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Abstract

Background

Unresponsiveness to dopaminergic therapies is a key feature in the diagnosis of multiple

system atrophy (MSA) and a major unmet need in the treatment of MSA patients caused by

combined striatonigral degeneration (SND). Transgenic, alpha-synuclein animal models do

not recapitulate this lack of levodopa responsiveness. In order to preclinically study interven-

tions including striatal cell grafts, models that feature SND are required. Most of the previous

studies focused on extensive nigral and striatal lesions corresponding to advanced MSA-P/

SND. The aim of the current study was to replicate mild stage MSA-P/SND with L-dopa

failure.

Methods and results

Two different striatal quinolinic acid (QA) lesions following a striatal 6-OHDA lesion replicat-

ing mild and severe MSA-P/SND, respectively, were investigated and compared to 6-OHDA

lesioned animals. After the initial 6-OHDA lesion there was a significant improvement of

motor performance after dopaminergic stimulation in the cylinder and stepping test

(p<0.001). Response to L-dopa treatment declined in both MSA-P/SND groups reflecting

striatal damage of lateral motor areas in contrast to the 6-OHDA only lesioned animals

(p<0.01). The remaining striatal volume correlated strongly with contralateral apomorphine

induced rotation behaviour and contralateral paw use during L-dopa treatment in cylinder

and stepping test (p<0.001).

Conclusion

Our novel L-dopa response data suggest that L-dopa failure can be induced by restricted lat-

eral striatal lesions combined with dopaminergic denervation. We propose that this sequen-

tial striatal double-lesion model replicates a mild stage of MSA-P/SND and is suitable to

address neuro-regenerative therapies aimed at restoring dopaminergic responsiveness.
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Introduction

Neurotoxic lesion models are valuable to study motor symptoms and investigate neuroana-

tomical correlations and therapeutic approaches in neurodegenerative diseases including mul-

tiple system atrophy [1]. Multiple system atrophy (MSA) is an adult onset, rapidly progressive

neurodegenerative disease characterized by progressive autonomic failure in combination

with parkinsonism and/or cerebellar symptoms and pyramidal features [2]. Disease onset is in

the sixth decade, both sexes are equally affected, and mean survival is estimated to be 6–9 years

[1,3–6]. According to the second consensus criteria in 2008, MSA patients can be categorized

into the Parkinson (MSA-P) or cerebellar (MSA-C) clinical variants depending on the pre-

dominant motor presentation of either parkinsonism or cerebellar features [7]. Both variants

of MSA are neuropathologically characterized by neuronal loss in multiple brain regions

including the autonomic, striatonigral and olivopontocerebellar systems. The degeneration of

dopaminergic neurons in the substantia nigra and the medium sized spiny projection neurons

of the striatum is predominant in MSA-P and is referred to as striatonigral degeneration

(SND), while neurodegeneration in MSA-C is most prominently observed in the olivoponto-

cerebellar system resulting in olivopontocerebellar atrophy (OPCA) [8–10]. However, both

systems are usually affected within one individual. Histologically, both motor variants of MSA

feature a common and disease-specific cellular pathology of α-synuclein (α-SYN) immunore-

active aggregates in oligodendrocytes, which are referred to as (oligodendro-) glial cytoplasmic

inclusion bodies [11].

Currently, most translational MSA studies are based on transgenic mouse models overex-

pressing α-SYN in oligodendrocytes aiming to identify disease modifying agents [12–16].

However, thus far, no established disease modifying treatment is available for MSA and treat-

ment options are generally limited and confined to symptomatic approaches targeting motor

symptoms, autonomic dysfunction and occupational therapy to support patients´ indepen-

dency in activities of daily living [5]. Contrary to PD, parkinsonism in MSA-P is typically resis-

tant or poorly responsive to dopamine replacement therapy and if MSA-P patients respond to

L-dopa treatment, the effect is usually transient with a mean L-dopa responsiveness of 3.5

years [1,5,6,17]. L-dopa failure in MSA-P reflects the loss of dopamine receptor bearing

medium spiny GABAergic neurons of the striatum as part of SND [17]. Novel experimental

models replicating different degrees of basal ganglia degeneration are required to study the rel-

evance of selective basal ganglia atrophy to dopaminergic responsiveness. Although, the exist-

ing transgenic mouse models, especially the (PLP)-alpha-synuclein model, exhibit neuronal

degeneration in the substantia nigra that gradually affects the striatum over 12 months of age

along with motor deficits, the effectiveness and response patterns of L-dopa treatment are dif-

ficult to assess using this model [12,18–20]. In contrast, the classical double-lesion rat model of

MSA-P/SND exploits two well established neurotoxins, 6-hydroxydopamine (6-OHDA) and

quinolinic acid (QA), replicating SND. and is suitable to test dopaminergic responsiveness

[21–25].

6-OHDA is a dopamine derivate that enters catecholaminergic terminals via dopamine and

noradrenaline reuptake transporters and leads to the production of reactive oxygen species

resulting in dopaminergic cell death in the substantia nigra [26]. Degeneration of medium

spiny neurons of the striatum can be induced by striatal injection of QA, which is an NMDA

receptor agonist resulting in excitotoxicity and cell death [27] complementing the 6-OHDA

induced nigral degeneration to replicate SND. Hence, the combination of 6-OHDA and QA

causes MSA-P/SND-like lesion pattern of variable extent depending on the site and distribu-

tion of injection and the dosage of neurotoxins [28,29]. In the past, MSA-P/SND models have

been based on complete dopaminergic denervation of host striatum using medial forebrain
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bundle (MFB) lesions and—often extensive—striatal damage replicating advanced SND.

Despite replication of L-dopa failure in the advanced SND model, the extensive neuronal loss

potentially limits the translation to the clinic and the success of transplantation approaches

[21–25]. Therefore, a partial double lesion model with stable L-dopa treatment failure and a

histopathological situation potentially suitable for neuro-restorative interventions is required.

The feasibility of an unilateral partial, sequential striatal double lesion rat model combining a

subtotal 6-hydroxidopamine (6-OHDA) lesion followed by a partial striatal quinolinic acid

(QA) lesion mimicking early stage MSA-P pathology has been described previously [30]. The

aim and achievement of the current study was to further develop and characterize this model

using a series of behavioural L-dopa response paradigms and a severe striatal double-lesion

control group.

Materials and methods

Animals

A total of 54 adult male Wistar rats (Charles River; Sulzfeld, Germany) aged 12 weeks and

weighing 200–225 grams at the beginning of the experiment were used in this study. The ani-

mals were housed in a temperature- and humidity-controlled environment under a 12-hour

light/dark cycle in the animal facility of the Medical University of Innsbruck with water and

food ad libitum. All efforts were made to minimize the number of animals used and their suf-

fering. This study was approved by the Institutional Animal Care and Use Committee at the

Medical University Innsbruck and the Federal Ministry for Science and Research of Austria.

All experiments were executed in accordance with the Austrian law.

Experimental design

All animals underwent the initial striatal 6-OHDA injection. Subsequently, the first beha-

vioural assessment including amphetamine induced rotation and evaluation of dopaminergic

responsiveness in cylinder and stepping test using saline/L-dopa treatment (S1 = saline and

LD1 = L-dopa treatment) was performed (the details are explained in the section behavioural
analyses). Animals were then randomized into the three experimental groups:

• group 1 received the centrolateral “severe” striatal lesion with 180 nmol QA- group 1

(n = 19)

• group 2 received the lateral “mild” striatal QA lesion with 120 nmol QA—group 2 (n = 18)

• group 3 did not receive a QA lesion and served as PD/6-OHDA only control group (n = 17)

The second behavioural assessment (2nd behavioural assessment: S2 = saline and LD2 = L-

dopa treatment) included amphetamine and apomorphine induced rotation in addition to cyl-

inder and stepping test with and without L-dopa (S2 = saline and LD2 = L-dopa treatment).

Finally, animals were sacrificed for histological purposes. The experimental design is shown in

Fig 1.

Stereotactic lesion surgery

Stereotactic lesions were performed targeting the right lateral striatum, which is considered to

regulate forepaw, head and orofacial motor behaviour in rodents [31–33]. The concentration

of the neurotoxins 6-OHDA and QA (Sigma Aldrich, Steinheim, Germany) were chosen

based on previous reports [30] and applied sequentially, with 4 weeks in-between the stereo-

tactic operations. Anteroposterior (AP) and mediolateral (ML) coordinates were set according
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Fig 1. Experimental design. All 54 male Wistar rats underwent 6-hydroxydopamine (6-OHDA) lesion surgery. The

first behavioural assessment included amphetamine induced rotation, cylinder and stepping test with saline (S1) or L-

dopa (LD1) treatment. Animals were then randomized into the three experimental groups according to rotation

behaviour and L-dopa response. Groups 1 and 2 received the additional quinolinic acid (QA) lesions: group 1:

6-OHDA+severe QA and group 2: 6-OHDA+mild QA, while group 3 served as the Parkinson´s disease control group

with the 6-OHDA lesion only. Afterwards, the second behavioural assessment including cylinder and stepping test

with saline (S2) or L-dopa treatment (LD2), amphetamine and apomorphine induced rotation was performed. Finally,

animals were sacrificed for histological purposes.

https://doi.org/10.1371/journal.pone.0218130.g001
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to bregma and the dorsoventral (DV) coordinate in association to dura [33]. Animals were

anaesthetized using isoflurane/oxygen-ventilation (1.5–2.0%, Baxter, USA) and placed in a ste-

reotactic frame (Stoelting, Wood Dale, USA). Fixation was achieved by the tooth- and ear bars

of the frame. Animals remained in this position and were anesthetized till the end of surgery.

In order to achieve a partial depletion of the nigrostriatal system the previously established ter-

minal partial 6-OHDA lesion protocol was used [30]. Briefly, 3 tracks targeting the right dorso-

lateral striatum were drilled into the skull and a 10 μl Hamilton syringe (Hamilton Europe,

Switzerland) was used to deliver 2 μl of 7μg/μl 6-OHDA (Sigma Aldrich, Steinheim, Germany)

at the following coordinates: AP: +1.0/-0.1/-1.2 mm, ML: -3.0/-3.7/-4.5 mm, and DV: -5.0

mm. In all cases, the tooth-bar was at 0.0 mm. The injection rate was 1.0 μl l/min and the

syringe was kept in situ for 5 min prior retraction. To avoid oxidation of the neurotoxin,

6-OHDA was kept in the dark, on ice and was renewed after each animal. Administration of

0.12M QA (Sigma Aldrich, Steinheim, Germany; dissolved in 0.1M 1x phosphate buffered

saline (PBS) solution, pH = 7.4) was delivered into the right striatum by manual infusion using

a 26-gauge stainless steel cannula connected to 5μl Hamilton syringe. Animals of group 1

received 180 nmol QA via 3 tracks delivering 3x 0.5μl (2x 0.25μl) of 0.12M QA into the centro-

lateral striatum at the following coordinates: AP: +1.00/-0.10/-1.20 mm, ML: -3.00/-3.70/-4.50

mm and DV: -5.00 mm. Animals of group 2 received 120 nmol QA via 2 tracks delivering 2x

0.5μl per track into the dorsolateral striatum at the following coordinates: AP: +1.20/-0.40

mm, ML: -3.60/-4.40 mm and DV: -5.50/-4.50 mm for track 1 and DV: -5.80/-6.80 mm for

track 2. In all cases the tooth bar was at -2.3 mm. After each deposit of 0.25μl the cannula was

kept in place for 4 minutes to allow the neurotoxin to diffuse and reduce the release of QA dur-

ing retraction of the needle. Animals that showed signs of pain (n = 5) including piloerection,

increased back arching, decreased activity, and protecting the painful area received carprofen

4 mg/kg body weight subcutaneously.

Behavioural analyses

Drug induced rotation. Amphetamine- and apomorphine (Sigma-Aldrich, Steinheim,

Germany) -induced rotation were used to evaluate the rotation behaviour after 6-OHDA and

after QA lesion surgeries. Amphetamine induced rotation was performed 4 weeks after the ini-

tial 6-OHDA lesion and at least 3 days prior to L-dopa/saline challenge in cylinder and step-

ping test at the first behavioural assessment. After QA lesion surgery, amphetamine induced

rotation was performed at least 2 days after the L-dopa/saline challenge of the second beha-

vioural assessment. Apomorphine induced rotation was performed at the very end of the beha-

vioural analyses at the second behavioural assessment (3 days after amphetamine induced

rotation). After application of either amphetamine or apomorphine, animals were monitored

in rotation boxes modelled after Ungerstedt and Arbuthnott [34]. Amphetamine-induced

rotation was performed at the first and the second behavioural assessment using 2.5mg/kg

amphetamine, delivered by 0.1 ml/100g intraperitoneal injection followed by a 60min assess-

ment period. Apomorphine-induced rotation was performed at the very end of the intra vitam
analyses in order to avoid receptor desensitization in the lesioned striatum during the experi-

ments. The concentration of apomorphine was 0.75 mg/ml/kg dissolved in 0.2% L-ascorbic

acid-saline (Sigma-Aldrich, Steinheim, Germany) with an injection volume of 0.1 ml/100g

subcutaneously. Subsequently, animals were monitored for 40 min. Apomorphine solution

was stored on ice and protected from light to avoid oxidation. The automated rotation system

counted right (ipsilateral) and left (contralateral) body turns separately which was then divided

by the minutes of rotation time to calculate the rotations per minute. All animals without
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rotation behaviour after apomorphine administration, were re-rotated in a second assessment

to avoid absent rotations due to failure of injections.

Cylinder and stepping test. Lesion and treatment effects of L-dopa were evaluated using

cylinder and stepping tests which both assess forelimb akinesia [35,36]. Randomized to treat-

ment (saline or L-dopa) all animals were tested twice at the first and the second behavioural

assessment (S1/LD1 = saline/L-dopa treatment at the first behavioural assessment, S2/

LD2 = saline/L-dopa at the second behavioural assessment; Fig 1). The concentration of L-

dopa (Research Organics, Cleveland, OH, USA) was 6mg/kg plus 10mg/kg benserazide hydro-

chloride (Sigma-Aldrich, Steinheim, Germany). The volume was 0.1ml/100g and application

was performed intraperitoneally 60 min prior to testing. Saline treatment was performed in an

analogous mode (0.1ml/100g). After application of either L-dopa or saline each animal per-

formed the cylinder test lasting for a maximum of 4 minutes, followed by the stepping test.

For cylinder test, each animal was placed in a plexiglass cylinder individually (diameter

measures 20 cm) and left there to freely explore space. The experiment was performed under

conditions of darkness, where red light allowed the recording of animals during the test. Ani-

mals were recorded for 4 min and later scored by an experimenter blinded to the identity of

the animals. Only animals reaching a total of 20 wall touches and only the first 20 wall touches

were considered for analyses. Data of cylinder test are expressed as total wall contacts per-

formed with the left (contralateral to the lesion) and right (ipsilateral to the lesion) forepaw

and as percentage of contralateral paw use (wall contacts made with the contralateral paw

divided by the sum of wall contacts made with ipsi- and contralateral paw).

For stepping test, an experimenter that was blinded to the lesion and treatment status of the

animals performed the test. Animals were held in the hands of the experimenter by fixing the

hindlimbs and one of the forelimbs, letting the unrestrained paw reach the surface of the

examination table. Then the animals were moved sideways with a mean speed of 0.6m in 5s.

Depending on the direction, stepping behaviour was evaluated either in forehand or backhand

directions. The experimenter counted the number of adjusting steps in each direction and for

each forelimb. The animals were tested 4 times in backhand and forehand direction at each

behavioural and treatment assessment to allow calculation of a mean. Data of stepping test are

expressed as total adjustment steps and as “limb asymmetry score” (LAS) calculated as follows:

ipsilateral steps minus contralateral steps divided by the sum of ipsilateral and contralateral

steps. The data ranged from 0–1 with 0 representing no limb asymmetry and 1 representing

100% limb asymmetry.

Histological examinations

At the end of the second behavioural assessment, animals were sacrificed by an overdose of

thiopental via intraperitoneal application (120 mg/kg bodyweight) followed by transcardial

perfusion. In order to avoid fixation of blood in the vessels animals were perfused with 50 ml

of 0.01M PBS prior to perfusion using 250 ml of 4% paraformaldehyde (PFA) for fixation.

After perfusion, brains were quickly removed and post-fixed overnight in 4% PFA at 4˚C.

Cryoprotection was performed in a solution of 20% sucrose in 0.01M PBS pH 7.4 for at least

24 hours. Subsequently, brains were slowly frozen in 2-methylbutane at -40˚C and stored at

-80˚C until further processing. Six series of sections of 40 μm were cut on a cryostat (Leica,

Nussloch, Germany). Immunohistochemical stainings were conducted on free-floating sec-

tions according to the “Avidin-Biotin-horseradish-peroxidase-Complex (ABC) method”. On

the first day peroxidase blocking was performed using 0.3% H2O2-PBS solution to reduce

endogenous peroxidase activity. Further, sections were pre-incubated in 5% horse serum con-

taining 0.3% Triton X-100 in PBS and an overnight incubation at room temperature with the
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primary antibody against tyrosine hydroxylase (mouse anti-TH; 1:2500; Sigma-Aldrich, USA)

and dopamine- and adenosine 3,5-monophosphate-regulated phosphoprotein (rabbit anti-

DARPP-32; 1:20000; generous gift from Prof. Hugh Hemmings, New York). After rinsing sec-

tions with PBS, they were incubated with a biotinylated horse anti-mouse/rat secondary antibody

(1:200; Vector Laboratories, USA) before they were rinsed again and incubated with avidin-biotin

peroxidase solution (ABC Elite; Vector Laboratories, USA) followed by visualization using 3,3’-

diaminobenzidin-tetrahydrochlorid (DAB; Merck, Darmstadt, Germany) and 0.01% H2O2.

Finally, sections were mounted on glass slides and covered with entellan under a cover slip.

Morphological analyses

An observer blinded to the group assignment of the animals performed all stereological inves-

tigations using a computer-assisted image analysis system (Nikon E-800 microscope, Nikon

digital camera DXM 1200; Stereo Investigator Software, MicroBrightField Europe e.K., Mag-

deburg, Germany). The optical fractionator method was applied for cell number estimations

in the substantia nigra pars compacta (SNc) on the lesioned and non-lesioned side. Volumetric

approximations of QA lesion, remaining and contralateral striatal size, as well as ventricles

were performed by measuring the surface areas on six consecutives DARPP-32 stained sec-

tions on the anterior–posterior axis on the ipsi- and contralateral side. Then the volume was

calculated by correcting for section thickness and sample frequency by the following formula:

volume (mm3) = sum of areas (mm2) x 40 μm x 36.

Data analyses

Statistical analyses were performed using IBM SPSS Statistics 25. Data in text are expressed as

mean ± standard deviation. Shapiro Wilk test was used to assess the distribution of data. Data

of substance induced rotation, cylinder test, backhand stepping test and histology were distrib-

uted normally, while data of forehand stepping test were non-parametric. Accordingly,

parametric and non-parametric tests were applied as appropriate.

Overall group differences were evaluated using one-way ANOVA or Kruskal Wallis test

with the Bonferroni post-hoc test or Mann Whitney U test with corrections for multiple

comparisons.

Contralateral motor deficits were analysed comparing right (ipsilateral to the lesion) versus

left (contralateral) motor performance of the forepaws. The motor deficit in cylinder test was

evaluated by comparison of the number of wall contacts performed with the contralateral paw

and the number of wall contacts performed with the ipsilateral paw at S1 and for stepping test,

the motor impairment was assessed by comparison of the number of contralateral and ipsilat-

eral adjustment steps at S1.

For further analyses including QA lesion effect, determination of L-dopa response patterns

and correlation analyses the variables were converted into “contralateral paw use” (= contralat-

eral wall contacts divided by the sum of ipsi- plus contralateral wall contacts) for cylinder test

and “LAS” (ipsilateral adjustment steps minus contralateral steps divided by the sum of ipsilat-

eral and contralateral steps) for stepping test.

The QA lesion effect (comparing S1 and S2) and L-dopa response (comparing LD1 and

LD2) were assessed by using repeated measures ANOVA with post-hoc Bonferroni test and

Wilcoxon signed-rank test with correction for multiple comparisons. Within group effects

were analysed using t-test for related samples with Bonferroni correction.

Histological data were analysed using one-way ANOVA and student´s t test. Pearson and

Spearman correlations were used to specify the relationship between histological parameters

and behavioural data. The significance level was set p-value <0.05.
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Results

Amphetamine induced rotation was unaffected by the additional QA lesions

Following 6-OHDA lesion all animals revealed a strong ipsilateral rotation bias with a mean

rotation rate of 7.59±3.90 ipsilateral body turns per minute. After randomization into the

three experimental groups, mean ipsilateral rotations rates were as follows: 6.93±2.32 in group

1, 6.94±2.67 in group 2, and 7.06±3.04 in group 3 (at this time point only 6-OHDA lesion had

been performed and the groups were comparable p = 1). After the QA administration in the

groups 1 and 2, amphetamine induced rotation did not show a significant QA lesion effect

(F(1,51) = 1.235 p = 0.272).

A unique rotation behaviour was reflected by apomorphine induced

rotation

In group 1 14/19 (74%) animals rotated to the ipsilateral side with a mean rotation rate of

5.62±2.93, 2/19 (11%) rotated at a very low rate (1.54±0.51) towards the contralateral side and

3/19 (16%) did not rotate to any side. In the group 2 11/18 (61%) animals rotated to the ipsilat-

eral side with a mean rotation rate of 6.88±2.74 and 7/18 (39%) rotated to the contralateral

side with a mean rotation rate of 4.51±2.43. In contrast, animals of group 3 rotated to the con-

tralateral side exclusively with a mean rotation rate of 4.44±1.52.

The L-dopa treatment effect was significant at the first behavioural

assessment

Cylinder test. The 6-OHDA lesion resulted in a significant reduction of contralateral paw

use as compared to the ipsilateral side (p<0.001; S1 Table) with a mean contralateral paw use

of 21.75±11.16% in all lesioned animals without any difference between the experimental

groups (S2 Table). L-dopa treatment revealed a significant improvement of contralateral paw

use (treatment effect: F(1,25) = 92.884 p<0.001) without an interaction of treatment and group

(F(1,15) = 0.041 p = 0.960). Accordingly, the within group analyses confirmed the treatment

effect comparing saline and L-dopa behaviour in all experimental groups (group 1 p = 0.003,

group 2 p<0.001, group 3 p<0.001; Fig 2A; S2 Table).

Stepping test. Following 6-OHDA lesion, there was a significant reduction in adjustment

steps performed with the left (contralateral to the 6-OHDA lesion) paw as compared to the

right (ipsilateral to the lesion) paw in forehand and backhand directions (p<0.001; S3 and S4

Tables) with a mean LAS of 0.85±0.18 in forehand and 0.55±0.23 in backhand directions (S5

and S6 Tables). At this point, all animals had received only the 6-OHDA lesion and corre-

spondingly, no difference between the experimental groups were detected. Forehand stepping

performance was more impaired than backhand stepping (p<0.001). The L-dopa treatment

effect was significant in all experimental groups in both forehand and backhand directions

(treatment effect in forehand direction: group 1 p = 0.003; group 2 p = 0.021, group 3 p<0.001;

backhand direction: F(1,50) = 79.569 p<0.001; group 1 p = 0.003, group 2 p = 0.003, group 3

p = 0.003). No interaction of treatment and group could be identified in backhand direction

(F(2,50) = 0.242, p = 0.786) and there were no differences between the experimental groups in

either direction (Fig 2C and 2E; S5 and S6 Tables).

The L-dopa treatment effect declined in both MSA groups at the second

behavioural assessment

Cylinder test. Comparing contralateral paw use of the first and the second behavioural

assessment during saline treatment (S1 versus S2), a significant QA lesion effect was identified
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Fig 2. L-dopa response patterns (A-F) and related histology (G-H). Data are illustrated as mean ± standard error. L-dopa

responsiveness was evaluated by cylinder and stepping test. All animals received the initial 6-hydroxydopamine (6-OHDA) lesion prior

to the first behavioural assessment, while only groups 1 and 2 received the additional quinolinic acid (QA) lesions before the second

behavioural assessment: group 1: 6-OHDA+severe QA; group 2: 6-OHDA+mild QA; group 3: 6-OHDA. At the first behavioural
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(lesion effect F(1,25) = 6.491 p = 0.017), which was attributed to the group 1 without any signifi-

cant difference to the mild MSA-P/SND or PD/6-OHDA groups. Comparing saline and L-

dopa challenge during the 2nd assessment, the L-dopa treatment effect remained significant

(treatment effect F(1,25) = 5.122 p = 0.033) and a significant interaction of L-dopa treatment

and group was detected (interaction of treatment and group F(1,25) = 7.889 p = 0.002)—both

MSA-P/SND groups were different from the group 3 (p<0.05). Within group comparisons

assigned the significant L-dopa treatment effect to group 3 (p = 0.003) and no such treatment

response could be attributed to group 1 (p = 0.96) or group 2 (p = 1; Fig 2B; S2 Table).

Stepping test. Comparing motor performance in stepping test at the first and second

behavioural assessment revealed a significant “QA lesion/time” effect wherein a significant

improvement was observed in backhand stepping performance (F(1,51) = 8.370 p = 0.006; inter-

action time and of group: F(1,51) = 7.831 p = 0.001). In this regard, the within group analyses

showed that the groups 2 (p = 0.039) and 3 (p = 0.012) improved their backhand stepping per-

formance over the experimental time in contrast to the group 1. At the second behavioural

assessment, the L-dopa treatment effect remained significant in group 3 in forehand

(p = 0.003) and backhand (p = 0.006) directions (treatment effect in backhand direction: F(1,51)

= 6.182 p = 0.016) in contrast to groups 1 and 2 (p = 1). Hence, both MSA-P/SND groups were

different from the PD/6-OHDA group (p<0.05) (Fig 2D and 2F; S5 and S6 Tables).

Number of dopaminergic neurons in SNc was comparable among all

groups

The number of tyrosine hydroxylase positive neurons in SNc was significantly reduced ipsilat-

eral to the 6-OHDA lesion compared to the contralateral side (F(1,48) = 603.266; p<0.001)

without any significant difference between the experimental groups.

Mean number of dopaminergic neurons accounted for 25% of contralateral side in group 1

(ipsilateral 3649±2509, contralateral 14524±4361), 24% in group 2 (ipsilateral 3450±1710, con-

tralateral 14116±2738) and 31% in group 3 (ipsilateral 4710±1598, contralateral 16005±3003;

Fig 2G).

QA lesion volume was associated with the concentration and coordinates of

QA toxin

Volumetric measurements on DARPP-32 immunohistochemistry revealed that the QA lesion

volume was significantly greater in group 1 as compared to group 2 (t(33) = 5.101 p<0.001).

The QA lesion volume was 16.79±3.20 mm3 accounting for 46% of contralateral striatal vol-

ume in group 1 and 11.28±2.09 mm3 accounting for 31% of contralateral striatal volume in

group 2. Ipsilateral striatal volume was not only reduced by the mild and severe QA lesions

(p<0.001), but also the 6-OHDA lesion lead to significant striatal atrophy as compared to the

contralateral side (p<0.001). The remaining striatal volumes of double lesioned animals

assessment (A,C,E), all experimental groups showed a significant motor improvement after L-dopa administration compared to saline

treatment in contralateral paw use of cylinder test (A), and limb asymmetry score (LAS) of forehand (C) and backhand stepping test (E;

p<0.05). At the second behavioural assessment (B,D,F), the L-dopa treatment effect was still significant in cylinder and stepping test, but

declined comparably in both MSA-P/SND groups so that only the group 3 showed a sustained motor improvement during

dopaminergic stimulation in both motor tests (p<0.05). G-H: The 6-OHDA lesion resulted in a significant reduction of tyrosine

hydroxylase positive (TH+) neurons in the ipsilateral substantia nigra pars compacta (SNc) compared to the contralateral SNc (p<0.001;

G). Ipsilateral striatal volume was significantly reduced compared to the contralateral side in all groups (���p<0.001) and the QA lesion

resulted in a significant reduction of ipsilateral striatal volumes in groups 1 and 2 compared to the 6-OHDA only lesioned group 3

(§§§p<0.001; H). Abbreviations: S1. . .saline treatment at the first behavioural assessment, LD1. . .L-dopa treatment at the first

behavioural assessment; S2. . . saline treatment at the second behavioural assessment, LD2. . .L-dopa treatment at the second behavioural

assessment; LAS. . .limb asymmetry score.

https://doi.org/10.1371/journal.pone.0218130.g002
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accounted for 35% of contralateral striatal volume in the group 1 (ipsilateral 12.14±1.80 mm3,

contralateral 35.45±6.76 mm3), and 45% in the group 2 (ipsilateral 14.39±2.54 mm3, contralat-

eral 36.05±2.87 mm3) compared to 79% in the group 3 (ipsilateral 27.50±4.93 mm3, contralat-

eral 36.06±4.60 mm3; p<0.001; Fig 2H). Dilatation of the ipsilateral ventricle compared to the

contralateral side was present in all lesion groups (F(1,49) = 114.565 p<0.001), without any

group effect (group 1: 218.43±11.65%, group 2: 189.68±12.36%; group 3: 177.16±11.65%). Rep-

resentative examples of the severe and the mild QA lesion of groups 1 and 2 are illustrated in

the DARPP32 stain of Fig 3.

Behavioural and histological correlations

The remaining ipsilateral striatal volume correlated positively with apomorphine induced con-

tralateral rotation behaviour (r = 0.600 p<0.001) and negatively with apomorphine induced

ipsilateral rotation behaviour (r = 0.591 p<0.001). The remaining ipsilateral striatal volume

also strongly correlated with contralateral paw use during dopaminergic stimulation in cylin-

der test (LD2; r = 0.798 p<0.001) and forehand (r = 0.788 p<0.001) and backhand stepping

(r = .605 p<0.001). Further, apomorphine induced contralateral rotation behaviour correlated

with contralateral paw use during L-dopa treatment in cylinder (r = 402 p = 0.017) and step-

ping test (forehand direction: r = 0.551 p<0.001; backhand direction: r = 0.475 p<0.001).

Fig 3. Representative examples of the striatal pathology. Dopamine- and adenosine 3,5-monophosphate regulated phosphoprotein

(DARPP32) immunohistochemistry was used to visualize the striatal projection neurons. Three sections in the rostral, middle and caudal

section of the striatum are shown per group.

https://doi.org/10.1371/journal.pone.0218130.g003
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Discussion

Previously we have shown that partial dopaminergic denervation and excitotoxic lesions of the

lateral motor striatum cause abnormalities of drug-induced circling and spontaneous complex

motor deficits in a double lesion rat model of early stage MSA-P/SND [30]. We here demon-

strate that L-dopa response failure is similar in the mild and advanced stage MSA-P/SND

model. Since the restricted neuropathology achieved by this partial lesion paradigm more

closely replicates human MSA-P, and because early treatment intervention is essential in a rap-

idly progressive neurodegenerative disease like MSA, the mild MSA-P/SND model represents

the more appropriate testbed for studying restoration of striatal circuitry using cell grafts.

The intended goal is to restore L-dopa response and thereby improve motor function and

quality of life of MSA patients. In the past, several advanced MSA-P/SND models were gener-

ated by double-lesion protocols using 6-OHDA and QA resulting in almost complete loss of

dopaminergic neurons in the SNc (and ventral tegmental area) and extensive (~40–60%) loss

of striatal surface [21–25,37]. To our knowledge, L-dopa responsiveness in forelimb use (step-

ping and cylinder test) has only been explored in the advanced MSA-P/SND model demon-

strating that the extensive neuronal loss of SND results in L-dopa treatment failure and L-dopa

induced dyskinesias [19,21]. However, the substantial neurodegeneration of the advanced

SND model doesn’t reflect early stage disease and interventional approaches including neuro-

protective agents and striatal grafts might be limited.

Studies of L-dopa response patterns in an early MSA-P/SND model are non-existent, but

mandatory as testbeds for future neuro-restorative studies. To this end, we here explored two

double-lesion approaches modelling different stages of MSA-P/SND in rats as the aim was to

create a stable model with restricted striatal and nigral damage combined with initial L-dopa

response and secondary L-dopa failure replicating motor and histological characteristics of

early MSA-P/SND with PD like onset. Three lesion groups were created including a PD group

receiving only the 6-OHDA lesion without any QA lesion (group 3) and two QA lesion

approaches differing in QA concentration and striatal coordinates were investigated. The ini-

tial 6-OHDA lesion was effective in achieving a contralateral motor deficit of forelimb use in

the cylinder and stepping test, whereat the limb asymmetry in stepping test was more impaired

in forehand than in backhand direction. The additional QA lesions did not deteriorate step-

ping performance consistent with previous reports [21,30,37]. However, in cylinder test the

more extensive QA lesion resulted in a further reduction of contralateral paw use, albeit no dif-

ference to the mild QA lesion or the PD group could be evaluated. The significant L-dopa

treatment effect after 6-OHDA lesion declined in both MSA-P/SND groups after the addi-

tional mild and more extensive, severe QA lesions. Despite a significant difference in QA

lesion volumes between the two MSA groups, no significant differences in the remaining stria-

tal volumes and accordingly, no difference in motor performance comparing saline and L-

dopa treatment were observed. However, the remaining striatal volumes correlated strongly

with contralateral paw use in cylinder and stepping test during L-dopa challenge. Taken

together, the smaller QA lesion (group 2) on top of the 6-OHDA lesion successfully abolished

the L-dopa response. Hence, our data strengthen the experimental evidence that the dorsolat-

eral striatum is essential for L-dopa response [21]. Further, our results suggest that the intra-

striatal location of the QA lesion and to a lesser extend the QA concentration and thereby the

QA lesion volume are decisive in motor performance during dopaminergic stimulation in the

double lesion rat model of MSA-P.

A comparison of drug induced rotation by apomorphine prior and post QA lesion surgery

was not performed in this study in order to reduce dopamine receptor sensitization [38].

Instead, it was performed at the very end of the study demonstrating a distinctive rotation
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behaviour of double-lesioned animals reflecting their striatal lesion size: animals of the severe

MSA-P/SND-P group demonstrated a strong ipsilateral rotation bias (74% of animals rotated

to the ipsilateral side) whereas animals of the MSA-P/SND mild group showed split rotational

behaviour (61% rotated ipsilaterally, 39% rotated contralaterally). Contralateral rotation

behaviour induced by apomorphine in dopamine depleted animals is thought to be due to the

development of dopamine receptor supersensitivity within the denervated striatum of

6-OHDA-lesioned animals [39] and was observed in our 6-OHDA only lesioned animals. It

correlated with contralateral motor performance during dopaminergic stimulation in cylinder

and stepping tests as well as with the remaining striatal volume. In previous reports apomor-

phine-induced contralateral rotation behaviour in animals with a unilateral 6-OHDA lesion of

the MFB was abolished by an additional striatal QA lesion [23,24, 40–42]. In line with previous

work performing partial striatal or MFB 6-OHDA lesions, amphetamine induced ipsiversive

rotations persisted after the subsequent QA lesions. Further, amphetamine induced rotations

correlated with the number of TH positive cells in the SNc and failed to distinguish between

single (only 6-OHDA) and double (6-OHDA plus QA) lesioned animals [21,22,25,30,37,

40,43]. Ipsilateral rotation has been observed in QA treated animals replicating striatal lesions

of Huntington‘s disease [30,44,45].

Histologically the MSA-P/SND groups were easily distinguished according to their different

QA lesion volumes. However, no differences in remaining striatal volume or ventricular dilata-

tion were observed between the two MSA groups which is reflected by the comparable beha-

vioural results (discussed above). Intrastriatal 6-OHDA lesion resulted in ~75% loss of

dopaminergic cells in the SNc in all lesion groups in contrast to ~90% loss in our previous

work [22] reflecting the variability of striatal 6-OHDA lesions. The subsequent QA lesions did

not affect the number of dopaminergic cells in SNc consistent with previous reports [19].

Limitations

No QA sham lesion was performed in group 3 on top of the 6-OHDA lesion. Accordingly, the

striatal damage induced by the 6-OHDA lesion in the PD group was not controlled and the L-

dopa effect on motor function may have been attenuated in these animals.

Conclusion

We here characterize for the first time L-dopa response patterns in a partial double-lesion rat

model of early stage MSA-P/SND with limited dopaminergic nigrostriatal denervation and

striatal volume loss. Our mild MSA-P/SND double-lesion model provides a highly suitable

testbed for cell-based restoration of striatal circuitry and reversal of L-dopa response failure.
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4. Wüllner U, Schmitz-Hübsch T, Abele M, Antony G, Bauer P, Eggert K. Features of probable multiple

system atrophy patients identified among 4770 patients with parkinsonism enrolled in the multicentre

registry of the German Competence Network on Parkinson’s disease. J Neural Transm (Vienna). 2007

Sep; 114(9):1161–5. Epub 2007 May 18.

5. Wenning GK, Geser F, Krismer F, Seppi K, Duerr S, Boesch S, et al. European Multiple System Atrophy

Study Group. The natural history of multiple system atrophy: a prospective European cohort study. Lan-

cet Neurol. 2013 Mar; 12(3):264–74. https://doi.org/10.1016/S1474-4422(12)70327-7 PMID: 23391524

6. Low PA, Reich SG, Jankovic J, Shults CW, Stern MB, Novak P, et al. Natural history of multiple system

atrophy in the USA: a prospective cohort study. Lancet Neurol. 2015 Jul; 14(7):710–9. https://doi.org/

10.1016/S1474-4422(15)00058-7 PMID: 26025783

7. Gilman S, Wenning GK, Low PA, Brooks DJ, Mathias CJ, Trojanowski JQ, et al. Second consensus

statement on the diagnosis of multiple system atrophy. Neurology. 2008 Aug 26; 71(9):670–6. https://

doi.org/10.1212/01.wnl.0000324625.00404.15 PMID: 18725592

8. Wenning GK, Tison F, Ben Shlomo Y, Daniel SE, Quinn NP. Multiple system atrophy: a review of 203

pathologically proven cases. Mov Disord. 1997 Mar; 12(2):133–47. https://doi.org/10.1002/mds.

870120203 PMID: 9087971

9. Ozawa T, Paviour D, Quinn NP, Josephs KA, Sangha H, Kilford L, et al. The spectrum of pathological

involvement of the striatonigral and olivopontocerebellar systems in multiple system atrophy: clinico-

pathological correlations. Brain 2004; 127: 2657–71. https://doi.org/10.1093/brain/awh303 PMID:

15509623

L-dopa response pattern in a rat model of mild striatonigral degeneration

PLOS ONE | https://doi.org/10.1371/journal.pone.0218130 June 10, 2019 15 / 17

https://doi.org/10.1002/mds.23192
https://doi.org/10.1002/mds.23192
http://www.ncbi.nlm.nih.gov/pubmed/20922810
https://doi.org/10.1038/nrneurol.2017.26
http://www.ncbi.nlm.nih.gov/pubmed/28303913
https://doi.org/10.1212/wnl.48.2.384
https://doi.org/10.1212/wnl.48.2.384
http://www.ncbi.nlm.nih.gov/pubmed/9040727
https://doi.org/10.1016/S1474-4422(12)70327-7
http://www.ncbi.nlm.nih.gov/pubmed/23391524
https://doi.org/10.1016/S1474-4422(15)00058-7
https://doi.org/10.1016/S1474-4422(15)00058-7
http://www.ncbi.nlm.nih.gov/pubmed/26025783
https://doi.org/10.1212/01.wnl.0000324625.00404.15
https://doi.org/10.1212/01.wnl.0000324625.00404.15
http://www.ncbi.nlm.nih.gov/pubmed/18725592
https://doi.org/10.1002/mds.870120203
https://doi.org/10.1002/mds.870120203
http://www.ncbi.nlm.nih.gov/pubmed/9087971
https://doi.org/10.1093/brain/awh303
http://www.ncbi.nlm.nih.gov/pubmed/15509623
https://doi.org/10.1371/journal.pone.0218130


10. Jellinger KA. Neuropathology of multiple system atrophy: new thoughts about pathogenesis. Mov Dis-

ord 2014; 29: 1720–41. https://doi.org/10.1002/mds.26052 PMID: 25297524

11. Jellinger KA, Lantos PL. Papp-Lantos inclusions and the pathogenesis of multiple system atrophy: an

update. Acta Neuropathol. 2010 Jun; 119(6):657–67. https://doi.org/10.1007/s00401-010-0672-3

PMID: 20309568

12. Kahle PJ, Neumann M, Ozmen L, Muller V, Jacobsen H, Spooren W, et al. Hyperphosphorylation and

insolubility of alpha-synuclein in transgenic mouse oligodendrocytes. EMBO Rep. 2002 Jun; 3(6):583–

8. Epub 2002 May 24. https://doi.org/10.1093/embo-reports/kvf109 PMID: 12034752

13. Shults CW, Rockenstein E, Crews L, Adame A, Mante M, Larrea G, et al. Neurological and neurodegen-

erative alterations in a transgenic mouse model expressing human alpha-synuclein under oligodendro-

cyte promoter: implications for multiple system atrophy. J Neurosci. 2005 Nov 16; 25(46):10689–99.

https://doi.org/10.1523/JNEUROSCI.3527-05.2005 PMID: 16291942

14. Stefanova N, Reindl M, Neumann M, Haass C, Poewe W, Kahle PJ, et al. Oxidative stress in transgenic

mice with oligodendroglial alpha-synuclein overexpression replicates the characteristic neuropathology

of multiple system atrophy. Am J Pathol. 2005 Mar; 166(3):869–76. PMID: 15743798

15. Ubhi K, Lee PH, Adame A, Inglis C, Mante M, Rockenstein E, et al. Mitochondrial inhibitor 3-nitropro-

prionic acid enhances oxidative modification of alpha-synuclein in a transgenic mouse model of multiple

system atrophy. J Neurosci Res. 2009 Sep; 87(12):2728–39. https://doi.org/10.1002/jnr.22089 PMID:

19405128

16. Yazawa I, Giasson BI, Sasaki R, Zhang B, Joyce S, Uryu K, et al. Mouse model of multiple system atro-

phy alpha-synuclein expression in oligodendrocytes causes glial and neuronal degeneration. Neuron.

2005 Mar 24; 45(6):847–59. https://doi.org/10.1016/j.neuron.2005.01.032 PMID: 15797547

17. Fanciulli A, Wenning GK. Multiple-system atrophy. N Engl J Med. 2015 Apr 2; 372(14):1375–6.

18. Refolo V, Bez F, Polissidis A, Kuzdas-Wood D, Sturm E, Kamaratou M, et al. Progressive striatonigral

degeneration in a transgenic mouse model of multiple system atrophy: translational implications for

interventional therapies. Acta Neuropathol Commun. 2018 Jan 3; 6(1):2. https://doi.org/10.1186/

s40478-017-0504-y PMID: 29298733

19. Stefanova N, Lundblad M, Tison F, Poewe W, Cenci MA, Wenning GK. Effects of pulsatile L-DOPA

treatment in the double lesion rat model of striatonigral degeneration (multiple system atrophy). Neuro-

biol Dis. 2004 Apr; 15(3):630–9. https://doi.org/10.1016/j.nbd.2003.11.025 PMID: 15056471

20. Stefanova N, Reindl M, Neumann M, Haass C, Poewe W, Kahle PJ, et al. Oxidative stress in transgenic

mice with oligodendroglial alpha-synuclein overexpression replicates the characteristic neuropathology

of multiple system atrophy. Am J Pathol. 2005 Mar; 166(3):869–76. PMID: 15743798
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