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Abstract

Spinophilin is a scaffolding protein enriched in dendritic spines with integral roles in the regulation of spine density
and morphology, and the modulation of synaptic plasticity. The ability of spinophilin to alter synaptic strength
appears to involve its scaffolding of key synaptic proteins, including the important structural element F-actin,
AMPA/NMDA modulator protein phosphatase 1, and neuromodulatory G-protein coupled receptors, including
dopamine receptor D2 and metabotropic glutamate receptor 5. Additionally, spinophilin is highly expressed in
the striatum, a brain region that is fundamentally involved in reward-processing and locomotor activity which
receives both glutamatergic and dopaminergic inputs. Therefore, we aimed to investigate the role of spinophilin
in behavioral responses to cocaine, evaluating wild-type and spinophilin knockout mice followed by the examination
of underlying molecular alterations. Although acute locomotor response was not affected, deletion of spinophilin
blocked the development and expression of behavioral sensitization to cocaine while maintaining normal conditioned
place preference. This behavioral alteration in spinophilin knockout mice was accompanied by attenuated c-Fos and
AFosB expression following cocaine administration and blunted cocaine-induced phosphorylation of ERK1/2 in the
striatum, with no change in other relevant signaling molecules. Therefore, we suggest spinophilin fulfills an essential
role in cocaine-induced behavioral sensitization, likely via ERK1/2 phosphorylation and induction of c-Fos and AFosB in
the striatum, a mechanism that may underlie specific processes in cocaine addiction.
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Introduction

Drug addiction represents a socioeconomic and
worldwide public health problem, with cocaine addic-
tion known as one of the most prevalent drug abuse
disorders [55]. Cocaine is a psychostimulant drug that
blocks the reuptake of dopamine and other mono-
amines which primarily activates the mesocorticolim-
bic dopaminergic system: a key component in the
reward circuitry [44]. Dopaminergic neurons from the
ventral tegmental area (VTA) project to the nucleus
accumbens (NAc) and dorsal striatum, as well as
prefrontal cortex (PFC), hippocampus and amygdala
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[36, 54]. Notably, the NAc also receives glutamatergic
inputs from cortical and limbic regions, such as pre-
frontal cortex (PFC), amygdala and hippocampus [7],
thereby establishing the NAc as a converging region
for dopamine and glutamate neurotransmission. While
the NAc is the main region responsible for the initial
rewarding effects of cocaine, the transition from vol-
untary to compulsive drug-use seems to involve a pro-
gressive shift towards dorsal striatum in controlling
cocaine seeking behavior [10, 57, 59]. Together, corti-
costriatal glutamatergic and mesencephalic-striatal
dopaminergic projections provide contextual informa-
tion, control impulsiveness and goal-directed behavior,
and regulate motivational and emotional responses to
drug stimuli [13, 40].

Our laboratory has recently described the neuronal
scaffold protein spinophilin as a novel Group I mGluR-

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s13041-019-0434-7&domain=pdf
http://orcid.org/0000-0002-0887-7312
mailto:sferguso@uottawa.ca
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Areal et al. Molecular Brain (2019) 12:15

interacting protein involved in the regulation of mGluR5: a
prominent G protein-coupled receptor highly expressed in
limbic and cortical areas [48]. Our group demonstrated that
spinophilin interacts with the C-terminal tail and second
intracellular loop of mGIuR5, and that this interaction ap-
pears to attenuate receptor endocytosis and subsequent
intracellular mGluR5-mediated ERK1/2, Akt, and Ca™* sig-
naling in primary cortical neurons [48]. Previous studies
have suggested mGIuR5 to have an important role in co-
caine addiction, as deletion and antagonism of this receptor
have been shown to decrease cocaine self-administration,
cocaine-seeking after extinction, and conditioned place
preference [8, 26, 28, 30]. Spinophilin has also been shown
to interact with dopamine D2 receptor (D2R) via the third
intracellular loop of both short and long isoforms of this re-
ceptor [51]. This receptor has also been implicated in pro-
cesses underlying cocaine addiction. Altered D2R
availability have been associated with high cocaine intake
and compulsive use in humans and monkeys [34, 60] and
conditional knockout of D2 autoreceptors in mice enhances
acquisition of cocaine taking and reactivity to drug -paired
cues [20].

Spinophilin is a multifunctional scaffold protein that is
enriched in the dendritic spines and was first known for
its interaction with phosphatase 1 (PP1la and PP1y) and
F-actin [1, 47]. Spinophilin has a role in modulating the
morphology and density of dendritic spines [9, 11]. Add-
itionally, it regulates synaptic strength by anchoring PP1
in close proximity to ionotropic glutamate receptors
AMPA and NMDA and directing its substrate specificity
[11, 22, 42]. Noteworthy, D1-mediated regulation of
AMPA receptor activity is deficient in striatal neurons of
spinophilin-KO mice [2]. Along with a PP1 binding domain
and a F-actin binding site, spinophilin contains a PDZ
domain, a receptor-interacting domain and a coiled-coil re-
gion [46]. Furthermore, spinophilin exhibit phosphorylation
sites for several protein kinases, such as PKA, CaMKII,
Cdk5 and ERK [14, 16, 21, 46, 53]. Moreover, the loss of
spinophilin expression leads to impaired dopamine- and
glutamate-dependent LTD, but not LTP [2, 11, 48].

Considering spinophilin’s roles in dopaminergic and glu-
tamatergic signaling, its involvement in neuronal plasti-
city, and the contribution of these systems to cocaine
addiction, it is foreseeable that spinophilin could play a
neuromodulatory role in the mechanisms underlying
cocaine addiction. Moreover, increased spinophilin ex-
pression in the prefrontal cortex of rhesus monkeys fol-
lowing extended cocaine self-administration has been
reported, suggesting that spinophilin may be involved
in the development of cocaine addiction [31]. Thus, we
sought to investigate the effects of spinophilin deletion
in behavioral responses to cocaine and to identify
potential molecular mechanisms that may underlie its
involvement.
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Materials and methods

Material

Western blots materials and reagents were purchased from
Bio-Rad. Rabbit anti—phospho-p44/42 ERK1/2 (Thr202/
Tyr204), ERK1/2, phospho-GSK3[ (Ser9), NMDA receptor
2A, NMDA receptor 2B, PSD95, spinophilin, tyrosine
hydroxylase, phospho-Akt, mTOR, phospho mTOR, and
mouse anti-GSK3f, Akt antibodies were purchased from
Cell Signaling Technology. Rabbit anti-phospho tyrosine
hydroxylase Ser40 was purchased from Phosphosolutions.
Rabbit anti-Dopamine receptor 1, Dopamine receptor 2,
c-Fos were obtained from Abcam. Rabbit anti-GAPDH
(glyceraldehyde- 3-phosphate dehydrogenase) was pur-
chased from Santa Cruz Biotechnology and rabbit anti--
mGluR5 was obtained from Milipore Sigma. Antibodies
validation data are available from their respective compan-
ies. For RNA extraction and qPCR Sigma-Aldrich DNase
I, TRIzol reagent from ThermoFisher Scientific, iScript™
¢DNA synthesis kit from Bio-Rad and Luna Universal
qPCR Master Mix from New England Biolabs were used.
Vector Elite ABC HRP kit (rabbit) used in immunohisto-
chemistry was purchased from Vector Laboratories.

Animals and drugs

Spinophilin knockout mice were generously provided by
Dr. Paul Greengard (Rockefeller University, New York)
and bred to a C57BL/6 background. Details on the
generation of the mutant mice can be found at Feng et
al, 2006. Male spinophilin knockout and wild type
littermate controls (C57BL6) ageing between 8 and 12
weeks (weighing 25-32g) were used in this study.
Animals were housed in the animal care facility at the
University of Ottawa on a 12-h light/12-h dark cycle,
with food and water ad libitum, and were housed in ven-
tilated racks with a maximum of 5 mice per cage. Exper-
iments were conducted between 8 AM and 6 PM at the
behavioural core. The order in which groups were tested
was balanced between the 3 different biological repli-
cates. All animal experiments were performed following
the Canadian Council of Animal Care guidelines and ap-
proved by the University of Ottawa animal care commit-
tee (protocol no. CMM2519). Physical and behavioral
well-being of animals were monitored by the Animal
Care and Veterinary Service and by the experimenter.
Wild-type (WT) and spinophilin knockout (KO) mice
were submitted intraperitonially to 4 different treat-
ments: saline, cocaine (15 mg/Kg), CTEP (1.5 mg/Kg) or
cocaine (15 mg/Kg) + CTEP (1.5 mg/Kg) simultaneously,
providing a total of 8 experimental groups. Mice were
allocated to groups by simple randomization in a Micro-
soft Excel file and experimenters were not blinded.
Sample size was based on previous studies. The drug
concentrations used in this study were based on a dose
response curve for locomotor activity (data not shown)
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and the selected doses were over the half maximum
response. Although CTEP is orally bioavailable, intraper-
itoneal administration was chosen in order to allow for
co-treatment controlling the kinetics of the drugs and to
limit the potential distress of further procedures. Co-
caine hydrochloride (Toronto Research Chemicals) was
dissolved in sterile saline solution (NaCl 0.9%) and
CTEP (Axon Biochem) was initially dissolved in sterile
DMSO then diluted in saline (final DMSO concentration
was 5%).

Behavioural sensitization

Mice were tested in a square open field apparatus fol-
lowing a protocol described in [45]. From day 1 to 3,
mice from all groups (n=10-13 per group) received a
saline injection and were placed in the open field arena
for 30 min for habituation (Fig. 1). On days 4-8, mice
from each group were injected with their respective
drugs (cocaine, CTEP, cocaine+CTEP) or saline and
tested in the open field for 30 min. All sessions were
recorded and analyzed using the software EthoVision
XT 13.0 (Noldus) for locomotor activity. After 5 days of
drug administration, mice underwent a withdrawal
period of 5 days followed by a challenge, where they were
tested with the same drugs previously administered.
Stereotypy was additionally analyzed on the challenge day.
Visual analysis of stereotypic behaviors including groom-
ing, sniffing, rearing and head bobbing was performed by
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a blind experimenter in 60-s observation periods every 5
min starting 10 min after injection and continuing until
the end of the test as previously described [32]. In
addition, stereotypic rotation behavior has been automat-
ically analyzed through Ethovision software throughout
the duration of the test (30 min).

Conditioned place preference

CPP was assessed using a two-chamber box equipped
with infrared beams (Med Associates) as previously de-
scribed with modifications [38, 45]. The two compart-
ments exhibited different patterns on the walls and floor,
and were separated by a removable guillotine door. On
the first day, mice were allowed to freely explore both
chambers for 20 min. For the conditioning phase, mice
received a saline injection and were confined to one
chamber or a drug injection (cocaine, CTEP or cocaine
+CTEP) and were confined to the opposite chamber for
20 min. Mice were submitted to 3 saline-paired injec-
tions and 3 drug-paired injections in alternate days,
resulting in 6days of conditioning. Conditioning was
counterbalanced so that half of the mice received co-
caine injections paired to side A and for the other half
cocaine was paired to side B. The CPP test was per-
formed 24 h after the last conditioning session and con-
sisted of a drug free session where mice were allowed to
freely explore both compartments for 20 min as in the
habituation session. Time spent in each compartment
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Fig. 1 Experimental design. Wild-type and spinophilin-KO mice were submitted to either the behavioral sensitization or the condition place
preference paradigm. After behavioral testing, mice had their brains dissected for biochemical assays or collected for immunostaining
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was assessed and the data were expressed as the differ-
ence between the time spent on the drug-paired side
and the saline-paired side. Ten to thirteen mice per
group were tested.

Western blotting

Mice submitted to the CPP protocol received one last in-
jection after the test and were euthanized and dissected 10
min later for western blot analysis. This interval was chosen
based on the peak of cocaine locomotor effects exhibited
by these mice, potentially reflecting an optimal signalling
time point. Striatum samples (from 6 to 8 animals per
group) were homogenized in RIPA buffer containing prote-
ase and phosphatase inhibitors and rotated for 30 min
at 4°C. The homogenate was centrifuged at 12.000xg
for 20 min and supernatant was collected for protein
quantification. The lysates were diluted in SDS buffer
containing 2-mercaptoethanol and 30ug of protein was
separated by SDS-PAGE and transferred to a 0.45um
nitrocellulose membrane. Membranes were blocked in
10% milk-TSBT solution, incubated overnight at 4°C
with primary antibodies diluted in 3% milk-TBST solution,
washed, and incubated for 2h at room temperature with
secondary HRP-conjugated antibodies. For the phosphoryl-
ation assays, membranes were first blotted for phospho-
protein, stripped, and then blotted for total protein. Phos-
phorylation levels were normalized to the total levels of the
protein in interest. All antibodies used and their respective
catalog numbers are listed on section 2.1 (Materials). Blots
were developed with the Clarity Western ELC substrate
(Bio-Rad), imaged in a Chemidoc system (Bio-Rad) and an-
alyzed using ImageLab software (Bio-Rad).

Gene expression analysis

qPCR was performed as previously described [3]. Striatum
samples from 6 to 8 animals per group previously submit-
ted to the CPP protocol were frozen in dry-ice immediately

Table 1 Primers used for gPCR
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after dissection and stored at — 80 °C until RNA extrac-
tion. Total RNA was extracted using TRIzol Reagent
(Invitrogen) as per manufacturer’s instructions. RNA
samples were treated with DNase I (Sigma-Aldrich) and
reverse transcribed to cDNA using iScript™ cDNA syn-
thesis kit (Bio-rad). CFX96 Real Time PCR (Bio-rad)
system and Luna® Universal qPCR Master Mix (New
England BioLabs®) were used for qPCR. Relative gene
mRNA expression was analyzed by 27*“Ct method,
using Gapdh as reference gene. All primers were vali-
dated by serial dilution and presented reaction effi-
ciency superior than 80%. The sequences of the primers
used for qPCR are presented in Table 1.

Immunostaining

Brain samples for immunostaining were obtained from
mice submitted to the behavioral sensitization protocol
that were euthanized right after the challenge test (ap-
proximately 45 min after the last drug injection). This
cohort was selected for c-Fos analysis because c-Fos ex-
pression is highly detectable 30 min after stimulation in
rodents [15, 65], as opposed to signalling proteins such as
pERK. Briefly, 40 um coronal sections through the stri-
atum were performed and free-floating sections were sub-
mitted to a peroxidase-based immunostaining protocol.
Sections were incubated in primary antibody for c-Fos
(1:400, Abcam) overnight at 4 °C, washed, incubated in bi-
otinylated antibody [1:400; biotinylated goat anti-rabbit
IgG (Vector Elite ABC HRP kit (rabbit), Vector Laborator-
ies], and then incubated in an avidin/biotin enzyme re-
agent [Vector Elite ABC HRP kit (rabbit), Vector
Laboratories]. Immunostaining was visualized by reaction
with a chromogen (Vector SG substrate). Sections were
mounted on slides and imaged on a Zeiss LSM880
AxioObserver Z1 microscope, using representative 900
um? areas of the striatum. 3 to 5 slices from 3 brains per
group were analysed.

Gene NCBI Refseq Sequence (5- 3 Amplicon lenght (bp)

D1R NM_010076.3 F: CCAAGAACGTGAGGGCTAAG 120
R: TGAGGATGCGAAAGGAGAAG

D2R NM_010077.2 F: CCACTCAAGGGCAACTGTACC 143
R: TGACAGCATCTCCATTTCCAG

mGluR5 NM_001143834.1 F: AGTCATTTACCTAAAGCCCGG 166
R: CTTCTCGCTGATACCCATCTG

NR2A NM_008170.2 F: ATGACTATTCTCCGCCTTTCC 220
R: AGTTTACAGCCTTCATCCCTC

NR2B NM_008171.3 F: GAACGAGACTGACCCAAAGAG 248
R: CAGAAGCTTGCTGTTCAATGG

DeltaFosB NM_001347586.1 F: TGCAGCTAAGTGCAGGAACCGT 224
R: GAGGACTTGAACTTCACTCGGCCA

GAPDH NM_001289726.1 F: CCTCGTCCCGTAGACAAAATG 194

R: TTGACTGTGCCGTTGAATTTG
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Fig. 2 Spinophilin-KO effects on cocaine-related behaviors. a Locomotor responses to repeated cocaine injections in wild-type and spinophilin-
KO mice. b Acute hyperlocomotion induced by cocaine in wild-type and spinophilin-KO mice. ¢ Behavioral sensitization to cocaine treatment in
wild-type and spinophilin-KO mice. d Stereotypic rotation behavior during the challenge test calculated by automated analysis. e Stereotypy
(including grooming, sniffing, rearing and head bobbing) on the challenge day analyzed by a blinder experimenter. f Conditioned place
preference to cocaine in wild-type and spinophilin-KO mice. g Representative western blot confirming the knockout of spinophilin. Data
expressed as mean + SEM. Two-way ANOVA with repeated measures followed by Tukey post-hoc, n= 10-13 per group. **p < 0.01, ***p < 0.001

Statistical analysis

Statistical comparisons were performed using GraphPad
Prism 7 software. Data was analyzed by two-way ANOVA
followed by Tukey post-hoc. For the behavioral sensitization
exclusively, two-way ANOVA with repeated measures was
performed. Normality was calculated by Shapiro-Wilk
test to determine the appropriate use of parametric or
non-parametric tests. Grubbs’ test was performed to
detect outliers. Data were expressed as mean = SEM
and considered significant when p < 0.05.

Results

Spinophilin is required for cocaine-induced behavioral
sensitization but not conditioned place preference

A classic behavioral effect of cocaine is hyperlocomotion.
Consecutive drug administrations produced different
responses between WT and spinophilin-KO mice (re-
peated measures two-way ANOVA - interaction: F (15,
185) =3.137 p =0.0001; time effect: F (5, 185)=4.94 p =
0.0003; group effect: F (3, 37) = 37.3 p <0.0001) (Fig. 2a).
In terms of acute locomotor responses, assessed on the
first session of the behavioral sensitization protocol, there
was no difference in the cocaine induced hyperlocomotion
between genotypes [F (1, 40) = 44.45 p < 0.0001 for treat-
ment, F (1, 40) = 0.0003448 p =0.9853 for genotype,
WT-cocaine vs. KO-cocaine p >0.9999] (Fig. 2b). Basal
locomotor activity is also not affected by deletion of spino-
philin (p >0.9999 for WT-saline vs. KO-saline) (Fig. 2b).
While WT mice progressively increases the locomotor
response to cocaine during the development phase of the
behavior sensitization protocol, spinophilin-KO loco-
motion remained the same throughout the sessions, with
significant differences between genotypes being ob-
served on days 4 (p=0.0350) and 5 (p =0.0006) (Fig.
2a). In addition, Tukey’s multiple comparisons test
shows a significant difference for locomotor activity be-
tween WT-cocaine and KO-cocaine on the challenge day
(p=0.0475). The indication of a lack of behavioral
sensitization in spinophilin-KO mice is reinforced by ana-
lysis of the variation of locomotor activity on challenge
day versus the first cocaine administration, with significant
increase being observed only for WT mice (WT-saline vs.
WT-cocaine p=0.0013, KO-saline vs. KO-cocaine p =
0.5746, WT-cocaine vs. KO-cocaine p = 0.0037) (Fig. 2c).
In order to verify if the lower locomotor activity observed
in KO mice was possibly due to increased stereotypy

induced by cocaine in this group, stereotypic behavior was
analyzed on the challenge day and no difference was ob-
served between cocaine-WT and cocaine-KO on the auto-
mated or visual analysis (WT-cocaine vs. KO-cocaine p =
0.9935 for stereotypies on visual analysis and p =0.9621
for rotation behavior analyzed through Ethovision soft-
ware). Possible differences in the rewarding effects of
cocaine were also investigated, using the conditioned place
preference (CPP) paradigm. However, both WT and
spinophilin-KO mice developed CPP to cocaine (WT-sa-
line vs. WT-cocaine p = 0.0018, KO-saline vs. KO-cocaine
p =0.0005) with no differences observed between geno-
types (WT-cocaine vs. KO-cocaine p = 0.9900) (Fig. 2d).

mGIluR5 antagonism enhances locomotor activity in
spinophilin-KO mice without rescuing deficits in
behavioral sensitization

Since spinophilin-KO mice present increased intracellu-
lar mGIuR5 signalling [48] and this receptor has been
implicated in the development of cocaine addiction [8,
28, 30, 66—68], we sought to investigate if a negative
allosteric modulator for mGluR5 would interfere on co-
caine effects in spinophilin-KO mice. Considering that
there were no significant behavioral effects induced by
CTEP alone (saline-WT versus CTEP-WT: p=0.9988
for acute effects on first session, p >0.9999 for the ex-
pression of behavioral sensitization and p >0.9999 for
the CPP), the data sets were separated in order to sim-
plify results for presentation and facilitate the identifica-
tion of mGIuR5 involvement in the cocaine response
versus spinophilin-KO effects on cocaine response. Since
the first drug administration, it was observed that CTEP
co-treatment potentiates cocaine-induced hyperlocomo-
tion on spinophilin-KO mice (WT-Cocaine+CTEP vs.
KO-Cocaine+CTEP p <0.0001) while no difference was
observed between WT and spinophilin-KO on the saline
+CTEP condition (p=0.4128) (Fig. 3a and b). This
hyperlocomotion was sustained throughout the behav-
ioral sensitization protocol with no further increase
along the sessions (Fig. 3a). Wild-type mice that received
co-administration of cocaine and CTEP exhibited nor-
mal cocaine-induced locomotor sensitization, as evi-
denced by an increase in the locomotor response on the
challenge day versus the first administration, in compari-
son to CTEP control (WT-saline+CTEP vs. WT-cocaine
+CTEP p=0.0052) (Fig. 3c), and reached comparable
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Fig. 3 CTEP co-treatment affect acute locomotor response but not behavioral sensitization to cocaine in spinophilin-KO mice. a Locomotor
responses to repeated co-treatment with cocaine and CTEP in wild-type and spinophilin-KO mice. b Acute hyperlocomotion induced by cocaine
and CTEP co-treatment in wild-type and spinophilin-KO mice. ¢ Behavioral sensitization to cocaine and CTEP co-treatment in wild-type and
spinophilin-KO mice. d Conditioned place preference to cocaine and CTEP co-treatment in wild-type and spinophilin-KO mice. Data expressed as
mean + SEM. Two-way ANOVA with repeated measures followed by Tukey post-hoc, n=10-13 per group. **p < 0.01, ***p < 0.001

locomotor activity as spinophilin-KO on day 5 (p =
0.8724). On the other hand, similar to previously ob-
served, spinophilin-KO mice did not develop
sensitization (KO-saline+CTEP vs. KO-cocaine+CTEP
p =0.6171) (Fig. 3c). However, it should be noted that
the maximal locomotor response had already been
achieved on the first sessions for the KO mice, which
could lead to the lack of a further increase. When
tested on the CPP paradigm, it was observed that mice
co-administered with cocaine and CTEP developed CPP
normally, independent of genotype (WT-saline+CTEP vs.
WT-cocaine+CTEP  p=0.0465, KO-saline+CTEP vs.
KO-cocaine+CTEP p=0.0119, WT-cocaine+CTEP vs.
KO-cocaine+CTEP p=0.9945) (Fig. 3d). Co-treatment
with CTEP was initially proposed to investigate if differ-
ences in cocaine effects on spinophilin-KO was mediated
by mGluR5. CTEP did not affect behavioral sensitization,
the striking behavioral difference promoted by deletion of
spinophilin. When combined with cocaine, CTEP potenti-
ated the hyperlocomotion, without affecting behavioral
sensitization or conditioned place preference, key para-
digms to study cocaine addiction in animal models. This
suggests that the CTEP effect on KO mice at the dose
used may be related mostly to motor aspects, in accord-
ance with previous reports that blockage of mGIuR5 pro-
duces [17, 43]. Therefore, herein we focused our
molecular and biochemical studies on the cocaine effects
in the presence or absence of spinophilin.

Spinophilin deletion attenuates c-Fos and AFosB
expression induced by cocaine

In order to investigate the molecular changes underlying
the behavioral responses on the spinophilin-KO mice,
immediate early genes from the Fos family were evaluated
in the striatum of mice that underwent the behavioural
sensitization protocol. Immunohistochemistry for c-Fos
revealed that although both WT and KO mice adminis-
tered with cocaine showed increased immunoreactivity to
c-Fos (WT-saline vs. WT-cocaine p < 0.0001; KO-saline
vs. KO-cocaine p <0.0001), this effect was reduced in
spinophilin-KO in comparison to WT (p < 0.0001) (Fig. 4a
and b). Similarly, qPCR analysis of AFosb showed a signifi-
cant increase in mRNA levels of AFosb only on WT mice
(WT-saline vs. WT-cocaine p=0.0479, KO-saline vs.
KO-cocaine p = 0.2252) (Fig. 4c).

Spinophilin-KO mice exhibit increased expression of
NR2A subunit with no alterations on other main
glutamate and dopamine receptors

We then explored possible alterations in dopaminergic and
glutamatergic signalling underlying the behavioral effects.
Gene and protein expression of dopamine and glutamate
receptors in the striatum were evaluated. Cocaine induced
changes in D1 receptor gene expression (p=0.0377) in
spinophilin-KO mice only, but no changes on D2 receptor
gene expression were found (Fig. 5a and b). Similarly,
mGIluR5 gene expression was not altered by any of the
experimental treatments (Fig. 5c). Interestingly, gene ex-
pression of NMDA receptor subunit 2A was constitutively
increased in spinophilin-KO mice (WT-saline vs. KO-saline
p=0.0289) and no significant differences were found in
NR2B subunit gene expression (Fig. 5d and e). Although
cocaine induced an increase in D1 receptor gene expression
in the spinophilin KO mice, D1 receptor protein levels were
not significantly altered (p =0.9986) (Fig. 6a and b). No
differences were found between treatment or genotype for
either D2R protein expression (Fig. 6a and c) or mGIluR5
expression (Fig. 6a and d). Similar to what was observed for
gene expression of NMDA receptor subunit 2A, NMDA
receptor subunit 2A protein levels in spinophilin-KO mice
were also elevated in comparison to WT mice (p = 0.0335)
(Fig. 6a and e). However, no difference between geno-
types was observed after cocaine treatment (p > 0.05 for
WT-saline vs. KO-cocaine and WT-cocaine vs. KO-cocaine).
Although no significant differences on the posthoc were
found in NR2B subunit protein levels, 2-way ANOVA
showed a genotype effect (Fig. 6a and f). In order to in-
vestigate if general synaptic alterations occurred, we
evaluated expression of PSD95 as a postsynaptic marker
(Fig. 6g) and tyrosine hydroxylase (TH) expression as a
dopaminergic presynaptic marker (Fig. 6h) and no differ-
ence was observed between groups suggesting that synap-
ses were intact.

Cocaine-induced activation of ERK1/2 in the striatum is
absent in spinophilin-KO mice

To further investigate if cocaine impacts striatal signal-
ling differently in the presence or absence of spinophilin,
dopamine and glutamate signalling pathways were evalu-
ated. Noteworthy, the increase in ERK phosphorylation
induced by cocaine in the WT mice was blunted in spi-
nophilin-KO mice (WT-saline vs. WT-cocaine p =0.0077;
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KO-saline vs. KO-cocaine p =0.9965) (Fig. 7a and b). Co-  their respective controls, with no difference found be-
caine administration increased pAkt in both WT (p=  tween WT-cocaine and KO-cocaine (p=0.7071) (Fig.
0.0385) and KO mice (p =0.0049) when compared to 7a and c). With respect to pGSK3p levels, no



Areal et al. Molecular Brain (2019) 12:15 Page 10 of 16
P
[ saline [ saline
[J cocaine D1R [ cocaine D2R
c 3007 * < 1507
K} il
2 2
Lo Lo
g = Q=
& 2001 & Z 100
< £ - < £
Z3 23
=i} [=hs]
o o 1007 o 501
=~ >
5 ’—T—‘ &
& &
0 T T 0 T T
WT KO WT KO
[1saline [1saline
[J cocaine mGluRS [J cocaine NR2A
¢ 2507 < 3007 *
o S
[9] [}
g o 2001 8 =
S g =
X 7 X 7 200
2 2 150 2 2
Z© Z®©
c? c?
€ 5 1001 [Se] 1004
OIS o R
=2< =<
& 501 g
& €
0 T o] T T
WT KO WT KO
[ saline
[J cocaine NR2B
c 2501
o
?
o § 2004
o
X 7
2 2 1504
Z3
T 5 1004
2R
E 501
[
o
0 T T
WT KO
Fig. 5 Cocaine effects on gene expression in the striatum. Cocaine-induced changes in a) D1R, b) D2R, ¢) mGIuR5, d) NR2A and e) NR2B mRNA levels
in wild-type and spinophilin-KO mice. Data expressed as mean + SEM. Two-way ANOVA followed by Tukey post-hoc, n = 6-8 per group. *p < 0.05

genotype or treatment effect was observed (Fig. 7a
and d). Furthermore, phosphorylation of mTOR was
significantly increased in spinophilin-KO mice treated
with cocaine in comparison to WT-saline (p =0.0429)
while a trend was seen for KO-saline (Fig. 7a and e).
Although not statistically significant, there was a
trend for mTOR phosphorylation to be altered in the
wild-type mice after cocaine treatment as well. Two-way
ANOVA reveals that there is a treatment effect but not a
genotype effect, in alignment with the pAkt results [pAkt/
Akt: F (1, 28) = 0.8441, p =0.3661 for genotype and F
(1, 28) = 21.43, p<0.0001 for treatment; pmTOR/
mTOR: F (1, 28) = 3.218, p =0.1836 for genotype and F
(1, 28) = 4.688, p=0.0390 for treatment]. Presynaptic

signalling was also evaluated through phosphorylation
levels of TH, no difference in pTH was found between
the different conditions (Fig. 7a and f).

Discussion

Spinophilin has been shown to interact with both D2R
and mGIuR5 which are components of dopamine and
glutamate systems that are known to be involved in drug
addiction. However, little is known about spinophilin’s
possible role in mechanisms underlying cocaine addic-
tion. Herein, we showed that deletion of spinophilin did
not alter acute locomotor responses to cocaine, but
attenuated cocaine-induced behavioral sensitization.
Similar results have been reported by Morris and
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Fig. 6 Effects of cocaine on dopamine and glutamate receptors expression in the striatum. a Representative images of immunoblots for D1R, D2R,
mGIUR5, NR2A, NR2B, PSD95, tyrosine hydroxylase (TH), GAPDH and spinophilin protein expression in the striatum of wild-type and spinophilin-KO
mice. Effect of cocaine treatment on b) D1R, ¢) D2R, d) mGIuR5 e) NR2A, f) NR2B, g)PSD95 and h) tyrosine hydroxylase protein expression in wild-type
and spinophilin-KO mice. Data expressed as mean + SEM. Two-way ANOVA followed by Tukey post-hoc, n = 6-8 per group. *p < 0.05

colleagues, where spinophilin-KO mice did not develop
locomotor sensitization to amphetamine, while no geno-
type effect was seen on the first amphetamine adminis-
tration [33]. Despite the effect of spinophilin deletion on
the behavioral sensitization paradigm, this protein does
not seem to be required for cocaine-induced CPP, as
evidenced by the development of conditioned place pref-
erence in both wild-type and spinophilin-KO mice. A
previous study suggested that spinophilin-KO mice would
be more sensitive to cocaine effects based upon observa-
tions that cocaine induced CPP at a low dose (5 mg/Kg)
that did not induce responses in wild-type mice. However,
they observed no difference in response between genotypes
at 10 mg/Kg of cocaine: a dose closer to that used in
the present study (15 mg/Kg). In further comparison,
spinophilin-KO mice in our study did not develop co-
caine sensitization, while Allen et al. [2] report that this
behavior was preserved in spinophilin-KO mice in their
study. This discrepancy is likely related to important
differences in the protocol used for the sensitization
paradigm, since the protocol used by Allen et al. [2]
consisted of 5 consecutive days where the locomotor
activity was monitored for 10 min after cocaine adminis-
tration (20 mg/Kg). The absence of withdrawal and chal-
lenge, shorter observational time, and higher dose in
comparison to our parameters may have impacted the
contrasting findings observed between the two studies.
Enhanced cocaine-induced c-Fos expression in spinophi-
lin-KO mice has also been previously reported by Allen et
al. [2]. Conversely, we observed attenuated c-Fos and AFosb
expression in cocaine-KO mice compared to cocaine-WT.
These differences may rely on the experimental approaches,
since in this study the analysis was performed after the
challenge of the behavioral sensitization protocol, while in
[2] it was after an acute administration, in addition, the
method used for c-FOS analysis was in situ hybridization in
[2], while herein immunostaining was performed. Rapid in-
duction of Fos family proteins is a classic cellular response
to cocaine and D1 agonists, especially in regions involved
with the rewarding and locomotor effects such as the nu-
cleus accumbens, dorsal striatum and prefrontal cortex [15,
29, 35]. While c-Fos returns to basal levels within hours
after drug administration, Afosb, a very stable truncated
form, accumulates with chronic exposure and can persist in
the neurons for weeks after cessation of drug administra-
tion and has been shown to increase sensitivity and
drug-seeking behavior to cocaine [25, 37]. Fos gene deletion
in DI1R-expressing neurons not only disrupts the

cocaine-induction of c-Fos and AFosb expression but also
attenuates behavioral sensitization in the mutant mice [63].
On the other hand, normal CPP and increased extinction
time were exhibited by the Fos-KO mice [63]. In accord-
ance with that, spinophilin-KO mice, in the present study,
did not develop behavioral sensitization and presented at-
tenuated cocaine-induction of c-Fos and AFosb, while CPP
was maintained.

c-Fos and AFosb expression can be induced by transcrip-
tion factors that are activated by pERK, such as CREB and
Elk-1 [49, 58, 64]. In the present study, ERK phosphoryl-
ation was not induced by cocaine treatment in the
spinophilin-KO mice. Several studies indicate that ERK ac-
tivity has a role in the development of cocaine-induced
locomotor sensitization. It has been shown that systemic
injections of MEK inhibitors during the development phase
prevents the expression of cocaine-induced locomotor
sensitization after withdrawal [12, 41, 56]. On the other
hand, MEK inhibitors show no significant effect on ei-
ther spontaneous locomotor activity or acute cocai-
ne-induced locomotion in the cited studies. Herein, while
the behavioral sensitization was absent in spinophilin-KO
mice they still developed a place preference for cocaine.
Although it has been shown that ERK activation is linked
to both sensitization and conditioned place preference,
there are several signalling pathways involved in both of
these processes. For example, Akt/GSK3/mTOR signalling
pathway in the nucleus accumbens, hippocampus, and/or
prefrontal cortex is critically involved in the expression
and reconsolidation of cocaine conditioned place prefer-
ence [4, 50]. In the present study, Akt and mTOR phos-
phorylation in response to cocaine remained intact.
Therefore, it is possible that other signaling pathways
involved the development of conditioned place prefer-
ence may have compensated the reduced ERK activa-
tion and been sufficient for the expression of this
behavior, but not for the behavioral sensitization.

The mechanisms underlying cocaine-induced behav-
ioral sensitization are not fully elucidated. However, the
literature indicates that this phenomenon is associated
with an increase in dopaminergic neurotransmission,
with increases in dopamine release [24, 39] and DIR
sensitivity [18, 24], as well as decreased autorreceptor
activity [19, 52] and LTP induction [5] being reported. In
addition, studies show that a reduction in D2R activity
in the prefrontal cortex occurs in association with the
development of cocaine sensitization and that repeated
administrations of a D2R antagonist promotes sensitization
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[6, 52]. Moreover, an increase in the excitability of VTA
neurons during the development of sensitization to stimu-
lants has been associated with a decrease in the
autoreceptor function of D2R [19, 52]. It is known that
spinophilin binds to the third intracellular loop of D2R.
However, the consequences of this interaction have not yet
been elucidated as opposed to other receptors (i.e. a2AR,
mu-opioid and mGIuR5). Considering the structural simi-
larity in the third intracellular loop of D2R and a2AR, and
that both receptors are coupled to Gi, it could be hypothe-
sized that spinophilin may regulate D2R in a similar man-
ner and antagonize beta-arrestin 2- dependent MAPK
signalling [62]. If that was the case, D2R signalling would
be exacerbated in spinophilin-KO mice, which could be a
possible mechanism underlying the prevention of
behavioral sensitization observed in these mice. How-
ever, specific studies on spinophilin’s role on D2R
signalling are needed in order to confirm that hypothesis.
Interestingly, we observed that spinophilin-KO mice
have constitutively higher expression of NR2A. It is
known that stimulation of NR2A activates ERK path-
way, an important component of NMDAR signal trans-
duction involved in synaptic plasticity [27, 61]. Notably,
despite increased NR2A, ERK activation following co-
caine administration was not observed in spinophilin
KO mice, suggesting that spinophilin is required for the
regulation of this signalling pathway. Noteworthy, [69]
demonstrated that injections of D-serine, an endogen-
ous co-agonist of NMDARSs, in the NAc, blocked the be-
havioral sensitization to cocaine and suggested that the
inhibition of ERK-CREB-Fos pathway was involved in this
process [69]. The increased expression of NR2A in
spinophilin-KO mice observed in this study also raised the
possibility that the increased basal levels of intracellular
Ca**, pAkt and pERK observed in neuronal cultures from
spinophilin-KO mice by [48] may be also mediated by an
NR2A overexpression. However, it should be noted that
results reported on [48] were obtained from cortical
neurons while herein we analyzed striatum samples.
Our laboratory has previously described spinophilin’s
involvement in the regulation of mGluR5, a metabotropic
glutamate receptor highly expressed in limbic and cortical
areas [48]. Previous studies have suggested a role for
mGluR5 in cocaine addiction, as deletion and antagonism
of this receptor have been shown to decrease cocaine
self-administration, cocaine-seeking after extinction, and
conditioned place preference [8, 26, 28]. McGueehan and
Olive (2003) tested the effect of MPEP, an mGIuR5 antag-
onist, on the rewarding properties of different drugs of
abuse. The authors report that only CPP to cocaine was
affected, while amphetamine, morphine, nicotine or etha-
nol CPP remained unaltered [30]. On the other hand,
Fowler et al. (2011) showed that mGIuR5 knockout
mice developed normal CPP to cocaine and
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cocaine-induced hyperlocomotion on the same level as
wild-types at moderate doses of cocaine (10 and 20 mg/
Kg) [70]. In addition, a study using the mGIuR5 antagonist
MTEP observed no effect on cocaine CPP in three dif-
ferent doses tested [59]. Therefore, the literature on
the potential therapeutic effect of mGIuR5 antagonism
is still controversial. In the present study, when combined
with cocaine, CTEP potentiated the hyperlocomotion
on spinophilin-KO mice without affecting behavioral
sensitization or conditioned place preference, key para-
digms to study cocaine addiction in animal models, sug-
gesting that the CTEP effect on KO mice at the dose used
may be related mostly to motor aspects, in accordance
with previous reports that blockage of mGIluR5 produces
hyperlocomotion [43, 17]. This potentiated hyperlocomo-
tion could have affected the observation of a lack of be-
havioral sensitization in the KO mice co-treated with
cocaine and CTEP, considering the possibility that the
maximal locomotor response could have already been
achieved in the initial administrations, not allowing fur-
ther increases that would characterize a sensitized
response.

In the present study, we showed that deletion of spino-
philin does not affect acute locomotor effects of cocaine
or the conditioned place preference to this drug. However,
a loss of spinophilin expression blocks the development of
behavioral sensitization to cocaine. This effect was accom-
panied by blunted cocaine-induced ERK phosphorylation
and c-Fos and AFosB expression. Therefore, we suggest
spinophilin to play an important role in cocaine-induced
behavioral sensitization, likely via the activation of ERK1/2
and induction of c-Fos and AFosb in the striatum, a
mechanism that may underlie specific processes in-
volved in cocaine addiction. Further studies using an
operant-conditioning paradigm for self-administration
assessing the effect of spinophilin on reinforcing and
motivational effects of cocaine would help elucidating
spinophilin’s role in cocaine addiction.
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