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Abstract: (1) AlphαSynuclein (αSyn) is a synaptic protein which is expressed in the nervous system
and has been linked to neurodegenerative diseases, in particular Parkinson’s disease (PD). Symptoms
of PD are mainly due to overexpression and aggregation of αSyn and include pain. However, the
interconnection of αSyn and pain has not been clarified so far. (2) We investigated the potential
effects of a αSyn knock-out on the nociceptive behaviour in mouse models of acute, inflammatory
and neuropathic pain. Furthermore, we assessed the impact of αSyn deletion on pain-related cellular
and molecular mechanisms in the spinal cord in these models. (3) Our results showed a reduction
of acute cold nociception in αSyn knock-out mice while responses to acute heat and mechanical
noxious stimulation were similar in wild type and knock-out mice. Inflammatory nociception was not
affected by αSyn knock-out which is also mirrored by unaltered inflammatory gene expression. In
contrast, in the SNI model of neuropathic pain, αSyn knock-out mice showed decreased mechanical
allodynia as compared to wild type mice. This effect was associated with reduced proinflammatory
mechanisms and suppressed activation of MAP kinase signalling in the spinal cord while endogenous
antinociceptive mechanisms are not inhibited. (4) Our data indicate that αSyn plays a role in
neuropathy and its inhibition might be useful to ameliorate pain symptoms after nerve injury.

Keywords: alphaSynuclein; nociception; inflammation; neuropathic pain; MAP kinase

1. Introduction

α-synuclein (αSyn) is a small soluble protein of 14 kD that is expressed in the central
and the peripheral nervous system, enriched in neurons and mainly located in synaptic
vesicles of presynaptic nerve terminals [1,2]. Although the protein has been known for
a long time, its physiological functions are not fully understood. It is suggested to be
involved in regulatory processes [3] by its function in exocytotic processes [2,4] as well as
the recycling of synaptic vesicles [5], thereby playing a role in synaptic transmission and
plasticity [6,7]. αSyn is primarily known as a contributor in the pathogenesis of Parkinson’s
disease (PD), in which mutations, polymorphisms and multiplications of the protein have
been associated with sporadic and familial forms of the disease [8–10]. In particular, the
overexpression and aggregation of α-Syn contributes to a degradation of dopaminergic
neurons [11,12], leading to the typical PD-associated motor disturbances such as tremor
and rigidity. Other, non-motor symptoms comprise olfactory disturbances such as dystonia,
but also psychic diseases such as dementia, anxiety and depression [13–15]. Furthermore,
about 60–70% of PD patients experience chronic pain, often in the prodromal phase of PD
long before the manifestation of motor problems but also in advanced stages. The patients
suffer from different types of pain including acute or chronic forms of e.g., musculoskeletal,
nocturnal, orofacial, central and peripheral pain [16–19]. The genesis of these types of
pain is multifactorial and suggested to be at least partially based on mechanisms in the
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CNS [20]; however, the origins and mechanisms of pain in PD have not been completely
clarified as of yet. It has been suggested that a dysfunctional pain processing in the
striatum [21], insufficient pain inhibition and central sensitization are reasons for the
development of PD-associated pain, which could be supported by functional imaging
showing pathological activation areas in PD patients after nociceptive stimulation [22]. The
occurrence of pain appears independent of degradation of dopaminergic neurons, since
dopamine therapy has no effect on pain symptoms in PD patients [23,24]. Although several
models of parkinsonism have been established in rodents, the mechanisms contributing
to nociception have been mostly neglected so far. It has already been suggested that the
injection of αSyn fibrils in mice contributes to development of pain hypersensitivity [25].
However, overexpression of alphaSynuclein bears the risk of developing peripheral sensory
neuropathies with sensory losses which do not allow accurate investigation of pain behavior
which is mostly dependent on proper perception of the stimulus and sensorimotor coupling.
Therefore, investigating the role of synuclein in synuclein knock-out mice might be a
more promising approach to gain insights into its role in nociception. In principle, pain
can be roughly distinguished into physiological, pathophysiological and neuropathic
pain, the latter two bearing the risk of chronification. Acute pain is an important body
protection system that prevents severe harm. In contrast, chronic pain is either associated
with increased excitatory nociceptive transmission or with a decrease in endogenous
central pain inhibition. The mechanisms involve activation of inflammatory cells and
genes as well as signal transduction pathways activating kinases and transcription factors,
for example, thereby leading to the transcription of further pain genes. Endogenous
antinociceptive pathways including endogenous opioids or inhibitory neurotransmitters
are disturbed. Ongoing inflammation or tissue/nerve damage can induce these molecular
changes in the central and peripheral nervous system, leading to pain hypersensitivity,
referred to as central and peripheral sensitization [26,27]. The aim of this study was to
clarify possible functions of αSyn in acute, inflammatory, and neuropathic pain. Therefore,
we applied a Snca knock-out mouse model and performed behavioral experiments to assess
nociceptive responses after stimulation with acute thermal and mechanical noxious stimuli.
Furthermore, we induced inflammatory and neuropathic pain and measured spontaneous
pain-like behavior or pain hypersensitivity, respectively. In addition, we used RT-PCR,
western blot and immunofluorescence analysis to analyze the cellular and molecular
mechanisms underlying potential differences between wild type and Snca knock-out mice
in pain-relevant tissues. Our results indicate a role of αSyn mainly in the regulation of
neuropathic pain through the downregulation of the inflammatory pathway and MAP
Kinase signaling in the spinal cord.

2. Materials and Methods
2.1. Animals

Male C57BL/6 mice were obtained from Charles River, Sulzfeld, Germany at the age
of six to eight weeks. Homozygous B6; 129 × 1-Sncatm1Rosl/J−/− mice with a mixed
C57BL/6; 129 background were purchased from Jackson Laboratories. In these mice, the
exons 1 and 2 of the Snca gene encoding amino acids 1–41 were disrupted. Snca−/− mice
are viable, fertile and healthy [28]. It has been described that knock-out animals have a
reduced number of synaptic vesicles in hippocampal neurons [28] and may show increased
anxiety in comparison with wild type animals. However, motor functions and learning
ability do not differ from wild types [29]. Snca−/− mice were backcrossed with C57BL/6
wild type mice to obtain heterozygous offspring which were then mated to receive wild
type and Snca−/− littermates. Genotyping was performed using the following primers as
recommended by the supplier:

19403 5′- TCA GCC ACG ATA AAA CTG AGG -3′

19404 5′- GTG AGG GCT GTG GGT ATC TG -3′

oIMR8444 5′- GCC TGA AGA ACG AGA TCA GC -3′

Animals had free access to food and water and were maintained in climate- and light-
controlled rooms (24 ± 0.5 ◦C, 12/12 dark/light cycle). In all experiments, the European
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ethical guidelines for investigations in conscious animals were obeyed and the procedures
were approved by the local Ethics Committee for Animal Research (Regierungspräsidium
Darmstadt, Approval Number FK1081). All efforts were made to minimize animal suffering
and to reduce the number of animals used. All behavioral experiments were performed by
an observer blinded to the genotype in a dedicated room with restrictions on sound level
and activity.

2.2. Nerve Injury

The spared nerve injury (SNI) model was used as described previously [30,31]. Briefly,
animals were anesthetized with isoflurane, and the tibial and common peroneal branches of
the sciatic nerve were ligated and sectioned distally, whereas the sural nerve was left intact.
For sham surgery, the sciatic nerve was exposed but not touched. Sham operated mice
were used as controls. Surgical pain was reduced by topical administration of lidocaine.
Mechanical sensitivity was assessed at baseline, 7 d, 14 d, 21 d and 28 d after surgery.
Animals were sacrificed at the indicated time points after surgery and the lumbar spinal
cord (L4–5) was dissected for further analysis.

2.3. Behavioral Testing

Snca−/−- and Snca+/+-littermates were used in all behavioural tests. Before the
start of the experiments, mice were placed into the respective experimental setting in the
experimental room for at least 30 min for habituation. Experiments were performed by the
same observer blinded to the genotype.

2.3.1. Rotarod Test

A Rota Rod treadmill for mice (Ugo Basile, Comerio, Italy) at a constant rotating speed
of 32 rpm was used to assess motor coordination. All mice had five training sessions prior
to the day of the experiment. The latency until mice fell from the rotating rod was analysed
with an upper cut-off time of 90 s. The fall-off latency was averaged from five tests.

2.3.2. Mechanical Sensitivity

Mechanical sensitivity was assessed by an automated testing device (Dynamic Plantar
Aesthesiometer, Ugo Basile, Varese, Italy) consisting of a steel rod which is pushed against
the plantar surface of the paw with increasing force until the paw is withdrawn (paw
withdrawal latency, PWL). The maximum force was set at 5 g to prevent tissue damage
and the ramp speed was 0.5 g/s (Cut-off 20 s). Mice were allowed to habituate to test cages
with a metal grid bottom for 1 h. The paw withdrawal latencies of both paws were then
obtained as mean of four to six consecutive trials at each time point (at least 30 s between
repeated measurements of the same paw). For analysis of mechanical allodynia, a ratio
for the paw withdrawal latency between ipsi- and the contralateral paw was calculated as
(ipsi-contra)/contra*100.

2.3.3. Hot/Cold Plate Test

The device was either heated up to 52 ◦C or cooled down to 4 ◦C. The animal was
then placed on the metal plate of the Hot/Cold Plate test. The time was stopped until the
animal showed some avoidance or painful behaviour, e.g., walking up the plastic cage,
licking/flinching of the paws, or jumping. The cut off time to avoid tissue damage was
25 s for the hot plate test, and 40 s for the cold plate test. Each animal was tested only once,
since repeated testing in this assay can lead to latency changes [32].

2.3.4. Formalin Test

The formalin test was performed as described [33]. Briefly, mice were placed in a
plexiglass rectangle and were allowed to acclimatize for 30 min. Twenty µL of a 5% formalin
solution was injected subcutaneously into the dorsal surface of the left hind paw. Directly
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after formalin injection, the time mice spent licking the formalin-injected paw was assessed
in 5-min intervals up to 45 min.

2.3.5. Zymosan-Induced Paw Inflammation

After assessing mechanical baseline paw withdrawal latencies using the Dynamic
Plantar Aesthesiometer as described above, hind paw inflammation was induced by subcu-
taneous injection of 20 µL of a 10 mg/mL zymosan A (Sigma-Aldrich, Munich, Germany)
suspension in phosphate-buffered saline (0.1 M, pH 7.4) into the mid plantar region of the
left hind paw [34]. Four consecutive measurements were performed in 10-s intervals hourly
up to 8 h and at 24 and 48 h after zymosan injection.

2.3.6. Cold Allodynia

Cold allodynia was assessed in the SNI-model by applying a drop of acetone onto
the plantar side of the hindpaw ipsilateral to the nerve lesion acetone with help of a 1 mL
syringe. The time the mice spent lifting, shaking or licking the acetone treated paw was
recorded during an observation period of 2 min starting right after acetone application.

2.4. Western Blot Analysis

For Western Blot analysis, mice were treated as indicated. At the indicated time points,
mice were killed by CO2 and cardiac puncture and the lumbar spinal cords (L4/L5) and
the DRGs (L4/L5) were dissected and immediately frozen in liquid nitrogen. Tissues
were homogenized in a PhosphoSafe Extraction Buffer (Merck, Darmstadt, Germany)
containing protease inhibitor (1 mM Pefabloc SC, Alexis Biochemicals, Lausen, Switzerland).
Subsequently, extracts were centrifuged at 14.000 rpm for 1 h at 4 ◦C to remove cellular
debris. The supernatants were stored at −80 ◦C.

Proteins (30 µg) were separated electrophoretically by 12% SDS-PAGE and then trans-
ferred onto nitrocellulose membranes by wet-blotting at 50 V for 90 min (Bio-Rad, München,
Germany). To confirm equal loading, all blots were stained with Ponceau red solution.
Thereafter, proteins were fixated onto the membrane by 30 min treatment with a 0.4%
paraformaldehyde solution. Membranes were blocked for 60 min at room temperature in
Odyssey blocking reagent (LI-COR Biosciences, Bad Homburg, Germany) diluted 1:2 in
0.1 M phosphate-buffered saline (PBS), pH 7.4. The blots were then incubated overnight
at 4 ◦C with primary antibodies against alphαSynuclein (BD Bioscience, Franklin Lanes,
Evansville, IN, USA, 1:500), p-p38, p-38, p-p42/44, p42/44, (all Cell Signalling Technology,
Boston, MA, USA, 1:250), COX-2 (Santa Cruz Biotechnology, Heidelberg, Germany, 1:500),
CB1R, (Cayman, Biomol, Hamburg, Germany 1:500), DOR (Abcam, Cambridge, UK, 1:200),
Pgp9.5 (Abcam, Cambridge, UK, 1:200) and TRPM8 (alamone labs, Jerusalem, Israel, 1:100)
in blocking buffer. After washing three times with 0.1% Tween 20 in PBS, the Blots were
incubated for 60 min with an IRDye 800- or IRDye 700-conjugated secondary antibody
(Molecular Probes, 1:10.000 in blocking buffer). After rinsing three times in 0.1% Tween
20 in PBS, protein-antibody complexes were detected with the Odyssey Infrared Imaging
System (LI-COR, Bad Homburg, Germany). β-actin (1:1.200, Sigma, Munich, Germany)
were used as loading controls. Densitometric analysis of the blots was performed with
Image Studio Lite software (LI-COR, Bad Homburg, Germany).

2.5. Immunofluorescence

Mice were perfused intracardially with 0.1 M phosphate-buffered saline followed by
2% paraformaldehyde (PFA) in 0.1 M PBS, pH 7.4, under deep CO2-induced anesthesia.
Spinal cords (L4/L5) were dissected, post-fixed in 2% PFA in 0.1 M PBS (pH 7.4), cryopro-
tected in 20% sucrose in 0.1 M PBS overnight at 4 ◦C and then embedded in Tissue-Tek O.C.T.
Compound (Sakura Finetek Europe B.V., Alphen aan den Rijn, Netherlands) frozen on dry
ice. Cryostat sections were cut at a thickness of 16 µm and stored at−80 ◦C. For immunoflu-
orescence, slices were permeabilized for 10 min with PBS containing 0.1% Triton-X 100.
The sections were then blocked in 3% BSA/10% NGS in PBS for 1 h to reduce non-specific
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bindings. After rinsing in PBS, sections were incubated with antibodies against αSyn (BD
Biosciences, Franklin Lanes, Evansville, IN, USA, 1:100), CGRP (Santa Cruz Biotechnology,
Heidelberg, Germany, 1:200), IB4 (Thermo Fisher Scientific, Langenselbold, Germany, 1:50),
GABA-A (Synaptic Systems, Göttingen, Germany, 1:500), GAD67 (Abcam, Cambridge,
UK, 1:200), GFAP (Sigma, Deisenhofen, Germany, 1:500), CD11b (WAKO, Neuss, Germany,
1:100). Antibodies were dissolved in PBS/3% BSA and incubated at 4 ◦C overnight. After
rinsing in PBSTx (0.1% Triton), sections were incubated for 2 h at room temperature with
Cy3- (Sigma, Deisenhofen, Germany 1:1.000) or Alexa Fluor 488-conjugated secondary
antibodies (Molecular Probes, Eugene, OR, USA; 1:1.000) dissolved in PBSTx (0.1% Triton),
rinsed again in PBS and coverslipped with Aqua-Poly/Mount (Polysciences, Warrington,
Bucks County, PA, USA). Images were captured using an inverted fluorescence microscope
(Axio Observer.Z1, Zeiss, Germany) equipped with a monochrome CCD camera and Axio-
Vision software (Zeiss, Germany) or a Keyence BIOREVO microscope. Immunofluorescence
images shown in the figures represent only a representative result obtained from at least
3 animals per group. A semiquantitative analysis of the immunofluorescence signals was
performed with ImageJ.

2.6. Glutamate Measurement in the Cerebrospinal Fluid (CSF)

For the glutamate measurement in cerebrospinal fluid, Promega’s Glutamate-Glo
assay was used according to the manufacturer’s protocol. For CSF measurement, CSF
and detection reagent were mixed in an equal volume of 5–10 µL, mixed thoroughly for
30–60 s and then incubated for 60 min at RT. Luminescence was measured with a TECAN
infiniteF200PRO microplate reader (TECAN, Männedorf, Switzerland).

2.7. Real-Time PCR

RNA was prepared from the lumbar spinal cords (L4/L5) using an RNeasy Lipid
Tissue Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.
Two hundred ng of total RNA was used for the reverse transcription which was performed
with Random Primers in a Verso cDNA Kit (ThermoFisher Scientific, Darmstadt, Germany),
respectively. Twenty ng of RNA equivalent were subjected to real-time PCR in an Applied
Biosystems sequence detection system Quant 5 using a SYBR Select Master Mix Kit (Ther-
moFisher Scientific, Darmstadt, Germany). The expression of CD11b, COX-2, GFAP, IL-1β
and TNFα mRNA was determined and normalized to GAPDH mRNA.

The following gen-specific primers were used:
CD11b FW 5′-CTGCCTCAGGGATCCGGAAAG-3′

RV 5′-TGTCTGCCTCGGGGATGACATC-3′

COX-2 FW 5′-AGACACTCAGGTAGACATGATCTACCCT-3′

RV 5′-GGCACCAGACCAAAGACTTCC-3′

GFAP FW 5′-AGAACAACCTGGCTGCGTAT-3′

RV 5′-TCCTCCTCCAGCGATTCAAC-3′

IL1β FW 5′-CTGGTGTGTGACGTTCCCATTA-3′

RV 5′-CCGACAGCACGAGGCTTT-3′

TNFα FW 5′-GCTGAGCTCAAACCCTGGTA-3′

RV 5′-CGGACTCCGCAAAGTCTAAG-3′

GAPDH FW 5′-CAATGTGTCCGTCGTGGATCT-3′

RV 5′-GTCCTCAGTGTAGCCCAAGATG-3′

The cycle number at which the fluorescence signals cross a defined threshold (Ct-value)
is proportional to the number of RNA copies present at the start of the PCR. The threshold
cycle number for the specific mRNA was standardized by subtracting the Ct-value of
GAPDH from the Ct-value of the specific genes of the same sample, respectively. The
relative quantitative level of samples was determined by standard 2(−ddCt) calculations and
expressed as fold-change of a reference control sample.
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2.8. Data Analysis

Statistical evaluation was done with Graph Pad Prism 9.3.1 for Windows. Data are
presented as mean± SEM. Data were compared by one-way or two-way univariate analysis
of variance (ANOVA) with subsequent t-tests employing a Bonferroni α-correction for
multiple comparisons or Dunnett’s post hoc test, respectively. In cases of only two groups,
a Student’s two-tailed, unpaired t-test was used. The number of animals used or repetitions
(n) for every experiment are given in the figure legends. For analysis of mechanical
allodynia, a ratio for the paw withdrawal latency between ipsi- and the contralateral paw
was calculated as (ipsi-contra)/contra*100. In addition, the area under the paw withdrawal
latency versus time curve (AUC) was calculated by the linear trapezoidal rule. For all tests,
a probability value p < 0.05 was considered statistically significant.

3. Results
3.1. Expression and Localization of αSyn in the Spinal Cord

Western Blot and immunofluorescence experiments verified that αSyn is expressed in
the spinal cord of Snca wild type but not of knock-out mice. In addition, immunofluores-
cence confirmed previous results [35] revealing the expression of αSyn mainly in laminae
1 and 2 of the dorsal horn which constitute important pain-relevant regions in the spinal
cord where mechanisms of central sensitization take place. αSyn immunofluorescence
colocalized with the lamina 2 marker isolectin B4 (IB4) and the lamina I marker calcitonin-
gene-related protein (CGRP), indicating that α-Syn is expressed in peptidergic and non-
peptidergic nociceptive neurons in the dorsal horn of the spinal cord, thus suggesting a
potential role in pain transmission in the CNS. In addition, we could show a colocalization
of αSyn with GAD67 and GABA-A as markers for GABAergic inhibitory neurons which
might serve as a hint that αSyn is involved in endogenous antinociceptive transmission. To
show the vesicular localization of αSyn we further performed costaining with the vesicle
protein SNAP25 and detected the colocalization of both proteins (Figure 1). In addition to
the spinal cord, we also assessed the localization of αSyn in the DRGs and also observed
colocalization with markers for petidergic (CGRP) and non-petidergic (IB4) nociceptive
neurons as well as large motor neurons (NF200), indicating a potential role of αSyn in
peripheral nociceptive processing but also in motor functions (Supplementary Figure S1A).

3.2. Effects of αSyn Knock-Out on Motor Function and Acute Nociception

Intact motor function is an important prerequisite to assess nociceptive reactions since
these are mostly based on a motor response. We investigated the ability of Snca wild
type and knock-out mice in the hanging wire and the rotarod test. The results showed no
differences between the respective groups indicating intact motor skills in Snca knock-out
mice. In the dynamic plantar test, the Snca knock-out mice showed no signs of mechanical
hypersensitivity and, in models for thermal acute nociception, no difference could be
observed in the hot plate test. However, cold nociception was significantly suppressed in
Snca knock-out in comparison to wild type mice as shown by an increase in latency time
until the first reaction (Table 1, Figure 2). To further assess potential mechanisms, which
contribute to the reduced acute cold nociception, we analyzed the expression of TRPM8, a
cold nociceptor, and Pgp9.5, a marker for peripheral nerve fibers. The results showed a
reduced RNA expression of TRPM8 in the paw of Snca knock-out mice which, however,
did not occur on the protein level. In the DRGs, there was no regulation of TRPM8 RNA
expression. Pgp9.5 protein levels in the paw were slightly but not significantly reduced in
Snca knock-out mice (Figure 2).
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Figure 1. Expression of αSyn in the murine spinal cord. (A) left: Immunofluorescence showing (from 
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out mice as well as background control stain without primary antibody (Cy3) (Scale bar = 20 µm), 
an overview on colocalization of αSyn (red), CGRP (turquoise) and IB4 (green) in a complete cross-
section of the spinal cord (marked by the dotted line) showing that αSyn is exclusively expressed in 
the dorsal horn, Scale bar = 200 µm. Right: Western Blot analysis showing expression of αSyn in 
wild type mice in comparison to Snca knock-out mice. The diagram shows the densitometric 
analysis of WT vs. Snca knock-out mice (n = 8 WT/5 KO), blacks squares and circles show the single 
measurements (circles = wildtype, squares = Snca knock-out), *** p > 0.001 statistically significant 
difference between wild type and Snca knock-out mice. (B) Upper lane: Colocalization of αSyn (red), 
CGRP (blue) and IB4 (green) in the dorsal horn of the spinal cord of wild type mice. Upper middle 
lane: Colocalization of αSyn (red) and GABA-A (green). Lower middle lane: Colocalization of αSyn 
(red) and GAD67 (green), Lower lane: Colocalization of αSyn (red) and SNAP25 (green) Scale bar = 
20 µm (n = 3). 
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Figure 1. Expression of αSyn in the murine spinal cord. (A) left: Immunofluorescence showing (from
top to bottom) αSyn expression in the dorsal horn of the spinal cord of wild type and Snca knock-out
mice as well as background control stain without primary antibody (Cy3) (Scale bar = 20 µm), an
overview on colocalization of αSyn (red), CGRP (turquoise) and IB4 (green) in a complete cross-
section of the spinal cord (marked by the dotted line) showing that αSyn is exclusively expressed
in the dorsal horn, Scale bar = 200 µm. Right: Western Blot analysis showing expression of αSyn
in wild type mice in comparison to Snca knock-out mice. The diagram shows the densitometric
analysis of WT vs. Snca knock-out mice (n = 8 WT/5 KO), blacks squares and circles show the single
measurements (circles = wildtype, squares = Snca knock-out), *** p > 0.001 statistically significant
difference between wild type and Snca knock-out mice. (B) Upper lane: Colocalization of αSyn
(red), CGRP (blue) and IB4 (green) in the dorsal horn of the spinal cord of wild type mice. Upper
middle lane: Colocalization of αSyn (red) and GABA-A (green). Lower middle lane: Colocalization
of αSyn (red) and GAD67 (green), Lower lane: Colocalization of αSyn (red) and SNAP25 (green)
Scale bar = 20 µm (n = 3).

Table 1. Motor function and acute nociception of Snca wild type and knock-out mice, Hanging wire
and rotarod test were performed to assess motor functions, hot plate and cold plate test to analyse
acute thermal nociception, and the dynamic plantar test was used for acute mechanical sensitivity.
(n.s. = not significant).

Test System
Snca Wild Type
(Latency Time,
Mean ± SEM)

Snca Knock-Out
(Latency Time,
Mean ± SEM)

Significance/n

Hanging Wire 60 s 60 s n.s. (n = 12)
Rotarod 90 s 90 s n.s. (n = 12)

Cold Plate 23.93 ± 1.59 s 34.88 ± 2.11 s *** p < 0.001 (n = 11)
Hot Plate 13.58 ± 0.99 s 16.32 ± 1.29 s n.s. (n = 12)

Dynamic Plantar 9.17 ± 0.44 s 8.54 ± 0.42 s n.s. (n = 12)
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Figure 2. Acute cold nociception and related gene expression. (A) nociceptive threshold in the cold
plate test. (n = 11) (B) TRPM8 mRNA expression in the DRGs and the paws of wild type and Snca
knock-out mice as assessed by RT-PCR analysis (relative gene expression of TRPM8 in relation to
GAPDH). (n = 3–4) (C) Western blot analysis of Pgp9.5 and TRPM8 in the paws of wild type and Snca
knock-out mice; the blots show representative results and the diagrams the densitometric analysis
of all samples (n = 4). *** p < 0.001, statistically significant difference between wild type and Snca
knock-out mice. The individual measurements are indicated by the black circles (wild type) and
squares (Snca knock-out).

3.3. αSyn Does Not Affect Inflammatory Nociceptive Responses

To evaluate a potential role of αSyn in inflammatory nociception, we applied two dif-
ferent mouse models. These are the formalin model, which constitutes a correlate for early
central sensitization, and the zymosan-induced paw inflammation model that is suitable
to investigate mechanisms of chronic inflammatory pain including cardinal inflammatory
symptoms such as edema (swelling) and redness. First, we assessed the regulation of
αSyn in the spinal cord after injection of formalin into the hind paw. Two h after formalin
administration, we observed a significant upregulation of αSyn protein in the spinal cord,
which is still detectable after 8 h (Figure 3A). In the DRGs, we did not detect regulations
of αSyn 2 and 8 h after formalin injection (Supplementary Figure S1B). Since αSyn is in-
volved in neurotransmitter regulation, we also investigated the concentration of glutamate,
the most important excitatory neurotransmitter in nociception, in the cerebrospinal fluid
(CSF) after formalin injection in wild type and Snca−/− mice. A formalin injection into
the hind paw induced a significant increase of glutamate in the CSF in both genotypes,
although without any difference between Snca wild type and knock-out mice (Figure 3B),
which is in accordance with previous publications [36]. The nociceptive behavior of Snca
knock-out mice in the inflammatory second phase of the formalin test (11–45 min after
formalin injection) was also not altered in comparison to wild type mice. Interestingly,
there was a significant reduction in the nociceptive behavior in the first phase (0–10 min)
in the knock-out animals (Figure 3C). Similar to the results in the second phase of the
formalin test, we did not observe differences in the nociceptive response between wild
type and Snca knock-out mice in the zymosan test (Supplementary Figure S2), supporting
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the assumption that Snca plays only a minor role in inflammatory nociception. This is
further strengthened by RT-PCR analyses showing no differences between the two groups
concerning the expression of the proinflammatory gene cyclooxygenase 2 (COX-2) as well
as the neuronal activity marker c-fos (Figure 3D).
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Figure 3. Effects of αSyn deletion in the formalin test. (A) Western blot analyses showing αSyn
protein expression in the spinal cord 2 and 8 h after formalin injection into the paw of wild type mice.
The western blot shows a representative result, the diagram a densitometric analysis of all samples
(n = 6–8). (B) Glutamate concentration in the CSF 2 h after formalin injection in wild type and Snca
knock-out mice in comparison to untreated controls (n = 5–6), *** p < 0.001 indicates a statistically
significant difference in comparison with the respective control. (C) left panel: time course of the
licking behavior of wild type and Snca knock-out mice in 5 min intervals, right panel: sum of licking
time over the total observation period of 45 min, in phase 1 (0–10 min) and phase 2 (11–45 min),
respectively (n = 11). * p < 0.05 indicates a statistically significant difference in comparison to wild type
phase 1. (D) Regulation of representative genes in the spinal cord of wild type and Snca knock-out
mice 2 h after formalin injection into the paw. The dotted line indicates the untreated control value,
which has been set as 1 (n = 8–12), * p > 0.05, ** p < 0.01, *** p < 0.001 indicates a statistically significant
difference in comparison to the untreated control. The individual measurements are indicated by the
black circles, squares and triangles.

3.4. Impact of αSyn on Neuropathic Pain in the SNI Model

To induce neuropathy, we applied the spared nerve injury model, in which two of the
three branches of the sciatic nerve are dissected leading to a strong reduction of the noci-
ceptive mechanical threshold in the dynamic plantar test. Similar to the formalin test, we
analyzed protein expression of αSyn during the time course of SNI and observed a reduced
protein level of αSyn in the spinal cord in the western blot as well as immunofluorescence
analyses 28 d after SNI (Figure 4A–C). In contrast, no differences in αSyn protein expression
were detected in the DRGs (Supplementary Figure S1C). In behavioral experiments, Snca
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knock-out mice showed a delay in the paw withdrawal latency in comparison to wild type
mice, indicating reduced mechanical allodynia. Three days after SNI surgery, both Snca
knock-out mice and their wild type littermates revealed a reduction of the mechanical
pain threshold in the dynamic plantar test, which is a typical indicator for the induction of
neuropathy and associated pain. In wild type animals, this threshold decreased further
on day seven and remained stable until the end of the 28-day observation period. In
contrast, knock-out mice showed inhibition of the pain response and significantly reduced
mechanical allodynia from day seven until the end of the observation period as compared
to wild-type mice (Figure 4D,E; Supplementary Figure S3A). In addition to mechanical
allodynia, we assessed cold allodynia in the acetone test and found a similar tendency to
reduced pain hypersensitivity in Snca knock-out mice, however with high inter-individual
variation (Supplementary Figure S3B).
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Figure 4. Effects of αSyn in SNI-induced neuropathy (A–C) Expression of αSyn in the SNI model for
neuropathic pain (A) western blot analysis showing the time course of αSyn expression over a period
of 28 d after SNI in comparison to sham which has been set as 1 for better comparison. The blots
show representative results, the diagrams the densitometric analysis of all samples (n = 5–6/group).
* p < 0.05 indicates a statistically significant difference in comparison to sham. (B,C) Immunofluores-
cence staining of αSyn in the spinal dorsal horn of sham-treated wild type animals (B) or 28 d after SNI
(C) Scale bar = 20 µm. The insert shows a semi-quantitative analysis of all experiments (n = 4/group).
(D,E) Mechanical allodynia of wild type and Snca knock-out mice in the SNI model. (D) Time course
of the delta paw withdrawal latency (dPWL) after SNI surgery, (E) Analysis of the area under the
paw withdrawal latency versus time curve (AUC) (n = 10–11/group). * p > 0.05, ** p < 0.01 indicates
a statistically significant difference in comparison to the wild type control. Iindividual measurements
are indicated by the black circles, squares and triangles.
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3.5. Potential Mechanisms of Reduced Neuropathic Pain in Snca Knock-Out Mice

To assess potential mechanisms which might contribute to reduced pain-like behavior
in the neuropathy model in Snca knock-out mice, we performed RT-PCR, immunofluores-
cence and western blot analyses with spinal cord tissue. Interestingly, in RT-PCR analyses,
a direct comparison of wild type sham controls and Snca knock-out sham controls revealed
a significantly increased level of the inflammatory genes COX-2, IL1β and TNFα in the
spinal cord of the knock-out mice, which might indicate that Snca knock-out induces
overstimulation of the inflammatory transcriptome. After SNI, however, we observed a
significant increase of COX-2 and TNFα in the spinal cord of wild type mice 7 and 14 d
after SNI surgery in comparison to the wild type sham control, respectively. This increase
did not occur in Snca knock-out mice, which showed a significant reduction of COX-2 and
TNFα after SNI in comparison to their sham control (Figure 5A). For COX-2 protein, we
confirmed the upregulation after SNI in wild type mice, which is completely missing in
Snca knock-out mice (Figure 5B). Since glial cells play a major role in neuropathic pain and
inflammatory responses, we suspected that invasion and activation of these cells might
be involved in the regulation of proinflammatory mediators and therefore performed
additional immunostainings and RT-PCR analyses for the microglia marker CD11b and
the astrocyte marker GFAP (Figure 5C,D). For CD11b and GFAP, we detected a significant
increase in the spinal cord in wild type mice after SNI which was not found in knock-out
mice. This result was also observed in immunofluorescence stainings, in which both mark-
ers were increased after SNI in wild type mice but not to the same extent in Snca knock-out
animals. The occurrence of only small regulations in RT-PCR analyses might be due to the
fact that we used complete spinal cord RNA preparations which consist of a mixture of
cells and therefore the effects on glial cells might be diluted.

Cells 2022, 11, x FOR PEER REVIEW 12 of 18 
 

 

(Figure 5A). For COX-2 protein, we confirmed the upregulation after SNI in wild type 
mice, which is completely missing in Snca knock-out mice (Figure 5B). Since glial cells 
play a major role in neuropathic pain and inflammatory responses, we suspected that 
invasion and activation of these cells might be involved in the regulation of 
proinflammatory mediators and therefore performed additional immunostainings and 
RT-PCR analyses for the microglia marker CD11b and the astrocyte marker GFAP (Figure 
5C,D). For CD11b and GFAP, we detected a significant increase in the spinal cord in wild 
type mice after SNI which was not found in knock-out mice. This result was also observed 
in immunofluorescence stainings, in which both markers were increased after SNI in wild 
type mice but not to the same extent in Snca knock-out animals. The occurrence of only 
small regulations in RT-PCR analyses might be due to the fact that we used complete 
spinal cord RNA preparations which consist of a mixture of cells and therefore the effects 
on glial cells might be diluted. 

 
Figure 5. Cont.



Cells 2022, 11, 1967 12 of 17Cells 2022, 11, x FOR PEER REVIEW 13 of 18 
 

 

 
Figure 5. Expression of proinflammatory genes in the spinal cord of mice in the SNI model. (A) 
Relative mRNA expression of IL1β, TNFα and COX-2 in the spinal cord of wild type and SNCA 
knock-out mice after sham or 7 and 14 d after SNI surgery, respectively. For better comparison, the 
wild type sham control has been set as 1. (B) Western blot analysis showing COX-2 protein levels of 
Snca wild type and knock-out mice after sham or 14 d SNI treatment, respectively. The blots show 
representative results, the diagrams the densitometric analysis of all samples. (C) RT-PCR and 
immunofluorescence analysis of the microglia marker CD11b in the spinal cord of sham and SNI 
treated Snca knock-out mice and SNI treated wild type mice in comparison to the wild type sham 
control. Scale bars = 20 µm (D) RT-PCR and immunofluorescence analysis of the astrocyte marker 
GFAP in comparison to the wild type sham control. Immunofluorescence showing GFAP staining 
in the spinal cord of the different treatment groups n = 3/group. Scale bars = 20 µm. * p <0.05, 
statistically significant difference between the genotypes, # p < 0.05, ## p < 0.01, ### p < 0.001 
statistically significant difference between Sham and SNI. 

To address the potential inhibition of antinociceptive pathways, we further 
investigated the regulation of cannabinoid receptor 1 (CB1) and the delta-opioid receptor 
(DOR), which have already been associated with αSyn [37,38]. Our results showed no 
regulation of these genes in wild type mice after SNI on mRNA and protein level. 
However, and somewhat unexpectedly, in Snca knock-out mice they were significantly 
downregulated after SNI, indicating that they do not play a role in the reduced nociceptive 
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DOR mRNA levels and found no significant regulations in wild type or Snca knock-out 
mice, respectively (Supplementary Figure S1E). On the other hand, pronociceptive 
pathways as assessed by MAP Kinase signaling were significantly reduced. 
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type mice showed the expected significant upregulation of MAPK activity 14 d after SNI; 
however, this effect is completely lacking in Snca knock-out animals (Figure 6). 

Figure 5. Expression of proinflammatory genes in the spinal cord of mice in the SNI model. (A) Rela-
tive mRNA expression of IL1β, TNFα and COX-2 in the spinal cord of wild type and SNCA knock-out
mice after sham or 7 and 14 d after SNI surgery, respectively. For better comparison, the wild type
sham control has been set as 1. (B) Western blot analysis showing COX-2 protein levels of Snca wild
type and knock-out mice after sham or 14 d SNI treatment, respectively. The blots show representative
results, the diagrams the densitometric analysis of all samples. (C) RT-PCR and immunofluorescence
analysis of the microglia marker CD11b in the spinal cord of sham and SNI treated Snca knock-out
mice and SNI treated wild type mice in comparison to the wild type sham control. Scale bars = 20 µm
(D) RT-PCR and immunofluorescence analysis of the astrocyte marker GFAP in comparison to the
wild type sham control. Immunofluorescence showing GFAP staining in the spinal cord of the differ-
ent treatment groups n = 3/group. Scale bars = 20 µm. * p <0.05, statistically significant difference
between the genotypes, # p < 0.05, ## p < 0.01, ### p < 0.001 statistically significant difference between
Sham and SNI.

To address the potential inhibition of antinociceptive pathways, we further investi-
gated the regulation of cannabinoid receptor 1 (CB1) and the delta-opioid receptor (DOR),
which have already been associated with αSyn [37,38]. Our results showed no regulation
of these genes in wild type mice after SNI on mRNA and protein level. However, and
somewhat unexpectedly, in Snca knock-out mice they were significantly downregulated
after SNI, indicating that they do not play a role in the reduced nociceptive responses
in these mice (Figure 6, Supplementary Figure S4). In the DRGs, we investigated DOR
mRNA levels and found no significant regulations in wild type or Snca knock-out mice,
respectively (Supplementary Figure S1E). On the other hand, pronociceptive pathways
as assessed by MAP Kinase signaling were significantly reduced. Phosphorylation levels
of Erk1/2 (p42/44) and p38 MAP kinase in the spinal cord of wild type mice showed the
expected significant upregulation of MAPK activity 14 d after SNI; however, this effect is
completely lacking in Snca knock-out animals (Figure 6).
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Figure 6. Expression and activity of DOR, CB1R, p38 and p42/44 MAP Kinases in the spinal cords of
mice in the SNI model. p-p38 and p-p42/44 are shown in relation to total p38 and p42/44 protein,
respectively. All blots were normalized against β-actin. For better comparison, the sham controls
were set as 1. The diagrams show the results of all samples, the western blots represent examples
from all groups (n = 3–6/group) * p < 0.05, ** p < 0.01, *** p < 0.001 indicates a statistically significant
difference between the genotypes, (2-way ANOVA).

4. Discussion

Parkinson patients having increased levels of αSyn protein often show pain as an early
symptom of the disease. The pathogenesis and the mechanisms of these pain symptoms are
not clarified and, to the best of our knowledge, no study has so far dealt with the effects of
αSyn downregulation in models of pain. Therefore, in this study, we investigated the impact
of αSyn on acute, inflammatory and neuropathic pain in αSyn knock-out mouse models. A
potential role of αSyn in nociception is supported by previous publications [35] and in our
immunofluorescence data which indicate that αSyn protein is expressed in pain-relevant
regions and cells of the spinal cord and the DRGs. Therefore, it might influence nociceptive
transmission as well as mechanisms of peripheral and central sensitization. In particular,
we showed that αSyn is expressed in glutamatergic excitatory nociceptive neurons as well
as GABAergic inhibitory neurons in the dorsal horn of the spinal cord. Since glutamate is
the most important excitatory transmitter in pain transmission while GABA constitutes a
well-known inhibitory neurotransmitter, the expression of αSyn in these neurons indicates
that an αSyn deletion might affect excitatory nociceptive transmission and endogenous
central pain inhibition. Dysregulations of these pathways have been associated with chronic
pain several times. Previous publications indicate that a deletion of αSyn does not have an
effect on excitatory glutamatergic neurotransmitter release [36], which could be supported
by our results in the formalin test, in which formalin injection into the paw led to a similar
increase of glutamate in the CSF of wild type and Snca knock-out mice. These results
suggest that αSyn potentially affects other nociceptive mechanisms or the descending
antinociceptive system [39].

Our behavioral results show that a loss of αSyn does not influence acute thermal heat
nociception and does not lead to basal mechanical hypersensitivity of Snca knock-out mice.
In contrast, it seems to play a role in acute cold nociception which is inhibited in Snca
knock-out mice. As potential mechanisms for this effect, we assessed TRPM8 and Pgp9.5
expression in the paw and the DRGs of both genotypes. The only significant effect was
the downregulation of TRPM8 RNA in the paws of Snca knock-out mice, which, however,
could not be confirmed on the protein level. Pgp9.5 protein in the paw was slightly but
not significantly reduced in the knock-out mice. Therefore, we could not identify a distinct
mechanism for the ameliorated acute cold pain response of Snca knock-out mice so far.
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Results from the formalin test and zymosan-induced paw inflammation indicate that
αSyn seems to play only a minor role in inflammatory nociception since no differences
could be detected in the reflexive licking behavior in wild type and Snca knock-out mice in
the second phase of the formalin test as well as in mechanical allodynia during the zymosan
model. Interestingly, Snca knock-out mice showed a reduced acute nociceptive response in
the first phase of the formalin test which, however, is rather due to an unexpectedly en-
hanced response of wild type mice possibly related to the mixed C57BL/6; 129 background.
In accordance with the missing effect in the inflammatory behavioral response, there was
also no difference in wild type and Snca knock-out mice concerning the regulation of the
proinflammatory gene COX-2 and the neuronal activity marker c-fos.

While formalin injection induced upregulation of αSyn in the spinal cord, the SNI
surgery led to a late decrease of αSyn protein in wild type mice as assessed by immunoflu-
orescence and western blot analysis. This might be associated with a counter-regulation
of the protein involved in regeneration processes. In behavioral analysis, Snca knock-out
mice revealed a significantly lowered neuropathic pain behavior in the late phase of the
model also.

Previous publications showed relations of αSyn with endogenous antinociceptive mech-
anisms. Interactions of αSyn with the delta-opioid receptor DOR were described [37,40], and
it was suggested that overexpression of α-Syn leads to the down-regulation of DOR [12].
In wild type and Snca knock-out animals in our model, basal DOR levels were similar,
however nerve injury induced a downregulation of DOR in the knock-out mice. Similarly,
there were hints that a deletion of αSyn might increase the endocannabinoid receptors
system [41] which could not be confirmed in our experiments. Therefore, antinociceptive
mechanisms in the spinal cord of αSyn knock-out mice appear more inhibited than acti-
vated. On the other hand, we observed a significant downregulation of MAPK activity
and inflammatory pathways in the SNI model of neuropathic pain, thus suggesting that
the inhibition of pronociceptive pathways contributes to the antinociceptive effects of
αSyn deletion.

So far, there are only a few reports on the role of αSyn inhibition in neuronal insults and
pain, since most publications focus on the αSyn overexpression that occurs in Parkinson’s
disease. However, it has already been shown in rodent models of ischemia that αSyn protein
expression and nuclear translocation are upregulated in neurons of the brain and spinal
cord [42,43]. Knockdown or knock-out of αSyn significantly decreased the infarction size
and neuronal damage and improved motor function recovery associated with decreased
mitochondrial fragmentation, oxidative stress, apoptosis, and autophagy [44]. In models of
spinal cord injury (SCI), αSyn knock-out mice revealed significantly decreased neuronal
damage in the injured spinal cord. On the other hand, αSyn knock-out appeared in concert
with reduced locomotor recovery after SCI indicating that αSyn is important in motor
coordination [45] which, however, is not affected basally by αSyn inhibition as shown in
our motor coordination experiments with naïve KO mice. In addition, pro-inflammatory
responses in the spinal cord were significantly inhibited in KO mice, as indicated by
less macrophage accumulation and lower proinflammatory cytokine levels associated
with reduced NFKB activation [45]. Further studies showed that overexpression of αSyn
induces a pro-inflammatory phenotype in astrocytes associated with the increased release
of proinflammatory mediators such as TNFα and CXCL1 [46]. It was speculated that high
α-synuclein in astrocytes contributes to a further loss of spinal motor neurons [47]. The
downregulation of α-synuclein ameliorated tissue damage and reduced inflammation in
SCI [48].

These observations are in line with our data showing a decreased invasion of immune
cells and reduced levels of the inflammatory mediators IL1β, TNFα and COX-2 levels
in the spinal cord of Snca knock-out in comparison to wild type mice after nerve injury.
Interestingly, in inflammatory nociceptive models, we observed no effect of αSyn inhibition
on proinflammatory cytokines and proteins which, however, fitted well with the lack of
effect on the nociceptive behavior in these models. This might be due to the early time point
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of 2 h after formalin injection which rather induces neuronal than late proinflammatory
immune cell responses. In contrast, in the SNI model of neuropathic pain, upregulated
proinflammatory mediators in the spinal cord might at least partially be attributed to the
activation of immune cells such as microglia and astrocytes.

MAP kinases are important contributors to pain sensitization after nerve injury [49].
A potential interaction between MAP kinase signaling and αSyn has already been de-
scribed, with overexpression of αSyn associated with upregulation of p38 and p42/44
activity [50–52]. In addition, inhibition of p38 was linked to protective effects in PD and to
a decrease in microglia activation [51]. Therefore, downregulation of MAPK activation in
Snca knock-out mice after nerve injury associated with decreased mechanical allodynia in
our study fits very well with the already published data.

5. Conclusions

Taken together, our results show that α-synuclein is involved in mechanisms of neuro-
pathic pain in an experimental model of peripheral neuropathy. The inhibition of αSyn does
not enhance endogenous inhibitory proteins such as CB1 and DOR, but is associated with
a reduced inflammatory response as well as suppression of pronociceptive MAP kinase
signalling. Further studies are necessary to clearly identify the complete αSyn mechanisms
in pain, however our results already indicate that αSyn might constitute a potential target
for the treatment of neuropathic pain.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells11121967/s1, Figure S1: Expression, regulation and functions of aSyn in the DRGs;
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model; Figure S4: Expression of delta-opioid receptor (DOR) and cannabinoid receptor 1 (CB1 R)
genes in the spinal cord of mice in the SNI model; Figure S5: Immunofluorescence background
control staining.

Author Contributions: M.M. performed experiments and analyzed data, C.V.M. planned and per-
formed experiments, analyzed data and edited the manuscript, U.W. was involved in the animal
experiments and tissue preparation, E.N. conceived and designed the study, coordinated subprojects,
analyzed data, wrote and edited the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: The work received no external support.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Julia Häusler, Christine Manderscheid and
Annett Wilken-Schmitz for excellent technical assistance.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Maroteaux, L.; Campanelli, J.T.; Scheller, R.H. Synuclein: A neuron-specific protein localized to the nucleus and presynaptic nerve

terminal. J. Neurosci. 1988, 8, 2804–2815. [CrossRef] [PubMed]
2. Burre, J.; Sharma, M.; Sudhof, T.C. Cell Biology and Pathophysiology of alpha-Synuclein. Cold Spring Harb. Perspect. Med. 2018,

8, a024091. [CrossRef] [PubMed]
3. Withers, G.S.; George, J.M.; Banker, G.A.; Clayton, D.F. Delayed localization of synelfin (synuclein, NACP) to presynaptic

terminals in cultured rat hippocampal neurons. Brain Res. Dev. Brain Res. 1997, 99, 87–94. [CrossRef]
4. Logan, T.; Bendor, J.; Toupin, C.; Thorn, K.; Edwards, R.H. alpha-Synuclein promotes dilation of the exocytotic fusion pore. Nat.

Neurosci. 2017, 20, 681–689. [CrossRef]
5. Scott, D.; Roy, S. alpha-Synuclein inhibits intersynaptic vesicle mobility and maintains recycling-pool homeostasis. J. Neurosci.

2012, 32, 10129–10135. [CrossRef]
6. George, J.M.; Jin, H.; Woods, W.S.; Clayton, D.F. Characterization of a novel protein regulated during the critical period for song

learning in the zebra finch. Neuron 1995, 15, 361–372. [CrossRef]

https://www.mdpi.com/article/10.3390/cells11121967/s1
https://www.mdpi.com/article/10.3390/cells11121967/s1
http://doi.org/10.1523/JNEUROSCI.08-08-02804.1988
http://www.ncbi.nlm.nih.gov/pubmed/3411354
http://doi.org/10.1101/cshperspect.a024091
http://www.ncbi.nlm.nih.gov/pubmed/28108534
http://doi.org/10.1016/S0165-3806(96)00210-6
http://doi.org/10.1038/nn.4529
http://doi.org/10.1523/JNEUROSCI.0535-12.2012
http://doi.org/10.1016/0896-6273(95)90040-3


Cells 2022, 11, 1967 16 of 17

7. Abeliovich, A.; Schmitz, Y.; Farinas, I.; Choi-Lundberg, D.; Ho, W.H.; Castillo, P.E.; Shinsky, N.; Verdugo, J.M.; Armanini, M.;
Ryan, A.; et al. Mice lacking alpha-synuclein display functional deficits in the nigrostriatal dopamine system. Neuron 2000, 25,
239–252. [CrossRef]

8. Polymeropoulos, M.H.; Lavedan, C.; Leroy, E.; Ide, S.E.; Dehejia, A.; Dutra, A.; Pike, B.; Root, H.; Rubenstein, J.; Boyer, R.; et al.
Mutation in the alpha-synuclein gene identified in families with Parkinson’s disease. Science 1997, 276, 2045–2047. [CrossRef]

9. Singleton, A.B.; Farrer, M.; Johnson, J.; Singleton, A.; Hague, S.; Kachergus, J.; Hulihan, M.; Peuralinna, T.; Dutra, A.;
Nussbaum, R.; et al. alpha-Synuclein locus triplication causes Parkinson’s disease. Science 2003, 302, 841. [CrossRef]

10. Maraganore, D.M.; de Andrade, M.; Elbaz, A.; Farrer, M.J.; Ioannidis, J.P.; Kruger, R.; Rocca, W.A.; Schneider, N.K.; Lesnick, T.G.;
Lincoln, S.J.; et al. Collaborative analysis of alpha-synuclein gene promoter variability and Parkinson disease. JAMA 2006, 296,
661–670. [CrossRef]

11. Masliah, E.; Rockenstein, E.; Veinbergs, I.; Mallory, M.; Hashimoto, M.; Takeda, A.; Sagara, Y.; Sisk, A.; Mucke, L. Dopaminergic
loss and inclusion body formation in alpha-synuclein mice: Implications for neurodegenerative disorders. Science 2000, 287,
1265–1269. [CrossRef] [PubMed]

12. Kirik, D.; Rosenblad, C.; Burger, C.; Lundberg, C.; Johansen, T.E.; Muzyczka, N.; Mandel, R.J.; Bjorklund, A. Parkinson-like
neurodegeneration induced by targeted overexpression of alpha-synuclein in the nigrostriatal system. J. Neurosci. 2002, 22,
2780–2791. [CrossRef] [PubMed]

13. Jankovic, J. Parkinson’s disease: Clinical features and diagnosis. J. Neurol. Neurosurg. Psychiatry 2008, 79, 368–376. [CrossRef]
[PubMed]

14. Tysnes, O.B.; Storstein, A. Epidemiology of Parkinson’s disease. J. Neural Transm. 2017, 124, 901–905. [CrossRef] [PubMed]
15. Reichmann, H.; Brandt, M.D.; Klingelhoefer, L. The nonmotor features of Parkinson’s disease: Pathophysiology and management

advances. Curr. Opin. Neurol. 2016, 29, 467–473. [CrossRef]
16. Beiske, A.G.; Loge, J.H.; Ronningen, A.; Svensson, E. Pain in Parkinson’s disease: Prevalence and characteristics. Pain 2009, 141,

173–177. [CrossRef]
17. Hanagasi, H.A.; Akat, S.; Gurvit, H.; Yazici, J.; Emre, M. Pain is common in Parkinson’s disease. Clin. Neurol. Neurosurg. 2011, 113,

11–13. [CrossRef]
18. Perez-Lloret, S.; Rey, M.V.; Dellapina, E.; Pellaprat, J.; Brefel-Courbon, C.; Rascol, O. Emerging analgesic drugs for Parkinson’s

disease. Expert Opin. Emerg. Drugs 2012, 17, 157–171. [CrossRef]
19. Schapira, A.H.V.; Chaudhuri, K.R.; Jenner, P. Non-motor features of Parkinson disease. Nat. Rev. Neurosci. 2017, 18, 435–450.

[CrossRef]
20. Djaldetti, R.; Shifrin, A.; Rogowski, Z.; Sprecher, E.; Melamed, E.; Yarnitsky, D. Quantitative measurement of pain sensation in

patients with Parkinson disease. Neurology 2004, 62, 2171–2175. [CrossRef]
21. Chudler, E.H.; Dong, W.K. The role of the basal ganglia in nociception and pain. Pain 1995, 60, 3–38. [CrossRef]
22. Boecker, H.; Ceballos-Baumann, A.; Bartenstein, P.; Weindl, A.; Siebner, H.R.; Fassbender, T.; Munz, F.; Schwaiger, M.; Conrad, B.

Sensory processing in Parkinson’s and Huntington’s disease: Investigations with 3D H(2)(15)O-PET. Brain 1999, 122, 1651–1665.
[CrossRef] [PubMed]

23. Lees, A.J. L-dopa treatment and Parkinson’s disease. Q. J. Med. 1986, 59, 535–547. [PubMed]
24. Snider, S.R.; Fahn, S.; Isgreen, W.P.; Cote, L.J. Primary sensory symptoms in parkinsonism. Neurology 1976, 26, 423–429. [CrossRef]
25. Ferreira, N.; Goncalves, N.P.; Jan, A.; Jensen, N.M.; van der Laan, A.; Mohseni, S.; Vaegter, C.B.; Jensen, P.H. Trans-synaptic

spreading of alpha-synuclein pathology through sensory afferents leads to sensory nerve degeneration and neuropathic pain.
Acta Neuropathol. Commun. 2021, 9, 31. [CrossRef]

26. Basbaum, A.I.; Bautista, D.M.; Scherrer, G.; Julius, D. Cellular and molecular mechanisms of pain. Cell 2009, 139, 267–284.
[CrossRef]

27. Yekkirala, A.S.; Roberson, D.P.; Bean, B.P.; Woolf, C.J. Breaking barriers to novel analgesic drug development. Nat. Rev. Drug
Discov. 2017, 16, 810. [CrossRef]

28. Cabin, D.E.; Shimazu, K.; Murphy, D.; Cole, N.B.; Gottschalk, W.; McIlwain, K.L.; Orrison, B.; Chen, A.; Ellis, C.E.; Paylor, R.;
et al. Synaptic vesicle depletion correlates with attenuated synaptic responses to prolonged repetitive stimulation in mice lacking
alpha-synuclein. J. Neurosci. 2002, 22, 8797–8807. [CrossRef]

29. Ekstrand, M.I.; Terzioglu, M.; Galter, D.; Zhu, S.; Hofstetter, C.; Lindqvist, E.; Thams, S.; Bergstrand, A.; Hansson, F.S.;
Trifunovic, A.; et al. Progressive parkinsonism in mice with respiratory-chain-deficient dopamine neurons. Proc. Natl. Acad. Sci.
USA 2007, 104, 1325–1330. [CrossRef]

30. Decosterd, I.; Woolf, C.J. Spared nerve injury: An animal model of persistent peripheral neuropathic pain. Pain 2000, 87, 149–158.
[CrossRef]

31. Tegeder, I.; Costigan, M.; Griffin, R.S.; Abele, A.; Belfer, I.; Schmidt, H.; Ehnert, C.; Nejim, J.; Marian, C.; Scholz, J.; et al. GTP
cyclohydrolase and tetrahydrobiopterin regulate pain sensitivity and persistence. Nat. Med. 2006, 12, 1269–1277. [CrossRef]
[PubMed]

32. Mogil, J.S.; Wilson, S.G.; Bon, K.; Lee, S.E.; Chung, K.; Raber, P.; Pieper, J.O.; Hain, H.S.; Belknap, J.K.; Hubert, L.; et al. Heritability
of nociception I: Responses of 11 inbred mouse strains on 12 measures of nociception. Pain 1999, 80, 67–82. [CrossRef]

33. Dubuisson, D.; Dennis, S.G. The formalin test: A quantitative study of the analgesic effects of morphine, meperidine, and brain
stem stimulation in rats and cats. Pain 1977, 4, 161–174. [CrossRef]

http://doi.org/10.1016/S0896-6273(00)80886-7
http://doi.org/10.1126/science.276.5321.2045
http://doi.org/10.1126/science.1090278
http://doi.org/10.1001/jama.296.6.661
http://doi.org/10.1126/science.287.5456.1265
http://www.ncbi.nlm.nih.gov/pubmed/10678833
http://doi.org/10.1523/JNEUROSCI.22-07-02780.2002
http://www.ncbi.nlm.nih.gov/pubmed/11923443
http://doi.org/10.1136/jnnp.2007.131045
http://www.ncbi.nlm.nih.gov/pubmed/18344392
http://doi.org/10.1007/s00702-017-1686-y
http://www.ncbi.nlm.nih.gov/pubmed/28150045
http://doi.org/10.1097/WCO.0000000000000348
http://doi.org/10.1016/j.pain.2008.12.004
http://doi.org/10.1016/j.clineuro.2010.07.024
http://doi.org/10.1517/14728214.2012.677949
http://doi.org/10.1038/nrn.2017.62
http://doi.org/10.1212/01.WNL.0000130455.38550.9D
http://doi.org/10.1016/0304-3959(94)00172-B
http://doi.org/10.1093/brain/122.9.1651
http://www.ncbi.nlm.nih.gov/pubmed/10468505
http://www.ncbi.nlm.nih.gov/pubmed/3529159
http://doi.org/10.1212/WNL.26.5.423
http://doi.org/10.1186/s40478-021-01131-8
http://doi.org/10.1016/j.cell.2009.09.028
http://doi.org/10.1038/nrd.2017.202
http://doi.org/10.1523/JNEUROSCI.22-20-08797.2002
http://doi.org/10.1073/pnas.0605208103
http://doi.org/10.1016/S0304-3959(00)00276-1
http://doi.org/10.1038/nm1490
http://www.ncbi.nlm.nih.gov/pubmed/17057711
http://doi.org/10.1016/S0304-3959(98)00197-3
http://doi.org/10.1016/0304-3959(77)90130-0


Cells 2022, 11, 1967 17 of 17

34. Meller, S.T.; Gebhart, G.F. Intraplantar zymosan as a reliable, quantifiable model of thermal and mechanical hyperalgesia in the
rat. Eur. J. Pain 1997, 1, 43–52. [CrossRef]

35. Vivacqua, G.; Yin, J.J.; Casini, A.; Li, X.; Li, Y.H.; D’Este, L.; Chan, P.; Renda, T.G.; Yu, S. Immunolocalization of alpha-synuclein in
the rat spinal cord by two novel monoclonal antibodies. Neuroscience 2009, 158, 1478–1487. [CrossRef] [PubMed]

36. Chandra, S.; Fornai, F.; Kwon, H.B.; Yazdani, U.; Atasoy, D.; Liu, X.; Hammer, R.E.; Battaglia, G.; German, D.C.; Castillo, P.E.; et al.
Double-knockout mice for alpha- and beta-synucleins: Effect on synaptic functions. Proc. Natl. Acad. Sci. USA 2004, 101,
14966–14971. [CrossRef] [PubMed]

37. Chen, T.; Wang, Q.; Chao, D.; Xia, T.C.; Sheng, S.; Li, Z.R.; Zhao, J.N.; Wen, G.Q.; Ding, G.; Xia, Y. δ-Opioid Receptor Activation
Attenuates the Oligomer Formation Induced by Hypoxia and/or alpha-Synuclein Overexpression/Mutation Through Dual
Signaling Pathways. Mol. Neurobiol. 2019, 56, 2463–3475. [CrossRef]

38. Kurz, A.; Double, K.L.; Lastres-Becker, I.; Tozzi, A.; Tantucci, M.; Bockhart, V.; Bonin, M.; Garcia-Arencibia, M.; Nuber, S.;
Schlaudraff, F.; et al. A53T-alpha-synuclein overexpression impairs dopamine signaling and striatal synaptic plasticity in old
mice. PLoS ONE 2010, 5, e11464. [CrossRef]

39. Valek, L.; Auburger, G.; Tegeder, I. Sensory neuropathy and nociception in rodent models of Parkinson’s disease. Dis. Models
Mech. 2019, 12, dmm039396. [CrossRef]

40. Lashuel, H.A.; Overk, C.R.; Oueslati, A.; Masliah, E. The many faces of alpha-synuclein: From structure and toxicity to therapeutic
target. Nat. Rev. Neurosci. 2013, 14, 38–48. [CrossRef]

41. Lopez-Jimenez, A.; Walter, N.A.; Gine, E.; Santos, A.; Echeverry-Alzate, V.; Buhler, K.M.; Olmos, P.; Giezendanner, S.; Moratalla, R.;
Montoliu, L.; et al. A spontaneous deletion of alpha-synuclein is associated with an increase in CB1 mRNA transcript and receptor
expression in the hippocampus and amygdala: Effects on alcohol consumption. Synapse 2013, 67, 280–289. [CrossRef] [PubMed]

42. Kim, T.; Mehta, S.L.; Morris-Blanco, K.C.; Chokkalla, A.K.; Chelluboina, B.; Lopez, M.; Sullivan, R.; Kim, H.T.; Cook, T.D.;
Kim, J.Y.; et al. The microRNA miR-7a-5p ameliorates ischemic brain damage by repressing alpha-synuclein. Sci. Signal. 2018, 11,
eaat4285. [CrossRef] [PubMed]

43. Qiao, H.; Zhang, Q.; Yuan, H.; Li, Y.; Wang, D.; Wang, R.; He, X. Elevated neuronal alpha-synuclein promotes microglia activation
after spinal cord ischemic/reperfused injury. Neuroreport 2015, 26, 656–661. [CrossRef] [PubMed]

44. Kim, T.; Mehta, S.L.; Kaimal, B.; Lyons, K.; Dempsey, R.J.; Vemuganti, R. Poststroke Induction of alpha-Synuclein Mediates
Ischemic Brain Damage. J. Neurosci. 2016, 36, 7055–7065. [CrossRef]

45. Sauerbeck, A.D.; Goldstein, E.Z.; Alfredo, A.N.; Norenberg, M.; Marcillo, A.; McTigue, D.M. Alpha-synuclein increases in rodent
and human spinal cord injury and promotes inflammation and tissue loss. Sci. Rep. 2021, 11, 11720. [CrossRef]

46. Lee, H.J.; Suk, J.E.; Patrick, C.; Bae, E.J.; Cho, J.H.; Rho, S.; Hwang, D.; Masliah, E.; Lee, S.J. Direct transfer of alpha-synuclein from
neuron to astroglia causes inflammatory responses in synucleinopathies. J. Biol. Chem. 2010, 285, 9262–9272. [CrossRef]

47. Gu, X.L.; Long, C.X.; Sun, L.; Xie, C.; Lin, X.; Cai, H. Astrocytic expression of Parkinson’s disease-related A53T alpha-synuclein
causes neurodegeneration in mice. Mol. Brain 2010, 3, 12. [CrossRef]

48. Zeng, H.; Liu, N.; Yang, Y.Y.; Xing, H.Y.; Liu, X.X.; Li, F.; La, G.Y.; Huang, M.J.; Zhou, M.W. Lentivirus-mediated downregulation of
alpha-synuclein reduces neuroinflammation and promotes functional recovery in rats with spinal cord injury. J. Neuroinflammation
2019, 16, 283. [CrossRef]

49. Ji, R.R.; Gereau, R.W.t.; Malcangio, M.; Strichartz, G.R. MAP kinase and pain. Brain Res. Rev. 2009, 60, 135–148. [CrossRef]
50. Rannikko, E.H.; Weber, S.S.; Kahle, P.J. Exogenous alpha-synuclein induces toll-like receptor 4 dependent inflammatory responses

in astrocytes. BMC Neurosci. 2015, 16, 57. [CrossRef]
51. Chen, J.; Mao, K.; Yu, H.; Wen, Y.; She, H.; Zhang, H.; Liu, L.; Li, M.; Li, W.; Zou, F. p38-TFEB pathways promote microglia

activation through inhibiting CMA-mediated NLRP3 degradation in Parkinson’s disease. J. Neuroinflammation 2021, 18, 295.
[CrossRef] [PubMed]

52. Wilms, H.; Rosenstiel, P.; Romero-Ramos, M.; Arlt, A.; Schafer, H.; Seegert, D.; Kahle, P.J.; Odoy, S.; Claasen, J.H.;
Holzknecht, C.; et al. Suppression of MAP kinases inhibits microglial activation and attenuates neuronal cell death induced by
alpha-synuclein protofibrils. Int. J. Immunopathol. Pharmacol. 2009, 22, 897–909. [CrossRef] [PubMed]

http://doi.org/10.1016/S1090-3801(97)90052-5
http://doi.org/10.1016/j.neuroscience.2008.12.001
http://www.ncbi.nlm.nih.gov/pubmed/19118601
http://doi.org/10.1073/pnas.0406283101
http://www.ncbi.nlm.nih.gov/pubmed/15465911
http://doi.org/10.1007/s12035-018-1316-1
http://doi.org/10.1371/journal.pone.0011464
http://doi.org/10.1242/dmm.039396
http://doi.org/10.1038/nrn3406
http://doi.org/10.1002/syn.21639
http://www.ncbi.nlm.nih.gov/pubmed/23345080
http://doi.org/10.1126/scisignal.aat4285
http://www.ncbi.nlm.nih.gov/pubmed/30538177
http://doi.org/10.1097/WNR.0000000000000406
http://www.ncbi.nlm.nih.gov/pubmed/26103121
http://doi.org/10.1523/JNEUROSCI.1241-16.2016
http://doi.org/10.1038/s41598-021-91116-3
http://doi.org/10.1074/jbc.M109.081125
http://doi.org/10.1186/1756-6606-3-12
http://doi.org/10.1186/s12974-019-1658-2
http://doi.org/10.1016/j.brainresrev.2008.12.011
http://doi.org/10.1186/s12868-015-0192-0
http://doi.org/10.1186/s12974-021-02349-y
http://www.ncbi.nlm.nih.gov/pubmed/34930303
http://doi.org/10.1177/039463200902200405
http://www.ncbi.nlm.nih.gov/pubmed/20074453

	Introduction 
	Materials and Methods 
	Animals 
	Nerve Injury 
	Behavioral Testing 
	Rotarod Test 
	Mechanical Sensitivity 
	Hot/Cold Plate Test 
	Formalin Test 
	Zymosan-Induced Paw Inflammation 
	Cold Allodynia 

	Western Blot Analysis 
	Immunofluorescence 
	Glutamate Measurement in the Cerebrospinal Fluid (CSF) 
	Real-Time PCR 
	Data Analysis 

	Results 
	Expression and Localization of Syn in the Spinal Cord 
	Effects of Syn Knock-Out on Motor Function and Acute Nociception 
	Syn Does Not Affect Inflammatory Nociceptive Responses 
	Impact of Syn on Neuropathic Pain in the SNI Model 
	Potential Mechanisms of Reduced Neuropathic Pain in Snca Knock-Out Mice 

	Discussion 
	Conclusions 
	References

