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Abstract: Progressive degeneration of dopaminergic neurons, immune activation, and α-synuclein
pathology characterize Parkinson’s disease (PD). We previously reported that unilateral intrani-
gral injection of recombinant adeno-associated viral (rAAV) vectors encoding wild-type human
α-synuclein produced a rat model of early PD with dopamine terminal dysfunction. Here we tested
the hypothesis that decreases in dopamine result in increased postsynaptic dopamine D2/D3 receptor
expression, neuroinflammation, and reduced synaptic vesicle glycoprotein 2A (SV2A) density. Rats
were injected with rAAV encoding α-synuclein or green fluorescent protein and subjected to non-
pharmacological motor tests, before euthanization at 12 weeks post-injection. We performed: (1) in
situ hybridization of nigral tyrosine hydroxylase mRNA, (2) HPLC of striatal dopamine content, and
(3) autoradiography with [3H]raclopride, [3H]DTBZ, [3H]GBR12935, [3H]PK11195, and [3H]UCB-J to
measure binding at D2/3 receptors, vesicular monoamine transporter 2, dopamine transporters, mito-
chondrial translocator protein, and SV2A, respectively. rAAV-α-synuclein induced motor asymmetry
and reduced tyrosine hydroxylase mRNA and dopamine content in ipsilateral brain regions. This
was paralleled by elevated ipsilateral postsynaptic dopamine D2/3 receptor expression and immune
activation, with no changes to synaptic SV2A density. In conclusion, α-synuclein overexpression
results in dopaminergic degeneration that induced compensatory increases in D2/3 binding and
immune activation, recapitulating many of the pathological characteristics of PD.

Keywords: adeno-associated viral vectors; α-synuclein; autoradiography; dopamine; neuroinflam-
mation; synaptic vesicle glycoprotein 2A; Parkinson’s disease

1. Introduction

Parkinson’s disease (PD) is a chronic neurodegenerative disease with symptoms
of bradykinesia, rigidity and tremor, among others. It is characterized by progressive
degeneration of the dopaminergic neurons in the substantia nigra (SN) and the presence
of α-synuclein (ASYN) containing Lewy bodies [1]. ASYN is a 140 amino acid protein
localized in the synapse, where it associates with vesicles. In a healthy brain, ASYN is
present as a soluble unfolded monomer or helically folded tetramer [2,3], but during PD,
ASYN aggregates and forms intraneuronal Lewy bodies and neurites [4–6]. Mutations and
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multiplications of the ASYN gene are found in families with PD, indicating the importance
of ASYN in the disease [7].

It is estimated that clinical Parkinsonism occurs when 50% of dopamine terminal
function is lost in the posterior putamen [8]. This can be examined using Positron Emission
Tomography (PET) imaging, where PD patients exhibit reductions in putamen dopamine
transporter (DAT) and vesicular monoamine transporter 2 (VMAT2) binding, compared to
healthy individuals [9,10]. Furthermore, the dopamine deficiency can result in a compen-
satory upregulation of dopamine 2/3 (D2/3) receptors [11,12]. Dopaminergic deficits in PD
are accompanied by neuroinflammation in the form of astrogliosis and microglial activation
and proliferation that leads to expression of various proteins, including major histocom-
patibility complex class II (MHCII) and the 18 kDA translocator protein (TSPO) [13,14].
TSPO is a cholesterol and anion transporter generally expressed by activated microglia,
as well as by other immune involved cells, such as astrocytes, at low levels, but can be
upregulated in response to brain injuries and some neurological disorders [15,16]. Brain
immune activation has been imaged with the TSPO PET radioligand, [11C]PK11195, where
results show immune activation in the brain of PD patients, especially in the SN, the
putamen, and cortical regions [17–19]. More recently, other microglial tracers have become
available including [11C]PBR28, [11C]DPA-713 and [18F]FEPPA that have been applied to
PD patients [19–23].

We have reported that the rodent model of PD induced by human ASYN overex-
pression using recombinant adeno-associated viral (rAAV) vectors, showed a decreased
VMAT2 signal by PET imaging, suggesting terminal dysfunction that was associated to
pathological ASYN aggregation in the striatal axons, in the absence of SN dopaminergic
cell death. The pathology achieved was sufficient to induce motor defects, and we claimed
this model to represent early PD [24]. In the current study, using the same animal model,
we confirmed the effects on the presynaptic dopamine system. We examined whether the
ASYN overexpression was limited to the dopaminergic terminals or if it caused a general
loss of synaptic density by using the UCB-J marker of presynaptic synaptic vesicle glyco-
protein 2A (SV2A) density. We tested the hypothesis that decreases in dopamine, measured
by nigral tyrosine hydroxylase (TH) expression and striatal dopamine content, may result
in compensatory increased postsynaptic striatal dopamine D2/3 receptor binding and
neuroinflammation, even at early stages of PD-like neurodegeneration.

2. Materials and Methods
2.1. Animals and Stereotaxic Surgery

Thirty-six female Sprague Dawley rats (225–250 g, n = 16 Taconic cohort 1, and n = 20
Janvier cohort 2, Denmark) were housed in pairs under a 12 h light/12 h dark cycle at
an average of 21 ◦C and 55% humidity, with ad libitum access to food and water. We
conducted experiments under humane conditions with ethical approval and in accor-
dance with guidelines established by the Danish Animal Experiments Inspectorate (license
2017-15-0201-01295) and the European Legislation for the protection of vertebrate animals
and in compliance with ARRIVE guidelines. Females were chosen due to the smaller
sizer that allowed for grouped housing during long term studies. Cohort 1 was used for
non-pharmacological behavioural studies, postmortem histology, autoradiography, and in
situ hybridization. Cohort 2 was used for biochemical analysis of the striatal dopamine
content. A timeline of the studies can be found in Figure 1.
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Figure 1. Timeline of studies. Two rat cohorts were injected with rAAV, containing either ASYN or
GFP. In cohort 1 (n = 8 per group), behavioral tests were conducted at 4- and 10-weeks post-injection,
and post-mortem immunohistochemistry and autoradiography at week 12 post-surgery. Cohort 2 (11
ASYN and 9 GFP) was used for HPLC studies.

Rats were numbered and pseudo-randomly allocated into an experimental or a control
group and injected with rAAV containing either human wildtype ASYN or green fluo-
rescent protein (GFP), respectively. The transgenes were expressed under the synapsin-1
promoter and enhanced using woodchuck hepatitis virus post-transcriptional regulatory el-
ement. Final stock for both vectors was 1× 1013 genome copies/ml (VectorBiolabs, Malvern,
PA, USA). Rats were anesthetized with medetomidine hydrochloride (0.67 mg/kg) and
fentanyl (0.4 mg/kg) i.p. and placed in a stereotaxic frame (Stoelting, Wood Dale, IL,
USA) with the nose bar set at −3.3. We injected 2 µL of the rAAV2/6 vector containing
human wildtype ASYN (n = 8, cohort 1; n = 11, cohort 2) or green fluorescent protein
(GFP) (n = 8 cohort 1; n = 9, cohort 2) into the right SN (−5.2 mm antero-posterior, 2.0 mm
lateral to bregma, −7.2 mm dorso-ventral from dura) using a 5 µl Hamilton syringe fitted
with a glass capillary (outer diameter of 60–80 µm). The volume was injected at a rate
of 0.2 µL/30 s and the canula was kept at the target position for 5 additional min before
slow retraction.

2.2. Motor Behavioural Tests, Cohort 1

All behavioural studies were conducted during the daylight period and evaluated
by an experimenter blinded to the treatment groups. Forelimb preference was assessed
using the cylinder test at 4 and 10 weeks post-rAAV-injection [25]. Rats were placed in a
transparent cylinder and video was recorded for a minimum of 20 paw touches (3 min).
Data was analyzed in slow motion using the software VCL Media Player and was presented
as a percentage of the contralateral forelimb use compared to total number of touches.
Forelimb akinesia was evaluated using the stepping test 10 weeks post-rAAV-injection [26].
The experimenter held the rat with both hind limbs plus one forelimb gently restrained in
a fixed position, while allowing the unrestrained forelimb to touch the table. While moving
the rat along the 90 cm table, the number of adjusting steps both in the forehand (i.e., the
animal is moved left when the right paw touches the table and vice versa) and backhand
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direction (i.e., the animal is moved right when the right paw touches the table and vice
versa) was counted. The backhand stepping scores served as the control.

2.3. Tissue Processing

Twelve weeks post-surgery, rats were decapitated, brains rapidly removed and frozen
with isopentane cooled with dry ice, and stored at −80 ◦C. For autoradiography, brains
(Cohort 1) were sectioned using a cryostat (HM 500 OM, MICROM International, GmbH,
Walldorf, Germany) and 20 µm sections were mounted on poly-lysine-coated slides. For
biochemical analysis (Cohort 2) brains were dissected, and striatal punches were processed
using HPLC.

2.4. Immunohistochemistry, Cohort 1

To confirm successful surgery and transgene expression in the nigrostriatal path-
way we performed immunohistochemistry on fresh-frozen slides using human ASYN
(epitope 118–123, rabbit, 1:4000) and anti-GFP (rabbit, 1:200) (Abcam, Cambridge, UK)
antibodies [24].

2.5. Autoradiography, Cohort 1

In order to study dopamine receptor and transporter binding, TSPO levels as a marker
of immune activation, and SV2A synaptic density, an experimenter blinded to the treatment
groups performed each tracer experiment using three consecutive slides containing four
striatal sections per slide per brain region. We selected two slides for total binding and one
for nonspecific binding and performed autoradiography according to previously described
protocols [24,27]. Note that the VMAT2 data at the rostral level was used to confirm PET
imaging data in another article published previously [24].

For [3H]GBR12935 binding to DAT, we incubated slides for 20 h at 4 ◦C in a buffer
containing 50 mM Tris-HCl, 300 mm NaCl, 0.2% bovine serum albumin (pH 7.4) with
2 nM [3H]GBR12935 (Perkin Elmer, Skovlunde, Denmark), and 1 µM cis-flupentixol.
[3H]GBR12935 labels the dopamine uptake sites on DAT and piperazine sites, and the
presence of cis-flupentixol prevents piperazine labeling. Non-specific binding was achieved
by adding 1 µM of unlabeled GBR12909, which binds to the same dopamine uptake site
as GBR12935. For [3H]DTBZ binding to VMAT2, we pre-incubated slides for 25 min in
40 mM Tris-HCl buffer (pH 8.2). We determined the total binding by incubation with
[3H]DTBZ (Biotrend Chemikalien GmbH, Cologne, Germany) at a final concentration of
7 nM in the same buffer for 90 min. Non-specific binding was measured in the presence of
1 µM unlabeled DTBZ. For [3H]Raclopride binding to D2/D3 receptors, we pre-incubated
slides for 20 min in a buffer containing 50 mM Tris-HCl and 150 mM NaCl (pH 7.4),
prior to a 45 min incubation in the same buffer containing 0.1% ascorbic acid and 2 nM
[3H]Raclopride (Perkin Elmer, Skovlunde, Denmark). We assessed non-specific binding
using 10 µM butaclamol, a D2 receptor antagonist. For [3H]PK11195 binding to the TSPO-
site of activated microglia, we pre-incubated slides for 15 min in 50 mM Tris-HCl buffer
(pH 7.4) and then incubated them in the same buffer in the presence of 1 nM [3H]PK11195
(Perkin Elmer, Skovlunde, Denmark) for 30 min. We used 20 µM of unlabelled PK11195 to
assess nonspecific binding. After each tracer incubation, we washed the slides in a cold
buffer, dipped them in cold, distilled water and dried them under a stream of cool air. We
then placed them in a vacuum desiccator overnight.

Dried slides were then placed on Fuji imaging plates (BAS TR2025, Fujifilm, Saltsjö
Boo, Sweden) for 7 days with a [3H] microscale (American Radiolabeled Chemicals, St.
Louis, MO, USA). After exposure, we scanned the plates (BAS-5000, Fujifilm, Tokyo, Japan)
and analysed the data using ImageGauge 4.03. An experimenter blinded to the treatment
groups outlined the striatal or SN region on each section. We obtained total binding values
as photostimulated luminescence values/mm2 and subtracted background values from
every section. We then subtracted non-specific binding from total binding to obtain the
specific binding (expressed as a % of internal control = (specific binding in the ipsilateral
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side)/(specific binding in the contralateral side) × 100). We calibrated binding data using a
standard curve generated using the [3H]microscale.

For [3H]UCB-J binding to SV2A, we preincubated slides for 5 min in a buffer contain-
ing 50 mm Tris-HCl before incubating for 60 min in the same buffer with 1 nM [3H]UCB-J
(Novandi chemistry AB, Södertälje, Sweden). Non-specific binding was achieved by adding
600 µM levetiracetam, which binds to the same binding site, thereby preventing [3H]UCB-J
labeling. Slides were post-washed for 1 min in the buffer, dipped briefly three times in
Milli-Q water, air dried, and read for 2 hours using BeaQuant v.1.14 (ai4r, Nantes, France)
along with an in-house [3H] standard with known radioactive concentrations. Analysis
was performed using Beamage v.2.1.7 software, and specific binding was obtained as
described above.

2.6. In Situ Hybridization, Cohort 1

We performed in situ hybridization, as previously described [28]. We dried sections
on slides which contained four coronal sections per rat at bregma: −5.8 (GFP n = 8, ASYN
n = 6) before fixing the tissue in 4% paraformaldehyde for 5 min and rinsing in PBS twice
for 2.5 min. We then acetylated sections in 0.25% acetic anhydride for 10 min. After
this, we dehydrated sections in 70% ethanol for 5 min, 95% ethanol for 1 min, and 100%
ethanol for 1 min. This was followed by delipidation in chloroform for 5 min, 100%
ethanol for 1 min, and 95% ethanol for 1 min before they were left to dry. We visualized
TH using a synthetic DNA antisense (Eurofins Genomics, Ebersberg, Germany) for TH
mRNA (probe sequence: 5′-GGAATTGGTTCACCGTGCTTGTACTGGAAGGCA-3′). We
diluted the probe to 5 pmol/µL using ultra-pure distilled water and labelled it with
[α35S]dATP (1250 Ci/mmol, PerkinElmer, Boston, USA) using terminal transferase (Roche,
Mannheim, Germany). We diluted 10 µL labelled probe in 1 ml hybridization buffer
(buffer preparation: 450 ml distilled water, 400 ml 20X SCC (SCC: 175.3 g NaCl and 88.2 g
trisodiumcitrate in 1 L distilled water), 100 ml ≥99.5% formamide, 20 g dextran sulfate
(Sigma), 4 ml Denhardt’s solution 50 × (Sigma), 1 ml tRNA (Roche, Mannheim, Germany),
and 10 ml deoxyribonucleic acid single stranded from salmon sperm (Sigma)) and 10 µL
1M dithiothretiol. We added hybridization solution to each slide overnight in a 37 ◦C humid
chamber to hybridize. We then washed slides in 1X SCC at 60 ◦C for 2 × 15 min, 30 min
at 60 ◦C, and 30 min at room temperature, and dipped them briefly in deionized water,
followed by 1 min in 70% ethanol, and 1 min in 95% ethanol, before drying. The slides
were placed on an imaging plate (BAS MS2040, Fujifilm, Saltsjö Boo, Sweden) along with a
[14C] standard and exposed for two weeks before processing on an imaging plate scanner
(Fujifilm). The digital images obtained were used to manually draw the regions of interest
(Image Gauge) and for analysis by an experimenter blinded to the treatment groups.

2.7. HPLC, Cohort 2

Striatal punches were dissected, starting at bregma: 1.4, two overlapping punches
(1.5 mm in diameter, 1.8 mm deep) in the center of the striatum, GFP n = 9, ASYN n = 11.
We examined dopamine (DA), dihydroxyphenylacetic acid (DOPAC), serotonin (5HT), and
5-hydroxyindoleacetic acid (5-HIAA) in the striatal punches using HPLC as previously
described [29]. Briefly, we homogenized samples by sonication in HClO4 and filtered
through Costar cellulose acetate filter tubes (0.22 µm; Corning Inc., Corning, NY, USA)
and then separated DA, DOPAC, 5-HIAA, and 5HT on a 150 × 3 mm Hypersil™ BDS C18
3 µm particle column kept at 28 ◦C. To carry out detection, we used a Thermo Scientific™
Dionex™ model 6011RS ultra Coulometric Analytical cell (E1: −150 mV: E2: +250 mV vs
Pd reference) attached to a Thermo Scientific Dionex Ultimate 3000 UHPLC system while
eluting the analytes with a MDTM mobile phase (Thermo Scientific™ Dionex™ Test Phase,
70-3829) at a flow rate of 0.5 ml/min.
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2.8. Statistics

We selected group sizes of at least 8 since we have previously been able to detect
statistically significant differences in our autoradiography studies using n = 6. We used a
GraphPad Prism (v. 6.0) for the statistical analysis. We used two-way ANOVA with Tukey’s
post-hoc test for multiple comparisons for the cylinder test, and one-tailed unpaired t-
test for the stepping test. For the autoradiography analysis, we used unpaired t-test to
determine differences in specific binding among groups (% change from injected to non-
injected side). We confirmed normality using a Shapiro-Wilk test before performing each
t-test and used an F-test to assess if variances of the groups were significantly different. If
so, we performed unpaired t-tests with Welch’s correction.

Data will be made available upon reasonable request to the corresponding author.

3. Results
3.1. Transgene Expression

In order to evaluate transgene expression and location of our injections, we performed
histology on fresh frozen sections. The use of fresh-frozen slides did not give quality
sufficient for detailed microscopic imaging but could be used to confirm transgene ex-
pression in ventral midbrain and striatum, thus controlling injection placement and vi-
ral transduction. We found homogenous GFP or ASYN immunostaining in the ipsilat-
eral side of the ventral midbrain and striatum of all except two ASYN-injected animals
(Supplemental Figure S1). One animal showed immunostaining against ASYN limited to
the lateral striatum (Supplemental Figure S1C), versus the more homogeneous expression
in the striatum observed in the others (Supplemental Figure S1B). We included this animal
in the analyses as it showed robust immunostaining for ASYN in the SN, indicating accu-
rate injection. We, however, excluded another animal in the ASYN group due to a potential
failed injection, as ASYN immunostaining was not detected (Supplemental Figure S1D).
For the final analysis, our groups in cohort 1 consisted of 8 GFP-injected animals and 7
ASYN-injected animals (Figure 1).

3.2. Behavioural Tests

To evaluate whether ASYN overexpression in our model led to motor impairment,
we tested motor asymmetry using two spontaneous behavioural tests which did not rely
on pharmacological manipulation. In the cylinder test, no paw bias was seen 4 weeks
after rAAV2/6 injection, however, after 10 weeks the ASYN group showed a significant
decrease in the use of the contralateral paw compared to the GFP animals (Figure 2A).
ASYN rats also displayed significant akinesia of the contralateral paw in the stepping
test as the number of steps in the backhand direction were significantly decreased when
compared to GFP rats (Figure 2B). Thus, our data revealed that prolonged unilateral ASYN
expression in the nigrostriatal system resulted in motor asymmetry (Figure 2).

3.3. ASYN Expression Induced Reduction in the Nigral TH Expression and Striatal Dopamine Levels
To evaluate the integrity of the dopaminergic system in striatum, we analyzed the

content of dopamine and its metabolites by HPLC in striatal punches 12 weeks post-surgery
(Figure 3A). While the level of dopamine in the ipsilateral striatum was 84% of that seen in
the contralateral striatum in GFP animals, ASYN overexpression resulted in significantly
lower content of dopamine in the ipsilateral (52%) vs. contralateral side, indicating a
loss of terminals or a downregulation of the dopamine synthesis (p < 0.05). Although no
difference was found in the dopamine metabolite DOPAC among the groups, we observed
a significant increase in the DOPAC/dopamine ratio, a measure of dopamine turnover, in
the ASYN animals compared to the GFP animals. No significant differences were found in
5HT or 5HIAA levels, confirming a selective dopaminergic neurodegeneration.



Biomedicines 2021, 9, 1876 7 of 16

Figure 2. (A) The cylinder test was performed at 4 and 10 weeks after the injections and contralateral (left) forelimb
touches were measured as percent of total touches in GFP (grey circles) and ASYN (black circles) injected rats. (B) The
stepping test was measured as percent forehand/backhand touches in the GFP and ASYN expressing animals. Data are
represented as mean ± SEM, * p < 0.05. A two-way ANOVA with Tukey’s post-hoc test was used for the cylinder test, and
one-tailed unpaired t-test for the stepping test. (C) Pearson correlation between rostral striatal GBR12935 binding to DAT
and contralateral paw use in the cylinder test. N = 7–8 animals per group.

Figure 3. (A) HPLC measurements in striatum and in situ hybridization in SN. Data are presented as ipsilateral/contralateral
ratio. In situ hybridization: GFP (n = 8), ASYN (n = 6), HPLC: GFP (n = 9 (n = 8 for 5HT)), ASYN (n = 11). (B) Representative
in situ hybridization of TH mRNA in the SN. The graph at the bottom shows the ipsilateral value as a percentage of the
contralateral binding. GFP (n = 8), ASYN (n = 6). The green square represents the animal with lateral ASYN expression in
the striatum. Distance from bregma −5.52 mm. Data are mean ± SEM, * p < 0.05, ** p < 0.01 (unpaired t-tests).

We assessed the nigral dopaminergic neuronal population by analyzing the level
of TH mRNA in neurons of the SN compacta (Figure 3A,B). The amount of [α35S]dATP-
labelled tracer binding to TH mRNA in the SN was similar in both sides of the SN in GFP
overexpressing animals. However, ASYN overexpression resulted in a decrease of the TH
mRNA signal in the ipsilateral SN. Thus, ASYN overexpression induced a decrease in TH
expression, suggesting down-regulation of TH or dopaminergic neuronal loss.

3.4. ASYN Overexpression in Nigrostriatal Neurons Induced Pre-and Post-Synaptic Changes
in Striatum

In order to analyze the consequences of transgene expression in the pre- and post-
synaptic striatal dopaminergic system, we compared the binding signal of the different
dopaminergic ligands at striatal level. Here we confirmed and extended the studies
presented in Phan et al., in which VMAT2 autoradiography at the rostral striatum was
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performed, along with DAT immunohistochemistry [24], by applying radioligands for
DAT, VMAT2, and D2/3 receptors to sections from both the caudal and rostral stria-
tum. Our analysis revealed that [3H]GBR12935 binding to DAT was significantly de-
creased in the ipsilateral striatum in the ASYN group, compared to the GFP group with
a 31.5% decrease of [3H]GBR12935 binding in the ipsilateral rostral striatum (Figure 4A)
and 39.2% in the caudal striatum, compared to the contralateral side (Figure 4B). When
comparing the motor behavior and the three markers analyzed, we found a significant
(p = 0.029, r2 = 0.32), although weak, positive correlation between the rostral striatal DAT
binding (% of contra) and the use of the contralateral paw in the cylinder test at 10 weeks
(Figure 2C). This suggested that the dopaminergic axonal degeneration was associated
with the motor deficits.

Figure 4. Representative autoradiograms of [3H]GBR12935 binding to DAT in the (A) rostral and
(B) caudal striatum and of [3H]DTBZ binding to VMAT2 in the (C) rostral and (D) caudal striatum.
Graphs in each panel show the ipsilateral value as percentage of the contralateral binding. The green
square represents the animal with lateral ASYN expression in the striatum. GFP (n = 8), ASYN (n = 7).
The percentage shows the % decrease in ipsilateral binding, compared to contralateral binding. Data
are mean ± SEM, * p < 0.05, ** p < 0.01 (unpaired t-tests with Welch’s correction). Distance from
bregma 0.48 mm, −1.80 mm, −0.26 mm, and −0.92 mm, in (A–D), respectively. Pearson correlations,
with r and p value indicated, of DAT and VMAT2 are presented in (E) the rostral, and (F) the caudal
level of the striatum.
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DTBZ binding to VMAT2 was decreased in the ipsilateral vs contralateral rostral
striatum by 34.7% (Figure 4C) and by 28% in the caudal striatum (Figure 4D) in response to
ASYN overexpression. Similar to the DAT tracer findings, significantly smaller decreases
were observed in DTBZ binding in the GFP group. Note that the ASYN animal that showed
lateral expression of ASYN (Supplemental Figure S1C) had smaller changes in % internal
control when compared to the rest of the ASYN injected animals (Figure 4A–D, green
squares). Direct comparison of the percentage reduction of DAT and VMAT expression in
all animals showed significant positive correlations in both the rostral (p < 0.05) (Figure 4E)
and caudal (p < 0.0001) striatum (Figure 4F).

To examine whether this loss of VMAT positive presynaptic terminals corresponded to
a decrease of presynaptic density, we performed [3H]UCB-J autoradiography at the striatal
and nigral level (Figure 5). No differences in [3H]UCB-J binding to SV2A were observed,
indicating that the loss of dopaminergic presynaptic terminals was not sufficient to induce
a significant decrease in the overall synaptic density in the striatum.

Figure 5. Representative autoradiograms of [3H]UCB-J binding to SV2A in (A) the striatum and
(B) SN. Graphs at the bottom of each panel show the ipsilateral value as percentage of the contralateral
binding. The green square represents the rat with lateral ASYN expression in the striatum. Striatum:
GFP (n = 6), ASYN (n = 7), SN: GFP (n = 7), ASYN (n = 7). Data are mean ± SEM. Distance from
bregma 0.48 mm and −5.8 mm in (A,B), respectively.

To evaluate whether the ASYN induced dopaminergic degeneration led to changes on
dopamine D2/3 receptors in the post-synaptic neurons, we performed autoradiography
studies with [3H]raclopride. ASYN animals showed a significant increase in [3H]raclopride
binding to D2/3 receptors in the ipsilateral vs contralateral striatum both in the rostral
by 7% (Figure 6A) and caudal striatum by 22% (Figure 6B), suggesting a compensatory
increase of D2/3 receptors induced by the long-term expression of ASYN. These changes
in ASYN-injected animals were significantly larger than those in the GFP group at both
levels of the striatum (Figure 6).
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Figure 6. Representative autoradiograms of [3H]raclopride binding to D2/3 receptors in the (A)
rostral and (B) caudal striatum. Graphs at the bottom of each panel show the ipsilateral value as
percentage of the contralateral binding. The green square represents the animal with lateral ASYN
expression in the striatum. GFP (n = 8), ASYN (n = 7). Data are mean ± SEM, * p < 0.05, ** p < 0.01
(unpaired t-tests). Distance from bregma 1.20 mm and −2.80 mm in (A,B), respectively.

3.5. ASYN Overexpression Induced Immune Activation in SN and Striatum

To study immune activation, we applied the [3H]PK11195 tracer to brain sections at
the level of the SN and striatum. We found a 9.8% increase in [3H]PK11195 binding to
the TSPO in the ipsilateral vs contralateral sides of the striatum (Figure 7A) and a 13.9%
increase in the SN (Figure 7B) of the ASYN group, which were significantly higher than
the changes observed in the GFP-injected animals. The SN and striatum data from one
animal in the GFP group was excluded as an outlier using Grubbs’ outlier test, and the
SN data from one rat in each group was excluded due to damage to the slides during the
autoradiography procedure. During the analysis, we noted that the binding values in the
contralateral SN were significantly increased by 26% in the SN in the ASYN group vs the
GFP group (p < 0.05), which suggested bilateral microglia activation, an effect not present
in the striatal data.

Figure 7. Representative autoradiograms of [3H]PK11195 binding to TSPO in the (A) striatum and
(B) SN. Graphs at the bottom of each panel show the ipsilateral value as percentage of the contralateral
binding. The green square represents the animal with lateral ASYN expression in the striatum. SN:
GFP (n = 6), ASYN (n = 6), Striatum: GFP (n = 8), ASYN (n = 7). We present the data as mean ± SEM,
* p < 0.05, ** p < 0.01 (unpaired t-tests). Distance from bregma −5.8 and −6.04 for SN levels ((A), left
and right, respectively) and 0.2 mm for striatum (B).
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4. Discussion

Here we showed that the overexpression of human rAAV2/6-ASYN led to motor
deficits, induced changes in the pre- and postsynaptic dopaminergic system, and promoted
neuroinflammation measured by TSPO expression in the striatum and SN. In our previous
work, we showed that the intranigral injection of this rAAV2/6-ASYN resulted in a rat PD
model which displayed terminal dysfunction and pathological ASYN aggregation at the
level of the striatum, in the absence of significant SN dopaminergic cell death [24]. Our
current study further extended those observations and confirmed that ASYN overexpres-
sion induced changes in dopaminergic nigrostriatal system as shown by the reduced TH
expression in SN and striatal dopamine levels, that paralleled motor defects. We confirmed
that synaptic changes occurred in dopaminergic axons, as shown by the decreased DAT
and VMAT2 binding in striatum. These changes in the dopaminergic neurotransmission
induced a compensatory increase of the D2/D3 postsynaptic binding. Moreover, the ASYN
induced degenerative process was associated with immune activation in basal ganglia
as shown by the increased TSPO binding in SN and striatum, with no clear effect on
SV2A density.

The ASYN overexpression induced a loss of axonal pre-synaptic markers, VMAT2 and
DAT, and, through a compensatory mechanism, an increased D2/3 receptor expression.
This is likely due to the D2/3 receptors sensitivity to endogenous levels of dopamine and
that led to an upregulation in response to lower dopamine levels in the synaptic cleft. This
agreed with prior data in PD patients and other PD models. Indeed, PD patients exhibited
reductions in putamen DAT and VMAT2 binding compared to healthy individuals and
a compensatory upregulation of dopamine D2/3 receptors [9–12]. Chronic low-dose 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine in non-human primates resulted in decreased
binding in DAT and VMAT2 but without any change in D2/3 receptors [30]. ASYN
rodent models have also shown decreased DAT binding. For instance, transgenic rats
expressing human mutant A53T had a progressive decrease in DAT as they aged from
4 to 16 months [31]. Progressive decrease of DAT binding using PET has also been shown
in the human A53T ASYN rAAV2/7 rat PD model [32]. The upregulation of D2 receptors
has also previously been observed in genetic PD models, such as that observed using
autoradiography in the striatum of the DJ-1 and PINK knockouts [33]. Acute intranigral
injections of nitrated recombinant ASYN in rats led to dopaminergic neuronal death in SN
and down-regulation of D2 receptors in striatum [34]. However, to our knowledge, we
are the first to show a significant upregulation of D2 receptors in a PD model based on
long-lasting overexpression of human ASYN in rats.

We sought to test whether the ASYN overexpression in dopaminergic terminals
resulted in significant overall decrease of striatal synaptic terminals. To do so, we used
[11C]UCB-J, an SV2A ligand. PD patients showed reduced UCBJ binding in the SN, red
nucleus, locus coeruleus, caudate, putamen, brainstem, and thalamus [35–38]. We have
recently shown decreased synaptic density using the acute 6-OHDA PD model (6.2%) [39]
and in a chronic ASYN-based model induced by unilateral striatal injection of ASYN
fibrils (2.5–5.7%) [40]. Here, however, we did not observe any changes in presynaptic
density. The changes found in the previous studies were of small magnitude, consistent
with views that nigral dopaminergic projections constitute only 10% of terminals in the
striatum [41,42]. The lack of a change found in the current model may be due to the
mild neuronal loss [24] vs. the significant loss observed in the ASYN fibril PD model
(64.2% (15 weeks post-surgery)–56.3% (22 weeks post-surgery) loss of TH+ neurons in the
ipsilateral SN (compared to the contralateral SN) [40]). One cannot exclude that changes in
SV2A might be apparent at later timepoints after rAAV injections, and further studies are
warranted for clarification.

The ASYN overexpression resulted in a significant motor deficit that was apparent in
the contralateral paw with both tests used after 10 weeks. This was related to the axonal
dopaminergic neurodegeneration as shown by the significant correlation between the paw
use in the cylinder test and the rostral striatal DAT binding. Accordingly, lower ipsilateral
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axonal DAT binding correlated with decreased use of the contralateral paw in favor of the
ipsilateral one. We also found a significant correlation between binding levels of VMAT2
and DAT at both the rostral and caudal levels of the striatum. This association is similar
to that previously described between [11C]DTBZ and optical density DAT values in a
6-OHDA rat PD model [43]. Interestingly, the caudal level of the striatum had the strongest
correlation, which might be explained by the ASYN induced axonal degeneration, which
as we described previously in this model, was more prominent in the caudal striatum
compared to the rostral part [24]. Such caudo-rostral susceptibility was also observed in
other models and in PD patients [44,45]. Accordingly, and as a compensatory mechanism,
the observed increase in D2/3 receptors exhibited a rostral to caudal gradient, with highest
expression of D2/3 receptors in the caudal part of the striatum. This was in agreement with
human studies in early PD demonstrating increased D2/3 receptors in the putamen, while
the caudate remained intact [12]. Moreover, this was also consistent with the rostral-caudal
down-regulation of TH axonal expression in the striatum that we have previously described
in the model [24]. The decreased TH expression could be a result of the decrease in nigral
TH mRNA expression we observed in the current study. This gradient was, however, not
observed for VMAT2 and DAT binding with similar declines observed in the rostral and
caudal striatum. We suggested that the D2/3 receptors may be upregulated as a response to
the ASYN mediated downregulation of TH and decreased synaptic dopamine content, and
not necessarily due to the loss of the dopaminergic terminals. In fact, our HPLC analysis
showed a significant decrease in dopamine that was of greater magnitude than the VMAT
and DAT decreases, suggesting a downregulation of the synthesis of dopamine in surviving
axons, and an increased dopamine turnover as shown by the higher DOPAC/dopamine
ratio. Accordingly, an early progressive decline in dopamine release prior to SN neuronal
loss has been described in the model, where a decrease of 50% was observed 10 days after
the rAAV injections and before any cell death was found [46]. The decrease of dopamine
was also supported by the significant motor asymmetry observed in the rats. Our data also
suggested that a threshold of neuronal overexpression of ASYN must be reached to cause
significant changes in the pre-and postsynaptic dopaminergic system, as the animal that
only expressed ASYN in the lateral part of the striatum, did not show alterations in the pre-
and postsynaptic dopaminergic system compared to the rest of animals with homogenous
expression in the nigrostriatal system.

Neuroinflammation is a characteristic pathological finding in PD brains and the activa-
tion of microglia is correlated to ASYN deposition in brain [47]. In fact, there is a wealth of
evidence suggesting that ASYN can act as a damage associated molecular pattern (DAMP)
and induce microglia activation [48]. We detected significantly increased [3H]PK11195
binding in the ipsilateral striatum and SN of the ASYN expressing rats, which was not ob-
served in the GFP group. These findings are consistent with prior studies by us and others
in the rAAV-ASYN rat model using immunohistochemical markers of neuroinflammation
and cytokine analysis [49,50]. They are also in line with the microgliosis we have previously
shown in a similar rAAV-ASYN based PD model in non-human primates [51]. Further-
more, our data are in agreement with PET studies using [11C]PK11195 and other tracers
of neuroinflammation showing increased immune activation in PD patients [17–19,23],
post-mortem histological analysis [52], and in rats expressing rAAV-A53T-ASYN [53,54].
Unilateral increases in [3H]PK11195 autoradiographic binding were previously described
in the SN and striatum of the 6-OHDA rat model while the neurodegenerative process
occurred, but [3H]PK11195 binding returned to basal levels once the cell death reached
its plateau [55]. In the ASYN overexpressing rats of this study, we observed a unilateral
increase of TSPO signal in the ipsilateral side of the striatum and the SN, supporting an
immune activation associated with ASYN induced pathology and neurodegeneration. Neu-
roinflammation has also been observed in other ASYN based models, such as transgenic
ASYN mice [56,57], and in models induced by injection of ASYN fibrils [40,58,59]. Early im-
mune activation in midbrain was associated with prodromal PD as increased [11C]PK11195
PET binding was found in midbrain of patients with REM sleep disorders, which have
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a high risk of developing PD [58]. The immune activation progresses to the putamen in
diagnosed PD patients [17,59] that already exhibited motor defects. Our PK11195 autora-
diography data also showed significantly increased immune activation in the contralateral
side of the SN in the ASYN vs the GFP group, suggestive of a bilateral response. Indeed,
our group has previously found bilaterally increased [11C]PK11195 binding in the midbrain
of minipigs unilaterally injected with rAAV vectors containing ASYN [60]. This might
be a consequence of a generalized immune activation, by cytokine or cellular interaction;
indeed, peripheral immune cells also partake in the immune response during PD [48].
However, it might also be due to cross-innervation of the contralateral regions, which may
result in the immune activation in the contralateral hemisphere [61].

5. Conclusions

In conclusion, we demonstrate that unilateral overexpression of human ASYN in the
nigrostriatal system leads to motor deficits and reduced TH mRNA in the SN, decreased
levels of dopamine in the striatum and mild, yet significant, compensatory increased
expression of striatal D2/3 receptors. We also show increased TSPO expression by au-
toradiography as a marker of neuroinflammation at the level of the striatum and SN. Our
previous study supported the model as a useful tool to study early stages of PD [24]. In the
current study, the lack of significant loss in SV2A, the small increase in raclopride binding
to D2/3 receptors, and mild neuroinflammation, further confirms this as a model of early
PD. These findings encourage the use of the rAAV2/6 ASYN model as a platform for the
evaluation of neuronal changes and treatments at the early stage of PD.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biomedicines9121876/s1, Figure S1: Immunohistochemistry of ASYN and GFP expre-
ssing animals.
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