA receptor alpha 6 subunits

GPCR G protein-coupled receptorG protein-coupled receptors

GPCR G protein-coupled receptorG protein-coupled receptors

GSK-3 glycogen synthase kinase 3

HVA homovanillic acid

ilPFC inferolateral prefrontal cortex

IP3-R inositol triphosphate receptors

IPSCs inhibitory postsynaptic currents

JNK c-Jun N-terminal kinase

l-DOPA L-3,4-dihydroxyphenyl-L-alanine

LHb lateral habenular nucleus

LNAA large neutral amino-acid

LPS lipopolysaccharide

LTD Long-term depression

LTP Long-term potentiation

MAO monoamine oxidase

MAPK mitogen-activated protein kinases

MDD major depressive disorder

mPFC medial prefrontal cortex

MSNs medium spiny neurons

NAc nucleus accumbens\

NaSSA noradrenergic and specific serotonergic antidepressants

NE norepinephrine

NMDAR NMDA-type glutamate receptors

OCT3 organic cation transporter 3

PET Positron emission tomography

PFC prefrontal cortex

PH phenylalanine hydroxylase

PKA protein kinase A

PLA proximity ligation assay

PLC phospholipase C

SNr substantia nigra reticulata

SNRIs dual 5-HT and NE reuptake inhibitors

SSRIs selective 5-HT reuptake inhibitors

TCAs tricyclic antidepressants

TH tyrosine hydroxylase

TrkB tropomysin related kinase B

VMAT vesicular monoamine transporters

vmVP ventral medial of the ventral pallidum

VP ventral pallidum

VTA ventral tegmental area
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