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Abstract: Parkinson’s disease (PD) is the most common movement disorder, characterized by the
progressive loss of dopaminergic neurons from the nigrostriatal system. Currently, there is no treat-
ment that retards disease progression or reverses damage prior to the time of clinical diagnosis.
Mesenchymal stem cells (MSCs) are one of the most extensively studied cell sources for regenerative
medicine applications, particularly due to the release of soluble factors and vesicles, known as secre-
tome. The main goal of this work was to address the therapeutic potential of the secretome collected
from bone-marrow-derived MSCs (BM-MSCs) using different models of the disease. Firstly, we took
advantage of an optimized human midbrain-specific organoid system to model PD in vitro using
a neurotoxin-induced model through 6-hydroxydopamine (6-OHDA) exposure. In vivo, we evalu-
ated the effects of BM-MSC secretome comparing two different routes of secretome administration:
intracerebral injections (a two-site single administration) against multiple systemic administration.
The secretome of BM-MSCs was able to protect from dopaminergic neuronal loss, these effects being
more evident in vivo. The BM-MSC secretome led to motor function recovery and dopaminergic loss
protection; however, multiple systemic administrations resulted in larger therapeutic effects, making
this result extremely relevant for potential future clinical applications.

Keywords: mesenchymal stem cells; brain organoids; stem cell secretome; Parkinson’s disease;
pre-clinical study; neurodegeneration

1. Introduction

Parkinson’s disease (PD) is recognized as a multi-systemic neurodegenerative disorder
with motor and non-motor features resulting from a severely perturbed neurotransmit-
ter system. Neuronal loss in the substantia nigra pars compacta (SNpc), which causes
striatal dopamine (DA) deficiency, and intracellular inclusions containing aggregates of
α-synuclein are the main neuropathological hallmarks of PD [1,2]. Multiple other cell types
of the central and peripheral autonomic nervous system are also affected, most likely from
the beginning of the disease [1]. Motor dysfunctions largely depend on the denervation of
the nigrostriatal pathway. Therefore, the treatment of PD is anchored on DA pharmacologi-
cal substitution in addition to non-dopaminergic approaches to address both motor and
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non-motor symptoms, as well as deep brain stimulation for those developing levodopa-
related motor complications [3]. Although clinical improvements can be achieved, most of
the current approaches lead to the development of serious side effects and are only effective
in a subset of affected individuals for a restricted time window [4]. Moreover, none of them
can ameliorate the neuropathological processes leading to progressive cell death. Mes-
enchymal stem cell (MSC)-based approaches have been suggested as promising therapeutic
alternatives for neurodegenerative disorders due to their inherent characteristics [5]. MSCs
are a heterogeneous group of multipotent cells, known for their non-tumorigenicity and
immunomodulatory properties, that can be isolated from numerous adult tissues being able
to grow at numbers required for clinical usage under good-manufacturing practices (GMP)
compliance without major ethical issues [6]. The beneficial effects of MSCs were primarily
attributed to their ability to engraft and differentiate into multiple tissue types, including
dopaminergic neurons. However, recent evidence has revealed that implanted cells do not
survive for long periods and that the benefits of MSC therapy are associated with their
paracrine activity [6,7]. In recent years, compelling evidence has brought attention to the
array of bioactive molecules produced by MSCs, collectively known as secretome [6,8,9].
Indeed, different studies have demonstrated that secretome-derived products from MSCs
have neuroregulatory actions on key pathological processes that are associated with basic
homeostatic functions, such as cell differentiation and proliferation, angiogenesis and
vasculogenesis, inflammation, and oxidative stress [8,10]. Nevertheless, the design of inno-
vative disease-modifying therapies for PD requires the use of experimental models that
better recapitulate the pathophysiological mechanisms underlying dopaminergic degener-
ation. Therefore, the use of in vitro models provides unique opportunities for assessing
molecular aspects of neurodegeneration and for the identification of novel therapeutic
strategies [11]. The discovery of induced pluripotent stem cells (iPSCs) revolutionized the
stem cell field, allowing the use of human models to study a variety of diseases, including
PD [12]. Traditionally, iPSCs have been cultured using 2D techniques that do not fully
represent complex tissues like the human brain. In recent years, the generation of 3D
in vitro models of complete organs—the so-called organoids—emerged as a promising
disease model [13]. These complex in vitro systems mimic organ architecture and function
and have been shown to model different neurological disorders [14]. Concerning PD, only
a few studies used human midbrain-specific organoids (hMOS); however, they proved
that organoids can be used to model aspects of PD-related neuronal pathology [15–17].
Furthermore, the evaluation of potential new treatments for PD employing brain organoids
is still in its infancy, with only a few published studies demonstrating the need for further
investigations [18–21].

For the past decade, our lab has shown that intracerebral injections of bone-marrow-
derived MSCs (BM-MSCs) secretome were able to protect dopaminergic neurons in injured
areas and induce partial motor function recovery in a complete lesion of a 6-hyrdoxydopamine
(6-OHDA) rat model of PD [22,23]. Despite these promising outcomes, brain local infusion
approaches are invasive and have disadvantages such as high cost, risk of infection, and a
limited delivery brain area [24]. On the other hand, the use of noninvasive systems for MSC
secretome delivery, such as systemic administration through intravenous injections, could
avoid these problems and may be more easily implemented in clinical settings. Nevertheless,
a straight comparison between these two modes of administration in PD-injured animals
has never been conducted. Therefore, in the present study, we used an optimized midbrain
organoid system as an in vitro paradigm to model dopaminergic degeneration and studied the
impacts of BM-MSCs secretome. Furthermore, the efficacy of intracerebral injections (single
administration in two sites) with multiple systemic administrations of BM-MSC secretome
was compared using a unilateral intrastriatal 6-OHDA PD mouse model.
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2. Materials and Methods
2.1. BM-MSC Culture, Secretome Collection and Concentration

Human bone marrow-derived MSCs (BM-MSCs; Lonza, Basel, Switzerland) were
thawed and seeded into T75 cm2 tissue culture flasks and expanded in MesenCult™-
ACF Plus Medium (STEMCELL Technologies, Vancouver, BC, Canada) for the in vitro
study and expanded in Minimum Essential Medium α (α-MEM; ThermoFisher Scientifc,
Waltham, MA, USA) supplemented with 5% human platelet lysate (HPL) (PL Biosciences,
Aachen, Germany), 1% Pen-Strep (Gibco, Grand Island, NY, USA), and 1.8 mM heparin
(B.Braun, Melsungen, Germany) for the in vivo experiments. The medium was renewed
every 3 days and upon confluence, cells were dissociated using Animal Component-Free
Cell Dissociation Kit (STEMCELL Technologies) for BM-MSCs growing in MesenCult
medium according to the manufacturer’s instructions or dissociated using 0.05% trypsin-
EDTA solution (ThermoFisher Scientific, Waltham, MA, USA) for BM-MSCs growing in
α-MEM 5% hPL. The BM-MSCs used in this work were phenotypically characterized by
our laboratory, being positive for the standard MSC markers CD73, CD90, and CD105, and
negative for CD45 and HLA-DR. The functional characterization was also evaluated by
chondrogenic, osteogenic, and adipogenic differentiation [25].

For all experiments, the secretome of BM-MSCs was collected under the form of
conditioned medium (CM) in passage 8 (P8) according to protocols already established in
our laboratory [21,22]. Briefly, 5000 cells/cm2 were seeded and expanded for 72 h in the
respective growth media. On the conditioning day, cells were washed 5 times with PBS
without Ca2+/Mg2+ (Invitrogen, Waltham, MA, USA) and incubated with Neurobasal A
medium (ThermoFisher Scientific) supplemented with 1% kanamycin (Life Technologies,
Carlsbad, CA, USA). After 24 h, the media containing the factors secreted by BM-MSCs
were collected and centrifuged at 1200 rpm for 10 min at 4 ◦C to remove any cell debris. For
both studies (in vitro and in vivo), the secretome was 100× concentrated by centrifugation
using a 5 kDa cut-off concentrator (Vivaspin, GE Healthcare, Hatfield, UK), and frozen at
−80 ◦C until used.

2.2. Neuroepithelial Stem Cell Derivation and Generation of Midbrain Organoids

All work with human stem cells was carried out after approval of the national ethics
board, Comité National d’Ethique de Recherche (CNER), under the approval numbers
201305/04 and 201901/01 [17].

iPSCs were generated as described in the study of Reinhardt et al., [26] or bought from
Coriel, and derivation of human ventralized NESCs (hvNESCs) from iPSCs via embryonic
body formation is described in detail in the study of Smits et al. [16]. Three different
WT lines were used, namely K7 (derived from fibroblasts from an 81-year-old female),
T12 (derived from a 53-year-old female), and COR (derived from a 55-year-old male)
(Supplementary Figure S1). Briefly, hvNESCs were maintained for up to 15 passages (after
their generation from iPSCs) under maintenance medium, split at a confluency of 80%
using Accutase (ThermoFisher Scientific, USA), and seeded 600,00 cells per well on Geltrex
(ThermoFisher Scientific) coated 6-well plates. N2B27 maintenance media consisted of equal
parts of DMEM/F12 (ThermoFisher Scientific) and Neurobasal (ThermoFisher Scientific)
supplemented with L-glutamine (1:100; ThermoFisher Scientific), penicillin-streptomycin
(Pen-Strep, 1:100; ThermoFisher Scientific), N2 (1:200; ThermoFisher Scientific), and B27–
Vitamin A (1:100; ThermoFisher Scientific). N2B27 was freshly supplemented with 3 µM
CHIR 99021 (CHIR; Axon Medchem, Groningen, Netherlands), 2.5 µM SB-431542 (SB;
Ascent Scientific, London, UK), 100 nM LDN-193189 (LDN; Sigma, St. Louis, MO, USA),
0.5 µM SAG (Merck, Rahway, NJ, USA), and 200 µM ascorbic acid (AA; Sigma). All the
antibodies used to characterize hvNESCs can be found in the Supplementary Table S1.

To generate the hMOS from hvNESCs, 9000 cells were seeded per well into ultra-low
attachment 96-well round-bottom plates (Corning, Corning, NY, USA) and kept under
maintenance conditions for colony formation for 8 days. Patterning I medium consists of
maintenance medium without SB and LDN. For patterning II medium, the concentration
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of CHIR was reduced to 0.7 µM. On day 8, the 3D colonies were embedded into geltrex
droplets [27] and cultivated into non-treated 24-well tissue culture plates (CELLTREAT,
Pepperell, MA, USA) in N2B27 differentiation media (one organoid was kept per well).
Differentiation media consist in N2B27 media supplemented with 200 µM AA, 500 µM
dibutyryl cAMP (db-cAMP, Sigma), 10 ng/mL brain-derived neurotrophic factor (BDNF;
Peprotech, London, UK), 10 ng/mL glial cell-line-derived neurotrophic factor (GDNF;
Peprotech), 1 ng/mL transforming growth factor β3 (TGF-β3; Peprotech), 10 µM DAPT
(R&D Systems, Minneapolis, MN, USA), and 2.5 ng/mL Activin A (Peprotech). The
organoids were placed on an orbital shaker rotating at 80 rpm, and media was changed
every third day for 22 days as depicted in Figure 1.
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Figure 1. Derivation of hMOS from hvNESCs. (A) Schematic representation of the procedure of hMO
culture system and the generation of the neurotoxin-induced PD model to assess the neuroprotective
effects of BM-MSC secretome; and (B) growth of hMOs in culture: brightfield images of hMOS
generated from hvNESCs at different days in culture (scale bar represents 100 and 200 µm), and the
diameter size of hMOS per organoid line from day 2 to day 20. * Represents the specific time-point of
geltrex embedding with plating and shaking in 24 well plates. Error bars represent mean ± SEM.
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2.3. 6-OHDA Injury and Secretome Treatments In Vitro

6-OHDA was used to induce dopaminergic cell death. 6-OHDA treatment was per-
formed on day 30 of culture. At this time-point, robust neuronal differentiation has been
achieved in the hMO cultures. 6-OHDA hydrobromide (100 µM, calculated from freebase
weight; 162957, Sigma) was prepared on ice in the dark and dissolved in N2 media without
growth factors (DMEM/F12 with 1% N2, 1% PenStrep, and 1% Glutamax (Gibco, USA).
B27 was not added to the media, to avoid reducing the effect of 6-OHDA, due to its an-
tioxidant capacities. Because of the instability and rapid auto-oxidation of 6-OHDA, a
double-treatment was performed (two consecutive days for 24 h). After neurotoxin expo-
sure, 6-OHDA was removed, and the wells were incubated with the following conditions
for 6 days (with one media change, Figure 1A): differentiation medium N2B27 (Control+),
Neurobasal A medium (basal medium without supplementation; Control−), and BM-MSCs
conditioned medium (Secretome).

2.4. hMO Immunofluorescence Staining

At the end of experiment, hMOs were fixed with 4% paraformaldehyde (PFA) overnight
at RT and washed 3× with phosphate-buffered saline (PBS) for 15 min. Then, hMOs were
embedded in 3% low-melting point agarose in PBS and incubated for 20 min at 40 ◦C, fol-
lowed by 30 min incubation at RT. Next, 80 µm sections were cut using a vibratome (Leica
VT1000s, Wetzlar, Germany), and sections were separated into “border” and “center” to
provide an adequate spatial representation of the hMOs. The sections were permeabilized
and blocked with 0.5% Triton X-100, 2.5% normal goat serum (Invitrogen), 2.5% BSA, and
0.1% sodium azide. Sections were incubated on a shaker for 48 h at 4 ◦C with primary
antibodies in the blocking buffer containing 0.1% Triton X-100 at the following dilutions:
anti-TH from rabbit (1:1000; ab112, Abcam, Cambridge, UK), anti-TUJ1 (hybrodoma clone
to produce antibodies against beta-III tubulin) from mouse (1:600; 801201, BioLegend, San
Diego, CA, USA), anti-MAP2 from chicken (1:1000; ab5392, Abcam) and anti-Dopamine
from rabbit (1:500; IS1005, ImmuSmol, Bordeaux, France). After incubation with the pri-
mary antibodies, sections were washed three times in 0.01% Triton X-100 and incubated
with the secondary antibodies (1:1000) including a Hoechst 33342 counterstaining for nuclei
in blocking buffer with 0.01% Triton X-100. All secondary antibodies (Invitrogen) were
conjugated to Alexa Fluor fluorochromes with appropriate excitation/emission spectra
combinations. Fluorescence images were acquired on an Operetta confocal microscope
(Perkin Elmer, Waltham, MA, USA) with a 20× objective (16–20 area scans, 25 z-planes).

2.5. Image Analysis

Immunofluorescence 3D images of hMOs were analyzed in Matlab (Version 2017b,
Mathworks, Natick, MA, USA) as previously described in detail [15]. The in-house devel-
oped image analysis algorithms automate the segmentation of nuclei and neurons, with
structure-specific feature extraction. High-content image analysis workflow and the fea-
tures that are possible to extract are represented in the supplementary material section:
Figure S2 and Table S2.

2.6. Animals

Ten-weeks old male and female C57/BL6J, weighing 18–28 g at the beginning of
the experiment were used according to local regulations on animal care and experimen-
tation (European Union Directive 2010/63/EU), and with consent from the Portuguese
national authority for animal research, Direção Geral de Alimentação e Veterinária (ID:
DGAV 005,454 23/04/2025, Lisbon, Portugal) and Ethical Subcommittee in Life and Health
Sciences (SECVS; ID: SECVS-142/2016, University of Minho, Braga, Portugal). Animals
were housed in groups of 5–6 animals, in a temperature- and humidity-controlled room,
maintained on 12:12 h dark/light cycles, with access to food and water ad libitum.
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2.7. Lesion Surgery and Post-Operative Care

Mice were anesthetized by intraperitoneal injection of ketamine (75 mg/kg) plus
medetomidine (1 mg/kg) diluted in 0.9% NaCl, and placed on a stereotaxic apparatus
(Stoelting, Kiel, WI, USA). The lesioned group (n = 75) was injected unilaterally with
6 µg/µL of 6-OHDA hydrochloride (H4381, calculated from freebase weight; Sigma, USA;
dissolved in of 0.9% NaCl in 0.2 mg/mL ascorbic acid) into the dorsolateral striatum
(2 × 1.5 µL) at a rate of 300 nl/min, at the following coordinates (relative to bregma, in
mm): (i) AP = +1.0, ML = 2.1, DV = −2.9; (ii) AP = +0.3, ML = −2.3, DV = −2.9. After each
injection, the needle was left in place for 5 min for diffusion and to avoid any backflow.
The sham group (n = 15) was injected in the same conditions with the neurotoxin vehicle.
Anesthesia was reversed using atipamezole (1 mg/mL).

The animals were monitored twice a day for 14 days after surgery, and mice that
reached the established humane endpoints [28] were euthanized. During the recovery, ani-
mals were housed in a warmed room and post-operative care included the administration
of nutrients and fluids in addition to post-operative analgesia, as previously described in
detail [29].

2.8. Behavioral Assessment, Secretome Treatments and Experimental Design

Three weeks after 6-OHDA injections, animals were submitted to an initial behavioral
analysis to assess the extent of motor deficits using the beam balance walk test (round beam
11 mm), the motor swimming test, the pole test, and the rotameter test using apomorphine.
All behavioral tests were performed as previously described in detail [29]. Body weight
was also registered every week until the end of the experiments (Supplementary Figure S3).
After 2 weeks, 6-OHDA-lesioned animals were then divided with a block randomization
strategy as follows: 6-OHDA (IC Vehicle) intracerebral (IC) injections of Neurobasal A
medium; 6-OHDA (IC Secretome)—IC injections of BM-MSC CM; 6-OHDA (IV Vehicle)—
intravenous (IV) injections of Neurobasal A medium; 6-OHDA (IV Secretome)—co IV
injections of BM-MSC CM. Regarding IC injections, animals received 2 × 1.5 µL of BM-
MSC secretome and the respective vehicle in the dorsal striatum (same coordinates used
in lesion surgeries) and 1 µL in SNpc (coordinates related to bregma, in mm: AP = −3.0,
ML = 1.2, DV = −4.5). The protein concentration of the injected 100× concentrated se-
cretomes was 318 µg/mL. The total amount of protein injected per animal from the IC
Secretome group was 1.27 µg. After surgery, all animals were treated with the analgesic
buprenorphine at 0.05 mg/kg (Bupaq; Richter Pharma, Oberösterreich, Austria). The other
two groups received IV injections (3 injections in the same week of IC surgeries, and then
once a week for 7 weeks) of 100 µL (total amount of protein/IV injection: 31.8 µg) in the
tail vein. Motor behavioral analysis was performed 1, 4, and 7 weeks after treatments, and
mice were posteriorly sacrificed to proceed with brain tissue analysis.

2.9. Histological Assessment

To further evaluate the degree of dopaminergic preservation, immunohistochemical
staining for tyrosine hydroxylase (TH) was performed. For that, at the end of behavioral
analysis, animals were deeply anesthetized with a mixture of ketamine (150 mg/kg) plus
medetomidine (0.3 mg/kg), and a cohort of animals of each group was transcardially
perfused with 0.9% saline followed by 4% paraformaldehyde. Brains were collected and
transferred to a tube containing 4% PFA in PBS. After 48 h of incubation at room temperature
(RT), brains were kept in 30% sucrose in PBS containing 0.01% of sodium azide. Afterward,
brains were sectioned coronally on a vibratome (VT1000S, Leica, Wetzlar, Germany), and
four series of coronal sections of striatum and SNpc at a thickness of 40 µm were selected for
free-floating immunohistochemistry. Tyrosine-Hydroxylase (TH) detection was performed
using the protocol described previously [30].

Then, TH+ labelling of dopaminergic fibers was performed in the dorsal striatum
(6 slices/animal) and SNpc (4 slices/animal). Digital slides of the striatum were obtained
using brightfield illumination (SZX16, Olympus, Tokyo, Japan) and the mean grey value
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was measured using the ImageJ software (v1.48, National Institute of Health, Stapleton, NY,
USA) as previously described in detail [18]. Regarding SNpc, TH+ cells were visualized
and counted using a stereological brightfield microscope (BX51, Olympus). The boundaries
of the SNpc area were drawn, and total TH+ cells were counted in both hemispheres
taking into account the whole nigral area. Data are presented as the percentage (%) of the
contralateral side (intact side).

2.10. Statistical Analysis

A confidence interval of 95% was assumed for all statistical tests. The assumption
of normality was tested for all continuous variables through evaluation of the frequency
distribution histogram, the values of skewness and kurtosis, and through the Shapiro–
Wilk test. The assumption of homoscedasticity was tested through Levene’s test. Both
assumptions were met by all tested continuous variables. All continuous data are shown as
the mean ± SEM. For the evaluation of mean differences in samples with one independent
and one repeated measures variable, a mixed design ANOVA was carried out, with Tukey’s
or Dunn’s post hoc test for pairwise comparison of the independent variable. For the
comparison of means between two groups (rotameter test; discrete data), a Mann–Whitney
U test was carried out. The statistical analysis and graphic representation were performed
using the GraphPad Prism ver.8.0c (GraphPad Software; La Jolla, CA, USA). A statistical
summary of all conducted analysis is presented in Supplementary Table S2.

3. Results
3.1. Generation of Human Midbrain-Specific Organoids

To develop an in vitro model relevant to PD neurodegeneration that is enriched in
relevant cell populations (midbrain dopaminergic neurons) and also presents hallmark
molecular features such as neuromelanin production, we used human midbrain-specific
organoids (hMOS) from three different (hvNESCs) lines (Figure S1). An outline of the
experimental paradigms for maintenance, differentiation, model induction, and secretome
treatment of hMOS is presented in (Figure 1A). According to the schematic representation,
during the first 12 days of culture, the hMOs rapidly increased in size and reached a mean
core size of 1.25 mm (±0.19 mm, n = 5) in diameter after 20 days (Figure 1B). After 30 days in
culture, some hMOS were collected to assess self-organization and neuronal differentiation.

We observed that hMOS present a stem cell niche in the center, and the dopaminergic
neurons are distributed asymmetrically within the organoids (Figure 2a). Besides the
observed robust differentiation into dopaminergic neurons, hMOs show the expression of
midbrain floorplate markers FOXA2 and EN1 (Figure 2b). Additionally, we demonstrate
the presence of dopamine (DA) and an evident co-expression of GIRK2 with TH, reveal-
ing the presence of the A9 subtype midbrain dopaminergic neurons (Figure 2c). These
stainings revealed the formation of a complex neuronal network and are in line with the
previously published results [15–17], demonstrating the specificity and reproducibility of
these cultures.

During the development of the fetal human brain, neural-tube-derived cells not only
differentiate into neurons but also into glia cells, including astrocytes and oligodendro-
cytes [31]. Thus, we also investigated the presence of astrocyte markers in the hMOS; how-
ever, no robust differentiation in astrocytes was observed at day 30 (we only observed some
S100β+ and GFAP+ astrocytes in one specific location of the organoids; Supplementary
Figure S4). This is in agreement with brain development where glial differentiation tempo-
rally follows neuronal differentiation; therefore, a significant increase in astrocytes would
be expected to be observed on more mature organoids (~day 60) as previously shown [15].
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for the midbrain, both stained in red.

3.2. Neuroprotective Effects of BM-MSC Secretome on 6-OHDA-Induced Neurotoxicity in Human
Midbrain-Specific Organoids

Afterwards, we used the hMO cultures as a platform to generate an in vitro PD model
to study the neuroprotective effects of BM-MSC secretome. For that, hMOs were exposed to
6-OHDA (100 µM) for 2 days to induce dopaminergic degeneration, and then incubated for
6 days with total BM-MSC secretome (1×) immediately after 6-OHDA exposure (Figure 3).
Importantly, a comparative analysis of the degree of 6-OHDA-induced degeneration in TH+
versus the overall mature MAP2 neuronal population demonstrated higher degeneration
towards the TH+ population, highlighting the dopaminergic selectivity of our injury model
(Figure S5). Then, we examined the effects of 6-OHDA and the respective treatments on
the neuronal network within hMOs using image-based cell profiling. To probe the state
of the overall neuronal populations after 6-OHDA treatments, we quantified the amount
of the pan-neuronal marker TUJ-1+ neurons which remained unaltered (F (5,138) = 1.280,
p = 0.235; Figure 4a). Due to TUJ-1 being a promiscuous marker for neuronal populations,
as it labels both immature and mature neurons, we also assessed overall degeneration
based on MAP2+ neurons which is expressed in more mature neurons [32]. In this re-
gard, a significant decrease in MAP2+ neurons was observed after 6-OHDA exposure
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(F (5,138) = 10.22, p < 0.001; Figure 4b). We then looked specifically for TH+ dopaminergic
neurons and both secretome and the basal medium (Control−) were able to maintain the
cultures in the same conditions when compared to the organoids exposed to the differentia-
tion medium (Control+). However, a significant decrease in TH+ cells was observed for
the 6-OHDA-treated organoids (F (5,138) = 10.73, p < 0.001; Figure 4c), which validates the
fitness for purpose of this optimized midbrain organoid system as a potential model for
PD. Upon treatment, an almost significant trend (F (2,69) = 2.55, p = 0.08) in the increase in
TH+ dopaminergic neurons was observed for 6-OHDA organoids treated with BM-MSC
secretome when compared to the non-treated 6-OHDA organoids (Control−). 6-OHDA
is a highly oxidizable dopamine analog, which can be captured through the dopamine
transporters (DAT) [33]. As MAP2, DAT is a mature neuronal marker contrary to TUJ1,
which is a marker of early committed neurons; therefore, we hypothesized that MAP2+
neurons could be more sensitive to 6-OHDA effects. We also computed a 3D mask for TH+
cells and generated a 3D skeleton of the dopaminergic network to extract features such
as nodes (dendritic and axonal points of branching) and links (total number of branches),
as well as neurite fragmentation (Figure S6 and Table S2). 6-OHDA treatment led to a
decrease in the complexity of the dopaminergic neurons (links: F (5,138) = 33.56, p < 0.001;
nodes: F (5,138) = 35.13, p < 0.001; Figure 4e,f) and an increase in fragmented neurites
(F (5,138) = 10.87, p < 0.001; Figure 4d). Interestingly, we observed that the hMOS treated
with BM-MSC secretome present significantly less fragmentation when compared to the
non-treated group (F (2,69) = 6.17, p < 0.01; Figure 4d).

Cells 2023, 12, x FOR PEER REVIEW 10 of 24 
 

 

 

Figure 3. Representative images of the 6-OHDA-induced degeneration and BM-MSC secretome treat-
ment effects. Representative maximum intensity projection of confocal images (20× magnification)
of hMOS, showing TUJ1 (yellow), MAP2 (red), and TH (green) staining as well as merged images.
(A) Representative organoids maintained in Control+ media without injury. (B) 6-OHDA-injured
organoids for 48 h and treated with Control+ media. (C) 6-OHDA-injured organoids for 48 h and
treated with Control- media. (D) 6-OHDA-injured organoids for 48 h treated with secretome.
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3.3. BM-MSC Secretome Reverts Parkinsons Disease Motor Symptomatology in a Unilateral
Intrastriatal 6-OHDA Model

In this work, we addressed the effects of BM-MSC secretome using two different
approaches: intracerebral (IC) injections into the lesioned areas (i.e., striatum and substantia
nigra) and multiple intravenous (IV) injections for secretome administration. To establish
an in vivo PD model, a total of 18 µg of 6-OHDA were injected at the right dorsolateral
striatum, which selectively destroys dopaminergic neurons in the nigrostriatal pathway [34].
In this way, we were able to mimic the dopaminergic degeneration observed in PD on
one side, while the other was used as a control of the lesion. Figure 5 outlines the in vivo
experimental procedures.
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Figure 4. Effects of BM-MSC secretome in the 6-OHDA-induced PD model. Extracted features from
high-content image analysis to evaluate the effects of 6-OHDA exposure and the respective treatments,
namely in the overall amount of (a) TUJ+ neurons, (b) MAP2+ neurons, (c) TH+ dopaminergic
neurons, and on neuronal complexity, namely (d) TH fragmentation, (e) links, and (f) nodes. Control+:
Differentiation medium N2B27; Control− (a basal medium without any supplementation); Secretome
(BM-MSC conditioned medium). Two independent experiments (24 sections analyzed/group). Data
are presented as mean ± SEM. ** p < 0.01, *** p < 0.01.
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Figure 5. Experimental design. Schematic representation and temporal sequence of performed
tasks throughout the in vivo experiment. Animals were injected with 6-OHDA into the dorsolateral
striatum (2 injections); Mice were monitored daily for 14 days (post-operative care); 3 weeks after
lesion, animals were characterized at motor level to validate the model; At week 5 post-lesion, animals
were treated with BM-MSCs secretome using two different routes of administration: IC injections
into the striatum and SNpc (2 injections into the striatum, and 1 injection into the SNpc—single
administration) and repeated IV injections (3 injections in the first week, and 1 injection per week
until the end of the experiment—10 injections in total). Motor behavioral assessment was performed
1, 4, and 7 weeks after treatments. Animals were sacrificed 12 weeks after lesion surgery and 9 weeks
after treatments.

3.4. Motor Behavior Analysis

Three weeks after lesion surgeries, animals were subjected to a baseline behavioral
characterization at the motor level, including motor swimming and pole tests to evaluate
motor coordination and strength, and the beam balance walk test to assess balance and
fine motor coordination. The rotameter test was used to evaluate the imbalance in DA
release between the denervated and the non-denervated striatum. All animals injected
with 6-OHDA presented turning behavior after apomorphine administration, as revealed
by the increased number of contralateral rotations of 6-OHDA-injected animals (Figure 6A),
thereby confirming the success of the lesions on the ipsilateral side. Moreover, as observed
in the first time point of graphs b-d of Figure 6, the 6-OHDA lesion caused a significant
motor impairment phenotype in the sub-domains of motor coordination and loss of balance,
as measured by the motor swimming, beam balance walk, and pole test paradigms. After
performing the PD model characterization, 6-OHDA-lesioned animals were divided into
four treatment groups: two groups received IC injections of Neurobasal A medium (IC
Vehicle) or BM-MSC secretome (IC Secretome) in both dorsal striatum and SNpc, and the
other two groups received multiple IV injections of Neurobasal A medium (IV Vehicle)
or BM-MSC secretome (IV Secretome), as represented in Figure 5. Motor behavioral
assessment was performed 1, 4, and 7 weeks after treatments. Results showed that IV
Secretome-treated animals present a significantly better performance in motor paradigms
in general (Figure 6B–D) in comparison with non-treated animals (IV Vehicle). Regarding
the motor swimming test, this improvement was already visible 1 week after treatment
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administration and was sustained until 7 weeks after treatment (Figure 6B). Although
not reaching statistical significance, the treatment with secretome via IC injections also
improved the motor phenotype (mostly in the motor swimming and pole tests) of 6-OHDA
mice, as it is possible to observe by its large effect size (see Supplementary Table S3). Of
note, the route of secretome administration proved to be very important for motor function
recovery, as the IV injections showed a relevant improvement on motor behavior, as well
as a higher effect size, over the IC secretome administration. The results of the statistical
analyses are presented in Supplementary Table S3.
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Figure 6. Motor behavioral analysis of 6-OHDA-lesioned animals after administration of BM-MSC
secretome. (A) Rotameter test (apomorphine-induced rotations) as a measure of dopaminergic
depletion induced by 6-OHDA lesion and compared to Sham animals; Motor performance of mice
was evaluated using (B) motor swimming test, (C) pole test, and (D) beam balance walk test to assess
the effects of the treatments. n = 13–15 for each group used. Statistical summary in Table S2. Data are
presented as mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001; #: Sham group statistically different
from all groups, α: Sham group statistically different form all groups except from IV Secretome;
β: Sham group statistically different form all groups except from IC Secretome and IV Secretome.
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3.5. Histological Analysis

To further analyze the effects of the 6-OHDA injections and the different treatments on
the dopaminergic neuronal structure, histological analyses for TH were performed in both
lesioned areas—dorsal striatum and SNpc (Figure 7A,C). The 6-OHDA injections caused a
significant reduction in TH+ labelling in the dorsal striatum on the side of the lesion when
compared to the Sham group (Figure 7B; raw data for Sham group of TH+ labelling/mm2—
Contralateral side: 154.69 ± 17.01; Ipsilateral side: 141.52 ± 18.27). The same result was also
observed after TH+ cell counts in the SNpc (Figure 7D; raw data for Sham group of TH+
cells/mm2—Contralateral side: 4.47 ± 0.58; Ipsilateral side: 4.18 ± 0.77). Both treatments
with BM-MSC secretome (i.e., IC and IV injections) were able to significantly minimize the
loss of dopaminergic fibers in the dorsal striatum (Figure 3B), which was not verified in the
respective lesioned vehicle groups. Nonetheless, the IC Secretome was significantly better
in this outcome when compared to the IV Secretome group. On the other hand, the SNpc
results revealed that IC injection of BM-MSC secretome was able to significantly reduce
dopaminergic cell loss in comparison to the non-treated group (Figure 7D). Nonetheless,
although no statistical significance was reached between IV Secretome and the respective
IV Vehicle, a large effect size was verified, suggesting an effect of this treatment approach
in the neuroprotection of dopaminergic neurons in the SNpc. Histological analyses in the
lesioned hemisphere were compared and presented as a percentage of the contralateral
side, and the results of the statistical analyses are presented in Table S3.
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Figure 7. Histological analysis of the striatum and SNpc. (A) Representative images of the tyrosine
hydroxylase (TH) staining on the striatum. (B) Quantification of TH+ labelling on the dorsal striatum,
depicted as a percentage over the non-lesioned side. (C) Representative images of the TH staining
on the ipsilateral and contralateral substantia nigra of the different experimental groups. (D) Quan-
tification of TH+ cells on the SNpc, depicted as a percentage over the non-lesioned side. n = 7 for
each group used. Statistical summary in Table S3. Data are presented as mean ± SEM. * p < 0.05,
** p < 0.01, *** p < 0.001. # p < 0.001 from all other groups. Scale bar = 2 mm.

4. Discussion

In this work we have performed a translational investigation into the effects of BM-
MSCs secretome for amelioration of Parkinson’s disease phenotypes using optimized
human midbrain-specific organoids and a unilateral intrastriatal 6-OHDA mouse model
of PD. Our in vitro modeling approach takes advantage of recent progress in cell culture
technologies from the areas of embryology, stem cells, and neuroscience and aimed to
produce an organoid system with higher predictive value for preclinical PD research.
By using a guided approach to drive the differentiation of hvNESC, we were able to
successfully induce ventral midbrain patterning and observe a robust presence of FOXA2
and EN1 floorplate markers. The differentiated organoids were enriched with a dopamine
producing dopaminergic neuron population identified by strong TH+ and GIRK2+ co-
labeling. These characteristics are desirable when modeling PD and the relative enrichment
in this dopaminergic population is unparalleled when compared to unpatterned organoid
models [15–17,35,36]. Due to the relevance of glial cells to PD pathophysiology [37], we also
characterized the astroglial population contained within our organoid system. Although
it is possible to witness the presence of cells stained for established astroglial markers
(GFAP and S1000B), the labeling patterns are sparse and limited to only a few regions
within the organoids. This suggests that the impact of astroglia as a relevant player for the
instalment of PD phenotypes in our model is modest. Therefore, we centered our analysis
on dopaminergic neurons. By using high-throughput confocal microscopy coupled with
integrated 3D image analysis pipelines we demonstrated that 6-OHDA can be used to
model key phenotypes of dopaminergic neuronal degeneration. For instance, significant
changes in the cellularity of MAP2+ neurons within the organoids, as well as a specific
and robust reduction in the TH+ population, were found when organoids were incubated
with 100 µM 6-OHDA for two days. Importantly, although this temporal paradigm of
6-OHDA exposure induces degeneration of dopaminergic neurons, a significant number of
neurons remain alive, phenocopying the natural differences in oxidative stress vulnerability
witnessed in vivo at the substantia nigra [38,39].

Additionally, the profile of TH degeneration was accompanied by marked morpho-
metric alterations (fragmentation and reduced complexity) of axons and neurites which
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together are markers of cytoskeletal disruption serving as a viable model to study restora-
tive strategies [40–43]. In this context, our treatment with BM-MSC secretome was able
to elicit near-significant protection specifically of the dopaminergic cell population (TH+).
Moreover, when we assessed the morphometric alterations induced by 6-OHDA exposure,
secretome significantly prevented the fragmentation of dopaminergic neuronal processes
when compared to the control treated group. Together, these data demonstrate that secre-
tome from BM-MSCs can protect dopaminergic neurons against 6-OHDA neurotoxicity in
optimized mid-brain organoids. Furthermore, the temporal dynamics of our injury model
indicate that the effect of the secretome may derive from pleiotropic mechanisms [9,10].

Significantly, although the organoids employed in this work are an unquestionable
advancement over traditional 2D cell culture, they still present limitations. In general,
current organoid systems lack two important aspects to conceptually form the basis of
functional basal ganglia circuitry for the study of PD pathophysiology. The first aspect is the
lack of microglial cells within brain organoids. These cells are crucial for orchestrating neu-
roimmune interactions such as the maturation of synaptic processes, as well as responses
associated with cellular stress or injuries that are relevant to PD [44]. However, although
promising, specific protocols need to be employed for the generation of microglia-enriched
brain organoids, which is responsible for their limited usage to investigate PD-related
phenotypes or therapeutic strategies [45,46]. The final caveat of current brain organoids is
the relative difficulty of integrating functionally and anatomically separated brain circuits.
In the context of PD, the interconnectivity between the substantia nigra and the striatum
with cortical and thalamic structures underlie the functional impairments witnessed in ani-
mal models and human phenotypes. In order to conceptually contemplate these complex
structures, assembloids of organoids that are grown and patterned from these different
brain regions need to be created [47]. The feasibility of such an approach has been recently
demonstrated but definite protocols for PD-specific contexts are still lacking [48]. After
the proof-of-concept treatment effects from our injured hMOS demonstrated encouraging
results, we performed an in vivo study of the effects of BM-MSCs secretome given via two
distinct modes of administrations, two-site intracerebral or multiple intravenous injections.
This work was also motivated by the need for a less invasive administration method to
facilitate translation of earlier findings from our lab that collectively shows that BM-MSCs
secretome exerts neurorestorative effects in PD [22,23,49,50].

For this, we established a unilateral model of dopaminergic degeneration based on
the injection of 6-OHDA into the dorsolateral striatum of mice [29]. 6-OHDA-injected
animals presented marked dopaminergic depletion, witnessed by the apomorphine test.
The number of contralateral rotations following apomorphine administration suggests that
injured animals had functional impairments in the nigrostriatal pathway, ascertaining both
the construct and face-validity of our model [51,52]. Following the confirmation of our PD
model induction and randomized treatments, we performed a temporal analysis of several
motor behavior domains. The assessment of swimming ability measured by the time taken
to cross a sixty-centimeter pool demonstrated that the BM-MSCs secretome injected intra-
venously preserved the injured animal’s motor abilities overtime. This effect was witnessed
as early as one week following treatments and persisted throughout the end of the study.
Although a smaller but similar trend was seen for the animals receiving IC secretome
treatment, results failed to reach statistical significance. These results hold an important
translational significance, as scores from swimming tests in mouse models of PD have been
shown to be highly correlated with striatal dopamine levels [53,54]. IV injected secretome
also induced gains in motor coordination and bradykinesia assessed by the pole test. The
magnitude of the observed effects is noteworthy, with a near-total reversal of the diseased
phenotype. In fact, when put in the perspective of similar therapeutic strategies for mouse
models of PD, multiple intravenous administration of BM-MSCs secretome produced in-
creased effects in the preservation of bradykinesia instalment [55–57]. The assessment of the
animal’s ability to keep their balance while walking on a round beam, demonstrated that IV
secretome significantly reduced the loss of balance after 6-OHDA injury. Interestingly, the
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performance of a similar beam-walking test to predict falls in Parkinson’s disease patients
is currently being assessed on a multi-center clinical trial (NCT03532984). If the beam walk
test proves to have high certainty to predict falls in humans, positive results in the test
found in the preclinical setting with the use of therapeutic interventions will have increased
predictive value [58]. Although only tendential, the high effect size from the IC secretome
intervention points to a possible significant effect if studies with larger cohorts were to
be conducted. Nevertheless, the differential effects observed with multiple IV secretome
over the IC injections demonstrates the proof-of-concept and the superiority of the IV route.
These improved effects may derive from a relative higher dosage of the neuroregulatory
factors contained within the secretome, given the chronic administration regime, but also
highlight a possible peripheral mode of action. To validate the findings from the motor
behavior evaluation, we performed an immunohistochemical analysis of the patterns of
dopaminergic degeneration (TH+ labeling) along the SNpc and the striatum. A differential
response from the modes of administration was witnessed when the results from the motor
behavior phenotypes are taken into consideration. In fact, the IC injection of secretome
produced the highest effects in terms of dopaminergic neuron preservation at both the SNpc
and the striatum when compared to its vehicle control, revealing a strong preservation of
dopaminergic neurons and fibers. Interestingly, although the multiple IV injections of secre-
tome elicited positive effects in the preservation of dopaminergic terminals in the striatum,
results from the quantification of dopaminergic cells at the SNpc failed to reach statistical
significance despite showing visible improvements when compared to its vehicle control.
In our interpretation, these discrepancies highlight both the pathophysiological complexity
of PD as well the intricacies in the relationship between the preservation of the nigrostriatal
system and the improvements in motor symptomatology. In our extensive experience in
modelling PD with 6-OHDA in rats, we find that intracerebral secretome elicits at least a
two-fold increase in both measures of dopaminergic denervation (TH+ cell counts in the
SNpc and fibers in the striatum) which historically correlates with functional improvements
measured by skilled paw-reaching and rotarod tests [22,23,49,50]. In the current study,
however, the baseline dopaminergic degeneration is subtler, rendering the effects of treat-
ments smaller when compared to vehicle-treated controls in both routes of administration
(IC and IV). In addition, in the current study, the relative (TH+ labeling) values reached
in animals treated with IC secretome are considerably higher than the ones found in our
previous works, even though these animals failed to significantly recover motor function.
This may reveal a ceiling effect on the restoration of dopaminergic neurons to drive motor
behavior improvements and highlight that other mechanisms may be relevant. Importantly,
these discrepancies between the data from our previous works and the performance of IC
secretome-treated animals in the present study, likely stem from differences in the injury
protocols and the tests employed to assess motor function [23,29]. For instance, the degree
of functional impairment induced by 6-OHDA injury depends not only on the dosage but
also on the location and the spread of the toxin over multiple injection sites. Additionally,
depending on the motor tests employed, the degree of emergence in motor phenotypes
may differentially correlate with the severity of striatal dopaminergic denervation and
nigral cell loss [59,60]. Overall, the results of the IC versus IV comparison revealed that
the locally injected secretome (dorsal striatum and SNpc) induces a higher magnitude
of protection of dopaminergic neurons. This result was not particularly surprising since
intracerebral delivery circumvents blood–brain barrier (BBB)-associated resistance mecha-
nisms and offers the possibility of reaching higher local substance concentrations in the
appropriate target regions. Interestingly, although with IV secretome the magnitude of the
effects on histological markers was smaller, the higher-magnitude effects observed in the
motor function tests suggest that the modulation of non-dopaminergic pathophysiological
mechanisms may be valuable targets for therapeutic success. In addition, the fact that
observable histopathological gains are witnessed with peripheral secretome administration
may highlight that the neurotrophic and immunomodulatory factors may be reaching the
injured areas. Mechanistically, the positive results witnessed with the secretome treatments,
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both in our hMO system and at the histopathological and functional levels in injured ani-
mals, likely derive from the array of neuroregulatory molecules contained within the MSCs
secretome. From proteomics investigations of the secretome of BM-MSCs, several proteins
with potential therapeutic effects for PD are found [23,25,61]. Based on functional enrich-
ment analysis of these proteomics datasets, together with in vitro and in vivo data from
our lab, immunomodulatory, proteostasis and trophic support mechanisms are expected to
be at least partly involved in the results herein observed. For instance, the secretome used
in this study was able to reduce the expression of inducible nitric oxide from microglial
cells exposed to an inflammatory stimuli [25]. This is of particular interest for our 6-OHDA
mouse model, as we have demonstrated a striking glial reactivity suggestive of a persistent
neuroinflammatory profile [29]. Furthermore, BM-MSCs secretome is able to promote
neural differentiation of human neural progenitor cells and induce dopaminergic neuron
survival in transgenic models of α-synuclein overexpression in C. elegans, demonstrating
the ability to promote trophic support and enhance proteostasis mechanisms [62,63]. Al-
though the provision of a specific mechanism of action for BMSC secretome in PD was
not the aim of this study, we believe that our data are aligned with previous mechanistic
studies employing components of the secretome as therapeutic strategies. For instance, we
have demonstrated that the secretome has several proteins that are relevant for modulating
PD-related pathophysiological mechanisms such as DJ-1 and MMP2 [23,25,61]. In this
context, the presence of a DJ-1-based therapeutic approach has been shown to protect
against the oxidative stress induced by 6-OHDA and MPTP in in vitro and rodent models
of PD [64]. Furthermore, mechanistic investigations using BMSC secretome have demon-
strated that the presence of MMP2 was responsible to reduce alpha-synuclein aggregates
and protect dopaminergic neurons against MPTP injury, demonstrating a possible proteo-
static effect [65]. Additionally, galectin-1, a positive regulator of notch signaling which is
involved in neuronal protection and differentiation in the context of PD, was consistently
found in our proteomic investigations [66,67]. Another possible mechanistic source that
may explain the positive effects of the secretome in PD-related models is the action of
small extracellular vesicles that possess both trophic and neuroprotective functions [68].
In fact, we have started to address this possibility by assessing the different fractions of
BMSCs secretome (vesicular and soluble proteins) in a 6-OHDA rat model of PD. Our
data demonstrated that there was no beneficial gain after fractionation, highlighting that
the whole unfractionated secretome is superior in inducing functional and histological
improvements [50]. In this study context, given the higher functional effects induced by
the IV-secretome administrations, we are unable to rule out positive effects that can arise
from the modulation of specific organ systems that may have indirect positive effects on
the 6-OHDA-injured areas within the CNS. Of note, despite the existence of emerging
studies demonstrating that secretomes from other cell sources can elicit beneficial effects
in PD models [69,70], it is important to highlight that the use of secretomes from MSCs
also circumvents several logistical constraints. For instance, the relative ease of isolation,
maintenance, and fold expansion to numbers sufficient for clinical applications are key
attributes that make MSCs superior over other cell types for regenerative applications. In
summary, future studies aiming to address the mechanisms behind the positive functions
of BMSC secretome in pre-clinical models of PD, namely the reliance on neuroprotection or
neuroregeneration, will be instrumental in consolidating this therapeutic approach for the
next steps towards clinical translation.

5. Conclusions

In this work, we employed different in vitro and in vivo PD models to test the se-
cretome of BM-MSCs as a source of therapeutic factors with neuroprotective potential.
We used a guided protocol approach to differentiate human neuroepithelial stem cells
(hNESCs) into 3D human midbrain-specific organoids (hMOs). As a proof of concept, we
produced toxin-induced dopaminergic neuronal cell death in the midbrain organoids using
6-hydroxydopamine (6-OHDA). We demonstrated that these organoids recapitulated key
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hallmarks of PD pathology, such as reduced amounts of midbrain dopaminergic neurons
and neurite fragmentation. To the best of our knowledge, this is the first time that the
BM-MSC secretome effects were explored using this advanced in vitro PD model, and
we observed that the secretome was able to protect against the dopaminergic neuronal
loss, as well as induced fragmentation of dopaminergic axons and neurites. Despite these
promising results, future improvements can be performed on this model, not only to better
dissect the mechanisms underlying dopaminergic cell death but also to evaluate additional
molecular and functional readouts to understand which are the mechanisms behind the
secretome effects. In a translational approach, we then used this neurotoxin model to
further evaluate the effects of BM-MSC secretome, making a direct comparison between
intracerebral injections (single administrations in the striatum and SNpc) with multiple
systemic administrations. The BM-MSC secretome led to motor function recovery and
dopaminergic loss protection; however, multiple systemic administrations showed a higher
magnitude of therapeutic effect. This result holds clinical relevance because of the pos-
sibility for delivering MSC secretome in a non-invasive way, circumventing key hurdles
associated with intracerebral injections. Important to note is the fact that we observed a
stronger impact of secretome effects on the 6-OHDA in vivo model when compared to the
6-OHDA in vitro model using midbrain organoids, thus highlighting the need for further
development of brain organoid technologies in order to model PD pathophysiological traits
of higher complexity. Moreover, the systemic administration on the in vivo experiment had
a higher impact on the animal’s motor recovery over the histological outcomes regarding
dopaminergic neurons in the lesioned areas. Thus, we hypothesized that this differential
neuroprotective outcome results from not only a direct but also an indirect effect of MSC
secretome on dopaminergic neurons.
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et al. A Patient-Based Model of RNA Mis-Splicing Uncovers Treatment Targets in Parkinson’s Disease. Sci. Transl. Med. 2020, 12,
eaau3960. [CrossRef]

https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.1016/S0140-6736(21)00218-X
https://doi.org/10.12688/f1000research.25634.1
https://doi.org/10.3390/cells8080886
https://doi.org/10.3390/ijms18091852
https://doi.org/10.3389/fcell.2021.661532
https://doi.org/10.1080/14712598.2018.1546840
https://doi.org/10.1007/s00018-013-1290-8
https://doi.org/10.3390/ph13020031
https://doi.org/10.1016/j.expneurol.2017.05.007
https://doi.org/10.1007/s00441-017-2749-y
https://doi.org/10.3389/fcell.2020.00359
https://www.ncbi.nlm.nih.gov/pubmed/32509785
https://doi.org/10.1126/science.1247125
https://doi.org/10.1016/j.stemcr.2017.03.010
https://www.ncbi.nlm.nih.gov/pubmed/28416282
https://doi.org/10.1038/s41531-019-0078-4
https://www.ncbi.nlm.nih.gov/pubmed/30963107
https://doi.org/10.1016/j.scr.2020.101870
https://doi.org/10.1002/mds.28810
https://doi.org/10.1039/D2SC00809B
https://doi.org/10.1093/braincomms/fcab223
https://doi.org/10.1126/scitranslmed.aau3960


Cells 2023, 12, 2565 20 of 22

22. Teixeira, F.G.; Carvalho, M.M.; Panchalingam, K.M.; Rodrigues, A.J.; Mendes-Pinheiro, B.; Anjo, S.; Manadas, B.; Behie, L.A.;
Sousa, N.; Salgado, A.J. Impact of the Secretome of Human Mesenchymal Stem Cells on Brain Structure and Animal Behavior in
a Rat Model of Parkinson’s Disease. STEM CELLS Transl. Med. 2017, 6, 634–646. [CrossRef] [PubMed]

23. Mendes-Pinheiro, B.; Anjo, S.I.; Manadas, B.; Da Silva, J.D.; Marote, A.; Behie, L.A.; Teixeira, F.G.; Salgado, A.J. Bone Marrow
Mesenchymal Stem Cells’ Secretome Exerts Neuroprotective Effects in a Parkinson’s Disease Rat Model. Front. Bioeng. Biotechnol.
2019, 7, 294. [CrossRef]

24. Garcia-Garcia, E.; Andrieux, K.; Gil, S.; Couvreur, P. Colloidal Carriers and Blood-Brain Barrier (BBB) Translocation: A Way to
Deliver Drugs to the Brain? Int. J. Pharm. 2005, 298, 274–292. [CrossRef]

25. Marote, A.; Santos, D.; Mendes-Pinheiro, B.; Serre-Miranda, C.; Anjo, S.I.; Vieira, J.; Ferreira-Antunes, F.; Correia, J.S.; Borges-
Pereira, C.; Pinho, A.G.; et al. Cellular Aging Secretes: A Comparison of Bone-Marrow-Derived and Induced Mesenchymal Stem
Cells and Their Secretome Over Long-Term Culture. Stem Cell Rev. Rep. 2023, 19, 248–263. [CrossRef] [PubMed]

26. Reinhardt, P.; Glatza, M.; Hemmer, K.; Tsytsyura, Y.; Thiel, C.S.; Höing, S.; Moritz, S.; Parga, J.A.; Wagner, L.; Bruder, J.M.; et al.
Derivation and Expansion Using Only Small Molecules of Human Neural Progenitors for Neurodegenerative Disease Modeling.
PLoS ONE 2013, 8, e59252. [CrossRef]

27. Zagare, A.; Gobin, M.; Monzel, A.S.; Schwamborn, J.C. A Robust Protocol for the Generation of Human Midbrain Organoids.
STAR Protoc. 2021, 2, 100524. [CrossRef] [PubMed]

28. Hawkins, P.; Morton, D.B.; Burman, O.; Dennison, N.; Honess, P.; Jennings, M.; Lane, S.; Middleton, V.; Roughan, V.J.; Wells, S.;
et al. A Guide to Defining and Implementing Protocols for the Welfare Assessment of Laboratory Animals: Eleventh Report of
the BVAAWF/FRAME/RSPCA/UFAW Joint Working Group on Refinement. Lab. Anim. 2011, 45, 1–13. [CrossRef]

29. Mendes-Pinheiro, B.; Soares-Cunha, C.; Marote, A.; Loureiro-Campos, E.; Campos, J.; Barata-Antunes, S.; Monteiro-Fernandes,
D.; Santos, D.; Duarte-Silva, S.; Pinto, L.; et al. Unilateral Intrastriatal 6-Hydroxydopamine Lesion in Mice: A Closer Look into
Non-Motor Phenotype and Glial Response. Int. J. Mol. Sci. 2021, 22, 11530. [CrossRef]

30. Mendes-Pinheiro, B.; Teixeira, F.G.; Anjo, S.I.; Manadas, B.; Behie, L.A.; Salgado, A.J. Secretome of Undifferentiated Neural
Progenitor Cells Induces Histological and Motor Improvements in a Rat Model of Parkinson’s Disease. STEM CELLS Transl. Med.
2018, 7, 829–838. [CrossRef]

31. Kriegstein, A.; Alvarez-Buylla, A. The Glial Nature of Embryonic and Adult Neural Stem Cells. Annu. Rev. Neurosci. 2009, 32,
149–184. [CrossRef]

32. Harada, A.; Teng, J.; Takei, Y.; Oguchi, K.; Hirokawa, N. MAP2 Is Required for Dendrite Elongation, PKA Anchoring in Dendrites,
and Proper PKA Signal Transduction. J Cell Biol 2002, 158, 541–549. [CrossRef] [PubMed]

33. Blandini, F.; Armentero, M.T. Animal Models of Parkinson’s Disease. FEBS J. 2012, 279, 1156–1166. [CrossRef] [PubMed]
34. Stott, S.R.W.; Barker, R.A. Time Course of Dopamine Neuron Loss and Glial Response in the 6-OHDA Striatal Mouse Model of

Parkinson’s Disease. Eur. J. Neurosci. 2014, 39, 1042–1056. [CrossRef] [PubMed]
35. Lancaster, M.A.; Knoblich, J.A. Generation of Cerebral Organoids from Human Pluripotent Stem Cells. Nat. Protoc. 2014, 9,

2329–2340. [CrossRef]
36. Lancaster, M.A.; Renner, M.; Martin, C.-A.; Wenzel, D.; Bicknell, L.S.; Hurles, M.E.; Homfray, T.; Penninger, J.M.; Jackson, A.P.;

Knoblich, J.A. Cerebral Organoids Model Human Brain Development and Microcephaly. Nature 2013, 501, 373–379. [CrossRef]
37. Domingues, A.V.; Pereira, I.M.; Vilaça-Faria, H.; Salgado, A.J.; Rodrigues, A.J.; Teixeira, F.G. Glial Cells in Parkinson’s Disease:

Protective or Deleterious? Cell Mol. Life Sci. 2020, 77, 5171–5188. [CrossRef]
38. Ni, A.; Ernst, C. Evidence That Substantia Nigra Pars Compacta Dopaminergic Neurons Are Selectively Vulnerable to Oxidative

Stress Because They Are Highly Metabolically Active. Front. Cell Neurosci. 2022, 16, 826193. [CrossRef]
39. Brichta, L.; Greengard, P. Molecular Determinants of Selective Dopaminergic Vulnerability in Parkinson’s Disease: An Update.

Front. Neuroanat. 2014, 8, 152. [CrossRef]
40. Yang, S.-A.; Yoon, J.; Kim, K.; Park, Y. Measurements of Morphological and Biophysical Alterations in Individual Neuron Cells

Associated with Early Neurotoxic Effects in Parkinson’s Disease. Cytom. Part A 2017, 91, 510–518. [CrossRef]
41. Jackson-Lewis, V.; Jakowec, M.; Burke, R.E.; Przedborski, S. Time Course and Morphology of Dopaminergic Neuronal Death

Caused by the Neurotoxin 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine. Neurodegeneration 1995, 4, 257–269. [CrossRef]
42. Healy-Stoffel, M.; Ahmad, S.O.; Stanford, J.A.; Levant, B. Differential Effects of Intrastriatal 6-Hydroxydopamine on Cell Number

and Morphology in Midbrain Dopaminergic Subregions of the Rat. Brain Res. 2014, 1574, 113–119. [CrossRef] [PubMed]
43. Kim, S.R.; Chen, X.; Oo, T.F.; Kareva, T.; Yarygina, O.; Wang, C.; During, M.; Kholodilov, N.; Burke, R.E. Dopaminergic Pathway

Reconstruction by Akt/Rheb-Induced Axon Regeneration. Ann. Neurol. 2011, 70, 110–120. [CrossRef] [PubMed]
44. Tansey, M.G.; Wallings, R.L.; Houser, M.C.; Herrick, M.K.; Keating, C.E.; Joers, V. Inflammation and Immune Dysfunction in

Parkinson Disease. Nat. Rev. Immunol. 2022, 22, 657–673. [CrossRef] [PubMed]
45. Sabate-Soler, S.; Nickels, S.L.; Saraiva, C.; Berger, E.; Dubonyte, U.; Barmpa, K.; Lan, Y.J.; Kouno, T.; Jarazo, J.; Robertson, G.; et al.

Microglia Integration into Human Midbrain Organoids Leads to Increased Neuronal Maturation and Functionality. Glia 2022, 70,
1267–1288. [CrossRef] [PubMed]

46. Hong, Y.; Dong, X.; Chang, L.; Xie, C.; Chang, M.; Aguilar, J.S.; Lin, J.; Lin, J.; Li, Q.Q. Microglia-Containing Cerebral Organoids
Derived from Induced Pluripotent Stem Cells for the Study of Neurological Diseases. iScience 2023, 26, 106267. [CrossRef]

47. Miura, Y.; Li, M.-Y.; Revah, O.; Yoon, S.-J.; Narazaki, G.; Pas, ca, S.P. Engineering Brain Assembloids to Interrogate Human Neural
Circuits. Nat. Protoc. 2022, 17, 15–35. [CrossRef]

https://doi.org/10.5966/sctm.2016-0071
https://www.ncbi.nlm.nih.gov/pubmed/28191785
https://doi.org/10.3389/fbioe.2019.00294
https://doi.org/10.1016/j.ijpharm.2005.03.031
https://doi.org/10.1007/s12015-022-10453-6
https://www.ncbi.nlm.nih.gov/pubmed/36152233
https://doi.org/10.1371/annotation/6a917a2e-df4a-4ad9-99bb-6aa7218b833e
https://doi.org/10.1016/j.xpro.2021.100524
https://www.ncbi.nlm.nih.gov/pubmed/34027482
https://doi.org/10.1258/la.2010.010031
https://doi.org/10.3390/ijms222111530
https://doi.org/10.1002/sctm.18-0009
https://doi.org/10.1146/annurev.neuro.051508.135600
https://doi.org/10.1083/jcb.200110134
https://www.ncbi.nlm.nih.gov/pubmed/12163474
https://doi.org/10.1111/j.1742-4658.2012.08491.x
https://www.ncbi.nlm.nih.gov/pubmed/22251459
https://doi.org/10.1111/ejn.12459
https://www.ncbi.nlm.nih.gov/pubmed/24372914
https://doi.org/10.1038/nprot.2014.158
https://doi.org/10.1038/nature12517
https://doi.org/10.1007/s00018-020-03584-x
https://doi.org/10.3389/fncel.2022.826193
https://doi.org/10.3389/fnana.2014.00152
https://doi.org/10.1002/cyto.a.23110
https://doi.org/10.1016/1055-8330(95)90015-2
https://doi.org/10.1016/j.brainres.2014.05.045
https://www.ncbi.nlm.nih.gov/pubmed/24924804
https://doi.org/10.1002/ana.22383
https://www.ncbi.nlm.nih.gov/pubmed/21437936
https://doi.org/10.1038/s41577-022-00684-6
https://www.ncbi.nlm.nih.gov/pubmed/35246670
https://doi.org/10.1002/glia.24167
https://www.ncbi.nlm.nih.gov/pubmed/35262217
https://doi.org/10.1016/j.isci.2023.106267
https://doi.org/10.1038/s41596-021-00632-z


Cells 2023, 12, 2565 21 of 22

48. Reiner, O.; Sapir, T.; Parichha, A. Using Multi-Organ Culture Systems to Study Parkinson’s Disease. Mol. Psychiatry 2021, 26,
725–735. [CrossRef]

49. Teixeira, F.G.; Vilaça-Faria, H.; Domingues, A.V.; Campos, J.; Salgado, A.J. Preclinical Comparison of Stem Cells Secretome and
Levodopa Application in a 6-Hydroxydopamine Rat Model of Parkinson’s Disease. Cells 2020, 9, 315. [CrossRef]

50. Vilaça-Faria, H.; Marote, A.; Lages, I.; Ribeiro, C.; Mendes-Pinheiro, B.; Domingues, A.V.; Campos, J.; Lanceros-Mendez, S.;
Salgado, A.J.; Teixeira, F.G. Fractionating Stem Cells Secretome for Parkinson’s Disease Modeling: Is It the Whole Better than the
Sum of Its Parts? Biochimie 2021, 189, 87–98. [CrossRef]

51. Duty, S.; Jenner, P. Animal Models of Parkinson’s Disease: A Source of Novel Treatments and Clues to the Cause of the Disease.
Br. J. Pharmacol. 2011, 164, 1357–1391. [CrossRef]

52. Carvalho, M.M.; Campos, F.L.; Coimbra, B.; Pêgo, J.M.; Rodrigues, C.; Lima, R.; Rodrigues, A.J.; Sousa, N.; Salgado, A.J. Behavioral
Characterization of the 6-Hydroxidopamine Model of Parkinson’s Disease and Pharmacological Rescuing of Non-Motor Deficits.
Mol. Neurodegener. 2013, 8, 14. [CrossRef] [PubMed]

53. Muralikrishnan, D.; Mohanakumar, K.P. Neuroprotection by Bromocriptine against 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine-
Induced Neurotoxicity in Mice1. FASEB J. 1998, 12, 905–912. [CrossRef] [PubMed]

54. Haobam, R.; Sindhu, K.M.; Chandra, G.; Mohanakumar, K.P. Swim-Test as a Function of Motor Impairment in MPTP Model of
Parkinson’s Disease: A Comparative Study in Two Mouse Strains. Behav. Brain Res. 2005, 163, 159–167. [CrossRef] [PubMed]

55. Li, Q.; Wang, Z.; Xing, H.; Wang, Y.; Guo, Y. Exosomes Derived from miR-188-3p-Modified Adipose-Derived Mesenchymal Stem
Cells Protect Parkinson’s Disease. Mol. Ther. Nucleic Acids 2021, 23, 1334–1344. [CrossRef]

56. Sun, Z.; Gu, P.; Xu, H.; Zhao, W.; Zhou, Y.; Zhou, L.; Zhang, Z.; Wang, W.; Han, R.; Chai, X.; et al. Human Umbilical Cord
Mesenchymal Stem Cells Improve Locomotor Function in Parkinson’s Disease Mouse Model Through Regulating Intestinal
Microorganisms. Front. Cell Dev. Biol. 2021, 9, 808905. [CrossRef]

57. Yildirim, S.; Oylumlu, E.; Ozkan, A.; Sinen, O.; Bulbul, M.; Goksu, E.T.; Ertosun, M.G.; Tanriover, G. Zinc (Zn) and Adipose-
Derived Mesenchymal Stem Cells (AD-MSCs) on MPTP-Induced Parkinson’s Disease Model: A Comparative Evaluation of
Behavioral and Immunohistochemical Results. NeuroToxicology 2023, 97, 1–11. [CrossRef]

58. Hortobagyi, T. Beam Walking to Assess Dynamic Balance in Health and Disease: A Protocol for the “BEAM” Multi-Center
Observational Study. Available online: https://clinicaltrials.gov/ (accessed on 8 August 2023).

59. Kirik, D.; Rosenblad, C.; Björklund, A. Characterization of Behavioral and Neurodegenerative Changes Following Partial Lesions
of the Nigrostriatal Dopamine System Induced by Intrastriatal 6-Hydroxydopamine in the Rat. Exp. Neurol. 1998, 152, 259–277.
[CrossRef]

60. Alvarez-Fischer, D.; Henze, C.; Strenzke, C.; Westrich, J.; Ferger, B.; Höglinger, G.U.; Oertel, W.H.; Hartmann, A. Characterization
of the Striatal 6-OHDA Model of Parkinson’s Disease in Wild Type and α-Synuclein-Deleted Mice. Exp. Neurol. 2008, 210, 182–193.
[CrossRef]

61. Pires, A.O.; Mendes-Pinheiro, B.; Teixeira, F.G.; Anjo, S.I.; Ribeiro-Samy, S.; Gomes, E.D.; Serra, S.C.; Silva, N.A.; Manadas, B.;
Sousa, N.; et al. Unveiling the Differences of Secretome of Human Bone Marrow Mesenchymal Stem Cells, Adipose Tissue-
Derived Stem Cells, and Human Umbilical Cord Perivascular Cells: A Proteomic Analysis. Stem Cells Dev. 2016, 25, 1073–1083.
[CrossRef]

62. Marques, C.R.; Pereira-Sousa, J.; Teixeira, F.G.; Sousa, R.A.; Teixeira-Castro, A.; Salgado, A.J. Mesenchymal Stem Cell Secretome
Protects against Alpha-Synuclein-Induced Neurodegeneration in a Caenorhabditis Elegans Model of Parkinson’s Disease.
Cytotherapy 2021, 10, 894–901. [CrossRef]

63. Marques, C.R.; Fuzeta, M. de A.; dos Santos Cunha, R.M.; Pereira-Sousa, J.; Silva, D.; Campos, J.; Teixeira-Castro, A.; Sousa, R.A.;
Fernandes-Platzgummer, A.; da Silva, C.L.; et al. Neurodifferentiation and Neuroprotection Potential of Mesenchymal Stromal
Cell-Derived Secretome Produced in Different Dynamic Systems. Biomedicines 2023, 11, 1240. [CrossRef]

64. Lev, N.; Barhum, Y.; Ben-Zur, T.; Melamed, E.; Steiner, I.; Offen, D. Knocking out DJ-1 Attenuates Astrocytes Neuroprotection
against 6-Hydroxydopamine Toxicity. J. Mol. Neurosci. 2013, 50, 542–550. [CrossRef] [PubMed]

65. Oh, S.H.; Kim, H.N.; Park, H.J.; Shin, J.Y.; Kim, D.Y.; Lee, P.H. The Cleavage Effect of Mesenchymal Stem Cell and Its Derived
Matrix Metalloproteinase-2 on Extracellular α-Synuclein Aggregates in Parkinsonian Models. STEM CELLS Transl. Med. 2017, 6,
949–961. [CrossRef] [PubMed]

66. Imai, Y.; Kobayashi, Y.; Inoshita, T.; Meng, H.; Arano, T.; Uemura, K.; Asano, T.; Yoshimi, K.; Zhang, C.-L.; Matsumoto, G.; et al.
The Parkinson’s Disease-Associated Protein Kinase LRRK2 Modulates Notch Signaling through the Endosomal Pathway. PLoS
Genet 2015, 11, e1005503. [CrossRef] [PubMed]

67. Desplats, P.; Spencer, B.; Crews, L.; Pathel, P.; Morvinski-Friedmann, D.; Kosberg, K.; Roberts, S.; Patrick, C.; Winner, B.; Winkler,
J.; et al. α-Synuclein Induces Alterations in Adult Neurogenesis in Parkinson Disease Models via P53-Mediated Repression of
Notch1. J. Biol. Chem. 2012, 287, 31691–31702. [CrossRef] [PubMed]

68. Marote, A.; Teixeira, F.G.; Mendes-Pinheiro, B.; Salgado, A.J. MSCs-Derived Exosomes: Cell-Secreted Nanovesicles with
Regenerative Potential. Front. Pharmacol. 2016, 7, 231. [CrossRef]

69. Di Santo, S.; Seiler, S.; Ducray, A.D.; Widmer, H.R. Conditioned Medium from Endothelial Progenitor Cells Promotes Number of
Dopaminergic Neurons and Exerts Neuroprotection in Cultured Ventral Mesencephalic Neuronal Progenitor Cells. Brain Res.
2019, 1720, 146330. [CrossRef]

https://doi.org/10.1038/s41380-020-00936-8
https://doi.org/10.3390/cells9020315
https://doi.org/10.1016/j.biochi.2021.06.008
https://doi.org/10.1111/j.1476-5381.2011.01426.x
https://doi.org/10.1186/1750-1326-8-14
https://www.ncbi.nlm.nih.gov/pubmed/23621954
https://doi.org/10.1096/fasebj.12.10.905
https://www.ncbi.nlm.nih.gov/pubmed/9657530
https://doi.org/10.1016/j.bbr.2005.04.011
https://www.ncbi.nlm.nih.gov/pubmed/15941598
https://doi.org/10.1016/j.omtn.2021.01.022
https://doi.org/10.3389/fcell.2021.808905
https://doi.org/10.1016/j.neuro.2023.05.002
https://clinicaltrials.gov/
https://doi.org/10.1006/exnr.1998.6848
https://doi.org/10.1016/j.expneurol.2007.10.012
https://doi.org/10.1089/scd.2016.0048
https://doi.org/10.1016/j.jcyt.2021.04.002
https://doi.org/10.3390/biomedicines11051240
https://doi.org/10.1007/s12031-013-9984-9
https://www.ncbi.nlm.nih.gov/pubmed/23536331
https://doi.org/10.5966/sctm.2016-0111
https://www.ncbi.nlm.nih.gov/pubmed/28297586
https://doi.org/10.1371/journal.pgen.1005503
https://www.ncbi.nlm.nih.gov/pubmed/26355680
https://doi.org/10.1074/jbc.M112.354522
https://www.ncbi.nlm.nih.gov/pubmed/22833673
https://doi.org/10.3389/fphar.2016.00231
https://doi.org/10.1016/j.brainres.2019.146330


Cells 2023, 12, 2565 22 of 22

70. Ni, W.; Zhou, J.; Ling, Y.; Lu, X.; Niu, D.; Zeng, Y.; Qiu, Y.; Si, Y.; Wang, J.; Zhang, W.; et al. Neural Stem Cell Secretome Exerts a
Protective Effect on Damaged Neuron Mitochondria in Parkinson’s Disease Model. Brain Res. 2022, 1790, 147978. [CrossRef]

71. Monzel, A.S.; Hemmer, K.; Kaoma, T.; Smits, L.M.; Bolognin, S.; Lucarelli, P.; Rosety, I.; Zagare, A.; Antony, P.; Nickels, S.L.;
et al. Machine Learning-Assisted Neurotoxicity Prediction in Human Midbrain Organoids. Park. Relat. Disord. 2020, 75, 105–109.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.brainres.2022.147978
https://doi.org/10.1016/j.parkreldis.2020.05.011

	Introduction 
	Materials and Methods 
	BM-MSC Culture, Secretome Collection and Concentration 
	Neuroepithelial Stem Cell Derivation and Generation of Midbrain Organoids 
	6-OHDA Injury and Secretome Treatments In Vitro 
	hMO Immunofluorescence Staining 
	Image Analysis 
	Animals 
	Lesion Surgery and Post-Operative Care 
	Behavioral Assessment, Secretome Treatments and Experimental Design 
	Histological Assessment 
	Statistical Analysis 

	Results 
	Generation of Human Midbrain-Specific Organoids 
	Neuroprotective Effects of BM-MSC Secretome on 6-OHDA-Induced Neurotoxicity in Human Midbrain-Specific Organoids 
	BM-MSC Secretome Reverts Parkinsons Disease Motor Symptomatology in a Unilateral Intrastriatal 6-OHDA Model 
	Motor Behavior Analysis 
	Histological Analysis 

	Discussion 
	Conclusions 
	References

