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ABSTRACT
Dopamine replacement therapy with L-DOPA is the treatment of choice for Parkinson’s disease, however,
its long-term use is frequently associated with L-DOPA-induced dyskinesia (LID). Many different
molecules have been implicated in the development of LID and several of these have been proposed as
potential therapeutic targets. However, to date none of these molecules have demonstrated full clinical
efficacy, either because they lie downstream of dopaminergic signaling, or due to adverse side effects.
Therefore, discovering new strategies to reduce LID in Parkinson’s disease remains a major challenge.
Here we have explored the tyrosine kinase Fyn, as a novel intermediate molecule in the development of
LID. Fyn, a member of the Src kinase family, is located in the post synaptic density, where it regulates
phosphorylation of the NR2B subunit of the NMDA receptor in response to dopamine D1 receptor
stimulation.
We have used Fyn knockout and wild-type mice, lesioned with 6-hydroxydopamine and chronically treated
with L-DOPA, to investigate the role of Fyn in the induction of LID. We found that mice lacking Fyn
displayed reduced LID, ΔFosB accumulation and NR2B phosphorylation compared to wild-type control
mice. Pre-administration of saracatinib (AZD0530), an inhibitor of Fyn activity, also significantly reduced
LID in dyskinetic wild-type mice. These results support that Fyn has a critical role in the molecular
pathways affected during the development of LID and identify Fyn as a novel potentially therapeutic target
for the management of dyskinesia in Parkinson’s disease.

Key words: Parkinson’s Disease, L-DOPA, dyskinesias, Fyn, NR2B, saracatinib
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INTRODUCTION
Levodopa (L-3,4-dihydroxyphenylalanine, L-DOPA) is still the gold standard treatment for Parkinson’s
Disease (PD), however, its long-term use triggers undesired side effects, including abnormal involuntary
movements (AIMs) known as dyskinesia. Levodopa induced dyskinesia (LID) affects the majority of
patients after 5 to 10 years of treatment, and constitutes a clinically relevant therapeutic problem [1–3].
Improving the therapeutic window of L-DOPA by reducing dyskinesia currently represents one of the major
challenges in the management of PD.
To attain this objective, it is crucial to understand the molecular and cellular processes that take place in a
“dyskinetic brain” to identify potential targets for intervention. Dopamine (DA) D1 is a determinant actor
in the development of LID [4], and it intensively crosstalks with glutamate N-methyl-D-aspartate (NMDA)
receptors (R) to determine short and long-term striatal effects. While L-DOPA restores DA signaling, the
NMDA antagonist amantadine is the only available treatment for LID, however, numerous side effects
frequently prevent its prolonged use and its efficacy is limited [5].
In this scenario, the greatest clinical challenge is to reduce the development of LID without affecting the
positive restorative effect of DA stimulation, and the NMDAR is a desired target to achieve such a goal as
amantadine alleviates LID by reducing glutamate signaling [6], without affecting DA response [5, 7]. In
addition to the classical signaling downstream of the dopamine receptors, which likely participate in both
the therapeutic and side effects of dopamine stimulation, the postsynaptic density (PSD) zone is determinant
of plastic rearrangements and a candidate area aiming at dissecting both effects. D1 and NMDARs actively
adapt to DA and glutamate stimulation influencing downstream effectors, in a process mediated by the
scaffolding protein PSD-95 [8, 9] and the kinase Fyn [10, 11], among others.
Fyn is a Src tyrosine kinase that regulates the NR2A and NR2B subunits of the NMDAR increasing NMDA
currents [11–13], and mediates the subcellular re-distribution of NMDA by D1 receptors, taking place in
the dopamine-denervated striatum following L-DOPA treatment [10]. Moreover, PSD-95, which has been
recently shown to mediate LID [8], promotes the phosphorylation of NMDARs by Fyn [14]. The NR2B
subunit is critical in the regulation of the glutamate NMDAR and therefore in the development of LID [15,
16]. Indeed, a clinical trial with the NR2B antagonist CP-101,606 has been proven to reduce LID despite
its side effects [17]. NR2B determines plastic changes related with long-term potentiation (LTP) and longterm depression (LTD) [18, 19], while DA stimulation increases its phosphorylation at tyrosine 1472 [18,
20, 21], which is in fact the target of Fyn [22].
We propose an alternative strategy based on modifying NMDA signalling by means of their intrinsic
regulators, and to reach this goal, Fyn arises as a suitable candidate. In view of the well-described role of
Fyn in normal brain plasticity, it is also likely to play a relevant role in plastic changes underlying
dyskinesia, yet, the putative role of Fyn in LID has not been fully explored. Therefore, the aim of this study
was to investigate in vivo the role of Fyn as a key mediator in the development of LID in a well-established
mouse model of PD developing dyskinesia under L-DOPA treatment. To this end, we analysed the
development of LID and related molecular changes in Fyn knockout (Fyn-KO) mice and tested a
pharmacological intervention with a Fyn inhibitor, in an attempt to reduce LID.
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MATERIALS AND METHODS
Animals
The

study

was

performed

on

adult

C57BL6

or

Fyn

knockout

mice

(Fyn-KO),

https://www.jax.org/strain/002385 [23], from 3-6 months old and weighing 25-30 g. We used either female
or male mice for the Fyn-KO experiments and only female for the experiment with saracatinib. All surgical
procedures and experimental manipulations were performed in accordance with the UK Home Office and
the European Directive 2010/63/EU and approved by the Ethics Committee of “Facultad de Farmacia y
Bioquímica” (Universidad de Buenos Aires, Argentina).
Dopaminergic depletion with 6-hydroxydopamine (6-OHDA)
To generate the mouse model of PD, animals were anaesthetized with 1.5% isoflurane, then placed into a
mouse stereotaxic frame (Stöelting Co.) and injected with 1 µl of 6-OHDA (Sigma, USA Cat# H4381; 3.4
μg/μl, free-base diluted in 0.1% ascorbic acid) at a rate of 0.5 μl/min into the left medial forebrain bundle
at coordinates (in mm): AP: -0.1, L: +0.11, V: -0.5, ensuring that bregma and lambda were at the same
horizontal point, according to the Mouse Brain Atlas [24]. Mice received intense nursing care during the
ensuing three weeks to reduce weight loss, avoid suffering, and increase survival rates. Twice daily, mice
received rehydration therapy (up to 1 ml of 5% dextrose in water, s.c.) and wet mash diet according to
individual needs. Wet pellets were supplemented with sunflower-raisins, multicereal preparation
(“Nestum”, Nestle, Argentina) and yeast gelatine preparation. This diet started one week prior to surgery
to adapt the animals to the taste of this food supplement and to improve both their weight and physical
condition. After surgery, mice were kept at warmer temperature (23 to 26˚C) and weighed every two days.
Animals showing no weight recovery or signs of suffering were sacrificed. The injection of 6-OHDA at the
level of the MFB has been very well characterized [25]. The sham-operated mice is an independent group
of mice that were subjected to the entire surgical procedure with the exception of the 6-OHDA injection.
Pharmacological treatments: To model LID in rodents, 28 WT and 30 Fyn-KO mice were treated with
L-DOPA for 16 days starting 3 to 4 weeks after the 6-OHDA lesion at a dose of 6/12 mg/kg/day of LDOPA/benserazide (Sigma, USA Cat# D9628 & B7283) on the first 5 days of treatment and then 12/12
mg/kg/day i.p. diluted in sterile saline solution. Mice treated with saracatinib (AZD0530, Cayman
Chemical, USA Cat# 11497) received 12/12 mg/kg/day L-DOPA/benserazide throughout the experiment.
Saracatinib was dissolved in 0.5% hydroxypropyl methyl cellulose (HPMC)/0.1% Tween 80 (w/v) and a
dose volume of 200 µl were administered by oral gavage, twice a day, at doses of 10 mg/kg/day. The dosage
and administration of saracatinib to mice was that described by Kaufman et al., who established the
conditions for the use of this drug to reach the central nervous system [26]. To determine the effect of
saracatinib on LID, wild type (WT) mice were lesioned with 6-OHDA, selected with the cylinder test and
randomly assigned to each of the treatment groups.

4

Sanz-Blasco et al.
Behavior: All behavioral experiments were conducted in a quiet room with controlled temperature, which
was separate from the housing area. Animals were handled in advance of the experiments to reduce stress
during the testing sessions.
Rotarod: WT and Fyn-KO mice were given 24 h to adjust to their new surroundings prior to being
individually placed in a neutral position on the immobile rotarod treadmill (Ugo Basile, Italy). Following
1 min of habituation, the speed was increased to 16 rpm. Mice were given a 2 min training session during
which they were repositioned on the rotarod after each fall. Mice were tested 1 h later for 3 min. Latency
to the first fall was recorded (in seconds) as an indicator of motor coordination performance. Rotarod test
was performed on healthy mice before the 6-OHDA lesion to evaluate if Fyn-KO mice have any motor
impairment that might interfere in the development of AIMs.
Cylinder Test: Two weeks after a 6-OHDA lesion, rodents were challenged in the cylinder test to evaluate
motor impairment due to dopaminergic degeneration [27]. Briefly, rodents were placed in a plastic
transparent cylinder (diameter x height for mice: 10x20 cm) and the number of wall contacts made with
each forelimb (or both together) was measured for 3 minutes. With these values were calculated the
percentage use of the contralateral forelimb.
Abnormal Involuntary Movements (AIMs): Evaluations were performed following standard protocols [28–
31] by a blinded observer every three days after the first administration of L-DOPA. On each testing day,
animals were observed and scored for 1 min at 20 min intervals for 2 h after the administration of L-DOPA.
At that time no further AIMs were detectable in all animals. Briefly, three categories of AIMs were observed
[32]: 1) Orofacial, discrete vertical (open and close) jaw movements towards the contralateral side, with
eventual tongue protrusion. 2) Forelimb, twitching or jerking movements of the forelimb contralateral to
the lesion of a choreic (non-rhythmic, spasmodic) or ballistic (choreic movements of a larger amplitude)
pattern. 3) Dystonic, lateral deviation of the trunk, neck, and head toward the contralateral side, leading to
a loss of orthostatic equilibrium. The frequency and intensity of each AIM were evaluated using a standard
scale: 0 = absent; 1 = present for less than half of the observation period; 2 = present for more than half of
the observation period; 3 = present constantly, but suspended by a tactile stimulus; 4 = present constantly,
irrespective of a stimulus. Values for each category were totalled per animal for each day, obtaining the
mean per day for each treatment or genotype.
Immunohistochemistry: From the totality of mice included into the analysis of AIMs, twenty per genotype
were perfused transcardially with 4% paraformaldehyde 1 h after the last dose of L-DOPA (the remaining
10/genotype were prepared for WB). Brains were processed, and immunodetection performed in both
striatum and substancia nigra as previously reported [33, 34]. Briefly, 30 μm free-floating coronal sections
were incubated with the following primary antibody: rabbit anti-tyrosine hydroxylase (Pel-Freez
Biologicals USA Cat# P40101 RRID:AB_2313713; TH, 1/1000) and rabbit anti-FosB/ΔFosB (Santa Cruz
Biotechnology Cat# sc-48 RRID:AB_631515; 1/10000). The secondary biotinylated antibody used was
anti-rabbit IgG (Vector Laboratories Cat# BA-1000 RRID:AB_2313606; 1/250). Sections were developed
with the avidin-biotin peroxidase system (Vector Laboratories Cat# PK-6100; 1/125), and
diaminobenzidine (Sigma, USA Cat# D5905). Images were captured using a Nikon Eclipse 50i microscope
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(4x objective) equipped with a Nikon Digital Sight DS-L1 camera. To analyze both TH or FosB, 4-5 images
of the striatum were taken from 1.50 to -0.10 mm anteroposterior from bregma [REF Paxinos] for each
mouse. The analysis of the images was peformed using the ImageJ software (http://rsbweb.nih.gov/ij/, NIH,
USA). We have either analyzed the optical density of the staining as reported before [33] or cell counting
of FosB/ΔFosB-positive cells using the Plugin ITCN_1_6 (Image-based Tool for Counting Nuclei).
Western blot (WB): Mice were sacrificed 1 h after the last L-DOPA administration and the entire left
(ipsilateral) striata was immediately dissected and frozen. General procedures were performed as previously
reported [23, 34]. Briefly, tissues were gently homogenized in a glass Teflon homogenizer in 150 µl of lysis
buffer complemented with HaltTM Protease and Phosphatase Inhibitor Cocktail EDTA-free (Pierce
Biotechnology, USA Cat #78441). Total protein content was determined using Bradford reagent Coomassie
brilliant blue G250 (MP Biomedicals, USA Cat# 6104-58-1). For WB, 50-60 µg protein was resolved in
12% Tris-glycine SDS-PAGE gels. The primary antibodies used were: anti-Fyn (Santa Cruz Biotechnology
Cat# sc-16 RRID:AB_631528; 1/1000), anti-TH (Pel-Freez Biologicals USA Cat# P40101
RRID:AB_2313713; 1/1000), anti-FosB/ΔFosB (Santa Cruz Biotechnology Cat# sc-48 RRID:AB_631515;
1/500), anti-pNR2B-Tyr1472 (Pel-Freez Biologicals Cat# P43301-0, RRID:AB 476111; 1/400), antiNR2B (UC Davis/NIH NeuroMab Facility Cat# 75-097, RRID:AB_10673405; 1/400) and anti-β-actin
(Sigma-Aldrich Cat# A2066, RRID:AB_476693; 1/2000). As secondary antibodies we used horseradish
peroxidase-conjugated anti-rabbit IgG (H+L) (Cell Signaling Technology Cat# 7074, RRID:AB_2099233;
1/2000) or anti-mouse IgG (H+L) (Cell Signaling Technology Cat# 7076, RRID:AB_330924, 1/3000).
Enzymatic chemiluminescence reactions were developed with Western Blotting Substrate (Pierce
Biotechnology, USA Cat# 32106). Immunoreactive bands were detected using an Image Quant 350 and the
intensity of bands was determined using Alpha Ease FluorChem v4.1.0 software (Alpha Innotech
Corporation, USA).
Statistics: Results are presented as mean ± SEM. Differences between biological conditions were
determined using two-tailed unpaired Student’s t-test and two-way ANOVA with repeated measures using
Graphpad Prism 6.0 software. Post-hoc comparisons were made using Tukey’s test, and significance was
set at p < 0.05.

RESULTS
Evaluation of LID in Fyn-KO mice
To evaluate the role of Fyn in LID we designed a protocol to test the development of AIMs following 6OHDA lesioning and L-DOPA treatment in Fyn-KO mice, in comparison with their WT controls (Fig 1A).
We found that, at a similar level of lesion, treated Fyn-KO mice developed significantly lower AIMs scores
than WT, in a consistent manner along sessions (Fig 1D). On average, Fyn-KO mice showed a 30%
reduction in AIMs scores. In each individual session, we observed a similar percentage reduction in the
intensity of AIMs (Fig 1E). Each type of AIM showed a similar profile during daily sessions; therefore,
data is presented as the sum of all types of AIMs for each day. No sex-related differences were detected, so

6

Sanz-Blasco et al.
data from males and females were pooled (WT, p = 0.62; KO, p = 0.83, determined by unpaired Student’s
t-test).
We determined the performance of Fyn-KO mice on the rotarod in order to assess their locomotor
coordination. We found no differences between genotypes, showing that Fyn-KO mice have no evident
motor impairment (Fig 1B). The absence of Fyn in the Fyn-KO animals was reconfirmed by WB (Fig 1C).
Histological and biochemical determinations
Both groups of animals had equal levels of dopaminergic denervation as measured by TH
immunohistochemistry in both striatum and substantia nigra. We determined the minimum level of DA loss
necessary to develop LID, in our hands. In the group of mice analysed by immunohistochemistry we
observed that, according to the detection system used, a minimum of 95% loss of striatal dopaminergic
terminals was needed to develop AIMs in WT mice; therefore, only WT and Fyn-KO mice showing DA
denervation above this level were included in the behavioural and histological analysis (Fig 2A and B). A
separate group of animals was used for WB analysis to quantify the amount of striatal proteins, including
remaining TH (Fig 2C). As expected, we observed a very important loss of nigral and striatal TH both in
WT- and Fyn-KO-lesioned mice. Similarly, when striatal TH was determined by WB, we set a threshold
point of 85% of DA loss necessary in the WT group to induce LID and then excluded from the analysis any
animal (either WT or Fyn-KO) below that point. Both WT and Fyn-KO mice included in the study exhibited
an equivalent loss of TH content (Fig 2B, C). Remarkably, the efficiency in lesioning was similar
irrespective of the genotype, being 76% for the WT group (n = 51) and 68% for the Fyn-KO (n = 47,
Student’s t-test, p = 0.53).
The immediate early gene FosB is strongly linked downstream of the dopamine and NMDA receptors to
the development of LID [35], and the current consensus postulates that ∆FosB accumulates in a linear
fashion during the development of dyskinesia [3]. We examined FosB/∆FosB in different groups of animals
and by two different approaches. Immunohistochemical analysis determined that the Fyn-KO group showed
a 33% reduction in the number of cells stained with FosB/ΔFosB in the striatum (Fig 3A). WB showed a
significant increase of FosB/ΔFosB in WT dyskinetic group (6-OHDA+L-DOPA) compared to 6-OHDAlesioned mice, and no effect of treatment (Veh vs. L-DOPA) in WT sham-operated animals as it was
expected. In addition, Fyn-KO dyskinetic mice showed a significant reduction (~30%) in the accumulation
of FosB/ΔFosB compared to the WT dyskinetic group (Fig 3B). Considering the consistent and linear
association of this transcription factor with LID, we interpret these results as being a strong biochemical
support of the behavioural data.
To further investigate the mechanism involving Fyn in LID, we explored the amount and phosphorylation
status of the glutamate NMDA receptor subunit NR2B at Tyr1472 which is the target of Fyn. We found a
significant effect of the genotype in p-NR2B levels in both sham- and 6-OHDA-operated mice groups,
indicating a reduced amounts of p-NR2B in Fyn-KO mice irrespective of the lesion or treatment (Fig 3).
As the phosphorylation at Tyr1472 increases NMDAR permeability and enhances NMDA-mediated Ca2+
influx [11, 13, 36], this result suggests that the absence of Fyn likely reduces LID through the reduction of
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NMDAR signalling. It is interesting to note that pioneering detection of total tyrosine phosphorylation of
NR2B showed a similar reduction in Fyn-KO mice [12].
Evaluation of a Fyn inhibitor on the development of LID
The results presented herein support our hypothesis that Fyn participates in the development of LID.
Therefore, we further explored the possibility that a pharmacological inhibitor of Fyn would be able to
prevent or revert LID. We selected the Src family inhibitor saracatinib (AZD0530), which has been
demonstrated to inhibit Fyn activity in the brain [26]. 6-OHDA-lesioned WT mice, treated with L-DOPA,
were administered either saracatinib or vehicle twice a day using two different treatment paradigms: 1)
starting 8 days before L-DOPA administration (prevention) or 2) starting 8 days after L-DOPA
administration (reversion) (Fig 5A). In both cases, saracatinib treatment was continued until the end of the
protocol. Under these experimental conditions, we found that saracatinib was not effective in reversing
already established dyskinesia (Fig 5B). However, in the prevention paradigm, administration of saracatinib
resulted in a significant reduction of the development of LID of approximately 30% (Fig 5C). The
difference between both groups was maintained over time. To illustrate this we plotted the profile of the
dyskinetic score for the first and the last day (Fig 5 D, E). It is worthy of note that after 19 days saracatinib
remained as effective as in the beginning. All animals, irrespective of the protocol to which they were
assigned, had equivalent levels of dopaminergic denervation. The immunohistochemical analysis of
FosB/∆FosB determined that the saracatinib group showed a 28% reduction in their immunoreactive
staining in the striatum in comparison with the vehicle treated group (Fig 5G).

DISCUSSION
In this study, we report for the first time that the kinase Fyn mediates LID in the 6-OHDA mouse model of
PD on the basis of three different evidences: i) Fyn-KO mice develop less dyskinesia than WT mice; ii)
FosB/∆FosB accumulates less in Fyn-KO mice than it does in WT mice in the same paradigm; and iii) the
pharmacological inhibition of Fyn using saracatinib reduces the development of LID and the accumulation
of FosB/∆FosB.
We favour the hypothesis that the plastic maladaptive rearrangements that take place in the postsynaptic
density (PSD) zone under chronic L-DOPA administration are critical to the genesis of dyskinesia. Among
the multiple components, PSD-95 attracts particular attention because of its role mediating the crosstalk
between NMDA and D1 receptors, which is determinant for the induction of LID [8]. Fyn has been also
singled out as a key component between these two receptors [10], and recently, it has been demonstrated
that PSD-95 also modulates the regulatory element DREAM, that has been shown to mediate LID [37].
Moreover, long term structural plasticity of the PSD zone is strongly involved in the development of LID,
affecting spine morphology and synaptic transmission, in a different manner in striatonigral or
striatopallidal subtypes of MSNs [38, 39].
The relationship between DA and Fyn in the striatum has been addressed by different in vivo and in vitro
approaches but not fully studied in models of PD or dyskinesia. The pivotal paper by Dunah et al. [10]
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elegantly demonstrated the role of Fyn as an intermediate between D1R effects on NMDAR trafficking.
These authors also used Fyn-KO mice, and reported that they found evidence of reduced tyrosine
phosphorylation of NR2A and NR2B subunits of the NMDAR in vitro, while D1R agonists failed to induce
the subcellular distribution of NMDAR in Fyn-KO mice. Yet, they did not explore the behavioural
correlations of these findings arguing that Fyn-KO mice “were resistant to a neurotoxic lesion with 6OHDA”. Similarly, Panicker et al. [40] reported attenuated DA loss in the Fyn-KO mice intrastriatally
injected with 6-OHDA. The authors attributed that result to a reduced inflammatory response in Fyn-KO
that may be neuroprotective. On the contrary, we found that the efficiency of the lesion in WT and Fyn-KO
mice was similar in our experimental conditions. We believe that the differences between these two reports
and our results could be attributed to the very different dynamic of dopaminergic lesion induced by 6OHDA depending on the injection site: while 6-OHDA injected into the medium forebrain induces an acute
dopaminergic degeneration [25, 27, 41], intrastriatal lesions induce a slow and progressive degeneration
during 2 to 3 weeks, allowing the action of neuroprotective agents and showing a dopaminergic recovery
even in the absence of any treatment [42, 43]. We have analysed a large number of mice and we can confirm
that in our experimental conditions there were no differences in the extent of dopaminergic lesion between
genotypes.
In line with our results, Mao and Wang [21] showed that D1R stimulation by the selective agonist
SKF81297 specifically activates Fyn, and not Src, increasing the phosphorylation of NR2B at Tyr1472.
Because Fyn and Src are, among the Src family kinases, (SFK) those enriched at synaptic sites [44, 45],
and Fyn is highly expressed in striatal tissue in comparison to Src [46], therefore, Fyn appears to be the
putative member of the SFK mediating D1R and NMDAR interactions in striatal neurons.
These evidences are consistent and complementary with our results, summarized in the model presented
(Fig 6). Considering our previous results showing upregulation of the PTN-RPTPζ/β pathway in L-DOPA
treated rats [34] and that RPTPζ/β modulates Fyn phosphorylation in response to PTN [47], it is also
tempting to speculate a role for these molecules in L-DOPA induced plasticity, probably through the
modulation of Fyn activity.
Fyn-KO mice might have a reduced activity of NMDAR, suggested by the reduced phosphorylation of the
NR2B subunit at Tyr1472, which can therefore explain the reduced dyskinesia observed in these animals.
Recent studies showed that the NR2B subunit antagonist CP-101,606, reduces LID in animal models [18,
48] and patients, but at the expense of inducing several side effects [17]. On the other hand, its use has been
controversial as higher doses exacerbate dyskinesia [49]. This bimodal paradoxical response has not been
fully addressed but can be attributed to a side effect of the drug rather than the target, therefore, the NR2B
subunit is still a desirable target to prevent LID (reviewed in [3]).
Even though there are several evidences connecting D1R and Fyn in striatonigral neurons from the direct
pathway, we cannot rule out a role of Fyn in striatopallidal neurons from the indirect pathway. Fyn is
expressed by both types of MSNs neurons and it has been recently shown that D2R modulates metabotropic
glutamate receptor 5 (mGluR5) by Fyn phosphorylation [50]. Taking into account the role of Fyn in spine
morphology [51, 52], the recovery of dendritic spines in striatopallidal –but not striatonigral- MSNs of
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dyskinetic mice [38], and the fact that D2 stimulation itself is also involved in the development of LID
under some circumstances [30, 53], it is suitable to hypothesize that Fyn could be mediating dyskinesia by
modulating protein activity also in striatopallidal neurons.
We are aware that Fyn-KO mice are fearless and show less exploratory behaviour in the open field test
compared to WT mice [54]. Since these phenotypes could result from impaired locomotion, and therefore
interfere with the expression of AIMs, we undertook comparative rotarod testing of these mice. Our analysis
found no differences between Fyn-KO and WT mice. There is also clinical evidence from patient
observations that dyskinesia can develop even in the context of reduced motor activity as evidenced by the
concomitant presence of elevated UPDRS motor scores [7]. These arguments suggest that the reduced
locomotor activity of Fyn-KO mice does not constitute a significant motor impairment capable of
interfering with our interpretation of the LID results.
We observed a 30% reduction in the development of AIMs in Fyn-KO compared to WT mice. This effect
is similar in magnitude to that reported previously with similar approaches using other constitutive KO
mice, lacking the expression of other related molecules such as Ras-GRF1 [55] or MSK1 [56]. The
necessary and sufficient condition for a single molecule to account for certain behavioural changes is
difficult to determine in a constitutive KO model, as compensatory mechanisms could take place during
development that might limit the full expression of the effects of proteins with important signalling roles,
such as Fyn.
To circumvent this issue and to further test our hypothesis, we performed an experiment using a
pharmacological approach. Although there is no specific inhibitor of Fyn, the Src and Abl family kinases1
inhibitor saracatinib has been shown to inhibit Fyn activity in the mouse brain, providing proof of its
potential use in the therapy of Alzheimer’s disease [26]; and a clinical trial with this drug is ongoing [57,
58]. Also, the evidence that DA stimulation increases Fyn phosphorylation and not Scr [21] and that Fyn is
the preferred member of the SFK expressed in the striatum [46], it is likely that the effect of saracatinib is
due to Fyn inhibition rather than the inhibition of other members of the family. However, the development
of a selective Fyn antagonist is desirable. Mice responding to saracatinib show a reduction of LID scores
and FosB/∆FosB staining in the order of 30% compared to controls, which is comparable to what has been
reported with other drugs that have previously shown efficacy against LID in the same animal model, such
as amantadine or riluzole [6, 28]. We may conclude that, in agreement with our findings in Fyn-KO mice,
there seems to be a plateau of therapeutic effect with every drug that has been tested, giving further support
to the hypothesis that several mechanisms are involved in the development of LID.
The treatment of LID with saracatinib represents a proof of concept that this type of drugs can be used to
reduce the development of LID and Fyn could be a valid pharmacological target to achieve such a goal.
The use of saracatinib may require further refinement indeed, such as dosage and adequate timing of
administration to establish the optimal conditions for its therapeutic use. Alternativly, highly specific
inhibitors for Fyn can be developed and tested. In our experimental conditions we observed no effect when
saracatinib was administered once LID was established. Even if this lack of response must be further
explored reducing L-DOPA doses and/or increasing saracatinib doses, that primary evidence suggests a
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stronger early role of Fyn in the genesis of LID. This can be probably attributed to the participation of Fyn
during early plastic rearrangements, likely at the level of the PSD zone as it has been shown in the
establishment of LTP [59] and in the formation of dendritic spines [51]. This finding raises novel insights
into the development of dyskinesia, which is of significant clinical importance. Although further analysis
is necessary, it is tempting to speculate that a potential therapeutic strategy might be preferred targeted at
preventing the development of LID by combining Fyn inhibition at the start of L-DOPA therapy.
In conclusion, our results demonstrate that Fyn is a pivotal molecule in the development of dyskinesia likely
through a reduction of the NMDA signaling pathway, positioning it as a novel key component in the
molecular mechanism of LID. We therefore propose Fyn as a new potential target molecule to be considered
for pharmacological intervention to manage L-DOPA induced dyskinesia in PD.

Acknowledgments: This work has been entirely done with grants provided from non-profit foundations or
organizations as well as Argentine research institutions: EMBO short term fellowship (JEF, 2012), IBRO
Return Home Fellowship (JEF, 2013-2014), ISN CAEN Return Home Grant (SSB, 2014), ANPCYT-PICT
2011 (OG, 2013-2015), CONICET-PIP (JEF&IT, 2013-0401) and Michael J. Fox Foundation for
Parkinson’s Research, Target Validation Spring 2014 JEF & OG (2014-2016). We thank Gustavo Murer
for critical review of the manuscript, Mariano Saborido for obtaining preliminary data and Soledad
Campana and Natalia Baffa-Trasci for technical assistance.
The authors declare no competing financial interests.

REFERENCES
1.

Aquino CC, Fox SH (2015) Clinical spectrum of levodopa-induced complications. Mov Disord

30:80–9. doi: 10.1002/mds.26125
2.

Iravani MM, Jenner P (2011) Mechanisms underlying the onset and expression of levodopainduced dyskinesia and their pharmacological manipulation. J Neural Transm 118:1661–1690.
doi: 10.1007/s00702-011-0698-2

3.

Bastide MF, Meissner WG, Picconi B, et al (2015) Pathophysiology of L-dopa-induced motor
and non-motor complications in Parkinson’s disease. Prog Neurobiol 132:96–168. doi:
10.1016/j.pneurobio.2015.07.002

4.

Darmopil S, Martin AB, De Diego IR, et al (2009) Genetic Inactivation of Dopamine D1 but Not
D2 Receptors Inhibits L-DOPA-Induced Dyskinesia and Histone Activation. Biol Psychiatry
66:603–613. doi: 10.1016/j.biopsych.2009.04.025

5.

Sawada H, Oeda T, Kuno S, et al (2010) Amantadine for Dyskinesias in Parkinson’s Disease: A
Randomized Controlled Trial. PLoS One 5:e15298. doi: 10.1371/journal.pone.0015298

11

Sanz-Blasco et al.
6.

Bido S, Marti M, Morari M (2011) Amantadine attenuates levodopa-induced dyskinesia in mice
and rats preventing the accompanying rise in nigral GABA levels. J Neurochem 118:1043–1055.
doi: 10.1111/j.1471-4159.2011.07376.x

7.

Thomas A, Iacono D, Luciano AL, et al (2004) Duration of amantadine benefit on dyskinesia of
severe Parkinson’s disease. J Neurol Neurosurg Psychiatry 75:141–143.

8.

Porras G, Berthet A, Dehay B, et al (2013) PSD-95 expression controls L-DOPA dyskinesia
through dopamine D1 receptor trafficking. J Clin Invest 122:3977–3989. doi:
10.1172/JCI59426DS1

9.

Kim E, Sheng M (2004) PDZ domain proteins of synapses. Nat Rev Neurosci 5:771–781.

10.

Dunah AW, Sirianni AC, Fienberg AA, et al (2004) Dopamine D1-dependent trafficking of
striatal N-methyl-D-aspartate glutamate receptors requires Fyn protein tyrosine kinase but not
DARPP-32. Mol Pharmacol 65:121–129.

11.

Trepanier CH, Jackson MF, MacDonald JF (2012) Regulation of NMDA receptors by the
tyrosine kinase Fyn. FEBS J 279:12–19. doi: 10.1111/j.1742-4658.2011.08391.x

12.

Kojima N, Ishibashi H, Obata K, Kandel ER (1998) Higher seizure susceptibility and enhanced
tyrosine phosphorylation of N-methyl-D-aspartate receptor subunit 2B in fyn transgenic mice.
Learn Mem 5:429–45.

13.

Ali DW, Salter MW (2001) NMDA receptor regulation by Src kinase signalling in excitatory
synaptic transmission and plasticity. Curr Opin Neurobiol 11:336–342. doi: 10.1016/S09594388(00)00216-6

14.

Tezuka T, Umemori H, Akiyama T, et al (1999) PSD-95 promotes Fyn-mediated tyrosine
phosphorylation of the N-methyl-D-aspartate receptor subunit NR2A. Proc Natl Acad Sci U S A
96:435–440.

15.

Gardoni F, Picconi B, Ghiglieri V, et al (2006) A Critical Interaction between NR2B and
MAGUK in L-DOPA Induced Dyskinesia. J Neurosci 26:2914–2922. doi:
10.1523/JNEUROSCI.5326-05.2006

16.

Mabrouk OS, Mela F, Calcagno M, et al (2013) GluN2A and GluN2B NMDA receptor subunits
differentially modulate striatal output pathways and contribute to levodopa-induced abnormal
involuntary movements in dyskinetic rats. ACS Chem Neurosci 4:808–816. doi:
10.1021/cn400016d

17.

Nutt JG, Gunzler SA, Kirchhoff T, et al (2008) Effects of a NR2B selective NMDA glutamate
antagonist, CP-101,606, on dyskinesia and parkinsonism. Mov Disord 23:1860–1866. doi:
10.1002/mds.22169

12

Sanz-Blasco et al.
18.

Quintana A, Melon C, Goff LK Le, et al (2010) Forelimb dyskinesia mediated by high-frequency
stimulation of the subthalamic nucleus is linked to rapid activation of the NR2B subunit of Nmethyl-d-aspartate receptors. Eur J Neurosci 32:423–434. doi: 10.1111/j.14609568.2010.07290.x

19.

Errico F, Bonito-Oliva A, Bagetta V, et al (2011) Higher free d-aspartate and N-methyl-daspartate levels prevent striatal depotentiation and anticipate l-DOPA-induced dyskinesia. Exp
Neurol 232:240–250. doi: 10.1016/j.expneurol.2011.09.013

20.

Oh JD, Russell D, Vaughan CL, Chase TN (1998) Enhanced tyrosine phosphorylation of striatal
NMDA receptor subunits: Effect of dopaminergic denervation and L-DOPA administration. Brain
Res 813:150–159. doi: 10.1016/S0006-8993(98)01049-X

21.

Mao LM, Wang JQ (2015) Dopaminergic and cholinergic regulation of Fyn tyrosine kinase
phosphorylation in the rat striatum in vivo. Neuropharmacology 99:491–499. doi:
10.1016/j.neuropharm.2015.08.017

22.

Nakazawa T, Komai S, Tezuka T, et al (2001) Characterization of Fyn-mediated tyrosine
phosphorylation sites on GluR??2 (NR2B) subunit of the N-methyl-D-aspartate receptor. J Biol
Chem 276:693–699. doi: 10.1074/jbc.M008085200

23.

Usardi A, Pooler AM, Seereeram A, et al (2011) Tyrosine phosphorylation of tau regulates its
interactions with Fyn SH2 domains, but not SH3 domains, altering the cellular localization of tau.
FEBS J 278:2927–2937. doi: 10.1111/j.1742-4658.2011.08218.x

24.

Paxinos G, Franklin KBJ (2001) The Mouse Brain in Stereotaxic Coordinates, 2 Edition. . San
Diego:Academic Press.

25.

Francardo V, Recchia A, Popovic N, et al (2011) Impact of the lesion procedure on the profiles of
motor impairment and molecular responsiveness to L-DOPA in the 6-hydroxydopamine mouse
model of Parkinson’s disease. Neurobiol Dis 42:327–340. doi: S0969-9961(11)00045-3
[pii]10.1016/j.nbd.2011.01.024

26.

Kaufman AC, Salazar S V., Haas LT, et al (2015) Fyn inhibition rescues established memory and
synapse loss in Alzheimer mice. Ann Neurol 77:953–971. doi: 10.1002/ana.24394

27.

Lundblad M, Picconi B, Lindgren H, Cenci MA (2004) A model of L-DOPA-induced dyskinesia
in 6-hydroxydopamine lesioned mice: relation to motor and cellular parameters of nigrostriatal
function. Neurobiol Dis 16:110–123. doi: 10.1016/j.nbd.2004.01.007S0969996104000178 [pii]

28.

Lundblad M, Usiello A, Carta M, et al (2005) Pharmacological validation of a mouse model of lDOPA-induced dyskinesia. Exp Neurol 194:66–75. doi: 10.1016/j.expneurol.2005.02.002

29.

Francardo V, Recchia A, Popovic N, et al (2011) Impact of the lesion procedure on the profiles of
motor impairment and molecular responsiveness to L-DOPA in the 6-hydroxydopamine mouse

13

Sanz-Blasco et al.
model of Parkinson’s disease. Neurobiol Dis 42:327–40. doi: 10.1016/j.nbd.2011.01.024
30.

Delfino MA, Stefano A V, Ferrario JE, et al (2004) Behavioral sensitization to different dopamine
agonists in a parkinsonian rodent model of drug-induced dyskinesias. Behav Brain Res 152:297–
306. doi: 10.1016/j.bbr.2003.10.009S0166432803003735 [pii]

31.

Larramendy C, Taravini IR, Saborido MD, et al (2008) Cabergoline and pramipexole fail to
modify already established dyskinesias in an animal model of parkinsonism. Behav Brain Res
194:44–51. doi: S0166-4328(08)00322-7 [pii]10.1016/j.bbr.2008.06.021

32.

Cenci MA, Lundblad M (2007) Ratings of L-DOPA-induced dyskinesia in the unilateral 6OHDA lesion model of Parkinson’s disease in rats and mice. Curr Protoc Neurosci Chapter
9:Unit 9.25. doi: 10.1002/0471142301.ns0925s41

33.

Taravini IR, Chertoff M, Cafferata EG, et al (2011) Pleiotrophin over-expression provides trophic
support to dopaminergic neurons in parkinsonian rats. Mol Neurodegener 6:40. doi:
10.1186/1750-1326-6-40

34.

Ferrario JE, Rojas-Mayorquín AE, Saldaña-Ortega M, et al (2008) Pleiotrophin receptor RPTPζ/β expression is up-regulated by L-DOPA in striatal medium spiny neurons of parkinsonian rats.
J Neurochem 107:443–452. doi: 10.1111/j.1471-4159.2008.05640.x

35.

Andersson M, Hilbertson A, Cenci MA (1999) Striatal fosB expression is causally linked with lDOPA-induced abnormal involuntary movements and the associated upregulation of striatal
prodynorphin mRNA in a rat model of Parkinson’s disease. Neurobiol Dis 6:461–474. doi:
10.1006/nbdi.1999.0259 S0969-9961(99)90259-0 [pii]

36.

Prybylowski K, Chang K, Sans N, et al (2005) The synaptic localization of NR2B-containing
NMDA receptors is controlled by interactions with PDZ proteins and AP-2. Neuron 47:845–857.
doi: 10.1016/j.neuron.2005.08.016

37.

Ruiz-Dediego I, Mellstrom B, Vallejo M, et al (2015) Activation of DREAM (Downstream
Regulatory Element Antagonistic Modulator), a calcium-binding protein, reduces L-DOPAinduced dyskinesias in mice. Biol Psychiatry 77:95–105. doi: 10.1016/j.biopsych.2014.03.023

38.

Suarez LM, Solis O, Carames JM, et al (2014) L-DOPA treatment selectively restores spine
density in dopamine receptor d2-expressing projection neurons in dyskinetic mice. Biol
Psychiatry 75:711–722. doi: 10.1016/j.biopsych.2013.05.006

39.

Suarez LM, Solis O, Aguado C, et al (2016) L-DOPA Oppositely Regulates Synaptic Strength
and Spine Morphology in D1 and D2 Striatal Projection Neurons in Dyskinesia. Cereb Cortex
26:4253–4264. doi: 10.1093/cercor/bhw263

40.

Panicker N, Saminathan H, Jin H, et al (2015) Fyn Kinase Regulates Microglial
Neuroinflammatory Responses in Cell Culture and Animal Models of Parkinson’s Disease. J

14

Sanz-Blasco et al.
Neurosci 35:10058–77. doi: 10.1523/JNEUROSCI.0302-15.2015
41.

Herrera-Marschitz M, Arbuthnott G, Ungerstedt U (2010) The rotational model and
microdialysis: Significance for dopamine signalling, clinical studies, and beyond. Prog Neurobiol
90:176–89. doi: 10.1016/j.pneurobio.2009.01.005

42.

Alvarez-Fischer D, Henze C, Strenzke C, et al (2008) Characterization of the striatal 6-OHDA
model of Parkinson’s disease in wild type and α-synuclein-deleted mice. Exp Neurol 210:182–
193. doi: 10.1016/j.expneurol.2007.10.012

43.

Sauer H, Oertel WH (1994) Progressive degeneration of nigrostriatal dopamine neurons following
intrastriatal terminal lesions with 6-hydroxydopamine: a combined retrograde tracing and
immunocytochemical study in the rat. Neuroscience 59:401–415.

44.

Kalia L V, Gingrich JR, Salter MW (2004) Src in synaptic transmission and plasticity. Oncogene
23:8007–8016. doi: 10.1038/sj.onc.1208158

45.

Ohnishi H, Murata Y, Okazawa H, Matozaki T (2011) Src family kinases: modulators of
neurotransmitter receptor function and behavior. Trends Neurosci 34:629–637. doi:
10.1016/j.tins.2011.09.005

46.

Pascoli V, Besnard A, Hervé D, et al (2011) Cyclic Adenosine Monophosphate–Independent
Tyrosine Phosphorylation of NR2B Mediates Cocaine-Induced Extracellular Signal-Regulated
Kinase Activation. Biol Psychiatry 69:218–227. doi: 10.1016/j.biopsych.2010.08.031

47.

Pariser H, Ezquerra L, Herradon G, et al (2005) Fyn is a downstream target of the
pleiotrophin/receptor protein tyrosine phosphatase beta/zeta-signaling pathway: regulation of
tyrosine phosphorylation of Fyn by pleiotrophin. Biochem Biophys Res Commun 332:664–669.

48.

Kong M, Ba M, Liu C, et al (2015) NR2B antagonist CP-101,606 inhibits NR2B phosphorylation
at tyrosine-1472 and its interactions with Fyn in levodopa-induced dyskinesia rat model. Behav
Brain Res 282:46–53. doi: 10.1016/j.bbr.2014.12.059

49.

Nash JE, Ravenscroft P, McGuire S, et al (2004) The NR2B-selective NMDA receptor antagonist
CP-101,606 exacerbates L-DOPA-induced dyskinesia and provides mild potentiation of antiparkinsonian effects of L-DOPA in the MPTP-lesioned marmoset model of Parkinson’s disease.
Exp Neurol 188:471–479. doi: 10.1016/j.expneurol.2004.05.004

50.

Mao L-M, Wang JQ (2016) Dopamine D2 receptors are involved in the regulation of Fyn and
mGluR5 phosphorylation in the rat striatum in vivo. 94:329–338. doi: 10.1038/nbt.3121.ChIPnexus

51.

Babus LW, Little EM, Keenoy KE, et al (2011) Decreased dendritic spine density and abnormal
spine morphology in Fyn knockout mice. Brain Res 1415:96–102. doi:
10.1016/j.brainres.2011.07.059

15

Sanz-Blasco et al.
52.

Morita A (2006) Regulation of Dendritic Branching and Spine Maturation by Semaphorin3A-Fyn
Signaling. J Neurosci 26:2971–2980. doi: 10.1523/JNEUROSCI.5453-05.2006

53.

Delfino M, Kalisch R, Czisch M, et al (2007) Mapping the effects of three dopamine agonists
with different dyskinetogenic potential and receptor selectivity using pharmacological functional
magnetic resonance imaging. Neuropsychopharmacology 32:1911–1921. doi: 1301329
[pii]10.1038/sj.npp.1301329

54.

Miyakawa T, Yagi T, Kagiyama A, Niki H (1996) Radial maze performance, open-field and
elevated plus-maze behaviors in Fyn-kinase deficient mice: Further evidence for increased
fearfulness. Mol Brain Res 37:145–150. doi: 10.1016/0169-328X(95)00300-H

55.

Fasano S, Bezard E, D’Antoni A, et al (2010) Inhibition of Ras-guanine nucleotide-releasing
factor 1 (Ras-GRF1) signaling in the striatum reverts motor symptoms associated with L-dopainduced dyskinesia. Proc Natl Acad Sci U S A 107:21824–9. doi: 10.1073/pnas.1012071107

56.

Feyder M, Södersten E, Santini E, et al (2014) A Role for Mitogen- and Stress-Activated Kinase
1 in L-DOPA-Induced Dyskinesia and {increment}FosB Expression. Biol Psychiatry 79:362–
371. doi: 10.1016/j.biopsych.2014.07.019

57.

Nygaard HB, van Dyck CH, Strittmatter SM (2014) Fyn kinase inhibition as a novel therapy for
Alzheimer’s disease. Alzheimers Res Ther 6:8. doi: 10.1186/alzrt238

58.

Nygaard HB, Wagner AF, Bowen GS, et al (2015) A phase Ib multiple ascending dose study of
the safety, tolerability, and central nervous system availability of AZD0530 (saracatinib) in
Alzheimer’s disease. Alzheimers Res Ther 7:35.

59.

Kojima N, Wang J, Mansuy IM, et al (1997) Rescuing impairment of long-term potentiation in
fyn-deficient mice by introducing Fyn transgene. Proc Natl Acad Sci U S A 94:4761–4765.

16

Sanz-Blasco et al.
FIGURE LEGENDS
Fig. 1 Evaluation of AIMs in Fyn-KO vs WT mice
A) Schematic representation of the paradigm of dyskinesia used to evaluate the development of LID in FynKO compared with WT. Briefly, Fyn-KO or WT (obtained from Fyn +/- breeding) were lesioned with 6OHDA into the MFB, received intense care for 2 weeks and selected by the cylinder test. One week later
they were challenged with L-DOPA to induce dyskinesia. Abnormal Involuntary Movements (AIMs) were
determined on days 2, 5, 8, 12 and 16th. Postmortem we conducted histological or biochemical analysis.
B) Rotarod analysis of Fyn-KO vs. WT mice. Data are mean ± SEM (n = 6 mice/group), compared by
unpaired Student’s t-test (p = 0.3170). C) Illustrative WB of Fyn detection to reconfirm genotype. D) Sum
of values for axial dystonia, orolingual and limb dyskinesia per day throughout treatment. Data are mean ±
SEM (n = 30 for Fyn-KO and n = 28 for WT). Two-way ANOVA with repeated measures showed no
interaction effect (time x genotype) [F (4, 318) = 0.4017; p = 0.8074] a significant effect of genotype [F (1,
318) = 51.73; ***p < 0.0001] and time [F (4, 318) = 8.261; ***p < 0.0001]. Independent Student’s t-tests
were run for each day: day 2 *p = 0.0118; day 5 **p = 0.0047; day 8 **p = 0.0036; day 12 ***p < 0.0001;
day 16 **p = 0.0014. E) Representative session day corresponding to day 12th. Two-way ANOVA with
repeated measures showed no interaction effect (time x genotype) [F (5, 318) = 1,145; p = 0.3366], a
significant effect of genotype [F (1, 318) = 75.29; ***p < 0.0001] and time [F (5, 318) = 29.49; ***p <
0.0001]. Independent Student’s t-test was run for each time interval, ***p < 0.0001 between 20 and 100
min.
Fig. 2 Tyrosine Hydroxilase immunodetection in sham and 6-OHDA-lesioned Fyn-KO and WT mice
A) Illustrative photomicrographs of striatal and nigral TH immunostaning. Scale bar = 200 µm. B)
Quantification of striatal TH immunoreactivity expressed as percentage of dopaminergic denervation
relative to contralateral side. Data are mean ± SEM (n = 18 mice/group), compared by unpaired Student’s
t-test (p = 0.5270). C) Quantification of nigral TH immunoreactivity. Data are mean ± SEM (n = 9
mice/group), compared by unpaired Student’s t-test (p = 0.3483). D) TH protein levels determined by WB
from ipsilateral striatal homogenates of Fyn-KO and WT mice. Percentage of TH/ß-actin normalized to
Sham+Veh WT mice. Data are mean ± SEM (5 to 10 striata/group). In Sham+Veh treated mice TH levels
were not different between genotypes, compared by unpaired Student’s t-test (p = 0.8090). There was no
effect of genotype [F(1, 34) = 0.6636, p = 0.4210] or treatment (Veh vs. L-DOPA) [F(1, 34) = 2.417, p =
0.1293] in TH levels between 6-OHDA-lesioned mice, nor was there any interaction effect (treatment x
genotype) [F(1, 34) = 0.0010; p = 0.9746], determined by Two-way ANOVA.
Fig. 3 FosB/ΔFosB immunodetection in sham and 6-OHDA-lesioned Fyn-KO and WT mice
A) Illustrative photomicrographs of striatal immunostaining of FosB/ΔFosB in Fyn-KO and WT mice (scale
bar = 200 µm) and its quantification. Insets show FosB/ΔFosB immunopositive cells at the dorsal (D) and
lateral (L) striatum (scale bar = 50 µm; bottom panel). Data are mean ± SEM (n = 18 mice/group). ***p <
0.0001, by unpaired Student’s t-test. B) FosB/ΔFosB protein levels determined by WB from ipsilateral
striatal homogenates of Fyn-KO and WT mice. Data are mean ± SEM (n = 6 to 7 striata/group). Two-way
ANOVA determined no effect of treatment (Veh vs. L-DOPA) [F(1, 23) = 0.6955, p = 0.4129] genotype
(WT vs. Fyn-KO) [F(1,23) = 0.0002, p = 0.9885], or interaction [F(1, 23) = 1.543, p = 0.2266], within the
sham group. However within the 6-OHDA-lesioned group, treatment [F(1, 22) = 23,92, p < 0.0001],
genotype [F(1, 22) = 4.611, p = 0.0430] and interaction [F(1, 22) = 5.053, p = 0.0349] had a significant
effect on FosB/ΔFosB detection. Tukey’s post-hoc analysis determined that FosB/ΔFosB protein levels
significantly increased in WT dyskinetic mice compared to non-treated ones (***p = 0.0002), and were
significantly reduced in Fyn-KO L-DOPA-treated mice compared to WT-L-DOPA treated ones (*p
=0.0245).

17

Sanz-Blasco et al.
Fig. 4 Striatal protein level of phosphorylated NMDAR subunit NR2B at Tyr1472 in sham and 6OHDA-lesioned Fyn-KO and WT mice
Amounts of phospho-Tyr1472 of NR2B relative to total NR2B levels normalized to β-actin from ipsilateral
striatal homogenates bands. Data are mean ± SEM (n = 5 to 9 striata/group). Two-way ANOVA determined
that both sham- and 6-OHDA-treated groups had a significant reduction of p-NR2B levels due to the
genotype [F(1, 17) = 13.74, p = 0.0018] and [F (1, 25) = 5.056; p= 0.0336], respectively. There have not
been detected in any group an effect of the treatment (Sham [F(1, 17) = 1.821, p = 0.1949]; 6-OHDA [F(1,
25) = 3.290, p = 0.0817]) nor of its interaction (treatment x genotype) Sham [F (1,17) = 3.110, p = 0.0958];
6-OHDA [F(1, 25) = 0.0019, p = 0.9656). **p = 0.0073, by Tukey’s test. Bottom panel: Representative
western blot.
Fig. 5 Evaluation of AIMs on saracatinib-treated WT mice
A) Schematic representation of the paradigm of dyskinesia used to evaluate the effect of saracatinib on
LID. Briefly, WT C57 mice were lesioned with 6-OHDA into the MFB, received intense care for 2 weeks,
were selected by the cylinder test and randomly assigned to be treated or not with saracatinib in two
pharmacological schemes: starting 8 days before L-DOPA treatment (pre-treatment), or 8 days after LDOPA administration (post-treatment). Abnormal Involuntary Movements (AIMs) were determined on
days 2, 5, 8, 12, 15 and 19th. B) Sum of values for axial dystonia, orolingual and limb dyskinesia per day
throughout the L-DOPA treatment of mice that received saracatinib starting 8 days after the first L-DOPA
administration (post-treatment). Data are mean ± SEM (veh: n = 6; saracatinib: n = 5). Two-way ANOVA
with repeated measures showed no interaction (time x treatment) [F(5, 52) = 0.2320; p = 0.9468], no effect
of time [F(5, 52) = 1.423; p = 0.2317] and neither of treatment [F(1, 52) = 0.1004; p = 0.7526]. C) Similar
to B but treatment with saracatinib starting 8 days before L-DOPA (pre-treatment) (veh: n = 7; saracatinib:
n = 5). Two-way ANOVA with repeated measures showed no interaction effect (time x treatment) [F(5,
60) = 0.3985; p = 0.8479], no effect of time [F(5, 60) = 2,339; p = 0.0525] and a significant effect of
treatment [F(1, 60) = 24.91; ***p < 0,0001]. Independent Student’s t-tests were run for each day: day 2 **p
= 0.0023, 5 ** p = 0.0078; day 19 *p = 0.0332. D, E) Sum of values for axial dystonia, orolingual and limb
dyskinesia on days 2nd and 19th throughout one behavioral session of the pre-treated group. Data are mean
± SEM. Independent Student’s t-tests were run for each time interval. D) Two-way ANOVA with repeated
measures showed interaction effect (time x treatment) [F(5, 60) = 2.980; p = 0.0181], significant effect of
time [F(5, 60) = 29.95; ***p < 0.0001] and significant effect of treatment [F(1.60) = 31.73; ***p < 0.0001].
Minute 20 *p = 0.0240; minute 40 ** p = 0.0010; minute 60 *p = 0.0162; minute 80 *** p = 0.0008. E)
Two-way ANOVA with repeated measures showed no interaction effect (time x treatment) [F(5, 60) =
1.026; p = 0.4103], significant effect of time [F(5.60) = 44.05; ***p < 0.0001] and significant effect of
treatment [F(1.60) = 20.00; ***p < 0.0001]. Minute 20 ** p = 0.0035; minute 40 *p = 0.0415. F)
Quantification of striatal TH immunoreactivity expressed as percentage of dopaminergic denervation
relative to contralateral side. Data are mean ± SEM, pre-treatment (veh: n = 7; saracatinib: n = 5); p > 0.05;
post-treatment (veh: n = 6; saracatinib: n = 5); p > 0.05, compared by unpaired Student’s t-test. G)
Quantification of FosB/ΔFosB immunoreactive (IR) area in the striatum of vehicle and saracatinib pretreated mice. Data are mean ± SEM (veh: n = 6; saracatinib: n = 4); p = 0.0043, compared by unpaired
Student’s t-test.

Fig. 6 Molecular regulation at the postsynaptic density zone in LID
Figure illustrates a D1R-expressing MSN dendritic spine. Fyn regulates the crosstalk between D1R and
NMDAR by phosphorylation of the NR2B subunit of NMDAR at Tyr1472. The kinase activity of Fyn can
be also modulated by PTN through inactivating phosphatase activity of RPTPζ/β.
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