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Abstract
Introduction. It has been established that changes in the levels of a-synuclein (ASN) are associated with Parkinson’s disease 
(PD). The progression of PD is characterized by immune response and inflammation, especially the activation of the microglia. 
Activated microglia cells release potentially cytotoxic substances, such as pro-inflammatory cytokines, caspases as well as 
neuroprotective molecules such as neurotrophins.  
Objective. We examined the potential role of recombinant ASN monomers as a major pathogenic factor causing inflammatory 
responses in the central nervous system.  
Methods. Mice were bilaterally infused with human ASN monomers into the striatum (ST) or substantia nigra pars compacta 
(SNpc) (single treatment was 4μg/structure, 8μg per brain) and decapitated after 1, 4 or 12 weeks post injection. The changes 
in the level of neurotrophins, receptor for neurotrophins, marker of microglia and adhesion molecules in ST were evaluated 
using Real-Time PCR. The analysis of morphological changes of T lymphocytes was performed by immunohistochemical 
staining.  
Results. In our study, we reported a CD4+ T-cell infiltration to the CNS following ASN delivery to ST or SNpc. We observed 
a slight effect of ASN on the expression of intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 
1 (VCAM-1). The present study demonstrated an increase in the expression of the glial cell-derived neurotrophic factor 
(GDNF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and receptors of nerve growth factor (NGF) – TrkA, 
receptor of BDNF – TrkB, receptor of NT-3 – TrkC, following the administration of ASN into ST.  
Conclusion. Our research provides further evidence for the involvement of ASN in the inflammatory response in the CNS.
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1. INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disorder 
characterized by progressive loss of dopaminergic 
neurons in the substantia nigra pars compacta (SNpc) and 
aggregation of alpha synuclein (ASN) along with sustained 
neuroinflammation. ASN may contribute to PD pathogenesis 
in a number of ways. Some evidence suggests that ASN 
accumulation in astrocytes might damage these cells in 

SNpc and promotes the degeneration of dopaminergic 
(DA) neurons [1]. Ours and other studies indicate that 
there is a link between the increased ASN concentration 
and the activation of microglia cells [2]. In our previous 
study we observed striatal activation of microglia cells and 
increased expression of some inflammatory cytokines, such 
as interleukin 1 alpha (IL‑1a), tumor necrosis factor alpha 
(TNFa) and interferon gamma (IFNg), after injection of 
ASN [3]. Other results suggest that modified, aggregated 
or overexpressed ASN can play a key role in microglial 
activation, inducing the expression of pro‑inflammatory 
cytokines, and can contribute to the advancement of PD 
[4–7]. Currently available antiparkinsonian treatments are 
unable to arrest the degenerative process.
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Neurotrophins such as brain‑derived neurotrophic factor 
(BDNF), glial cell‑derived neurotrophic factor (GDNF) or 
nerve growth factor (NGF) are involved in the development 
and survival of already mature DA neurons. Moreover, 
neurotrophic factors may promote the restoration of the 
function of DA neurons and protect them from ongoing 
degeneration. GDNF was originally characterized as a 
growth factor that promoted the survival of ventral midbrain 
DA neurons [8]. In animal studies, it was shown that GDNF 
protects dopaminergic cells in 6‑hydroxydopamine (6‑
OHDA) and 1‑methyl‑4‑phenyl‑1,2,3,6‑tetrahydropyridine 
(MPTP) induced PD models [9, 10]. Gill et al. performed a 
treatment using a recombinant protein monomer containing 
GDNF as a potent trophic factor for nigral DA neurons [11]. 
Ciesielska et al. observed the changes in the natural course 
of PD under the infusion of GDNF by viral vector infusion 
into ST [12]. BDNF is a member of the nerve growth factors 
(NGF) family that also includes neurotrophin‑3 (NT‑3) 
and is widely present in the central nervous system (CNS), 
especially in the hippocampus. It has been demonstrated 
that the reduction of BDNF is involved in the pathogenesis 
of PD, but its mechanism is not clear [4]. BDNF, NGF 
and NT‑3 all support the survival of the subpopulations 
of sensory neurons of neural crest‑derived cells as well as 
cholinergic and dopaminergic neurons [13, 14]. Hyman et al. 
used mouse embryonic stem cells to study neurotrophins 
and their receptors as tools to dissect mechanisms that are 
relevant both to development and neurodegeneration. They 
suggest that the signaling of neurotrophins is critical to the 
survival of dopaminergic neurons during the development 
of SNpc [13]. Moreover, in adult brain, neurotrophins are 
crucial for synaptic plasticity and memory processing [15, 
16]. Weinstein et al. suggest that higher serum BDNF levels 
may protect against a future occurrence of dementia and 
AD [17]. It is known that BDNF, GDNF, NGF, NT‑3, Trk 
A (NGF receptor),TrkB (BDNF receptor), and TrkC (NT‑3 
receptor) expression must occur as a neural response to injury 
[18, 19]. The biological effects of NGF, BDNF, GDNF, NT‑3 
and other neurotrophins are directly dependent on their 
initial binding to specific cell surface receptors: Trk and p75 
neurotrophin (p75) [20]. P75 glycoprotein is also known as 
the pan‑neurotrophin receptor because it can also bind with 
neurotrophins other than NGF [21]. Santos et  al. suggest 
that cannabidiol induces neuritogenesis by activating TrkA 
receptors, independently of NGF. The authors found out 
that the neuroprotective properties of cannabidiol might be 
beneficial in PD. Its neuritogenic effect was not dependent on 
NGF, but it was inhibited by TrkA inhibitor. Cannabidiol did 
not increase the expression of NGF, but protected against its 
decrease induced by 1‑ methyl‑4‑phenylpyridinium (MPP+), 
probably by an indirect mechanism. In neurons, the main 
pathway regulating apoptosis seems to be mediated by 
growth factors and Trk receptors [22]. The physical exercise 
in MPTP [23] or 6‑OHDA [24] intoxication in a mice 
model of PD influenced the increase in the level of BDNF 
factor in SNpc. The authors also noted that the exercise 
restored the neurotoxin‑related reduction of TrkB receptor 
expression in the striatum and hippocampus. The binding 
of neurotrophins with Trk receptors plays an important role 
in neurodegenerative diseases. By observing these bonds, 
one may have an insight into research on the specificity of 
action and the therapeutic potential of specific neurotrophic 
factors.

Sobue et al. also observed that the increased mRNA level 
for NGF, BDNF, NT‑3 is proportional to the invasion by T 
cells [25]. Immune cells express BDNF and NT‑3, and their 
receptors TrkB and TrkC [26]. Moreover, abnormal secretion 
of signaling neurotrophins should be associated with the 
increased degeneration and vulnerability to injury [27, 28]. 
BDNF is involved in inflammation. This neurotrophin is 
found in the activated microglia [29]. Activated T and B 
human cells secrete BDNF in vitro. Moreover, the secretion of 
BDNF is increased in CD4+ cells lines [30]. GDNF and NGF 
are well known to be potent neurotrophic factors supporting 
the survival of DA neurons of SNpc in vitro and in vivo. It has 
been observed that inflammatory responses and mechanical 
damage contribute to a significant impairment of NGF 
expression in glial cells. These data suggest that microglia 
and astroglia cells are the primary sources of neurotrophins 
in injury [31, 32]. McGeer et al. suggest that astrocytes can 
recruit and stimulate the activation of microglia cells, thus 
demonstrating pro‑inflammatory activity, supporting the 
neurodegenerative process, as well as (similar to microglia) 
secreting anti‑inflammatory agents into the environment, 
including neurotrophic factors affecting the survival and 
repair of damaged dopaminergic neurons (eg. GDNF, BDNF) 
[33]. Leukocytes, including T‑cells (CD3 + and CD4 +) and 
B lymphocytes, were observed to express the ability to 
secrete NGF [34]. Both NGF and NGF‑specific receptors are 
dynamically regulated in leucocytes and their expression is 
enhanced by an inflammatory response or other stimulation 
[35]. It was demonstrated that BDNF and other neurotrophins, 
such as NGF, NT‑3 and NT‑4/5, showed beneficial effects in 
acute or chronic neurodegenerative diseases.

Kurkowska‑Jastrzębska et al. pointed out to the immune 
reaction post MPTP intoxication in mice model of PD. They 
observed infiltration of CD4+ and CD8+ T cells in SNpc and 
ST. Moreover, many activated lymphocytes were present, 
showing an increased expression of the lymphocyte function‑
associated antigen 1 (LFA‑1). Kurkowska‑Jastrzębska et al. 
found that the expression of the intercellular adhesion 
molecule 1 (ICAM‑1) increased on the endothelium and 
appeared on the microglia in the injured regions [36]. ICAM‑1 
is produced by the cells of the immune system [37]. Leukocyte 
infiltration is also associated with the presence of vascular 
cell adhesion molecule 1 (VCAM‑1). Wu et al. also noted that 
the increased activation of the endothelial cells is linked with 
the increase of the activity of adhesion molecules VCAM‑1 
and ICAM‑1 as well as with their endothelium‑mediated 
adhesion and the migration of neutrophils from the blood 
into the tissue [38].

In the present study we investigated the influence of 
the intracerebral administration of human ASN into the 
nigrostriatal system on the levels of neurotrophins (BDNF, 
GDNF, NGF, NT‑3) and their receptors (Trk A, TrkB, TrkC). 
We also examined the effect of ASN injection on VCAM‑1 
and ICAM‑1 and infiltration of CD4+ T lymphocytes into 
the CNS. Finally, we verified the effect of ASN injection on 
microglia activation by measuring the level of mRNA for 
Iba‑1.

2. MATERIALS AND METHODS

One year‑old male C57BL/10 Tar mice were used in this 
study. The animals were housed in standard laboratory 

27



Journal of Pre-Clinical and Clinical Research, 2019, Vol 13, No 1
Anna Sznejder-Pachołek, Ilona Joniec-Maciejak, Adriana Wawer, Agnieszka Ciesielska, Dagmara Mirowska-Guzel. Cerebral administration of alpha-synuclein…

conditions under 12‑h light/dark cycle (7:00 a.m./7:00 p.m.), 
at a controlled temperature (22 ± 5 °C) and at a humidity of 
60 ± 5%. All mice had free access to food and water. Each 
experimental group comprised 12 animals. The experimental 
reports were approved by the 2nd Local Ethics Committee in 
Warsaw and the experiments were conducted in accordance 
with the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals and in accordance with the 
EU Directive 2010/63/EU on animal experiments. All efforts 
were made to reduce the number of animals used and to 
minimize animals suffering.

2.1 Intracerebral ASN administration  
(stereotactic surgery)
After surgical anesthesia (ketamine: xylazine, 1:1, 2 ml/kg), 
the animals were put in a stereotactic frame (Stoelting, USA). 
The mice were bilaterally infused with ASN or NaCl into 
ST or SN at a flow rate of 0.5 ml/min with a programmable 
microsyringe pump (World Precision Instruments, USA) 
using the following stereotactic coordinates: AP: + 0.62, 
ML: 1.75 relative to bregma and DV: – 3.5 mm relative to 
dura (ST) as well as AP: – 3.08, ML: ± 0.75 relative to bregma 
and DV: – 4.5 mm relative to dura (SN), according to the 
protocol described earlier by Sznejder‑Pachołek [3]. The 
single ASN treatment dosage was 4 µl (4 µg) per structure 
(8 µg/brain). The ASN protein (product No. S7820; Sigma‑
Aldrich, USA) was dissolved in a sterile saline solution (0.9% 
NaCl) (1 mg/ml). The applications diagram is provided in 
Table 1.

2.2 Tissue preparation
For the Real‑Time PCR method, the animals were euthanized 
by cervical dislocation and decapitated. Upon removal of the 
brain, the striata were dissected and immediately frozen.

For the immunohistochemical method, the animals (6 per 
group) were anaesthetised with an anaesthetic solution 
(ketamine: xylazine, 1:1, 2 ml/kg) and transcardially perfused 
with a heparinised 0.9% NaCl solution followed by 10% 
paraformaldehyde‑lysine periodate fixative (PLP). The brains 
were removed, post‑fixed in PLP for 4–6 h, then immersed in 
a 20% sucrose solution overnight at 4–8 °C and rapidly frozen.

2.3 Real-Time PCR  
(Real-Time polymerase chain reaction)
The mRNA expression for Iba1, NGF, BDNF, NT‑3, TrkA, 
TrkB, VCAM‑1, ICAM‑1 genes in the striata was evaluated 
using Real‑Time PCR according to the method described 
earlier by Sznejder‑Pachołek [3]. Total RNA was extracted 
from the brain tissue using the TRI reagent (Sigma‑Aldrich, 
USA), in accordance with the manufacturer’s instructions. 
The concentration of isolated RNA was determined 
spectrophotometrically at 260 nm. Reverse transcription was 
carried out by incubation at +42 °C for 1 h with Moloney 
murine leukemia virus (MMLV), reverse transcriptase was 
performed according to the instructions of the reagent’s 
manufacturer (Sigma‑Aldrich, USA). Following the reverse 
transcription reaction, cDNA products were stored at ‑20 °C 
until use. The cDNA was amplified with gene‑specific primers 
(Table 2) designed using Primer‑BLAST software (NCBI, 
USA).

As a control to eliminate sample‑to‑sample differences 
in RNA extraction and conversion to cDNA, we amplified 
the housekeeping gene in each sample (glyceraldehyde 
3‑phosphate dehydrogenase; GAPDH). PCR mixtures 
contained 1µl of cDNA along with 2 µl of 5x HOT FIREPol® 
EvaGreen® qPCR Mix Plus (Solis BioDyne, Estonia) and 
1  µl (10 mM) of each primer in a total reaction volume 
of 10 µl. The amplification protocol was as follows: initial 
denaturation at 94 °C for 2 min; 36–42 cycles at 94 °C for 
15 s, 61 °C for 30 s, and 72 °C for 1 min using Rotor‑Gene Q 
5plex HRM System (QIAGEN Research, Inc., Netherlands). 
Melting curve analysis was performed at the end of each PCR 
assay for specificity control, by measuring the emission of 5 x 
HOT FIREPol® EvaGreen (Solis BioDyne, Estonia) at 515 nm 
from 65 to 90 °C every 0.5 °C. All amplifications were carried 
out in triplicates. GAPDH was used for the normalisation 
of expression levels of all genes. The relative expression of 

Table 2. Sequences of gene specific primers used in Real-Time PCR. 
F-forward, R-reverse

Target gene Sequences of gene-specific primers (5’ ->3’) Product length

GAPDH F
R

5’ CTTTGGCATTGTGGAAGGGC 3’
5’ CAGGGATGATGTTCTGGGCA 3’

125

Iba1 F
R

5’ GCTTTTGGACTGCTGAAGGC 3’
5’ GTTTGGACGGCAGATCCTCA 3’

106

BDNF F
R

5’ CCGAGCTCATCTTTGCCAGA 3’
5’ CTGTCACTGAGCCCTAGCAC 3’

142

NGF F
R

5’ AGCCAGTGAAATTAGGCTCCC 3’
5’ TATTGGGCCCAGACACTGAG 3’

129

GDNF F
R

5’ GTCCAGACACAGCCTCTAGC 3’
5’ AAACTTTACCCTGCTGCGGA 3’

109

NT-3 F
R

5’ CCTCTTTCTTTCTTCCCCTCGT 3’
5’ CCATGGCATCCGTGTGACTA 3’

139

TrkA F
R

5’ TCAAGCGCCAGGACATCATT 3’
5’ TTGACAGCCACGAGCATCTT 3’

118

TrkB F
R

5’ TACTACAGGGTGGGAGGACAC 3’
5’ CTCTGTGGTGAACTTCCGGT 3’

94

TrkC F
R

5’ TACTACAGGGTGGGAGGACAC 3’
5’ CTCTGTGGTGAACTTCCGGT 3’

84

ICAM 1 F
R

5’ TGTCAGCCACCATGCCTTAG 3’
5’ CAGCTTGCACGACCCTTCTA 3’

132

VCAM 1 F
R

5’ CCCAGGTGGAGGTCTACTCA 3
5’ GACAGGTCTCCCATGCACAA 3’

77

Table 1. A diagram of ASN and NaCl applications

intervention structure time point Group (n)

control without any treatment Control (12)

0.9% NaCl SN 1 week NaCl SN 1w (12)

4 weeks NaCl SN 4w (12)

12 weeks NaCl SN 12w (12)

ST 1 week NaCl ST 1w (12)

4 weeks NaCl ST 4w (12)

12 weeks NaCl ST 12w (12)

ASN solution (1 mg/ml) SN 1 week ASN SN 1w (12)

4 weeks ASN SN 4w (12)

12 weeks ASN SN 12w (12)

ST 1 week ASN ST 1w (12)

4 weeks ASN ST 4w (12)

12 weeks ASN ST 12w (12)
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the genes was calculated by estimation according to Pfaffl 
et al. [39].

2.4 Immunohistochemical staining
Horizontal sections (20  µm) of ST and SN were cut on a 
cryostat, transferred onto gelatinised slides and stored at 
‑20 °C until further processed. The frozen sections were dried 
at room temperature and rinsed in phosphate buffered saline 
(PBS) containing 0.1 % Triton X 100 (Sigma‑Aldrich, USA). 
The sections were incubated for 90 min with antibodies to: 
CD3+ (rat anti‑CD3 antibody, AbDSerotec, USA), CD4+ 
(rat anti‑CD4 antibody, AbDSerotec, USA) or CD8+ (rat 
anti‑CD8 antibody, AbDSerotec, USA). The antibodies to 
CD3+, CD4+ or CD8+ were diluted 1:500 in 0.1 M PBS with 
0.1% goat serum and 0.1% Triton X 100 followed by a 2 h 
incubation with secondary rabbit anti‑rat antibody (Vector, 
USA). The binding of the primary antibody was revealed 
by the avidin‑biotin‑peroxidase DAB method (Vectastain 
kit, Vector, USA). The slides were dehydrated, cleared in 
xylene and mounted. The sections were examined with an 
Olympus BX53 microscope in conjunction with Olympus 
CAST software (Olympus, Denmark).

2.5 Statistical analysis
Data were analyzed using STATISTICA 10.0 software 
(StatSoft, Poland). The differences between the groups were 
examined by the Kruskal‑Wallis one‑way analysis of variance 
followed by the Mann‑Whitney U test. The results were 
considered statistically significant at p < 0.05. All data are 
shown as mean value and standard error of the mean (SEM).

3. RESULTS

The most important aspect of this research is the comparison 
between the ASN groups and NaCl groups.

3. 1 Lymphocyte brain infiltration
The CD4+ lymphocytes were observed throughout the cross 
section after ASN injection, but the highest concentration 
was observed after ASN intoxication in the ST or SNpc area 
(Fig. 1, Fig. 2). These cells displayed a typical lymphocyte 
morphology, showing small cytoplasmic volume. 
Importantly, the quantitative analysis revealed a significant 
increase in the number of CD4+ T cells in all time points 
(except for 12 weeks‑time point) after injection of ASN into 
SN or ST compared to the NaCl groups and control group. 
The injection of NaCl to ST caused a significant increase the 
number of CD4+ T lymphocytes only after 1 week (Fig. 3)

3.2 Real-Time PCR

3.2.1 Iba1
Real‑Time PCR showed a significant increase in the striatal 
Iba1 mRNA expression after ASN injection into ST or SN in 
all groups compared to the control group. The increase was 
detected 4 and 12 weeks after ASN injection to ST compared 
to the NaCl group. After the injection of ASN to SN we 
observed a significant elevation in the level of Iba1 mRNA 
12 weeks after ASN injection compared to the corresponding 
NaCl group. NaCl injection into ST caused an increase in 
the Iba1 mRNA level expression only at 1 week compared 
to the control. NaCl injection into SN showed a significantly 

elevated level of Iba1 mRNA at 1 week and 4 weeks compared 
to the control group (Fig. 4A).

3.2.2 BDNF
Real‑Time PCR analysis revealed the striatal increase or 
induction of the mRNA expression of NGF, BDNF, NT‑3 
and their receptors TrkA, TrkB after ASN administration 
to ST or SN. A  significant increase in the striatal BDNF 
mRNA expression was detected 4 and 12 weeks after ASN 
injection to ST compared to the NaCl and control group. ASN 
intoxication of SN had no effect on the striatal BDNF mRNA 
level at any group in comparison to the corresponding NaCl 
group or control group. NaCl injection into ST caused an 
increase in the striatal BDNF mRNA level expression only 
at 1 week compared to the control group (Fig. 4B).

3.2.3 NGF
Striatal NGF mRNA level was significantly elevated at 1 
week – time points with a peak at 12 week time points after 
ASN injection into SN in comparison to the NaCl and control 
group. After ASN injection into ST, the striatal NGF mRNA 
level was significantly elevated at 4 and 12 weeks‑time points 
compared to the control group (Fig 4C).

3.2.4 GDNF
ASN injection caused a significant increase of the striatal 
GDNF mRNA expression after 4 weeks and 12 weeks from 
administration into ST or SN. Striatal GDNF mRNA level 
was significantly elevated at 4 weeks after ASN injection 
into ST or SN in comparison to the control group. (Fig. 4D)

3.2.5 NT-3
NT‑3 mRNA level was significantly elevated at 4 weeks and 
12 weeks after ASN administration into ST compared to 
the corresponding NaCl groups. Real‑Time PCR showed 
a significant increase in the striatal NT‑3 mRNA level 
expression after ASN injection into ST in all time points 
in comparison to the control group. We did not see any 
effect of ASN injection into SN on the NT‑3 mRNA level 
in comparison with the NaCl groups. NaCl injection into 
ST caused an increase in the striatal NT‑3 mRNA level 
expression at 1 week compared to the control group and 
decreased in the striatal mRNA level expression at 4 weeks 
in comparison with the control group (Fig. 4E).

3.2.6 TrkA
ASN administration to ST led to an increase in the striatal 
TrkA mRNA expression at 12 weeks after the injection 
compared with the corresponding NaCl groups and control 
group. ASN injection to ST caused also a significant increase 
of the striatal TrkA mRNA expression in SN at all time points 
compared to the control. In the NaCl group, we detected a 
significant increase in TrkA mRNA expression only once, 1 
week after NaCl injection into SN (Fig. 4F).

3.2.7 TrkB
The increase in the TrkB mRNA level was noticed 12 weeks 
after the injection compared with the corresponding NaCl 
groups. ASN administration to ST led to an increase in the 
striatal TrkB mRNA expression at 4 weeks and 12 weeks 
after the injection of ASN to ST in comparison to the control 
group. We observed the same 4 weeks and 12 weeks after 
ASN injection into SN in comparison to the control group. 
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control

NaCl SN 1w ASN SN 1w

NaCl  SN 4w ASN  SN 4w

NaCl SN 12w ASN  SN 12w

A

B C

D E

F G

50 µm

Figure 1. CD4+ lymphocyte infiltration into mouse brains (stained with anti-CD4+ antibody) in mouse SN after NaCl (B, D, F) or ASN (C, E, G) injection. Magnification × 200
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In the NaCl group, we detected a significant increase in TrkB 
mRNA expression only once, 1 week after NaCl injection 
into ST or SN (Fig. 4G).

3.2.8 TrkC
TrkC mRNA level was significantly elevated at 4 weeks and 
12 weeks after ASN administration into ST compared to 
the corresponding NaCl groups and control group. Real‑
Time PCR showed a significant increase in the striatal TrkC 
mRNA expression after 12 weeks from ASN injection into SN 

1

Fig. 2

NaCl ST 4w ASN  ST 4w

NaCl ST 1w ASN  ST 1w

A B

C D

NaCl ST 12w

E F

ASN ST 12w

50 µm

Figure 2. CD4+ lymphocyte infiltration in mouse brains (stained with anti-CD4+ antibody) in mouse ST after NaCl (A, C, E) or ASN (B, D, F) injection. Magnification × 200
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compared to the NaCl group. NaCl injection into SN caused 
an increase in the striatal TrkC mRNA expression at 1 week 
compared to the control group (Fig. 4H).

3.2.9 VCAM-1
There were no significant differences in the striatal VCAM‑
1 mRNA expression between the NaCl group and the 
corresponding ASN group. 1 week after ASN injection into 

ST we observed an increased level of the striatal VCAM‑1 
gene expression only in comparison with the control group. 
After 1 week and 4 weeks of ASN injection to SN we observed 
a significant increase of the VCAM‑1 mRNA level vs. control 
group. Moreover, after NaCl injection to SN we noticed a peak 
of striatal VCAM‑1 mRNA only at 1 week (Fig. 4I).

3.2.10 ICAM-1
We did not see any effect of ASN injection into ST or SN on 
the ICAM‑1 mRNA level in comparison to the corresponding 
NaCl groups. The increase of the striatal ICAM‑1 mRNA 
expression was observed 1 week after NaCl injection 
into ST vs. control group. Striatal ICAM‑1 mRNA level 
was significantly elevated after the injection of ASN only 
compared to the control group at all time points after ASN 
injection into ST (Fig 4J).

4. DISCUSSION

The progression of PD is accompanied by an inflammatory 
response. The relationship between ASN and microglial 
activation, infiltration of lymphocytes and the changes in the 
level of neurotrophins have attracted researchers’ attention. 
The development of an inflammatory reaction includes: the 
stimulation of microglial and astroglial cells, the production 
of acute phase proteins, adhesion molecules, chemokines, 
cytokines and the infiltration of peripheral blood leukocytes 
to the lesion site [40–44].

An interesting finding in the current study is that 
ASN has a significant effect on the mRNA expression of 
neurotrophins and the level of their receptors. A reduced 
level of neurotrophins is observed in neurodegenerative 
diseases [17, 18]. In our study, we demonstrated an increase 
in the expression of the BDNF, GDNF and NT‑3 mRNA level 
at 4 and 12 weeks after the administration of ASN to ST. The 
presence of T cells, whose infiltration has been demonstrated 
in groups where ASN was given, might be responsible for an 
increased BDNF expression. Under physiological conditions, 
neurons are the source of neurotrophins in the CNS. In 
addition to neurons, the ability to produce BDNF is also 
demonstrated by mouse T lymphocytes, human T and B 
cells, and monocytes [30]. Studies on nerve cell cultures 
conducted by Yuan et al. showed that ASN overexpression 
led to a decrease in BDNF expression. The authors find it 
to be significant in the pathophysiology of PD. In addition, 
they observed that ASN overexpression resulted in a decrease 
in the activity of protein kinase C whose dysfunction had 
been observed in patients with PD [45]. The above findings 
indicate that the overexpression of ASN not only leads to a 
decrease in BDNF levels, but also, by decreasing the activity 
of protein kinase C, indirectly contributes to the inhibition 
of neuroprotective processes. This study demonstrated an 
increased expression of the BDNF, GDNF and NT‑3 genes 
at 4 and 12 weeks after the administration of ASN to ST, 
which may appear contrary to the study of Yuan et al. [46]. 
Four weeks after the administration of ASN, we observed 
a strong increase in CD4+ lymphocyte infiltration, which 
may be the source of the increased expression of BDNF 
mRNA. Moreover, after 12 weeks from the injection of ASN, 
the higher level of mRNA for BDNF and GDNF was still 
observed, although we did not notice the increased migration 
of CD4+. We demonstrated an increase in the expression 
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Figure 4. Expression of the Iba1 (A), BDNF (B), GDNF (C), NGF (D), NT-3 (E), TrkA (F), 
TrkB (G), TrkC (H), VCAM(I), ICAM (J) mRNA in the mice striatum. Data are presented 
as means + SEM of 5–6 mice per group. Groups of animals: control – no inference; 
NaCl ST or SN – saline injections to the striatum (ST) or substantia nigra (SN) and 
sacrificed at 1, 4 or 12 weeks after saline injections; ASN ST or SN – a-synuclein 
was bilaterally administered to ST or SN and the animals were sacrificed at 1, 4 or 
12 weeks following the administration. * Differs from the control group *p < 0.05, 
**p < 0.01; # Differs from the corresponding NaCl group. # p < 0.05, ##p < 0.01 
(Mann–Whitney U test)
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of the receptor for the NGF (TrkA) gene, receptor for the 
BDNF (TrkB) gene, and receptor for the NT‑3 (TrkC) gene 
at 12 weeks from the administration of ASN to ST. At that 
time, we also observed an increased level of Iba1 mRNA – 
the indicator of microglial activation. GDNF is originally 
synthesized as a prepropeptide mainly in glial cells [47]. 
Based on our study, it can be concluded that the increased 
expression of trophic factor mRNA is associated with the 
microglial cell activation and the infiltration of stimulated 
T CD4+ lymphocytes, which could be the source of the 
neurotrophins. It suggests that ASN monomers probably 
enhance the expression of trophic factors indirectly by 
mediating inflammatory markers. Moreover, in our study, 
during the first stage (until week 12) after the administration 
of ASN to the CNS, microglial cell activation and a response 
from neuronal cells could be observed, which could further 
enhance, inter alia, the expression of trophic  factors 
and their  receptors. It is likely that the long‑lasting ASN 
overexpression in PD may lead to damage or inhibition of 
the secretion pathway of neurotrophic factors or receptors, 
accounting for a decrease in the level of neurotrophins in 
patients with PD.

In our study, we did not confirm an increase in NGF 
mRNA expression after the administration of ASN to ST. We 
noticed an increase in gene expression for NGF only in the 
first week after the administration of ASN to SN, however, in 
the subsequent time points we could see some tendency for an 
increase in mRNA level for NGF. As previously demonstrated, 
an increase in the expression of the receptor for NGF (TrkA) 
was noted after 12 weeks from the injection of ASN. After 
12 weeks of the intoxication with ASN, we could possibly 
observe some regenerative mechanism or plasticity. Our 
study has revealed an increase in the expression of the TrkA, 
TrkB and TrkC gene at 12 weeks from the administration 
of ASN to ST, which may confirm our suggestion about 
the initial regenerative or survival mechanism. Sofroniew 
et al. suggest that CD4+ lymphocytes are able to stimulate 
the expression of TrkA receptors for NGF [19]. Our results 
regarding TrkA, TrkB and TrkC receptors could confirm our 
observation about some stimulation of neurotrophins at the 
gene level by proinflammatory cytokines. Presumably, 12 
weeks after the intoxication of ASN, a delayed regenerating 
mechanism starts to work, promoting the survival of neurons. 
This is probably the reason why the higher level of mRNA for 
neurotrophin receptors was observed later than the higher 
level of mRNA for neurotrophins. The disordering of the 
expression of neurotrophins can be observed in patients with 
long‑term exposure to ASN overexpression. However, in a 
short time observation, we suggest that the inflammatory 
reaction caused by ASN monomers may increase the 
expression of neurotrophins and their receptors. This 
mechanism is intended to increase the survival of neuron 
cells. The full effect of the long‑term ASN overexpression 
is still unknown. There is still a lack of information about 
which neuropathological mechanisms of ASN are the most 
severe in PD and other synucleinopathies.

In our study, we reported the T‑cell infiltration to the 
CNS following ASN delivery to ST or SN. We observed the 
infiltration of T CD4+ lymphocytes Immamura et al. suggest 
that MHC class I and II expression led to the initiation 
of antigen‑specific immune responses and induced T‑cell 
infiltration of both CD4+ and CD8+ subpopulations into the 
CNS [48]. In the present study, after the administration of 

ASN to ST or SN, CD4+ lymphocyte migration was observed 
in all groups. We did not observe any infiltration of CD4+ 
lymphocytes after the administration of NaCl, except one 
week after the injection of NaCl into ST, which suggests 
that the mechanical breach of the blood‑brain barrier is 
not the only factor affecting the migration of CD4+ cells to 
the CNS. A statistically significant increase in the number 
of CD4+ lymphocytes after ASN injection to ST or SNpc 
corresponds to the increased expression of the Iba1 mRNA 
level, which is the marker of the activation of microglial cells. 
Similar results were demonstrated by Harms et al. [49] who 
investigated the effect of ASN on the lymphocyte activation. 
The authors observed a strong microglia stimulation and 
the activation of the MHC II complex induced by elevated 
ASN and infiltration of CD4+. The authors pointed out that 
the overexpression of ASN resulting from the stimulation 
of microglia, the induction of the MHC II complex, and 
the activation of antigen‑presenting cells (APC) contribute 
to the presentation of antigen to CD4+ T‑cells, resulting 
in the influx of this lymphocyte population to the site of 
damage and the release of several cytokines. Harms et al. 
also underline that the induction of the MHC II complex is 
crucial to microglial stimulation in the presence of elevated 
ASN concentrations. In our study we noted an increase in 
the number of CD4+ T lymphocytes in the CNS following 
the administration of ASN. Kustrimovic et al. indicate that 
CD4+ lymphocytes are significantly involved in initiating 
apoptotic nerve cell processes [50]. Probably, the activation 
of microglia cells induces MHC II, which contributes to the 
presentation of antigen to CD4+ T‑cells, resulting in the 
infiltration of this lymphocyte population to the site of injury 
and the release of pro‑ and anti‑inflammatory cytokines. In 
our previous work [3] we demonstrated that the injection of 
ASN protein was most likely to stimulate microglia. That 
observation was confirmed quantitatively by the Western 
Blot method and immunohistochemistry staining which 
showed numerous hyperactive microglial cells, with 
larger cell bodies and shorter processes. In this paper we 
demonstrated that the intoxication with ASN monomers 
resulted in the increase of the mRNA level of Iba1. In the 
current work, Real‑Time PCR showed a significant increase in 
the striatal Iba1 mRNA expression after 4 weeks and 12 weeks 
after ASN injection into ST, or 12 weeks after injecting ASN 
into SN in comparison to the corresponding NaCl groups. 
Our results confirm that the injection of ASN causes strong 
microglial activation at the gene transcription level. Similar 
summary was presented by Zhang et al. who suggested that 
ASN triggered an inflammatory and oxidative stress through 
microglial activation. Moreover, ASN stimulates microglial 
activation pathways and signaling [51]. Our results are in 
accordance with the works of other researchers (Zhang et al.
[51], Hoffmann et  al. [52], Alvarez‑Erviti et.al. [53]) who 
underline the key role of ASN in the pathomechanism of the 
development of an inflammatory response.

Snead and Eliezer suggest that the interactions of ASN 
with membranes play an important role in both synuclein 
biology and synuclein pathology. The impaired functions of 
ASN and the specific mechanisms which lead to cell death 
and disease still remain elusive [54]. In this study, we did not 
observe an effect of ASN on the expression of adhesion factors 
ICAM‑1 and VCAM‑1. ICAM‑1 is expressed by astrocytes 
in the CNS [55]. Klegeris et al. showed in their studies that 
the treatment of the human astrocyte cell line with ASN 
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resulted in an increased expression of the ICAM‑1 mRNA 
level. The authors observed an increase in gene expression for 
ICAM‑1 in both wild‑type ASN‑treated cells and ASN with 
Ala30Pro or Ala53Thr mutations [44]. Etienne‑Manneville 
et al. also suggest that astrocyte‑dependent cellular adhesion 
initiated by ICAM‑1 may contribute to the development 
of inflammatory processes observed during leukocyte 
infiltration of the CNS. In the CNS, astrocytes play a key 
role in immunological and inflammatory responses through 
ICAM‑1 expression, cytokine secretion, and the regulation of 
blood‑brain barrier permeability [56]. Halliday and Stevens 
suggest that the accumulation of ASN in astrocytes might 
damage these cells in SN [1]. There is no literature on the 
effect of ASN on VCAM‑1 expression. In the current study we 
showed that ASN did not change the expression of the VCAM‑
1 adhesive molecule in comparison to the corresponding 
NaCl group. It is assumed that after the activation, leukocytes 
bind to endothelial cells through the ICAM‑1 / LFA‑1 
signaling pathway (lymphocyte function‑associated antigen 
1 – integrin, connecting ICAM‑1 with APC cells, responsible 
for adhesion and migration of T lymphocytes), and then 
migrate to the tissues [37]. Akiyama H et al. suggest that 
the LFA‑1/ICAM‑1 system appears to play an important 
role in the interaction of astrocytes and microglia in several 
neurological diseases [57]. In our research we observed a 
significant infiltration of T lymphocytes. The administration 
of ASN did not increase the expression of adhesion molecules 
VCAM‑1 and ICAM‑1 compared to the corresponding NaCl 
groups. It can be assumed that ASN did not directly affect 
the expression of adhesion molecules, which may suggest 
that ASN has no impact on the ICAM‑1 LFA‑1 signaling 
pathway‑dependent permeability of blood vessels. Moreover, 
it is not excluded that ASN may suppress the expression of 
adhesion molecule genes by suppressing the astrogliosis. Our 
previous results suggest that both microglial activation and 
suppressing astrocytes play a crucial role in ASN‑related 
dopaminergic neurotoxicity. In the current study, after ASN 
intoxication, we observed microglial activation and strong 
infiltration of CD4+ T lymphocytes. Perhaps the lack of a 
significant ASN effect on the change in the concentration 
of adhesion factors results from the possible suppression 
of astrocytic cells due to the increased concentration of 
ASN monomer. Some speculation that astrogliosis might 
be suppressed in PD by ASN accumulation was published 
by Halliday and Stevens [1], and Tong et al.[58]. Suppressing 
astrocytes may have been one of the reasons why we did 
not observe any changes in the level of mRNA for adhesion 
molecules ICAM‑1 and VCAM‑1. On the other hand, the 
recruitment of lymphocytes was also possible with the use of 
chemokines. Thornton et al. pointed out that the expression 
of chemokines at the brain endothelium contributes to the 
neutrophil recruitment [59]. Further studies are required to 
reveal the detailed mechanisms of infiltration of lymphocytes 
into the CNS after injection of ASN.

5. CONCLUSIONS

Our results support the hypothesis of pro‑inflammatory 
actions of ASN monomers. Injection of ASN into ST or SN 
induces microglia activation without a prominent increase 
of the ICAM‑1 and VCAM‑1 mRNA expression. These 
results suggest that ASN could enhance the infiltration 

of lymphocytes T without an increase of expression of 
adhesion molecules. In our study, we also demonstrated an 
increase in the expression of the BDNF, GDNF, NGF, NT‑3, 
TrkA,  TrkB and TrkC gene following the administration 
of  ASN, which  may confirm some suggestions that it 
initiates the regenerative or survival mechanism of neuronal 
cells.
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