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Abstract

We have previously shown that the heteromer composed by the dopamine D3 receptor (D3R) and the nicotinic acetylcholine
receptor (nAChR) (D3R-nAChR heteromer) is expressed in dopaminergic neurons, activated by nicotine and represents the
molecular unit that, in these neurons, contributes to the modulation of critical events such as structural plasticity and neuro-
protection. We now extended this study by investigating the D3R-nAChR heteromer properties using various cell models such
as transfected HEK293 cells, primary cultures of mouse dopaminergic neurons and human dopaminergic neurons derived
from induced pluripotent stem cells.

We found that the D3R-nAChR heteromer is the molecular effector that transduces the remodeling properties not only asso-
ciated with nicotine but also with D3R agonist stimulation: neither nAChR nor D3R, in fact, when express as monomers,
are able to elicit these effects. Moreover, strong and sustained activation of the PI3K-ERK1/2/Akt pathways is coupled with
D3R-nAChR heteromer stimulation, leading to the expression of the immediate-early gene c-Fos and to sustained phospho-
rylation of cytosolic p70 ribosomal S6 kinase (p70S6K), critical for dendritic remodeling. By contrast, while D3R stimulation
results in rapid and transient activation of both Erk1/2 and Akt, that is PI3K-dependent, stimulation of nAChR is associated
with persistent activation of Erk1/2 and Akt, in a PI3K-independent way. Thus, the D3R-nAChR heteromer and its ability to
trigger the PI3K-ERK1/2/Akt signaling pathways may represent a novel target for preserving dopaminergic neurons healthy
and for conferring neuronal protection against injuries.
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Introduction

The dopaminergic (DA) system modulates various physi-
ological functions such as motor activity, cognition,
reward, working memory and learning. Consequently,
multiple human diseases are associated with DA neurons’
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dysfunctions. In particular, Parkinson’s disease (PD), a pro-
gressive neurological disorder that mainly affects voluntary
movements, is caused by the selective neurodegeneration
of DA neurons in the substantia nigra pars compacta; the
molecular basis underlying this pathology is not completely
understood and curative drugs that may protect DA neurons
from death are not yet available. Therefore, a comprehensive
analysis of the mechanisms that might preserve DA neurons’
health is crucial for designing strategies to counteract neuro-
degeneration. Different receptor systems, including the DA
D3 receptor (D3R) and the nicotinic acetylcholine recep-
tor (nAChR), have been shown to provide neurotrophic and
neuroprotective support to DA neurons [1, 2]. In particular,
we have recently identified a receptor heteromer composed
of the D3R and the nAChR (D3R-nAChR) as the molecular
unit that is highly expressed in DA neurons, is activated by
nicotine, and contributes to the modulation of critical events
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in DA neurons such as structural plasticity and neuropro-
tection [2—4]. The D3R-nAChR heteromer, first identified
in transfected HEK293 cells by BRET, originates from the
direct interaction between the D3R and the beta2 subunit of
the nAChR [3]. The physiological expression of the D3R-
nAChR heteromer has been disclosed by using proximity
litigation assay in both mouse DA neurons and human DA
neurons derived from induced pluripotent stem cells (iPSCs)
[3,4].

Functionally, D3R-nAChR heteromer activation by nico-
tine promotes DA neuron structural remodeling including
increased dendritic arborization and soma area [3]. The
unique involvement of the D3R-nAChR complex in these
effects was demonstrated by using specific interfering pep-
tides that prevent the interaction between D3R and nAChR
[3]; in these conditions, nicotine-induced neurotrophic
effects on DA neurons were, in fact, completely lost [3].
More recently, nicotine activation of the D3R-nAChR heter-
omer has been associated with the protection of DA neurons
from neurotoxicity induced by glucose deprivation [4].

In this study, we further investigated the properties of
the D3R-nAChR heteromer, by focusing on the specific role
played by the D3R protomer within the heteromer and by
analyzing the intracellular signaling pathways activated by
D3R-nAChR stimulation. Previous studies suggested that the
phosphoinositide-3-kinase—protein kinase (PI3K)-ERK1/2/
Akt signaling cascade, likely associated with the D3R [5,
6], could contribute to nicotine-induced remodeling in DA
neurons [4, 6]. Therefore, we considered the possibility that
the D3R-nAChR heteromer activated by nicotine might sig-
nal through the PI3K-ERK1/2/Akt cascade, recruited by the
D3R protomer. To address this hypothesis we used different
cell models: (1) HEK293 cells either individually expressing
or co-expressing the D3R and the nAChR [3]; (2) primary
cultures of mouse DA neurons, physiologically expressing
the D3R-nAChR heteromer [4], and primary cultures of DA
neurons derived from D3R knock out (D3R-KO) mice only
expressing the nAChR; 3) human iPSCs-derived DA neurons
where the D3R-nAChR complex has been identified by the
proximity ligation assay (PLA) [4].

The major finding of this study is that in DA neurons, the
D3R-nAChR heteromer is the molecular effector that trans-
duces the neurotrophic effects not only of nicotine but also
of D3R agonists. Neither nAChR nor D3R when individually
expressed is in fact able to elicit these effects. Moreover, a
special transductional feature of the D3R-nAChR heteromer
is represented by the persistent activation of the ERK1/2 and
Akt signaling that requires PI3K. In addition, the expression
of the immediate-early gene c-Fos [7] and the activation of
the p70 ribosomal S6 kinase (p70S6K), an enzyme that acts
downstream of mTOR pathway [8, 9], are two molecular
signals associated with the heteromer and crucially required
for DA neuron dendritic remodeling.
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Materials and Methods
Materials

Human embryonic kidney (HEK) 293 cells were pro-
vided by Open Biosystems. Tissue culture medium and
fetal bovine serum (FBS) were purchased from Euroclone
(Milan, Italy). LY294002, quinpirole, and nicotine were
purchased from Tocris (Bristol, UK).

Human mutant pcDNA3-alpha4, pcDNA3-beta2 vectors
were kindly provided by Dr. S. Fucile (Sapienza, Univer-
sita di Roma). GFP-DRD3 was a gift from Jean-Michel
Arrang (Addgene plasmid # 24,098; http://n2t.net/addge
ne:24098; RRID: Addgene_24098) [10]. Cell permeable
interfering TAT peptides TAT-D3R (NH2 -YGRKKRRQR-
RRLKQRRRKRIL-COOH) and the TAT-D3R-Sc scram-
bled sequence (NH2-YGRKKRRQRRRIRKLRLRQRK-
COOH) were purchased from GenScript, Piscataway, USA
[3].

Animals

Dopamine D3 receptor knock out (D3R-KO) mice and their
syngeneic wild-type mice (C57BL6/J), used as a control,
were obtained from Jackson Laboratory (Bar Harbor, ME)
(B6.129S4-Drd3Tm1Dac/J). Animals were bred and housed
in the animal house facility of the University of Brescia with
water and food ad libitum and a 12-h light—dark cycle. Ani-
mals were cared for and killed according to the 2010/63/
EU Directive and in conformity to the National Research
Guide for the Care and Use of Laboratory Animals. The
Animal Research Ethical Committee of the University of
Brescia also approved all the procedures. All efforts were
made to minimize animal suffering and to reduce the number
of animals used.

Primary Cultures of Mouse Midbrain Neurons

Primary cultures of midbrain neurons were prepared from
both wild-type and D3R-KO mice, by dissecting the ventral
mesencephalon from E12.5 mouse embryos, as previously
described [3, 4]. Embryos were then collected and mechan-
ically dissociated at room temperature, and suspended in
Neurobasal medium (Gibco, Invitrogen, Carlsbad, CA,
USA) containing 2 mM glutamine and B27 supplement
(Gibco, Invitrogen). Cells were seeded on poly-D-lysine/
laminin-coated plates (1 x 10° cells/well) or coverslips
(8 x 10* cells) and cultured in Neurobasal medium (Gibco,
Invitrogen, Carlsbad, CA, USA) containing 2 mM glutamine
and 2% B27 supplement (Gibco, Invitrogen) at 37 °C in a
humidified 5% CO2 atmosphere. Half of the medium was
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changed every 2 days until treatment. All pharmacological
treatments were performed after 7 days from seeding.

HEK293 Cell Cultures and Transfection

Human embryonic kidney 293 T (HEK?293) cells were cul-
tured in Dulbecco's modified Eagle's medium (DMEM) con-
taining 10% FBS, 2 mM glutamine, 0.1 mM nonessential
amino acids, 1 mM sodium pyruvate, 100 U/ml penicillin,
and 100 pg/ml streptomycin (all purchased from Euro Clone,
Milan, Italy) at 37 °C in an atmosphere of 5% CO2. Cells
were transiently transfected with the GFP-DRD3 dopamine
vector (D3R) (HEK-D3R cells) (1 pg) or with the pcDNA-
alpha4 (1 pg) and pcDNA-beta2 (1 pg) nAChR subunits
(HEK-nAChR cells) or co-transfected with both plasmids
(HEK- D3R-nAChR cells) using the Arrest-IN reagent
(Thermo Scientific), according to the manufacturer’s instruc-
tions. The pCDNA3 vector was used to equilibrate the total
amounts (2 ug) of transfected DNA.

Human iPSCs-Derived DA Neuron Differentiation

Human iPSCs from a healthy control were generated and
fully characterized by Reinhardt et al., (2013) [11]. Informed
consent was obtained prior to cell donation [11]. Mature
neurons were obtained by using a dual-SMAD inhibi-
tion protocol [12] with some modifications, as previously
described [13]. Following 50 days of differentiation, iPSCs-
derived neuronal cultures containing ~40% of DA neurons
expressing the DAergic marker tyrosine hydroxylase (TH)
enzyme were obtained and used for subsequent treatments
and experiments.

Pharmacological Treatments

For morphological studies, mouse cultures and human
iPSCs-derived neurons were treated with nicotine (10 pM)
or quinpirole (10 pM) for 72 h (h) in the presence or absence
of TAT-D3R (1 pM) peptide or TAT-D3Rsc (1 pM), added
30 min (min) before nicotine or quinpirole incubation and
every 24 h until the end of treatment. Cells were then fixed
and analyzed by immunocytochemistry for morphometric
parameters, as described below.

In another set of experiments, mouse cultures and human
iPSCs-derived neurons were treated with nicotine (0.01 pM)
or quinpirole (1 pM) or nicotine (0.01 pM) plus quinpirole
(1 pM) for 72 h and morphologically analyzed by immuno-
cytochemistry, as described below.

For biochemical analysis, HEK-nAChR, HEK-D3R, and
HEK-D3R-nAChR cells were used 24 h post-transfection,
maintained in serum-free medium for 16 h and treated. In
particular, HEK-nAChR cells were treated with nicotine
(10 pM) for different times (5-60 min) or with nicotine

(10 pM; 30 min) in the presence or in the absence of the
PI3K inhibitor LY294002 (10 uM), added 30 min before nic-
otine stimulation. In parallel, HEK-D3R cells were treated
with quinpirole (10 pM) for different times (0—60 min)
or with quinpirole (10 uM; 30 min), in the presence or in
the absence of LY294002 (10 pM), added 30 min before
quinpirole stimulation. Finally, HEK- D3R-nAChR cells
were treated with nicotine (10 pM) or quinpirole (10 pM)
for different times (5-60 min) and with nicotine (10 pM;
30 min) or quinpirole (10 pM; 30 min) in the presence or in
the absence of LY2940022 (10 uM), added 30 min before
nicotine or quinpirole stimulation. Cells were analyzed for
ERK1/2 phosphorylation (pERK1/2) and Akt phosphoryla-
tion at Thr308 (pAkt) by western blot, as described below.
As a control, HEK-nAChR cells were incubated with quin-
pirole (10 uM) for different times (0—60 min).

In another set of experiments, primary cultures of mouse
midbrain neurons were treated with nicotine (10 pM) or
quinpirole (10 pM) for different times (5-14 h) and ana-
lyzed for pERK1/2 by both western blot and immunofluo-
rescence, as described below. Moreover, mouse cultures
were treated with nicotine (10 pM; 30 min) or quinpirole
(10 pM; 30 min) in the presence or in the absence of TAT-
D3R (1 pM) peptide, TAT-D3Rsc (1 pM) or LY2940022
(10 pM) and analyzed for pERK1/2 and pAkt by western
blot. In parallel experiments, primary cultures of midbrain
neurons were obtained from D3R-KO mice and treated with
nicotine (10 pM) for different times (5—60 min) and analyzed
for pERK1/2 by both western blot and immunofluorescence.

Moreover, primary cultures of midbrain neurons obtained
from D3R-KO mice were treated with nicotine (10 pm;
30 min) in the presence or in the absence of the PI3K inhib-
itor LY2940022 (10 pM) and analyzed for pERK1/2 and
pAkt by western blot.

Finally, neuronal culture derived from both wild-type
and D3R-KO mice was treated with nicotine or quinpirole
(both at 10 pM; 5-14 h) or with nicotine (10 pM; 5-14 h),
respectively) and analyzed for p70S6K phosphorylation
(p-p70S6K), CREB phosphorylation (pCREB), and c-Fos
levels by western blot.

Immunocytochemistry and Morphometric Analyses

Neurons were fixed using 4% PFA for 10 min and incubated
in 3% hydrogen peroxidase for 10 min to inhibit endogenous
peroxidase activity. Cells were then blocked in PBS con-
taining 0.1% Triton x-100 (Sigma-Aldrich) and 5% BSA
and incubated with the rabbit anti-TH polyclonal antibody
(1:700, Santa Cruz) at 4 °C overnight. The next day, cells
were incubated with the biotinylated anti-rabbit antibody
(1:350; Jackson Immuno Research) for 30 min at room tem-
perature and incubated with avidin—biotin horseradish per-
oxidase complex. Staining with peroxidase was performed
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by incubation in PBS containing 1% 3-3' diaminobenzidine
and 0.01% H,0, (Sigma-Aldrich). Digital images of the
immunocytochemical assays were captured with an Olympus
IX51 microscope connected to an Olympus digital camera
and analyzed using the ImageJ software (National Institutes
of Health, Bethesda, MD, USA). The morphologic indica-
tors of structural plasticity were as follows: (1) maximal
dendrite length, defined as the distance from the soma to
the tip of the longest dendrite for each neuron; (2) primary
dendrites numbers, defined as those directly stemming from
the soma; (3) soma area, assessed by measuring the surface
(um?) included by the external perimeter drawn on the cell
membrane of neurons identified by TH staining. Positive
neurons were analyzed by a blinded examiner using a x 20
objective (Olympus IX51). Three slides per treatment group
were examined and more than fifty frames for each coverslip
were analyzed to obtain measurements from at least 30 TH-
positive neurons.

Immunofluorescence

Human iPSCs-derived DA neurons were fixed in phosphate-
buffered saline (PBS) containing 3% paraformaldehyde
(Sigma-Aldrich)3% sucrose (Sigma-Aldrich) and blocked in
PBS containing 0.1% Triton X-100 (Promega, Madison, WI,
USA), 5% bovine serum albumin (BSA; Sigma-Aldrich).
Neurons were incubated overnight at 4 °C with the tyrosine
hydroxylase (TH, 1:700; Santa Cruz Biotechnology) and the
dopamine transporter (DAT, 1:400; Santa Cruz Biotechnol-
ogy) primary antibody, and then incubated for 30 min at
room temperature with appropriate Alexa Fluor 488- or
Cy3-conjugated secondary antibodies (Jackson Immuno
Research). Nuclei were stained with DAPI.

Mouse primary DA neurons were fixed, blocked in PBS
containing 0.1%Triton x-100 (Sigma-Aldrich) and 5%
bovine serum albumin (BSA; Sigma-Aldrich), and incubated
at 4 °C overnight with the rabbit anti-TH (1:700; Santa Cruz
Biotechnology) and with the mouse anti-phospho-p44/42
MAPK (pERK1/2, 1:400; Cell Signaling) primary antibody.
Cells were then incubated for 30 min at room temperature
with the appropriate Alexa Fluor 488- and Cy3-conjugated
secondary antibodies (Jackson Immuno Research). Nuclei
were stained with DAPL.

Images from both mouse and human iPSC-derived DA
neurons were captured using a Zeiss LSM 880 confo-
cal microscope equipped with Plan-Apochromat 63 x /1.4
numerical aperture oil objective and examined using
the ZEN 2.3 software (Carl Zeiss AG, Oberkochen, Ger-
many). The same software was used for the analysis of the
pERK1/2/DAPI or pERK1/2/TH co-localization relative
area. Analysis of the pERK1/2 intensity was performed by
using the ImageJ software (National Institutes of Health,
Bethesda, MD, USA). A minimum of 10 fields containing
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TH-positive neurons for each condition were selected and
each experimental condition was performed in triplicate at
least three times.

Proximity Ligation Assay

In situ proximity ligation assay (PLA) was carried out in
HEK-D3R-nAChR transfected cells by using the Duolink
in situ detection kit (Sigma-Aldrich) according to the manu-
facturer’s instructions, as previously reported [3, 4]. Briefly,
cells were fixed in PBS containing 4% paraformaldehyde
(Sigma-Aldrich) for 10 min at room temperature, washed in
PBS and blocked with blocking solution (Duolink, Sigma-
Aldrich) for 30 min at 37 °C. Cells were next incubated
overnight at 4 °C with the goat polyclonal anti-D3R (1:50;
Santa Cruz Biotechnologies) and the rabbit monoclonal anti-
alpha4 nAChR subunit (1:100; Sigma-Aldrich) antibodies.
After washing, cells were incubated with the anti-rat MINUS
and the anti-goat PLUS probes (Duolink, Sigma-Aldrich) for
30 min at 37 °C, followed by ligation and amplification reac-
tion using Duolink far red detection reagent. Cells were then
mounted using mounting medium containing 4',6-diamid-
ino-2-phenylindole (DAPI; Duolink, Sigma-Aldrich) and
analyzed using a Zeiss LSM 880 confocal microscope
equipped with Plan-Apochromat 63 x /1.4 numerical aper-
ture oil objective and examined using the ZEN 2.3 software
(Carl Zeiss AG, Oberkochen, Germany).

Western Blot

Cells were washed with ice-cold PBS and lysed in a buffer
containing 50 mM Tris (pH 7.4), 150 mm NacCl, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulphate, 1%
Igepal, 1 mM polymethanesulphonyl fluoride (all from
Sigma-Aldrich), and complete protease inhibitors (Roche
Diagnostics, Mannhein, Germany); protein concentration
was measured with a DC-protein assay (Bio-Rad, Hercu-
les, CA, USA). Aliquots of total proteins were resolved by
sodium dodecyl sulphate polyacrylamide gel electrophoresis,
blotted onto a PVDF membrane (Immobilon-P; Millipore),
and blocked with 5% not-fat milk in 0.1 M Tris-buffered
saline (pH=7.4) for 30 min. Membranes were then incu-
bated with the following primary antibodies: anti-pERK1/2
(1:2500; Santa Cruz Biotechnology), anti-pAkt (Thr308;
1:1000, Immunological Sciences), anti-TH (1:1500; Milli-
pore), anti-pCREB (1:2000, Millipore), anti-c-Fos (1:2000,
GeneTex), anti-p-p70S6K (1:1000; Cell Signaling), and
anti-alpha-tubulin (1:300,000; Sigma-Aldrich). Blots were
incubated with appropriate horseradish peroxidase—con-
jugated secondary antibodies (Santa Cruz Biotechnology)
and signals were detected by enhanced chemiluminescence
(ECL) (GeneSpin). The membranes were scanned and
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analyzed using gel-pro analyzer software (Media Cybernet-
ics, Bethesda, MD, USA).

Statistical Analysis

Each experiment was repeated at least three times. Values
are expressed as mean + standard error of the mean (SEM).
If not stated otherwise, significant differences from con-
trol conditions were determined using analysis of variance
(ANOVA) followed by Bonferroni’s test for multiple com-
parisons. For comparison between two groups, an unpaired
Student’s ¢ test was used. All statistical analyses were
performed by GraphPad prism version 4.00 for Windows
(GraphPad Software, San Diego, CA, USA). Correlations
were assessed by calculating the correlation coefficient
between two variables using the same statistical package.

Results

D2R/D3R Agonists Exert Neurotrophic Effects
in Mouse and Human DA Neurons Acting Through
the D3R-nAChR Heteromer

We have reported that in mouse DA neurons, chronic acti-
vation of the D3R-nAChR heteromer by nicotine exerts
neurotrophic effects [3]. To investigate the role of the D3R,
primary cultures of mouse mesencephalic neurons, contain-
ing 5-10% of DA neurons [3] were stimulated with the D2R/
D3R agonist quinpirole (10 pM) for 72 h (h) and analyzed
for morphology. As reported in Fig. 1 (panels A-D), D2R/
D3R stimulation increased the length of the primary den-
drite (panel B), the dendrite number (panel C), and soma
area (panel D) of DA neurons, identified by TH staining.
Stimulation with quinpirole was also performed in the pres-
ence of the TAT-D3R interfering peptide disrupting the
interaction between D3R and the beta2 subunit of nAChR [3,
4, 14]. The results show that the TAT-D3R peptide (1 pM),
but not its scrambled counterpart (TAT-D3R-Sc; 1 pM),
abolished the neurotrophic effects elicited by quinpirole in
mouse DA neurons (Fig. 1, panels A-D) suggesting that the
remodeling properties of D2R/D3R agonists [5, 15-17] are
likely mediated by their interaction with the D3R-nAChR
heteromeric complex.

The ability of the D2R/D3R agonists in inducing mor-
phological effects through the D3R-nAChR heteromer was
also investigated in human DA neurons derived from iPSCs
[4, 13]. iPSC-derived neuronal cultures, containing about
40% of TH-positive neurons also co-expressing dopamine
transporter (DAT) (Fig. 1, panel E) [13], were incubated
with quinpirole (10 uM, 72 h) and TH-positive neurons were
analyzed for morphological remodeling (Fig. 1, panel F-I).
Quinpirole induced a significant increase of the maximal

length of the primary dendrite (panel G), number of den-
drites (panel H), and soma area (panel I), compared to
untreated cells. Neurons were then treated with quinpirole
in the presence of the TAT-D3R peptide or its corresponding
scrambled peptide (both at 1 uM) and the results showed that
the remodeling properties of quinpirole were abolished in the
presence of the interfering peptide, but not of the scrambled
one (Fig. 1, panel F-I). Therefore, as in mouse DA neurons,
also in human DA neurons, the D3R-nAChR heteromer is
the receptor unit that transduces the neurotrophic effects of
both nicotine and D3R agonists. Interestingly, in DA neurons
that co-express D2R and D3R, counteracting heterodimer
formation prevented quinpirole from inducing morphologi-
cal changes, thus excluding the involvement not only of the
D3R monomer but also of the D2 receptors (D2R).

Combining Ineffective Doses of Nicotine
and Quinpirole Exerts Neurotrophic Effects
on Mouse and Human DA Neurons

To evaluate the possible existence of a combinatorial effect
of nicotine and quinpirole in inducing DA neuron remod-
eling mouse (Fig. 2, panel A-D) and human (Fig. 2, panel
E-H) neurons were treated with nicotine (0,01 pM), quin-
pirole (1 pM), and a combination of nicotine and quinpirole
(0,01 and 1 pM, respectively) for 72 h; as reported in Fig. 2
and according to previous studies [5, 6], at low doses, nei-
ther nicotine nor quinpirole was able to exert morphologi-
cal changes. However, analyses of TH-positive mouse and
human neurons showed that the simultaneous treatment with
low doses of both compounds significantly increased the
maximal length of the primary dendrite (panel B and F),
the number of dendrites (panel C and G), and the soma area
(panel D and H).

Stimulation of the D3R-nAChR Heteromer Induces
Persistent Phosphorylation of ERK1/2 that Requires
PI3K Activation

In mouse DA neurons, the engagement of the PI3K-ERK1/2
pathway is required for nicotine-induced structural plastic-
ity [6], suggesting that ERK1/2 pathway activation may be
associated with D3R-nAChR heteromer stimulation and
strictly related to its ability in exerting neurotrophic effects.
On these bases, the effects of D3R-nAChR heteromer stimu-
lation on ERK1/2 signaling were investigated. HEK293 cells
transiently expressing alpha4beta2-nAChR (HEK-nAChR)
or D3R (HEK-D3R) or co-expressing D3R and alpha4beta2-
nAChR (HEK-D3R-nAChR) were used. HEK-nAChR cells
were stimulated with nicotine (10 pM) for 5-60 min (min)
and analyzed for ERK1/2 phosphorylation (pERK1/2) by
western blot. As reported in Fig. 3 (panel A), starting from
5 min of stimulation, nicotine elicited a persistent increase of
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«Fig.1 In mouse and human iPSCs-derived DA neurons, quinpirole-
induced structural plasticity requires the D3R-nAChR heteromer. A—
D Primary cultures of mouse mesencephalic neurons were exposed to
quinpirole (Qui; 10 pM) for 72 h (h) in the absence or in the presence
of TAT-D3R (1 pM) or TAT-D3R-sc (1 pM), added as described in
the “Materials and Methods” section. A Representative microphoto-
graphs of untreated (a), quinpirole-(b) and quinpirole/TAT-D3R-(c)
or quinpirole/TAT-D3R-sc-treated (d) neurons positive for TH in
immunohistochemistry analysis. Scale bar: 100 pm. B-D Morpho-
logic effects of quinpirole on maximal dendrite length (B), number of
primary dendrites (C), and soma area (D), calculated as described the
“Materials and Methods” section. Bars represent the mean + SEM of
three independent experiments (***p <0.001, *p <0.05 vs untreated;
post hoc Bonferroni’s test). E Representative images of immunoflu-
orescence analyses of DAT (red, panel a), TH (green, panel b), and
co-staining (panel c¢) in human iPSC-derived DA neurons at day 50
of differentiation. Nuclei were stained with DAPI (blue). Scale bar:
25 pm. F-I Human iPSCs-derived neurons (day 50) were treated
with quinpirole (Qui; 10 pM) for 72 h in the absence or in the pres-
ence of TAT-D3R (1 pM) or TAT-D3R-sc (1 pM), added as described
the “Materials and Methods” section. E Representative microphoto-
graphs of neurons treated as described above and positive for TH in
immunohistochemistry analysis. Scale bar: 100 pm. F—H Quantitative
analysis of maximal dendrite length (F), number of primary dendrites
(G), and soma area (H), calculated as described the “Materials and
Methods” section. Bars represent the mean + SEM of three independ-
ent experiments (**¥p <0.001, *p <0.05 vs untreated; post hoc Bon-
ferroni’s test)

the pERK1/2 levels, which were still elevated after a 60-min
stimulation. The role of PI3K was investigated by using
the specific inhibitor LY294002. HEK-nAChR cells were
stimulated with nicotine (10 pM) for 30 min in the presence
or in the absence of LY294002 (10 pM) and analyzed for
pERK1/2. As shown in Fig. 3 (panel A), inhibiting PI3K
did not impair nicotine-mediated ERK1/2 phosphorylation,
suggesting that PI3K is not involved in nAChR signaling.
Activation of ERK1/2 was analyzed in HEK-D3R cells
incubated with quinpirole (10 pM) for 5-60 min. According
to previous data [5, 18, 19], quinpirole stimulation of the
D3R induced rapid and transient activation of ERK1/2, with
a phosphorylation peak at 5 min, which rapidly decreased
toward basal levels; moreover, the PI3K inhibitor LY294002
(10 pM) abolished D3R-mediated ERK1/2 phosphorylation
(Fig. 3, panel B). As a control, HEK-nAChR cells were also
incubated in the presence of quinpirole (10 uM; 0—60 min)
and analyzed for Erk1/2 activation, showing its inability to
activate the nAChR receptor (data not shown).
HEK-D3R-nAChR cells were treated with nicotine
(10 pM) or quinpirole (10 pM) for 5-60 min and analyzed
for pERK1/2. In these cells, the ability of D3R to interact
with the nAChR, previously shown by BRET assay (Bon-
tempi et al., 2017), was also demonstrated by using the anti-
D3R and the anti-alpha4 nAChR subunit antibodies in PLA
experiments (Fig. 3, panel C). As shown in Fig. 3 (panels
D and E), both nicotine and quinpirole increased pERK1/2
levels in a long-lasting way; these effects were abolished by
co-incubation with LY294002 (10 pM; 30 min, panel F),

suggesting that the persistent activation of ERK1/2 by the
D3R-nAChR heteromer requires PI3K activation.

The activation of the PI3K-ERK1/2 pathway by the
D3R-nAChR heteromer was analyzed in primary cultures
of mouse mesencephalic neurons derived from both wild-
type and D3R knock-out mice (D3R-KO) (Fig. 4). Analysis
of ERK1/2 phosphorylation in wild-type cultures, treated
either with nicotine (10 pM) or quinpirole (10 pM) for dif-
ferent times (5 min—14 h), showed that both compounds acti-
vated ERK1/2 in a persistent way; pERK1/2 levels were,
in fact, significantly elevated between 30 min and 4 h of
stimulation, while at 14 h post-treatment, pERK1/2 levels
were comparable to that of basal levels (Fig. 4, panel A and
B). According to the data obtained in HEK-nAChR cells, in
cultures derived from D3R-KO mice, only expressing the
nAChR, treatment with nicotine for different times (10 pM;
5 min-14 h) produced a persistent activation of ERK1/2,
from 5 min up to 4 h (Fig. 4, panel C).

To associate the activation of ERK1/2 pathway with the
D3R-nAChR heteromer, neuronal cultures from wild-type
mice were treated either with nicotine (10 pM) or quinpirole
(10 pM) for 30 min both in the presence and in the absence
of the TAT-D3R or TAT-D3R-sc interfering peptides (1 pM)
(Fig. 4, panels D and E). As expected, since at this time, the
activation of both D3R-nAChR heteromer and nAChR led
to persistent phosphorylation of ERK1/2, nicotine-induced
long-lasting pERK1/2 activation was unaffected by the dis-
ruption of the D3R-nAChR heteromer (Fig. 4, panel D).
By contrast, as in HEK-D3R cells, in the presence of the
TAT-D3R peptide (1 pM), quinpirole stimulation of D3R,
no longer interacting with the nAChR, did not produce
persistent ERK1/2 phosphorylation (Fig. 4, panel E). As
shown for HEK-293 cells co-expressing both the D3R and
the nAChR, treating neuronal cultures from wild-type mice
with nicotine or quinpirole (both at 10 pM) for 30 min in
the presence of the PI3K inhibitor LY294002 (10 um), sig-
nificantly decreased pERK1/2 levels (Fig. 4, panel F). Inter-
estingly, in neurons from D3R-KO mice treated for 30 min
with nicotine (10 pM), the presence of the PI3K inhibitor
LY294002 (10 pM) did not affect ERK1/2 phosphorylation
(Fig. 4, panel G). Together, these data suggest that stimula-
tion of the D3R-nAChR heteromer in DA neurons results in
the persistent activation of ERK1/2, an effect requiring PI3K
activation. By contrast, nAChR-induced prolonged activa-
tion of ERKs is PI3K-independent.

PI3K-ERK1/2 Activation Induced by Nicotine
and Quinpirole Modulates Cytoplasmic p70S6K
and Increases Nuclear c-Fos Levels in Mouse DA
Neurons

It is well known that pERK1/2 can modulate the activity of
many substrates localized both in the cytoplasm and in the
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«Fig.2 In mouse and human iPSCs-derived DA neurons, the com-
bination of ineffective doses of nicotine and quinpirole exerts neu-
rotrophic effects. A-D Primary cultures of mouse mesencephalic
neurons were exposed to nicotine (Nic; 0.01 pM) or quinpirole
(Qui; 1 pM) or nicotine (Nic; 0.01 pM) plus quinpirole (Qui; 1 pM)
for 72 h. A Representative microphotographs of untreated (a), nico-
tine-(b), quinpirole-(c), or nicotine plus quinpirole-treated (d) neu-
rons positive for TH in immunohistochemistry analysis. Scale bar:
100 pm. B-D Quantitative analysis of maximal dendrite length (B),
number of primary dendrites (C), and soma area (D), calculated as
described the “Materials and Methods” section. Bars represent the
mean+SEM of three independent experiments (***p<0.001 vs
untreated; post hoc Bonferroni’s test). E-H Human iPSCs-derived
neurons (day 50) were treated with nicotine (Nic; 0.01 pM) or quin-
pirole (Qui; 1 pM) or nicotine (Nic; 0.01 pM) plus quinpirole (Qui;
1 puM) for 72 h. E Representative microphotographs of untreated (a),
nicotine-(b), quinpirole-(c), or nicotine plus quinpirole-treated (d)
neurons positive for TH in immunohistochemistry analysis. Scale
bar: 100 pm. F-H Quantitative analysis of maximal dendrite length
(F), number of primary dendrites (G), and soma area (H), calculated
as described the “Materials and Methods” section. Bars represent
the mean+SEM of three independent experiments (***p<0.001,
**p <0.01, *p <0.05 vs untreated; post hoc Bonferroni’s test)

nucleus, thus determining distinct biological outcomes [20].
Therefore, the cellular distribution of D3R-nAChR heter-
omer-induced pERK1/2 was investigated. Neuronal cultures
from wild-type mice were treated with nicotine or quinpirole
(both at 10 pM) for 30 min and TH-positive neurons were
analyzed by immunofluorescence. pERK1/2 co-staining with
the nuclear marker DAPI was used for quantifying pERK1/2
into nuclei, while co-staining with TH was used for cytoplas-
mic pERK1/2 quantification. As shown in Fig. 5, pERK1/2
induced by nicotine (panel A) and quinpirole (panel B) were
detected in both cytoplasm and nucleus. Similar results were
obtained in cultures from D3R-KO mice (Fig. 5, panel C)
where incubation with nicotine (10 pM; 30 min) led to
pERK1/2 localization both at cytoplasmic and nuclear sites.
However, quantification of pERK1/2 signals in TH-positive
neurons, measured by using immunofluorescence, showed
that pERK1/2 activated by either nicotine or quinpirole in
wild-type DA neurons was quantitatively and significantly
higher than activated by nicotine in D3R-KO DA neurons
(Fig. 5, panel D).

Previous observations have shown that the neurotrophic
effects of nicotine require the PI3K-mammalian target of
rapamycin (mTOR) signaling [6]. Therefore, we investigated
whether the p70 ribosomal S6 kinase (p70S6K), a preferred
substrate of the mTOR multiprotein complexes (mTORC1),
that is, in turn, a cytosolic target of ERK1/2, is part of the
signaling cascade activated by the D3R-nAChR heteromer
[8, 9]. Neuronal cultures from wild-type mice, treated with
nicotine or quinpirole (both at 10 pM; 5 min—14 h) and cul-
tures from D3R-KO mice, treated with nicotine (10 pM;
5 min-14 h) were lysed and analyzed for p70S6K, phos-
phorylated at Thr 389 (p-p70S6K) by western blot. As
shown in Fig. 6 (panels A and B), nicotine-induced p70S6K

phosphorylation in a time-dependent manner, starting from
5 min, reaching the statistical significance between 30 and
60 min and returning to basal levels after 4 h of stimulation.
Similar results were obtained in quinpirole-treated wild-type
neuronal cultures (Fig. 6, panels A and B). By contrast, in
D3R-KO cultures, incubation with nicotine did not increase
the levels of p-p70S6K (Fig. 6, panel A and B), suggesting
a unique role of the D3R-nAChR heteromer in this effect.

Among the nuclear ERK1/2 targets, the cyclic AMP
responsive element-binding protein (CREB) transcription
factor, phosphorylated at ser 133 (pCREB) [21], and the
immediate early gene c-Fos, [7] were analyzed (Fig. 6). Neu-
ronal cultures from wild-type mice were treated with either
nicotine or quinpirole (both at 10 uM) for different times
(5 min—14 h) and cultures from D3R-KO mice were treated
with nicotine (10 pM; 5 min—14 h). Untreated and treated
neurons were analyzed for pPCREB and c-Fos levels by west-
ern blot. As reported in Fig. 6 (panels A and C), in wild-type
cultures, both nicotine and quinpirole increased pCREB lev-
els, an effect starting at 30 min of stimulation and lasting
until 4 h (Fig. 6, panel C). In neuronal cultures derived from
D3R-KO mice nicotine also significantly increased pPCREB
levels, reaching a statistical significance from 5 minto 1 h
upon stimulation (Fig. 6, panel C).

Analysis of c-Fos expression was also performed. As
shown in Fig. 6 (panel A and D), in wild-type cultures incu-
bated with either nicotine or quinpirole, c-Fos expression
was increased with significantly higher levels measured
between 30 min and 4 h from stimulation. By contrast, in
neuronal cultures derived from D3R-KO mice, c-Fos expres-
sion did not change in response to nicotine stimulation
(panel D). Together, these results suggest that, in contrast
with CREB phosphorylation, the increase of c-Fos levels is
likely due to the activation of the D3R-nAChR heteromer.

D3R-nAChR Heteromer-Induced PI3K-Akt Activation

PI3K, crucially involved in the activation of the Akt/mTOR
pathway and likely associated with D3R activity, has been
shown to be crucial for nicotine-induced DA neuron struc-
tural plasticity [6]. In order to investigate the ability of D3R-
nAChR heteromer in activating Akt, both HEK-transfected
cells and mouse mesencephalic neurons were used. As
shown in Fig. 7, analyses of Akt phosphorylation at Thr
308 (pAkt) by western blot indicated that HEK-nAChR cells,
treated with nicotine (10 pM) for 5-60 min, induced a per-
sistent activation of Akt (Fig. 7, panel A). Moreover, stimu-
lating HEK-nAChR cells with nicotine (10 pM) for 30 min
in the presence or in the absence of LY294002 (10 pM) did
not impact on pAkt activation, thus excluding a role of PI3K
activity in mediating this signal. As shown for Erk1/2, HEK-
nAChR cells incubated with quinpirole (10 pM; 5—60 min)
were unable to induce Akt (data not shown). Analyses of
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pAkt in HEK-D3R cells, treated with quinpirole (10 pM;
5-60 min), showed that stimulation of the D3R transiently
activated pAkt (peak at 5 min), and that this activation was
prevented by treatment with LY294002 (10 pM) (Fig. 7,
panel B). The Akt pathway was then analyzed in HEK-D3R-
nAChR cells, incubated with nicotine (10 pM) or quinpirole
(10 pM) for 5-60 min showing the ability of both the treat-
ments to induce persistent activation of Akt (Fig. 7, panels C
and D); moreover, nicotine- and quinpirole-induced activa-
tion of Akt was abolished by co-incubating cells with each
agonist in combination with LY294002 (10 pM; 30 min)
(Fig. 7, panel E). The D3R-nAChR heteromer-induced

@ Springer

persistent activation of the PI3K-Akt pathway was then veri-
fied in primary cultures of mouse mesencephalic neurons
derived from wild-type mice and D3R-KO mice (Fig. 7, pan-
els F-I). We found that in wild-type cultures, Akt was still
active after 30 min of both nicotine (10 pM) and quinpirole
(10 pM) stimulation (Fig. 7, panels F and G). Moreover,
as shown for pErk1/2, in wild-type neurons treated with
nicotine (10 pM; 30 min), the presence of the TAT-D3R
peptide, as of the TAT-D3R-sc (both at 1 pM), led to per-
sistent phosphorylation of Akt; by contrast when neurons
were treated with quinpirole (10 pM; 30 min), disrupting
the D3R-nAChR heteromer by the means of the TAT-D3R
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«Fig.3 Activation of ERKI1/2 induced by stimulation of D3R,
nAChR, and D3R/nAChR heteromer in HEK293 cells. A HEK293T
cells transiently expressing the alphadbeta2 nAChR subunit (HEK-
nAChR) were stimulated with nicotine (Nic; 10 pM) for differ-
ent time (5-60 min) and analyzed for ERK1/2 phosphorylation
(pERK1/2) by western blot; moreover, HEK-nAChR cells were
stimulated with nicotine (10 pM) for 30 min in the presence or in
the absence of LY294002 (LY; 10 pM) and analyzed for pERK1/2.
Upper panel, densitometric analysis of blots (n=3) with specific
levels of pERK1/2 normalized to the corresponding tubulin level.
Lower panel, representative blot (image) of pERK1/2; B HEK293T
cells transiently expressing the D3R (HEK-D3R) were stimulated
with quinpirole (Qui, 10 pM) for different times (5-60 min) and
analyzed for pERK1/2 by western blot; moreover, HEK-D3R cells
were stimulated with quinpirole (10 pM) for 30 min in the presence
or in the absence of LY294002 (10 pM) and analyzed for pERK1/2.
Upper panel, densitometric analysis of blots (n=3) with specific
levels of pERK1/2 normalized to the corresponding tubulin level.
Lower panel, representative blot of pERK1/2 analyses. C Analyses
of HEK293T cells transiently expressing both D3R and alpha4beta2
nAChR (HEK-D3R-nAChR) by PLA (red spot). Nuclei are detected
with DAPI (blue). Scale bar=20 pm. D-E HEK-D3R-nAChR were
stimulated with nicotine (10 pM) (D) or quinpirole (10 pM) (E) for
different times (5-60 min). Upper panel, densitometric analysis of
blots (n=3) with specific levels of pERK1/2 normalized to the cor-
responding tubulin level. Lower panel, representative pERK1/2 phos-
phorylation analyses by western blot. F HEK-D3R-nAChR cells were
stimulated with nicotine (10 pM) or quinpirole (10 pM) for 30 min in
the presence or in the absence of LY294002 (10 pM) and analyzed
for pERK1/2. Upper panel, densitometric analysis of blots (n=3)
with specific levels of pERK1/2 normalized to the corresponding
tubulin levels. Lower panel, representative image of pERK1/2. Data
were statistically analyzed by one-way ANOVA followed by post hoc
comparison with Bonferroni test. (***p <0.001, **p <0.01, *p <0.05
vs untreated; post hoc Bonferroni’s test)

peptide, but not the scramble one, counteracted Akt pathway
activation (Fig. 7, panels F and G). Finally, treating wild-
type cultures with nicotine or quinpirole (both at 10 pM;
30 min) in the presence of the PI3K inhibitor LY294002
(10 pm) significantly decreased pAkt levels (Fig. 7, panel
H). Interestingly, in neurons expressing the only nAChR and
derived from D3R-KO mice, nicotine treatment in combina-
tion with LY294002 (both at 10 pM; 30 min) did not affect
Akt phosphorylation (Fig. 7, panel I).

Together, these data strongly indicate that in DA neurons,
the activation of the D3R-nAChR heteromer results in the
persistent activation of the PI3K-Akt pathway. Of note, as
found for Erk1/2, while nAChR were equally able to activate
the Akt pathway in a persistent way, it is likely that the PI3K
activity is not required.

Discussion

The property of D3R of inducing neurite outgrowth and
increasing dendritic arborization and soma size in DA neu-
rons has been previously reported both in vivo in rat models
[15, 17] and in mouse and human in vitro cell models [5,

13, 16, 22, 23]. These events represent a fundamental form
of neuroplasticity, the structural plasticity, in which neurons
reorganize their structure and connections. Changes in neu-
ron morphology occur over time and in response to altera-
tions in the cell environment that act by engaging molecular
mechanisms that are critical for cell growth and survival
and that impact on the cell morphology [24]. Structural
plasticity is also commonly observed after chronic expo-
sure to all drugs of abuse [25-27]. Among them, nicotine,
by activating beta2-containing nAChR expressed on DA
neurons, increases dendritic arborization and soma size
of these neuron population [6, 13], an effect sustained by
the simultaneous activation of the D3R [5, 6, 22]. Inter-
estingly, the functional cooperation between nAChR and
D3R is related to the formation of a heteromeric receptor
complex (the D3R-nAChR heteromer) through a physical
interaction between the third intracellular loop of the D3R
and the nAChR beta2 subunit [3]. Thus, the D3R-nAChR
heteromer represents the molecular unit that is expressed on
DA neurons, is activated by nicotine and D3R agonists, and
is associated with the specific function of promoting neuro-
trophic effects. A PI3K-dependent signaling pathway, likely
associated with the D3R, has been shown to be specifically
responsible for this effect [3, 6, 13].

It is now clear that most G protein-coupled receptors
(GPCRs) exist as homo/heterodimers [28, 29]. In particu-
lar, GPCR heterodimers are defined as single entities formed
by two different protomers that are likely equally essential
in inducing a given function [29]; as novel receptor enti-
ties, their specific distribution in addition to their pharma-
cological, signaling and trafficking features may be defined
[29]. Previous data suggested that D3R stimulation possibly
exerts neurotrophic effects “per se” [5, 13], while alpha-
4beta2 nAChR gains the ability to induce structural plastic-
ity on DA neurons only when it is coupled to D3R. In this
study, we clearly show that, as the nAChR, also the D3R,
when expressed as a monomer, does not elicit neurotrophic
effects. In particular, using mouse and human DA neurons
morphological remodeling as the index of heteromer acti-
vation, and by means of the TAT-D3R interfering peptide
disrupting the heteromer [3, 4], we found that the chronic
stimulation with the D2R/D3R agonist quinpirole signifi-
cantly exerted remodeling properties, leading to DA neurons
morphologically characterized by increased dendritic arbori-
zation and soma area. However, these effects were lost when
the heteromer was disrupted with the TAT-D3R interfering
peptide. Therefore, quinpirole-induced structural remod-
eling is associated with activation of D3R assembled into
the D3R-nAChR heteromeric complex; moreover, in these
experiments in which the D3R interaction with nAChR was
counteracted, both the monomeric D3R and nAChR, as well
as D2R, were functionally able to trigger theirs signaling
pathway. However, as described, quinpirole was unable to
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«Fig.4 In mouse DA neurons, nicotine- and quinpirole-induced acti-
vation of ERK1/2 requires the D3R-nAChR heteromer. A Primary
cultures of mouse mesencephalic neurons were stimulated with
nicotine (Nic; 10 uM) for different times (0—14 h) and analyzed for
pERK1/2 by western blot. Upper panel, densitometric analysis of
blots (n=3) with specific levels of pERK1/2 normalized to the cor-
responding TH and tubulin levels. Lower panel, representative blot
of pERK1/2. (B) Primary cultures of mouse mesencephalic neurons
were stimulated with quinpirole (Qui; 10 pM) for different times
(0-14 h) and analyzed for pERK1/2 by western blot. Upper panel,
densitometric analysis of blots (n=3) with specific levels of pERK1/2
normalized to the corresponding TH and tubulin levels. Lower panel,
representative blot of pERK1/2. C Primary cultures of mouse mesen-
cephalic neurons derived from D3R knock out (D3R-KO) mice were
stimulated with nicotine (10 pM) for different times (0-14 h) and
analyzed for pERK1/2 by western blot. Upper panel, densitometric
analysis of blots (n=3) with specific levels of pPERK1/2 normalized
to the corresponding TH and tubulin levels. Lower panel, representa-
tive blot of pERK1/2. D-E Primary cultures of mouse mesencephalic
neurons were exposed to nicotine (10 pM) (D) or quinpirole (10 pM)
(E) for 30 min in the presence or in the absence of TAT-D3R (1 pM)
or TAT-D3R-sc (1 pM) and analyzed for pERK1/2 by western blot.
Upper panel, densitometric analysis of blots (n=23) with specific lev-
els of pERK1/2 normalized to the corresponding TH and tubulin lev-
els. Lower panel, representative blot of pERK1/2. F Primary cultures
of mouse mesencephalic neurons were exposed to nicotine (10 pM)
or quinpirole (10 pM) for 30 min in the presence or in the absence
of LY294002 (LY; 10 pM) and analyzed for pERK1/2. Upper panel,
densitometric analysis of blots (n=3) with specific levels of pERK1/2
normalized to the corresponding TH and tubulin levels. Lower panel,
representative image of pERK1/2. G Primary cultures of mouse
mesencephalic neurons derived from D3R-KO mice were exposed
to nicotine (10 pM) for 30 min in the presence or in the absence of
LY294002 (10 pM) and analyzed for pERK1/2. Upper panel, den-
sitometric analysis of blots (n=3) with specific levels of pERK1/2
normalized to the corresponding TH and tubulin levels. Lower panel,
representative image of pERK1/2. Data were statistically analyzed by
one-way ANOVA followed by post hoc comparison with Bonferroni
test. (¥*¥p <0.001, **p <0.01 *p<0.05 vs untreated; post hoc Bon-
ferroni’s test)

induce morphological changes, thus indicating that not only
the D3R but also the D2R are not involved in these effects
[5; 22]. Therefore, although quinpirole is a D2R/D3R ago-
nist, a functional selectivity in inducing neurotrophic effects
is related to the only stimulation of D3R-containing heter-
omer that represents the smallest molecular entity required
for this type of response. Interestingly, in both mouse and
human DA neurons, combining nicotine and quinpirole
at low doses, that are ineffective in exerting neurotrophic
effects, was sufficient for inducing structural plasticity thus
suggesting that D3R-nAChR heteromer activation in DA
neurons is ensured even under conditions of low neurotrans-
mitter levels. It is important to note that among the differ-
ent DA receptors, D3R display the highest affinity for DA
[30-32] that is an additional warranty for this heteromer to
be activated.

As a new entity, the D3R-nAChR heteromer was investi-
gated for the signaling pathway associated with its stimula-
tion. A large body of evidence has accumulated showing that

when a GPCR heterodimer is formed, its peculiar signaling
pathway could result from several mechanisms leading to
potentiation or attenuation of a defined signaling pathway
associated with one or the other protomer [28, 33, 34] or
changes in G-protein coupling conferring to the recep-
tor complex a different and unique signaling mechanism
[35-37]. Previous observations in both mouse and human
DA neurons have shown that the engagement of the PI3K,
leading to the transient activation of ERK and Akt/mTOR
likely associated with the D3R, is required for nicotine-
induced DA neuron structural plasticity [6, 13, 23, 24].
Therefore, it is likely that this intracellular signaling could
be associated with heteromer stimulation and strictly related
to its ability in exerting neurotrophic effects.

PI3K belongs to a family of heterodimeric lipid kinases
and its activity induces numerous cellular responses includ-
ing development, growth, plasticity, and survival [38—41] by
the recruitment of a variety of downstream effectors [42].
Among them, the ERK1/2 cascade is a fundamental con-
verging pathway with distinct cell fate decisions; interest-
ingly, the kinetic of ERK1/2 activation, such as duration,
localization, or strength, dictates the discrete phenotypic
responses [7]. On these bases, transfected HEK293 cells
were used to analyse the dynamic of ERK1/2 activation and
its relationship with PI3K activity associated with D3R-
nAChR heteromer stimulation and compared to those acti-
vated by nAChR and D3R, individually expressed. We found
that while stimulation of the D3R induced a rapid and tran-
sient activation of ERK1/2 that strongly depends on PI3K
activity, stimulation of nAChR leads to a persistent increase
of activated ERK1/2 that does not require PI3K activity; in
cells expressing both D3R and nAChR that are associated
into the D3R-nAChR heteromer [3; this study], stimulation
with nicotine or quinpirole induced a PI3K-dependent sus-
tained activation of ERK1/2. Persistent activation of ERK1/2
in response to nicotine or quinpirole was also observed in
wild-type mouse primary neurons expressing both D3R and
nAChR. Interestingly, ERK1/2 activation was significantly
impaired by both the TAT-D3 interfering peptide and the
PI3K inhibitor. By contrast, in primary neurons derived from
D3R-KO mice, that only express nAChR, nicotine treat-
ment induced a persistent activation of ERK1/2 that did not
require PI3K activation. Therefore, a long-lasting activation
of ERK1/2 as a downstream effector of PI3K is a peculiar
molecular characteristic of the D3R-nAChR heteromer sign-
aling pathway.

The subcellular distribution of active ERK1/2 induced
by the heteromer or by nAChR was analyzed by using
immunofluorescence. The results show that in DA neurons
from wild-type mice, nicotine and quinpirole induced the
activation of ERK1/2 that were localized both at cytoplas-
mic and nuclei sites. Similar results were obtained in DA
neurons from D3R-KO mice following nAChR stimulation
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Fig.5 Analyses of pERK1/2 localization and strength induced by
nicotine and quinpirole in mouse DA neurons from wild-type and
D3R-KO mice. A-B Primary cultures of mouse mesencephalic neu-
rons derived from wild-type mice were exposed to nicotine (Nic;
10 pM) (A) or quinpirole (Qui; 10 pM) (B) for 30 min and ana-
lyzed for pERK1/2 by immunocytochemistry and confocal analysis.
Representative microphotographs of untreated (a—d) and nicotine-
treated or quinpirole-treated (e-h) neurons positive for TH in confo-
cal analysis. Quantification of the pERK1/2/DAPI (i) or pERK1/2/
TH (j) co-localization relative area. C Primary cultures of mouse
mesencephalic neurons derived from D3R-KO mice were exposed

by nicotine, thus suggesting that the ability to module both
cytoplasmic and nuclear targets is a common property
shared by both nAChR and D3R-nAChR heteromer. Inter-
estingly, when analyzing the total amount of active ERK1/2,
we found that levels activated by the D3R-nAChR heteromer
were significantly higher than those activated by the nAChR.
This is relevant since evidence has been provided that not
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to nicotine (10 pM) for 30 min and analyzed for pERK1/2 by immu-
nocytochemistry and confocal analysis. Representative microphoto-
graphs of untreated (a—d) and nicotine-treated neurons positive for
TH in confocal analysis. Quantification of the pERK1/2/DAPI (i) or
pERK1/2/TH (j) co-localization relative area. (TH, green; pERK1/2,
red; nuclei stained with DAPI). Scale bar: 20 pM. Bars represent
the mean+SEM of three independent experiments (***p<0.001,
**p<0.01, *p<0.05 vs untreated; post hoc Bonferroni’s test). D
Quantification of the pERK1/2 intensity in TH positive-neurons from
wild-type and D3R-KO mice (¥**p<0.001, *p<0.05 vs untreated;
post hoc Bonferroni’s test; °p <0.05 vs wild-type; Student’s ¢ test)

only signal duration but also total amplitude of ERK activity
dictates a specific biological outcome [7, 43]. Therefore, a
quantitatively high level of active ERK1/2 is a further spe-
cific characteristic of the D3R-nAChR heteromer-induced
ERK activation.

In order to define the D3R-nAChR heteromer-induced
downstream targets, modulation of the Cyclic AMP
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Fig.6 Analyses of p70S6K phosphorylation, CREB phosphoryla-
tion and c-Fos levels induced by nicotine and quinpirole in mouse
neuronal cultures from wild-type and D3R-KO mice. Primary cul-
tures of mouse mesencephalic neurons form wild-type and D3R-KO
mice were stimulated with nicotine (Nic; 10 pM) or quinpirole (Qui;
10 pM) for different times (0—14 h) and analyzed for p70S6K phos-
phorylation (p-p70S6K), CREB phosphorylation (pCREB), or c-Fos

responsive element-binding protein (CREB) by phospho-
rylation at ser 133 (pCREB) [21], and the expression of the
immediate-early gene c-Fos, [7] were analyzed.

CREB is a transcription factor that, by binding to differ-
ent target genes, is crucially involved in the plasticity and
survival of DA neurons [21, 44] with a relevant role in the
mechanisms underlying drug addiction [45—47]. Analysis
of pCREB in mouse neurons expressing D3R and nAChR
and treated with nicotine or quinpirole has shown a persis-
tent activation of CREB, with a pattern of activation similar
to that of ERK1/2. However, similar results were obtained
in mouse neurons only expressing nAChR and treated with
nicotine, thus indicating that phosphorylation of CREB is
not relevant for DA neuron structural remodeling. In line
with this observation, in DA neurons of the nucleus accum-
bens, dendritic complexity has been found to be reduced
or increased by opiates and psychostimulants, respectively,
even if in both conditions, the induction of CREB activity
was observed [25].

c-Fos, is a transcription factor, that together with c-Jun,
comprises one form of the API transcription factors,
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levels by western blot. A Representative blot of p-p70S6K, pCREB,
and c-Fos. B-D Densitometric analysis of blots (n=3) with specific
levels of p-p70S6K (B), pCREB (C), and c-Fos (D) normalized to the
corresponding TH and tubulin levels. Data were statistically analyzed
by one-way ANOVA followed by post hoc comparison with Bonfer-
roni test. (***p <0.001, **p<0.01, *p<0.05 vs 0; post hoc Bonfer-
roni’s test)

important regulators of early transcriptional process evoked
by cellular stimulation [48]. It is well known that c-Fos is
a very unstable factor and its expression can vary from a
few minutes to several hours after stimulation; these tem-
poral changes are regulated by a combined action of pro-
tein kinases and proteases since, without phosphorylation,
both c-Fos mRNA and protein undergo rapid degradation;
by contrast, phosphorylation at ser 374 and ser 362 in the
C-terminus is sufficient to reduce c-Fos degradation to some
extent, thus allowing accumulation into the nuclei and, its
sustained promoter activity [8, 49]. Intriguingly, c-Fos phos-
phorylation requires active nuclear ERK1/2, which occurs
only upon a strong and sustained stimulation of ERK cas-
cade [49-51]. Analyses of c-Fos in mouse neuronal cultures
have shown that c-Fos levels were significantly increased
in primary neurons expressing both D3R and nAChR and
treated with either nicotine or quinpirole (with significant
levels measured between 30 min and 4 h from stimuli), but
not in neuronal cultures only expressing the nAChR. In line
with the idea that c-Fos is a crucial factor for transducing
short-term stimuli into long-term responses, while both
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«Fig.7 Analysis of D3R-nAChR heteromer-induced PI3K-Akt activa-
tion in HEK293T cells and in mouse neuronal cultures. A HEK293T
cells transiently expressing the alphadbeta2 nAChR subunit (HEK-
nAChR) were stimulated with nicotine (Nic; 10 pM) for different
times (5—-60 min) and analyzed for Akt phosphorylation at Thr308
(pAkt) by western blot; moreover, HEK-nAChR cells were stimulated
with nicotine (10 pM) for 30 min in the presence or in the absence of
LY294002 (LY; 10 pM) and analyzed for pAkt. Upper panel, densi-
tometric analysis of blots (n=3) with specific levels of pAkt normal-
ized to the corresponding tubulin level. Lower panel, representative
blot (image) of pAkt analysis; B HEK293T cells transiently express-
ing the D3R (HEK-D3R) were stimulated with quinpirole (Qui,
10 pM) for different times (5-60 min) and analyzed for pAkt by west-
ern blot; moreover, HEK-D3R cells were stimulated with quinpirole
(10 pM) for 30 min in the presence or in the absence of LY294002
(10 pM) and analyzed for pAkt. Upper panel, densitometric analysis
of blots (n=3) with specific levels of pAkt normalized to the corre-
sponding tubulin level. Lower panel, representative blot of pAkt anal-
yses. C—D HEK-D3R-nAChR were stimulated with nicotine (10 pM)
(C) or quinpirole (10 pM) (D) for different times (5-60 min). Upper
panel, densitometric analysis of blots (n=3) with specific levels of
pAkt normalized to the corresponding tubulin level. Lower panel,
representative Akt phosphorylation analyses by western blot. E
HEK-D3R-nAChR cells were stimulated with nicotine (10 pM) or
quinpirole (10 pM) for 30 min in the presence or in the absence of
LY294002 (10 pM) and analyzed for pAkt. Upper panel, densito-
metric analysis of blots (n=3) with specific levels of pAkt normal-
ized to the corresponding tubulin levels. Lower panel, representative
image of pAkt. F-G Primary cultures of mouse mesencephalic neu-
rons were exposed to nicotine (10 pM) (F) or quinpirole (10 pM) (G)
for 30 min in the presence or in the absence of TAT-D3R (1 pM) or
TAT-D3R-sc (1 pM) and analyzed for pAkt by western blot. Upper
panel, densitometric analysis of blots (n=3) with specific levels of
pAkt normalized to the corresponding TH and tubulin levels. Lower
panel, representative blot of pAkt. H Primary cultures of mouse mes-
encephalic neurons were exposed to nicotine (10 pM) or quinpirole
(10 pM) for 30 min in the presence or in the absence of LY294002
(LY; 10 pM) and analyzed for pAkt. Upper panel, densitometric
analysis of blots (n=3) with specific levels of pAkt normalized to
the corresponding TH and tubulin levels. Lower panel, representa-
tive image of pAkt. I Primary cultures of mouse mesencephalic neu-
rons derived from D3R-KO mice were exposed to nicotine (10 pM)
for 30 min in the presence or in the absence of LY294002 (10 pM)
and analyzed for pAkt. Upper panel, densitometric analysis of blots
(n=3) with specific levels of pAkt normalized to the corresponding
TH and tubulin levels. Lower panel, representative image of pAkt.
Data were statistically analyzed by one-way ANOVA followed by
post hoc comparison with Bonferroni test. (***p <0.001, **p <0.01,
*p <0.05 vs untreated; post hoc Bonferroni’s test)

nAChR and D3R-nAChR heteromer stimulation results in
sustained activation of ERK1/2, only the heteromer induces
c-Fos expression that, therefore, could represent a key
molecular signal for D3R-nAChR heteromer-evoked DA
neuron structural plasticity.

The involvement of the p70 ribosomal S6 kinase
(p70S6K) in the molecular events underlying nicotine-
induced remodeling has been previously described [22].
p70S6K, a preferred substrate of the protein mTOR Com-
plex 1 (mTORC1), through its relationship with PI3K and
Akt is involved in neuronal cell regeneration through stem
cell renewal and is an essential neuroprotective pathway

that controls critical events such as apoptosis, autophagy,
and necroptosis [52]. Interestingly, p70S6K is a cytosolic
target of ERK1/2 [8]; hence, the ability of the D3R-nAChR
heteromer in phosphorylating and activating this kinase was
analyzed. We found that in mouse neurons expressing both
nAChR and D3R, but not in neurons only expressing the
nAChR, both nicotine and quinpirole induced a long-lasting
p70S6K phosphorylation at Thr 389, with a temporal pattern
which reflects that of ERK1/2, thus supporting its down-
stream position in this signaling cascade; therefore, only in
the presence of D3R, nAChR stimulation is associated with
the ability to activate the p70S6K.

Together, these data indicate that both c-Fos and p70S6K
are key molecular signals for D3R-nAChR heteromer-
induced DA neuron structural plasticity, associated with
the Erk1/2 pathway; intriguingly, not only p70S6K but also
c-Fos has been shown to be coupled with the PI3K-Akt path-
way [53-55], thus indicating a molecular convergence of
the two PI3K-dependent signals, Erk1/2 and Akt. Moreover,
a cross-talk between the two signaling pathways has been
described, with the possibility of compensatory mecha-
nisms through which the two pathways regulate each other,
thus ensuring D3R-nAChR heteromer optimal activity [9;
56]. The ability of the D3R-nAChR heteromer in activat-
ing the Akt pathway, previously associated with nicotine-
induced structural plasticity [6], was analyzed using both
transfected cells and mouse neurons. As shown for Erk1/2,
while D3R stimulation resulted in rapid and transient activa-
tion of Akt, in a PI3K-dependent way, stimulation of both
nAChR and D3R-nAChR heteromer induced a persistent
activation of Akt, with a mechanism that is independent or
dependent by the PI3K activity, respectively. Therefore, the
ability to activate Erk1/2 and Akt in a persistent and PI3K-
dependent way is peculiar to the D3R-nAChR heteromer
and associated with heteromer capability in exerting neu-
rotrophic effects. By contrast, our data likely suggest that
alfa4-beta2 nAchR-induced activation of persistent Erk1/2
and Akt does not require the PI3K activity. On this line,
while the alfa7 nAChR have been clearly described as able
to signal through a PI3K-dependent way, for example, in
supporting nicotine-induced neuroprotective effects, for
the alfadbeta2-containing nAChR, a direct involvement of
the PI3K has not been evidently found [56, 57]. Moreover,
similarly to that observed for Erk1/2, the ability of D3R in
activating Akt/mTORC 1pathway in a transient way has been
previously reported [58, 59]; more in general, in vitro and
in vivo studies have suggested that activation of D2-type
DA receptors rapidly activates Akt-dependent pathways,
while prolonged stimulation of D2-type receptors (over
30-60 min) decreases Akt phosphorylation, specifically at
Thr308 [60-64]. Therefore, while the D3R activation is usu-
ally associated with transient phosphorylation of intracellu-
lar signals, it is likely that heterodimerization with nAChR
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keeps the D3R-mediated ERK1/2 and Akt/mTORC/p/70S6K
pathways in a prolonged and strengthened active state. Mod-
ifications in the desensitization mechanisms of D3R, such as
reduced G protein uncoupling, or reduced trafficking of both
interacting protomers from membrane to intracellular sites,
could explain the D3R temporal changes in activating their
signals when the receptor interacts with the nAChR within
the D3R-nAChR heteromer; on this line, evidence showing
changes in the spatio-temporal dynamic of signaling path-
ways activated by a GPCR as a result of receptor heterodi-
merization have been provided [65] and are in line with the
idea that allosteric modulation between the two protomers
within a dimer strongly influences the proper characteristic
of a GPCR heterodimer [2, 66, 67].

As described above, the PI3K pathway has been impli-
cated in neuroprotection, being a strong survival pathway
[68-73]. Intriguingly, strategies able to enhance the PI3K
pathway have been associated with decreased injury to dopa-
minergic neurons both in in vivo and in vitro models [44,
68] and defective PI3K signaling has been observed in DA
neurons of PD patients as well as in animal models of PD
[68, 74]. On this line, we recently provided evidence that the
D3R-nAChR heteromer is also associated with DA neurons
neuroprotection [4]. In both mouse and human DA neurons,
in fact, both nicotine and D3R agonists counteracted the
accumulation of alpha-syn induced by glucose-deprivation
as well as the morphological defects induced by the forma-
tion of alpha-syn aggregates; remarkably, neuroprotection
induced by nicotine and quinpirole through D3R-nAChR
heteromer activation was dependent on PI3K [4].

Together, the data of this study suggest that in DA neu-
rons, the D3R-nAChR heteromer signals through a PI3K-
dependent pathway, likely coupled to the D3R protomer,
with the expression of c-Fos and a sustained phosphorylation
of p70S6K as key molecular signals critical for dendritic
remodeling and for neuroprotection (Fig. 8) [4]. This het-
eromer may thus represent a specific target for compounds
able to sustain and protect DA neurons [14]. In addition,
an altered expression or function of this heteromer could
critically impact on DA neurons health. On this line, we
have recently characterized human IPSCs-derived DA neu-
rons from two PD patients carrying the G2019S LRRK?2
mutation. The major characteristics of these neurons are
morphological alterations and spontaneous increase of
non-fibrillary alpha-syn aggregates, likely directly associ-
ated with the mutation. Interestingly, DA neurons carrying
the LRRK2 mutation were also characterized by reduced
levels of D3R-nAChR heteromer at the plasma membrane
[75] thus indicating that in these neurons, the possibility to
activate the PI3K survival pathway, at least by the heter-
omer, is totally compromised. Affecting heteromer activ-
ity, as observed in LRRK2 G2019S DA neurons, possibly
leading to reduced activation of PI3K-Erk1/2/Akt survival
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pathway may be a crucial molecular abnormality leading to
DA neuron’s vulnerability.

Acknowledgements We thank Prof. Dr. Thomas Gasser from the
Universititsklinikum Tiibingen, Prof. Dr. Hans R. Schéler from the
Max-Planck-Gesellschaft, and Dr. Jared Sterneckert from the CRTD
for providing us with the iPSC line. We thank Jean-Michel Arrang for
the GFP-DRD3 plasmid.

Author Contribution F.B., C.F. designed research; V.M., F.B. wrote
the original draft; F.B., V.M., Z.T. L.B., A.G. performed research and



Molecular Neurobiology (2022) 59:2129-2149

2147

analyzed data; S.B., J.C.S. provided human iPSC line, reviewed and
edited the paper; C.M., C.F. supervised research, reviewed and edited
the paper.

Funding This work was supported by grants from the University of
Brescia Italy and by the Italian Institute of Technology Foundation
7).

Data Availability The datasets during and analyzed during the cur-
rent study are available from the corresponding author on reasonable
request.

Declarations

Ethics Approval and Consent to Participate Informed consent was
obtained from a healthy donor prior to cell donation. The Ethics Com-
mittee of the Medical Faculty and the University Hospital Tiibingen
previously approved this consent form (Reinhardt et al., 2013).

Consent for Publication Not applicable.

Conflict of Interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Fiorentini C, Savoia P, Bono F, Tallarico P, Missale C (2015) The
D3 dopamine receptor: From structural interactions to function.
Eur Neuropsychopharmacol 25(9):1462-1469. https://doi.org/10.
1016/j.euroneuro.2014.11.021

2. Bono F, Mutti V, Fiorentini C, Missale C (2020) Dopamine D3
Receptor Heteromerization: Implications for Neuroplasticity and
Neuroprotection. Biomolecules 10(7):1016. https://doi.org/10.
3390/biom10071016

3. Bontempi L, Savoia P, Bono F, Fiorentini C, Missale C (2017)
Dopamine D3 and acetylcholine nicotinic receptor heteromeriza-
tion in midbrain dopamine neurons: relevance for neuroplasticity.
Eur Neuropsychopharmacol 27(4):313-324. https://doi.org/10.
1016/j.euroneuro.2017.01.015

4. Bono F, Mutti V, Savoia P, Barbon A, Bellucci A, Missale C,
Fiorentini C (2019) Nicotine prevents alpha-synuclein accumu-
lation in mouse and human iPSC-derived dopaminergic neurons
through activation of the dopamine D3- acetylcholine nicotinic
receptor heteromer. Neurobiol Dis 129:1-12. https://doi.org/10.
1016/j.nbd.2019.04.017

5. Collo G, Zanetti S, Missale C, Spano PF (2008) Dopamine
D3 receptor-preferring agonists increase dendrite arborisa-
tion of mesencephalic dopaminergic neurons via extracellular

10.

11.

12.

13.

14.

15.

16.

17.

18.

signal-regulated kinase phosphorylation. Eur J Neurosci
28(7):1231-1240. https://doi.org/10.1111/j.1460-9568.2008.
06423.x

Collo G, Bono F, Cavalleri L, Plebani L, Mitola S, Merlo Pich E,
Millan MJ, Zoli M, Maskos U, Spano PF, Missale C (2013) Nic-
otine-induced structural plasticity in mesencephalic dopaminergic
neurons is mediated by dopamine D3 receptors and Akt-mTORC1
signaling. Mol Pharmacol 83(6):1176-1189. https://doi.org/10.
1124/mol.113.084863

Murphy LO, Blenis J (2006) MAPK signal specificity: the right
place at the right time. Trends Biochem Sci 31(5):268-275.
https://doi.org/10.1016/j.tibs.2006.03.009

Yoon S, Seger R (2006) The extracellular signal-regulated kinase:
multiple substrates regulate diverse cellular functions. Growth
Factors 24(1):21-44. https://doi.org/10.1080/026990505002842
18 (PMID: 16393692)

Mendoza MC, Er EE, Blenis J (2011) The Ras-ERK and PI3K-
mTOR pathways: cross talk and compensation. Trends Biochem
Sci 36(6):320-328. https://doi.org/10.1016/j.tibs.2011.03.006
Jeanneteau F, Diaz J, Sokoloff P, Griffon N (2004) Interactions of
GIPC with dopamine D2, D3 but not D4 receptors define a novel
mode of regulation of G protein-coupled receptors. Mol Biol Cell
15(2):696-705. https://doi.org/10.1091/mbc.e03-05-0293
Reinhardt P, Schmid B, Burbulla LF, Schondorf DC, Wagner
L, Glatza M, Hoing S, Hargus G, Heck SA, Dhingra A, Wu G,
Miiller S, Brockmann K, Kluba T, Maisel M, Kriiger R, Berg D,
Tsytsyura Y, Thiel CS, Psathaki OE, Klingauf J, Kuhlmann T,
Klewin M, Miiller H, Gasser T, Scholer HR, Sterneckert J (2013)
Genetic correction of a LRRK2 mutation in human iPSCs links
parkinsonian neurodegeneration to ERK-dependent changes in
gene expression. Cell Stem Cell 12(3):354-367. https://doi.org/
10.1016/j.stem.2013.01.008

Kriks S, Shim JW, Piao J, Ganat YM, Wakeman DR, Xie Z, Car-
rillo-Reid L, Auyeung G, Antonacci C, Buch A, Yang L, Beal MF,
Surmeier DJ, Kordower JH, Tabar V, Studer L (2011) Dopamine
neurons derived from human ES cells efficiently engraft in animal
models of Parkinson’s disease. Nature. 480(7378):547-51. https://
doi.org/10.1038/nature10648

Bono F, Savoia P, Guglielmi A, Gennarelli M, Piovani G, Sigala
S, Leo D, Espinoza S, Gainetdinov RR, Devoto P, Spano P,
Missale C, Fiorentini C (2018) Role of dopamine D2/D3 recep-
tors in development, plasticity, and neuroprotection in human
iPSC-derived midbrain dopaminergic neurons. Mol Neurobiol
55(2):1054-1067. https://doi.org/10.1007/s12035-016-0376-3
Matera C, Bono F, Pelucchi S, Collo G, Bontempi L, Gotti C, Zoli
M, De Amici M, Missale C, Fiorentini C, Dallanoce C (2019)
The novel hybrid agonist HyNDA-1 targets the D3R-nAChR het-
eromeric complex in dopaminergic neurons. Biochem Pharmacol
163:154-168. https://doi.org/10.1016/j.bcp.2019.02.019

Van Kampen JM, Robertson HA (2005) A possible role for dopa-
mine D3 receptor stimulation in the induction of neurogenesis
in the adult rat substantia nigra. Neuroscience 136(2):381-386.
https://doi.org/10.1016/j.neuroscience.2005.07.054

Du F, Li R, Huang Y, Xuping L, Le W (2005) Dopamine D3
receptor preferring agonists induce neurotrophic effects on mes-
encephalic dopamine neurons. Eur J Neurosci 22(10):2422-2430.
https://doi.org/10.1111/j.1460-9568.2005.04438.x

Mueller D, Chapman CA, Stewart J (2006) Amphetamine induces
dendritic growth in ventral tegmental area dopaminergic neurons
in vivo via basic fibroblast grow factor. Neuroscience 137(3):727—
735. https://doi.org/10.1016/j.neuroscience.2005.09.038

Cussac D, Newman-Tancredi A, Pasteau V, Millan MJ (1999)
Human dopamine D (3) receptors mediate mitogen-activated pro-
tein kinase activation via a phosphatidyl inositol 3-kinase and an
atypical protein kinase C-dependent mechanism. Mol Pharmacol
56(5):1025-1030. https://doi.org/10.1124/mol.56.5.102556

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.euroneuro.2014.11.021
https://doi.org/10.1016/j.euroneuro.2014.11.021
https://doi.org/10.3390/biom10071016
https://doi.org/10.3390/biom10071016
https://doi.org/10.1016/j.euroneuro.2017.01.015
https://doi.org/10.1016/j.euroneuro.2017.01.015
https://doi.org/10.1016/j.nbd.2019.04.017
https://doi.org/10.1016/j.nbd.2019.04.017
https://doi.org/10.1111/j.1460-9568.2008.06423.x
https://doi.org/10.1111/j.1460-9568.2008.06423.x
https://doi.org/10.1124/mol.113.084863
https://doi.org/10.1124/mol.113.084863
https://doi.org/10.1016/j.tibs.2006.03.009
https://doi.org/10.1080/02699050500284218
https://doi.org/10.1080/02699050500284218
https://doi.org/10.1016/j.tibs.2011.03.006
https://doi.org/10.1091/mbc.e03-05-0293
https://doi.org/10.1016/j.stem.2013.01.008
https://doi.org/10.1016/j.stem.2013.01.008
https://doi.org/10.1038/nature10648
https://doi.org/10.1038/nature10648
https://doi.org/10.1007/s12035-016-0376-3
https://doi.org/10.1016/j.bcp.2019.02.019
https://doi.org/10.1016/j.neuroscience.2005.07.054
https://doi.org/10.1111/j.1460-9568.2005.04438.x
https://doi.org/10.1016/j.neuroscience.2005.09.038
https://doi.org/10.1124/mol.56.5.102556

2148

Molecular Neurobiology (2022) 59:2129-2149

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Qs

Beom S, Cheong D, Torres G, Caron MG, Kim KM (2004) Com-
parative studies of molecular mechanisms of dopamine D2 and
D3 receptors for the activation of extracellular signal-regulated
kinase. J Biol Chem. 279(27):28304—14. https://doi.org/10.1074/
jbc.M403899200

Colucci-D’Amato L, Perrone-Capano C, di Porzio U (2003)
Chronic activation of ERK and neurodegenerative diseases.
BioEssays 25(11):1085-1095. https://doi.org/10.1002/bies.10355
Qi X, Lin W, LiJ, Li H, Wang W, Wang D, Sun M (2008) Fluox-
etine increases the activity of the ERK-CREB signal system and
alleviates the depressive-like behaviour in rats exposed to chronic
forced swim stress. Neurobiol Dis 31(2):278-285. https://doi.org/
10.1016/j.nbd.2008.05.003

Collo G, Bono F, Cavalleri L, Plebani L, Merlo Pich E, Millan
MlJ, Spano PF, Missale C (2012) Pre-synaptic dopamine D(3)
receptor mediates cocaine-induced structural plasticity in mes-
encephalic dopaminergic neurons via ERK and Akt pathways. J
Neurochem 120(5):765-778. https://doi.org/10.1111/j.1471-4159.
2011.07618.x

Collo G, Cavalleri L, Bono F, Mora C, Fedele S, Invernizzi RW,
Gennarelli M, Piovani G, Kunath T, Millan MJ, Merlo Pich E,
Spano P (2018) Ropinirole and pramipexole promote structural
plasticity in human iPSC-derived dopaminergic neurons via
BDNF and mTOR signaling. Neural Plast 4(2018):4196961.
https://doi.org/10.1155/2018/4196961

Collo G, Cavalleri L, Spano P (2014) Structural plasticity in mes-
encephalic dopaminergic neurons produced by drugs of abuse:
critical role of BDNF and dopamine. Front Pharmacol 25(5):259.
https://doi.org/10.3389/fphar.2014.00259

Russo SJ, Dietz DM, Dumitriu D, Morrison JH, Malenka RC,
Nestler EJ (2010) The addicted synapse: mechanisms of synaptic
and structural plasticity in nucleus accumbens. Trends Neurosci
33(6):267-276. https://doi.org/10.1016/j.tins.2010.02.002
Ehlinger DG, Burke JC, McDonald CG, Smith RF, Bergstrom
HC (2017) Nicotine-induced and D1-receptor-dependent dendritic
remodeling in a subset of dorsolateral striatum medium spiny neu-
rons. Neuroscience 356:242-254. https://doi.org/10.1016/j.neuro
science.2017.05.036

Ikemoto S, Bonci A (2014) Neurocircuitry of drug reward. Neu-
ropharmacology. 76 Pt B(0 0):329-41. https://doi.org/10.1016/j.
neuropharm.2013.04.031

Terrillon S, Bouvier M (2004) Roles of G-protein-coupled recep-
tor dimerization. EMBO Rep 5(1):30-34. https://doi.org/10.1038/
sj.embor.7400052

Gomes I, Ayoub MA, Fujita W, Jaeger WC, Pfleger KD, Devi LA
(2016) G protein-coupled receptor heteromers. Annu Rev Pharma-
col Toxicol 56:403—-425. https://doi.org/10.1146/annurev-pharm
tox-011613-135952

Malmberg A, Jackson DM, Eriksson A, Mohell N (1993) Unique
binding characteristics of antipsychotic agents interacting with
human dopamine D2A, D2B, and D3 receptors. Mol Pharmacol
43(5):749-754

Strange PG (2001) Antipsychotic drugs: importance of dopamine
receptors for mechanisms of therapeutic actions and side effects.
Pharmacol Rev 53(1):119-133

Wu WL, Burnett DA, Spring R, Greenlee WJ, Smith M, Favreau
L, Fawzi A, Zhang H, Lachowicz JE (2005) Dopamine D1/D5
receptor antagonists with improved pharmacokinetics: design,
synthesis, and biological evaluation of phenol bioisosteric
analogues of benzazepine D1/D5 antagonists. J] Med Chem
48(3):680—693. https://doi.org/10.1021/jm030614p

Ferré S, Franco R (2010) Oligomerization of G-protein-coupled
receptors: a reality. Curr Opin Pharmacol 10(1):1-5. https://doi.
org/10.1016/j.coph.2009.11.002

pringer

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Perreault ML, Hasbi A, O’Dowd BF, George SR (2014) Het-
eromeric dopamine receptor signaling complexes: emerging
neurobiology and disease relevance. Neuropsychopharmacology
39(1):156-168. https://doi.org/10.1038/npp.2013.148

Lee SP, So CH, Rashid AJ, Varghese G, Cheng R, Lanca AJ,
O’Dowd BF, George SR (2004) Dopamine D1 and D2 receptor
Co-activation generates a novel phospholipase C-mediated cal-
cium signal. J Biol Chem 279(34):35671-35678. https://doi.org/
10.1074/jbc.M401923200

Charles AC, Mostovskaya N, Asas K, Evans CJ, Dankovich ML,
Hales TG (2003) Coexpression of delta-opioid receptors with
micro receptors in GH3 cells changes the functional response
to micro agonists from inhibitory to excitatory. Mol Pharmacol
63(1):89-95. https://doi.org/10.1124/mol.63.1.89

Mellado M, Rodriguez-Frade JM, Vila-Coro AJ, Fernandez S,
Martin de Ana A, Jones DR, Toran JL, Martinez-AC, (2001)
Chemokine receptor homo- or heterodimerization activates dis-
tinct signaling pathways. EMBO J 20(10):2497-2507. https://doi.
org/10.1093/emboj/20.10.2497

Sénchez-Alegria K, Flores-Le6n M, Avila-Muifioz E, Rod-
riguez-Corona N, Arias C (2018) PI3K signaling in neurons: a
central node for the control of multiple functions. Int J Mol Sci
19(12):3725. https://doi.org/10.3390/ijms 19123725

Jaworski J, Spangler S, Seeburg DP, Hoogenraad CC, Sheng M
(2005) Control of dendritic arborization by the phosphoinositide-
3’-kinase-Akt-mammalian target of rapamycin pathway. J Neuro-
sci 25(49):11300-11312. https://doi.org/10.1523/INEUROSCI.
2270-05.2005

Hoeffer CA, Klann E (2010) mTOR signaling: at the crossroads
of plasticity, memory and disease. Trends Neurosci 33(2):67-75.
https://doi.org/10.1016/j.tins.2009.11.003

Castellano E, Downward J (2011) RAS interaction with PI3K:
more than just another effector pathway. Genes Cancer 2(3):261—
274. https://doi.org/10.1177/1947601911408079

Rodgers EE, Theibert AB (2002) Functions of PI 3-kinase in
development of the nervous system. Int J] Dev Neurosci 20(3—
5):187-197. https://doi.org/10.1016/s0736-5748(02)00047-3
Johnson HE, Toettcher JE (2019) Signaling dynamics control cell
fate in the early Drosophila embryo Dev Cell. 48(3):361-370.e3.
doi: https://doi.org/10.1016/j.devcel.2019.01.009

Rai SN, Dilnashin H, Birla H, Singh SS, Zahra W, Rathore AS,
Singh BK, Singh SP (2019) The role of PI3K/Akt and ERK in
neurodegenerative disorders. Neurotox Res 35(3):775-795.
https://doi.org/10.1007/s12640-019-0003-y

Haghparast A, Taslimi Z, Ramin M, Azizi P, Khodagholi F,
Hassanpour-Ezatti M (2011) Changes in phosphorylation of
CREB, ERK, and c-fos induction in rat ventral tegmental area,
hippocampus and prefrontal cortex after conditioned place pref-
erence induced by chemical stimulation of lateral hypothalamus.
Behav Brain Res 220(1):112-118. https://doi.org/10.1016/j.bbr.
2011.01.045

Ledo RM, Cruz FC, Marin MT, Planeta Cda S (2012) Stress
induces behavioural sensitization, increases nicotine-seeking
behaviour and leads to a decrease of CREB in the nucleus accum-
bens. Pharmacol Biochem Behav 101(3):434-442. https://doi.org/
10.1016/j.pbb.2012.01.025

Wan L, Su L, Xie Y, Liu Y, Wang Y, Wang Z (2009) Protein
receptor for activated C kinase 1 is involved in morphine reward
in mice. Neuroscience 161(3):734-742. https://doi.org/10.1016/j.
neuroscience.2009.03.064

Herrera R, Agarwal S, Walton K, Satterberg B, Distel RJ, Good-
man R, Spiegelman BM, Roberts TM (1990) A direct role for
c-fos in AP-1-dependent gene transcription. Cell Growth Differ
1(10):483-490


https://doi.org/10.1074/jbc.M403899200
https://doi.org/10.1074/jbc.M403899200
https://doi.org/10.1002/bies.10355
https://doi.org/10.1016/j.nbd.2008.05.003
https://doi.org/10.1016/j.nbd.2008.05.003
https://doi.org/10.1111/j.1471-4159.2011.07618.x
https://doi.org/10.1111/j.1471-4159.2011.07618.x
https://doi.org/10.1155/2018/4196961
https://doi.org/10.3389/fphar.2014.00259
https://doi.org/10.1016/j.tins.2010.02.002
https://doi.org/10.1016/j.neuroscience.2017.05.036
https://doi.org/10.1016/j.neuroscience.2017.05.036
https://doi.org/10.1016/j.neuropharm.2013.04.031
https://doi.org/10.1016/j.neuropharm.2013.04.031
https://doi.org/10.1038/sj.embor.7400052
https://doi.org/10.1038/sj.embor.7400052
https://doi.org/10.1146/annurev-pharmtox-011613-135952
https://doi.org/10.1146/annurev-pharmtox-011613-135952
https://doi.org/10.1021/jm030614p
https://doi.org/10.1016/j.coph.2009.11.002
https://doi.org/10.1016/j.coph.2009.11.002
https://doi.org/10.1038/npp.2013.148
https://doi.org/10.1074/jbc.M401923200
https://doi.org/10.1074/jbc.M401923200
https://doi.org/10.1124/mol.63.1.89
https://doi.org/10.1093/emboj/20.10.2497
https://doi.org/10.1093/emboj/20.10.2497
https://doi.org/10.3390/ijms19123725
https://doi.org/10.1523/JNEUROSCI.2270-05.2005
https://doi.org/10.1523/JNEUROSCI.2270-05.2005
https://doi.org/10.1016/j.tins.2009.11.003
https://doi.org/10.1177/1947601911408079
https://doi.org/10.1016/s0736-5748(02)00047-3
https://doi.org/10.1016/j.devcel.2019.01.009
https://doi.org/10.1007/s12640-019-0003-y
https://doi.org/10.1016/j.bbr.2011.01.045
https://doi.org/10.1016/j.bbr.2011.01.045
https://doi.org/10.1016/j.pbb.2012.01.025
https://doi.org/10.1016/j.pbb.2012.01.025
https://doi.org/10.1016/j.neuroscience.2009.03.064
https://doi.org/10.1016/j.neuroscience.2009.03.064

Molecular Neurobiology (2022) 59:2129-2149

2149

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Murphy LO, Smith S, Chen RH, Fingar DC, Blenis J (2004)
Molecular interpretation of ERK signal duration by immediate
early gene products. Nat Cell Biol 4(8):556-564. https://doi.org/
10.1038/ncb822

Chen RH, Sarnecki C, Blenis J (1992) Nuclear localization and
regulation of erk- and rsk-encoded protein kinases. Mol Cell Biol
12(3):915-927. https://doi.org/10.1128/mcb.12.3.915-927.1992
Chen RH, Abate C, Blenis J (1993) Phosphorylation of the c-Fos
transrepression domain by mitogen-activated protein kinase
and 90-kDa ribosomal S6 kinase. Proc Natl Acad Sci U S A
90(23):10952-10956. https://doi.org/10.1073/pnas.90.23.10952
Kumar V, Zhang MX, Swank MW, Kunz J, Wu GY (2005) Regu-
lation of dendritic morphogenesis by Ras-PI3K-Akt-mTOR and
Ras-MAPK signaling pathways. J Neurosci 25:11288-11299
Hu Q, Klippel A, Muslin AJ, Fantl WJ, Williams LT (1995)
Ras-dependent induction of cellular responses by constitutively
active phosphatidylinositol-3 kinase. Science 268(5207):100-102.
https://doi.org/10.1126/science.7701328

Wang Y, Falasca M, Schlessinger J, Malstrom S, Tsichlis P, Set-
tleman J, Hu W, Lim B, Prywes R (1998) Activation of the c-fos
serum response element by phosphatidyl inositol 3-kinase and rho
pathways in HeLa cells. Cell Growth Differ 9(7):513-522

Wang Z (2021) Regulation of Cell Cycle Progression by Growth
Factor-Induced Cell Signaling. Cells 10(12):3327. https://doi.org/
10.3390/cells10123327

Kawamata J, Shimohama S (2011) Stimulating nicotinic receptors
trigger multiple pathways attenuating cytotoxicity in models of
Alzheimer’s and Parkinson’s diseases. J Alzheimers Dis 24(Suppl
2):95-1009. https://doi.org/10.3233/JAD-2011-110173
Shimohama S, Kawamata J. (2018) Roles of nicotinic acetylcho-
line receptors in the pathology and treatment of Alzheimer’s and
Parkinson’s diseases. In: Akaike A, Shimohama S, Misu Y, edi-
tors. Nicotinic Acetylcholine Receptor Signaling in Neuroprotec-
tion [Internet]. Singapore: Springer; 2018. Chapter 8.

Salles MJ, Hervé D, Rivet JM, Longueville S, Millan MJ, Girault
JA, Mannoury la Cour C (2013) Transient and rapid activation of
Akt/GSK-38 and mTORCI signaling by D3 dopamine receptor
stimulation in dorsal striatum and nucleus accumbens. J Neuro-
chem 125(4):532-544. https://doi.org/10.1111/jnc.12206
Cavalleri L, Merlo Pich E, Millan MJ, Chiamulera C, Kunath T,
Spano PF, Collo G (2018) Ketamine enhances structural plasticity
in mouse mesencephalic and human iPSC-derived dopaminergic
neurons via AMPAR-driven BDNF and mTOR signaling. Mol
Psychiatry 23(4):812-823. https://doi.org/10.1038/mp.2017.241
Brami-Cherrier K, Valjent E, Garcia M, Pages C, Hipskind RA,
Caboche J (2002) Dopamine induces a PI3-kinase-independ-
ent activation of Akt in striatal neurons: a new route to cAMP
response element-binding protein phosphorylation. J Neurosci
22(20):8911-8921. https://doi.org/10.1523/INEUROSCI.22-20-
08911.2002

Mannoury la Cour C, Salles MJ, Pasteau V, Millan MJ (2011)
Signaling pathways leading to phosphorylation of Akt and
GSK-3p by activation of cloned human and rat cerebral D, and
Dj; receptors. Mol Pharmacol 79(1):91-105. https://doi.org/10.
1124/mol.110.065409

Svenningsson P, Tzavara ET, Carruthers R, Rachleff I, Wattler S,
Nehls M, McKinzie DL, Fienberg AA, Nomikos GG, Greengard P
(2003) Diverse psychotomimetics act through acommon signaling
pathway. Science 302(5649):1412—-1415. https://doi.org/10.1126/
science.1089681

Beaulieu JM, Sotnikova TD, Yao WD, Kockeritz L, Woodgett
JR, Gainetdinov RR, Caron MG (2004) Lithium antagonizes
dopamine-dependent behaviours mediated by an AKT/glycogen
synthase kinase 3 signaling cascade. Proc Natl Acad Sci U S A
101(14):5099-5104. https://doi.org/10.1073/pnas.0307921101

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Beaulieu JM, Sotnikova TD, Marion S, Lefkowitz RJ, Gainetdinov
RR, Caron MG (2005) An Akt/beta-arrestin 2/PP2A signaling
complex mediates dopaminergic neurotransmission and behavior.
Cell 122(2):261-273. https://doi.org/10.1016/j.cell.2005.05.012
Rozenfeld R, Devi LA (2007) Receptor heterodimerization leads
to a switch in signaling: beta-arrestin2-mediated ERK activation
by mu-delta opioid receptor heterodimers. FASEB J 21(10):2455—
2465. https://doi.org/10.1096/1].06-7793com

Milligan G, Smith NJ (2007) Allosteric modulation of heter-
odimeric G-protein-coupled receptors. Trends Pharmacol Sci
28(12):615-620. https://doi.org/10.1016/j.tips.2007.11.001
Fiorentini C, Busi C, Spano P, Missale C (2008) Role of receptor
heterodimers in the development of L-dopa-induced dyskinesias
in the 6-hydroxydopamine rat model of Parkinson’s disease. Par-
kinsonism Relat Disord 14(Suppl 2):S159-S164. https://doi.org/
10.1016/j.parkreldis.2008.04.022

Huang N, Zhang Y, Chen M, Jin H, Nie J, Luo Y, Zhou S, Shi
J, Jin F (2019) Resveratrol delays 6-hydroxydopamine-induced
apoptosis by activating the PI3K/Akt signaling pathway. Exp Ger-
ontol 124:110653. https://doi.org/10.1016/j.exger.2019.110653
Atwal JK, Massie B, Miller FD, Kaplan DR (2000) The TrkB-Shc
site signals neuronal survival and local axon growth via MEK
and P13-kinase. Neuron 27(2):265-277. https://doi.org/10.1016/
$0896-6273(00)00035-0

Kuruvilla R, Ye H, Ginty DD (2000) Spatially and functionally
distinct roles of the PI3-K effector pathway during NGF signaling
in sympathetic neurons. Neuron 27(3):499-512. https://doi.org/10.
1016/50896-6273(00)00061-1

Markus A, Zhong J, Snider WD (2002) Raf and akt mediate dis-
tinct aspects of sensory axon growth. Neuron 35(1):65-76. https://
doi.org/10.1016/50896-6273(02)00752-3

Sanna PP, Cammalleri M, Berton F, Simpson C, Lutjens R,
Bloom FE, Francesconi W (2002) Phosphatidylinositol 3-kinase is
required for the expression but not for the induction or the mainte-
nance of long-term potentiation in the hippocampal CA1 region. J
Neurosci 22(9):3359-3365. https://doi.org/10.1523/INEUROSCI.
22-09-03359.2002.Erratum.In:JNeurosci2002Dec1;22(23):10507
Chen L, Cheng L, Wei X, Yuan Z, Wu Y, Wang S, Ren Z, Liu
X, Liu H (2017) Tetramethylpyrazine analogue CXC195 protects
against dopaminergic neuronal apoptosis via activation of PI3K/
Akt/GSK3p signaling pathway in 6-OHDA-induced Parkinson’s
disease mice. Neurochem Res 42(4):1141-1150. https://doi.org/
10.1007/s11064-016-2148-x

Greene LA, Levy O, Malagelada C (2011) Akt as a victim, villain
and potential hero in Parkinson’s disease pathophysiology and
treatment. Cell Mol Neurobiol 31(7):969-978. https://doi.org/10.
1007/s10571-011-9671-8

Bono F, Mutti V, Devoto P, Bolognin S, Schwamborn JC, Mis-
sale C, Fiorentini C (2021) Impaired dopamine D3 and nicotinic
acetylcholine receptor membrane localization in iPSCs-derived
dopaminergic neurons from two Parkinson’s disease patients car-
rying the LRRK2 G2019S mutation. Neurobiol Aging 99:65-78.
https://doi.org/10.1016/j.neurobiolaging.2020.12.001
Aksamitiene E, Achanta S, Kolch W, Kholodenko BN, Hoek JB,
Kiyatkin A (2011) Prolactin-stimulated activation of ERK1/2
mitogen-activated protein kinases is controlled by PI3-kinase/
Rac/PAK signaling pathway in breast cancer cells. Cell Signal
23(11):1794-1805. https://doi.org/10.1016/j.cellsig.2011.06.014

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1038/ncb822
https://doi.org/10.1038/ncb822
https://doi.org/10.1128/mcb.12.3.915-927.1992
https://doi.org/10.1073/pnas.90.23.10952
https://doi.org/10.1126/science.7701328
https://doi.org/10.3390/cells10123327
https://doi.org/10.3390/cells10123327
https://doi.org/10.3233/JAD-2011-110173
https://doi.org/10.1111/jnc.12206
https://doi.org/10.1038/mp.2017.241
https://doi.org/10.1523/JNEUROSCI.22-20-08911.2002
https://doi.org/10.1523/JNEUROSCI.22-20-08911.2002
https://doi.org/10.1124/mol.110.065409
https://doi.org/10.1124/mol.110.065409
https://doi.org/10.1126/science.1089681
https://doi.org/10.1126/science.1089681
https://doi.org/10.1073/pnas.0307921101
https://doi.org/10.1016/j.cell.2005.05.012
https://doi.org/10.1096/fj.06-7793com
https://doi.org/10.1016/j.tips.2007.11.001
https://doi.org/10.1016/j.parkreldis.2008.04.022
https://doi.org/10.1016/j.parkreldis.2008.04.022
https://doi.org/10.1016/j.exger.2019.110653
https://doi.org/10.1016/s0896-6273(00)00035-0
https://doi.org/10.1016/s0896-6273(00)00035-0
https://doi.org/10.1016/s0896-6273(00)00061-1
https://doi.org/10.1016/s0896-6273(00)00061-1
https://doi.org/10.1016/s0896-6273(02)00752-3
https://doi.org/10.1016/s0896-6273(02)00752-3
https://doi.org/10.1523/JNEUROSCI.22-09-03359.2002.Erratum.In:JNeurosci2002Dec1;22(23):10507
https://doi.org/10.1523/JNEUROSCI.22-09-03359.2002.Erratum.In:JNeurosci2002Dec1;22(23):10507
https://doi.org/10.1007/s11064-016-2148-x
https://doi.org/10.1007/s11064-016-2148-x
https://doi.org/10.1007/s10571-011-9671-8
https://doi.org/10.1007/s10571-011-9671-8
https://doi.org/10.1016/j.neurobiolaging.2020.12.001
https://doi.org/10.1016/j.cellsig.2011.06.014

	Structural Plasticity of Dopaminergic Neurons Requires the Activation of the D3R-nAChR Heteromer and the PI3K-ERK12Akt-Induced Expression of c-Fos and p70S6K Signaling Pathway
	Abstract
	Introduction
	Materials and Methods
	Materials
	Animals
	Primary Cultures of Mouse Midbrain Neurons
	HEK293 Cell Cultures and Transfection
	Human iPSCs-Derived DA Neuron Differentiation
	Pharmacological Treatments
	Immunocytochemistry and Morphometric Analyses
	Immunofluorescence
	Proximity Ligation Assay
	Western Blot
	Statistical Analysis

	Results
	D2RD3R Agonists Exert Neurotrophic Effects in Mouse and Human DA Neurons Acting Through the D3R-nAChR Heteromer
	Combining Ineffective Doses of Nicotine and Quinpirole Exerts Neurotrophic Effects on Mouse and Human DA Neurons
	Stimulation of the D3R-nAChR Heteromer Induces Persistent Phosphorylation of ERK12 that Requires PI3K Activation
	PI3K-ERK12 Activation Induced by Nicotine and Quinpirole Modulates Cytoplasmic p70S6K and Increases Nuclear c-Fos Levels in Mouse DA Neurons
	D3R-nAChR Heteromer-Induced PI3K-Akt Activation

	Discussion
	Acknowledgements 
	References


