Molecular Neurobiology
https://doi.org/10.1007/512035-024-04161-0

RESEARCH q

Check for
updates

Dose-Ranging Effects of the Intracerebral Administration
of Atsttrin in Experimental Model of Parkinson’s Disease Induced
by 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in Mice

Lukasz A. Poniatowski'? - lona Joniec-Maciejak' - Adriana Wawer' - Anna Sznejder-Pachotek’ - Ewa Machaj' -
Katarzyna Zietal' - Dagmara Mirowska-Guzel'

Received: 3 February 2024 / Accepted: 2 April 2024
© The Author(s) 2024

Abstract

Parkinson’s disease is one of the most common neurodegenerative disorders characterized by a multitude of motor and non-
motor clinical symptoms resulting from the progressive and long-lasting abnormal loss of nigrostriatal dopaminergic neurons.
Currently, the available treatments for patients with Parkinson’s disease are limited and exert only symptomatic effects,
without adequate signs of delaying or stopping the progression of the disease. Atsttrin constitutes the bioengineered protein
which ultrastructure is based on the polypeptide chain frame of the progranulin (PGRN), which exerts anti-inflammatory
effects through the inhibition of TNFa. The conducted preclinical studies suggest that the therapeutic implementation of
Atsttrin may be potentially effective in the treatment of neurodegenerative diseases that are associated with the occurrence
of neuroinflammatory processes. The aim of the proposed study was to investigate the effect of direct bilateral intracerebral
administration of Atsttrin using stereotactic methods in the preclinical C57BL/6 mouse model of Parkinson’s disease inducted
by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) intoxication. The analysis of the dose dependency effects of the
increasing doses of Atsttrin has covered a number of parameters and markers regarding neurodegenerative processes and
inflammatory responses including IL-1a, TNFa, IL-6, TH, and TG2 mRNA expressions. Accordingly, the evaluation of the
changes in the neurochemical profile included DA, DOPAC, 3-MT, HVA, NA, MHPG, 5-HT, and 5-HIAA concentration
levels. The intracerebral administration of Atsttrin into the striatum effectively attenuated the neuroinflammatory reac-
tion in evaluated neuroanatomical structures. Furthermore, the partial restoration of monoamine content and its metabolic
turnover were observed. In this case, taking into account the previously described pharmacokinetic profile and extrapolated
bioavailability as well as the stability characteristics of Atsttrin, an attempt was made to describe as precisely as possible
the quantitative and qualitative effects of increasing doses of the compound within the brain tissue microenvironment in the
presented preclinical model of the disease. Collectively, this findings demonstrated that the intracerebral administration of
Atsttrin may represent a potential novel therapeutic method for the treatment of Parkinson’s disease.
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Introduction

Parkinson’s disease constitutes one of the most common
neurodegenerative disorders of the central nervous system
(CNS), which clinically involves motor function consid-
ered to be the core symptom which is associated with the
subsequent gradually appearing non-motor complications
[1, 2]. The characteristic clinical symptoms constitute
slowness of movement (bradykinesia), rigidity, tremor,
and gait and posture abnormalities [3]. Non-motor symp-
toms of Parkinson’s disease are associated with cognitive
impairment, sleep disturbances, autonomic dysfunctions,
and neuropsychiatric abnormalities. The pathomechanism
of Parkinson’s disease is characterized by the primary
progressive and long-lasting abnormal loss of ventrolat-
eral and caudal portions of nigrostriatal dopaminergic
neurons situated in the pars compacta of substantia nigra
(SN) within the midbrain [4]. The loss of nerve termi-
nals is accompanied by the gradual depletion of dopamine
(DA) and its metabolite concentration in the basal ganglia,
including the striatum (ST), which leads in the direct way
to disturbances in the homeostasis of the neurotransmitter
system and the occurrence of various neurological symp-
toms [5]. According to the studies and accumulating evi-
dence from the last decade, it becomes evident that the
immune system and neuroinflammatory response play a
significant role in the pathogenesis of Parkinson’s disease
[6]. It was observed that the ongoing neurodegenerative
process in the nigrostriatal pathway is connected with the
excessive local and systemic immunoactivations involving
multiple inflammatory cells and their related mediators
[7].

Recently, investigations around the group of anti-
inflammatory cytokines and their based derivatives have
pointed a promising and innovating direction in the treat-
ment of neuroinflammatory-related conditions covering
Parkinson’s disease, potentially supporting either the
protective or regenerative properties of the neural tissue.
Recent advances in this field have been made with the
investigation of novel multifunctional growth factor pro-
granulin (PGRN), which has attracted a significant atten-
tion throughout the neuroscience community on account
of its potent and specific neurotrophic, anti-inflammatory,
and immunomodulatory features [8]. In this case, the two
cutting-edge studies published in the year 2006 showed
that haploinsufficiency and null mutations of the PGRN
gene were recognized as a determinant of diverse famil-
iar forms of frontotemporal lobar degeneration (FTLD),
sharing the neuropathology of neural intracellular inclu-
sions, proteinopathy, and the trigger landmark research
aimed at explaining PGRN function in the CNS [9, 10].
Regarding the pathologies within the CNS, dysregulation
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of PGRN functioning associated with the homozygous
and heterozygous nonsense, frameshift, and splice-site
mutations were to date potentially linked to the develop-
ment of Alzheimer’s disease, amyotrophic lateral sclero-
sis, motor neuron disease, neuronal ceroid lipofuscinosis,
Creutzfeldt-Jakob disease, epilepsy, bipolar disorder, and
schizophrenia [11, 12]. In a larger context, it seems that
PGRN is functioning as a physiological and potentially
critical controller of homeostasis and neuronal functions, a
neurotrophic factor which regulates neurite outgrowth and
maintains its survival [13, 14]. Various published studies
describing the newly discovered phenomena in regard to
the competitive influence of endogenous PGRN and its
related smaller polypeptides on receptors associated with
tumor necrosis factor alpha (TNFa)/tumor necrosis fac-
tor receptor 1/2 (TNFR1/2) interactions as well as other
multiple interactions and interplay with, e.g., cytokines,
chemokines, proteinases growth factors, and cellular
receptors indicate the main crucial mechanism of PGRN
participation in pathophysiological actions that precisely
influence and orchestrate neuroinflammatory phenomena
[15]. Therefore, the accumulating knowledge about PGRN
and its associated multiple receptors and signaling path-
ways implies that behind distinct pathologies PGRN could
constitute a critical molecule essential in the biological
functioning of all cells within the CNS [16].

Atsttrin constitutes the new bioengineered protein which
ultrastructure is based on the polypeptide chain frame of
three PGRN domains in order F-A-C (1/2F-P3-P4-1/2A-P5-
1/2C) which are responsible and required for direct binding
and effect on TNFR1 and TNFR2 receptors [17]. Accord-
ing to the performed kinetic studies using surface plasmon
resonance (SPR) analysis, it was observed that PGRN, and
potentially Atsttrin, could bind to TNFR1 with affinity com-
parable to TNFa and bind to TNFR2 with ~ 600-fold higher
affinity than TNFa itself in a dose-dependent manner [17,
18]. Importantly, Atsttrin binds to TNFR1 with ~ 18-fold
lower affinity than TNFa and binds to TNFR2 with ~ tenfold
higher than TNFa itself. In this case, the anti-inflammatory
effect of Atsttrin in the pharmacodynamic sense should
potentially exceed PGRN and other well-known anti-TNFa
factors. Moreover, pharmacodynamic properties maintain-
ing kinetic binding affinity to TNFR1/2 potentially avoid
disadvantages associated with the exhibition of cytokine and
growth factor-like and potential oncogenic properties con-
trary to other TNFa-blockers such as infliximab and adali-
mumab, potentially exerting a tumor-suppressing activity as
well [17-20]. In the collagen-induced arthritis (CIA) model
of arthritis in the C57BL/6 mice, the significant and practi-
cally complete regression of joint destruction and associated
inflammation was observed compared to control animals
which did not receive intraperitoneal Atsttrin (0.1-5.0 mg/kg
body weight) injection [17]. Similar observations have been
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described for the mouse oxazolone (OXA)-induced dermati-
tis model, which also confirmed the anti-inflammatory effect
of Atsttrin (2.5 mg/kg body weight) and discussed the use of
this protein as a potential drug in the prevention and treat-
ment of inflammatory skin diseases [21]. In addition to the
protective effect of Atsttrin on joint tissues and the skin,
a positive effect was also observed in ex vivo studies on
mouse and human tissues derived from intervertebral discs
incubated with Atsttrin (1 pg/mL for 7 days), proposing the
protein as a potential drug in the prevention and treatment
of degenerative disc disease [22].

Conducted preclinical studies suggest in this case that
the implementation of Atsttrin for therapy may be poten-
tially effective in the treatment of diseases of the CNS that
are associated with the occurrence of neuroinflammatory
process. Recently, it was observed that C57BL/6 mice sub-
jected to intracerebroventricular injection of 1 pL (10 pg/
pL) lipopolysaccharide (LPS) and subsequent intraperito-
neal administration of Atsttrin (2.5 mg/kg every 3 days over
a period of 7 days) have presented reduced LPS-induced
mRNA increase of TNFa, interleukin 1 beta (IL-1f), matrix
metalloproteinase 3 (MMP-3), inducible nitric oxide syn-
thase (iNOS), and cyclooxygenase 2 (COX-2) [23]. Addi-
tionally, administration of Atsttrin in this model signifi-
cantly reduced the levels of phospho-nuclear factor kappa
B (NF-xB) in the brain of LPS-treated PGRN knockout
mice and cultured astrocyte cells. Collectively, the pharma-
codynamic profile of Atsttrin could potentially replicate the
autologous PGRN mechanisms as neurotrophic factor which
regulate neuronal functions and neurite outgrowth, main-
taining its survival. In this case, Atsttrin could potentially
surpass another well-known neurotropic factor, presenting
both unique both growth factor—like and anti-inflammatory
properties.

In line with these findings, the concept pertaining to
the local attenuation of neuroinflammatory response via
direct intracerebral administration of PGRN-based agents
using stereotactic methods poses an interesting potential
therapeutic strategy which could potentially contribute to
the slowdown of Parkinson’s disease and may lead to the
improvement in the clinical status of patients suffering from
the disease. The preclinical protocols assuming the use of
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
constitute the most common neurotoxin-based models,
used mainly in non-human primates and in mice that are
applied in Parkinson’s disease research [24]. Neurochemi-
cal and histopathological investigations have to date dem-
onstrated that MPTP-induced parkinsonism reproduces the
pathophysiology of human disease and has been valuable
for the evaluation of the effects of various drug therapies
and efficacy of new surgical techniques [25]. The aim of
the proposed study is to investigate the effect of direct bilat-
eral intracerebral infusion of Atsttrin using stereotactic

methods in the preclinical C57BL/6 mouse model of Par-
kinson’s disease inducted by MPTP intoxication. To date,
the potential evaluation and dose optimization of Atsttrin
in this experimental model were not previously evaluated
in neurosciences field. In this case, we will introduce and
validate the method of intracerebral stereotactic Atsttrin
delivery relative to MPTP intoxication and estimate the most
effective and characterized by a high level of safety dose of
Atsttrin based on the response curve. The dose-dependent
evaluation has covered a number of parameters and markers
regarding neurodegenerative processes and development of
inflammatory responses including TNFa, interleukin 1 alpha
(IL-1a), interleukin 6 (IL-6), tyrosine hydroxylase (TH),
and transglutaminase 2 (TG2) mRNA expressions. In this
case, we have also evaluated the changes in neurochemical
profile including the concentration of monoamines such as
DA and its metabolites such as 3,4-dihydroxyphenylacetic
acid (DOPAC), 3-methoxytyramine (3-MT), homovanillic
acid (HVA), norepinephrine (NA), 3-methoxy-4-hydroxy-
phenylglycol (MHPG), serotonin (5-HT), and 5-hydroxyin-
doleacetic acid (5-HIAA).

Materials and Methods
Animals

Inbred male C57BL/6 mice at the age of 10—12 months
(body weight of 30+5 g) were used in this study. All ani-
mals were housed in plastic cages (1290; Tecniplast, Varese,
Italy) in groups of 3—5/cage in standard laboratory condi-
tions at a controlled temperature (22+5 °C) and 60 +5%
humidity (15 air changes/h) with a 12-h light/dark cycle
(7:00 a.m./7:00 p.m.) and constant lighting intensity. The
animals were provided access to food with dietary standards
of the Nutrient Requirement of Laboratory Animals (4th
Revised Edition, 1995; National Academies Press, Washing-
ton, DC, USA) and water ad libitum [26]. Before performing
invasive experimental procedures, animals were separated
to appropriate cages and groups based on the study proto-
col and subjected to 2-day habituation to obtain hormonal
and neurochemical stabilities [27]. All efforts were made to
reduce the number of animals used and to minimize animals’
discomfort and suffering through a practical implementation
of the 3R principle (replacement, reduction, and refinement)
[28, 29].

Experimental Design
According to the systematic literature review, to date,
no attempts had been made regarding the intracerebral

administration of Atsttrin. This also implied the existing
lack of knowledge enabling precise dose optimization and
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validation of Atsttrin administered potentially this route
and in this experimental model. A predefined range value
of five increasing Atsttrin doses of 0.1 pg (0.025 pg/pL),
0.5 pg (0.125 pg/pL), 1 pg (0.25 pg/pL), 2 pg (0.5 pg/pL),
and 5 pg (1.25 pg/pL) was extrapolated and determined
on the basis of literature data from previously conducted
studies on the musculoskeletal system in mice [17]. In
this case, the dose values and concentration of the Atsttrin
were determined using the scaling method based on the
animal body weight and taking into account the correction
of existing anatomical limitations related to the intrac-
erebral administration method using stereotaxic methods
taking into account the size and location of neuroana-
tomical targets structures, proximity of critical areas, and
possible avoidance of the ablative effect [30]. Taking into
account the range of Atsttrin doses described in available
studies and the average weight of C57BL/6 strain mice at
the age of 10—12 months of 30+5 g, it can be assumed
that the potential therapeutic dose of the compound based
on the data available in the literature amounts potentially
to~0.075 to 0.15 mg. Due to the preliminary nature of
this study, the injection and was limited to one stereotaxic
target covering ST, which includes the most prominent and
largest neuroanatomical structure among the basal ganglia
and subcortical structures, thus being a relatively acces-
sible structure regarding stereotactic procedures, with a
significant volume compared to other parts of the mouse
brain [31, 32]. Regarding the neurophysiological func-
tions, the initial choice of ST as a neuroanatomical target
was dedicated by its role as the main center integrating and
regulating signals within the nigrostriatal system which is
mainly affected in the course of Parkinson’s disease [33].
According to the study protocol, the experimental proce-
dures followed by subsequent molecular and biochemical
analyses were performed on a total number of 52 animals
(n=352) covering male C57BL/6 mice, which amount was
precisely estimated using a publicly available online cal-
culator (http://www.biomath.info/power) [34]. In order to
optimize and validate the dose of Atsttrin administered
intracerebrally, as well as provide novel insights regard-
ing evaluated murine model of Parkinson’s disease, cor-
responding study groups were defined (Fig. 1). The study
group consisted of a total number of 28 animals (n=28)
subjected to MPTP intoxication which were consecutively
allocated in each of the five subgroups (P1-P5) on the
basis of the predefined increasing dose of Atsttrin which
was administered intracerebrally using stereotactic meth-
ods (Table 1). In order to properly interpret the obtained
results, as well as to provide basic reference and verifi-
cation of the methods used throughout the experiments,
corresponding control groups were defined (Fig. 2). The
control group consisted of a total number of 24 animals
(n=24) which were appropriately divided into three
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subgroups (K1-K3), taking into account the type of per-
formed experimental procedure and intervention requiring
verification (Table 2).

Stereotactic Injections

The animals were anesthetized with ketamine (Ketan-
est 50 mg/mL; Pfizer, New York, NY, USA) and xylazine
(Xylapan 20 mg/mL; Vetoquinol AG, Bern, Switzerland)
combination (1:1, v/v) in the dose of 2 mL/kg body weight
(100 mg/kg ketamine and 40 mg/kg xylazine) via intraperi-
toneal administration using a 25G x 5/8" (& 0.5x 16 mm)
needle with a 1-mL syringe (300,014; BD Plastipak, Madrid,
Spain) under aseptic conditions. The degree of anesthesia
was considered sufficient when, after a mechanical press-
ing on one of the animal’s hind limbs, no flexion reflex
was observed. After the induction of anesthesia, mice were
placed and their heads were stabilized at three points by two
blunt ear bars and anterior bite bar in a stereotactic frame
(51,900; Stoelting, Wood Dale, IL, USA) with an addi-
tional adaptor (51,625; Stoelting, Wood Dale, IL, USA).
After trimming the hair using an electric shaver (9667L;
3 M Health Care, Saint Paul, MN, USA) and subsequent
preparation of an aseptic surgical field, the longitudinal inci-
sion was made in the skin overlying the skull exposing both
the sagittal and coronal sutures. The skull surface was then
instilled with a 3% hydrogen peroxide solution (H,0,) to
more precisely identify and visualize the bregma and lambda
points and achieve hemostasis and disinfection. The animals’
eyes were additionally instilled with a 0.15% solution of
sodium hyaluronate (C,4H,4N,0,; - Na) and 2% dexpan-
thenol (C4H NO,) in the form of a ready-made solution
(Bepanthen Eye; Bayer, Leverkusen, Germany) to obtain
protection against excessive drying and damage to the cornea
during the procedures. Using a set of micrometer screws, the
entry points of the intracerebral cannula were marked on the
skull vault, where the position of the needle was zeroed by
reading the coordinates at the bregma point. The burr holes
were made bilaterally using a sterile needle (4,665,112; B.
Braun, Melsungen, Germany) 19G x 12" (& 1.1 x40 mm)
above the intended cannula insertion sites based on the
scheduled stereotactic coordinates. Injection and infusion
were performed using an automatic pump (UMP2; World
Precision Instruments, Sarasota, FL., USA) equipped with a
microsyringe (NanoFil-100; World Precision Instruments,
Sarasota, FL, USA) and an appropriate needle (NF35BV-2;
World Precision Instruments, Sarasota, FL., USA) mounted
on the movable arm of a stereotaxic table moving in three
axes—antero-posterior (AP), medial-lateral (ML), and
dorsal-ventral (DV)—connected with a programmable
controller (Micro 4; World Precision Instruments, Sara-
sota, FL, USA). After visual identification of the dura, the
microneedle was slowly introduced into the brain and then
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(P1)
=4 (3) C57BL.
n=4(c) C57BL/6 24h 1h 1h 1h 7 days
| ' 1 1 1 1 /L |
I I I I I 77 1
Ketamine (100 mg/kg) Atsttrin MPTP MPTP MPTP MPTP Cervical
Xylazine (40 mg/kg) 0.1 ug/4 pL 10 mg/kg 10 mg/kg 10 mg/kg 10 mg/kg dislocation
(1:1) ; 2 mg/kg 0.025 pg/pL i.p. i.p. i.p. i.p.
i.p. 2x > ST
(P2)
=7 (3) C57BL.
n=7(c) C57BL/6 24h 1h 1h 1h 7 days
| ] 1 1 1 1 /L |
I \J I I I I 77 1
Ketamine (100 mg/kg) Atsttrin MPTP MPTP MPTP MPTP Cervical
Xylazine (40 mg/kg) 0.5 pg/4 uL 10 mg/kg 10 mg/kg 10 mg/kg 10 mg/kg dislocation
(1:1) ; 2 mg/kg 0.125 pg/uL i.p. i.p. i.p. i.p.
i.p. 2x > ST
(P3)
n=6 () C57BLI6 24h 1h 1h 1h 7 days
1 ' ] ] | | /L |
I I I I I 77 1
Ketamine (100 mg/kg) Atsttrin MPTP MPTP MPTP MPTP Cervical
Xylazine (40 mg/kg) 1 pg/4 uL 10 mg/kg 10 mg/kg 10 mg/kg 10 mg/kg dislocation
(1:1) ; 2 mg/kg 0.25 pg/pL i.p. i.p. i.p. i.p.
i.p. 2x > ST
(P4)
n=5 (J) C57BL/6 24h 1h 1h 1h 7 days
| | | | | | /L |
I |/ I I I I 77 1
Ketamine (100 mg/kg) Atsttrin MPTP MPTP MPTP MPTP Cervical
Xylazine (40 mg/kg) 2 pg/4 pL 10 mg/kg 10 mg/kg 10 mg/kg 10 mg/kg dislocation
(1:1) ; 2 mg/kg 0.5 ug/pL i.p. i.p. i.p. i.p.
i.p. 2x - ST
(P5)
=6 (&
n=6 (C) CS7BL/6 24h 1h 1h 1h 7 days
| ] 1 1 1 1 /L |
I | I I I I 77 1
Ketamine (100 mg/kg) Atsttrin MPTP MPTP MPTP MPTP Cervical
Xylazine (40 mg/kg) 5 Hg/4 uL 10 mg/kg 10 mg/kg 10 mg/kg 10 mg/kg dislocation
(1:1) ; 2 mglkg 1.25 ug/pL i.p. i.p. i.p. i.p.
i.p. 2x > ST

Fig. 1 Schematic timelines showing the experiment design and pro-
cedures performed on study groups which were administrated intrac-
erebrally with predefined increasing dose of Atsttrin and subjected to
MPTP intoxication (P1-P5). 2x — ST, bilateral intracerebral admin-

waited 2 min before starting the infusion to allow the brain
to return to normal topography after transient mechanical
deformation. A programmable microsyringe pump was used
to deliver bilaterally 4 uLL (8 pL per intact brain) of Atst-
trin (Atreaon, Inc.; Newton, CA, USA) dissolved in a sterile
0.9% saline solution (NaCl) with doses of 0.1 pg (0.025 pg/
pL), 0.5 pg (0.125 pg/pL), 1 pg (0.25 pg/pl), 2 pg (0.5 pg/
pL), and 5 pg (1.25 pg/pL) into ST at the following stereo-
tactic coordinates—AP (y),+0.62; ML (x), +1.75 relative
to the bregma; and DV (z), — 3.5 mm relative to the dura
(Paxinos G, Franklin KBJ. The Mouse Brain in Stereotaxic

istration of Atsttrin into the striatum using stereotactic methods;
MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; i.p., intraperi-
toneal injection

Coordinates, 2nd Edition; Academic Press, 2001, San Diego,
CA, USA) with automatic flow rate estimated as 0.5 pL/min
[35]. After the injection, the microneedle was kept in the
brain for 3 min to minimize the risk of reflux of the injected
substance along the intracranial path of the withdrawn can-
nula. After this time, the microneedle was removed, the burr
holes were filled with bone wax (060.196.0057; Atramat,
Ciudad de México, Mexico) using a double-sided dissec-
tor, and the scalp wound was closed with single monofila-
ment non-absorbable 5-0 nylon (polyamide) sutures using
a needle in size 16 mm with a curvature of 3/8 of a circle
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Table 1 Characteristics and

s Group
division of study groups

Number of animals (n) Code

according to the predefined
increasing doses of Atsttrin
which was administered
intracerebrally using stereotactic
methods

Atsttrin 0.1 pg/4 pL (0.025 pg/pL) — ST +4 x MPTP (7d)
Atsttrin 0.5 pg/4 pL (0.125 pg/pL) — ST +4 x MPTP (7d)
Atsttrin 1 pg/4 pL (0.25 pg/pL) — ST +4 X MPTP (7d)
Atsttrin 2 pg/4 pL (0.5 pg/pL) — ST +4 X MPTP (7d)
Atsttrin 5 pg/4 pL (1.25 pg/pL) — ST +4 X MPTP (7d)

P1
P2
P3
P4
P5

AN LNt AN B

7d, an assumed 7-day time point at which animals were sacrificed in accordance with the study proto-
col; 4 X MPTP, four serial intraperitoneal injections of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; Atst-
trin 0.1 pg/4 pL (0.025 pg/pL) — ST, bilateral intracerebral administration of Atsttrin at a dose of 0.1 pg/4
pL (0.025 pg/pLl) into the striatum using stereotactic methods; Atsttrin 0.5 pg/4 pL (0.125 pg/pl) — ST,
bilateral intracerebral administration of Atsttrin at a dose of 0.5 pg/4 pL (0.125 pg/pL) into the striatum
using stereotactic methods; Atsttrin 1 pg/4 pL (0.25 pg/pL)— ST, bilateral intracerebral administration of
Atsttrin at a dose of 1 pg/4 pL (0.25 pg/pL) into the striatum using stereotactic methods; Atsttrin 2 pg/4
pL (0.5 pg/pL) — ST, bilateral intracerebral administration of Atsttrin at a dose of 2 pg/4 pL (0.5 pg/pL)
into the striatum using stereotactic methods; Atsttrin 5 pg/4 pL (1.25 pg/pL) — ST, bilateral intracerebral
administration of Atsttrin at a dose of 5 pg/4 pL (1.25 pg/pL) into the striatum using stereotactic methods

Fig.2 Schematic timelines (K1)

showing the intervention design ‘
n=11(J) C57BL/6

and procedures performed 7 days |
___________________ ryi
on control groups (K1-K3). | 7/ 1
2x — ST, bilateral intracerebral Cervical
.. . . s dislocati
administration of Ringer’s islocation
solution into the striatum using
stereotactic methods; MPTP, (K2)
1-methyl-4-phenyl-1,2,3,6-tet-
rahydropyridine; i.p., intraperi- n=8 () C57BL/6 1h 1h 1h 7 days
iecti I I I ] ] 1
toneal injection | i i 1 1 a i
MPTP MPTP MPTP MPTP-HCI Cervical
10 mg/kg 10 mg/kg 10 mg/kg 10 mg/kg dislocation
i.p. i.p. i.p. i.p.
(K3)
n=5 (d) C57BLI6 24h 1h 1h 1h 7 days
I ¥ ] I ] ] y: 1
I Y I 1 1 1 7/ 1
Ketamine (100 mg/kg) Ringer’s MPTP-HCI MPTP-HCI MPTP-HCI MPTP-HCI Cervical
Xylazine (40 mg/kg)  solution 10 mg/kg 10 mg/kg 10 mg/kg 10 mg/kg dislocation
(1:1) ; 2 mg/kg 4 uL i.p. i.p. i.p. i.p.
i.p. 2x > ST

Table 2 Characteristics and division of control groups according to
the type of performed procedure and intervention requiring verifica-
tion

Group Number of Code
animals (n)
Control group not subjected to any procedure or 11 K1
intervention (7d)
4 xXMPTP (7d) 8 K2
Ringer’s solution (4 pL) —»ST+4xMPTP (7d) 5 K3

7d, an assumed 7-day time point at which animals were sacrificed in
accordance with the study protocol; 4 X MPTP, four serial intraperi-
toneal injections of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine;
Ringer’s solution (4 pL)— ST, bilateral intracerebral administration
of Ringer’s solution (4 pL) into the striatum using stereotactic meth-
ods

@ Springer

(DKO5PA; Yavo, Betchatéw, Poland). The wound area was
finally disinfected with a 7.5% povidone-iodine solution
(Braunol; B. Braun, Melsungen, Germany). Animals from
the control groups were subjected to identical anesthesia
and stereotaxic surgery involving a bilateral intracerebral
injection of an equal volume of sterile Ringer’s solution
containing 8.6 g/dm’ NaCl, 0.3 g/dm’® KCI and 0.33 g/dm?
CaCl, - 2H,0 (Fresenius Kabi, Warsaw, Poland). After the
procedures, the animals were placed in cages with ad libitum
access to water and food. In order to minimize the risk of
significant hypothermia in animals during the perioperative
period, an appropriately controlled high ambient tempera-
ture (28 +2 °C) was maintained.
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MPTP Intoxication

In order to induce a set of symptoms related to damage to
the extrapyramidal system as well as subsequent biochemi-
cal and neuropathological alternations constituting a model
imitating the changes occurring in Parkinson’s disease, intra-
peritoneal injections of MPTP neurotoxin (68,750; Sigma-
Aldrich, St. Louis, MO, USA) were performed in mice [36].
In accordance with the study protocol, MPTP intoxication
were performed after stereotactic operations covering Atst-
trin or Ringer’s solution administration into ST at designated
time points within appropriate groups of animals. Regard-
ing the high toxicity (CAS#: 23,007-85-4), the compound
was each time prepared under appropriate conditions and
dissolved in a tightly closed marked ampoule in a sterile
0.9% NaCl solution (Polfa SA, Lublin, Poland) 5 min before
the injection procedure began. The adopted administration
scheme covered four serial intraperitoneal injections using
a25Gx5/8" (& 0.5 x 16 mm) needle with a 1-mL syringe
(300,014; BD Plastipak, Madrid, Spain) under appropriate
aseptic conditions at 1-h intervals at a dose of 10 mg/kg
body weight (volume 0.1 mL/20 g body weight) to a total
dose of 40 mg/kg body weight (4 x0.12 mL) of pure MPTP,
which corresponded to 47 mg/kg of the MPTP hydrochlo-
ride (MPTP-HCI) [37]. The dose of MPTP used in study,
adjusted according to the age group and sex of the animals
covered in this case, was the most effective regimen, taking
into account the decrease (> 80%) profile of DA concentra-
tion level within the nigrostriatal pathways [38]. The intoxi-
cations of MPTP were carried out in a special laboratory,
between 10:00-15:00 (UTC +01:00), each time by a suitably
skilled person provided with appropriate personal protec-
tive equipment (safety goggles, FFP3 mask, protective suit,
nitrile gloves, and shoe protectors) maintaining all safety
procedures. In order to minimize the risk of significant
hypothermia in animals during MPTP intoxication proce-
dure, an appropriately controlled high ambient temperature
(28 +£2 °C) was maintained.

Tissue Dissection and Preparation

At the assumed time points, in accordance with the study
protocol, the animals were killed by dislocation of the cervi-
cal spine, causing a disruption of the continuity of the spinal
cord. Decapitation was performed at the level of the cephalo-
cervical joints (Cy—C,/C,) using Mayo scissors. In the next
stage, a long longitudinal linear cut of the skin was made,
and the bones of the skull were separated along the sagittal
suture, and the vault was successively resected by fragment-
ing it using microscissors. The intact brain was completely
removed from the skull base bones and cranial nerves and
then put on an ice-cold glass plate (10X 15 x 0.5 cm). Using
microsurgical technique and appropriate surgical tools

under microscope control (SK-292H; Opta-Tech, Warsaw,
Poland) samples of the ST, the hippocampus (CA), cerebral
cortex (CX), and cerebellum cortex (CM) were dissected
and obtained bilaterally. In the first stage of isolation, two
preparations of the CX of the brain were obtained, and then,
the structures located in the posterior cranial fossa were
separated from the hemispheres, obtaining preparations
of the CM. Next, an incision was made in the midline of
the hemispheres, and the lateral ventricle of the brain was
opened along the choroid fissure, dissecting the CA and then
obtaining the gray matter of the ST. The collected brain tis-
sue samples were then weighed (XS105 Dual Range; Met-
tler Toledo, Greifensee, Switzerland) and placed on dry ice
(CO,) than frozen at — 80 °C until molecular and biochemi-
cal analyses were made. All dissection procedures were car-
ried out in a highly reproducible manner so as to exclude any
significant impact on the obtained results.

Real-Time PCR Analysis

Extraction of total RNA from the ST, CA, CX, and CM
was performed using a modified AGPC (guanidinium
thiocyanate-phenol—-chloroform) method developed by
Chomczyniski and Sacchi [39]. Total RNA was extracted
from the obtained neuroanatomical tissue samples using
the TRI Reagent (T9424; Sigma-Aldrich, St. Louis, MO,
USA) according to the manufacturer standard protocol.
The concentration of isolated RNA was quantified spec-
trophotometrically at 260 nm using BioPhotometerD30
(6,133,000,001; Eppendorf, Hamburg, Germany) and
TrayCell (Z802573; Hellma GmbH, Miillheim, Germany).
In order to obtain a single-stranded complementary DNA
(cDNA), the previously isolated RNA was subjected to a
reverse transcription (RT) reaction using PrimeScript RT
Reagent (RR0O37A; Takara Bio, Otsu, Japan). Incubation was
carried out in a SensoQuest Labcycler (011-101; Senso-
Quest GmbH, Gottingen, Germany) for 15 min at 37 °C and
then at 85 °C for 5 s in order to denature potentially formed
RNA/cDNA hybrids. The cDNA material thus obtained
was stored at —20 °C, and the amplification reaction was
performed. Amplification of appropriate cDNA fragments
was performed using real-time PCR with live monitoring
and analysis of the kinetics of product growth. In this case,
the Rotor-Gene Q Splex HRM System (73070BC; Qiagen
Benelux BV, Velno, Netherlands) with compatible Rotor-
Gene Q Series Software (version 2.1.0; Qiagen Benelux
BV, Velno, Netherlands) was used. The reaction was car-
ried out using a mixture consisting of 1 pL of the previously
obtained cDNA, 10 pL of FastStart Essential DNA Green
Master (06402712001; Roche Molecular Systems, Alam-
eda, CA, USA), 1.25 pL of “forward” primer (F), 1.25 pL
of “reverse” primer (R), and 6.5 pL of nuclease-free water
(06924204001; Roche Molecular Systems, Alameda, CA,
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Table 3 Sequences of primers used in real-time PCR reactions and expected lengths of the obtained products

Amplified gene Primer sequences (5'—3') Predicted product GenBank reference
size (bp) sequence accession number
(NCBI)
GAPDH F 5'-TGCACCACCAACTGCTTAGC-3' 87 NM_001289726.1
R 5'-GGCATGGACTGTGGTCATGAG-3'
IL-1o F 5'-ACGTCAAGCAACGGGAAGAT-3' 124 NM_010554.4
R 5'-AAGGTGCTGATCTGGGTTGG-3'
IL-6 F 5'-GAGGATACCACTCCCAACAGACC-3' 141 NM_031168.2
R 5'-AAGTGCATCATCGTTGTTCATACA-3’
TNFa F 5'-AGCCGATGGGTTGTACCTTG-3’ 99 NM_013693.3
R 5'-ATAGCAAATCGGCTGACGGT-3'
TH F 5'-AACCTACCAGCCGGTGTACT-3' 94 NM_009377.2
R 5'-AGAGAATGGGCGCTGGATAC-3'
TG2 F 5'-TCAGCAAGTGAAGTACGGGC-3' 106 NM_009373.3
R 5'-GGCGGAGTTGTAGTTGGTCA-3'

GAPDH glyceraldehyde 3-phosphate dehydrogenase, IL-1a interleukin 1 alpha, /L-6 interleukin 6, TNFa tumor necrosis factor alpha, TH tyros-
ine hydroxylase, TG2 transglutaminase 2, F forward primer, R reverse primer

USA). The cDNA was amplified with gene-specific prim-
ers designed using Primer BLAST software (http://www.
ncbi.nlm.nih.gov/tools/primer-blast) of the National Center
for Biotechnology Information (NCBI) database (Table 3).
The housekeeping gene covering glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) was used to normalize gene
expression levels. The amplification protocol was as follows:
initial denaturation at 95 °C for 10 min, then 45 cycles cov-
ering denaturation at 95 °C for 15 s, attachment of prim-
ers at 58 °C for 15 s, and synthesis at 72 °C for 15 s. The
reaction melting-curve analysis was applied to all reactions
to ensure the consistency and specificity of the amplified
product. Every sample and amplifications was analyzed in
duplicate. The relative expression of the target genes was
calculated by estimation according to the Pfaffl method [40].

HPLC Analysis

The examined ST, CA, CX, and CM concentrations of mon-
oamines including DA, DOPAC, 3-MT, HVA, NA, MHPG,
5-HT, and 5-HIAA were determined using HPLC method.
Before analysis, brain samples were homogenized using
ultrasonic cell disrupter (VirSonic 60; VirTis, Gardiner,
NY, USA) in 1000 pL of homogenization mixture contain-
ing ice-cold 0.1 M perchloric acid (HC1O,) and 0.05 mM
ascorbic acid (C4HgOg). The samples were successively cen-
trifuged for 15 min with 13.000 X g rate (Labofuge 400R;
Heraeus Instruments, Hanau, Germany) at 4 °C. After fil-
tration using syringe polytetrafluoroethylene (PTFE) mem-
brane filters with pore size 0.2 pm (6792-1302 Puradisc;
Whatman, UK), the supernatant (20 uL) was collected and
placed in the HPLC apparatus with electrochemical detec-
tion (HPLC-ED) system. The HPLC system consisted of an
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automatic autosampler injector (LaChrom L-7250; Merck-
Hitachi, Darmstadt/Tokio, Germany/Japan), pump (Mini-
Star K-500; Knauer, Berlin, Germany), electrochemical
detector (L-3500A; Merck-Recipe, Darmstadt/Monachium,
Germany) with a glassy-carbon working electrode. The
mobile phase (eluent) comprised a citrate—phosphate buffer
solution of 32 mM sodium phosphate (NaH,PO,; Sigma-
Aldrich, St. Louis, MO, USA), 34 mM citric acid (C{HgO5;
Sigma-Aldrich, St. Louis, MO, USA), 1 mM octane sulfonic
acid (CgH,40;S; Sigma-Aldrich, St. Louis, MO, USA), and
54 uM ethylenediaminetetraacetic acid (EDTA; Sigma-
Aldrich, St. Louis, MO, USA) buffer in ultrapure water
(18.3 MQ « cm) containing 16% methanol (CH,OH; Merck,
Darmstadt, Germany). Monoamines were separated isocrati-
cally using EC 250/4 Nucleosil 100-5 C18AB (720,936.40;
Macherey—Nagel, Diiren, Germany) with dimensions of
250 mm X4 mm with an average particle size of 5 pm and a
pore size of 100 A at a flow of 0.8 mL/min and an appropri-
ate electrochemical potential of + 0.8 V relative to the sil-
ver/silver chloride (Ag/AgCl) electrode. The chromatograms
were recorded and integrated by the use of the computer-
ized data acquisition Clarity software (version 5.0; Data-
Apex, Prague, Czech Republic). The monoamine concen-
trations were quantified and calculated by comparison with
the standard reference solutions (external calibration). The
monoamine concentrations in the sample were expressed as
picogram per milligram wet tissue.

Statistical Analysis
The data were analyzed using the Python (version 3.9.15;

Python Software Foundation, Wilmington, DE, USA)
and Jupyter Notebook (version 6.5.2; Project Jupyter,
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San Francisco, CA, USA) software package for Windows
(Microsoft Corporation, Redmond, WA, USA). For this pur-
pose, individual modules and sets of numerical algorithms
included in the SciPy (version 1.9.3), Matplotlib (version
3.6.2), NumPy (version 1.23.5) oraz Pandas (version 1.5.2)
libraries were used. For complementary analyses and com-
parative calculations, a Microsoft Office Excel 2010 soft-
ware package for Windows (Microsoft Corporation, Red-
mond, WA, USA) was additionally used. The scipy.stats.
ttest_ind function was used to assess differences between
individual groups using a two-tailed Welch’s #-test, which
does not assume equality of variances in the study and con-
trol populations and assumes the alternative hypothesis that
the means of distribution in the study and control popula-
tions are not equal. The results were considered statistically
significant when p values were less than 0.05 (p <0.05). His-
tograms were used to present the general characteristics of
the empirical distribution of the obtained results. The results
were presented in bar charts as mean values + standard error
(SEM).

Results

Effect of the Increasing Doses of Atsttrin
on the mRNA Expression Level of Selected
Mediators and Enzymes

Evaluation and Assessment of the IL-1a Expression Level

The expression level of IL-1oo mRNA within selected neu-
roanatomical structures in male C57BL/6 mice after MPTP
intoxication and intracerebral stereotactic administration of
five increasing Atsttrin doses into the ST was analyzed using
real-time PCR method (Fig. 3). Intraperitoneal intoxication
with MPTP in C57BL/6 mice was associated with an over-
all mean increase of IL-1a mRNA expression levels within
all evaluated neuroanatomical structures among the control
groups (K2-K3). Intracerebral stereotaxic administration of
Atsttrin into the ST at a dose of 0.5 pg (0.125 pg/pL)/P2 in
animals subjected to MPTP intoxication was associated with
a statistically significant (p =0.0383) decrease of the IL-1a
mRNA expression level within the ST compared to the con-
trol group (K2). Moreover, intracerebral stereotaxic adminis-
tration of lower (P1) and subsequently higher (P3—P5) doses
of Atsttrin into the ST in animals after MPTP intoxication
was not associated with a statistically significant change
in the IL-1oo mRNA expression level in the ST compared
to the control groups (K2-K3). There were no statistically
significant differences in the IL-1a mRNA expression level
within the CA and CX in animals after MPTP-HCL intoxi-
cation and intracerebral stereotaxic administration of five
increasing Atsttrin doses into the ST compared to the control

groups (K2-K3). Intracerebral stereotaxic administration of
Atsttrin into the ST at a dose of 0.1 pg (0.025 pg/pL)/P1
in animals subjected to MPTP intoxication was associated
with a statistically significant (p =0.0213) decrease of the
IL-1o mRNA expression level within the CM compared to
the control group (K2). Moreover, intracerebral stereotaxic
administration of subsequently higher (P2-P5) doses of Atst-
trin into the ST in animals after MPTP intoxication was not
associated with a statistically significant change in the IL-1a
mRNA expression level in the CM compared to the control
groups (K2-K3).

Evaluation and Assessment of the TNFa Expression Level

The expression level of TNFa mRNA within selected neu-
roanatomical structures in male C57BL/6 mice after MPTP
intoxication and intracerebral stereotactic administration
of five increasing Atsttrin doses into the ST was analyzed
using real-time PCR method (Fig. 4). Intraperitoneal intoxi-
cation with MPTP in C57BL/6 mice was associated with an
overall mean increase of TNFa mRNA expression levels
within all evaluated neuroanatomical structures among the
control groups (K2-K3). There were no statistically sig-
nificant differences in the TNFou mRNA expression level
within the ST in animals after MPTP intoxication and intrac-
erebral stereotaxic administration of five increasing Atsttrin
doses into the ST compared to the control groups (K2-K3).
Intracerebral stereotaxic administration of Atsttrin into the
ST at a dose of 0.1 pg (0.025 pg/pL)/P1 in animals sub-
jected to MPTP intoxication was associated with a statis-
tically significant (p =0.0327/p=0.0465) decrease of the
TNFa mRNA expression level within the CA compared to
the control groups (K2/K3). Moreover, intracerebral stere-
otaxic administration of subsequently higher (P2-P5) doses
of Atsttrin into the ST in animals after MPTP intoxication
was not associated with a statistically significant change in
the TNFo mRNA expression level in the CA compared to the
control groups (K2-K3). There were no statistically signifi-
cant differences in the TNFoo mRNA expression level within
the CX and CM in animals after MPTP-HCL intoxication
and intracerebral stereotaxic administration of five increas-
ing Atsttrin doses into the ST compared to the control groups
(K2-K3).

Evaluation and Assessment of the IL-6 Expression Level

The expression level of IL-6 mRNA within selected neuro-
anatomical structures in male C57BL/6 mice after MPTP
intoxication and intracerebral stereotactic administration of
five increasing Atsttrin doses into the ST was analyzed using
real-time PCR method (Fig. 5). Intraperitoneal intoxication
with MPTP in C57BL/6 mice was associated with an over-
all mean increase of IL-6 mRNA expression levels within
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Fig. 3 Changes in the expression of mRNA for IL-1a assessed after
intracerebral administration into ST of five increasing doses of Atst-
trin using stereotactic methods in C57BL/6 mice subjected to MPTP
intoxication within ST (A), CA (B), CX (C), and CM (D). The results
were expressed in the form of a semi-quantitative analysis as the flu-
orescence value of the test sample in relation to the fluorescence of

all evaluated neuroanatomical structures among the control
groups (K2-K3). There were no statistically significant dif-
ferences in the IL-6 mRNA expression level within the ST,
CA, CX, and CM in animals after MPTP-HCL intoxication
and intracerebral stereotaxic administration of five increas-
ing Atsttrin doses into the ST compared to the control groups
(K2-K3).

Evaluation and Assessment of the TH Expression Level

The expression level of TH mRNA within selected neuro-
anatomical structures in male C57BL/6 mice after MPTP
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the reference gene GAPDH (fold change). The results were presented
as mean values+ SEM. Asterisk (*), difference from the appropriate
control group (K2), *p <0.05, **p <0.01, ***p <0.001; number sign
(#), difference from the appropriate control group (K3), *p<0.05;
#p<0.01; ¥ p <0.001

intoxication and intracerebral stereotactic administration of
five increasing Atsttrin doses into the ST was analyzed using
real-time PCR method (Fig. 6). Intraperitoneal intoxication
with MPTP in C57BL/6 mice was associated with an over-
all mean decrease of TH mRNA expression levels within
all evaluated neuroanatomical structures among the control
groups (K2-K3). Intracerebral stereotaxic administration
of Atsttrin into the ST at a dose of 1 pg (0.25 pg/pL)/P3 in
animals subjected to MPTP intoxication was associated with
a statistically significant (p =0.0072/p=0.0367) increase of
the TH mRNA expression level within the ST compared
to the control groups (K2/K3). Furthermore, intracerebral
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Fig.4 Changes in the expression of mRNA for TNFa assessed after
intracerebral administration into ST of five increasing doses of Atst-
trin using stereotactic methods in C57BL/6 mice subjected to MPTP
intoxication within ST (A), CA (B), CX (C), and CM (D). The results
were expressed in the form of a semi-quantitative analysis as the flu-
orescence value of the test sample in relation to the fluorescence of

stereotaxic administration of Atsttrin into the ST at a dose
of 5 pg (1.25 pg/pL)/P5 in animals subjected to MPTP
intoxication was associated with a statistically significant
(p =0.0420) increase of the TH mRNA expression level
within the ST compared to the control group (K2). Intrac-
erebral stereotaxic administration of Atsttrin into the ST at
a dose of 2 pg (0.5 pg/pL)/P4 and 5 pg (1.25 pg/pL)/P5 in
animals subjected to MPTP intoxication was associated with
a statistically significant (p =0.0421/p =0.0010) increase of
the TH mRNA expression level within the CA compared
to the control groups (K2). Moreover, intracerebral stere-
otaxic administration of subsequently lower (P1-P3) doses
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the reference gene GAPDH (fold change). The results were presented
as mean values+ SEM. Asterisk (*), difference from the appropriate
control group (K2), *p <0.05, ¥**p <0.01, ***p <0.001; Number sign
(#), difference from the appropriate control group (K3), #p<0.05;
#1p<0.01; % p <0.001

of Atsttrin into the ST in animals after MPTP intoxication
was not associated with a statistically significant change in
the TH mRNA expression level in the CA compared to the
control groups (K2-K3). Intracerebral stereotaxic adminis-
tration of Atsttrin into the ST at a dose of 5 pg (1.25 pg/pL)/
P5 in animals subjected to MPTP intoxication was associ-
ated with a statistically significant (p=0.0003/p=0.0169)
increase of the TH mRNA expression level within the CX
compared to the control groups (K2/K3). Moreover, intrac-
erebral stereotaxic administration of subsequently lower
(P1-P4) doses of Atsttrin into the ST in animals after MPTP
intoxication was not associated with a statistically significant
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Fig.5 Changes in the expression of mRNA for IL-6 assessed after
intracerebral administration into ST of five increasing doses of Atst-
trin using stereotactic methods in C57BL/6 mice subjected to MPTP
intoxication within ST (A), CA (B), CX (C), and CM (D). The results
were expressed in the form of a semi-quantitative analysis as the flu-
orescence value of the test sample in relation to the fluorescence of

change in the TH mRNA expression level in the CX com-
pared to the control groups (K2—-K3). Intracerebral stere-
otaxic administration of Atsttrin into the ST at a dose of 1 pg
(0.25 pg/pL)/P3 in animals subjected to MPTP intoxication
was associated with a statistically significant (p =0.0235)
increase of the TH mRNA expression level within the CM
compared to the control groups (K2). Moreover, intrac-
erebral stereotaxic administration of subsequently lower
(P1-P2) and higher (P4-P5) doses of Atsttrin into the ST in
animals after MPTP intoxication was not associated with a
statistically significant change in the TH mRNA expression
level in the CM compared to the control groups (K2-K3).
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Evaluation and Assessment of the TG2 Expression Level

The expression level of TG2 mRNA within selected neuro-
anatomical structures in male C57BL/6 mice after MPTP
intoxication and intracerebral stereotactic administration of
five increasing Atsttrin doses into the ST was analyzed using
real-time PCR method (Fig. 7). Intraperitoneal intoxication
with MPTP in C57BL/6 mice was associated with an overall
mean increase of TG2 mRNA expression levels within the
majority of the evaluated neuroanatomical structures among
the control groups (K2-K3). There were no statistically sig-
nificant differences in the TG2 mRNA expression level within
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Fig.6 Changes in the expression of mRNA for TH assessed after
intracerebral administration into ST of five increasing doses of Atst-
trin using stereotactic methods in C57BL/6 mice subjected to MPTP
intoxication within ST (A), CA (B), CX (C), and CM (D). The results
were expressed in the form of a semi-quantitative analysis as the flu-
orescence value of the test sample in relation to the fluorescence of

the ST in animals after MPTP intoxication and intracerebral
stereotaxic administration of five increasing Atsttrin doses
into the ST compared to the control groups (K2—K3). Intrac-
erebral stereotaxic administration of Atsttrin into the ST at
a dose of 0.5 pg (0.125 pg/pL)/P2 in animals subjected to
MPTP intoxication was associated with a statistically signifi-
cant (p=0.0307) increase of the TG2 mRNA expression level
within the CA compared to the control group (K3). Moreo-
ver, intracerebral stereotaxic administration of subsequently
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lower (P1) and higher (P3—P5) doses of Atsttrin into the ST
in animals after MPTP intoxication was not associated with
a statistically significant change of the TG2 mRNA expres-
sion level in the CA compared to the control groups (K2-K3).
There were no statistically significant differences in the TG2
mRNA expression level within the CX and CM in animals
after MPTP-HCL intoxication and intracerebral stereotaxic
administration of five increasing Atsttrin doses into the ST
compared to the control groups (K2-K3).
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- Control group not subjected to any intervention (7d)

I 4x MPTP-HCL (7d)

I Ringer's solution (4 pL) — ST + 4x MPTP-HCL (7d)
I Atsttrin 0.1 pg/4 pL (0.025 pg/uL) — ST + 4x MPTP-HCL (7d)

Fig.7 Changes in the expression of mRNA for TG2 assessed after
intracerebral administration into ST of five increasing doses of Atst-
trin using stereotactic methods in C57BL/6 mice subjected to MPTP
intoxication within ST (A), CA (B), CX (C), and CM (D). The results
were expressed in the form of a semi-quantitative analysis as the flu-
orescence value of the test sample in relation to the fluorescence of

Effect of Increasing Doses of Atsttrin
on the Concentration Level of Monoamines

Evaluation and Assessment of the Dopaminergic System

The concentration level of monoamines of the dopaminergic
system within selected neuroanatomical structures in male
C57BL/6 mice after MPTP intoxication and intracerebral
stereotactic administration of five increasing Atsttrin doses
into the ST was analyzed using the HPLC method (Fig. 8).
Intraperitoneal intoxication with MPTP in C57BL/6 mice
was associated with an overall mean decrease of DA
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P5

I Atsttrin 0.5 pg/a pL (0.125 pg/uL) — ST + 4x MPTP-HCL (7d)
I Atsttrin 1 pg/a L (0.25 pgiuL) — ST + 4x MPTP-HCL (7d)
I Atsttrin 2 pg/d pL (0.5 pg/pL) — ST + 4x MPTP-HCL (7d)
I Atsttrin 5 ug/4 pL (1.25 pg/uL) — ST + 4x MPTP-HCL (7d)

the reference gene GAPDH (fold change). The results were presented
as mean values + SEM. Asterisk (*), difference from the appropriate
control group (K2), *p <0.05, **p <0.01, ***p <0.001; number sign
(#), difference from the appropriate control group (K3), #p<0.05;
#1p<0.01; % p <0.001

concentration levels within the majority of the evaluated
neuroanatomical structures among the control groups
(K2-K3). Intracerebral stereotaxic administration of Atsttrin
into the ST at a dose of 0.5 pg (0.125 pg/pL)/P2 in animals
subjected to MPTP intoxication was associated with a sta-
tistically significant (p =0.0481) increase of the DA concen-
tration level within the ST compared to the control group
(K2). Furthermore, intracerebral stereotaxic administration
of Atsttrin into the ST at a dose of 1 pg (0.25 pg/uL)/P3 in
animals subjected to MPTP intoxication was associated with
a statistically significant (p =0.0155/p=0.0499) increase of
the DA concentration level within the ST compared to the
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Fig. 8 Changes in the concentration of DA, DOPAC, 3-MT, and HVA
assessed after intracerebral administration into ST of five increasing
doses of Atsttrin using stereotactic methods in C57BL/6 mice sub-
jected to MPTP intoxication within ST, CA, CX, and CM. The mono-
amine concentration was normalized to control group (K3) as 100%
(pg/mg)

control group (K2/K3). There were no statistically signifi-
cant differences in the DA concentration level within the CA,
CX, and CM in animals after MPTP-HCL intoxication and
intracerebral stereotaxic administration of five increasing
Atsttrin doses into the ST compared to the control groups
(K2-K3). Detailed statistics of the DA concentration levels
can be found in Supplementary Fig. 1. Intraperitoneal intoxi-
cation with MPTP in C57BL/6 mice was associated with an
overall mean increase of DOPAC concentration levels within
the majority of the evaluated neuroanatomical structures
among the control groups (K2-K3). Intracerebral stereotaxic
administration of Atsttrin into the ST at a dose of 2 pg
(0.5 pg/puL)/P4 in animals subjected to MPTP intoxication
was associated with a statistically significant (p =0.0148)
decrease of the DOPAC concentration level within the ST
compared to the control group (K2). Moreover, intracerebral
stereotaxic administration of subsequently lower (P1-P3)
and higher (P5) doses of Atsttrin into the ST in animals after
MPTP intoxication was not associated with a statistically
significant change of the DOPAC concentration level in the
ST compared to the control groups (K2—K3). There were no
statistically significant differences in the DOPAC concentra-
tion level within the CA and CX in animals after MPTP-
HCL intoxication and intracerebral stereotaxic administra-
tion of five increasing Atsttrin doses into the ST compared
to the control groups (K2—-K3). Intracerebral stereotaxic
administration of Atsttrin into the ST at a dose of 0.1 pg
(0.025 pg/pL)/P1, 1 pg (0.25 pg/pL)/P3, and 5 pg (1.25 pg/
pL)/P5 in animals subjected to MPTP intoxication was asso-
ciated with a statistically significant (p =0.0193/p=0.0057
/p=0.0116) decrease of the DOPAC concentration level

within the CM compared to the control group (K2). Detailed
statistics of the DOPAC concentration levels can be found
in Supplementary Fig. 2. Intraperitoneal intoxication with
MPTP in C57BL/6 mice was associated with various
changes of 3-MT concentration levels within the evaluated
neuroanatomical structures among the control groups
(K2-K3). Intracerebral stereotaxic administration of Atsttrin
into the ST at a dose of 0.5 pg (0.125 pg/pL)/P2 and 1 pg
(0.25 pg/pL)/P3 in animals subjected to MPTP intoxication
was associated with a statistically significant
(»=0.0311/p=0.0157) decrease of the 3-MT concentration
level within the ST compared to the control group (K2).
Furthermore, intracerebral stereotaxic administration of
Atsttrin into the ST at a dose of 1 pg (0.25 pg/pL)/P3 in
animals subjected to MPTP intoxication was associated with
a statistically significant (p =0.0348) decrease of the 3-MT
concentration level within the ST compared to the control
group (K3). There were no statistically significant differ-
ences in the 3-MT concentration level within the CA in ani-
mals after MPTP-HCL intoxication and intracerebral stere-
otaxic administration of five increasing Atsttrin doses into
the ST compared to the control groups (K2-K3). Intracere-
bral stereotaxic administration of Atsttrin into the ST at a
dose 0.1 pg (0.025 pg/pL)/P1, 1 pg (0.25 pg/pL)/P3, 2 pg
(0.5 pg/pL)/P4, and 5 pg (1.25 pg/pL)/PS in animals sub-
jected to MPTP intoxication was associated with a statisti-
cally significant (p =0.0001/p=0.0017/p=0.0085/p =0.00
24) decrease of the 3-MT concentration level within the CX
compared to the control group (K2). There were no statisti-
cally significant differences in the 3-MT concentration level
within the CM in animals after MPTP intoxication and
intracerebral stereotaxic administration of five increasing
Atsttrin doses into the ST compared to the control groups
(K2-K3). Detailed statistics of the 3-MT concentration lev-
els can be found in Supplementary Fig. 3. Intraperitoneal
intoxication with MPTP in C57BL/6 mice was associated
with an overall mean decrease of HVA concentration levels
within the majority of the evaluated neuroanatomical struc-
tures among the control groups (K2—-K3). There were no
statistically significant differences in the HVA concentration
level within the ST and CA in animals after MPTP-HCL
intoxication and intracerebral stereotaxic administration of
five increasing Atsttrin doses into the ST compared to the
control groups (K2-K3). Intracerebral stereotaxic adminis-
tration of Atsttrin into the ST at a dose 0.5 pg (0.125 pg/pL)/
P2, 1 pg (0.25 pg/pL)/P3, and 5 pg (1.25 pg/pL)/PS5 in ani-
mals subjected to MPTP intoxication was associated with a
statistically significant (p =0.0060/p =0.0472/p =0.0284)
decrease of the HVA concentration level within the CX com-
pared to the control group (K3). There were no statistically
significant differences in the HVA concentration level within
the CM in animals after MPTP intoxication and intracerebral
stereotaxic administration of five increasing Atsttrin doses
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Fig.9 Changes in the turnover ratio of DOPAC/DA, 3-MT/DA, and
HVA/DA assessed after intracerebral administration into ST of five
increasing doses of Atsttrin using stereotactic methods in C57BL/6
mice subjected to MPTP intoxication within ST, CA, CX, and CM.
The monoamine turnover ratio was normalized to the control group
(K3) as 100% (pg/mg)

into the ST compared to the control groups (K2-K3).
Detailed statistics of the HVA concentration levels can be
found in Supplementary Fig. 4. The turnover ratios of
DOPAC/DA, 3-MT/DA, and HVA/DA within selected neu-
roanatomical structures in male C57BL/6 mice after MPTP
intoxication and intracerebral stereotactic administration of
five increasing Atsttrin doses into the ST were estimated
basing on the ratio of concentration levels of DA,DOPAC,
3-MT, and HVA analyzed by HPLC method (Fig. 9). Intra-
peritoneal intoxication with MPTP in C57BL/6 mice was
associated with an overall mean increase of DOPAC/DA
turnover ratios within all evaluated neuroanatomical struc-
tures among the control groups (K2-K3). Intracerebral stere-
otaxic administration of Atsttrin into the ST at a dose of
0.5 pg (0.125 pg/pL)/P2, 1 pg (0.25 pg/pL)/P3, and 5 pg
(1.25 pg/pL)/PS in animals subjected to MPTP intoxication
was associated with a statistically significant (p =0.0323/p
=0.0148/p=0.0346) increase of the DOPAC/DA turnover
ratio within the ST compared to the control group (K3).
There were no statistically significant differences in the
DOPAC/DA turnover ratios within the CA, CX, and CM in
animals after MPTP intoxication and intracerebral stereo-
taxic administration of five increasing Atsttrin doses into the
ST compared to the control groups (K2-K3). Detailed sta-
tistics of the DOPAC/DA turnover ratios can be found in
Supplementary Fig. 5. Intraperitoneal intoxication with
MPTP in C57BL/6 mice was associated with an overall
mean increase of 3-MT/DA turnover ratios within all evalu-
ated neuroanatomical structures among the control groups
(K2-K3). Intracerebral stereotaxic administration of Atsttrin
into the ST at a dose of 5 pg (1.25 pg/puL)/PS in animals
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subjected to MPTP intoxication was associated with a sta-
tistically significant (p =0.0206) increase of the 3-MT/DA
turnover ratio within the ST compared to the control group
(K2). Moreover, intracerebral stereotaxic administration of
subsequently lower (P1-P4) doses of Atsttrin into the ST in
animals after MPTP intoxication was not associated with a
statistically significant change in the 3-MT/DA turnover
ratio in the ST compared to the control groups (K2-K3).
There were no statistically significant differences in the
3-MT/DA turnover ratio within the CA in animals after
MPTP intoxication and intracerebral stereotaxic administra-
tion of five increasing Atsttrin doses into the ST compared
to the control groups (K2-K3). Intracerebral stereotaxic
administration of Atsttrin into the ST at a dose of 2 pg
(0.5 pg/pL)/P4 in animals subjected to MPTP intoxication
was associated with a statistically significant (p =0.0087)
decrease of the 3-MT/DA turnover ratio within the CX com-
pared to the control group (K2). Moreover, intracerebral
stereotaxic administration of subsequently lower (P1-P3)
and higher (P5) doses of Atsttrin into the ST in animals after
MPTP intoxication was not associated with a statistically
significant change in the 3-MT/DA turnover ratio in the CX
compared to the control groups (K2-K3). There were no
statistically significant difference in the 3-MT/DA turnover
ratio within the CM in animals after MPTP intoxication and
intracerebral stereotaxic administration of five increasing
Atsttrin doses into the ST compared to the control groups
(K2-K3). Detailed statistics of the 3-MT/DA turnover ratios
can be found in Supplementary Fig. 6. Intraperitoneal intoxi-
cation with MPTP in C57BL/6 mice was associated with
various changes of HVA/DA turnover ratios within all evalu-
ated neuroanatomical structures among the control groups
(K2-K3). Intracerebral stereotaxic administration of Atsttrin
into the ST at a dose of 1 pg (0.25 pg/pL)/P3 and 2 pg
(0.5 pg/pL)/P4 in animals subjected to MPTP intoxication
was associated with a statistically significant
(p=0.0259/p =0.0222) increase of the HVA/DA turnover
ratio within the ST compared to the control group (K2). Fur-
thermore, intracerebral stereotaxic administration of Atsttrin
into the ST at a dose of 1 pg (0.25 pg/pL)/P3 in animals
subjected to MPTP intoxication was associated with a sta-
tistically significant (p =0.0381) increase of the HVA/DA
turnover ratio within the ST compared to the control group
(K3). There were no statistically significant differences in
the HVA/DA turnover ratio within the CA in animals after
MPTP intoxication and intracerebral stereotaxic administra-
tion of five increasing Atsttrin doses into the ST compared
to the control groups (K2—-K3). Intracerebral stereotaxic
administration of Atsttrin into the ST at a dose of 2 pg
(0.5 pg/pL)/P4 in animals subjected to MPTP intoxication
was associated with a statistically significant (p =0.0411)
increase of the HVA/DA turnover ratio within the CX com-
pared to the control group (K3). Moreover, intracerebral
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stereotaxic administration of subsequently lower (P1-P3)
and higher (P5) doses of Atsttrin into the ST in animals after
MPTP intoxication was not associated with a statistically
significant change in the HVA/DA turnover ratio in the CX
compared to the control groups (K2-K3). There were no
statistically significant differences in the HVA/DA turnover
ratio within the CM in animals after MPTP intoxication and
intracerebral stereotaxic administration of five increasing
Atsttrin doses into the ST compared to the control groups
(K2-K3). Detailed statistics of the 3-MT/DA turnover ratios
can be found in Supplementary Fig. 7.

Evaluation and Assessment of the Noradrenergic System

The concentration level of monoamines of the noradrenergic
system within selected neuroanatomical structures in male
C57BL/6 mice after MPTP intoxication and intracerebral
stereotactic administration of five increasing Atsttrin doses
into the ST was analyzed using HPLC method (Fig. 10).
Intraperitoneal intoxication with MPTP in C57BL/6 mice
was associated with an overall mean decrease of NA con-
centration levels within all of the evaluated neuroanatomical
structures among the control groups (K2-K3). There were no
statistically significant differences in the NA concentration
level within the ST in animals after MPTP intoxication and
intracerebral stereotaxic administration of five increasing
Atsttrin doses into the ST compared to the control groups
(K2-K3). Intracerebral stereotaxic administration of Atsttrin
into the ST at a dose of 0.1 pg (0.025 pg/pL)/P1 in animals
subjected to MPTP intoxication was associated with a statis-
tically significant (p =0.0156) decrease of the NA concen-
tration level within the CA compared to the control group
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Fig. 10 Changes in the concentration of NA and MHPG including
MHPG/NA turnover ratio assessed after intracerebral administration
into ST of five increasing doses of Atsttrin using stereotactic meth-
ods in C57BL/6 mice subjected to MPTP intoxication within ST, CA,
CX, and CM. The monoamine concentration and turnover level were
normalized in the control group (K3) as 100% (pg/mg)

(K2). Moreover, intracerebral stereotaxic administration of
subsequently higher (P2—P5) doses of Atsttrin into the ST
in animals after MPTP intoxication was not associated with
a statistically significant change of the NA concentration
level in the CA compared to the control groups (K2-K3).
Intracerebral stereotaxic administration of Atsttrin into the
ST at a dose of 0.1 pg (0.025 pg/pL)/P1 in animals subjected
to MPTP intoxication was associated with a statistically
significant (p =0.0427) decrease of the NA concentration
level within the CX compared to the control group (K3).
Moreover, intracerebral stereotaxic administration of sub-
sequently higher (P2-P5) doses of Atsttrin into the ST in
animals after MPTP intoxication was not associated with
a statistically significant change of the NA concentration
level in the CX compared to the control groups (K2-K3).
Intracerebral stereotaxic administration of Atsttrin into the
ST at a dose of 1 pg (0.25 pg/pL)/P3, 2 pg (0.5 pg/pL)/P4,
and 5 pg (1.25 pg/pL)/P5 in animals subjected to MPTP
intoxication was associated with a statistically significant (p
=0.0103/p=0.0127/p=0.0091) decrease of the NA concen-
tration level within the CM compared to the control group
(K2). Furthermore, intracerebral stereotaxic administration
of Atsttrin into the ST at a dose of 0.1 pg (0.025 pg/pL)/P1
and 0.5 pg (0.125 pg/pL)/P2 in animals subjected to MPTP
intoxication was associated with a statistically significant
(p=0.0274/p=0.0211) increase of the NA concentration
level within the CM compared to the control group (K3).
Detailed statistics of the NA concentration levels can be
found in Supplementary Fig. 8. Intraperitoneal intoxication
with MPTP in C57BL/6 mice was associated with an overall
mean increase of MHPG concentration levels within all of
the evaluated neuroanatomical structures among the control
groups (K2-K3). There were no statistically significant dif-
ferences in the MHPG concentration level within the ST
and CA in animals after MPTP intoxication and intracer-
ebral stereotaxic administration of five increasing Atsttrin
doses into the ST compared to the control groups (K2—-K3).
Intracerebral stereotaxic administration of Atsttrin into the
ST at a dose of 1 pg (0.25 pg/puL)/P3 and 2 pg (0.5 pg/pL)/
P4 in animals subjected to MPTP intoxication was associ-
ated with a statistically significant (p =0.0237/p=0.0307)
decrease of the MHPG concentration level within the CX
compared to the control group (K3). There were no statis-
tically significant differences in the MHPG concentration
level within the CM in animals after MPTP intoxication and
intracerebral stereotaxic administration of five increasing
Atsttrin doses into the ST compared to the control groups
(K2-K3). Detailed statistics of the MHPG concentration
levels can be found in Supplementary Fig. 9. The turnover
ratio of MHPG/NA within selected neuroanatomical struc-
tures in male C57BL/6 mice after MPTP intoxication and
intracerebral stereotactic administration of five increasing
Atsttrin doses into the ST was estimated basing on the ratio
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of concentration levels of NA and MHPG analyzed by HPLC
method. Intraperitoneal intoxication with MPTP in C57BL/6
mice was associated with an overall mean increase of
MHPG/NA turnover ratios within the majority of the evalu-
ated neuroanatomical structures among the control groups
(K2-K3). Intracerebral stereotaxic administration of Atsttrin
into the ST at a dose of 1 pg (0.25 pg/pL)/P3 in animals
subjected to MPTP intoxication was associated with a sta-
tistically significant (p=0.0191) decrease of the MHPG/NA
turnover ratio within the ST compared to the control group
(K2). Moreover, intracerebral stereotaxic administration of
subsequently lower (P1-P2) and higher (P4-P5) doses of
Atsttrin into the ST in animals after MPTP intoxication was
not associated with a statistically significant change in the
MHPG/NA turnover ratio in the ST compared to the con-
trol groups (K2-K3). There were no statistically significant
differences in the MHPG/NA turnover ratio within the CA
in animals after MPTP intoxication and intracerebral stere-
otaxic administration of five increasing Atsttrin doses into
the ST compared to the control groups (K2-K3). Intracer-
ebral stereotaxic administration of Atsttrin into the ST at a
dose of 1 pg (0.25 pg/pL)/P3 and 2 pg (0.5 pg/pL)/P4 in
animals subjected to MPTP intoxication was associated with
a statistically significant (p =0.0353/p =0.0434) decrease of
the MHPG/NA turnover ratio within the CX compared to the
control group (K3). There were no statistically significant
differences in the MHPG/NA turnover ratio within the CM
in animals after MPTP intoxication and intracerebral stere-
otaxic administration of five increasing Atsttrin doses into
the ST compared to the control groups (K2—-K3). Detailed
statistics of the MHPG/NA turnover ratios can be found in
Supplementary Fig. 10.
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Fig. 11 Changes in the concentration of 5-HT and 5-HIAA includ-
ing 5-HIAA/5-HT turnover ratio assessed after intracerebral admin-
istration into ST of five increasing doses of Atsttrin using stereotactic
methods in C57BL/6 mice subjected to MPTP intoxication within ST,
CA, CX, and CM. The monoamine concentration and turnover level
were normalized in the control group (K3) as 100% (pg/mg)
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Evaluation and Assessment of the Serotonergic System

The concentration level of monoamines of the serotonergic
system within selected neuroanatomical structures in male
C57BL/6 mice after MPTP intoxication and intracerebral
stereotactic administration of five increasing Atsttrin doses
into the ST was analyzed using HPLC method (Fig. 11).
Intraperitoneal intoxication with MPTP in C57BL/6 mice
was associated with an overall mean increase of 5-HT con-
centration levels within all of the evaluated neuroanatomical
structures among the control groups (K2-K3). There were
no statistically significant differences in the 5-HT concen-
tration level within the ST, CA, and CX in animals after
MPTP intoxication and intracerebral stereotaxic adminis-
tration of five increasing Atsttrin doses into the ST com-
pared to the control groups (K2-K3). Intracerebral stere-
otaxic administration of Atsttrin into the ST at a dose of
0.1 pg (0.025 pg/pL)/P1, 1 pg (0.25 pg/pl)/P3, and 2 pg
(0.5 pg/pL)/P4 in animals subjected to MPTP intoxication
was associated with a statistically significant (p =0.0420/
p=0.0400/p=0.0480) decrease of the 5-HT concentration
level within the CM compared to the control group (K3).
Detailed statistics of the 5-HT concentration levels can be
found in Supplementary Fig. 11. Intraperitoneal intoxication
with MPTP in C57BL/6 mice was associated with an overall
mean increase of 5-HIAA concentration levels within all of
the evaluated neuroanatomical structures among the control
groups (K2-K3). There were no statistically significant dif-
ferences in the 5-HIAA concentration level within the ST
and CA in animals after MPTP intoxication and intracer-
ebral stereotaxic administration of five increasing Atsttrin
doses into the ST compared to the control groups (K2—-K3).
Intracerebral stereotaxic administration of Atsttrin into the
ST at a dose of 2 pg (0.5 pg/pL)/P4 and 5 pg (1.25 pg/pL)/
P5 in animals subjected to MPTP intoxication was associ-
ated with a statistically significant (p =0.0406/p=0.0007)
increase of the 5-HIAA concentration level within the CX
compared to the control group (K2). Moreover, intracerebral
stereotaxic administration of subsequently lower (P1-P3)
doses of Atsttrin into the ST in animals after MPTP intoxica-
tion was not associated with a statistically significant change
of the 5-HIAA concentration level in the CX compared to
the control groups (K2-K3). There were no statistically
significant differences in the 5-HIAA concentration level
within the CM in animals after MPTP intoxication and
intracerebral stereotaxic administration of five increasing
Atsttrin doses into the ST compared to the control groups
(K2-K3). Detailed statistics of the 5-HT concentration levels
can be found in Supplementary Fig. 12. The turnover ratio
of 5-HIAA/5-HT within selected neuroanatomical struc-
tures in male C57BL/6 mice after MPTP intoxication and
intracerebral stereotactic administration of five increasing
Atsttrin doses into the ST was estimated basing on the ratio
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of concentrations levels of 5-HT and 5-HIAA analyzed by
HPLC method. Intraperitoneal intoxication with MPTP in
C57BL/6 mice was associated with an overall mean increase
of 5-HIAA/5-HT turnover ratios within the majority of the
evaluated neuroanatomical structures among the control
groups (K2-K3). There were no statistically significant dif-
ferences in the 5-HIAA/5-HT turnover ratios within the ST
and CA in animals after MPTP intoxication and intracerebral
stereotaxic administration of five increasing Atsttrin doses
into the ST compared to the control groups (K2—-K3). Intrac-
erebral stereotaxic administration of Atsttrin into the ST at a
dose of 5 pg (1.25 pg/pL)/P5 in animals subjected to MPTP
intoxication was associated with a statistically significant
(p=0.0289) increase of the 5S-HIAA/5-HT turnover ratio
within the CX compared to the control group (K3). Moreo-
ver, intracerebral stereotaxic administration of subsequently
lower (P1-P4) doses of Atsttrin into the ST in animals after
MPTP intoxication was not associated with a statistically
significant change in the 5-HIAA/5-HT turnover ratio in the
CX compared to the control groups (K2-K3). There were
no statistically significant differences in the 5-HIAA/5-HT
turnover levels within the CM in animals after MPTP intoxi-
cation and intracerebral stereotaxic administration of five
increasing Atsttrin doses into the ST compared to the control
groups (K2-K3). Detailed statistics of the 5-HIAA/5-HT
turnover ratios can be found in Supplementary Fig. 13.

Discussion

Parkinson’s disease belongs to a group of neurodegenerative
diseases that is directly related to the progressive loss of
nigrostriatal dopaminergic neurons located in the SN [41].
The effect of the occurring neuropathological changes is a
comprehensive disturbance of the balance between neuro-
transmitters of the extrapyramidal system associated with
the occurrence of clinical motor symptoms. Therefore,
motor impairments of Parkinson’s disease are often her-
alded by non-motor symptoms, which results in the clinical
expression of the highly heterogeneous Parkinson syndrome.
Progressive neurodegenerative changes are associated with
changes in the functioning and regulation of the local sys-
temic immune response, which seem to be one of the most
prominent pathophysiological mechanisms accompanying
Parkinson’s disease [42]. In this case, interconnected patho-
genic neurodegenerative mechanisms are associated with the
stimulation of microglial and astroglial cell populations, as
well as with an increase in the expression level and synthesis
of a number of inflammatory mediators such as cytokines,
chemokines, acute phase proteins, adhesion molecules,
complement system proteins, and growth factors [43]. The
development of the neuroinflammatory reaction signifi-
cantly contributes to the intensification and degeneration of

dopaminergic neurons, consequently leading to the occur-
rence of comprehensive neurochemical disorders within the
nigrostrial pathways. The actual trend regarding the research
of Parkinson’s disease are based on experiments involving
direct intracerebral administration using stereotactic meth-
ods of active forms of growth factors, neuromorphogens,
cytokines, neuroprotective compounds, and recombinant
forms of derivatives of these compounds to the deep neuro-
anatomical structures of the brain or to the ventricular sys-
tem [44]. The essence of these directions of research and at
the same time a challenge in the treatment of Parkinson’s
disease is in this case the optimization and improvement of
pharmacological treatment as well as the further develop-
ment of regenerative medicine in the field of possibly perma-
nent replenishment of DA deficiency by rebuilding neurons
in the nigrostrial system, ultimately influencing the clinical
improvement of treated patients [45].

Research studies published so far on preclinical mod-
els suggest that that the anti-inflammatory effect of Atst-
trin in the pharmacodynamic sense is potentially superior
to PGRN itself and other well-known TNFa antagonists
[46, 47]. 1deally, treatment strategies of Parkinson’s disease
should “stay ahead” of the neurodegenerative pathomecha-
nisms through strategic application of different agents and
that move beyond the traditional goal of symptomatic treat-
ment to one of the causal treatment or disease progression
control. Reflecting on this, we have performed the study in
an attempt to elucidate the complex effect of direct intrac-
erebral infusion of Atsttrin into ST using stereotactic meth-
ods in the preclinical C57BL/6 mouse model of Parkinson’s
disease inducted by intraperitoneal MPTP intoxication. In
this case, we have first attempted to validate the method of
intracerebral stereotactic administration of Atsttrin in pre-
clinical C57BL/6 mouse model settings. Furthermore, we
have undertaken a detailed investigation aimed at estima-
tion and optimization of effective and safety-related dose
of Atsttrin delivered this route. Then, we have performed
preliminary dose-dependent evaluation of parameters and
markers regarding neurodegenerative process and develop-
ment of inflammatory response. An additional derived aim
of the study was to supplement the knowledge regarding the
pharmacological mechanisms of action of Atsttrin and out-
line critical areas for future studies in the neuroscience field.

The panel of evaluated cytokines such as IL-1a, TNFa,
and IL-6 included those which are characterized by the most
prominent neuroinflammatory effects, which can also influ-
ence the scope of neurodamage indirectly by activating sev-
eral intracellular signaling pathways including crucial
NF-«B factor [48]. It is obvious that from the point of view
of the study, Atsttrin is a molecule that directly antagonizes
TNFa, which clearly directed the course of analysis towards
a thorough evaluation of this signaling axis. When analyzing
the expression profile of these cytokines, it should first be
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noted that intraperitoneal intoxication with MPTP in
C57BL/6 mice was associated with an overall mean increase
of IL-1a, TNF-a, and IL-6 mRNA expression levels within
the majority of the evaluated neuroanatomical structures
among the control groups. This observation is consistent
with the previous published results in the literature describ-
ing the activation of neuroinflammatory mechanisms and
remains a reference point for the purpose of the analysis,
which was to identify adequate differences in the expression
levels of these cytokines after intracerebral stereotaxic
administration of Atsttrin [49]. Taking into account the
results obtained during the analysis of the dose dependency
effects of the increasing doses of Atsttrin, it was found that
in the case of IL-1a mRNA expression level, the most effec-
tive dose was 0.5 pg (0.125 pg/pL), which caused a signifi-
cant statistical decrease in the expression level of this
cytokine within ST. Considering the obtained IL-1a mRNA
expression profile, it should be clearly noted that the use of
Atsttrin was associated with an obvious neuroprotective
effect and control of the neuroinflammatory reaction. IL-1a
is the primary cytokine associated with the development of
the neuroinflammatory reaction and the pathogenesis of Par-
kinson’s disease [50]. Furthermore, post-mortem analyses
showed that the expression level of IL-1a in the tissue
obtained from SN is increased [51]. Results carried out on
various preclinical models of neurodegeneration indicate a
mutual correlation between the degree of neuronal death and
expression level of IL-1a [52]. Moreover, the systemic and
central administration of exogenous IL-1a to the structures
of the nigrostrial system was also associated with the induc-
tion of neurodegenerative changes [53]. These changes could
be consecutively inhibited or reversed when an IL-1a antag-
onist, such as IL-1 receptor antagonist (IL-1RA), is used
[54]. At the same time, it was observed that IL-1a can influ-
ence neurodegenerative processes in the cerebral cortex via
polysynaptic limbic pathways by intensifying glutamatergic
(Glu) transmission [55]. The obtained results of anti-inflam-
matory effect of Atsttrin are consistent with the results
obtained by Liu et al., who analyzed a model of direct intra-
ventricular administration of LPS at a dose of 10 pg/pL in
C57BL/6 mice [23]. In this case, Atsttrin at a dose of 2.5 mg/
kg was administered intraperitoneally every 3 days for a
period of 7 days before intraventricular administration of
LPS. As part of this experiment, astrocyte cultures that were
subjected to LPS at a dose of 0, 100, or 300 ng/mL and
simultaneously Atsttrin at a dose of 200 ng/mL. In this case,
the use of Atsttrin was associated with a reduction in the
expression level of IL-1p and other inflammatory mediators
in animals and within cell culture. Taking into account the
results obtained during the analysis of the dose dependency
effects of the increasing doses of Atsttrin, it was found that
in the case of TNFa there were no observed statistically
significant differences in the TNFoo mRNA expression level
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within the ST after administration of all five doses of Atst-
trin. Only one statistically significant difference included
decrease of the TNFou mRNA expression level within the CA
after intracerebral administration of Atsttrin into the ST at a
dose of 0.1 pg (0.025 pg/pL). In this case, the observable
trend seems to be important, whereas we have observed
decrease of the level of TNFa mRNA expression after the
administration of Atsttrin, which was the most prominent
within the ST after administration of the two lowest doses
0.1 pg (0.025 pg/pL) and 0.5 pg (0.125 pg/pL). Considering
the obtained TNFa mRNA expression profile, it should be
noted that despite the lack of statistical significance the use
of Atsttrin holds potentially neuroprotective effect that could
control the neuroinflammatory reaction. The lack of statisti-
cal significance could be explained by a limitation in animals
used, as well as observation time regarding the development
of neuroinflammatory and neurodegenerative changes. An
extremely important property of Atsttrin is its previously
described ability to influence TNFa-related transmission and
affinity to TNFR1 and TNFR?2 exerting a direct anti-inflam-
matory effect. The previously described data and results of
studies analyzing the role of TNFa clearly indicate the role
of this cytokine in the pathogenesis of Parkinson’s disease,
taking into account its increased level of expression in the
nigrostrial system, cerebrospinal fluid (CSF) and peripheral
blood observed both in humans and animals [56]. The
expression level of TNFa is itself a factor that correlates
with the severity of neurological symptoms in patients with
Parkinson’s disease [57]. Regarding various murine models
of MPTP intoxication, it was shown that knockout mice
lacking the TNFa gene showed a lower degree of damage to
the nigrostrial system [58]. Analogous results were obtained
when using TNFa inhibitors, where a reduction in the degree
of neurodegeneration was observed [59]. In the previously
cited study by Liu et al., the expression level of TNFa was
also analyzed accordingly [23]. Analogous to the level of
IL-1a expression, the level of TNFo expression was reduced
after using Atsttrin at a dose of 2.5 mg/kg when adminis-
tered to C57BL/6 mice receiving LPS intraventricularly at a
dose of 1 pLL (10 pg/pL). In this case, it seems that the inhi-
bition of the expression of TNFa family cytokines by Atst-
trin is associated with a reduction in the degree of neuronal
damage and activation of astro- and microglial cells. Moreo-
ver, our analyses show that Atsttrin at a dose of 0.5 pg
(0.125 pg/pL) does not have neurotoxic effects or induces
neurodegenerative phenomena related to the expression of
TNFa and is potentially relatively safe in terms of its poten-
tial use in pharmacotherapy. Taking into account the results
obtained during the analysis of the dose dependency effects
of the increasing doses of Atsttrin, it was found that in the
case of IL-6, there were no observed statistically significant
differences in the IL-6 mRNA expression level within all the
evaluated neuroanatomical regions after administration of
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all five doses of Atsttrin. In this case, the observable trend
seems to be important, where we have observed a decrease
in the level of IL-6 mRNA expression after the administra-
tion of Atsttrin, which was the most prominent after the
administration of the highest doses. IL-6 constitutes one of
the main cytokines with inflammatory and immunomodula-
tory effects; however, according to the available literature
data, it may also inhibit the development of the neuroinflam-
matory reaction and thus potentially protect the nigrostriatal
system [60]. Consistent with the previous data discussing
the elevated levels of IL-6 in the CSF in patients with Par-
kinson’s disease, it can be concluded that our observations
could be potentially related to the occurrence of a non-spe-
cific compensatory mechanism which promotes a neurore-
generative phenotype [61]. Additionally, in vitro cell culture
studies of dopaminergic cells showed that the gradual addi-
tion of IL-6 in the concentration range of 5 to 50 ng/mL was
associated with the prolonged survival of these cells [62].
What seems interesting in this case is the fact that knockout
C57BL/6 mice lacking the IL-6 gene showed greater suscep-
tibility to MPTP intoxication in terms of the development of
the neuroinflammatory reaction and the synthesis of its asso-
ciated mediators as well as an increased degree of DA loss
[63]. The panel of evaluated enzymes associated with the
metabolism of neurotransmitters and development neurode-
generative changes covered TH and TG2. In this case, TH is
a key enzyme of DA metabolism, responsible for the conver-
sion of L-tyrosine (L-Tyr) to L-3,4-dihydroxyphenylalanine
(L-DOPA) and an important indicator of neurodegenerative
phenomena [64]. In turn, TG2 is an enzyme involved in neu-
rodegenerative processes, promoting the formation of high-
molecular protein aggregates of alpha synuclein (ASN),
which presence constitutes equivalent of the severity of neu-
ropathological changes [65]. When analyzing the expression
profile of these enzymes, it should first be noted that intra-
peritoneal intoxication with MPTP in C57BL/6 mice was
associated with an overall mean decrease of TH and mean
increase of TG2 mRNA expression levels within the major-
ity of the evaluated neuroanatomical structures among the
control groups. This observation is consistent with the previ-
ous published results in the literature describing the alterna-
tions in expression level of TH and TG2 and remains a refer-
ence point for the purpose of the analysis, which was to
identify adequate differences in the expression levels of
these enzymes after intracerebral stereotaxic administration
of Atsttrin [66]. Taking into account the results obtained
during the analysis of the dose dependency effects of the
increasing doses of Atsttrin, it was found that in the case of
TH mRNA expression level, the most effective dose was
1 pg (0.25 pg/pL), which caused a significant statistical
increase in the expression level of this enzyme in within ST.
These results would indicate the achievement of a very desir-
able and expected effect, which is the restoration of the DA

synthesis function within the ST after the use of Atsttrin.
This phenomenon may be related to the partial regeneration
of dopaminergic cells as well as the activation of compensa-
tory mechanisms in primary undamaged neurons that com-
plement TH deficiencies [67]. Analogically, similar conclu-
sions were observed, when C57BL/6 J mice were subjected
to MPTP intoxication, followed by direct intraventricular
administration of 1 ng PGRN [68]. In this case, an increase
in TH expression was found in the immunochemical analy-
ses of brains collected from animals on the third day after
the experimental procedures. Taking into account the results
obtained during the analysis of the dose dependency effects
of the increasing doses of Atsttrin, it was found that in the
case of TG2 mRNA expression level, there were no observed
significant statistical differences regarding expression level
of this enzyme within ST, CX, and CM, apart from the sta-
tistically significant increase within the CA after administra-
tion of the 0.5 pg (0.125 pg/pL) dose. TG2 possesses several
cell biological functions and enzymatic activities, its trans-
amidation activity, which is responsible for the cross-linking
of proteins between glutamine (Gln) and lysine (Lys), pro-
ducing inter- or intramolecular covalent bonds which prevent
proteolysis of ASN [69]. The TG2-mediated cross-linking
is responsible for the creation of a more toxic form of ASN.
The increased presence of TG2 protein and mRNA expres-
sion was observed within SN and CSF in patients with Par-
kinson’s disease [70]. Based on the obtained results, it is
difficult to clearly determine how TG2 expression is related
to the signaling pathways activated via PGRN/Atsttrin. This
observation draws attention to the need to further investigate
the role of the potential interaction of TG2 and PGRN in the
context of cells of the nigrostrial system. The evaluated neu-
rochemical profile included concentrations of DA, DOPAC,
3-MT, HVA, NA, MHPG, 5-HT, and 5-HIAA as well as the
metabolic turnover regarding DOPAC/DA, 3-MT/DA,
3-MT/DA, HVA/DA, MHPG/NA, and 5-HIAA/5-HT ratios.
A comprehensive evaluation of the changes in the central
neurochemical profile during the study was performed in
order to initially assess the functions and interactions of the
dopaminergic, noradrenergic, and serotonergic systems. The
level of DA concentration as the main neurotransmitter
involved in the pathophysiology of Parkinson’s disease is in
this case the most prominent and useful indicator of the
extent of neurodamage [71]. From the point of view of the
hypothesis of the study, Atsttrin was considered an agent
which possesses the protective and regenerative potentials
of dopaminergic neurons, which clearly directed the course
of the analyses.

When analyzing the concentration profile of DA, it should
first be noted that intraperitoneal intoxication with MPTP in
C57BL/6 mice was associated with an overall mean decrease
of DA concentration level within all majority of the evalu-
ated neuroanatomical structures among the control groups.
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This observation is consistent with the previous published
results in the literature describing the significant DA deple-
tion and supporting the apoptotic theory in Parkinson’s dis-
ease remaining as a reference point for the purpose of the
analysis, which was to identify adequate differences in the
concentration levels of this neurotransmitter after intracer-
ebral stereotaxic administration of Atsttrin [72]. Taking into
account the results obtained during the analysis of the dose
dependency effects of the increasing doses of Atsttrin, it
was found that in the case of DA, the use of doses of 0.5 pg
(0.125 pg/pL) and 1 pg (0.25 pg/pL) was paradoxical to
the expected effect, associated with a statistically signifi-
cant decrease of this neurotransmitter within ST. Analogous
observations regarding the concentration level of DA in
other neuroanatomical structures did not show clear statis-
tical significance. In this case, the observable trend seems
to be important, where we have observed an increase of
DA concentration level after the administration of Atsttrin,
which was the most prominent after the administration of
the highest doses.

Taking into account the results obtained during the analy-
sis of the dose dependency effects of the increasing doses of
Atsttrin, it was found that in the case of DOPAC/DA, 3-MT/
DA, and HVA/DA turnover ratios, the use of doses of 0.5 pg
(0.125 pg/pLl), 1 pg (0.25 pg/pL) and 2 pg (0.5 pg/pl) was
associated with a statistically significant increase of these
turnover ratios within ST. Analogous observations regarding
the DOPAC/DA, 3-MT/DA, and HVA/DA turnover ratios in
other neuroanatomical structures did not show clear statisti-
cal significance. Based on the obtained results, a preliminary
paradoxical conclusion can be drawn, which shows that the
use of Atsttrin does not show a neuroprotective effect in
the analyzed C57BL/6 mice model of Parkinson’s disease.
In this case, we observed unexpected incoherence in the
obtained results regarding mRNA expression of immune sys-
tem mediators and monoamine concentration levels. In the
study conducted on analogous animal model of Parkinson’s
disease by van Kampen et al., the therapeutic intervention
of the experiment covered direct stereotaxic administration
of a viral vector containing the PGRN gene [73]. The vector
used during the experiment was pLenti6/R4R2/V5-DEST
(ND-602) containing the PGRN gene, while C57BL/6 mice
were subjected to intraperitoneal intoxication with MPTP at
a dose of 30 mg/kg for 5 consecutive days. In this case, the
direct intracerebral injection of the ND-602 lentiviral vector
was associated with no significant decrease in the levels of
DA, DOPAC, and HVA concentrations and no increase in
the levels of DOPAC/DA and HVA/DA turnover ratios in
within ST. At the same time, the administration of ND-602
was associated with the lack of a significant decrease in
the population of TH + cells within the ST and SN, col-
lectively demonstrating that PGRN has a neuroprotective
effect on cells of the nigrostrial system. The literature data
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has shown that TNFa can exert its neuroprotective effect
through TNFR1 receptor, in this case modulating the dopa-
mine transporter (DAT) function, which was observed in
animal model of Parkinson’s disease induced through meth-
amphetamine administration [74]. It is known that receptors
dedicated to TNFa are located on the surface of all cellular
elements occurring within the nigrostrial system, which is
related to the fact that this cytokine can affect dopaminergic
neurons directly and indirectly by affecting glial cells [75].
The increase in the expression of the TNFR1 receptor pool
within the nigrostrial system of in patients with Parkinson’s
disease was observed [76]. Therefore, the expected effect
of Atsttrin administration should cover the reduction of the
effect of TNFa at the initial stage after MPTP intoxication
and should be associated with a significant, lasting reduction
in the degree of neurodegeneration. However, it cannot be
ruled out that in this case TNFa secreted in the acute phase
of the neuroinflammatory reaction may play a role in activat-
ing repair processes [77]. At the same time, the synthesis of
this cytokine may be associated with the intensification of
changes within the damaged nigrostrial pathway, unfavora-
ble for dopaminergic neurons. The early use of Atsttrin and
the associated lack of the expected pharmacological effect
can be associated with the pathophysiological mechanisms
described above. Additionally, the action of TNFa is also
mediated by other receptors, where blocking TNFR1 may
force compensatory mechanisms involving the synthesis
of other functional receptors, thus maintaining the TNFa-
related signal, leading to a reduction in DA concentration
level [78]. Some explanation for the obtained results may
be provided by observations regarding the functioning of
TNFa within the CNS, where its varied impact is observed
depending on the given neuroanatomical location and the
ability to activate transcription factors such as NF-kB. At
the same time, it is known that TNFa can regulate the level
of DA concentration within synapses and nerve cell bod-
ies; therefore, it is worth noting that the use of the HPLC
method to analyze the concentration of neurotransmitters
in homogenized tissue covered the value of the total pool
of DA present in the cytoplasm and extracellular space and
stored in synaptic vesicles, which may influence the actual
postulated mechanism of Atsttrin pharmacological action
under the conditions of the discussed model [79]. It cannot
also be ruled out that extending the observation time could
potentially show a subsequent increase in DA concentration,
which, taking into account the latency, could be sufficient to
fully activate neuroregenerative mechanisms.

The degeneration of the noradrenergic system in the
course of Parkinson’s disease is associated with a broad
spectrum encompassing autonomic, behavioral, and cogni-
tive parameters [80]. Therefore, the noradrenergic dysfunc-
tion in Parkinson’s disease was associated with the promo-
tion of inflammatory response, diminishing neurotrophic
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factors, and excessive oxidation within SN [81]. Accord-
ingly, the complex evaluation of NA and MHPH concen-
tration as well as its turnover ratio is reasonable regarding
complex interplay between dopaminergic and noradrenergic
systems.

When analyzing the concentration profile of NA and
MHPG, it should first be noted that intraperitoneal intoxi-
cation with MPTP in C57BL/6 mice was associated with
an overall mean decrease of NA and mean increase of
MHPG concentration level within all majority of the evalu-
ated neuroanatomical structures among the control groups.
This observation is consistent with the previous published
results in the literature describing the significant NA deple-
tion remaining as reference point for the purpose of the
analysis, which was to identify adequate differences in the
concentration levels of this neurotransmitters after intracer-
ebral stereotaxic administration of Atsttrin [82]. Taking into
account the results obtained during the analysis of the dose
dependency effects of the increasing doses of Atsttrin, it was
found that in the case of NA, the use of dose of 0.1 pg/4 pL.
(0.025 pg/pL) was associated with a statistically significant
decrease of this neurotransmitter within CA and CX. The
use of doses of 0.1 pg/4 pL (0.025 pg/pL) and 0.5 pg/4 pLL
(0.125 pg/pL) was associated with a statistically significant
increase of NA within CM. Therefore, the use of doses of
1 pg/4 pL (0.25 pg/pL), 2 pg/4 pL (0.5 pg/pl), and 5 pg/4
pL (1.25 pg/puL) was associated with a statistically signifi-
cant decrease of NA within CM. The use of doses of 1 pg/4
pL (0.25 pg/pL) and 2 pg/4 pL (0.5 pg/pl) was associated
with a statistically significant decrease of MHPG/NA turno-
ver ratio. In the natural course of Parkinson’s disease, apart
from the neuropathological changes in the dopaminergic
pathways, degeneration of pigment cells is also observed in
the area of the locus coeruleus located in the pons, where
clusters of noradrenergic cells are located [83]. Furthermore,
it is known, that damage to the locus coeruleus area is asso-
ciated with inhibition of DA synthesis within the ST, while
stimulation of this neuroanatomical structure increases the
activity of dopaminergic neurons [84]. Taking into account
the pathophysiological grounds assumed in this study, it
would seem that the use of Atsttrin should be associated
with limiting the decrease in the level of NA concentration
after MPTP intoxication within neuroanatomical structures
related to noradrenergic transmission. Based on the current
research results, it is difficult to clearly determine the mecha-
nism by which Atsttrin affects noradrenergic transmission
in the analyzed model. It seems reasonable that in this case
analogous pathophysiological phenomena responsible for
the previously observed decrease in DA levels after the use
of Atsttrin should be partially taken into account regarding
observed changes of NA concentrations levels.

Serotonergic neurotransmission is widely distributed
within the CNS and mediated by neurons of the raphe nuclei

[85]. Besides motor complications, serotonergic pathology
has been hypothesized as a crucial mechanism underlying
non-motor symptoms in Parkinson’s disease [86]. Conse-
quently, accordingly, the complex evaluation of 5-HT and
5-HIAA concentration as well as its turnover ratio is reason-
able regarding the complex interplay between dopaminergic
and serotonergic systems.

When analyzing the concentration profile of 5-HT and
5-HIAA, it should first be noted that the intraperitoneal
intoxication with MPTP in C57BL/6 mice was associ-
ated with an overall mean increase of this monoamines
concentration level within all majority of the evaluated
neuroanatomical structures among the control groups.
This observation is consistent with the previous published
results in the literature describing the relative resistance
of serotonergic neurons to MPTP intoxication remain-
ing as a reference point for the purpose of the analysis,
which was to identify adequate differences in the concen-
tration levels of this neurotransmitters after intracerebral
stereotaxic administration of Atsttrin [87]. Taking into
account the results obtained during the analysis of the
dose dependency effects of the increasing doses of Atst-
trin, it was found that in the case of 5-HT, the use of dose
of 0.1 pg/4 pL (0.025 pg/pL), 1 pg/4 pL (0.25 pg/pl), and
2 pg/4 pL (0.5 pg/pL) was associated with a statistically
significant decrease of this neurotransmitter within CM.
In the course of Parkinson’s disease, a decrease in 5-HT
levels is observed, which is usually most expressed in the
ventral tegmental area and other mesolimbic structures
[88]. In this case, patients with severe apathy, depression,
and anxiety, i.e., showing comprehensive neurocognitive
disorders in the course of Parkinson’s disease, exhibit
impaired serotonergic transmission within the insula,
orbital cortex, and anterior cingulate gyrus, especially in
the area located ventral to the genu of corpus callosum
[89]. The decrease in DA activity in the course of Parkin-
son’s disease also results in a decrease in the activity of
serotonergic transmission [90]. On this terms, antagonism
towards the 5-HT, receptor seems to be important, which
is associated with the intensification of DA secretion in the
brain prefrontal area [91]. This receptor plays an important
role in regulating DA release, both directly and through
glutamatergic projections to the nucleus accumbens [92].
The effect of 5-HT in this case seems to be responsible for
the inhibition of Glu through the 5-HT, , receptor [93]. In
this case, it seems that Atsttrin has a positive effect on the
restoration of serotonergic transmission in the analyzed
neuroanatomical areas undergoing the neurodegeneration
process in the course of Parkinson’s disease. In recent
years, the increasing number of studies has shown that
Atsttrin exerts protective and anti-inflammatory effects
on various evaluated disease models [94]. Future studies
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should assess the pharmacological potential of Atsttrin
to simultaneously address the multidimensional aspects
of neurodegenerative diseases. Nonetheless, our findings
provided strong evidence that Atsttrin may have therapeu-
tic potential for the treatment of Parkinson’s disease. The
rational selection and validation of the appropriate dose of
Atsttrin, taking into account a wide panel of determined
parameters as therapy targets, was a decision dictated by a
compromise between the potential observed neuroprotec-
tive and neurotoxic effects of successively increasing doses
of the compound. According to the results data obtained
from the analysis of the overall impact of the increasing
doses of Atsttrin on the dose—-response and dose—effect
relationships, a dose of 0.5 pg (0.125 pg/pL) of the com-
pound was selected. The phenomena described after the
use of 0.5 pg (0.125 pg/puL) dose of Atsttrin in experi-
mental model of Parkinson’s disease induced by MPTP in
C57BL/6 mice could in this case subjectively reflect the
anti-inflammatory effects demonstrated in previous studies
in other models of various disease entities. Collectively,
Atsttrin could be considered a therapeutic agent in the
therapy of Parkinson’s disease via targeting TNFa and in
this case could be a future novel drug candidate for the
treatment of neurodegenerative diseases.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12035-024-04161-0.

Acknowledgements The authors would like to thank Prof. Chuan-Ju
Liu (New York University Grossman School of Medicine/Yale Univer-
sity School of Medicine) for providing the Atsttrin used in this work as
well as his support and professional guidance with the project.

Author Contributions Lukasz A. Poniatowski: methodology, valida-
tion, formal analysis, investigation, resources, data curation, writing
(original draft), writing (review and editing), visualization, supervision.

Ilona Joniec-Maciejak: investigation, writing—review and editing.

Adriana Wawer: methodology, investigation, resources, writing—
review and editing.

Anna Sznejder-Pachotek: investigation, formal analysis, writing—
review and editing.

Ewa Machaj: investigation, formal analysis, writing—review and
editing.

Katarzyna Zigtal: conceptualization, resources, writing—review
and editing.

Dagmara Mirowska-Guzel: conceptualization, methodology, valida-
tion, formal analysis, investigation, resources, data curation, writing
(original draft), writing (review and editing), visualization, supervision,
project administration, funding acquisition.

Funding This study was supported by internal grant 1M9/M/
MB1/N/20 conducted in the years 2020-2021 from the Medical Uni-
versity of Warsaw within the research project number MB/M/29(53).
The project was implemented with the Centre for Preclinical Research
and Technology (CePT) infrastructure financed by the European Union
(EU) — The European Regional Development Fund (ERDF) within the
operational program ‘‘Innovative Economy’’ for the years 2007-2013.

Data Availability No datasets were generated or analyzed during the
current study.

@ Springer

Declarations
Competing interests The authors declare no competing interests.

Ethics approval The experimental protocols were approved by the 2nd
Local Ethics Committee in Warsaw (resolution no. WAW?2/120/2018)
and were conducted in accordance with the European Union (EU)
Directive 2010/63/EU on the protection of animals used for scientific
purposes (EUR-Lex — 32010L0063), National Research Council (NRC)
Committee for the Update of the Guide for the Care and Use of Labora-
tory Animals as well as complied with the ARRIVE guidelines.

Consent to Participate Not applicable.

Consent for Publication All the authors have read and approved the
submission of the manuscript.

Conflicts of Interest The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Kalia LV, Lang AE (2015) Parkinson’s disease. Lancet
386(9996):896-912. https://doi.org/10.1016/S0140-6736(14)
61393-3

2. Becker D, Maric A, Schreiner SJ, Biichele F, Baumann CR, Wald-
vogel D (2022) Onset of postural instability in Parkinson’s dis-
ease depends on age rather than disease duration. Parkinsons Dis
2022:6233835. https://doi.org/10.1155/2022/6233835

3. Sveinbjornsdottir S (2016) The clinical symptoms of Parkinson’s
disease. J Neurochem 139(Suppl 1):318-324. https://doi.org/10.
1111/jnc.13691

4. Rinne JO (1993) Nigral degeneration in Parkinson’s disease. Mov
Disord 8(Suppl 1):S31-S35. https://doi.org/10.1002/mds.87008
0507

5. Barone P (2010) Neurotransmission in Parkinson’s disease:
beyond dopamine. Eur J Neurol 17(3):364-376. https://doi.org/
10.1111/5.1468-1331.2009.02900.x

6. Hirsch EC, Vyas S, Hunot S (2012) Neuroinflammation in Parkin-
son’s disease. Parkinsonism Relat Disord 18(Suppl 1):S210-S212.
https://doi.org/10.1016/S1353-8020(11)70065-7

7. Vivekanantham S, Shah S, Dewji R, Dewji A, Khatri C, Ologunde
R (2015) Neuroinflammation in Parkinson’s disease: role in neu-
rodegeneration and tissue repair. Int J Neurosci 125(10):717-725.
https://doi.org/10.3109/00207454.2014.982795

8. Liu CJ, Bosch X (2012) Progranulin: a growth factor, a novel
TNEFR ligand and a drug target. Pharmacol Ther 133(1):124-132.
https://doi.org/10.1016/j.pharmthera.2011.10.003


https://doi.org/10.1007/s12035-024-04161-0
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0140-6736(14)61393-3
https://doi.org/10.1016/S0140-6736(14)61393-3
https://doi.org/10.1155/2022/6233835
https://doi.org/10.1111/jnc.13691
https://doi.org/10.1111/jnc.13691
https://doi.org/10.1002/mds.870080507
https://doi.org/10.1002/mds.870080507
https://doi.org/10.1111/j.1468-1331.2009.02900.x
https://doi.org/10.1111/j.1468-1331.2009.02900.x
https://doi.org/10.1016/S1353-8020(11)70065-7
https://doi.org/10.3109/00207454.2014.982795
https://doi.org/10.1016/j.pharmthera.2011.10.003

Molecular Neurobiology

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Baker M, Mackenzie IR, Pickering-Brown SM, Gass J, Rademak-
ers R, Lindholm C, Snowden J, Adamson J, Sadovnick AD, Rol-
linson S, Cannon A, Dwosh E, Neary D, Melquist S, Richardson
A, Dickson D, Berger Z, Eriksen J, Robinson T, Zehr C, Dickey
CA, Crook R, McGowan E, Mann D, Boeve B, Feldman H, Hutton
M (2006) Mutations in progranulin cause tau-negative frontotem-
poral dementia linked to chromosome 17. Nature 442(7105):916—
919. https://doi.org/10.1038/nature05016

Cruts M, Gijselinck I, van der Zee J, Engelborghs S, Wils H,
Pirici D, Rademakers R, Vandenberghe R, Dermaut B, Martin
1], van Duijn C, Peeters K, Sciot R, Santens P, De Pooter T, Mat-
theijssens M, Van den Broeck M, Cuijt I, Vennekens K, De Deyn
PP, Kumar-Singh S, Van Broeckhoven C (2006) Null mutations
in progranulin cause ubiquitin-positive frontotemporal dementia
linked to chromosome 17q21. Nature 442(7105):920-924. https://
doi.org/10.1038/nature05017

Sun R, Wang D, Song Y, Li Q, Su P, Pang Y (2022) Granu-
lin as an important immune molecule involved in lamprey tis-
sue repair and regeneration by promoting cell proliferation and
migration. Cell Mol Biol Lett 27(1):64. https://doi.org/10.1186/
$11658-022-00360-6

Rhinn H, Tatton N, McCaughey S, Kurnellas M, Rosenthal A
(2022) Progranulin as a therapeutic target in neurodegenerative
diseases. Trends Pharmacol Sci 43(8):641-652. https://doi.org/
10.1016/j.tips.2021.11.015

Van Damme P, Van Hoecke A, Lambrechts D, Vanacker P,
Bogaert E, van Swieten J, Carmeliet P, Van Den Bosch L, Rob-
berecht W (2008) Progranulin functions as a neurotrophic factor
to regulate neurite outgrowth and enhance neuronal survival. J
Cell Biol 181(1):37-41. https://doi.org/10.1083/jcb.200712039
De Muynck L, Herdewyn S, Beel S, Scheveneels W, Van Den
Bosch L, Robberecht W, Van Damme P (2013) The neurotrophic
properties of progranulin depend on the granulin E domain but
do not require sortilin binding. Neurobiol Aging 34(11):2541-7.
https://doi.org/10.1016/j.neurobiolaging.2013.04.022

Martens LH, Zhang J, Barmada SJ, Zhou P, Kamiya S, Sun B,
Min SW, Gan L, Finkbeiner S, Huang EJ, Farese RV Jr (2012)
Progranulin deficiency promotes neuroinflammation and neuron
loss following toxin-induced injury. J Clin Invest 122(11):3955-9.
https://doi.org/10.1172/JC163113

Kao AW, McKay A, Singh PP, Brunet A, Huang EJ (2017) Pro-
granulin, lysosomal regulation and neurodegenerative disease. Nat
Rev Neurosci 18(6):325-333. https://doi.org/10.1038/nrn.2017.36
Tang W, Lu Y, Tian QY, Zhang Y, Guo FJ, Liu GY, Syed NM, Lai
Y, Lin EA, Kong L, SuJ, Yin F, Ding AH, Zanin-Zhorov A, Dus-
tin ML, Tao J, CraftJ, Yin Z, Feng JQ, Abramson SB, Yu XP, Liu
CJ (2011) The growth factor progranulin binds to TNF receptors
and is therapeutic against inflammatory arthritis in mice. Science
332(6028):478—484. https://doi.org/10.1126/science.1199214
Liu CJ (2011) Progranulin: a promising therapeutic target for
rheumatoid arthritis. FEBS Lett 585(23):3675-3680. https://doi.
org/10.1016/j.febslet.2011.04.065

Bayry J (2011) New horizons in natural TNF-a antagonist
research. Trends Mol Med 17(10):538-540. https://doi.org/10.
1016/j.molmed.2011.06.007

Tian Q, Zhao Y, Mundra JJ, Gonzalez-Gugel E, Jian J, Uddin
SM, Liu C (2014) Three TNFR-binding domains of PGRN act
independently in inhibition of TNF-alpha binding and activity.
Front Biosci (Landmark Ed) 1(19):1176-1185. https://doi.org/10.
2741/4274

Zhao YP, Tian QY, Liu CJ (2013) Progranulin deficiency exag-
gerates, whereas progranulin-derived Atsttrin attenuates, severity
of dermatitis in mice. FEBS Lett 587(12):1805-1810. https://doi.
org/10.1016/j.febslet.2013.04.037

Ding H, Wei J, Zhao Y, Liu Y, Liu L, Cheng L (2017) Progranulin
derived engineered protein Atsttrin suppresses TNF-a-mediated

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

inflammation in intervertebral disc degenerative disease. Onco-
target 8(65):109692—109702. https://doi.org/10.18632/oncotarget.
22766

Liu L, Qu Y, Liu Y, Zhao H, Ma HC, Noor AF, Ji CJ, Nie L, Si
M, Cheng L (2019) Atsttrin reduces lipopolysaccharide-induced
neuroinflammation by inhibiting the nuclear factor kappa B sign-
aling pathway. Neural Regen Res 14(11):1994-2002. https://doi.
org/10.4103/1673-5374.259623

Dauer W, Przedborski S (2003) Parkinson’s disease: mechanisms
and models. Neuron 39(6):889-909. https://doi.org/10.1016/
50896-6273(03)00568-3

Duty S, Jenner P (2011) Animal models of Parkinson’s dis-
ease: a source of novel treatments and clues to the cause of the
disease. Br J Pharmacol 164(4):1357-1391. https://doi.org/10.
1111/j.1476-5381.2011.01426.x

National Research Council (US) Subcommittee on laboratory
animal nutrition (1995) Nutrient Requirements of Laboratory
Animals: Fourth Revised Edition. Washington (DC): National
Academies Press (US)

Leussis MP, Bolivar VJ (2006) Habituation in rodents: a review
of behavior, neurobiology, and genetics. Neurosci Biobehav Rev
30(7):1045-1064. https://doi.org/10.1016/j.neubiorev.2006.03.
006

Wells DJ (2011) Animal welfare and the 3Rs in European bio-
medical research. Ann N 'Y Acad Sci 1245:14-16. https://doi.
org/10.1111/.1749-6632.2011.06335.x

Flecknell P (2002) Replacement, reduction and refinement.
Altex 19(2):73-78

Fornari RV, Wichmann R, Atsak P, Atucha E, Barsegyan A,
Beldjoud H, Messanvi F, Thuring CM, Roozendaal B (2012)
Rodent stereotaxic surgery and animal welfare outcome
improvements for behavioral neuroscience. J Vis Exp 59:3528.
https://doi.org/10.3791/3528

Miyamoto Y, Katayama S, Shigematsu N, Nishi A, Fukuda
T (2018) Striosome-based map of the mouse striatum that is
conformable to both cortical afferent topography and uneven
distributions of dopamine D1 and D2 receptor-expressing cells.
Brain Struct Funct 223(9):4275-4291. https://doi.org/10.1007/
s00429-018-1749-3

Hintiryan H, Foster NN, Bowman I, Bay M, Song MY, Gou
L, Yamashita S, Bienkowski MS, Zingg B, Zhu M, Yang XW,
Shih JC, Toga AW, Dong HW (2016) The mouse cortico-striatal
projectome. Nat Neurosci 19(8):1100-1114. https://doi.org/10.
1038/nn.4332

Landeck N, Conti Mazza M, Duffy M, Bishop C, Sortwell CE,
Cookson MR (2021) Stereotaxic intracranial delivery of chemi-
cals, proteins or viral vectors to study Parkinson’s disease. J
Vis Exp (168) https://doi.org/10.3791/62128. https://doi.org/10.
3791/62128

Serdar CC, Cihan M, Yiicel D, Serdar MA (2021) Sample
size, power and effect size revisited: simplified and practical
approaches in pre-clinical, clinical and laboratory studies. Bio-
chem Med (Zagreb) 31(1):010502. https://doi.org/10.11613/
BM.2021.010502

Paxinos G, Franklin KBJ (2001) The mouse brain in stere-
otaxic coordinates, 2nd Edition. Academic Press: San Diego
CA USA

Przedborski S, Jackson-Lewis V, Djaldetti R, Liberatore G, Vila
M, Vukosavic S, Almer G (2000) The parkinsonian toxin MPTP:
action and mechanism. Restor Neurol Neurosci 16(2):135-142
Meredith GE, Rademacher DJ (2011) MPTP mouse models of
Parkinson’s disease: an update. J Parkinsons Dis 1(1):19-33.
https://doi.org/10.3233/JPD-2011-11023

Petroske E, Meredith GE, Callen S, Totterdell S, Lau YS (2001)
Mouse model of Parkinsonism: a comparison between subacute
MPTP and chronic MPTP/probenecid treatment. Neuroscience

@ Springer


https://doi.org/10.1038/nature05016
https://doi.org/10.1038/nature05017
https://doi.org/10.1038/nature05017
https://doi.org/10.1186/s11658-022-00360-6
https://doi.org/10.1186/s11658-022-00360-6
https://doi.org/10.1016/j.tips.2021.11.015
https://doi.org/10.1016/j.tips.2021.11.015
https://doi.org/10.1083/jcb.200712039
https://doi.org/10.1016/j.neurobiolaging.2013.04.022
https://doi.org/10.1172/JCI63113
https://doi.org/10.1038/nrn.2017.36
https://doi.org/10.1126/science.1199214
https://doi.org/10.1016/j.febslet.2011.04.065
https://doi.org/10.1016/j.febslet.2011.04.065
https://doi.org/10.1016/j.molmed.2011.06.007
https://doi.org/10.1016/j.molmed.2011.06.007
https://doi.org/10.2741/4274
https://doi.org/10.2741/4274
https://doi.org/10.1016/j.febslet.2013.04.037
https://doi.org/10.1016/j.febslet.2013.04.037
https://doi.org/10.18632/oncotarget.22766
https://doi.org/10.18632/oncotarget.22766
https://doi.org/10.4103/1673-5374.259623
https://doi.org/10.4103/1673-5374.259623
https://doi.org/10.1016/s0896-6273(03)00568-3
https://doi.org/10.1016/s0896-6273(03)00568-3
https://doi.org/10.1111/j.1476-5381.2011.01426.x
https://doi.org/10.1111/j.1476-5381.2011.01426.x
https://doi.org/10.1016/j.neubiorev.2006.03.006
https://doi.org/10.1016/j.neubiorev.2006.03.006
https://doi.org/10.1111/j.1749-6632.2011.06335.x
https://doi.org/10.1111/j.1749-6632.2011.06335.x
https://doi.org/10.3791/3528
https://doi.org/10.1007/s00429-018-1749-3
https://doi.org/10.1007/s00429-018-1749-3
https://doi.org/10.1038/nn.4332
https://doi.org/10.1038/nn.4332
https://doi.org/10.3791/62128
https://doi.org/10.3791/62128
https://doi.org/10.3791/62128
https://doi.org/10.11613/BM.2021.010502
https://doi.org/10.11613/BM.2021.010502
https://doi.org/10.3233/JPD-2011-11023

Molecular Neurobiology

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

106(3):589-601. https://doi.org/10.1016/50306-4522(01)
00295-0

Chomeczynski P, Sacchi N (1987) Single-step method of RNA
isolation by acid guanidinium thiocyanate-phenol-chloroform
extraction. Anal Biochem 162(1):156-159. https://doi.org/10.
1006/abio.1987.9999

Pfatfl MW (2001) A new mathematical model for relative quantifi-
cation in real-time RT-PCR. Nucleic Acids Res 29(9):e45. https://
doi.org/10.1093/nar/29.9.e45

Bloem BR, Okun MS, Klein C (2021) Parkinson’s disease. Lancet
397(10291):2284-2303. https://doi.org/10.1016/S0140-6736(21)
00218-X

Hirsch EC, Hunot S (2009) Neuroinflammation in Parkinson’s
disease: a target for neuroprotection? Lancet Neurol 8(4):382—
397. https://doi.org/10.1016/S1474-4422(09)70062-6

Lee Y, Lee S, Chang SC, Lee J (2019) Significant roles of neu-
roinflammation in Parkinson’s disease: therapeutic targets for
PD prevention. Arch Pharm Res 42(5):416-425. https://doi.org/
10.1007/s12272-019-01133-0

Barua NU, Gill SS, Love S (2014) Convection-enhanced drug
delivery to the brain: therapeutic potential and neuropathologi-
cal considerations. Brain Pathol 24(2):117-127. https://doi.org/
10.1111/bpa.12082

Harris JP, Burrell JC, Struzyna LA, Chen HI, Serruya MD,
Wolf JA, Duda JE, Cullen DK (2020) Emerging regenerative
medicine and tissue engineering strategies for Parkinson’s
disease. NPJ Parkinsons Dis 8(6):4. https://doi.org/10.1038/
s41531-019-0105-5

Wei JL, Fu W, Ding YJ, Hettinghouse A, Lendhey M, Schwar-
zkopf R, Kennedy OD, Liu CJ (2017) Progranulin derivative
Atsttrin protects against early osteoarthritis in mouse and rat
models. Arthritis Res Ther 19(1):280. https://doi.org/10.1186/
s13075-017-1485-8

Zhao YP, Liu B, Tian QY, Wei JL, Richbourgh B, Liu CJ (2015)
Progranulin protects against osteoarthritis through interacting with
TNF-a and p-Catenin signalling. Ann Rheum Dis 74(12):2244—
2253. https://doi.org/10.1136/annrheumdis-2014-205779

Flood PM, Qian L, Peterson LJ, Zhang F, Shi JS, Gao HM, Hong
JS (2011) Transcriptional factor NF-kB as a target for therapy in
Parkinson’s disease. Parkinsons Dis 2011:216298. https://doi.org/
10.4061/2011/216298

Shen YQ, Hebert G, Lin LY, Luo YL, Moze E, Li KS, Neveu PJ
(2005) Interleukine-1beta and interleukine-6 levels in striatum and
other brain structures after MPTP treatment: influence of behav-
ioral lateralization. J Neuroimmunol 158(1-2):14-25. https://doi.
org/10.1016/j.jneuroim.2004.06.011

Karpenko MN, Vasilishina AA, Gromova EA, Muruzheva ZM,
Miliukhina IV, Bernadotte A (2018) Interleukin-1p, interleukin-1
receptor antagonist, interleukin-6, interleukin-10, and tumor
necrosis factor-a levels in CSF and serum in relation to the clini-
cal diversity of Parkinson’s disease. Cell Immunol 327:77-82.
https://doi.org/10.1016/j.cellimm.2018.02.011

Mogi M, Harada M, Kondo T, Riederer P, Inagaki H, Minami
M, Nagatsu T (1994) Interleukin-1 beta, interleukin-6, epidermal
growth factor and transforming growth factor-alpha are elevated
in the brain from parkinsonian patients. Neurosci Lett 180(2):147—
150. https://doi.org/10.1016/0304-3940(94)90508-8

Koprich JB, Reske-Nielsen C, Mithal P, Isacson O (2008) Neu-
roinflammation mediated by IL-1beta increases susceptibility of
dopamine neurons to degeneration in an animal model of Parkin-
son’s disease. J Neuroinflammation 27(5):8. https://doi.org/10.
1186/1742-2094-5-8

Pott Godoy MC, Tarelli R, Ferrari CC, Sarchi MI, Pitossi FJ
(2008) Central and systemic IL-1 exacerbates neurodegeneration
and motor symptoms in a model of Parkinson’s disease. Brain
131(Pt 7):1880-1894. https://doi.org/10.1093/brain/awn101

Springer

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Lee E, Hwang I, Park S, Hong S, Hwang B, Cho Y, Son J, Yu
JW (2019) MPTP-driven NLRP3 inflammasome activation in
microglia plays a central role in dopaminergic neurodegenera-
tion. Cell Death Differ 26(2):213-228. https://doi.org/10.1038/
s41418-018-0124-5

Onaolapo AY, Onaolapo OJ (2021) Peripheral and Central gluta-
mate dyshomeostasis in neurodegenerative disorders. Curr Neu-
ropharmacol 19(7):1069-1089. https://doi.org/10.2174/15701
59X18666201015161919

Mogi M, Togari A, Tanaka K, Ogawa N, Ichinose H, Nagatsu T
(1999) Increase in level of tumor necrosis factor (TNF)-alpha in
6-hydroxydopamine-lesioned striatum in rats without influence
of systemic L-DOPA on the TNF-alpha induction. Neurosci Lett
268(2):101-104. https://doi.org/10.1016/s0304-3940(99)00388-2
Kouchaki E, Kakhaki RD, Tamtaji OR, Dadgostar E, Behnam
M, Nikoueinejad H, Akbari H (2018) Increased serum levels of
TNF-o and decreased serum levels of IL-27 in patients with Par-
kinson disease and their correlation with disease severity. Clin
Neurol Neurosurg 166:76-79. https://doi.org/10.1016/j.clineuro.
2018.01.022

Sriram K, Matheson JM, Benkovic SA, Miller DB, Luster MI,
O’Callaghan JP (2002) Mice deficient in TNF receptors are pro-
tected against dopaminergic neurotoxicity: implications for Par-
kinson’s disease. FASEB J 16(11):1474-1476. https://doi.org/10.
1096/1j.02-0216fje

Ferger B, Leng A, Mura A, Hengerer B, Feldon J (2004) Genetic
ablation of tumor necrosis factor-alpha (TNF-alpha) and pharma-
cological inhibition of TNF-synthesis attenuates MPTP toxicity
in mouse striatum. J Neurochem 89(4):822-833. https://doi.org/
10.1111/5.1471-4159.2004.02399.x

Li XZ, Bai LM, Yang YP, Luo WF, Hu WD, Chen JP, Mao CJ, Liu
CF (2009) Effects of IL-6 secreted from astrocytes on the survival
of dopaminergic neurons in lipopolysaccharide-induced inflam-
mation. Neurosci Res 65(3):252-258. https://doi.org/10.1016/j.
neures.2009.07.007

Miiller T, Blum-Degen D, Przuntek H, Kuhn W (1998) Interleu-
kin-6 levels in cerebrospinal fluid inversely correlate to severity
of Parkinso’s disease. Acta Neurol Scand 98(2):142—144. https://
doi.org/10.1111/j.1600-0404.1998.tb01736.x

Kushima Y, Hama T, Hatanaka H (1992) Interleukin-6 as a neu-
rotrophic factor for promoting the survival of cultured catechola-
minergic neurons in a chemically defined medium from fetal and
postnatal rat midbrains. Neurosci Res 13(4):267-280. https://doi.
org/10.1016/0168-0102(92)90039-f

Bolin LM, Strycharska-Orczyk I, Murray R, Langston JW, Di
Monte D (2002) Increased vulnerability of dopaminergic neu-
rons in MPTP-lesioned interleukin-6 deficient mice. J Neurochem
83(1):167-175. https://doi.org/10.1046/.1471-4159.2002.01131.x
Daubner SC, Le T, Wang S (2011) Tyrosine hydroxylase and regu-
lation of dopamine synthesis. Arch Biochem Biophys 508(1):1—
12. https://doi.org/10.1016/j.abb.2010.12.017

Keillor JW, Johnson GVW (2021) Transglutaminase 2 as a
therapeutic target for neurological conditions. Expert Opin Ther
Targets 25(9):721-731. https://doi.org/10.1080/14728222.2021.
1989410

Hong GU, Cho JW, Kim SY, Shin JH, RoJY (2018) Inflammatory
mediators resulting from transglutaminase 2 expressed in mast
cells contribute to the development of Parkinson’s disease in a
mouse model. Toxicol Appl Pharmacol 1(358):10-22. https://doi.
org/10.1016/j.taap.2018.09.003

Mitsumoto Y, Watanabe A, Mori A, Koga N (1998) Sponta-
neous regeneration of nigrostriatal dopaminergic neurons in
MPTP-treated C57BL/6 mice. Biochem Biophys Res Commun
248(3):660-663. https://doi.org/10.1006/bbrc.1998.8986
Fujimori H, Ohba T, Nakamura S, Shimazawa M, Hara H (2023)
The involvement of progranulin for a-synuclein reduction through


https://doi.org/10.1016/s0306-4522(01)00295-0
https://doi.org/10.1016/s0306-4522(01)00295-0
https://doi.org/10.1006/abio.1987.9999
https://doi.org/10.1006/abio.1987.9999
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1016/S0140-6736(21)00218-X
https://doi.org/10.1016/S0140-6736(21)00218-X
https://doi.org/10.1016/S1474-4422(09)70062-6
https://doi.org/10.1007/s12272-019-01133-0
https://doi.org/10.1007/s12272-019-01133-0
https://doi.org/10.1111/bpa.12082
https://doi.org/10.1111/bpa.12082
https://doi.org/10.1038/s41531-019-0105-5
https://doi.org/10.1038/s41531-019-0105-5
https://doi.org/10.1186/s13075-017-1485-8
https://doi.org/10.1186/s13075-017-1485-8
https://doi.org/10.1136/annrheumdis-2014-205779
https://doi.org/10.4061/2011/216298
https://doi.org/10.4061/2011/216298
https://doi.org/10.1016/j.jneuroim.2004.06.011
https://doi.org/10.1016/j.jneuroim.2004.06.011
https://doi.org/10.1016/j.cellimm.2018.02.011
https://doi.org/10.1016/0304-3940(94)90508-8
https://doi.org/10.1186/1742-2094-5-8
https://doi.org/10.1186/1742-2094-5-8
https://doi.org/10.1093/brain/awn101
https://doi.org/10.1038/s41418-018-0124-5
https://doi.org/10.1038/s41418-018-0124-5
https://doi.org/10.2174/1570159X18666201015161919
https://doi.org/10.2174/1570159X18666201015161919
https://doi.org/10.1016/s0304-3940(99)00388-2
https://doi.org/10.1016/j.clineuro.2018.01.022
https://doi.org/10.1016/j.clineuro.2018.01.022
https://doi.org/10.1096/fj.02-0216fje
https://doi.org/10.1096/fj.02-0216fje
https://doi.org/10.1111/j.1471-4159.2004.02399.x
https://doi.org/10.1111/j.1471-4159.2004.02399.x
https://doi.org/10.1016/j.neures.2009.07.007
https://doi.org/10.1016/j.neures.2009.07.007
https://doi.org/10.1111/j.1600-0404.1998.tb01736.x
https://doi.org/10.1111/j.1600-0404.1998.tb01736.x
https://doi.org/10.1016/0168-0102(92)90039-f
https://doi.org/10.1016/0168-0102(92)90039-f
https://doi.org/10.1046/j.1471-4159.2002.01131.x
https://doi.org/10.1016/j.abb.2010.12.017
https://doi.org/10.1080/14728222.2021.1989410
https://doi.org/10.1080/14728222.2021.1989410
https://doi.org/10.1016/j.taap.2018.09.003
https://doi.org/10.1016/j.taap.2018.09.003
https://doi.org/10.1006/bbrc.1998.8986

Molecular Neurobiology

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

autolysosome formation. Biol Pharm Bull 46(8):1032-1040.
https://doi.org/10.1248/bpb.b22-00711

Grosso H, Woo JM, Lee KW, Im JY, Masliah E, Junn E, Moura-
dian MM (2014) Transglutaminase 2 exacerbates a-synuclein
toxicity in mice and yeast. FASEB J 28(10):4280-4291. https://
doi.org/10.1096/fj.14-251413

Vermes I, Steur EN, Jirikowski GF, Haanen C (2004) Ele-
vated concentration of cerebrospinal fluid tissue transglutami-
nase in Parkinson’s disease indicating apoptosis. Mov Disord
19(10):1252-1254. https://doi.org/10.1002/mds.20197

Latif S, Jahangeer M, Maknoon Razia D, Ashiq M, Ghaffar A,
Akram M, El Allam A, Bouyahya A, Garipova L, Ali Shariati M,
Thiruvengadam M, Azam AM (2021) Dopamine in Parkinson’s
disease. Clin Chim Acta 522:114-126. https://doi.org/10.1016/j.
cca.2021.08.009

Przedborski S, Jackson-Lewis V (1998) Mechanisms of MPTP
toxicity. Mov Disord 13(Suppl 1):35-38

Van Kampen JM, Baranowski D, Kay DG (2014) Progranulin
gene delivery protects dopaminergic neurons in a mouse model
of Parkinson’s disease. PLoS ONE 9(5):¢97032. https://doi.org/
10.1371/journal.pone.0097032

Nakajima A, Yamada K, Nagai T, Uchiyama T, Miyamoto
Y, Mamiya T, He J, Nitta A, Mizuno M, Tran MH, Seto A,
Yoshimura M, Kitaichi K, Hasegawa T, Saito K, Yamada Y,
Seishima M, Sekikawa K, Kim HC, Nabeshima T (2004) Role of
tumor necrosis factor-alpha in methamphetamine-induced drug
dependence and neurotoxicity. J Neurosci 24(9):2212-2225.
https://doi.org/10.1523/JNEUROSCI.4847-03.2004

Chertoff M, Di Paolo N, Schoeneberg A, Depino A, Ferrari C,
Wurst W, Pfizenmaier K, Eisel U, Pitossi F (2011) Neuroprotec-
tive and neurodegenerative effects of the chronic expression of
tumor necrosis factor a in the nigrostriatal dopaminergic circuit of
adult mice. Exp Neurol 227(2):237-251. https://doi.org/10.1016/j.
expneurol.2010.11.010

Scalzo P, Kiimmer A, Cardoso F, Teixeira AL (2009) Increased
serum levels of soluble tumor necrosis factor-alpha receptor-1 in
patients with Parkinson’s disease. J Neuroimmunol 216(1-2):122—
125. https://doi.org/10.1016/j.jneuroim.2009.08.001

Amin R, Quispe C, Docea AO, Ydyrys A, Kulbayeva M, Durna
Dastan S, Calina D, Sharifi-Rad J (2022) The role of tumour
necrosis factor in neuroinflammation associated with Parkin-
son’s disease and targeted therapies. Neurochem Int 158:105376.
https://doi.org/10.1016/j.neuint.2022.105376

Probert L (2015) TNF and its receptors in the CNS: The essential,
the desirable and the deleterious effects. Neuroscience 27(302):2—
22. https://doi.org/10.1016/j.neuroscience.2015.06.038

Lewitus GM, Pribiag H, Duseja R, St-Hilaire M, Stellwagen D
(2014) An adaptive role of TNF« in the regulation of striatal
synapses. J Neurosci 34(18):6146-6155. https://doi.org/10.1523/
JNEUROSCI.3481-13.2014

Paredes-Rodriguez E, Vegas-Suarez S, Morera-Herreras T, De
Deurwaerdere P, Miguelez C (2020) The noradrenergic system in
Parkinson’s disease. Front Pharmacol 8(11):435. https://doi.org/
10.3389/fphar.2020.00435

Giorgi FS, Biagioni F, Galgani A, Pavese N, Lazzeri G, Fornai F
(2020) Locus coeruleus modulates neuroinflammation in parkin-
sonism and dementia. Int J Mol Sci 21(22):8630. https://doi.org/
10.3390/ijms21228630

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Marien M, Briley M, Colpaert F (1993) Noradrenaline deple-
tion exacerbates MPTP-induced striatal dopamine loss in mice.
Eur J Pharmacol 236(3):487—489. https://doi.org/10.1016/0014-
2999(93)90489-5

Bari BA, Chokshi V, Schmidt K (2020) Locus coeruleus-norep-
inephrine: basic functions and insights into Parkinson’s disease.
Neural Regen Res 15(6):1006—1013. https://doi.org/10.4103/
1673-5374.270297

Baloyannis SJ, Costa V, Baloyannis IS (2006) Morphological
alterations of the synapses in the locus coeruleus in Parkinson’s
disease. J Neurol Sci 248(1-2):35-41. https://doi.org/10.1016/j.
jns.2006.05.006

Pasquini J, Ceravolo R, Brooks DJ, Bonuccelli U, Pavese N (2020)
Progressive loss of raphe nuclei serotonin transporter in early Par-
kinson’s disease: a longitudinal '2*I-FP-CIT SPECT study. Parkin-
sonism Relat Disord 77:170-175. https://doi.org/10.1016/j.parkr
eldis.2019.03.025

Qamhawi Z, Towey D, Shah B, Pagano G, Seibyl J, Marek K,
Borghammer P, Brooks DJ, Pavese N (2015) Clinical correlates of
raphe serotonergic dysfunction in early Parkinson’s disease. Brain
138(Pt 10):2964-2973. https://doi.org/10.1093/brain/awv215
Pifl C, Schingnitz G, Hornykiewicz O (1991) Effect of
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine on the regional
distribution of brain monoamines in the rhesus monkey. Neuro-
science 44(3):591-605. https://doi.org/10.1016/0306-4522(91)
90080-8

Alberico SL, Cassell MD, Narayanan NS (2015) The vulner-
able ventral tegmental area in Parkinson’s disease. Basal Ganglia
5(2-3):51-55. https://doi.org/10.1016/j.baga.2015.06.001.PMID:
26251824;PMCID:PMC4523275

Hughes LE, Barker RA, Owen AM, Rowe JB (2010) Parkinson’s
disease and healthy aging: independent and interacting effects on
action selection. Hum Brain Mapp 31(12):1886—1899. https://doi.
org/10.1002/hbm.20979

Politis M, Niccolini F (2015) Serotonin in Parkinson’s disease.
Behav Brain Res 15(277):136-145. https://doi.org/10.1016/j.bbr.
2014.07.037

Alex KD, Yavanian GJ, McFarlane HG, Pluto CP, Pehek EA
(2005) Modulation of dopamine release by striatal 5-HT2C recep-
tors. Synapse 55(4):242-251. https://doi.org/10.1002/syn.20109
Burke DA, Alvarez VA (2022) Serotonin receptors contribute to
dopamine depression of lateral inhibition in the nucleus accum-
bens. Cell Rep 39(6):110795. https://doi.org/10.1016/j.celrep.
2022.110795

Gronier B (2008) Involvement of glutamate neurotransmission
and N-methyl-d-aspartate receptor in the activation of midbrain
dopamine neurons by 5-HT1A receptor agonists: an electrophysi-
ological study in the rat. Neuroscience 156(4):995-1004. https://
doi.org/10.1016/j.neuroscience.2008.08.033

Chen Q, Wu Z, Xie L (2022) Progranulin is essential for bone
homeostasis and immunology. Ann N'Y Acad Sci 1518(1):58-68.
https://doi.org/10.1111/nyas.14905

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1248/bpb.b22-00711
https://doi.org/10.1096/fj.14-251413
https://doi.org/10.1096/fj.14-251413
https://doi.org/10.1002/mds.20197
https://doi.org/10.1016/j.cca.2021.08.009
https://doi.org/10.1016/j.cca.2021.08.009
https://doi.org/10.1371/journal.pone.0097032
https://doi.org/10.1371/journal.pone.0097032
https://doi.org/10.1523/JNEUROSCI.4847-03.2004
https://doi.org/10.1016/j.expneurol.2010.11.010
https://doi.org/10.1016/j.expneurol.2010.11.010
https://doi.org/10.1016/j.jneuroim.2009.08.001
https://doi.org/10.1016/j.neuint.2022.105376
https://doi.org/10.1016/j.neuroscience.2015.06.038
https://doi.org/10.1523/JNEUROSCI.3481-13.2014
https://doi.org/10.1523/JNEUROSCI.3481-13.2014
https://doi.org/10.3389/fphar.2020.00435
https://doi.org/10.3389/fphar.2020.00435
https://doi.org/10.3390/ijms21228630
https://doi.org/10.3390/ijms21228630
https://doi.org/10.1016/0014-2999(93)90489-5
https://doi.org/10.1016/0014-2999(93)90489-5
https://doi.org/10.4103/1673-5374.270297
https://doi.org/10.4103/1673-5374.270297
https://doi.org/10.1016/j.jns.2006.05.006
https://doi.org/10.1016/j.jns.2006.05.006
https://doi.org/10.1016/j.parkreldis.2019.03.025
https://doi.org/10.1016/j.parkreldis.2019.03.025
https://doi.org/10.1093/brain/awv215
https://doi.org/10.1016/0306-4522(91)90080-8
https://doi.org/10.1016/0306-4522(91)90080-8
https://doi.org/10.1016/j.baga.2015.06.001.PMID:26251824;PMCID:PMC4523275
https://doi.org/10.1016/j.baga.2015.06.001.PMID:26251824;PMCID:PMC4523275
https://doi.org/10.1002/hbm.20979
https://doi.org/10.1002/hbm.20979
https://doi.org/10.1016/j.bbr.2014.07.037
https://doi.org/10.1016/j.bbr.2014.07.037
https://doi.org/10.1002/syn.20109
https://doi.org/10.1016/j.celrep.2022.110795
https://doi.org/10.1016/j.celrep.2022.110795
https://doi.org/10.1016/j.neuroscience.2008.08.033
https://doi.org/10.1016/j.neuroscience.2008.08.033
https://doi.org/10.1111/nyas.14905

	Dose-Ranging Effects of the Intracerebral Administration of Atsttrin in Experimental Model of Parkinson’s Disease Induced by 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in Mice
	Abstract
	Introduction
	Materials and Methods
	Animals
	Experimental Design
	Stereotactic Injections
	MPTP Intoxication
	Tissue Dissection and Preparation
	Real-Time PCR Analysis
	HPLC Analysis
	Statistical Analysis

	Results
	Effect of the Increasing Doses of Atsttrin on the mRNA Expression Level of Selected Mediators and Enzymes
	Evaluation and Assessment of the IL-1α Expression Level
	Evaluation and Assessment of the TNFα Expression Level
	Evaluation and Assessment of the IL-6 Expression Level
	Evaluation and Assessment of the TH Expression Level
	Evaluation and Assessment of the TG2 Expression Level

	Effect of Increasing Doses of Atsttrin on the Concentration Level of Monoamines
	Evaluation and Assessment of the Dopaminergic System
	Evaluation and Assessment of the Noradrenergic System
	Evaluation and Assessment of the Serotonergic System


	Discussion
	Acknowledgements 
	References


