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Abstract 20 

 21 

In Parkinson's disease (PD), a decrease in dopamine levels in the striatum causes 22 

abnormal circuit activity in the basal ganglia, resulting in increased output via the 23 

substantia nigra pars reticulata (SNr). A characteristic feature of glutamatergic synaptic 24 

transmission in the basal ganglia circuitry under conditions of dopamine depletion is 25 

enhanced synaptic activity of NMDA receptors. However, the cause of this NMDA 26 

receptor hyperactivity is not fully understood. We focused on Asc-1 (SLC7A10), an 27 

alanine–serine–cysteine transporter, as one of the factors that regulate NMDA receptor 28 

activity by modulating D-serine and glycine concentration in synaptic clefts. We 29 

generated PD model mice by injection of 6-hydroxydopamine into the unilateral medial 30 

forebrain bundle and analyzed the expression level of Asc-1 mRNA in the nuclei of basal 31 

ganglia (the external segment of the globus pallidus (GPe), subthalamic nucleus (STN), 32 

and SNr) compared to control mice. Each nucleus was dissected using laser 33 

microdissection, and RNA was extracted and quantified by quantitative PCR. Asc-1 34 

mRNA expression was significantly higher in the GPe and lower in the SNr under the PD 35 

state than that in control naïve mice. The STN showed no change in Asc-1 mRNA 36 

expression. We further modeled L-dopa-induced dyskinesia by administering L-dopa 37 

continuously for 14 days to the PD model mice and found that Asc-1 mRNA expression 38 

in the GPe and SNr became close to that of control mice, regardless of the presence of 39 

abnormal involuntary movements. The present study revealed that Asc-1 mRNA 40 

expression is differentially regulated in the basal ganglionic nuclei in response to striatal 41 

dopamine concentration (depleted or replenished) and suggests that Asc-1 can be a 42 

therapeutic target for the amelioration of motor symptoms of PD. 43 

44 
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Introduction 45 

 46 

Asc-1 (SLC7A10), also known as sodium-independent alanine–serine–cysteine 47 

transporter-1, transports D-serine and glycine with high affinity in cooperation with 48 

SLC3A2 (4F2 heavy chain) [1]. Asc-1 is widely distributed throughout the rodent brain 49 

and its distribution pattern is similar to that of D-serine [2]. Asc-1 knockout mice show 50 

symptoms such as tremor, ataxia, rigidity, and persistent myoclonus, a phenotype that has 51 

been proposed to reflect neuronal hyper excitability resulting from impaired synaptic 52 

clearance of D-serine [3,4]. When Asc-1 is stimulated at hippocampal CA1/CA3 synapses 53 

in aged rats, it activates NMDA receptors and enhances long-term potentiation of the 54 

synapses, by releasing D-serine from neurons [5]. These findings suggest that Asc-1 55 

controls NMDA receptor activity by modulating D-serine concentration in synaptic clefts.  56 

In Parkinson’s disease (PD), dopaminergic neurons in the substantia nigra pars 57 

compacta (SNc) are degenerated, and reduced levels of dopamine (DA) in the striatum 58 

lead to abnormal circuit activity in the basal ganglia and to increased output from the 59 

substantia nigra pars reticulata (SNr). 6-OHDA, a dopaminergic neuron-specific toxin, 60 

impairs spontaneous locomotion when injected into the medial forebrain bundle that 61 

contains the nigrostriatal axons, mimicking human PD. Injection of NMDA receptor 62 

antagonists into the SNr of such 6-OHDA-treated PD model mice ameliorates impaired 63 

locomotion, suggesting that NMDA receptors, but not AMPA receptors, are a major 64 

responder in glutamatergic synapses [6]. The composition of NMDA receptor subunits is 65 

altered in the DA-depleted state, and this change may contribute to the hyperactivity of 66 

SNr neurons and impaired locomotion [6]. Taken together, these observations indicate 67 

that synaptic activities involving NMDA receptors are enhanced in DA-depleted basal 68 
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ganglia circuits, but the causes of this enhancement have not been fully elucidated. 69 

In the present study, we made PD model mice by injecting 6-OHDA into the unilateral 70 

medial forebrain bundle and supplemented them with L-dopa. As is frequently observed 71 

in human PD patients, continuous L-dopa treatment causes dyskinesia (abnormal hyper 72 

locomotion). We focused on Asc-1 as one of the regulators of NMDA receptor activity 73 

and analyzed the changes of its gene expression levels over time under DA depletion (PD 74 

state) and at the onset of L-dopa-induced dyskinesia (LID). In addition to the SNr, we 75 

investigated the external segment of the globus pallidus (GPe) and the subthalamic 76 

nucleus (STN), which constitute the indirect pathway of the basal ganglia circuit. 77 

Although they mainly receive GABAergic inputs, they express NMDA receptors as well 78 

as GABA receptors in the normal state [7]. We dissected out the GPe, STN, and SNr from 79 

brain sections in an area-specific manner by laser microdissection and measured Asc-1 80 

mRNA expression by quantitative PCR. Asc-1 mRNA expression was significantly higher 81 

in the GPe and significantly lower in the SNr under the PD state than that in control naïve 82 

mice (without 6-OHDA treatment). On the other hand, Asc-1 mRNA expression in the 83 

treated STN was comparable to that in the control mice. The present study demonstrates 84 

novel changes in synapses in the basal ganglia associated with DA depletion, and that 85 

these changes can be resolved by DA supplementation. Our results suggest that the Asc-86 

1 can be a new therapeutic target to control motor deficits in PD.   87 
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Materials and Methods 88 

 89 

Animals 90 

Forty adult male C57BL/6 mice (~12 weeks old, 28–32 g body weight before the 91 

operation) were used. These mice were housed in standard cages with access to food, and 92 

all protocols for the animal experiments were approved by the Animal Care Committee 93 

of Nara Medical University in accordance with the policies established in the NIH Guide 94 

for the Care and Use of Laboratory Animals. 95 

 96 

Experimental design 97 

Fig. 2 illustrates the experimental schedules. In experiment 1, vehicle (0.02% ascorbic 98 

acid; FUJIFILM Wako, dissolved in saline) or 6-hydroxydopamine hydrobromide (6-99 

OHDA; Merck Millipore, dissolved in vehicle at the concentration of 15 mg/ml, drug 100 

weight includes salt (hydrobromide) weight, hereafter weight of drug includes salt weight 101 

unless otherwise stated) was injected unilaterally to the medial forebrain bundle (detailed 102 

procedures are described below). The brains were removed and quickly frozen on day 21 103 

after injection.  104 

In experiment 2, vehicle or 6-OHDA was injected as in experiment 1. We next selected 105 

mice showing significant motor impairment in a cylinder test (details are described 106 

below) on day 21 in the 6-OHDA-injected group. Selected mice were divided into the 107 

following groups; PD + saline group: mice received injections of saline daily for 14 days 108 

(day 21 to day 34) and sacrificed on day 34; LID-on group: mice received injections of 109 

L-dopa (20 mg/kg, i.p., Dopaston; Ohara Pharmaceutical) daily for 14 days and sacrificed 110 

in 60 min after the last L-dopa dose on day 34; LID-off group: mice received injections 111 
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of L-dopa as with the LID-on group and sacrificed on 24 h after the last L-dopa dose later 112 

(day 35)(for details, see Fig. 4a in the Results). On day 34, abnormal involuntary 113 

movements (AIMs) scores were measured to confirm the presence of dyskinesia behavior 114 

(details to follow). In the Control + saline group, mice were injected with vehicle instead 115 

of 6-OHDA and received injections of saline daily for 14 days. The brains of each group 116 

were removed and quickly frozen. 117 

 118 

Vehicle or 6-OHDA injection 119 

Injection into the median forebrain bundle was done according to standard methods 120 

[8,9,12] with some modifications. Briefly, 30 min before vehicle or 6-OHDA injection, a 121 

mixture of desipramine hydrochloride (25 mg/kg, i.p., FUJIFILM Wako) and pargyline 122 

hydrochloride (5 mg/kg, i.p., Merck Millipore) was administered to increase the 123 

selectivity of 6-OHDA-induced lesion. Each mouse was then anesthetized with a mixture 124 

of medetomidine hydrochloride (0.75 mg/kg, Domitor Nippon Zenyaku Kogyo), 125 

midazolam (10 mg/Kg, Dormicum, Astellas Pharma), and butorphanol tartrate (0.75 126 

mg/kg, Vetorphale, Meiji Seika Kaisha) [10]. Vehicle and 6-OHDA were freshly prepared 127 

before each surgery. A Hamilton syringe (Neuro Syringe 7001) was inserted into the left 128 

median forebrain bundle at the following coordinates, according to the mouse brain atlas 129 

[11]: Bregma posterior 1.2 mm, lateral 1.1 mm, and ventral 5.0 mm. Vehicle or 6-OHDA 130 

was then injected (0.2 μl, at 0.1 μl/min) with a microinjector (IMS-30, Narishige 131 

Scientific).  132 

The body weight of 6-OHDA-injected mice was monitored post-injection because 133 

this group of mice was debilitated due to dehydration and malnutrition, and some of them 134 

died. To prevent death by treatment, the mice received 1.0 ml of 4% glucose–saline 135 
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solution subcutaneously twice daily and were fed with glucose–saline jelly and chocolate 136 

for 10 days after surgery. 137 

 138 

Behavioral tests 139 

A cylinder test was performed by standard methods [12,13] to evaluate unilateral 6-140 

OHDA on day 21 (Fig. 2, Experiment 2). In brief, mice were placed individually in a clear 141 

acrylic cylinder (80 mm diameter and 150 mm height) and a video was recorded for 5 142 

min without previous habituation. The number of contacts with their right or left forelimb 143 

was counted. A limb use asymmetry score was calculated based on the number of wall 144 

contacts performed with the right forelimb as a percentage of the total wall contacts.   145 

On day 34, mice were scored based on the AIMs scale [14,15] with some 146 

modifications. Briefly, AIMs were classified into locomotive, axial, and limb subtypes 147 

and scored on a severity scale from 0 to 4 (0, absent; 1, occasional; 2, frequent; 3, 148 

continuous; 4, continuous and not interruptible by outer stimuli). After L-dopa treatment, 149 

mice were placed in individual cages and dyskinesia behaviors were assessed by AIMs 150 

scale every 20 min, for 1 min, over a period of 140 min. 151 

 152 

Tissue Preparation and immunohistochemistry 153 

Mice were perfused with 4% paraformaldehyde (PFA) in phosphate-buffered saline 154 

(PBS). Brains were removed and post-fixed in 4% PFA, and cryopreserved in 30% 155 

sucrose until they sank, and cryosections were cut to 40-μm thickness on a cryostat (Leica 156 

CM1860, Leica Microsystems). Sections were used for immunohistochemistry study and in 157 

situ hybridization. 158 
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All histological procedures were performed as described previously [7]. For primary 159 

antibody, anti-Slc7a10 (N-terminal) (1:400, rabbit polyclonal, GeneTex) and anti-160 

tyrosine hydroxylase (TH; 1:100,000, mouse monoclonal, ImmunoStar) [16–18] 161 

antibodies were employed. The specificity of the anti-Slc7a10 antibody was verified by 162 

the absence of staining with antibody pre-absorbed with antigen [15]. We used anti-163 

rabbit or -mouse IgG combined with amino acid polymers and peroxidase (Histofine 164 

Simple Stain MAX PO (R), MAX PO (M) Kit, respectively, Nichirei Bioscience) for 165 

secondary antibodies. The peroxidase color reaction was performed in 166 

diaminobenzidine tetrahydrochloride (DAB) solution (DAB Substrate Kit, Vector 167 

Laboratories).  168 

 169 

In situ hybridization 170 

Partial cDNA for mouse SLC7A10 was amplified from adult mouse brain total RNA 171 

by reverse transcriptase-PCR using the following primers: forward primer: partial 172 

forward primer, 5′-GTGAACAGCTCCAGCGTACG-3′ (NCBI Reference Sequence: 173 

NM_017394.4, complement of nucleotides (nt) 638–657); partial reverse primer, 5′- 174 

CAGCGTCTGACATGAATCATGG-3′ (reverse complement of nt 1179–1200).  175 

Digoxigenin (DIG) -labeled RNA probes were prepared using an RNA labeling mixture 176 

(Roche Diagnostics) and a T7 or SP6 RNA polymerase (Roche Diagnostics) according to 177 

the manufacturer’s instructions. In situ hybridization was carried out as previously 178 

described [19]. Briefly, free-floating sections were treated with 0.75% glycine in PBS for 179 

15 min twice, 0.3% Triton X-100 in PBS for 20 min, 1mM ethylenediaminetetraacetic 180 

acid (EDTA) (pH 8.0) for 15 min at 97 °C, and acetylated by 0.25% acetic anhydride in 181 

0.1 M triethanolamine for 10 min. Then, sections were incubated hybridization buffer 182 



- 9 - 
 

containing 1.0 μg/mL DIG -labeled probes at 60 °C overnight. Next day, sections were 183 

sequentially treated in 2x saline sodium citrate (SSC; 1× SSC = 0.15 M NaCl, 0.015 M 184 

Na3C6H5O7･2H2O) /50% formamide/0.1% N-lauroylsarcosine (NLS) for 15 min at 60 °C 185 

twice, RNase buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 500 mM NaCl) containing 186 

20 μg/mL RNase A (Sigma-Aldrich) for 30 min at 37 °C, 2× SSC/0.1% NLS for 15 min 187 

twice, 0.2× SSC/0.1% NLS twice. The hybridized probe was detected with an alkaline 188 

phosphatase–conjugated anti-DIG antibody (1:1000, sheep polyclonal, Roche 189 

Diagnostics). Alkaline phosphatase activity was visualized by nitroblue tetrazolium 190 

(NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) (Roche Diagnostics). 191 

 192 

Western blot analysis 193 

To evaluate the efficacy of 6-OHDA lesion, we performed western blot analysis as 194 

previously described [20]. The primary antibodies used were TH (1:5,000, rabbit 195 

polyclonal, Merck Millipore) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 196 

1:10,000, mouse monoclonal, Merck Millipore). Immunodetection was performed using 197 

a chemiluminescence kit (Immunostar LD and Zeta, Wako Chemical) with horseradish 198 

peroxidase-conjugated antibody against rabbit IgG (1:10,000, Cell Signaling Technology) 199 

or against mouse IgG (1:10,000, Cell Signaling Technology) according to the 200 

manufacturer’s instructions.  201 

 202 

Laser microdissection 203 

Tissue preparation was performed as described in a previous report [7] with some 204 

modifications. In brief, mouse brains were removed after cervical dislocation and 205 

immediately frozen. Coronal sections containing the GPe (Bregma -0.58 to -0.94), STN 206 
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(Bregma -1.7 to 2.3), and SNr (Bregma -3.16 to -3.64) were cut at 25-μm thickness on a 207 

cryostat (Leica CM1860, Leica Microsystems). Sections with 100-μm intervals were 208 

mounted on a PEN membrane slide (Leica Microsystems). The slides were immediately 209 

dried and fixed in cold ethanol/acetic acid (19:1) for 60 s. To identify the GPe, STN, and 210 

SNr, tissues on slides were stained with 0.5% thionin acetate solution (Merck Millipore) 211 

dissolved in 66.32 mM sodium acetate for 30 s. They were then washed in sterile-212 

filtered water treated with diethyl pyrocarbonate (DEPC, Nacalai Tesque), washed with 213 

RNase-free distilled water (Thermo Fisher) for 60 s, and immediately dried by a hair 214 

dryer. We dissected out the GPes, STNs, and SNrs from 10–12 sections per mouse 215 

using an LMD 6500 system (Leica Microsystems) and subjected them to RNA 216 

extraction. 217 

 218 

RT-qPCR 219 

Total RNA was isolated from each nucleus using a PicoPure RNA Isolation Kit 220 

(Arcturus) according to manufacturer’s instruction. For cDNA synthesis, we used a 1st 221 

strand cDNA synthesis kit (Takara Bio). RT-qPCR was performed on a Thermal Cycler 222 

Dice (Takara Bio) with the following primer sets: Asc-1 (slc7a10) forward primer, 5'- 223 

AAGCTGCTGGGCTACTTTTC-3', reverse primer, 5'- 224 

ATGAATCATGGGCCAGGAAGC-3'; GAPDH forward primer5'- 225 

AACGACCCCTTCATTGACCTC -3', reverse primer, 5'-226 

ACTGTGCCGTTGAATTTGCC -3'. A 2 µL volume of cDNA was used as the PCR 227 

template in 20 µL of reaction mixture containing two primers (5 µM each), 10 µL of 228 

SYBR qPCR mix (TOYOBO). Optimal amplification cycles were 24 cycles for Asc-1 229 

gene. The amplified products were separated in 2% agarose gels and visualized by 230 
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ethidium bromide staining and subsequent UV irradiation. 231 

 232 

Statistics 233 

Statistical analyses were performed using Student's t-test or one-way analysis of variance 234 

(ANOVA) followed by the Games-Howell post hoc test using Microsoft Excel software 235 

(Microsoft, ver. 2013) or the IBM Statistical Package for Social Science (SPSS v23). All 236 

data are expressed as means ± SEM. The significance level was set at p < 0.05.237 
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Results 238 

 239 

Immunohistochemical analysis showed widespread distribution of Asc-1 240 

immunoreactivity in the mouse brain (Fig. 1A). Consistent with a previous report [2], 241 

Asc-1 was strongly expressed in the brainstem, as well as in the midbrain and basal 242 

forebrain. In addition to the GPe, in which we previously reported Asc-1 expression [15], 243 

we focused on other nuclei constituting the basal ganglia circuit. The STN and SNr also 244 

showed strong immunoreactivity (Fig. 1A and B). In situ hybridization analysis 245 

confirmed that Asc-1 mRNA is also expressed in these nuclei, indicating parallel protein 246 

and mRNA expression for Asc-1 (Fig. 1C). 247 

To examine changes in Asc-1 mRNA expression in response to DA depletion, we 248 

generated a PD model mouse by unilaterally injecting 6-OHDA into the left MFB. The 249 

control group received vehicle injection instead of 6-OHDA (Fig. 2, Experiment 1). 250 

Twenty-one days after 6-OHDA injection (day 21), dopaminergic axons in the striatum 251 

(the target of the nigrostriatal tract) were almost completely degenerated, as confirmed 252 

by immunostaining of TH (Fig. 3A) and by Western blotting (Fig. 3B). The GPe, STN 253 

and SNr were dissected out by laser microdissection from Nissl-stained brain sections of 254 

PD model and control mice (Fig. 3C). Although the mouse STN is very small among 255 

these three nuclei, laser microdissection allowed us to isolate this nucleus specifically and 256 

reproducibly. We extracted mRNA samples from dissected nuclei, and Asc-1 mRNA was 257 

measured by qPCR. On day 21, when the nigrostriatal dopaminergic axons were 258 

completely degenerated, the mRNA expression became significantly higher than the 259 

control group in the GPe (p=0.002, Student's t-test, control group: n=6, 6-OHDA group: 260 

n=7) (Fig. 3D). In clear contrast to the GPe, there was no significant difference in Asc-1 261 
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mRNA expression between the 6-OHDA and control groups in the STN p=0.63, Student's 262 

t-test, control group: n=6; 6-OHDA group: n=6) (Fig. 3E). The SNr in the 6-OHDA group 263 

showed significantly lower expression compared to the control group (p=0.0002, 264 

Student's t-test, control group: n=6; 6-OHDA group: n=6) (Fig. 3F). 265 

The current standard therapy for PD is dopamine replacement using L-dopa, a blood–266 

brain barrier-permeable dopamine precursor [21]. Chronic L-dopa treatment produces 267 

AIMs known as L-dopa-induced dyskinesia (LID) as a side effect. We next investigated 268 

whether L-dopa treatment affects the expression of Asc-1 mRNA in the PD model mice. 269 

PD model mice were treated daily for 14 days with L-dopa to induce LID (Fig. 2, 270 

Experiment 2). On day 34, AIM scores were measured, and, consistent with previous 271 

reports [11], the scores peaked at 60 min after L-dopa administration (LID-ON state) and 272 

dyskinesia-like behaviors were no longer observed after 140 min (LID-OFF state) (Fig. 273 

4A). Brain samples were collected by laser microdissection at 60 min after the last L-274 

dopa dose on day 34 and 24 h later (day 35). The regions of interest were the GPe and 275 

SNr, both of which exhibited changes in Asc-1 mRNA expression induced by PD 276 

pathology in the Experiment 1. Treatment with saline for 14 consecutive days did not 277 

eliminate the significant increase in Asc-1 expression in the Gpe (Fig.4B, control vs PD 278 

group, p=0.002) and the decrease in the SNr (Fig. 4C, control vs PD group, p=0.037). 279 

These results showed that the significant change of Asc-1 mRNA expression level in the 280 

Gpe and the SNr continued for at least 14 days after degeneration of nigrostriatal tract. In 281 

contrast, continuous administration of L-Dopa tended to resolve the changes in Asc-1 282 

expression in both nuclei (Fig. 4B and 4C). There was no significant difference in Asc-1 283 

mRNA expression in the presence or absence (LID-ON/OFF) of dyskinesia-like behavior 284 

in either the GPe or the SNr (Fig. 4B and C). 285 

286 
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Discussion 287 

 288 

The present study revealed that the GPe and STN, which constitute the indirect 289 

pathway of the basal ganglia circuit, responded differently to degeneration of DA neurons: 290 

Asc-1 mRNA increased in the GPe, but did not change in the STN. The SNr, one of the 291 

output nuclei of the basal ganglia circuit, exhibited decreased Asc-1 mRNA expression in 292 

response to DA depletion. The changes in the GPe and SNr tended to be resolved by DA 293 

replacement with continuous L-dopa administration regardless of the presence of AIMs.  294 

Accumulating evidence has drawn attention to the electrophysiological properties of 295 

the GPe in impaired motor functions in PD [22–24]. There are two major types of 296 

GABAergic projection neurons in the GPe, namely, prototypical and arkypallidal neurons 297 

[25], of which prototypical neurons fire rapidly in vivo, express parvalbumin, and project 298 

preferentially to the STN. These neurons express NMDA receptors containing GluN2C 299 

as their NR2 subunit [26]. Among the NMDA receptor subunits, GluN2C has unique 300 

pharmacological properties: low sensitivity to Mg2+ blockade, high glutamate affinity, 301 

and no desensitization [27]. Taking these into account, NMDA receptors expressed by the 302 

prototypical neurons may contribute to the tonic excitatory bursts in the GPe. Indeed, 303 

specific pharmacological enhancement of NMDA receptors containing GluN2C in the 304 

GPe increased the firing of GPe neurons and alleviated motor deficits of PD model mice 305 

[28]. In line with this, increased Asc-1 mRNA expression in the GPe of PD model mice 306 

(Fig. 3D) may lead to enhanced uptake of D-serine and glycine from synaptic clefts and 307 

then to decreased NMDA receptor activity. In this case, Asc-1 would exert adverse effects 308 

on motor function. An alternative and opposite explanation, however, is possible: DA 309 

depletion may reduce NMDA receptor activity for some reason, and Asc-1 may increase 310 
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to active NMDA receptor by releasing D-serine to synaptic clefts as an antiporter [5]. The 311 

increased expression of Asc-1 mRNA may reflect altered transmission at excitatory 312 

synapses. In view of the concept of the tripartite synapse, the possibility that astrocytes 313 

are involved in this change in synaptic transmission cannot be ignored. We have reported 314 

that Olig2-lineage astrocyte (Olig2-AS) [29], a subpopulation of astrocytes abundant in 315 

the basal ganglia, expresses Asc-1 mRNA in the Gpe [15]. Olig2-AS-derived Asc-1 316 

mRNA may contribute to the increased Asc-1 expression under PD state. In this study, it 317 

was not clear whether the increased Asc-1 mRNA expression was of neuronal or 318 

astrocytic origin, but it will be interesting to see how Olig2-AS are involved under PD 319 

conditions, which will be the subject of our future study. 320 

DA depletion increases NMDA receptors in the SNr, but does not change AMPA 321 

receptor-mediated spontaneous and evoked excitatory postsynaptic currents [6]. 322 

Microinjection of NMDA receptor antagonists into the SNr of PD model mice results in 323 

significant improvement of spontaneous locomotion [6]. The function of NMDA 324 

receptors containing either GluN2B or GluN2D subunits is dramatically reduced in the 325 

PD model mice, while the function of heteromeric NMDA receptors that contain GluN2A 326 

is maintained [6]. Such changes in the subunit composition of NMDA receptors may 327 

contribute to the hyperactivity of SNr neurons and to impaired locomotion in the DA-328 

depleted state. In the present study, Asc-1 expression in the SNr was decreased upon DA 329 

depletion, in clear contrast to that in the GPe. Downregulation of the Asc-1 transporter 330 

may lead to excess amounts of D-serine and glycine in synaptic clefts and thereby 331 

enhance the activities of NMDA receptors and of SNr neurons. When DA was 332 

supplemented with continuous L-dopa administration, the increase or decrease in Asc-1 333 

expression in both nuclei tended to be resolved, and this effect persisted regardless of the 334 
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ON/OFF state of LID. This suggests that Asc-1 mRNA expression in the Gpe and SNr 335 

may be under on/off control of DA rather than dose-dependent control. To delineate the 336 

regulatory mechanisms, we need to measure regional dopamine contents in the Gpe and 337 

SNr of PD, LID-ON and LID-OFF mice.  L-dopa is an established treatment for 338 

movement disorders in PD, but its mechanism of action is not fully understood. It has 339 

been known that the serotonergic nervous system plays an important role in the 340 

conversion of L-dopa to DA [30], and abnormal serotonergic transmission is one of the 341 

reasons for the development of dyskinesia. L-dopa has a wide range of complex 342 

neurochemical effects beyond its conversion to DA in striatal dopaminergic neurons, 343 

including indirect effects on cholinergic, GABAergic and glutamatergic neurons, and its 344 

potential to be converted to bioactive metabolites independently of DA neurotransmission 345 

[31]. L-dopa administration may thus have complex impacts on altering Asc-1 mRNA 346 

expression. 347 

The present study reveals novel changes of Asc-1 mRNA of the GPe and SNr, in synapses 348 

associated with DA depletion, and further shows that these changes can be normalized by 349 

dopamine replacement. Asc-1 may become a new therapeutic target to control motor 350 

deficits and L-dopa-induced abnormal motor activities in PD. 351 

However, it remains to be clarified whether Asc-1 gene expression changes in the GPe 352 

and SNr are a cause or an effect of the PD pathology.  353 

354 
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Figure legends 478 

 479 

Fig. 1 Expression of Asc-1 in mouse brain.  480 

(A) Immunochemical analysis using anti-Asc-1 antibody shows that Asc-1 is strongly 481 

expressed in the brain stem, mesencephalon, and basal forebrain. In the basal ganglionic 482 

circuit, GPe, STN, and SNr show strong Asc-1 expression. (B) GPe, STN, and SNr are 483 

also labeled strongly by immunofluorescence using anti-Asc-1 antibody. (C) Asc-1 484 

mRNA expression in the GPe, STN, and SNr is confirmed by in situ hybridization. No 485 

specific hybridization signals were observed with the sense probe. Insets show Asc-1 486 

mRNA signals under higher magnification. Scale bars = 1 mm in A and B; 200 µm in C; 487 

50 µm in inset of C. CPu: Caudo-Putamen, cp: Cerebral Peduncle.  488 

 489 

 490 

Fig. 2 Schematic representation of experimental schedules.  491 

See Materials and Methods for details.  492 

 493 

 494 

Fig. 3 Asc-1 mRNA expression level is altered in the GPe and SNr, but not in the STN, 495 

in dopamine depletion mice.  496 

(A, B) Dopamine projection in the nigrostriatal tract is completely degenerated on day 21 497 

in 6-OHDA-injected mice, as confirmed by immunostaining of anti-tyrosine hydroxylase 498 

antibody (A) and Western blotting (B). (C) The GPe, STN, and SNr were dissected from 499 

brain sections counterstained with thionin by laser microdissection. The low-500 

magnification images are sections after each neuronal nucleus has been dissected by laser 501 
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microdissection. Scale bar: 2.5 mm. (D) Asc-1 mRNA expression is significantly higher 502 

in the GPe on day 21 than in the control group.  (E) There is no difference of Asc-1 503 

mRNA expression level in the STN between control and 6-OHDA groups.  (F) In the 504 

SNr, Asc-1 mRNA expression is significantly lower than in the control group. Graphical 505 

data are presented as the mean ± SEM. Student’s t-test was used to compare mean values 506 

for unpaired data. *p < 0.05; n.s., not significant. 507 

 508 

 509 

Fig. 4 Dopamine replacement with L-dopa administration resolves the changes in ASC-510 

1 mRNA expression in the GPe and SNr. 511 

(A) AIM scores peaked at 60 min after the last L-dopa administration, and dyskinesia-512 

like behavior was no longer observed after 140 min. (B) Asc-1 mRNA expression in the 513 

6-OHDA-injected GPe decreased after continuous L-dopa treatment and showed levels 514 

comparable to those in controls on day 34. There was no difference in Asc-1 mRNA 515 

expression in the presence or absence of dyskinesia-like behavior (LID-ON/OFF). (C) In 516 

the L-Dopa-treated SNr, Asc-1 mRNA expression increased to levels comparable to those 517 

in controls. There were no significant differences between LID-ON and LID-OFF states. 518 

Graphical data are presented as the mean ± SEM. One-way analysis of variance (ANOVA) 519 

followed by the Games-Howell post hoc test was used.  *p < 0.05; n.s., not significant. 520 
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