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Rat neural progenitor cells derived from fibroblasts induced by small molecule compounds

improve neurological deficits in Parkinsonian rats
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Abstract

Neural progenitor cells (NPCs) capable of self-renewal and differentiation into neural cell lineages offer broad prospects for cell therapy for neurodegenerative
diseases. However, cell therapy based on NPC transplantation is limited by the inability to acquire sufficient quantities of NPCs. Previous studies have found that
a chemical cocktail of valproic acid, CHIR99021, and Repsox (VCR) promotes mouse fibroblasts to differentiate into NPCs under hypoxic conditions. Therefore,
we used VCR (0.5 mM valproic acid, 3 uM CHIR99021, and 1 uM Repsox) to induce the reprogramming of rat embryonic fibroblasts into NPCs under a hypoxic
condition (5%). These NPCs exhibited typical neurosphere-like structures that can express NPC markers, such as Nestin, SRY-box transcription factor 2, and
paired box 6 (Pax6), and could also differentiate into multiple types of functional neurons and astrocytes in vitro. They had similar gene expression profiles to
those of rat brain-derived neural stem cells. Subsequently, the chemically-induced NPCs (ciNPCs) were stereotactically transplanted into the substantia nigra
of 6-hydroxydopamine-lesioned parkinsonian rats. We found that the ciNPCs exhibited long-term survival, migrated long distances, and differentiated into
multiple types of functional neurons and glial cells in vivo. Moreover, the parkinsonian behavioral defects of the parkinsonian model rats grafted with ciNPCs
showed remarkable functional recovery. These findings suggest that rat fibroblasts can be directly transformed into NPCs using a chemical cocktail of VCR
without introducing exogenous factors, which may be an attractive donor material for transplantation therapy for Parkinson’s disease.
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Introduction

Parkinson’s disease (PD) is the second-most common neurodegenerative
disorder that affects 2—-3% of the global population aged > 65 years (Kalia
and Lang, 2015; Poewe et al., 2017). Resting tremor, bradykinesia, rigidity,
and postural instability are the major motor manifestations of PD (Lubbe
and Morris, 2014; Michel et al., 2016). The main pathology of PD is the
progressive loss of dopaminergic (DA) neurons in the substantia nigra (SN)
that project to the striatum and the formation of a-synuclein-containing Lewy
bodies (Tang et al., 2017; Parmar et al., 2020). The underlying molecular
pathogenesis involves multiple pathways and mechanisms: a-synuclein
proteostasis, mitochondrial function, oxidative stress, calcium homeostasis,
axonal transport, and neuroinflammation (Barker et al., 2015; Liu and Cheung,
2020). Motor symptoms in PD are treated using levodopa, dopamine agonists,
and monoamine oxidase and catechol-O-methyl-transferase inhibitors
(Armstrong and Okun, 2020; Abdelrahman and Gabr, 2022). However, over
time, these medications lose efficacy and result in side effects, such as

dyskinesia, hallucinations, impulse control disorders, and other psychiatric
problems (Huot et al., 2013; Barker et al., 2015; Parmar et al., 2020). Because
the loss of DA neurons is the main hallmark of PD, cell transplantation
strategies have been considered potential therapies (Yasuhara et al., 2017).
Several studies have demonstrated that different types of stem cells can
survive and differentiate into DA neurons after transplantation into PD animal
models, which subsequently alleviated the clinical symptoms of PD (Liu et al.,
2013; Monni et al., 2014; Dhivya and Balachandar, 2017).

Compared with embryonic stem cells (ESCs) and induced pluripotent stem
cells (iPSCs), neural progenitor cells (NPCs) have the advantages of less
immune rejection, less tumorigenicity, and better stability (Ke et al., 2019;
D’Souza et al., 2021; Han et al., 2021). Several studies have indicated that
neural transplantation using NPCs can ameliorate neurological deficits
and restore dysfunctional neural circuitry in animal models (Mine et al.,
2018; Xu et al., 2020; Zhang et al., 2021). However, cell therapy based on
NPC transplantation for treating nervous system diseases is limited by the

'School of Laboratory Medicine, School of Life Sciences, Bengbu Medical College, Bengbu, Anhui Province, China; *National Germplasm Resource Center for Domestic Animals,
Institute of Animal Science, Chinese Academy of Agricultural Science, Beijing, China; *Department of Neuroscience, University of Connecticut Health Center, Farmington, CT, USA
*Correspondence to: Chang-Qing Liu, PhD, lcq7813@bbmc.edu.cn; Gao-Feng Liu, MS, Igfmy@bbmc.edu.cn.

https://orcid.org/0000-0002-1059-6528 (Chang-Qing Liu)
#These authors contributed equally to this work.

Funding: This study was supported by the National Natural Science Foundation of China, No. 81771381 (to CQL); Anhui Provincial Key Research and Development Project, Nos.
2022e07020030 (to CQL), 2022e07020032 (to YG); Science Research Project of Bengbu Medical College, No. 2021byfy002 (to CQL); the Natural Science Foundation of the Higher
Education Institutions of Anhui Province, No. KJ2021ZD0085 (to C/W); and the Undergraduate Innovative Training Program of China, Nos. 202110367043 (to CQL), 202110367044 (to

YG).

How to cite this article: Guo Y, Wang YY, Sun TT, Xu JJ, Yang B Ma CY, Guan WJ, Wang CJ, Liu GF, Liu CQ (2023) Neural progenitor cells derived from fibroblasts induced by small
molecule compounds under hypoxia for treatment of Parkinson’s disease in rats. Neural Regen Res 18(5):1090-1098.

1090 | NEURAL REGENERATION RESEARCH | Vol 18 | No.5 | May 2023



Research Article

o
NEURAL REGENERATION RESEARCH ¢
www.nrronline.org %‘umf

inability to acquire sufficient quantities of NPCs (Tang et al., 2018). Although
conventional strategies for NPC generation, such as cell primitive derivation
from brain tissues or induction from pluripotent cells (e.g., ESCs and iPSCs),
have been established over the past several years, they are time-consuming
and have been associated with ethical and clinical safety concerns (Cheng et
al., 2014). In comparison with the insertion of exogenous genes, chemical
compound-mediated cell reprogramming offers numerous advantages, such
as no genetic modification, higher safety, lower cost, and greater efficiency
(Hou et al., 2013; Tang and Cheng, 2017). The use of small molecule
compounds to directly reprogram somatic cells to differentiate into neural
stem cells or NPCs not only reduces tumorigenicity but also improves the
efficiency of differentiation, offering promise for cell replacement repair
and gene transfer therapy for central nervous system damage and related
diseases (Tang and Cheng, 2017; Zhou et al., 2020). In addition to neural stem
cells and/or NPCs, several other important target cells have been successfully
generated using this method, including neurons (Zhang et al., 2015; Yin et
al., 2019), Schwann cells (Thoma et al., 2014), pluripotent stem cells (Hou
et al., 2013), and cardiomyocytes (Cao et al., 2016). However, despite these
achievements, the functions and mechanisms underlying chemical-induced
cell reprogramming remain poorly understood.

NPCs can be successfully generated from mouse fibroblasts via a chemical
cocktail of VCR (valproic acid, CHIR99021, and Repsox) under hypoxia
(Cheng et al., 2014). Valproic acid is a histone deacetylase inhibitor that
promotes fibroblast reprogramming, and it can inhibit senescence during
reprogramming by downregulating p16 and p21 pathways and suppressing
cell cycle arrest to improve reprogramming efficiency (Zhai et al., 2015).
CHIR99021 is a glycogen synthase kinase 3 (GSK-3) inhibitor that promotes
cell self-renewal and maintains cell pluripotency by stabilizing downstream
effectors (Yang et al., 2020). Repsox is a transforming growth factor-B
(TGF-B) receptor kinase inhibitor that inhibits the TGF-B/suppressor of
mothers against decapentaplegic signaling pathway and induces fibroblast
reprogramming (Guo et al., 2021). In this study, we aimed to directly convert
rat embryonic fibroblasts (REFs) into chemically-induced NPCs (ciNPCs) via
small molecule compounds under hypoxic conditions (5% oxygen [O,]) and
stereotactically transplanting ciNPCs into the SN of 6-hydroxydopamine
(6-OHDA)-lesioned parkinsonian rats to detect their functional effects in vivo.

Methods

Animals

Overall, 30 specific-pathogen-free 8-week-old healthy male Sprague-Dawley
rats weighing 180-220 g and pregnant rats were provided by the Animal
Experimental Center of Anhui Medical University (license No. SCXK [Lu] 2019-
0003). The rats were reared in a pathogen-free room under a controlled
temperature of 26°C. The stocking density was < 4 animals/box, and the
relative humidity was controlled at 40-70% on a 12-hour light/dark cycle with
ad libitum access to food and water. The use of animals and all experimental
procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) for Ethics of Bengbu Medical College (approval No. 2020-
025) on April 3, 2020. All experiments were designed and reported according
to the Animal Research: Reporting of In Vivo Experiments guidelines (Percie
du Sert et al., 2020).

Isolation and culture of REFs and NSCs

Primary REFs were mechanically isolated and cultured from day 16-18
rat embryos (E16—18) as previously described (Guo et al., 2021). Briefly,
after pregnant rats were anesthetized by subcutaneous injection of 3%
pentobarbital sodium (50 mg/kg, Merck KGaA, Darmstadt, Germany) into the
lateral lower abdomen, embryonic tissues without the head, limbs, visceral
tissues, gonads, or vertebral column were cut into pieces and trypsinized.
Isolated REFs were expanded until passage 3 (P3) and used for subsequent
experiments. REFs were maintained in high-glucose Dulbecco’s modified
Eagle’s medium (H-DMEM), supplemented with 10% fetal bovine serum
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA), 1% GlutaMax (Life
Technologies, Carlsbad, CA, USA), 1% non-essential amino acids, 100 U/mL
penicillin, and 0.1 mg/mL streptomycin, and cultured at 37°C in a 5% carbon
dioxide (CO,) humidified atmosphere. Rat NSCs were derived from E16 mouse
embryos and expanded in a neural expansion medium (NEM; NeuroCult Basal
medium, STEMCELL Technologies, Vancouver, BC, Canada), supplemented
with 2% B27, 20 ng/mL epidermal growth factor (EGF), and 20 ng/mL basic
fibroblast growth factor (bFGF).

Generation of ciNPCs induced by REFs

To chemically induce the conversion of REFs into ciNPCs, the initial REFs at P3
cultured in H-DMEM supplemented with 10% fetal bovine serum for 48 hours
were transferred into a knockout serum replacement medium (Thermo Fisher
Scientific), which contained knockout Dulbecco’s modified Eagle’s medium
(DMEM), 15% knockout serum replacement, 1% non-essential amino acids,
1% GlutaMax, 1% sodium pyruvate, 0.1 mM B-mercaptoethanol, 1000 U/mL
leukemia inhibitory factor, 0.5 mM valproic acid (Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany), 3 uM CHIR99021 (Sigma-Aldrich), and 1 uM Repsox
(Selleckchem, Houston, TX, USA). Cells were cultured at 37°C under 5% CO,
and 21% or 5% O, (hypoxia) for 15 days. The medium-containing chemical
compounds were changed every 5 days to enable the REFs to become
intermediate cells (Cheng et al., 2014). The compact cell colonies formed
by the REFs were then detected using alkaline phosphatase kits (Beyotime
Biotechnology, Nantong, China) following the manufacturer’s protocols. After
digestion with 0.25% trypsin-ethylene diamine tetraacetic acid, the cells
were replated onto a low adhesion plate and replaced with NEM (NeuroCult

Basal medium, 30 ng/mL heparin + 20 ng/mL EGF + 20 ng/mL bFGF). The
suspended neurospheres were observed for 2 days, and the free-floating
clusters were collected, which were referred to as passage 1 (P1) ciNPCs.
Neurospheres are recommended to be passaged when they reach 100-150
um in diameter (typically 5-8 days after plating).

CiNPC immunofluorescent staining

Cells cultured on coverslips were fixed with 4% paraformaldehyde for 18
minutes, followed by permeabilization with 0.2% Triton X-100 for 10 minutes,
and blocked with 1% bovine serum albumin and 10% normal donkey serum
for 1 hour at 20°C. The following primary antibodies were used to incubate
with the samples overnight at 4°C: mouse anti-B-IlI-tubulin (Tuj1, 1:300,
Abcam, Cambridge, MA, USA, Cat# ab7751, RRID: AB_306045), mouse
anti-Nestin (1:300, Abcam, Cat# ab6142, RRID: AB_305313), rabbit anti-
paired box6 (Pax6, 1:50, Abcam, Cat# ab5790, RRID: AB_305110), rabbit
anti-synaptophysin (1:200, Abcam, Cat# ab32594, RRID: AB_778204),
rabbit anti-neuronal nuclear antigen (1:200, Abcam, Cat# ab177487, RRID:
AB_2532109), chicken anti-microtubule-associated protein 2 (1:500, Abcam,
Cat# Ab5392, RRID: AB_2138153), rabbit anti-SRY-box transcription factor
2 (Sox2; 1:300, Cat# 3579S, RRID: AB_2195767, CST, Boston, MA, USA), and
rabbit anti-glial fibrillary acidic protein (GFAP; 1:50, Cat# M022136, #RRID:
AB_2341541, Neuromics, Edina, MN, USA). Cells were then incubated with
appropriate secondary antibodies (Alexa Fluor 488-conjugated donkey anti-
rabbit immunoglobulin G [IgG], 1:500, Invitrogen, Carlsbad, CA, USA, Cat#
A21206, RRID: AB_2535792; Cy3-conjugated donkey anti-rabbit, 1:1000,
Jackson Immunoresearch, West Grove, PA, USA, Cat# 711-165-150, RRID:
AB_2340813; or Cy3-conjugated goat anti-chicken IgG, 1:500, Jackson
Immunoresearch, Cat# 103-165-155, RRID: AB_2337386) for 1 hour at
20°C. The nuclei were counterstained with 4',6-diamidino-2-phenylindole
dihydrochloride (DAPI) for 15 minutes. The immunofluorescence results
for the expression of marker proteins and the proportion of positive cells
were observed under a multiphoton laser scanning microscope (Olympus,
FV1200MPE SHARE, Tokyo, Japan).

Quantitative polymerase chain reaction and western blot assay

Total RNAs were extracted from the cells using the Trizol reagent (Invitrogen)
following the manufacturer’s protocols. Quantitative real-time polymerase
chain reaction (PCR) was carried out using TB Green Premix Ex Taq Il (TaKaRa
Bio, Dalian, China) and analyzed with QuantStudio 6 Flex Thermocycler
(Applied Biosystems, Carlsbad, CA, USA). The primer sequences for
quantitative PCR (qPCR) were synthesized by Sangon Biotech (Shanghai,
China) and presented in Table 1. PCR amplifications were carried out under
the following conditions: one cycle of initial denaturation for 30 seconds at
95°C, followed by 40 cycles of denaturation for 10 seconds at 95°C and 20
seconds at 60°C.

Table 1 | Sequences of primers for quantitative polymerase chain reaction analysis

Gene Primer sequences (5'-3') Product size (bp)
4-Oct Forward: CGT TCT CTT TGG AAA GGT GTT C 314
Reverse: ACA CTC GAA CCA CAT CCC TC
Sox2 Forward: GCA GTA CAA CTC CAT GAC 70
Reverse: CGA GTA GGA CAT GCT GTA
Nestin Forward: TGC AGC CAC TGA GGT ATC TG 1062
Reverse: CAG TTC CCACTCCTG TGG TT
GAPDH Forward: GTA TGT CGT GGA GTC TAC 150

Reverse: GAG TTG TCATAT TTCTCG TGG T

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; Oct4: organic cation/carnitine
transporter 4; Sox2: SRY-box transcription factor 2.

For western blotting, the equivalent amounts of proteins (40 ug) from
each sample were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, transferred to a polyvinylidene difluoride membrane
(0.45 uM, Millipore, Billerica, MA, USA), and immunoblotted overnight at
4°C with the primary antibodies of rabbit anti-Pax6 (1:500, Cat# ab5790,
RRID: AB_305110, Abcam), mouse anti-Nestin (1:800, Cat# ab6142, RRID:
AB_305313, Abcam), rabbit anti-Sox2 (1:500, Cat# 3579S, RRID: AB_2195767,
CST), and mouse anti-B-actin (1: 1000, Cat# sc-47778, RRID: AB_626632,
Santa Cruz Biotechnology, Santa Cruz, CA, USA). Immunoreactive proteins
were incubated with horseradish peroxidase-labeled secondary antibodies
(goat anti-mouse 1gG, 1:5000, Cat# 115-035-003, RRID: AB_10015289, or
goat anti-rabbit IgG, 1:5000, Cat# 111-035-003, RRID: AB_2313567, Jackson
Immunoresearch) for 1 hour at 20°C. The protein bands were then visualized
using Clarity Western ECL Blotting Substrates (Bio-Rad Laboratories, Hercules,
CA, USA) and quantified using Software Quantity One version 1-D (Bio-Rad
Laboratories).

Differentiation of ciNPCs in vitro

P5 or P13 ciNPCs derived from the rat fibroblasts were cultured in NEM with
EGF (20 ng/mL), bFGF (20 ng/mL), and heparin (30 ng/mL). For general neural
differentiation, 20,000 ciNPCs were plated onto poly-L-omithine hydrobromide
(PLO)/laminin-coated 24-well plates in N2B27 medium (DMEM:F12, 1% N2,
2% B27). For neuronal differentiation, ciNPCs were plated onto PLO/laminin-
coated coverslips in neural differentiation medium (neural basal medium, 2%
B27, 1% N2, 10 ng/mL brain-derived neurotrophic factor [BDNF], 10 ng/mL
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glial cell line-derived neurotrophic factor [GDNF], 10 ng/mL insulin-like
growth factor 1 [IGF-1], 1 uM cyclic adenosine monophosphate [cAMP], and
200 uM ascorbic acid) (Cheng et al., 2014; Zhu et al., 2021). The expression of
neuronal markers was monitored at the indicated time points.

Bioinformatics analysis of RNA sequencing verification

Total RNAs were extracted from six samples (i.e., REFs, rat NSCs, REFs induced
in 15 days by VCR under hypoxia [H15], REFs induced in 15 days by VCR under
normoxia [N15], ciNPCs induced under hypoxia [HPC], and ciNPCs induced
under normoxia [NPC]) using the Arcturus PicoPure RNA Isolation Kit (Applied
Biosystems, Foster City, CA, USA). RNA integrity was assessed using an Agilent
2100 Bioanalyzer (Agilent Technology, Palo Alto, CA, USA). Six complementary
DNA libraries were constructed at Sangon Biotech Co., Ltd. (Shanghai, China)
and were subjected to 125 bp end sequencing using the Illumina HiSeq
2500 platform (lllumina, San Diego, CA, USA). Raw reads were filtered to
obtain high-quality clean reads. DESeq (an R package, http://www.rproject.
org/) was used to evaluate differentially expressed genes (DEGs) in the six
groups (Anders and Huber, 2010). The overlapping area of DEGs in each
group was summarized by the Venn diagram package in R. Similar expression
profiles across the six groups were analyzed via principal component analysis
using the R vegan (version 2.0-10) package (http://www.usadellab.org/
cms/) (Bolger et al., 2014). A global genome heat map was generated and
hierarchical cluster and scatter plot analyses were performed using the gplots
(version 2.17.0) and DEGseq (version 1.26.0) packages in R, respectively.
Gene ontology (GO) classifications were compared between the up- and
downregulated unigenes using the Web GO Annotation Plot method (Ye et al.,
2018). ClusterProfiler (version 3.8.1) from the R software package was used
to annotate the pathways related to the DEGs and compare these against
the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (https://
www.kegg.jp/kegg/) (Yu et al., 2012). Gene sequences were annotated
with the Swiss-Prot, National Center for Biotechnology Information (NCBI)
non-redundant protein sequence (NR), and Karyotic Ortholog Group (KOG)
databases using the NCBI Blast™ software (version 2.60; https://blast.ncbi.
nlm.nih.gov/Blast.cgi) (Altschul et al., 1997) and the KEGG database using the
KEGG Automatic Annotation Serve (KAAS) software (version 2.1; http://www.
genome.jp/tools/kaas) (Moriya et al., 2007). The results of the annotated
genes in the four databases were displayed in a Venn diagram.

PD modeling

Endogenously produced estrogen is neuroprotective in females, whereas
in males, gonadal factors increase striatal 6-OHDA toxicity and facilitate
the establishment of a PD rat model (Gillies et al., 2004; Reglodi et al.,
2006). The male rats were randomly divided into two groups; 10 rats were
used as negative controls (i.e., the healthy group). The remaining 20 rats
were anesthetized by intraperitoneal injection of 3% pentobarbital sodium
(50 mg/kg) and fixed on a stereotaxic apparatus (Narishige Scientific
Instrument Lab., Tokyo, Japan). Eight microliters of 6-OHDA solution (5 mg/mL,
dissolved in 0.2% ascorbate saline; Sigma-Aldrich) were unilaterally infused
into the right SN at the following two coordinates at a rate of 0.5 pL/min:
anterior —4.4 mm (from the bregma), lateral =1.2 mm (from the bregma),
ventral =7.8 mm (from the dura); and anterior —4.0 mm (from the bregma),
lateral =0.8 mm (from the bregma), and ventral —=8.0 mm (from the dura). The
needle was maintained for an additional 8 minutes before retraction (Guo et
al., 2022). Following drug infusion, the skin incision was closed with stainless
steel wound clips.

Behavioral assessment of the parkinsonian rat model
Apomorphine-induced behavioral rotation

Two weeks after the 6-OHDA injection, the rats were injected intraperitoneally
with 0.5 mg/kg apomorphine (APO; Sigma-Aldrich), and the rotational
behavior contralateral to the lesion side was recorded quantitatively for
30 minutes to assess motor dysfunction. Those that exhibited more than
210 ipsilateral rotations/30 minutes were selected as parkinsonian model
rats for transplantation (Liu et al., 2008; Sundberg et al., 2013). In addition,
all behavioral assessments were evaluated 2, 4, and 8 weeks after cell
transplantation.

Open field test

The rats were placed in the central grid of the open-field apparatus and their
movement was videotaped for the duration of the trial. The total distance
traveled during each trial was automatically recorded and analyzed by the
Ethovision XT 10.1S system (Noldus, Leesburg, Netherlands) over 5 minutes
to detect the locomotive activity of the rats (Goffin et al., 2011). Zone maps
were generated by tracing the path of the rats in the open field.

Water maze assay

A Morris water-maze tracking system (temperature of 19-22°C, TME
Technology, Chengdu, China) was used to evaluate the motor coordination
ability of the rats. The rats were placed into the pool and allowed a maximum
of 10 minutes to mount the platform freely, which was captured automatically
by the camera. The Ethovision XT 10.1S system (Noldus) automatically
recorded and analyzed the total distance traveled, the time spent searching
for the platform, and the speed of finding the platform.

Rotarod test

Three rats were detected simultaneously on the three-station rotarod
apparatus to assess the motor coordination of the rats (SANS, Nanjing, China).
The test processed a constant 300 revolutions per minute for 30 minutes, and
each animal completed three trials. The number of turns and the time spent

on the rod were recorded, and the trial was automatically paused when the
rat fell off the rod or ran for 30 minutes.

Transplantation of ciNPCs into the right SN of parkinsonian rats

P3 ciNPCs were dissociated into single cells by TrypLE (Gibco) and stained
by Cell Tracker CM-Dil (1 pg/uL, Invitrogen) for 30 minutes at 37°C. After
rinsing the cells once with phosphate-buffered saline, the cell suspension
was resuspended with H-DMEM in 1.25 x 10°/uL for transplantation. The
ciNPCs were unilaterally transplanted into the right SN of each parkinsonian
model rat using the same two stereotaxic coordinates as those used in the PD
model. Twenty PD model rats were randomly divided into ciNPC (n = 10) and
vehicle groups (n = 10). At each site, 8 pL of cell suspension containing 1.0 x
10° ciNPCs was injected into the PD rats using a Hamilton microsyringe (Reno,
NV, USA) at a rate of 0.5 pL/min (ciNPCs group). The remaining PD rats were
injected with 8 pL serum-free H-DMEM in the same manner (vehicle group).

The rats were perfused with 0.9% NaCl, followed by 4% paraformaldehyde,
under deep anesthesia by intraperitoneal injection of 3% pentobarbital
sodium (50 mg/kg) 8 weeks after cell transplantation. Briefly, the anesthetized
rats were placed on the dissection table and their limbs were fixed. The
epidermis and muscle from the ventral midline to xiphoid midline were cut
to expose the heart. The heart was slightly clamped with hemostatic forceps,
and the perfusion needle was inserted directly from the apex 2—3 mm into
the aorta. The right atrial appendage was cut, and normal saline was quickly
infused until the organs turned white, followed by 4% formaldehyde. If
sufficient paraformaldehyde is perfused, the limbs of the rats will twitch
continuously and become rigid. The brains were post-fixed for 24 hours in 4%
paraformaldehyde and subsequently cryoprotected in 10%, 20%, and 30%
sucrose solution at 4°C for 24-48 hours.

Whole perfused brains were sectioned into 12-pum thick coronal sections
using a microtome cryostat (Leica, CM-1850, Wetzlar, Germany) and mounted
on gelatin-coated glass slides. To detect cell survival, differentiation, and
function of the transplanted ciNPCS, the cryosections were stained with
primary antibodies overnight at 4°C: mouse anti-Tujl (1:300, Cat# ab7751,
RRID: AB_306045), rabbit anti-postsynaptic density-95 (PSD95, 1:300, CST,
Cat# 2507S, RRID: AB_561221), rabbit anti-y-aminobutyric acid (GABA, 1:300,
Sigma-Aldrich, Cat# A2052, RRID: AB_477652), and rabbit anti-GFAP (1:300,
Cat# M022136, RRID: AB_2341541, Neuromics). After secondary antibody
incubation conjugated to Alexa Fluor 488 (donkey anti-rabbit 1gG, 1:500, Cat#
A21206, RRID: AB_2535792, or donkey anti-mouse IgG, 1:500, Cat# A21202,
RRID: AB_141607, Invitrogen) for 1 hour at 20°C, the immunofluorescence
results were observed under a multiphoton laser scanning microscope
(Olympus, FV1200MPE SHARE, Tokyo, Japan). Meanwhile, the perfused
brains were paraffin-embedded and sectioned into 30-um thick sections
using a microtome. The sections were then routinely incubated with rabbit
anti-tyrosine hydroxylase (TH, 1:300, Cat# ab112, RRID: AB_297840, Abcam)
antibody overnight at 4°C. After three rinses in Dulbecco’s phosphate-buffered
saline, horseradish peroxidase-labeled goat anti-rabbit secondary antibody
(1:1000, Cat# 111-035-003, RRID: AB_2313567, Jackson Immunoresearch)
was added and incubated for 1 hour at 20°C. The sections were then stained
with 3,3'-diaminobenzidine tetrahydrochloride (Servicebio, Wuhan, China).
Additionally, for the histopathology examination, 3-um thick paraffin sections
were dewaxed in xylene, rehydrated via decreasing concentrations of ethanol,
washed in phosphate-buffered saline, and stained with hematoxylin-eosin
staining solution (Servicebio). After staining, the sections were dehydrated via
increasing concentrations of ethanol and xylene. The results of the survival
and number of TH" cells for the TH-3,3'-diaminobenzidine and HE staining
were detected by whole-brain scanning using the Nikon Imaging system (Nikon
DS-U3, Tokyo, Japan) and the CaseViewer 2.0 software (3DHISTECH Ltd.,
Budapest, Hungary).

Statistical analysis

Sample sizes were not predetermined statistically; however, our sample sizes
are similar to those reported in previous publications (Mendes-Pinheiro et
al., 2018; Mine et al., 2018). No animals or data points were excluded from
the analysis. The experiments were not randomized, and investigators were
not blinded to allocation during the experiments or outcome assessments.
All quantitative data are presented as means * standard errors of the mean
for at least three independent experiments. Statistical comparisons between
two groups were performed using Student’s t-test. P < 0.05 was considered
statistically significant. For comparison between more than two groups, we
used one-way analyses of variance followed by Tukey’s post hoc tests. The
GraphPad Prism 7.00 software(GraphPad Software, San Diego, CA, USA, www.
graphpad.com) was used for all statistical analyses and the generation of
graphs.

Results

Induction of ciNPCs from REFs by VCR under physiological hypoxia

Primary cultured fibroblasts were initially mixed with epithelial cells, and
because of their rapid growth, fibroblasts gradually replaced epithelial cells
after 2—4 passages of subculture. The induction of ciNPCs from REFs by small
molecular compound VCR under physiological hypoxia (5% O,) underwent
two major developmental stages (Figure 1A). Step-by-step cell morphological
changes throughout the induction process are shown in Figure 1B. During
the first stage, the intermediate cells were chemically induced. The cellular
morphology of many REFs changed to a bipolar shape, similar to that of NPCs
during this process (Figure 1C). Compact cell colonies were observed in REFs
cultured at 5% O, 15 days after VCR, and 1000 U/mL leukemia inhibitory
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factor was added to the culture medium. Approximately 30 compact cell
colonies emerged from 1 x 10° REFs, and most colonies (90%) expressed
a high level of alkaline phosphatase (Figure 1D and E). The second stage
was lineage-specific induction. Intermediary compact cell colonies were
digested with 0.25% trypsin-ethylene diamine tetraacetic acid, replated onto
low adhesion six-well plates, and cultured in suspension in NEM containing
heparin, EGF, and bFGF under normoxic conditions. A large number of free-
floating neurospheres were formed 2 days after passage. We collected
these free-floating clusters, which we defined as P1 ciNPCs. Additionally, the
expression levels of neural-related genes and proteins, including Sox2, Pax6,
and Nestin, were significantly enhanced by gPCR and western blot analyses
(Figure 1F and G).

Proliferation and self-renewal of ciNPCs

The ciNPC neurospheres induced by VCR under hypoxia were phase-
bright and became more spherical as their size increased. The results
of immunofluorescence staining showed that the ciNPC neurospheres
inoculated on sterile glass slides pre-coated with PLO and laminin had typical
neurosphere-like structures that expressed NPC markers, including Nestin,
Sox2, and Pax6 (Figure 2A and B). Subsequently, these ciNPC neurospheres
were further cultured in suspension to examine whether they possess two
fundamental characteristics of NPCs: proliferation and self-renewal. After
13 passages cultured in NEM, the ciNPCs maintained good neurosphere
formation and proliferation ability, with no change in morphology. In the
different generations (i.e., P1, P3, P5, and P13), the ciNPCs cultured in an
adherent monolayer showed no significant changes in morphology or growth
state, which was extremely similar to rat NPCs (Figure 2C). Moreover, no
significant differences in the size or number of neurospheres were found
between P10 and P3 ciNPCs (Figure 2D). Next, we cultured P13 ciNPCs in an
adherent monolayer and found that more than 93% of all ciNPCs were stained
positive for Nestin, Sox2, and Pax6 individually, and approximately 90% of
CiNPCs expressed Nestin/Sox2 or Nestin/Pax6 (Figure 3A and B).
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CiNPCs show multipotency in vitro
The third fundamental characteristic of NPCs is their developmental
multipotency (Cheng et al., 2014). The multipotency of ciNPCs was assessed
by culturing cells under neuronal or glial differentiation conditions in vitro.
We found that 14 days after induction, most cells of P3 ciNPCs became GFAP-
positive with astrocyte-like morphology in neural basal medium with N2 and
B27 (Figure 4A). Over 60% of ciNPCs became Tujl-positive with neuron-
like morphology in neural basal medium with B27, N2, BDNF, GDNF, IGF-
1, cAMP, and ascorbic acid (Figure 4B). Moreover, neuronal nuclear antigen
and postsynaptic microtubule-associated protein 2 double-positive cells with
neuron-like morphology were found in the culture (Figure 4C). After being
cultured in a neural differentiation medium for 3 weeks, Tuj1-positive mature
neurons began to express presynaptic membrane marker synaptophysin
(Figure 4D).

Gene expression profiling of ciNPCs resembles that of NPCs

To access the exact identity of ciNPCs, we extracted messenger RNA from
the NSC, REF, HPC, NPC, H15, and N15 groups and compared the global
gene expression patterns of these cells using microarray analysis. Pearson’s
correlation coefficients for the clustering analysis of the six groups showed
that HPC and NPC were aggregated at one branch, and H15 and N15 were
aggregated at another branch (Figure 5A). Similarly, HPC and NPC had
similar expression profiles, whereas H15 was shown to be similar to N15
via principal component analysis (Figure 5B). The global genome heat map
and the hierarchical cluster (Figure 5C) and scatter plot analyses (Figure 5D)
revealed a significant difference between NSC and REF and high similarity
between HPC, NPC, and control NSC. Although P1 ciNPCs retained some
residual fibroblast epigenetic memory, several differences from rat NSCs
remained, and the similarities between ciNPCs and NSCs gradually increased
in subsequent generations.
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Figure 1 | Induction of chemically-induced neural progenitor cells (ciNPCs) from rat embryonic fibroblasts (REFs) by a chemical cocktail of valproic acid, CHIR99021, and Repsox

(VCR) under a physiological hypoxic condition.

(A) Scheme of the experimental strategy for induction of ciNPCs from rat fibroblasts. The initial fibroblasts were plated in Dulbecco’s modified Eagle’s medium; this day was defined

as “day -2.” (B) Changes in cell morphology at different stages of the induction process. The cultured REFs were spindle-shaped. Obvious cell aggregation was observed 5 days after
induction, and compact cell colonies were observed 15 days after induction. A large number of free-floating neurospheres formed 2 days after passage. Scale bars: 100 um. (C) NPC-
like bipolar cells induced from VCR-treated REFs are indicated by white arrows. (D) Induction of AP-positive compact cell colonies by VCR under hypoxia. (E) Bars represent the number
of colonies per 100,000 cells initially plated. (F) Relative expression levels of neural-specific genes were monitored by quantitative polymerase chain reaction. Data are expressed as
means + SEM (n = 3). ¥***P < 0.001, vs. REFs (one-way analysis of variance followed by Tukey’s post hoc test). (G) Expression of neural-specific genes was detected by western blotting.
AP: Alkaline phosphatase; ciNPCs: chemical-induced rat neural progenitor cells; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; KSR: knockout serum replacement; NEM: neural
expansion medium; NSCs: neural stem cells; Oct4: organic cation/carnitine transporter4; P: passage; Pax6: paired box6; REFs: rat embryonic fibroblasts; Sox2: SRY-box transcription
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Figure 2 | Proliferation and self-renewal of chemically-induced neural progenitor cells (ciNPCs).

(A) The induced ciNPCs were positive for NPC markers Nestin (red, stained by Cy3) and SRY-box transcription factor 2 (Sox2; green, stained by Alexa Fluor 488). Scale bar: 20 um.
(B) The induced ciNPCs were positive for NPC marker Nestin (red, stained by Cy3) and paired box 6 (Pax6; green, stained by Alexa Fluor 488). The nuclei were counterstained with
4' 6-diamidino-2-phenylindole dihydrochloride (DAPI; blue). (C) Representative images of ciNPCs at passages 1, 3, 5, and 13 (P1, P3, PS5, P13) cultured in an adherent monolayer
show no significant changes in morphology or growth state. (D) Neurospheres of ciNPCs at P3 versus those at P10 cultured in suspension. Statistical analysis showed no significant
differences in the size or number of neurospheres between P10 and P3 ciNPCs. Scale bars: 100 um (above), 50 um (below). Data are expressed as means + SEM (n = 8): ciNPCs:
Chemical-induced rat neural progenitor cells; DAPI: 4',6-diamidino-2-phenylindole dihydrochloride; Pax6: paired box6; Sox2: SRY-box transcription factor 2.
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Figure 3 | Expression of Nestin, paired box 6 (Pax6), and SRY-box transcription factor 2 (Sox2) was visualized by immunostaining P13 chemically-induced neural progenitor cells

(ciNPCs).

(A, B) Representative images for Nestin (red, stained by Cy3)/Sox2 (green, stained by Alexa Fluor 488) (A) or Nestin (red, stained by Cy3)/Pax6 (green, stained by Alexa Fluor 488) (B).
Nuclei were counterstained with 4',6-diamidino-2-phenylindole dihydrochloride (DAPI; blue). The numbers of positive cells are illustrated in the right panel. Scale bars: 20 um. Data
are expressed as means + SEM (n = 6). ciNPCs: Chemical-induced rat neural progenitor cells; DAPI: 4,6-diamidino-2-phenylindole dihydrochloride; P13: passage 13; Pax6: paired box6;

Sox2: SRY-box transcription factor 2.
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Figure 4 | Multipotency of rat embryonic fibroblast (REF)-chemically-induced neural progenitor cells (ciNPCs) in vitro.

(A) REF-ciNPCs differentiated into astrocytes and expressed the astrocyte marker glial fibrillary acidic protein (GFAP; green, stained by Alexa Fluor 488). (B) REF-ciNPCs expressed
neuronal markers tubulin (Tuj1; red, stained by Cy3) and SRY-box transcription factor 2 (Sox2; green, stained by Alexa Fluor 488) after being cultured in a neural differentiation
medium. (C) REF-ciNPCs expressed neuronal markers microtubule-associated protein 2 (Map2; red, stained by Cy3) and NeuN (green, stained by Alexa Fluor 488) after being cultured
in a neural differentiation medium. (D) REF-ciNPCs expressed neuronal markers Tuj1 (red, stained by Cy3) and Synapsin (green, stained by Alexa Fluor 488) after being cultured in

a neural differentiation medium for 3 weeks. Scale bars: 20 um. ciNPCs: Chemical-induced rat neural progenitor cells; DAPI: 4',6-diamidino-2-phenylindole dihydrochloride; Map2:
microtubule-associated protein 2; NeuN: neuronal nuclear antigen; REFs: rat embryonic fibroblasts; Sox2: SRY-box transcription factor 2; Tuj1: B-lll-tubulin.

The GO and KEGG analyses showed that upregulated DEGs were mainly
enriched in the neuroactive ligand-receptor interaction, whereas the
phosphatidylinositol 3’-kinase-Akt signaling pathway was the most enriched
pathway for downregulated DEGs. Furthermore, 30 enriched pathways
comprising upregulated genes were further classified into four categories:
metabolism, environmental information processing, cellular processes, and
organismal systems. Thirty enriched pathways comprising downregulated
genes were classified into five categories: metabolism, genetic information
processing, environmental information processing, cellular processes, and
organismal systems (Figure 5E and F). To determine the molecular mechanism
underlying the reprogramming of fibroblast cells into ciNPCs, we performed
KOG, NCBI NR, Swissport, and KEGG analyses for the DEGs among the six
groups (Figure 5G). The shared core targets of ciNPCs from different batches
and control NSCs comprised 1645 genes (Figure 5H), which were primarily
related to neural processes and cell morphogenesis. Most DEGs involved
in various metabolic processes and signaling pathways were significantly
upregulated in ciNPCs (Figure 5E), indicating that reprogramming induced
changes in the metabolism of cells by altering multiple signaling pathways.
However, DEGs involved in the cell cycle, DNA replication, and mismatch
repair were significantly downregulated in ciNPCs (Figure 5F), suggesting that
reprogramming inhibited the cell proliferation of ciNPCs. In addition, we found
that the expression of neural-specific genes, such as Sox2, Pax6, and Ascl1, was
significantly upregulated in ciNPCs and was comparable to that of NSCs.

Transplantation of ciNPCs improves the behavioral function of parkinsonian
rat models

A total of 30 adult male rats were divided into three groups (Figure 6A). Two
weeks after 6-OHDA injection (Figure 6B), the rats exhibited tail-pressing,
arching, and sniffing behaviors, and they displayed more than 210 continuous
ipsilateral rotations/30 minutes to the side contralateral to the injury in the
APO-induced rotation test, which was the main criterion for PD model rats.
The right SN of the PD rat model was damaged after the 6-OHDA lesion
(Figure 6C). CINPCs-Dil" were stereotaxically injected into the right SN of the
6-OHDA rats at the two coordinates shown in Figure 6D and E, and the total
number of cells ranged from 0.8 to 1.2 x 10° cells/graft (n = 10). Four weeks
after the transplantation of ciNPCs-Dil", the APO-induced rotation behavior
of the transplanted rats was slightly reduced, although it did not differ
significantly from that of the PD model rats. However, the rotation behavior
gradually decreased with time, reaching 242.5 + 22.5 (n = 8) turns 8 weeks
after transplantation (Figure 6F and G). Moreover, there was a significant
reduction in rotation behavior in the ciNPC group (Figure 6G), indicating that
the transplanted cells required time to induce functional recovery in vivo.
The motor coordination ability of the ciNPC group was improved as assessed
by the rotarod test (P < 0.05; Figure 6H and I). Furthermore, the rats that
underwent ciNPC transplantation were more excited and active than those
in the vehicle group, and the total distance traveled in the open field test

was significantly increased (P < 0.01; Figure 6J and K). In the water maze, the
grafted rats spent significantly less time seeking the platform than the vehicle
group (Figure 6L and M).

Survival and function of ciNPCs in the host SN of parkinsonian rat models
Whole-brain hematoxylin-eosin staining results revealed that the number of
cells in the 6-OHDA-lesioned area of PD rats was significantly lower than that of
the healthy control group, and the cells were arranged in a disorderly manner.
However, numerous ciNPCs grafts were observed and shown to have survived
well in the brain environment of PD rats 8 weeks after transplantation (Figure
7A). The TH-3,3'-diaminobenzidine tetrahydrochloride staining of the whole-
brain scan revealed significantly fewer TH' cells in the brain of the vehicle
group than in the brain of the healthy control group. However, a large number
of TH" cells were observed in the engraftment area of ciNPCs and the area
surrounding the PD rat brain SN 8 weeks after transplantation. Microscopic
imaging showed significantly higher TH labeling in the transplanted putamen
than in the vehicle group putamen, which indicated that the transplanted
putamen recovered well from the transplantation of ciNPCs. Moreover, there
were significantly more viable DA neurons in the putamen of the ciNPC group
than in the vehicle group (Figure 7B).

Transplanted ciNPCs formed obvious graft regions 2 weeks after implantation
and migrated from the graft area 8 weeks after transplantation (Figure 7C). In
addition, the area of cell distribution from the grafted area was significantly
larger at 8 weeks than at 2 weeks after transplantation. These CM-Dil labeled
cells survived for at least 8 weeks and migrated long distances (2.0-2.5
mm) from the graft site into the surrounding brain tissue and damaged
area to play a repairing role (Figure 7C). Moreover, the engrafted ciNPCs
gave rise to various functional neurons around and within the graft 8 weeks
after transplantation and expressed the neuronal marker B-lll-tubulin, the
glutamatergic neuronal marker PSD95, and the glial marker GFAP (Figure 7D)
(Gao et al., 2017). Most CM-Dil labeled cells expressed neuronal markers
PSD95, GABA, and TH 8 weeks after transplantation (Figure 7E). These data
demonstrate that ciNPCs can differentiate into functional neurons and
astrocytes in the host SN. Many grafted cells were positive for TH staining, and
TH' fiber outgrowth was also detected from the graft site. Furthermore, TH"
cell clusters were scattered throughout the graft and integrated into the host
brain tissue (Figure 7F). Given that TH is a marker of DA neurons (Parmar et
al., 2020), our findings suggest that transplanted ciNPCs can differentiate into
DA neurons in the host brain microenvironment. Moreover, the expression
of synaptophysin was significantly increased after ciNPC transplantation, and
numerous Dil-positive cells were positive for synaptophysin staining (Figure
7G). We also found a large number of synaptophysin-positive and Dil-negative
patches adjacent to the transplanted ciNPCs, which indicated that host-
derived presynaptic terminals made contact with ciNPCs-derived neurons
to form mature synapses (Figure 7G). Importantly, no tumor formation was
observed in any of the grafted rats after ciNPC transplantation.
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Figure 5 | Enriched pathways consisting of differentially expressed genes (DEGs) in the six libraries using RNA-sequencing.

(A) Heatmap analysis of the correlation of expression profiles among the six groups. (B) Principal component analysis of six samples to detect similarities. (C) Heatmap and
hierarchical clustering of genes with significance from microarray analysis data revealed a significant difference between chemically-induced neural progenitor cells (ciNPCs) and rat
embryonic fibroblasts (REFs). (D) Digital expression levels of DEGs in ciNPCs induced under hypoxia (HPC) and REFs. Red points indicate upregulated DEGs, and green points indicate
downregulated DEGs. (E) Thirty enriched pathways comprising upregulated genes were further classified into four categories between HPC and REF. (F) Thirty enriched pathways
comprising downregulated genes were further classified into five categories between HPC and REF. (G) Venn diagram for four databases showing 1686 overlapping genes in the

six groups. (H) Venn diagram illustrating the overlap of expression changes identified in HPC, ciNPCs induced under normoxia (NPC), REFs induced in 15 days by VCR under hypoxia
(H15), REFs induced in 15 days by VCR under normoxia (N15), and NSC compared with the expression changes in REFs. ciNPCs: Chemical-induced rat neural progenitor cells; DEGs:
differentially expressed genes; H15: REFs induced by VCR 15 days under hypoxia; HPC: ciNPCs induced under hypoxia; KEGG: Kyoto Encyclopedia of Genes and Genomes; KOG:
Karyotic Ortholog Groups; N15: REFs induced by VCR 15 days under normoxia; NPC: ciNPCs induced under normoxia; NR: NCBI non-redundant protein sequences; NSCs: neural stem

cells; REFs: rat embryonic fibroblasts; VCR: valproic acid, CHIR99021, and Repsox.

Discussion

Induction of ciNPCs from REFs by small molecule compound VCR

To our knowledge, this is the first study to show that direct lineage-specific
conversion of REFs into NPCs can be achieved using a chemical cocktail of
VCR, which had a significant effect on dyskinesias in PD rats in vivo. REFs were
reprogrammed into ciNPCs in two major stages. The first stage was chemical
induction, in which fibroblasts were reprogrammed into intermediate cells to
avoid the risk of tumorigenicity due to the activation of pluripotency during
the induction process. The hypoxia induction time increased to 15 days, the
number of compact cell colonies of intermediate cells increased significantly,
and most colonies were positively stained for alkaline phosphatase. The
second stage was lineage-specific induction. The intermediate cells were
digested with 0.25% trypsin-ethylene diamine tetraacetic acid and inoculated
on low adhesion plates. After 2 days of culturing in normoxic suspension, we
obtained the first generation of chemically-induced rat NPC neurospheres.
These ciNPCs were highly similar to rat brain-derived embryonic NPCs
in terms of morphology, self-renewal ability, proliferation ability, and
multipotency in vitro.

Although master transcription factors are considered the main determinants
of specific cell characteristics (Caiazzo et al., 2011; Pfisterer et al., 2011; Kim
et al., 2014; Wang et al., 2015), small molecule compounds can activate
the expression of these genes and play important roles. This has led to
small molecule compounds receiving increased attention in somatic cell
reprogramming and transdifferentiation research (Li et al., 2015; Tang
and Cheng, 2017; Qin et al., 2018). The inhibition of histone deacetylases,
TGF-B, and GSK-3 by the diverse inhibitors of VCR enabled the conversion
of differentiated fibroblast cells into intermediary cells under physiological
hypoxic conditions. Moreover, this process was accompanied by the activation
of endogenous Sox2 expression. Therefore, these three essential signaling
pathways may facilitate the desired transition by regulating the expression of
Sox2-controlled genes (Cheng et al., 2014). The REF-ciNPC neurospheres had

a typical neurosphere-like structure, expressed NPC markers of Nestin, Sox2,
and Pax6, possessed the typical characteristics of NPCs, and maintained good
spheroidization ability after the serial passage to P13. Furthermore, RNA-
seq analysis revealed that the expression of genes known to be regulated by
these pathways in ciNPCs was significantly different from that in REFs, which
further supported the idea that activation of a defined set of genes via these
pathways is critical for the successful transition of REFs to NPCs. The direct
conversion of cells avoided the need for cells to pass through the pluripotent
stem cell state, which prevented the formation of tumors after being
transplanted into the brain or other organs. However, the precise regulatory
mechanisms remain to be investigated.

Transplanted ciNPCs differentiate into functionally active neurons and
integrate into the brain of parkinsonian rats

The PD rat model was established by injecting 6-OHDA directly into the SN
of rats to destroy DA neurons. The number of rotations induced by APO in
PD rats was closely associated with the degree of DA depletion in the SN (Liu
et al., 2008; Zenchak et al., 2020). In terms of generating DA neurons, iPSCs
are very similar to ESCs in that they respond to the same differentiation cues
and generate mature cells with highly similar functional properties (Kikuchi
et al., 2017). Although undifferentiated ESCs and iPSCs can improve the
behavior of 6-OHDA-lesioned rats, they also carry the risk of tumor formation
and teratomas in vivo (Fong et al., 2010; Yasuda et al., 2018). Nevertheless,
NPCs have been shown to survive well, restore motor function in primate PD
models, and avoid the formation of tumors (Gonzalez et al., 2016). Moreover,
several previous studies have demonstrated that grafted NPCs differentiate
into TH" neurons (DA neurons) and improve the motor behavior of PD mice
and rats (Mine et al., 2018; Yuan et al., 2018; Qian et al., 2020).

In the present study, the transplantation of REF-ciNPCs into the SN of
6-OHDA-lesioned rats significantly improved motor functional recovery based
on PD behavioral and neurological tests assessed via the open field, Morris
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Figure 7 | Survival and integration of transplanted chemically-induced neural progenitor cells (ciNPCs) in the host brains of the parkinsonian rat models.

(A) Representative images of whole-brain scans with hematoxylin and eosin staining. The number of cells in the 6-hydroxydopamine (6-OHDA)-lesioned area of the Parkinson’s disease
(PD) rats was significantly lower than that of the healthy control group, and numerous ciNPCs grafts were observed in the lesion area of PD rats 8 weeks after transplantation. (B)

The tyrosine hydroxylase (TH) intensity of the 6-OHDA-lesioned rats was significantly increased after ciNPC transplantation by TH-3,3'-diaminobenzidine staining. (C) CM-Dil labeled
cells formed obvious graft regions after 2 weeks and migrated 2.5-3.0 mm from the graft site 8 weeks after transplantation. Scale bar: 100 pm. The blue line represents the migration
distance of the transplanted cells from the graft site. (D) Grafted ciNPCs cells differentiated into various functional neurons in vivo, which expressed tubulin (Tuj1), postsynaptic density
(PSD95), y-aminobutyric acid (GABA), and glial fibrillary acidic protein (GFAP). Scale bars: 50 um. (E) A proportion of CM-Dil labeled cells expressed PSD95, GABA, and TH 8 weeks
after transplantation. Data are expressed as mean + SEM (n = 6) and were analyzed by one-way analysis of variance followed by Tukey’s post hoc test. (F) TH cells integrated into the
host brain 8 weeks after transplantation. Robust survival of dopamine neurons with outgrowth integration into the host putamen was observed. Scale bar: 50 um. (G) Transplanted
cells expressed the synapse marker synaptophysin (green, stained by Alexa Fluor 488) during the process. Scale bar: 50 um. ciNPCs: Chemical-induced rat neural progenitor cells; DAB:
3,3'-diaminobenzidine; DAPI: 4',6-diamidino-2-phenylindole dihydrochloride; GABA: y-aminobutyric acid; GFAP: glial fibrillary acidic protein; IF: immunofluorescence; PD: Parkinson’s
disease; PSD95: postsynaptic density-95; TH: tyrosine hydroxylase; Tuj1: B-lll-tubulin.
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water maze, and rotarod tests. Moreover, the immunofluorescence results
showed that ciNPC grafts can differentiate into various functional neurons
and glial cells in the host brain microenvironment to improve the neurological
deficits of 6-OHDA lesioned rats, such as the number of surviving GFAP’,
GABA', PSD95", and TH" cells. Furthermore, these functional neurons may be
responsible for modifying the balance of excitatory and inhibitory signals in
the striatum to promote behavioral recovery in PD model rats. The maturation
of and increase in donor-derived TH" cells (DA neurons) and the synaptic
formation between donor-derived cells and the host brain may contribute to
functional recovery and behavioral improvement. More importantly, some
of the transplanted cells differentiated into astrocytes, which play essential
supportive roles for neurons and are considered active participants in the
development and plasticity of dendritic spines and synapses (Blanco-Suérez
et al.,, 2017; Zhao et al., 2020). Therefore, the behavioral improvements
observed in PD rats are likely related to the combined effects of the striatal DA
neurons, GABAergic neurons, and astrocytes derived from the transplanted
ciNPCs. Further work is required to clarify whether these functional neurons
that differentiate from ciNPCs are capable of making functional synaptic
connections with neurons and integrating with the host circuitry in PD rat
models. Moreover, given our small sample size of 30 rats and the analysis
methods used, further investigation of the therapeutic effects of ciNPCs on
motor dysfunction in PD rats is required.

In summary, we used a step-by-step induction method to directly induce rat
fibroblasts to transdifferentiate into NPCs under hypoxic conditions using
small molecule compounds VCR, which were highly similar to rat brain-
derived embryonic NPCs. We demonstrated that ciNPCs grafts can survive and
differentiate into different types of functional cells to improve neurological
deficits in 6-OHDA lesioned PD rats; thus, they may serve as attractive donor
material for neuroscience research and the treatment of neurodegenerative
diseases.
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