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Abstract Structural neuroplasticity in the adult brain is a process involving quan-
titative changes of the number and size of neurons and of their dendritic arborization,
axon branching, spines, and synapses. These changes can occur in specific neural
circuits as adaptive response to environmental challenges, exposure to stressors,
tissue damage or degeneration. Converging studies point to evidence of structural
plasticity in circuits operated by glutamate, GABA, dopamine, and serotonin neu-
rotransmitters, in concert with neurotrophic factors such as Brain Derived
Neurotrophic Factor (BDNF) or Insulin Growth Factor 1 (IGF1) and a series of
modulators that include circulating hormones. Intriguingly, most of these
endogenous agents trigger the activation of the PI3K/Akt/mTOR and ERK1/2
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intracellular pathways that, in turn, lead to the production of growth-related struc-
tural changes, enhancing protein synthesis, metabolic enzyme functions,
mitogenesis for energy, and new lipid-bilayer membrane apposition. The dopamine
(DA) D3 receptor has been shown to play a specific role by inducing structural
plasticity of the DAergic neurons of the nigrostriatal and mesocorticolimbic circuit,
where they are expressed in rodents and humans, via activation of the mTORC1 and
ERK1/2 pathways. These effects are BDNF-dependent and require the recruitment
of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors to
allow the structural changes. Since in mood disorders, depression and anhedonia
have been proposed to be associated with impaired neuroplasticity and reduced
DAergic tone in brain circuits connecting prefrontal cortex, ventral striatum, amyg-
dala, and ventral mesencephalon, activation of D3 receptors could provide a thera-
peutic benefit. Sustained improvements of mood and anhedonia were observed in
subjects with an unsatisfactory response to serotonin uptake inhibitors (SSRI) when
treated with D3-preferential D2/D3 agonists such as pramipexole and ropinirole. The
recent evidence that downstream mTOR pathway activation in human mesence-
phalic DA neurons is also produced by ketamine, probably the most effective
antidepressant currently used in subjects with treatment-resistant depression, further
supports the rationale for a D3 receptor activation in mood disorders.

Keywords Antidepressants · Dopaminergic neurons · iPSC · Ketamine ·
Mood disorders · mTOR

1 Introduction: Cellular and Molecular Mechanisms
of Neuronal Structural Plasticity

Neuronal structural plasticity is a critical feature of adult mammalian brain and not
only a prerogative of the developing brain. It consists of changes of density of
macro-processes such as neuronal soma, axons, and dendritic arborizations, as well
as of micro-processes such as synapses and dendritic spines within a given circuit or
brain nuclei in response to stressors, damage, or long-term functional adaptation
(Koleske 2013; Duman et al. 2016).

During brain development, the neuronal dendrites branch and form spines, the
latter being the target of synapses coming from other neurons, the cornerstone of
neuronal communication, turning over dynamically to fulfill an ontogenetic pro-
gram. By contrast, in the adult brain, most dendrite branches and spines are
tendentially stable over long spans of time, turning over mostly functionally in
response to activation or hyperactivation coming from specific circuits, or due to
local factors e.g., mediators of inflammation, circulating stress hormones, interaction
with glial cells and failure of intracellular organelles such as mitochondria. Conver-
gent findings indicate that stability of dendritic arborization and synaptic spines has a
key role in the functioning of the adult brain, loss of stability, and structural deficits

74 E. Merlo Pich et al.



being associated with psychiatric or neurodegenerative disorders (Koleske 2013;
Duman et al. 2016), while reactive structural neuroplasticity aimed to adaptively
normalize those circuits was proposed to be triggered by the re-engagement of
neurodevelopmental programs (Castrén and Rantamäki 2010). Recent findings
have provided better understanding of the molecular mechanisms that underlie the
adaptive structural plasticity implicated in the stabilization of dendritic arborization,
pointing to major players such as the intracellular pathways activated by Brain
Derived Neurotrophic Factor (BDNF) and Insulin Growth Factor 1 (IGF1), by the
level of activity of NMDA-mediated glutamate neurotransmission, of circulating
glucocorticoids, the local expression of adhesion molecules, new protein synthesis
and the integrity of energy-producing machinery associated with the mitochondria
(Mattson et al. 2008; Liston and Gan 2011; Koleske 2013, Duman et al. 2016;
Castrén and Monteggia 2021).

Here we will review the available evidence supporting the specific role for
Dopamine D3 receptors (D3R) in producing and maintaining structural plasticity
of the nigrostriatal and mesolimbic DAergic circuits in the adult brain, of potential
relevance for mood disorders and, in particular, for treatment-resistant depression
(Collo and Merlo Pich 2018).

2 Defective Neuronal Structural Plasticity in Brain
of Patients with Mood Disorders

Defective structural plasticity in circuits of frontal cortex, hippocampus, amygdala,
and ventral mesencephalon has been consistently described in patients with mood
disorders (Drevets et al. 2008) and in rodents after chronic stress (Christoffel et al.
2011). This reduced neuroplasticity is paralleled by reduced activity of the mTOR
pathway, whose phosphorylation cascade controls cell survival and growth (Jernigan
et al. 2011). Reversal of the reduced structural plasticity observed in dendrites
produced by stress and depression was described in cortico-limbic circuits of rodents
and humans exposed to clinically-effective electroconvulsive therapy (Chen et al.
2009; Dukart et al. 2014) and pharmacological treatments with ketamine or, to lesser
extent, serotonin uptake inhibitors (SSRI) (Duman et al. 2016; Bessa et al. 2009).
The antidepressant actions of these treatments involve the increase of BDNF levels
and the activation of the BDNF-TrkB signaling that activate the main neurotrophic
pathways in neurons, leading to enhanced structural plasticity at synaptic and
dendritic levels, indicating that defective BDNF/TrkB could be a critical mechanism
in determining the impaired structural plasticity in major depressive disorder
(Duman et al. 2016; Castrén and Monteggia 2021). D3R appears to be a player in
this process, being controlled by BDNF-TrkB signaling as part of the DA sensitiza-
tion mechanisms (Guillin et al. 2001) and, in turn, acting as a trigger for the release
of BDNF from the DAergic neurons (Yang et al. 2020). This reciprocal interaction
was further explored in Chap. 4 “D3R Mediates Structural Plasticity in DAergic
Neurons Engaging Neurotrophic Pathways”.
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3 Dopamine D3 Receptors (D3R): Biological
and Pharmacological Profile

The two most common dopaminergic receptors in mesolimbic and nigrostriatal
circuits are the D3R and the D2R, the latter consisting of the “short” and the
“long” subtypes. Even if they share a large sequence homology and several signaling
pathways, they show differences in their action and regulation. The expression
patterns of D2R and D3R partially differ in the mammalian brain, with differences
between rodents and primates (Gurevich and Joyce 1999, Gurevich, chapter in the
present book). At cellular level, D2R subtype and D3R are expressed either presyn-
aptically as autoreceptors in DAergic neurons in the ventral mesencephalon, e.g., in
substantia nigra (Diaz et al. 2000), or postsynaptically in neurons with various
phenotypes present in the terminal regions of the DAergic projections, e.g.,
GABAergic neurons in striatum and putamen, and in substantia nigra (Gurevich
and Joyce 1999, Gurevich, chapter in the present book) or glutamatergic neurons of
prefrontal cortex layer 5 (Clarkson et al. 2017). Interestingly, when present in the
same brain regions, as in prefrontal cortex of rodents, functional segregation of D1R,
D2R, and D3R can be observed, affecting different circuits (Clarkson et al. 2017). In
addition, pharmacological antagonism of either D2R or D3R in frontal cortex
disrupts and promotes cognitive function, respectively (Watson et al. 2012). Further
functional differences between D2R and D3R were observed in mice whose genes
were knockout (KO). The endophenotype of D2R KO mice displayed behavioral
hypoactivity, insensitivity to the D2R/D3R agonist quinpirole, and low extracellular
DA levels in the striatum (Baik et al. 1995). Conversely, D3R KO mice showed the
opposite phenotype, displaying behavioral hyperactivity, responded to quinpirole
response and spontaneous high extracellular DA level in the striatum (Accili et al.
1996; Koeltzow et al. 1998). Finally, D3R were observed in glial cells of striatum,
cortex, and substantia nigra (Miyazaki et al. 2004; Zhang et al. 2014), where they
contribute to local inflammation (Montoya et al. 2019).

3.1 D3R Role in Post-Synaptic Non-dopaminergic Neurons
and Glia

D2R and D3R being members of the 7-transmembrane domain receptors display
different coupling with the subunits of the G protein-coupled receptor (GPCR): DA
D3R engages the βγ subunits, while D2R uses the Gαo subunits (Beom et al. 2004).
Moreover, desensitization of D2R is associated with phosphorylation mediated by
the G protein-coupled receptor kinase (GRK) and by interaction with β-arrestin for
internalization, while D3R undergoes protein kinase C (PKC)-mediated phosphor-
ylation, internalization and degradation, or translocation into membrane hydropho-
bic domains (Cussac et al. 1999; Kim et al. 2001; Beom et al. 2004). Indeed, in
GABAergic medium spiny neurons of striatum, the activation of both D2R and D3R
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increases phosphorylation of the MAPK/ERK pathways, while D3R appears to be
able to drive the selective activation of the Akt-mTOR signaling pathway produced
by D2R/D3R agonists, since the latter was completely blocked by pretreatment with
S-33084, a highly selective D3R antagonist (Salles et al. 2013). During development
D3R begins its expression at the early embryological stages in neuronal precursors
and immature oligodendrocytes (Bongarzone et al. 1998). In astrocytes of the adult
mouse midbrain/striatum Montoya et al. (2019), showed that exposures to DA or to
the D3-preferential DA agonist PD128907 were able to increase inducible Nitric
Oxide Synthase (iNOS) to a similar extent to a systemic LPS administration,
generating a pro-inflammatory-like response and increasing the expression of Glial
Fibrillary Astrocytic Protein (GFAP). These effects were not observed in glial cells
of D3R-KO mice, suggesting a possible permissive role of D3R neurotransmission
in neuroinflammation. Intriguingly, LPS toxin exposures were shown to reduce the
expression of D3R, suggesting a negative feedback possibly aimed to attenuate the
local contribution of DA-dependent signals of inflammation.

3.2 D3R Role in Presynaptic DAergic Neurons

In DAergic neurons of substantia nigra (SN) and ventral tegmental area (VTA), both
D2R-short and D3R are expressed in neuronal soma and functionally defined as
“autoreceptors” (Diaz et al. 2000; Ford 2014). The role of “autoreceptors” has been
seen as associated to negative feedback control of synaptic activities, in this case
control of neuron firing rate and control of neurotransmitter release, mostly via
modulatory effect on Ca++ efflux and/or via direct interaction with the Dopamine
Transporter (DAT). Dopamine or D3R-preferential D2R/D3R agonists such as
quinpirole, ropinirole, or pramipexole by binding to presynaptic D3R reduce DA
uptake by interacting with DAT functions (Joyce et al. 2004). Interestingly, D3R
requires functional D2R autoreceptors to exert its control on DA release (Zapata and
Shippenberg 2005). Similar effects were observed when indirect DA agonists, such
as amphetamine or cocaine, were tested on mesencephalic DAergic neurons.
Cocaine increased extracellular DA by blocking DAT, an effect potentiated by the
blockade of D3R using the selective antagonist SB-277011-A, but not by the
selective D2R antagonist L-741,626 (McGinnis et al. 2016). Recent in vivo
microdialysis studies support the evidence that D3R activation increases DA release
from rat substantia nigra/VTA (Rodríguez-Sánchez et al. 2019). Previously,
Schwarz et al. (2004) reported that the selective D3R antagonist SB-277011-A
was able to potentiate pharmaco-Magnetic Resonance Imaging (MRI) response to
amphetamine challenges in the ventral mesencephalon of rats, affecting the brain
functional connectivity and suggesting a presynaptic effect. Another series of studies
has recently profiled the activation of other D3R-mediated intracellular pathways:
they are reviewed in the following paragraph.
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4 D3R Mediates Structural Plasticity in DAergic Neurons
Engaging Neurotrophic Pathways

4.1 Studies in Mesencephalic DA Neurons of Rodents

Based on the evidence collected by Diaz et al. (2000) on the localization of D3R in
mesencephalic DAergic neurons, Du et al. (2005) studied the effects of D3R
activation by incubating rodent primary mesencephalic culture containing astrocytes
with D3R-preferential DA agonists, such as pramipexole and ropinirole, showing
neurotrophic-like effects and increase in number of DAergic neurons. Similar results
were obtained in mouse primary mesencephalic cultures that were maintained under
conditions to prevent astrocytes growth using D3R-preferential D2R/D3R agonist
such as 7-OH-DPAT and quinpirole at low doses, whose effects were blocked by
selective D3R antagonist SB-277112-A (Collo et al. 2008). These data supported the
tenet a neuronal-mediated D3R-dependent effect. Similar increases of dendritic
arborization and soma size were also observed with the indirect DA agonist amphet-
amine, producing effects that involved the activation of MAPK/ERK pathways via
presynaptic D3R, probably due to the increased extracellular DA produced by
amphetamine (Collo et al. 2008). These effects were in keeping with the dendritic
outgrowth observed postmortem in VTA of rats repeatedly exposed to amphetamine
(Mueller et al. 2006). Few years later, using both in vitro and in vivo studies on mice,
Collo et al. (2012) show that exposure to cocaine, another indirect DA agonist,
produced D3R-dependent increases of structural plasticity in mesencephalic
DAergic neurons. These effects were seen in vitro on primary cultures of DAergic
neurons from mouse embryo, where cocaine-induced increase of dendritic arboriza-
tion and soma size were antagonized by the non-selective D2R/D3R antagonist
sulpiride and by the selective D3R antagonists SB-277011-A and S-33084. These
effects of cocaine were mediated by the activation of the ERK1/2 and Akt-mTOR
pathways, since preincubation with selective phosphorylation blockers completely
inhibited structural plasticity induced by cocaine. Moreover, when primary cultures
of mesencephalic DA neurons from D3R KO mice were challenged with cocaine, no
change in dendritic arborization was observed and no activation of ERK1/2 and Akt
pathway phosphorylation was observed. These observations were corroborated
in vivo by morphometric assessment of mesencephalic dopaminergic neurons of
P1 newborns exposed to cocaine from E12.5 to E16.5. The experiments were
performed in wild-type and D3R KO mice. Cocaine increased the soma area of
wild-type but not of D3R KO mice, supporting the translational value of primary
culture (Collo et al. 2012). Other in vivo studies support structural plasticity effects
of D3R signaling: van Kampen and Eckman (2006) evaluated rats exposed to
6-OHDA acute neurotoxic damage of nigrostriatal DAergic pathways after a chronic
treatment with D3-preferential DA agonist 7-OH-DPAT. They observed a signifi-
cant induction of cell proliferation in the substantia nigra pars compacta with a time-
dependent adoption of DAergic phenotype. Retrograde tracing revealed a restoration
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of striatal innervation from mesencephalic DAergic neurons and persistent recovery
of locomotor function, a demonstration of induction of structural plasticity in vivo.

5 Studies in Human DA Neurons Differentiated from
Inducible Pluripotent Stem Cells (iPSC)

The relatively recent observation that inducible Pluripotent Stem Cells (iPSC) from
human donors can be differentiated in DAergic neurons (Kriks et al. 2011; Fedele
et al. 2017) (Fig. 1a) has open the possibility to study their pharmacological
phenotype in vitro (Fig. 1b). The changes of dendritic arborization and soma size
induced by D3R-preferential agonists were studied in human iPSC-derived DAergic
neurons (Collo et al. 2018) following a procedure schematically showed in Fig. 1b.
An example of the application of this procedure is shown in Fig. 1c where the
structural plasticity effects of pramipexole were quantified, resulting in a dose-
dependent increases of maximal dendritic length, number of primary dendrites and
soma size. Similar effects were also observed with ropinirole and antagonized by the
selective D3R antagonists SB-277011-A and S-33084 (Collo et al. 2018). Visuali-
zation of phosphorylated p70S6 kinase indicated the recruitment of the mTOR
pathway, a critical mediator of cell growth and structural plasticity. Phosphorylation
of p70S6 kinase and structural plasticity induced by ropinirole and pramipexole were
blocked by the kinase inhibitors LY294002 and by rapamycin, an mTORC1 inhib-
itor, confirming the involvement of the mTOR pathway. Since Ras-ERK and PI3K-
mTOR pathways are also constitutive elements of the BDNF-TrkB signaling,
different modalities of BDNF-TrkB pathway disruption previously used in rat
telencephalic neurons (i.e., immunoneutralization of BDNF, inhibition of TrkB
receptor and blockade of MEK-ERK signaling) (Jourdi et al. 2009) were applied
to human DA neurons exposed to ropinirole, all procedures blocked D3R-dependent
structural plasticity. These effects are consistent with the regulation of dendritic
morphogenesis by Ras-PI3K-Akt-mTOR and Ras-MAPK signaling pathways pre-
viously described in the rat telencephalic neurons (Kumar et al. 2005). These data
also indicate that active BDNF-TrkB signaling is necessary for D3R-dependent
structural plasticity in human DA neurons. Interestingly, the behavioral relevance
of reciprocal crosstalk between these two crucial pathways in DA neurons was
demonstrated in rats with a unilateral nigrostriatal lesion of DA projections, showing
structural recovery of axonal innervation and novel dendritic spine formation
(Razgado-Hernandez et al. 2015).
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Fig. 1 Human iPSC-derived dopaminergic neurons methodological approach to study neuroactive
compounds. (a) Schematic representation of the differentiation procedure used to obtain in vitro
human DAergic neurons. Neuronal precursors derived from iPSCs are exposed to successive mix of
growth factors and small molecules aimed to develop the A9-like DAergic phenotype, according to
Kriks et al. (2011) and Fedele et al. (2017). KSR, knockout serum replacement; LDN, LDN193189;
SB, SB431542; Shh, Shh C25II; FGF8, fibroblast growth factor 8; Purm, purmorphamine; CHIR,
CHIR99021; BDNF, brain-derived neurotrophic factor; AA, ascorbic acid; cAMP, dibutyryl
cAMP; TGFβ, transforming growth factor type β3; GDNF, glial cell line-derived neurotrophic
factor. (b) Cartoon of the procedure used to test iPSC-derived human DA neurons with various
pharmacological agents, performing activation and inhibition studies with a variety of concentra-
tions of agonists and antagonists as described in Collo et al. (2018). The outcomes were imaging or
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6 Effects on DA Neuron Structural Plasticity Produced by
the Activation of D3R Could Be Beneficial in Patients
with Treatment-Resistant Depression

Dysfunction of dopaminergic neurotransmission within the mesolimbic and
nigrostriatal systems, where D3R are expressed, may contribute to anhedonia, loss
of motivation, and psychomotor retardation in severe depressive disorders that
partially respond to treatment, and targeting D3R has been considered a possible
therapeutic approach (Leggio et al. 2013). Preclinical studies showed association
between low levels of BDNF in ventral mesencephalon with anhedonia, a core
symptom of major depressive disorder (Der-Avakian et al. 2014). Low levels of
TrkB expression were observed in postmortem striatum of patients with mood
disorders (Reinhart et al. 2015). Indeed, increased BDNF signaling was recognized
as a necessary step for the antidepressant effects of ketamine (Autry et al. 2011) and,
partially, of SSRI (Bessa et al. 2009), leading to the concept of normalizing defective
structural plasticity and dendritic arborization stability through a BDNF-TrkB
orchestrated intracellular growth pathways activation (Castrén and Rantamäki
2010; Castrén and Monteggia 2021). Hence, the engagement of BDNF-TrkB sig-
naling in mediating structural plasticity in DA neurons driven by D3R-preferential
D2R/D3R agonists, such as 7-OH-DPAT, ropinirole or pramipexole, may be seen as
a common feature involving D3R-mediated neurotransmission to address the prob-
lem of treatment-resistant depression. Accordingly, cariprazine, a D2R/D3R partial
agonist with a 10-fold preferential affinity to D3R, improved symptoms in subjects
with major depressive disorder that were poorly responsive to standard-of-care
(Durgam et al. 2016). The intrinsic activity of cariprazine at D3R (Emax 70%) is
comparable to that of aripiprazole, another D3R-preferential D2R/D3R partial ago-
nist, that was approved for adjunctive treatment of major depressive disorder
(Berman et al. 2007). Antidepressant effects of pramipexole were described in
preclinical studies (Breuer et al. 2009), as well in clinical studies in Parkinson’s
patients with diagnosis of depression (Barone et al. 2010) and as add-on to SSRI in
individuals with treatment-resistant depression (Fawcett et al. 2016; Tundo et al.
2022).

⁄�

Fig. 1 (continued) biochemical parameters, aimed to characterize structural plasticity on dendrites
and soma profiles and the molecular pathways involved in these responses. (c) Histograms
representing the quantification of the morphological changes of dendrites and soma produced by
pramipexole dose-dependent D3R activation as described in Collo et al. (2018)
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7 D3R Signaling Is Involved in Structural Plasticity
Produced by the Antidepressant Ketamine on Human
and Mice Mesencephalic DAergic Neurons

Ketamine is probably the most effective rapid-acting antidepressant for patients
suffering from treatment-resistant depression (Schwartz et al. 2016; Zanos and
Gould 2018; Collo and Merlo Pich 2018). Structural remodeling of prefrontal,
hippocampal neurons involving dendritic arbors and spines has been proposed as a
key neurobiological mechanism underlying antidepressant properties of ketamine
(Duman et al. 2016; Zanos and Gould 2018). Ketamine-induced increase of dendritic
arborization and soma size was also observed in mouse mesencephalic primary
cultures and human iPSC-derived DAergic neurons (Cavalleri et al. 2018). These
authors showed that the critical molecular mechanisms involved downstream acti-
vation of AMPA receptors which in turn trigger mTOR pathway-dependent struc-
tural plasticity via BDNF-TrkB activation. Both structural plasticity and
neurotrophic pathway activation were blocked by MEK inhibitor PD98059, by
PI3K inhibitor LY294002, and by rapamycin, an mTOR signaling inhibitor. The
effects of ketamine were abolished by AMPA receptor antagonists and were mim-
icked by the AMPA positive allosteric modulator CX614, as shown also in telence-
phalic neurons (Li et al. 2010; Duman et al. 2016). Inhibition of BDNF-TrkB
signaling achieved with various modalities prevented the induction of structural
plasticity produced by ketamine. Intriguingly, ketamine effects on mesencephalic
DAergic neurons required functional D3R, since its effects were abolished by
pretreatment with selective D3R antagonists and were absent in D3R KO mice
DAergic neurons (Cavalleri et al. 2018). These data are in line with the results of
behavioral experiments in rodents using Forced Swim Test to assess depressive-like
behavior, showing that the combined administration of sub-effective doses of keta-
mine and pramipexole exerted antidepressant-like effects compared with each drug
alone (Li et al. 2015). The cartoon in Fig. 2 describes a working hypothesis about the
molecular and cellular mechanisms involved in the interaction between ketamine
and D3R-preferential DA agonist in producing beneficial effects in patients with
treatment-resistant depression.

8 Conclusions

The present review summarized the findings supporting a role for D3R activation
through pharmacological agents such as pramipexole or, indirectly, ketamine to
increase structural plasticity in human DA neurons via recruitment of BDNF-TrkB
and the activation of the MAPK/ERK and mTOR signaling pathways. Given the
evidence of disrupted stability and reduced plasticity of dendritic arborization in
several brain circuits in mood disorders, the structural effects produced by pharma-
cological activation of D3R can be seen as a reasonable treatment approach for a
combination treatment, not implemented yet in the clinics. D3R activation could,
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therefore, contribute to the enhancement of structural plasticity necessary to improve
depression, providing a reasonable interpretation of the clinical effects observed with
pramipexole or ropinirole as add-on treatment in patients with treatment-resistant
depression.
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