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Abstract  38 

In toxin-based models of Parkinson´s disease (PD), striatal projection neurons 39 

(SPNs) exhibit dendritic atrophy and spine loss concurrent with an increase in 40 

excitability. Chronic L-DOPA-treatment that induces dyskinesia selectively restores 41 

spine density and excitability in indirect pathway SPNs (iSPNs), whereas spine loss and 42 

hyper-excitability persist in direct pathway SPNs (dSPNs). These alterations have only 43 

been characterized in toxin-based models of PD, raising the possibility that they are an 44 

artifact of exposure to the toxin, which may engage compensatory mechanisms 45 

independent of the PD-like pathology or due to the loss of dopaminergic afferents. To 46 

test all these we studied the synaptic remodeling in Pitx3-/- mice, a genetic model of 47 

PD, in which most of the dopamine neurons in the SN fail to fully differentiate and to 48 

innervate the striatum.  We made 3D reconstructions of the dendritic arbor and 49 

measured excitability in identified SPNs located in dorsal striatum of BAC-Pitx3-/- 50 

mice treated with saline or L-DOPA. Both dSPNs and iSPNs from BAC-Pitx3-/- mice 51 

had shorter dendritic trees, lower spine density, and more action potentials than their 52 

counterparts from WT mice. Chronic L-DOPA treatment restored spine density and 53 

firing rate in iSPNs. By contrast, in dSPNs, spine loss and hyper-excitability persisted 54 

following L-DOPA, similar to what happens in 6-OHDA WT mice. This indicates that 55 

dopamine-mediated synaptic remodeling and plasticity is independent of dopamine 56 

innervation during SPN development and that Pitx3-/- is a good model because develop 57 

the same pathology described in the toxins-based models and in human post-mortem 58 

studies of advanced PD. 59 

 60 

 61 
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Significance statement  62 

As the only genetic model of Parkinson´s disease (PD) that develops dyskinesia, 63 

Pitx3-/- mice reproduce the behavioral effects seen in humans and are a good system for 64 

studying dopamine-induced synaptic remodeling. The studies we present here establish 65 

that the structural and functional synaptic plasticity that occur in striatal projection 66 

neurons in PD and in L-DOPA-induced dyskinesia is specifically due to modulation of 67 

the neurotransmitter dopamine and is not an artifact of the use of chemical toxins in PD 68 

models. In addition, our findings provide evidence that synaptic plasticity in the Pitx3-/- 69 

mouse is similar to that seen in toxin models despite its lack of dopaminergic 70 

innervation of the striatum during development.  Pitx3-/- mice reproduced the 71 

alterations described in patients with advanced PD and in well-accepted toxin-based 72 

models of PD and dyskinesia. These results further consolidate the fidelity of the Pitx3-73 

/- mouse as a PD model in which to study the morphological and physiological 74 

remodeling of striatal projection neurons by L-DOPA and by other drugs. 75 

Introduction  76 

The striatum, a major component of the basal ganglia motor circuit, is mainly 77 

composed of projection neurons (SPNs), that are divided into two populations based on 78 

their divergent gene expression and circuit function: the direct projection neurons 79 

(dSPNs), which contain D1 receptors and facilitate movement, and the indirect 80 

projection neurons (iSPNs), which contain D2 receptors and inhibit movement (Albin et 81 

al., 1989). Because of this dichotomous dopamine receptor expression, dopamine plays 82 

a fundamental role in movement (Gerfen and Surmeier, 2011; Silberber and Bolam 83 

2015). In addition, the SPNs are the only striatal neurons with dendritic spines, highly 84 

specialized dendritic structures, that regulate synaptic strength (Kawaguchi, 1997). 85 
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While SPNs receive glutamatergic and dopaminergic inputs on the same spines 86 

(Silberberg and Bolam 2015), the localization of the dopaminergic inputs on the neck of 87 

the spines gives dopamine a central role in regulating spine function (Bolam et al., 88 

2000; Deutch et al., 2007). Dopamine facilitates spine formation on SPNs via D1 and 89 

D2 receptors (Fasano et al., 2013) and the loss of striatal dopamine in Parkinson´s 90 

disease  (PD) reduces the dendritic length and spine density to a similar extent in both 91 

types of SPNs (Solis et al., 2007; Fieblinger et al., 2014; Suarez et al., 2014; 2016; 92 

Gagnon et al., 2017). Curiously, this spine loss produces opposite changes in synaptic 93 

transmission, facilitating synaptic strength in dSPNs and reducing it in iSPNs (Suarez et 94 

al., 2016). Dopamine loss also increases the intrinsic excitability of both SPNs types, 95 

but by opposite mechanisms: via synaptic facilitation in dSPNs and by reduced 96 

activation of D2 receptors in iSPNs (Suarez et al., 2016). 97 

Replacing striatal dopamine with its precursor, L-3,4-dihydroxyphenylalanine (L-98 

DOPA), remains the most effective treatment for PD, but also induces dyskinesias with 99 

prolonged treatment. In animal models of PD, chronic L-DOPA produces dyskinesia 100 

and induces opposite patterns of synaptic remodeling in iSPNs and dSPNs. In iSPNs 101 

spine density and intrinsic excitability are recovered of dyskinetic mice, but synaptic 102 

transmission remains reduced.  However, in dSPNs in the same dyskinetic mice, spine 103 

loss and hyper-excitability persist and synaptic transmission is facilitated because the 104 

spines are enlarged, with bigger heads, necks, and postsynaptic densities (Suarez et al., 105 

2016), possibly due to D1 receptor hypersensitization (Santini et al., 2007; Darmopil et 106 

al., 2009; Murer and Moratalla, 2011; Ruiz deDiego et al., 2015b; Solis et al., 2016). 107 

Thus far, these structural and functional changes have been studied after dopamine 108 

denervation using chemical toxin models of PD, making it impossible to differentiate 109 

between changes caused by exposure to the toxins and those caused by the lack of 110 
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dopamine per se or whether the effects of L-DOPA are influenced by the loss of pre-111 

existing dopaminergic fibers or not.  Moreover, toxin models are unilateral models of 112 

PD, whereas in humans the disease affects both hemispheres.  113 

To test if these changes in SPNs are specifically due to the lack of dopamine, we 114 

used a genetic model of PD: the Aphakia or Pitx3-/- mice, which exhibit selective 115 

bilateral dopamine depletion in the striatum (Nunes et al., 2003; van den Munckhof et 116 

al., 2003; Smidt et al., 2004) because most of its SN dopaminergic neurons fail to fully 117 

differentiate and innervate the SPNs. This lack of dopamine produces PD-like motor 118 

impairment (Hwang et al., 2005; Solis et al, 2015; Filali and Lalonde, 2016) which is 119 

reversed with acute L-DOPA that after chronic treatment develops dyskinesia (Ding et 120 

al., 2007; Iderberg et al., 2012; Solis et al., 2015). As SPNs of Pitx3-/- mice have never 121 

been innervated by dopamine, Pitx3-/- represents a very useful model in which to 122 

investigate whether the synaptic remodeling of SPNs in the absence of nigrostriatal 123 

circuit is similar to that described after toxin-based PD models and whether L-DOPA 124 

exposure recovers these changes.  125 

 126 

Methods and materials 127 

Animals and treatment. This study was carried out in 3-to 4-month-old male 128 

hemizygous BAC-transgenic mice (D1R-tomato and D2R-eGFP, C57BL/6) crossed 129 

with WT or with homozygous Pitx3−/− (C57BL/6) mice. Animals were housed and 130 

maintained following the guidelines from European Union Council Directive 131 

(86/609/European Economic Community). WT, Pitx3−/− and BAC-Pitx3-/- mice 132 

received a daily intraperitoneal injection of 10 mg/kg benserazide hydrochloride 133 

(Sigma-Aldrich) followed 20 min later by an intraperitoneal injection of 25 mg/kg L-134 

DOPA (Sigma-Aldrich) or two saline injections 20 min apart. 135 
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Behavior.  136 

Rotarod test. To evaluate motor coordination and balance in WT and Pitx3-/- mice 137 

we used the rotarod test (UgoBasile, Rome, Italy) as previously described (González-138 

Aparicio and Moratalla, 2014). Mice were habituated to the rod before the test sessions 139 

with a 1 min training session, during which the rod was set at a constant speed of 10 140 

rpm and mice were placed back on the rod if they fell. During the subsequent training 141 

phase, mice were placed on the rod for 5 min per session for 6 sessions at increasing 142 

velocity (4 rpm to 10 rpm) and the latency to fall from the rod was measured. 143 

Challenging beam traversal test. Motor performance was measured with a beam test 144 

described by Hwang et al., (2005). Briefly, mice received 2 days of training on the beam 145 

before testing. On the test day, a mesh grid (0.8 cm square holes) was placed over the 146 

beam, leaving 1 cm of space between the grid and the beam surface. Mice were then 147 

videotaped while crossing the grid-covered (challenging) beam during 5 trials, and the 148 

total time and number of steps to traverse the beam were scored for each trial.  149 

Dyskinesia. L-DOPA-induced dyskinesia consisted primarily of abnormal stereotypic 150 

paw movements. The quantification of the dyskinetic events was performed manually 151 

using the protocol previously described (Ding et al., 2007; Solis et al., 2015). Briefly, 152 

60 min after L-DOPA or saline injection, mice were individually placed in glass 153 

cylinders and the time spent in three/four paws dyskinesia was scored over 5 min.  154 

Immunohistochemistry. On day 15 of L-DOPA or saline treatment (1 hr after injection) 155 

mice were anesthetized and transcardially perfused with 4% paraformaldehyde (pH 7.4). 156 

Brains were postfixed for 24 h in the same solution. Coronal sections were obtained on 157 

a vibratome (Leica, RRID:SCR_008960). The cutting sequence was 200, 30, 30, 30 μm 158 

thick sections throughout the entire striatum, following the protocol previously 159 

described by Suarez et al., (2014).  30 μm sections were used for TH (1:1,000; Millipore 160 
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Cat# AB1542 RRID:AB_11213126) and FosB (H-237) (1:15,000; Santa Cruz 161 

Biotechnology Cat# sc-28213 RRID:AB_2106911) immunostaining as previously 162 

described (Darmopil et al., 2009; Ruiz deDiego et al., 2015a). 163 

Single-cell microinjection and 3D-spine analysis. 200 μm sections were used for 164 

Lucifer-Yellow injections and morphological reconstruction of SPNs. dSPNs (red 165 

fluorescence) and iSPNs (green fluorescence) were impaled with a micropipette 166 

containing 8% Lucifer yellow (Sigma-Aldrich), injected with 10-20 nA of 167 

hyperpolarizing current, and posterior sections were processed for 168 

immunocytochemistry with the anti-Lucifer-Yellow antibody (1:100,000; 169 

manufactured) as described previously (Suarez et al., 2014; 2016). Neurolucida v8 170 

(MicroBrightField RRID:SCR_001775) was used to trace 3-dimensional dendritic 171 

arbors of SPNs and to mark spines. For spine subtype quantification, fluorescence high 172 

magnification (x63 oil) confocal images were deconvolved using Leica LAS AF Image 173 

Acquisition Software v2.5 (RRID:SCR_013673), and spine analysis was performed 174 

using the semi-automated software NeuronStudio (http://research.mssm.edu/cnic/tools-175 

ns.html; RRID:SCR_013798) as previously described (Rodriguez et al., 2008; Dumitriu 176 

et al., 2012; Suarez et al., 2016). Only neurons that were completely filled and located 177 

in totally denervated areas were included for analysis. Quantifications were done by a 178 

researcher blind to the experimental conditions and 6-8 neurons per animal were 179 

analyzed (Table 1) 180 

Electrophysiology. On 15 day of L-DOPA or saline treatment, mice were decapitated 181 

and their brains removed and submerged into ice-cold Krebs-Ringer-bicarbonate (KRB) 182 

solution containing (in mM): 119 NaCl, 26.2 NaHCO3, 2.5 KCl, 1 KH2PO4, 1.3 183 

MgSO4, 2.5 CaCl2 and 11 glucose, gassed with 95% O2 and 5% CO2. Transverse 184 

corticostriatal slices (350 μm thick) were cut and recovered for >1 h at room 185 
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temperature. Recordings were performed in a submersion-type chamber continuously 186 

perfused (2 ml/min) with standard KRB solution at 31-32ºC in presence 100 μm 187 

picrotoxin (Sigma) to block GABAA receptors. SPNs located in dorsal striatum were 188 

identified using infrared differential interference contrast on an upright DM6000FS 189 

Leica microscope, controlled by LASAF software. Red and green fluorescence, 190 

respectively, were used to identify dSPNs and iSPNs. Sharp electrodes for intracellular 191 

recording were filled with 2M KCl (50-80 MΩ). Signals were recording with an 192 

Axoclamp-2B amplifier (Molecular devices, CA, USA) used in bridge mode, stored and 193 

analyzed on a digital system (pClamp v10.0, Molecular Devices, RRID:SCR_011323). 194 

Only cells (1-2 neurons per slice) with a stable resting membrane potential (RMP) more 195 

hyperpolarized than −70 mV and with an apparent input resistance (Rin) >30 MΩ were 196 

considered in this study (Table 2). Firing rate was determined by injecting depolarizing 197 

current-steps (200 ms) through the patch electrode and measuring the resulting spikes. 198 

Action potentials were elicited by 200 ms rectangular 0.3-0.8 nA depolarizing pulses. 199 

Statistical analysis. Data are expressed as mean ± SEM. Statistical evaluations and 200 

graphs were generated using SigmaPlot 12.0 (Systat-Software Inc., 201 

RRID:SCR_003210). Statistical differences were assessed by t-test, and one-way or 202 

two-way ANOVA followed by Bonferroni t-test or Kruskal-Wallis analysis followed by 203 

Dunn´s test for not parametric data. A value of p<0.05 was considered statistically 204 

significant. 205 

Results 206 

BAC transgene expression in SPNs does not alter the motor impairment in Pitx3-/- 207 

mice.  208 
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To identify dSPNs and iSPNs in the Aphakia or Pitx3-/- mice, we mated them with 209 

D1R-tomato and D2R-eGFP BAC transgenic mice. We first tested that this cross does 210 

not alter motor impairments described in Pitx3-/- mice (Hwang et al., 2005; Beeler et 211 

al., 2010; Le et al., 2015; Solis et al., 2015), thus we evaluated motor coordination tasks. 212 

We found that Pitx3-/- and BAC-Pitx3-/- mice remained on the rotarod for less time 213 

than WT mice (Figure 1A). In the challenging beam test, they also needed much more 214 

time and more steps to finish the task (126.4±10.62 and 120.1±4.2 steps in Pitx3-/- and 215 

BAC-Pitx3-/- respectively) compared with WT (70.6±2.34 steps; One-way ANOVA 216 

F(2,12)= 12.74 p=0.02; Figure 1B). We observed no difference in motor skills between 217 

Pitx3-/- and BAC-Pitx3-/- mice (Figure 1A-B), indicating that transgene expression 218 

does not interact with the Pitx3-/- motor PD-like phenotype.  219 

The Pitx3-/- mouse is the only genetic model of PD that develops dyskinesia 220 

following L-DOPA administration (Ding et al., 2007; Solis et al., 2015) and reproduces 221 

the biochemical changes induced by L-DOPA treatment in the denervated striatum 222 

(Ding et al., 2007, Espadas et al., 2012; Li and Zhou, 2013; Solis et al., 2015). We next 223 

confirmed that expression of the BAC transgene did not alter dyskinesia or the 224 

expression pattern of FosB in these mice. Indeed, L-DOPA-treatment (25 mg/kg) 225 

produced 3-4 paw dyskinesia in the BAC-Pitx3-/- mice that was indistinguishable from 226 

that in the Pitx3-/- mice (Figure 1C). In addition, FosB-expression was also similar in 227 

both groups of mice (data not shown).  228 

Shrinking of SPNs dendritic arbors in BAC-Pitx3-/- mice 229 

Postmortem studies in patients with PD have revealed marked atrophy of SPNs 230 

dendritic arbors in the denervated putamen (McNeill et al., 1988) which has not been 231 

reproduced in all PD animal models (see Moratalla et al., 2016). We next examined 232 
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whether the BAC-Pitx3-/- mice exhibit the same pathology than human patients.  233 

Because only the SPNs located in the totally denervated areas (with <10% of control 234 

TH-staining and more than 1,500 FosB-positive cells/mm2) are affected by the lack of 235 

dopamine (Suarez et al., 2014), we morphologically reconstructed the SPNs located in 236 

this zone. To this issue, identified dSPNs (red fluorescent) and iSPNs (green 237 

fluorescent) were filled with Lucifer yellow-dye in coronal sections and adjacent 238 

sections were stained with TH and/or FosB to delineate the striatal areas without nigral 239 

afferents (Figure 2).  240 

In the BAC-Pitx3-/- mice, the complexity of the dendritic tree was reduced in both 241 

types of SPNs. The total length of the dendrites was homogeneously reduced along the 242 

length of the dendritic tree as shown by the Sholl analysis.  Moreover, the maximal 243 

dendritic length in the BAC-Pitx3-/- was 188±9 μm whereas in the WT mice was 213±6 244 

μm (p<0.05 t-test; Figure 3). In addition, the number of the branches or intersection 245 

points was reduced homogeneously along the dendritic arbor. This reduction was 246 

accompanied by a decreased of maximum branch order of the dendrites, but not by a 247 

decreased of the number of primary dendrites.  L-DOPA treatment, which did not alter 248 

the dendritic arbor in WT mice, did not significantly reverse the reduction of the 249 

dendritic length in BAC-Pitx3-/- mice (Figure 3).  250 

Dopamine modulates spine density of SPN in BAC-Pitx3-/- mice. 251 

The reduction of striatal dendritic spines found in PD patients (Stephens et al., 2005; 252 

Zaja-Milatovic et al., 2005) has been reproduced in rodent models of PD using MPTP 253 

or 6-OHDA-lesions (Suarez et al, 2014; Fieblinger and Cenci 2015; Moratalla et al., 254 

2016; Nishijima et al., 2017; Villalba and Smith 2017). In these PD models, chronic L-255 

DOPA treatment selectively restores the spine density in iSPNs (Fielbinger et al., 2014; 256 
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Suarez et al., 2014; 2016).  Therefore, we next studied whether spine loss is also 257 

observed in BAC-Pitx3-/- mice in which dorsal striatal neurons were never innervated 258 

by dopamine and if L-DOPA can modulate these spines. In BAC-Pitx3-/-, the spine 259 

density is reduced in both types of SPNs along of the dendritic tree (Figure 4). After L-260 

DOPA-treatment, spine loss persisted in dSPNs (Figure 4A-B), but it recovered in 261 

iSPNs to WT values in both proximal and distal parts of the dendrite (Figure 4B). L-262 

DOPA treatment did not affect spine density in WT. 263 

Our previous study has demonstrated that dopamine depletion in 6-OHDA-exposed 264 

mice reduced the numbers of the main morphologically defined types of striatal spines 265 

(mushroom and thin) to a similar extent (Suarez et al., 2016). To determine if this also 266 

occurs in BAC-Pitx3-/- mice, we quantified each of the subtypes of spines in dSPNs and 267 

iSPNs using the semi-automated software NeuronStudio. As in the 6-OHDA lesioned 268 

mice, mushroom and thin spines were reduced in both types of SPNs in BAC-Pitx3-/- 269 

mice. L-DOPA treatment did not change the density or the proportion of the spines in 270 

WT mice in neither dSPNs or iSPNs. However, in dyskinetic animals, L-DOPA 271 

produced in iSPNs a recovery in the density of both mushroom (4.51±0.33 vs. 272 

4.84±0.46 spines in 10 μm in WT and BAC-Pitx3-/-, respectively) and thin spines 273 

(5.16±0.34 vs. 5.09±0.73 spines in 10 μm in WT and BAC-Pitx3-/-, respectively) 274 

whereas it did not alter the density of spines in dSNPs of mushroom (4.51±0.33 vs. 275 

2.37±0.11 spines in 10 μm in WT and BAC-Pitx3-/-, respectively) and thin spines 276 

(5.16±0.34 vs.2.27±0.06 spines in 10 μm in WT and BAC-Pitx3-/-, respectively; Figure 277 

4C).  278 

Increased excitability of both types of SPNs in BAC-Pitx3-/- mice 279 
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Because the loss of dopamine increases intrinsic excitability in rodent models of PD 280 

(Calabresi et al., 1993a; Azdad et al., 2009; Suarez et al., 2014; 2016), we next assessed 281 

the spiking in SPNs in BAC-Pitx3-/- mice. We injected depolarizing steps of current 282 

through a recording electrode positioned in the soma of identified dSPNs and iSPNs 283 

located in striatal zones without dopaminergic fibers (Figure 5A). We observed that the 284 

same depolarizing current evoked significantly more action potentials in both dSPNs 285 

and iSPNs of BAC-Pitx3-/- than WT mice at all tested intensities (p<0.001; Two-way 286 

ANOVA; Figure 5B-C) indicating increased excitability in BAC-Pitx3-/- mice. While 287 

the resting membrane potential (RMP) and input resistance (Rin) were unchanged in 288 

BAC-Pitx3-/- mice (Table 3), the action potential threshold was lower compared with 289 

WT animals (-51.74±1.75 vs. -45.48±1.61 mV in dSPNs and -53.72±1.12 vs. -290 

45.93±2.18 in iSPNs, BAC-Pitx3-/- vs. WT respectively; F(2, 41)=10.1 p<0.001, Two-291 

way ANOVA; Table 3). After chronic L-DOPA treatment, the firing rate remained 292 

increased in dSPNs, but was indistinguishable from WT in iSPNs (Figure 5) coinciding 293 

with the recovered of the action potential threshold (Table 3). 294 

Enhanced D1 receptor sensitivity in BAC-Pitx3-/- mice contributes to dyskinesia 295 

In Pitx3-/- mice, the dorsal SPNs have never been innervated by dopamine, thus we 296 

next evaluated whether dopamine receptor sensitization is changed in these mice. 297 

Because dopamine receptors modulate the intrinsic excitability of SPNs (D1 receptor 298 

increases spiking in dSPNs, whereas D2 receptor decreases it in iSPNs) (Gerfen and 299 

Surmeier, 2011; Planert et al., 2013), we studied the changes in the spiking in the 300 

presence of specific receptor ligands. 301 

Dyskinesia is associated with over-activation of D1 receptors (Santini et al., 2007; 302 

Darmopil et al., 2009; Murer and Moratalla, 2011; Ruiz deDiego et al., 2015b; Solis et 303 
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al., 2016), thus we chose a low dose of D1 receptor agonist (SKF38393, 3 μM) that did 304 

not affect the firing rate in WT mice (Figure 6A) to avoid saturation of the responses in 305 

dyskinetic animals. In dSPNs from BAC-Pitx3-/- mice, bath application of the D1 306 

agonist did not alter the already increased firing rate in saline-treated mice (Figure 6A). 307 

However in dyskinetic mice the bath application of D1 agonist increased spiking at all 308 

injected currents (Figure 6A; F(2,80)= 41.22 p<0.001; Two-way ANOVA). Moreover, 309 

this potentiation was completely blocked by SCH23390 (10 μM), a D1R antagonist 310 

(Fgure 6A), confirming that this effect was mediated by D1 receptor activation. These 311 

data indicate that D1 receptor signaling is hypersensitive in BAC-Pitx3-/- mice after 312 

chronic L-DOPA treatment, similar to previous findings in the 6-OHDA lesioned mouse 313 

model (Suarez et al., 2014). 314 

In iSPNs, the application of D2 receptor agonist (quinpirole 3 μM) decreased the 315 

spiking rate in BAC-Pitx3-/- treated with saline and WT mice to a similar extent (Figure 316 

6B). This effect was completely reversed during bath application of sulpiride (10 μM), a 317 

D2 receptor antagonist (Figure 6B). By contrast, in dyskinetic mice, the same dose of 318 

quinpirole had no effect on the firing rate at any level of injected current tested (Figure 319 

6B), suggesting that D2 receptors are desensitized in dyskinesia.  320 

Discussion  321 

Here we demonstrated that Pitx3-/- mice, in which SPNs have never been innervated 322 

by dopamine, exhibit the same structural and electrophysiological alterations described 323 

in the 6-OHDA lesion model of PD and dyskinesia, specifically: 1) diminished dendritic 324 

arborization and decreased density spines in both dSPNs and iSPNs; 2) selective 325 

increase by L-DOPA treatment of dendritic spines in iSPNs but not dSPNs; 3) increased 326 

intrinsic excitability of both types of SPNs; 4) selective decrease by L-DOPA treatment 327 
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of excitability in iSPNs but not dSPNs; and 5) L-DOPA-induced hypersensitized D1 328 

receptor responses and desensitized D2 receptor responses. 329 

Only about 10-15% of PD cases have a genetic etiology (Klein and Westenberger 330 

2012). Nevertheless, genetic models of PD provide a very helpful tool to study synaptic 331 

plasticity mechanisms underlying PD and develop novel therapies. Several genetic 332 

models of PD have been developed that recapitulate PD motor impairments and reversal 333 

by acute L-DOPA, but only the Pitx3-/- mouse mimics the development of chronic L-334 

DOPA-induced dyskinesia that is seen clinically (Hwang et al., 2005; Ding et al., 2007; 335 

Espadas et al., 2012; Li and Zhou, 2013; Solis et al., 2015). In human PD, the 336 

involvement of PITX3 is controversial: several studies found an association between the 337 

PITX3 gene polymorphism and PD (Fuchs et al., 2009; Bergman et al., 2010; Le et al., 338 

2011; Tang et al., 2012; Qiu et al., 2014) but others did not (Cai et al., 2011; Jimenez-339 

Jimenez et al., 2014).  340 

The main aim of this study was to determine whether the structural and synaptic 341 

plasticity previously described in validated models of dyskinesia is also observed in the 342 

Pitx3-/- mouse model of PD. The synaptic plasticity alterations observed in toxin 343 

models of PD could be a consequence of the use of the toxin, compensatory 344 

mechanisms originating from the contralateral non-lesioned hemisphere, or to 345 

interactions between multiple factors, so it was important to consolidate these results 346 

using a genetic and bilateral model of PD in order to circumvent all these caveats 347 

We demonstrated that both types of SPNs in the BAC-Pitx3-/- mice have shorter 348 

dendritic length than SPNs in WT animals. Although the number of the primary 349 

dendrites did not change, the maximal branch order of the dendrites was lower than WT 350 

animals. This is similar to what is observed in PD patients (McNeill et al., 1988) and in 351 
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animal models of PD after dopamine degeneration (Solis et al., 2007; Fieblinger et al., 352 

2014). In the Pitx3-/- mice, the SPNs develop and mature without dopamine afferents; 353 

these results indicate that dopamine is essential for proper SPN dendritic tree 354 

complexity.  In addition, L-DOPA treatment does not restore SPN dendritic tree 355 

complexity in BAC-Pitx3-/- mice, in agreement with the McNeill et al study (1988) in 356 

which all the patients received L-DOPA-treatment chronically or with the Fieblinger et 357 

al study (2014) using the 6-OHDA animal model, presumably because L-DOPA does 358 

not produce dopaminergic re-innervation.  359 

Our results demonstrate that the absence of dopamine during SPN development 360 

reduces the spine density in both types of SPNs in BAC-Pitx3-/- mice, indicating a 361 

central role for dopamine in regulating striatal morphology. In fact, in LRKK2 mutant 362 

mice, another genetic model of PD that maintains striatal dopamine levels, spine density 363 

does not change in SPNs (Matikainen-Ankney et al., 2016). Our experimental model 364 

does not allow us to determine whether the requirement for dopamine for normal spine 365 

density is during development, in adulthood, or both. However, previous studies using 366 

organotypic corticostriatal co-cultures have shown that dopamine is essential both for 367 

spine formation during development and for spine maintenance in mature SPNs 368 

(Deutch, 2006; 2007; Neely et al., 2007; Garcia et al., 2010; Tian et al., 2010), and that 369 

both are D1 and D2 receptor-dependent (Fasano et al., 2013). In this line, our results 370 

show that the lack of dopamine reduces spine density similarly in dSPNs and iSPNs, 371 

demonstrating that both D1 and D2 receptors are necessary for spine formation and 372 

maintenance. These results are in agreement with our previous results showing that the 373 

lack of dopamine in PD reduces spine density in both types of SPNs (Suarez et al., 374 

2014; 2016; Gagnon et al., 2017). In addition, spine loss occurred mainly in the 375 

predominant types of spines, mushroom and thin, in agreement with our findings in the 376 
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6-OHDA mice model (Suarez et al., 2016). Because mushroom spines control synaptic 377 

connectivity of the neurons (Bourne and Harris, 2008), it is possible that corticostriatal 378 

synapses decrease in Pitx3-/- mice, as happens in 6-OHDA rodents models (Zhang et 379 

al., 2013).  380 

Along with lower spine density, both SPNs exhibit increased intrinsic excitability in 381 

BAC-Pitx3-/- mice, similar to 6-OHDA lesioned mice (Suárez et al., 2016; Ketzef et al., 382 

2017). The increase in firing rate is due to a decreased AP threshold, as shown in our 383 

results. While we have not determined the conductance changes that underlie this 384 

phenomenon in the BAC-Pitx3-/- mice, previous studies indicate that in 6-OHDA 385 

models of PD, increases SPNs excitability is mediated by both potassium IA and 386 

calcium Cav1.3 channels (Day et al., 2008; Azad et al., 2009). Small-conductance 387 

Ca2+-activated K+ channels (SKs) could also be involved since activation of these 388 

channels limits the spiking frequency and their expression is increased in 6-OHDA-389 

lesioned mice (Trusel et al., 2015).  390 

Another possibility is that hyperexcitability is the result of changes in striatal 391 

microcircuits because the cholinergic (Plata et al, 2013; Pérez-Ortega et al., 2016) and 392 

fast-spiking (Szdlowski et al., 2013) interneurons that modulate the excitability of SPNs 393 

are altered in PD models. This hyper-excitability could be a compensatory mechanism, 394 

similar to hippocampal synaptic scaling (Turrigiano, 2008), to maintain global striatal 395 

activity despite lower depolarized input due to dendritic spine loss (Azdad et al., 2009; 396 

Suarez et al., 2014). Consistent with this, in 6-OHDA mice, dSPNs and iSPNs exhibit 397 

attenuated cortical synaptic transmission (Suarez et al., 2016; Escande et al., 2016).  398 

Another important result of our study is that L-DOPA treatment increases the 399 

number of spines in iSPNs, even though these SPNs have never been innervated by 400 

dopamine, in line with those found in denervated neurons with 6-OHDA (Fieblinger et 401 
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al., 2014; Suarez et al., 2014; 2016). The spine remodeling of iSPNs coincided with the 402 

decrease of the firing rate to WT values due to an increase in the threshold of the AP. 403 

Thus, these results suggested that the increase in spine density compensates for changes 404 

in the excitability, decreasing the firing rate to normal values in SPNs. Although the 405 

resolution of hyper-excitability could be due to the inhibitory effect of D2 receptor 406 

activation on firing rate (Gerfen and Surmeier et al., 2011), this seems unlikely since 407 

our results show that D2 receptor is desensitized in BAC-Pitx3-/- dyskinetic mice.   408 

By contrast, in dSPNs, the lower spine number and the hyperexcitability persist after 409 

chronic L-DOPA treatment. These data are in agreement with previous results using L-410 

DOPA in 6-OHDA-lesioned mice (Fieblinger et al., 2014; Suarez et al., 2014, 2016). 411 

Our results show that L-DOPA-induced dyskinesia is accompanied by a marked 412 

sensitization of the D1 receptor stimulation in dSNPs, in line with previous results using 413 

dyskinetic mice (Pavon et al., 2006; Santini et al., 2007; Darmopil et al., 2009; Ruiz 414 

deDiego et al., 2015a; b; F Hernandez et al., 2017). Because D1 receptor activation 415 

increases dSPN firing rate (Gerfen and Surmeier 2011; Planert et al., 2013), it is 416 

possible that this over-activation of D1 receptors maintains the hyper-excitability in 417 

BAC-Pitx3-/- mice. In slices from sham-operated mice WT, the doses of L-DOPA used 418 

to activate D1 receptor did not affect SPNs excitability (Calabresi et al., 1993b; Suarez 419 

et al., 2014), suggesting that the hyperexcitablity we observe in the Pitx3-/- is an 420 

abnormal response of SPNs that have never received dopaminergic afferents which is 421 

further enhanced in dyskinesia. This striatal hypersensitivity to D1 receptor stimulation 422 

may mediate the widespread molecular and electrophysiological changes observed in 423 

dyskinetic animals and patients (Boraud et al., 2001; Guigoni et al., 2005; Halje et al., 424 

2012; Trusel et al., 2015; Araque et al., 2017). Together, these results indicate that in 425 

BAC-Pitx3-/- dyskinetic mice there is a functional imbalance in the striatal projection 426 
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neurons: the dSPNs have increased firing rate and D1 receptor is sensitized, whereas the 427 

D2 receptor is desensitized in iSPNs.  428 

In summary, we found that BAC-Pitx3-/- mice reproduced the alterations described 429 

in patients with advanced PD and in well accepted toxin models of PD and L-DOPA-430 

induced dyskinesia. These results demonstrate that dopamine modulates spine and 431 

synaptic plasticity in d- and iSPN, independent of homeostatic changes induced by the 432 

use of chemical toxins. In addition, our results further establish the Pitx3-/- mice as a 433 

robust model for the investigation of striatal circuity function in PD and dyskinesia.  434 
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FIGURE LEGENDS 662 

Figure 1. Motor alterations and dyskinesia in BAC-Pitx3-/- mice. A, Latency to fall 663 

in the rotarod test. B, Time and number of steps to cross the challenging beam traversal 664 

test. C, 3-4 paws dyskinesia score. * p<0.01; ** p<0.001 vs. WT mice; Kruskal-Wallis 665 

following Dunn´s test for A; One-way (for B) or Two-way ANOVA (for C) following 666 

Bonferroni post-test. 667 

Figure 2. Morphological reconstruction of striatal SPNs located in dorsal striatum 668 

without dopaminergic fibers. Serial sections showing FosB, TH and LY-669 

immunostaining in striatum of mice. Right-most images show high magnification 670 

microphotographs of the SPNs depicted in the LY pictures. The outline shows the 671 

boundaries of striatal areas without dopaminergic fibers. Note the FosB expression in 672 

the totally denervated striatal areas. 673 

Figure 3. Dendritic length is reduced in both SPNs in BAC-Pitx3-/- mice. A, 674 

Illustrations of sholl analysis of SPNs. B, Sholl analysis of the total dendritic length and 675 

the number of intersections of dSPNs. Number of primary dendrites and maximum 676 

dendritic order in dSPNs. C, Quantification of dendritic tree in iSPNs. * p<0.05; ** 677 

p<0.01; *** p<0.001 vs. WT; One- or two-way (for Sholl analysis) ANOVA following 678 

Bonferroni post-test. 679 

Figure 4. Spine-density is reduced in BAC-Pitx3-/- mice. A, Confocal images of 680 

dendrites of SPNs. B, Sholl analysis of spine-density. C, Spine density of mushroom 681 

and thin spines in SPNs. * p<0.05; ** p<0.01 vs. WT; One- or two-way (for Sholl 682 

analysis) ANOVA following Bonferroni post-test. 683 

Figure 5. Intrinsic excitability is increased in BAC-Pitx3-/- mice. A, Scheme of a 684 

coronal slice depicting the striatal area without dopaminergic inputs in grey (left) and 685 
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photographs (40X) of representative registered neurons in the grey area from a BAC-686 

Pitx3-/- D1R-tomato mouse. B, Representative current-clamp recordings showing 687 

dSPNs and iSPNs recorded at 0.3 nA. C, Number of action potential as function of 688 

injected current in dSPNs and iSPNs. * γ p<0.05; ** γγ p<0.001 saline or L-DOPA 689 

BAC-Pitx3-/- mice vs. WT; Two-way ANOVA following Bonferroni post-test. 690 

Figure 6. Dopamine receptors sensitization in BAC-Pitx3-/- dyskinetic mice. A, 691 

Firing rate of dSPNs before (baseline) and during D1-agonist bath perfusion in WT and 692 

BAC-Pitx3-/- treated with saline or L-DOPA. D1-antagonist (blue) blocks the increase 693 

in firing rate produced by D1 agonist. The grey trace represents the WT curve to 694 

facilitate comparison. On top: representative current-clamp recordings at 0.4nA. B, 695 

Firing rate of iSPNs before (baseline) and during D2-agonist and D2-antagonist bath 696 

perfusion in WT and BAC-Pitx3-/- treated with saline or L-DOPA. Note that in 697 

dyskinetic BAC-Pitx3-/- mice, only high doses of D2-agonist decreased the firing rate. 698 

On top: representative current-clamp recording at 0.4nA. * p<0.05; ** p<0.001; *** 699 

p<0.001 baseline vs. dopamine-receptors agonist; Two-way ANOVA following 700 

Bonferroni post-test. 701 
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Treatment (n)

 

D1R-tmt 
mice

 

dSPNs 
analyzed

 

D2R-GFP 
mice

 

iSPNs 
analyzed

 

 
WT 

Saline (14) 8 52 6 37 

L-DOPA (8) 4 18 4 23 

 
BAC-Pitx3-/- 

Saline (10) 5 26 5 33 

L-DOPA (10) 5 32 5 30 
Table 1: Numbers of mice and SPNs for morphological analysis  708 
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 710 

  
Treatment (n)

 

D1R-tmt 
mice

 

dSPNs 
analyzed

 

D2R-GFP 
mice

 

iSPNs 
analyzed

 

WT Saline (15) 7 7 8 9 

 
BAC-Pitx3-/- 

Saline (13) 7 8 6 7 

L-DOPA (18) 8 9 10 11 
           Table 2: Numbers of mice and SPNs for electrophysiological analysis  711 

 712 

 713 

 dSPNs
 

iSPNs
 

WT BAC-Pitx3-/- WT BAC-Pitx3-/-
 Saline (7) Saline (8) L-DOPA (9) Saline (9) Saline (7) L-DOPA (11) 
Passive membrane properties 

RMP (mV) -88.9±4.0 -89.6±3.0 -91.7±3.4 -89.4±1.9 -90.2±4.5 -92.9±1.4 

Rin (mΩ) 46.31±5.2 44.7±5.70 33.2±1.5 41.3±3.2 39.9±5.4 37.7±3.3 

Active membrane properties 

AP threshold 
(mV) 

-45.5±1.6 -51.7±1.7* -48.6±2.2 -45.9±2.2 -53.7±1.1* -48.4±1.1 

AP ampl. (mV) 86.9±6.9 87.3±8.1 76.3±11.6 87.4±5.1 78.7±6.4 83.8±5.3 

AP width (ms) 0.71±0.05 0.74±0.11 0.54±0.11 0.72±0.06 0.77±0.12 0.57±0.04 

AHP ampl (mV) 4.96±0.98 5.50±0.94 5.35±2.38 4.96±0.98 5.83±1.12 7.27±1.33 
Table 3: Intrinsic membrane properties of SPNs. Data presented as mean±sem. The number 714 
of SPNs-recorded in each condition is expressed in parentheses following the condition. * 715 
p<0.05; ** p<0.01 vs. WT; One-way ANOVA following Bonferroni post-test.  716 
















