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Preface to ”Induced Impairment of Neurogenesis and
Brain Diseases”

The impairment of neurogenesis may be induced after pre- and post-natal chemical and

biological toxin, alcohol, or radiation exposure, drug treatment, hormone imbalances, stress, pain,

hypoxia, brain trauma, malnutrition, and aging. It also occurs as a result of genetic disorders

such as Down syndrome (DS), autism, fragile X syndrome (FXS), neurological disorders including

Alzheimer’s disease (AD), Parkinson’s disease (PD), epilepsy, and Huntington’s disease (HD), and

neuropsychiatric disorders such as depression and schizophrenia. However, the causal relationship

between the impairment of neurogenesis and neurological and neuropsychiatric disorders remains

unknown. In this Special Issue entitled “Induced Impairment of Neurogenesis and Brain Diseases”,

original animal or cell experimental research and review papers were combined to discuss different

causes of the impairment of neurogenesis, relevant neurobehavioral changes, molecular mechanisms,

and therapeutic approaches. The aim is to update researchers and clinicians about the complexity

of the development of the impairment of neurogenesis, the importance of the involvement of the

impairment of neurogenesis in neurological and neuropsychiatric disorders, and to provide some

clues for designing novel therapeutic approaches by targeting the impairment of neurogenesis to

effectively prevent or treat different genetic, neurological, and neuropsychological disorders.

In a mouse radiation exposure model, Wang et al. revealed that early-life (postnatal day

3) irradiation induced hypoplasia and the impairment of neurogenesis in the dentate gyrus and

adult depression, which were mediated by the microRNA-34a-5p/T-cell intracytoplasmic antigen-1

pathway [1]. In their review, Wang et al. described the effects of irradiation on the aging of different

types of brain cells, including neurons, microglia, astrocytes, and cerebral endothelial cells, and the

relevant molecular mechanisms, and highlighted how radiation-induced senescence in different cell

types might lead to the brain aging and the subsequent development of various neurological and

neuropsychological disorders [2]. Boyd et al. reviewed the control of neuroinflammation through

radiation-induced microglial changes, and summarized the impacts of ionizing radiation on healthy

brains by altering microglial function states, and low-dose ionizing radiation on neurodegenerative

diseases [2].

In mutant animal models, Wang et al. investigated the biological functions of MCPH1’s central

domain, by constructing a mouse model which lacked the central domain of MCPH1 by deleting

its exon 8 (designated as Mcph1-∆e8). Mcph1-∆e8 mice exhibited a reduced brain size and thinner

cortex, likely caused by a compromised self-renewal capacity and the premature differentiation

of Mcph1-∆e8 neuroprogenitors during corticogenesis [4]. Chithanathan et al. demonstrated

the cell-specific function of miR-146b in the neuronal and astroglial organization of the mouse

brain. In miR146b-/- mice, there was a higher density of neurons in the frontal cortex and

enhanced hippocampal neurogenesis. No microglial activation or neuroinflammation was observed

in miR146b-/- mice. At molecular level, they demonstrated that miR-146b deficiency was associated

with the elevated expression of glial-cell-line-derived neurotrophic factor (Gdnf) mRNA, which might

be related to hippocampal neurogenesis [5]. Sun et al. found that TRIM32 deficiency impaired

the generation of pyramidal neurons in the developing cerebral cortex, leading to a smaller brain

size. Reduced Notch signaling may be involved in the TRIM32-deficiency-induced impairment of

pyramidal neurogenesis [6].
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Neurogenesis is also regulated epigenetically. Blanco-Luquin et al. reported that Aβ-treated

human neural progenitor cells (NPCs) exhibited transient decreases in mRNA expression for

SEPT5-GP1BB and NXN and an increase in DNA methylation for NXN, suggesting that NXN gene

epigenetic changes may be involved in the impairment of hippocampal neurogenesis in Alzheimer’s

disease [7]. Maria Guerra et al. reported that SMG6 regulated cell fate in a cell-type-specific manner

and was more important for neuroprogenitors originating from the ganglionic eminence (GE) than

for progenitors from the cortex. N6-methyladenosine (m6A), the most abundant modification in

messenger RNAs (mRNAs), was deposited by methyltransferases (“writers”) Mettl3 and Mettl14

and erased by demethylases (“erasers”) Fto and Alkbh5. m6A can be recognized by m6A-binding

proteins (“readers”), such as Yth domain family proteins (Ythdfs) and Yth domain-containing protein

1 (Ythdc1) [8]. Shu et al. summarized the current knowledge about the roles of m6A machinery,

including writers, erasers, and readers, in regulating gene expression, and the function of m6A in

neurodevelopment and neurodegeneration; perspectives for studying m6A methylation were also

provided [9].

Ghrelin [10] and TGF-β/Smad signaling [11] are also involved in neurogenesis. In cultured

cerebral cortex neurons, cerebellar granule neurons, and organotypic cerebral cortex slices from rat

brains to hypoxia, Stoyanova et al. found that ghrelin stimulates neurogenic factors for the protection

of neurons in a GHSR1-dependent manner in non-neurogenic brain areas such as the cerebral cortex

after exposure to hypoxia [10]. Hiew et al. reviewed TGF-β/Smad signaling in neurogenesis and

its implications for neuropsychiatric diseases, and suggested that TGF-β/Smad signaling was an

important regulator of stress response and was implicated in the behavioral outcomes of mood

disorders [11].

The influence of the gut microbiota on neurogenesis and the possible underlying mechanisms

were reviewed by Sarubbo et al., and the potential implications of the emerging knowledge for the

fight against neurodegeneration and brain aging through the gut microbiota were also provided

[12]. Yow et al. systematically reviewed the therapeutic potential of complementary and alternative

medicines in peripheral nerve regeneration [13].
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Abstract: Early life radiation exposure causes abnormal brain development, leading to adult depres-
sion. However, few studies have been conducted to explore pre- or post-natal irradiation-induced
depression-related neuropathological changes. Relevant molecular mechanisms are also poorly
understood. We induced adult depression by irradiation of mice at postnatal day 3 (P3) to reveal
hippocampal neuropathological changes and investigate their molecular mechanism, focusing on
MicroRNA (miR) and its target mRNA and protein. P3 mice were irradiated by γ-rays with 5Gy, and
euthanized at 1, 7 and 120 days after irradiation. A behavioral test was conducted before the animals
were euthanized at 120 days after irradiation. The animal brains were used for different studies
including immunohistochemistry, CAP-miRSeq, Real-Time Quantitative Reverse Transcription PCR
(qRT-PCR) and western blotting. The interaction of miR-34a-5p and its target T-cell intracytoplasmic
antigen-1 (Tia1) was confirmed by luciferase reporter assay. Overexpression of Tia1 in a neural stem
cell (NSC) model was used to further validate findings from the mouse model. Irradiation with
5 Gy at P3 induced depression in adult mice. Animal hippocampal pathological changes included
hypoplasia of the infrapyramidal blade of the stratum granulosum, aberrant and impaired cell
division, and neurogenesis in the dentate gyrus. At the molecular level, upregulation of miR-34a-5p
and downregulation of Tia1 mRNA were observed in both animal and neural stem cell models. The
luciferase reporter assay and gene transfection studies further confirmed a direct interaction between
miR-34a-5p and Tia1. Our results indicate that the early life γ-radiation-activated miR-34a-5p/Tia1
pathway is involved in the pathogenesis of adult depression. This novel finding may provide a
new therapeutic target by inhibiting the miR-34a-5p/Tia1 pathway to prevent radiation-induced
pathogenesis of depression.

Keywords: γ-irradiation; depression; neurogenesis; miR-34a-5p; Tia1
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1. Introduction

Depression is one of the most significant and long-term consequence of radiation
exposure among the survivors of nuclear accidents or wars [1–4] and is associated with
brain-structural changes including reduced dentate gyrus size and altered hippocampal
volume [5–12]. The small dentate gyrus may be caused by the impairment of neurogenesis,
and it supports the “neurogenesis hypothesis of depression” [13] and the “cellular plasticity
hypothesis of depression” [14]. The therapeutic effect achieved by promoting neuroge-
nesis to improve depression symptoms further supports the “neurogenesis hypothesis
of depression” [11,15,16]. These neuropathological changes may be induced by pre- or
post-natal radiation exposure [17–23]. While it has been well documented that oxidative
stress and neuroinflammation are involved in radiation-induced brain damage, whether
brain microRNA (miR) and its target gene are involved in radiation-induced hippocampal
structural changes and subsequent depression remains unknown.

Recent studies suggest that brain miR changes may be involved in depression-like be-
havior or depressive symptoms [24–28]. For instance, miR-15b is upregulated in the medial
prefrontal cortex of mice with depression-like behavior and inhibits neuronal progenitor
proliferation [29]. miR-124 serves as a putative therapeutic target and a biomarker for
depression [30], and the inhibition of miR-124 could reduce depression-like behavior in an-
imals [31–33]. miR-34a was shown to be significantly up-regulated in a mouse model [34]
and in patients [35] with depression. In the latter, the serum level of miR-34a-5p was
positively correlated with the severity of depression [35]. It suggests that further study of
brain miR-34a-5p and its target gene may be needed in order to correlate serum miR-34a-5p
changes to brain changes. Establishment of the relationship between brain miR-34a-5p, its
target gene and the impairment of neurogenesis or small dentate gyrus may provide new
clues for understanding the mechanism of the development of depression and for novel
therapeutic approaches to prevent the genesis of depression.

The formation of stress granules (SGs) is a key event in cells after exposure to physi-
ological or environmental stressors. The suppression of SG generation may underlie the
neuronal cell death observed in neurodegenerative diseases [36]. T-cell intracytoplasmic
antigen-1 (Tia1), as an RNA-binding protein in brain tissues, functions as a posttranscrip-
tional regulator of gene expression. It aggregates to form SG following cellular damage,
which is strongly linked to the pathophysiology of neurodegeneration [37,38]. Evidence
has demonstrated that Tia1 is a potential biomarker in the brain of a mouse model for
Alzheimer′s disease [39]. One study predicts that miR-34a may target Tia1 in the inhibition
of myeloid-derived suppressor cell apoptosis [40]. However, the function of Tia1 on gamma
irradiation-induced cellular damage has been poorly investigated.

This study aimed to examine if the acute irradiation with 5Gy at postnatal day 3
(P3) induced adult depression. The progressive neuropathological changes in the dentate
gyrus, in particular, neurogenesis at 1, 7, and 120 day(s) after radiation exposure, were
also investigated. We also elucidated the molecular mechanisms involved in radiation-
induced neuropathological and neuropsychological changes, focusing on the miR and
its targeted gene. We found that the γ-irradiation-activated miR-34a-5p/T-cell intracy-
toplasmic antigen-1 (Tia1) pathway in P3 mice was involved in the hypoplasia of the
infrapyramidal blade of the stratum granulosum and the impairment of neurogenesis in
the dentate gyrus and, therefore, participated in the pathogenesis of adult depression.

2. Materials and Methods
2.1. Radiation Exposure

Balb/c mice were purchased from InVivos Pte. Ltd. (Singapore) and housed with
free access to water and food in the Comparative Medicine Facility, National University of
Singapore. The experimental protocols were approved by the Institutional Animal Care
and Use Committee (IACUC), National University of Singapore (IACUC number: R15-
1576). Mice were exposed to 5 Gy gamma radiation (dose rate: 3.33 Gy/m) in a γ-Irradiator
(BIOBEAM GM 8000, The Gamma-Service Medical GmbH, Leipzig, Germany) at postnatal
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day 3 (P3). Animals were euthanized at 1, 7 and 120 day(s) after irradiation and brain
samples were collected for different experimental studies. For animals kept for 120 days,
different neurobehavioral tests were performed before the animals were euthanized.

2.2. Behavioral Tests
2.2.1. Open Field (Locomotor) Test

Mice were allowed to explore freely for 1 h in a square open field (40 cm× 40 cm) cage.
Locomotor activity in terms of total distance travelled was recorded using the TopScan
Behavioural Analysing system (Cleversys, Reston, VA, USA).

2.2.2. Tail Suspension Test

Mice were suspended by their tails for 6 min [41]. Immobility time was detected by a
strain gauge in the Tail Suspension Chamber (Med Associates Inc., St. Albans, VT, USA). A
duration of time in which the force of the mouse′s movement did not exceed a set threshold
was counted as immobility time.

2.2.3. Forced Swim Test

The mice were put inside a cylinder filled with water for 6 min. The movement of the
animal was recorded and analyzed using ForcedSwimScan (Cleversys, Reston, VA, USA).
Floating time (during which the animal remained almost immobile and with its head above
water) was used as a parameter to indicate depression-like behavior.

2.3. Immunohistochemical Staining

Animals were anaesthetized at 1, 7 and 120 day(s) post-irradiation. After perfusion
with 4% paraformaldehyde, brain tissues were dissected, postfixed and then kept in 30%
sucrose in 0.1 M phosphate buffer (pH: 7.4). Sagittal brain sections were cut at 40 µm
and processed for Ki67, NeuN and doublecortin (DCX) immunohistochemistry in free
floating sections. After treatment with 3% H2O2 and blocking with serum, free-floating
sections were incubated with antibodies against DCX (1:500; Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA), NeuN (1:500; Gene Tex, Hsinchu City, Taiwan), and Ki 67
(1:400; Gene Tex, Hsinchu City, Taiwan) overnight. The sections were then washed and
incubated with respective secondary antibodies followed by avidin–biotin complex (ABC)
reagent (Vector Laboratories Inc., Burlingame, CA, USA). After reaction in DAB Peroxidase
Substrate (Vector Laboratories Inc., Burlingame, CA, USA), the sections were washed,
mounted, counterstained and covered. The slides were examined and photographed
under microscopy (Leica Microsystems GmbH, Wetzlar, Germany). The Stereologer System
(Stereology Resource Center, Biosciences Inc. Tampa, FL, USA) was used to unbiasedly
analyze the number of DCX and Ki67 immunopositive cells in the subgranular zone, and
indicated the number/volume of the hilus of the dentate gyrus (mm3).

2.4. RNA Extraction from the Mouse Brain

RNA extraction from brain samples was performed using the miRNeasy Mini Kit
(Qiagen, Hilden, Germany). The cerebrum was homogenized, and RNA extraction was
performed according to the manufacturer′s instructions. RNA concentration and integrity
were checked using the Nanodrop and Bioanalyzer system (Agilent Technologies, Santa
Clara, CA, USA) before being subjected to miR sequencing and qPCR analysis.

2.5. Systematic miR Sequencing (miRSeq) Analysis

miRSeq was carried out using CAP-miRSeq (Molecular Genomics Pte Ltd., Singapore).
The detected miRs were further compared between the control and irradiated animals and
summarized using a heatmap.
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2.6. Real-Time Quantitative Reverse Transcription PCR (qRT-PCR) Analysis of miR

RNA was first reversely transcribed using the miScript II RT kit (Qiagen, Hilden,
Germany). The 20 µL reaction mixture, including 4 µL 5× HiSpec buffer, 2 µL 10×
nucleotide mix, 2 µL reverse transcripts mix, 5 µL template RNA and 7 µL nuclease-free
water, was incubated at 37 ◦C for 1 h followed by 95 ◦C for 5 min. The resulting cDNA was
then diluted by adding 80 µL of nuclease-free water and stored at −80 ◦C.

Twenty microliters of master mix, for real time PCR, was prepared as follows: 2 µL
diluted cDNA, 10 µL 2×miScript SYBR green PCR master mix, 2 µL 10×miScript universal
primer and 2 µL primer for target miR, and 4 µL nuclease-free water. Samples were
denatured at 95 ◦C for 15 min, followed by 40 cycles of denaturation at 94 ◦C for 15 sec,
annealing at 55 ◦C for 30 sec, and extension at 70 ◦C for 30 s PCR amplification was carried
out in QuantStudio 6 Real-Time PCR Systems (Thermo Fisher Scientific, Waltham, MA,
USA). Fluorescence data were then collected. The average expression of miR-68 and miR-64
was used as internal control.

2.7. Predication of miR-34a-5p Targets and Luciferase Reporter Assay

Several online databases (TargetScan, miRanda, TarBase, miR2Disease, miRTarBase,
miRecords, miRWalk) were used to analyze and predict the potential target genes of miR-
34a-5p, one of the miRs that shows significant changes after irradiation. Tia1, one of
the miR-34a-5p targets, was selected to further validate their direct interaction because
down-regulation of Tia1 increases inflammatory response and chronic stress, which may
prevent neurogenesis [42–45]. The luciferase reporter assay was based on the previous
description [46]. The fragments of 3′UTR of mouse Tia1 containing the binding sequence
of miR34a-5p were amplified by RT-PCR. The primers used were 5′-CAC GAT GGT
GGA TGT TTG CC-3′ and 5′-GAT GCG GCG AGG ACT TAT CA-3′. The amplified
fragments were directionally cloned into the PmeI and XhoI unique restriction enzyme
sites of psiCHECK-2 plasmid (C8021, Promega Corporation, Madison, WI, USA), which
are downstream of the Renilla luciferase gene. Transfection efficiency was normalized
using firefly luciferase. The miR-34a-5p seed region of Tia1 was mutated using the Phusion
Site-Directed Mutagenesis Kit (Thermo Fisher Scientific, Waltham, MA, USA) with primer
sequences of 5′-phosphate ATT CCT TTT TTA AAA ATA AGA GGC-3′ and 5′-phosphate
GTC AAT CCC TGC ATT TGT CTT TG. HEK293T cells were co-transfected with 0.2 µg
psiCHECK-2 constructed with 3′UTR binding sites of miR-34a-5p and 100 nM miR-34a-
5p mimic (Dharmacon, Lafayette, CO, USA) or scrambled mimic control (Dharmacon,
Lafayette, CO, USA), using X-tremeGENE siRNA Transfection Reagent (Roche, Basel,
Switzerland) according to the manufacturer′ s protocol. The Dual-Luciferase® Reporter
Assay System (Promega Corporation, Madison, WI, USA) was used to measure luciferase
and renilla signals 48 h after transfection.

2.8. qRT-PCR Analysis of Tia1 mRNA

The RNA was reversely transcribed using Maxima first strand cDNA synthesis kits
(Thermo Fisher Scientific, Waltham, MA, USA). One microgram of RNA was added to 4 µL
5× Reaction Mix and 2 µL Maxima Enzyme Mix, and topped up to 20 µL with nuclease-free
water. Tubes were incubated at 25 ◦C for 10 min, followed by 50 ◦C for 45 min and 85 ◦C
for 5 min. The resulting cDNA was then diluted by adding 100 µL of nuclease-free water
and stored in aliquots at −20 ◦C.

Twenty microliters of master mix, for real time PCR, were prepared as follows: 2 µL
diluted cDNA, 10 µL 2 x Maxima SYBR Green qPCR Master Mix, 2 µL 10 x forward and
reverse primers for target genes, and 4 µL nuclease-free water. The primers were used for
Tia1: 5′-GAGAAGGGCTATTCGTTT-3′ and 5′-CCATACTGTTGTGGGTTT-3′; GAPDH: 5′

-GCACCGTCAAGGCTGAGAAC-3′ and 5′-TGGTGAAGACGCCAGTGGA-3′. Samples
were denatured at 95 ◦C for 10 min, followed by 40 cycles of: denaturation at 95 ◦C for
15 sec, annealing at 60 ◦C for 30 sec, extension at 72 ◦C for 30 s PCR amplification was
carried out in QuantStudio 6 Real-Time PCR Systems (Thermo Fisher Scientific, Waltham,
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MA, USA). Fluorescence data were then collected. The expression of GAPDH was used as
the internal control.

2.9. Western Blot

The mouse cerebrum was homogenized in CelLytic MT Mammalian Tissue Lysis/Extraction
Reagent (Sigma-Aldrich Corporation, St. Louis, MO, USA) containing 100 X Halt™ Protease
and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, Waltham, MA, USA). The
lysate was centrifuged at 15,000× g for 15 min, and the supernatant was transferred into a
clear Eppendorf tube. Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham,
MA, USA) was used to measure protein concentration.

Protein samples were separated by 10% SDS-PAGE, and then transferred to a nitrocel-
lulose membrane. The membrane was blocked by Blotting One (Nacalai Tesque Inc., Kyoto,
Japan), incubated with the respective primary antibodies (β-actin, 1:1000, Cell Signalling
Technology, Beverly, MA, USA; Tia1, 1:1000, Invitrogen, Thermo Fisher Scientific, Waltham,
MA, USA) overnight at 4 ◦C followed by HRP-conjugated secondary antibodies (1:10,000
dilution) at room temperature for 1h. The WesternBright Sirius Chemiluminescent Detec-
tion Kit (Advansta Inc, San Jose, CA, USA) was used to detect immunoreactive proteins.
Membranes were then visualized and quantified using the Bio-Rad Gel Doc system. Band
densities were measured by ImageJ and normalized by the respective loading control
β-actin. The fold change relative to the control was calculated.

2.10. Culture of Neural Stem Cells

Mouse cortical neural stem cells (NSCs) were purchased from R&D Systems, Inc.
(Minneapolis, MN, USA). Cell culture flasks or plates were pre-coated with matrigel (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA). Cells were grown in NeuroCult™ basal
medium (STEMCELL Technologies Singapore Pte Ltd., Singapore), and supplemented
with NeuroCult™ proliferation supplement (STEMCELL Technologies Singapore Pte Ltd.,
Singapore), epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF)
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) in a humidified incubator at
37 ◦C with 5% CO2. Cells were passaged using accutase (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA).

2.11. RNA Isolation from NSCs and qRT-PCR Analysis for miR and mRNA

Cells were seeded in a matrigel-coated 6-well plate. RNA isolation and qRT-PCR
analysis for miR and mRNA were performed as mentioned above.

2.12. Western Blot for NSCs

Cells were harvested in CelLytic MT Mammalian Tissue Lysis/Extraction Reagent
(Sigma-Aldrich Corporation, St. Louis, MO, USA) containing 100× Halt™ Protease and
Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, Waltham, MA, USA), and lysed
by violent vortex several times before incubating on ice for 20 min on a shaker. After
centrifugation at 15,000× g for 15 min, the supernatant was transferred into a clear Ep-
pendorf tube. The protein concentration was measured and samples were separated as
described above.

2.13. Overexpression of Tia1 in NSCs

Mammalian vector pCMV6-AC-GFP, containing Tia1 (NM_009383) Mouse Tagged
ORF Clone (No: MG226372, OriGene Technologies, Inc., Rockville, MD, USA) or blank con-
trol pCMV6-AC-GFP with C-terminal tGFP tag (No: PS100010, OriGene Technologies, Inc.,
Rockville, MD, USA), was transfected into NSCs using Lipofectamine 3000 reagent (Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufacturer′ s instructions.
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2.14. Statistical Analysis

Data were expressed as mean ± SEM, and p < 0.05 was considered as statistically
significant. The Student’s t-test was used to compare two sets of quantitative data. For
the comparison among three or more groups, one-way analysis of variance (ANOVA) was
used followed by Bonferroni-corrected pairwise post-hoc tests.

3. Results
3.1. γ-Irradiation at P3 Induced Depression-Like Behavior in Adult Mice

The open-field test showed no difference in distance travelled between non-irradiated
and irradiated mice (Figure 1A). Irradiated mice displayed a significantly increased time of
immobilization in the tail suspension test (Figure 1B) and the forced swim test (Figure 1C)
compared to the control, suggesting that γ –irradiation-induced depression-like behavior
in adult mice.
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Figure 1. γ-irradiation with 5Gy at postnatal day 3 (P3) induced depression-like behavior in adult
mice without locomotor activity change. (A) The total distance travelled in the open field (locomotor)
test; (B) the immobile time in the tail suspension test; (C) the immobile time in the forced swim test.
Data are expressed as mean ± SEM, and analyzed by Student’s t-test (n = 12). * p < 0.05 vs. P3+120C.
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3.2. γ-Irradiation with 5Gy Induced Hypoplasia of The Infrapyramidal Blade of The Stratum
Granulosum, and Aberrant and Impaired Neurogenesis in the Subgranular Zone of the
Dentate Gyrus

NeuN immunohistochemistry revealed hypoplasia of the infrapyramidal blade of
the stratum granulosum of the dentate gyrus, which appeared at 1 day (Figure 2A,B)
after irradiation at P3, and persisted from 7 (Figure 2C,D) to 120 days (Figure 2E,F) after
irradiation. In the suprapyramidal blade of the stratum granulosum of the dentate gyrus,
the loss of NeuN immunopositive neurons also occurred (Figure 2 B,D,F), particularly at 120
days after irradiation (Figure 2F), compared to the age-matched control (Figure 2A,C,E).
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tive cells in the hilus, including the subgranular zone of the dentate gyrus, which started 
at 1 day (Figure 3A–D,I) after irradiation of P3 mice, and persisted from 7 days (Figure 
3E,F,I) to 120 days (Figure 3G and H, I) after irradiation exposure. Counterstaining with 
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Figure 2. NeuN immunostaining shows that γ-irradiation with 5Gy at postnatal day 3 induced
hypoplasia of the infrapyramidal blade of the stratum granulosum of the dentate gyrus (arrows) at 1
((B) compared to (A) in the control), 7 ((D) compared to (C) in the control), and 120 ((F) compared
to € in the control) days after radiation exposure. Loss of NeuN immunopositive neurons also
occurred in the suprapyramidal blade of the stratum granulosum of the dentate gyrus, particularly
at 7 (arrowhead in (D)) and 120 (arrowhead in (D)) days after irradiation when compared to the
age-matched control mice (C,E) (n = 5). Scale bar = 200 µm in A applies to (B–F).

Ki67 immunohistochemistry indicated a significant reduction in Ki67 immunopositive
cells in the hilus, including the subgranular zone of the dentate gyrus, which started at
1 day (Figure 3A–D,I) after irradiation of P3 mice, and persisted from 7 days (Figure
3E,F and I) to 120 days (Figure 3G–I) after irradiation exposure. Counterstaining with
hematoxyin showed many apoptotic bodies in the hilus (including the subgranular zone)
of the dentate gyrus at 1 day after irradiation (Figure 3D). At 120 days after irradiation,
aberrant Ki67 immunopositive dividing cells were observed in the molecular layer of the
dentate gyrus (Figure 3H).
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DCX immunohistochemistry showed a homogenous distribution of DCX in the den-
tate gyrus at postnatal day 4 (P3+1) (Figure 4A) and day 10 (P3+7) (Figure 4C) in the con-
trol (Figure 4A,C) and experimental (Figure 4B,D) mice. In the experimental mice (Figure 

Figure 3. Ki67 immunostaining shows that γ-irradiation with 5Gy at postnatal day 3 induced a
significant reduction in Ki67 immunopositive cells in the hilus of the dentate gyrus, including the
subgranular zone (asterisks), at 1 (B,D compared to (A), (C) in the control, (C,D) are magnified
figures from (A,B), respectively, (I)) (arrows in (D) indicate apoptotic bodies), 7 (F compared to (E) in
the control, white arrowheads indicate Ki67 immunopositive cells, (I)), and 120 ((H) compared to
(G) in the control, I) days after radiation exposure. Aberrant Ki67 immunopositive cells appeared in
the molecular layer of the dentate gyrus at 120 days after radiation exposure (arrow in (H)) (n = 5).
* p < 0.05 vs. respective control. Scale bar =100 µm in (A) applies to (B,E–H). Scale bar = 50 µm in C
applies to (D).

DCX immunohistochemistry showed a homogenous distribution of DCX in the den-
tate gyrus at postnatal day 4 (P3+1) (Figure 4A) and day 10 (P3+7) (Figure 4C) in the control
(Figure 4A,C) and experimental (Figure 4B,D) mice. In the experimental mice (Figure 4B,D),
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DCX immunostaining in the entire dentate gyrus was weaker than in the control mice
(Figure 4A,C), particularly in the subgranular zone at 7 days after irradiation (Figure 4D
compared to Figure 4C). At 120 days after irradiation, the number of DCX immunopositive
cells in the subgranular zone of the dentate gyrus was significantly reduced in the irradi-
ated mice (Figure 4F,H,I) compared to the control (Figure 4E,G). Furthermore, aberrant
newly generated DCX immunopositive cells were observed in the molecular layer of the
dentate gyrus (Figure 4F,H).
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Figure 4. DCX immunostaining shows that γ-irradiation with 5Gy at postnatal day 3 induced an
obvious reduction in DCX immunopositive product in the dentate gyrus at 1 day ((B) compared
to (A) in the control, asterisks) and 7 days ((D) compared to (C) in the control, in particular in
the subgranular zone, arrows indicate DCX immunopositive cells). Quantitative study indicates a
significant reduction in DCX immunopositive neurons in the subgranular zone of the dentate gyrus at
120 days after radiation exposure (white arrowheads in (F), (H) indicate subgranular zone with fewer
DCX immunopositive cells compared to those in (E,G) which indicate more DCX immunopositive
cells. (I)). Aberrant DCX immunopositive neurons also appeared in the molecular layer of the
dentate gyrus at 120 days after radiation exposure (arrows in (F,H)) (n = 5). * p < 0.05 vs P3+120C.
Scale bar =200 µm in (A) applies to (B–D). Scale bar = 100 µm in E applies to (F–H).
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3.3. Systematic miRSeq and Real Time RT-PCR

A total of 771 miRs was detected and analyzed. Seven miRs with significant changes
between control and irradiated mice at P3+1 and P3+7 groups were summarized by
the heatmap (Figure 5A). Statistical analysis indicated upregulation of miR-34a-5p at
1 and 7 day(s), but not 120 days after irradiation (Figure 5B). qRT-PCR further validated
miRSeq and showed a significantly increased expression of miR-34a-5p in the mouse brain
at 1 and 7 day(s) after irradiation (Figure 5C).
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3.4. miR-34a-5p Targeted on mRNA of Tia1 
The binding site of mouse miR-34a-5p exists in the position 269 to 275 of Tia1 3′ UTR 

(Figure 6A), and their direct interaction, was confirmed by luciferase reporter assay (Fig-
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No change in luciferase activity was observed when the miR-negative control (miR-
NC) or miR-34a-5p mimic was transfected into the blank plasmid psiCHECK-2 (Figure 
6B). However, when miR-34a-5p mimic was co-transfected with psiCHECK-2 containing 

Figure 5. A heatmap displays seven differentially expressed miRNAs identified by systematic deep
microRNA sequencing (miRSeq) among mice at 1, 7, 120 day(s) after irradiation at P3 and the
respective control (A). The color bar from left to right represents the expression levels from low to
high, and the number indicates the base-2 logarithm of miR expression. Among these miRNAs, the
expression of miR-34a-5p is summarized in (B). Real-Time Quantitative Reverse Transcription PCR
(qRT-PCR) validates the increased expression of miR-34a-5p at 1 and 7 day(s) after radiation exposure
(C). Data are expressed as mean ± SEM (n = 3). * p < 0.05 vs respective control.

3.4. miR-34a-5p Targeted on mRNA of Tia1

The binding site of mouse miR-34a-5p exists in the position 269 to 275 of Tia1
3′ UTR (Figure 6A), and their direct interaction, was confirmed by luciferase reporter
assay (Figure 6B).

No change in luciferase activity was observed when the miR-negative control (miR-
NC) or miR-34a-5p mimic was transfected into the blank plasmid psiCHECK-2 (Figure 6B).
However, when miR-34a-5p mimic was co-transfected with psiCHECK-2 containing mouse
Tia1 3′ -UTR binding sequence into HEK 293 cells, the luciferase intensity was reduced
significantly compared to the negative control (Figure 6B), indicating the binding of the
miR-34a-5p and 3′ -UTR regions of Tia1. miR-34a-5p did not bind to the mutant Tia1 3′-UTR
sites (Figure 6B), suggesting that Tia1 may function as the direct target of miR-34a-5p.
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Figure 6. Direction interaction of miR-34a-5p with Tia1 examined by luciferase reporter assay.
(A) Sequence alignment of putative miR-34a-5p binding sites in Tia1 3′ UTRs, and the mutation
sequences. (B) Activity of luciferase gene linked to the 3’ UTR of Tia1 mRNA. HEK293T cells were
co-transfected with psiCHECK-2 constructed with 3′ UTR binding sites of miR-34a-5p and miR-
34a-5p mimic or scrambled mimic control. Luciferase and renilla signals were measured 48 h after
transfection. Data are expressed as mean ± SEM. * p < 0.05.

3.5. mRNA and Protein Expression of Tia1 in Mice Brain after Γ-Irradiation with 5Gy

Tia1 mRNA decreased significantly at 1 and 120 day(s), but not at 7 days, after γ-
irradiation with 5Gy compared to the respective controls (Figure 7A). A significant decrease
in Tia1 protein occurred at 1 day (Figure 7B,C), but not 7 or 120 days (Figure 7B,C), after
γ-irradiation.
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Figure 7. The expression of Tia1 in animal brains. Balb/c mice were γ-irradiated with 5Gy at P3, and
brain samples were collected at 1, 7, and 120 day(s) after irradiation. (A) mRNA expression of Tia1
by qRT-PCR; (B) western blot images of Tia1; (C) statistical results of Tia1 protein levels. Data are
expressed as mean ± SEM (n = 3). * p < 0.05 vs respective control.
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3.6. Γ-Irradiation Increased the Expression of miR-34a-5p in NSCs and Decreased the mRNA
Expression of Tia1

qRT-PCR indicated the increased expression of miR-34a-5p (Figure 8A) and decreased
Tia1 miRNA (Figure 8B) in NSCs from 4 to 8h, but not at 1h after γ-irradiation with 5Gy.
This negative correlation between the expression of miR and its target mRNA further
confirms that Tia1 is a direct target of miR-34a-5p.

3.7. Γ-Irradiation Dose- and Time-Dependently Decreased Protein Expression of Tia1 in NSCs

NSCs were γ-irradiated with different doses from 0.2 to 5Gy. Western blot results
showed that the γ-irradiation dose-dependently decreased the protein levels of Tia1 in
NSCs (Figure 8C). When NSCs were γ -irradiated with 5 Gy, the reduction in Tia1 protein
levels was time-dependent (Figure 8D).
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3.8. Overexpression of Tia1 Partially Blocked Γ-Irradiation-Induced Impairment of Neurogenesis

Γ-irradiation significantly decreased cell proliferation in NSCs transfected with ei-
ther blank or Tia1 plasmid when compared with the respective non-irradiated groups
(Figure 9A). The transfection of Tia1 plasmid partially blocked the loss of proliferating cells
induced by γ-irradiation in NSCs (Figure 9A). The overexpression of Tia1 also enhanced
cell proliferation in the non-irradiated groups as compared to NSCs transfected with blank
plasmid (Figure 9A).

Western blotting showed that the transfection of Tia1 into NSCs enhanced the Tia1
protein levels compared to the blank plasmid group (Figure 9B). γ-irradiation with 5Gy
reduced the Tia1 protein levels in NSCs transfected with blank plasmid, while this decrease
was reversed by the transfection of Tia1 plasmid (Figure 9B), suggesting that promoting
Tia1 expression in brain neurogenesis niches may be a novel therapeutic approach to
prevent the radiation-induced impairment of neurogenesis.
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Figure 9. Effects of overexpression of Tia1 in NSCs after γ-irradiation. pCMV6-AC-GFP containing
Tia1 or blank control was transfected into NSCs, which were then γ-irradiated with 5Gy or not
irradiated as a control. (A) Cell proliferation in transfected NSCs. Data are expressed as mean ± SEM
(n = 5). * p < 0.05 vs blank 0 Gy; @ p < 0.05 vs. Tia1 0 Gy; $ p < 0.05 vs. blank 5 Gy. (B) Protein
expression of Tia1 in transfected NSCs examined by western blot.

4. Discussion
4.1. Radiation, Hippocampal Neuropathology and Depression

Survivors of major nuclear accidents or war may experience brain damage and de-
pression [1,2,47,48]. In Chernobyl clean-up workers and liquidators with depression, the
radiation-induced dysfunction of the cortico-limbic system in the left dominant hemisphere
of the brain, with a specific involvement of the hippocampus, is considered to be the key
cerebral basis of post-radiation brain damage [1,2,47,48]. Patients with depressive symp-
toms have smaller dentate gyrus [5]. This was supported by a recent study showing that
early life adversity increased major depressive disorder (MDD) and suicide risk and could
potentially affect the dentate gyrus, leading to a smaller dentate gyrus and fewer granular
neurons in MDD [12]. In the present study, irradiation at P3 induced depression in adult
animals. A neuropathological study showed that irradiation-induced hypoplasia of the
infrapyramidal blade of the stratum granulosum of the dentate gyrus and neuronal loss
occurred as early as one day after irradiation. At 120 days after irradiation, hypoplasia
of the infrapyramidal blade of the stratum granulosum of the dentate gyrus persisted;
meanwhile, aberrant cell division and neurogenesis in the molecular layer of the den-
tate gyrus were found. Our animal study strongly supports the conclusion from human
data [12] and suggests that early life radiation-induced hypoplasia of the infrapyramidal
blade of the stratum granulosum, as well as impairment and aberrant neurogenesis of
the dentate gyrus, may be related to smaller dentate gyrus sizes and the development
of depression. These pathological changes also support the neurogenesis and cellular
plasticity hypotheses of depression. Radiation was shown to induce depression in mouse
models [17–20]. However, previous studies on adult animals did not show hypoplasia of
the infrapyramidal blade of the stratum granulosum of the dentate gyrus and aberrant cell
division and neurogenesis. The pathological changes at 1 day after irradiation of P3 mice
strongly suggest that therapeutic approaches to prevent early life adversity may impede
the development of different neuropsychological disorders at the late stages of human life.

4.2. miR-34a-5p in Neurogenesis and Depression

Increased miR-34a was detected in the brain, blood and cerebrospinal fluids of patients
or animals with depression [28]. Of the differentially expressed miRs in the present
study, we chose to validate miR-34a-5p and investigate its target due to the fact that it
negatively regulates neural stem cell proliferation, differentiation, neuronal migration and
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maturation [49–51]. Brain miR-34a-5p changes were also found to be involved in other
brain insults [52]. Radiation-induced miR-34a-5p changes in the blood may be involved
in the development of Alzheimer′ s disease, depression and schizophrenia, suggesting
that miR-34a-5p may be involved in the common brain neuropathological changes in these
diseases, such as impairment of neurogenesis [28]. Altered miR-34a-5p in the cerebrospinal
fluid and blood was considered as an early biomarker of major depression disorder [53]
or Alzheimer’s disease [54]. Plasma miR-34a-5p expression may be used to distinguish
radiation exposure levels in mice [55]. Furthermore, miR-34a-5p contributes to synaptic
plasticity via dis-inhibition of the translation of key plasticity-related molecules [56]. The
upregulation of miR-34a-5p was revealed at 1 and 7 day(s) after irradiation at P3 in the
present study. Radiation-induced upregulation of miR-34a-5p and reduced cell proliferation
were further confirmed in a neural stem cell model. miR-34a is a tumor-suppressor gene and
overexpression of miR-34a suppressed the expression of 136 neuronal progenitor genes [57].
The radiation-induced upregulation of brain miR-34a-5p in both animal and stem cell
models may prevent brain neurogenesis, leading to hypoplasia of the infrapyramidal
blade of the stratum granulosum, impairment of neurogenesis, aberrant cell division and
neurogenesis in the molecular layer of the dentate gyrus, and subsequent depression.

4.3. miR-34a-5p Targets Tia1 to Prevent Neurogenesis

miR-34a targets E2F3, Numbl, platelet-derived growth factor receptor A (PDGFRA),
synaptotagmin 1 (Syt1), autophagy-related 9a (Atg9a), CD44, cyclic AMP response-element
binding protein (CREB), brain-derived neurotrophic factor (BDNF) to inhibit cell pro-
liferation, migration, invasion and adhesion [58–65]. It regulates extracellular signal-
regulated kinase 1/2 (ERK) and p38, and increases nuclear factor kappa light chain en-
hancer of activated B cells (NF-κB), Sirtuin 1 (SIRT1) and Bcl2, to promote or reduce
apoptosis [66–68]. The miR-34a- A central nucleotide-binding oligomerization domain
(NOD)-, C-terminal leucine rich repeat domain (LRR)– and caspase activation and recruit-
ment domains (CARDs) -containing 5 (NLRC5)

-NFκB signaling pathway may be involved in HIV-1 Tat-mediated microglial inflam-
mation [69]. miR-34a-5p suppresses tumorigenesis by targeting the Notch signalling
pathway [70] or high mobility group AT-hook 2 (HMGA2) [71]. It inhibited prolifera-
tion, migration, and cell invasion, accompanied by targeting of matrix metalloproteinase
9 (MMP9) activity and the microtubule-associated protein 2 (MAP2) protein, to reduce their
expression [63]. miR-34a-5p also inhibits N-methyl D-aspartate(NMDA) receptors, leading
to neuroplasticity changes and Alzheimer’s disease development [72]. Radiation-induced
up-regulation of miR-34a-5p in the small intestine and peripheral blood down-regulated
hippocampal BDNF, leading to the cognitive impairment [55]. In the present study, we
chose Tia1 from many miR-34a-5p targets to confirm its gene and protein expression and
validate its direct interaction with miR-34a-5p. This is because Tia1 reduction increases
detrimental inflammatory responses in different types of cells and tissues such as bone [44],
endometrium [42], peritoneal macrophages [45], and the central nervous system during
chronic stress [43]. It controls a large network of immune system genes with modulatory
roles in synaptic plasticity and long-term memory, which may be involved in stress-related
psychiatric conditions [73]. Tia1 mRNA is detectable in the mouse brain during embryoge-
nesis [74], and is linked to the pathophysiology of neurodegeneration, e.g., Alzheimer’ s
disease [39]. Previous studies suggested that Tia1 acts as the target of several miRs, e.g.,
miR-19a, miR-487a and miR-599 [75–77]. In both animal and neural stem cell models, we
confirmed that irradiation reduced Tia1 gene and protein expression. In the neural stem cell
models, γ-irradiation dose- and time-dependently decreased cell proliferation in NSCs, ac-
companied by the increase in miR-34a-5p expression as well as the reduction in Tia1 mRNA
and protein expression. The luciferase reporter assay indicated a direct interaction between
miR-34a-5p and Tia1. The overexpression of Tia1 in NSCs partially reversed the decrease
in cell proliferation induced by γ-irradiation, strongly suggesting the involvement of Tia1
in neurogenesis. Our results, therefore, suggest that the radiation-induced interaction of
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miR-34a-5p and Tia1 may increase inflammatory responses of neural stem cells, leading to
the impairment of neurogenesis and the subsequent hypoplasia of the infrapyramidal blade
of the stratum granulosum, and aberrant cell division and neurogenesis in the molecular
layer of the dentate gyrus.

5. Conclusions

The present study showed that irradiation in P3 mice induced hypoplasia of the
infrapyramidal blade of the stratum granulosum, and aberrant and impaired cell division
and neurogenesis in the dentate gyrus. Hypoplasia of the infrapyramidal blade of the
stratum granulosum and impairment of cell division and neurogenesis in the dentate gyrus
may be related to the radiation-induced upregulation of miR-34a-5p and downregulation of
its target gene Tia1. Our results may provide new clues for understanding the mechanism
of the development of depression and for the development of novel therapeutic approaches
to the prevention or treatment of depression.
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EGF Epidermal growth factor
ERK Extracellular signal-regulated kinase 1

2
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MMP9 Matrix metalloproteinase 9
NF-κB Nuclear factor kappa light chain enhancer of activated B

A central nucleotide-binding oligomerization domain (NOD)-, C-terminal leucine
NLRC5 rich repeat domain (LRR)- and caspase activation and recruitment domains

(CARDs) -containing 5
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NUMBL NUMB Like Endocytic Adaptor Protein
NSC Neural stem cell
PDGFRA Platelet-derived growth factor receptor A
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Syt1 Synaptotagmin 1
Tia1 T-cell intracytoplasmic antigen-1
UTR Untranslated region
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Abstract: Population aging is occurring rapidly worldwide, challenging the global economy and
healthcare services. Brain aging is a significant contributor to various age-related neurological
and neuropsychological disorders, including Alzheimer’s disease and Parkinson’s disease. Several
extrinsic factors, such as exposure to ionizing radiation, can accelerate senescence. Multiple human
and animal studies have reported that exposure to ionizing radiation can have varied effects on
organ aging and lead to the prolongation or shortening of life span depending on the radiation
dose or dose rate. This paper reviews the effects of radiation on the aging of different types of
brain cells, including neurons, microglia, astrocytes, and cerebral endothelial cells. Further, the
relevant molecular mechanisms are discussed. Overall, this review highlights how radiation-induced
senescence in different cell types may lead to brain aging, which could result in the development
of various neurological and neuropsychological disorders. Therefore, treatment targeting radiation-
induced oxidative stress and neuroinflammation may prevent radiation-induced brain aging and the
neurological and neuropsychological disorders it may cause.

Keywords: ionizing radiation; aging; brain; oxidative stress; mitochondrial dysfunction; DNA damage

1. Introduction

Global population aging is currently occurring at an unprecedented rate. There has
been a demographic shift toward an older population, and this may have far-reaching
consequences. Population aging is considered a crisis from a global economy and health-
care perspective [1]. In most species, the geriatric stage of life involves the impairment of
adaptation and self-balancing mechanisms, leading to increased susceptibility to environ-
mental or internal pressure, disease, and mortality [2]. In humans, aging is associated with
progressive cognitive and physical impairment, as well as an increasing risk of diseases
such as neurodegenerative diseases. Age-related disability and morbidity negatively affect
the quality of human life, ultimately increasing the risk of mortality, leading to problems at
the individual, family, and community levels [3].

Brain aging, which involves complex cellular and molecular mechanisms that ul-
timately lead to cognitive decline, is the primary contributor to neurodegeneration [4].
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Aging causes a gradual deterioration in the brain’s functional capacity, which leads to
impaired learning and memory, attention deficits, reduced decision-making speed, and
impaired sensory and motor incoordination [5]. The age-related deterioration of brain func-
tion occurs almost parallel to the functional deterioration of other organ systems, and the
decline in performance is significantly accelerated after the age of 50 years [6]. Nonetheless,
aging-related alterations in cellular integrity and molecular pathways are shared across
tissues, including the brain [7]. These alterations include mitochondrial dysfunction; intra-
cellular accumulation of oxidative damage to macromolecules; dysregulation of energy
metabolism; impairments in cellular waste disposal (autophagy-lysosome and proteasome
functions), adaptive stress response signals, and DNA repair; and inflammation. Further,
abnormal neuronal network activity, altered Ca2+ processing in neurons, and reduced
neurogenesis are also observed in the aging brain [8,9].

All living organisms undergo aging and are exposed to ionizing radiation (IR) through-
out their lifespan. Several studies have linked IR to accelerated aging [10]. Kuzmic et al.
used glp-1 sterile Caenorhabditis elegans to evaluate the impact of chronic gamma radi-
ation on lifespan and confirmed that IR can accelerate aging [11]. Exposure to IR is
known to cause a wide array of physiological changes. IR can lead to DNA double-strand
breaks (DSBs), which cause genetic instability DNA damage and oxidative stress, lead-
ing to brain endothelial cell senescence and cell death [12,13]. Cellular senescence, an
irreversible state of growth stagnation, can help us understand the relevance of aging
to several other biological processes, from embryonic development to tissue repair and
aging-related diseases [14,15]. High-dose exposure may cause acute radiation sickness,
whereas prolonged exposure to low-dose radiation often results in chronic disorders such
as neurodegenerative diseases. While the harmful effects of high-dose/dose-rate IR on
human health are well-established, the effect of low-dose/dose-rate exposure is often
overlooked despite its ubiquitous nature. The use of IR in medical diagnosis and cancer
treatment has increased significantly. Consequently, nuclear waste from hospitals accounts
for approximately 14% of the world’s total annual radiation exposure [16]. Several stud-
ies have shown that long-term exposure to low-dose IR in catheterization laboratories
increases the risk of cardiovascular diseases, indicating that it causes enhanced vascular
aging and early atherosclerosis [17]. More than 50% of cancer patients will be treated with
radiotherapy. Radiotherapy will kill the tumor tissue while also damaging the surrounding
normal tissues, leading to radiation toxicity. [18]. Radiotherapy exposes both tumor tissue
and surrounding healthy IR, causing DNA damage, which triggers the DNA damage
response (DDR). In this reaction, ionizing radiation will cause the cell cycle to stop and
cause cell damage, and then these damaged cells will automatically repair. If the DNA
is fully repaired, these cells can recover as before. However, when internal and external
factors affect the ability of DNA repair, senescence (i.e., permanent cell cycle arrest) or cell
death (such as apoptosis or mitotic disaster) will occur. [19,20]. Furthermore, as IR is often
required for obtaining high-resolution images during neuroimaging, the contribution of
low-dose/dose-rate IR toward neurodegenerative diseases must be examined [21].

Radiation exposure, particularly natural radiation exposure, occurs in daily human
life. Some radioactive elements in the earth’s crust such as uranium (238U), potas-
sium (40K), thorium (232T), and their radioactive decay products, e.g., radon (222Rn)
and radium (226Ra) act as natural sources of radiation exposure [22]. Areas with high
levels of background radiation are considered ideal for investigating the long-term effects
of chronic low-dose radiation exposure in humans [23]. Some studies on high natural
background radiation have been performed in Brazil, China, India, and Iran [24–26]. High-
dose radiation exposure can cause cancer. In addition, it is worth noting that the high
natural background radiation observed in Yangjiang, China also increases the incidence
of some non-cancer diseases, such as tuberculosis, digestive diseases and cerebrovascular
diseases. [27]. High natural background radiation in the environment can be considered as
a type of natural pollution. It can reach the human body through both internal and external
sources, and it can damage human DNA. In addition, natural background radiation also
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enters the ecosystem through human activities, affecting the health and quality of life of
individuals residing in areas with high natural background radiation.

A long-term follow-up study of the 1986 Chernobyl disaster revealed an increased
incidence of an extensive array of diseases in exposed individuals across all contaminated
regions assessed. In particular, alterations to the central nervous system (CNS), resulting in
radiation-induced neurocognitive dysfunction, were observed in many individuals [28].
Further, surviving Chernobyl liquidators showed signs of inflammation that could be
associated with premature aging [29]. Radiation-induced immune system impairments
are important contributors to the physiological changes that occur shortly after radiation
exposure and have been implicated in delayed effects of radiation such as tumor devel-
opment and early aging [30]. Chronic low-dose IR exposure can accelerate the aging of
blood vessels, including cerebral vessels. This has been shown to correlate with age-related
encephalopathy in individuals over 40 years of age, as well as with systemic atheroscle-
rosis [31,32]. Of the 306 workers exposed to the Chernobyl nuclear accident examined
in a previous study, 81% and 77% of men and women, respectively, exhibited signs of
accelerated aging. In addition, those younger than 45 years of age appeared to be more
susceptible to radiation-induced accelerated aging [33]. In humans, sensitivity to radiation
decreases with age until an individual matures. However, this sensitivity increases in
old age.

Experimental data from animals also supports the theory that IR induces aging.
Brizzee observed that with increasing age, some changes occur in the cerebral cortices of
Rhesus monkeys and albino rats [34]. Analyses of transcriptomic profiles from murine
brains revealed that the molecular responses observed hours after full-body low-dose
irradiation (100 mGy) were similar to those associated with premature cognitive decline,
Alzheimer’s disease, and various neuropsychiatric disorders [35,36]. The transcriptomic
profiles of microglia obtained one day and one month post-irradiation were also similar to
those observed during aging, pointing to the aging-enhancement effects of radiation [37].
In vitro high-dose (2–8 Gy) irradiation of primary cerebrovascular endothelial cells in rats
promotes a secretory phenotype associated with aging, characterized by the upregulation
of pro-inflammatory cytokines and chemokines, including IL-6, IL-1α, and MCP-1 [38].
It has been reported that IR increases cellular senescence, and senescence-associated
β-galactosidase (SA-β-Gal) and senescence specific genes (p16, p12, and Bcl-2) are highly
expressed in irradiated bone marrow derived macrophages [39]. These findings corroborate
the in vivo evidence pointing to the potential senescence-inducing effects of radiation on
the endothelial cells of cerebral blood vessels.

Altogether, it is clear that the biological effects of IR exposure, not limited to oxidative
stress, chromosomal damage, apoptosis, stem-cell failure, and inflammation, all contribute
to accelerated aging [40]. Furthermore, the contribution of IR exposure to the development
of non-malignant conditions such as neurodegenerative diseases is also becoming evident
through epidemiological studies [21], and many medical conditions have been found to be
related to exposure to different types of low-dose/dose rate radiation (Table 1).

Table 1. Medical conditions caused by different sources of low-dose/dose rate IR.

Radiation Source Effects References

Medical radiation (radiographs,
computed tomography scans)

Cardiovascular disease, premature aging,
inflammation, and

neurodegenerative diseases
[16,17,21]

Natural background radiation Inflammation, immunosenescence,
thyroid cancer, and childhood leukemia

[41,42]
[43,44]

Nuclear disasters “Chernobyl AIDS,” CNS damage, premature aging,
atherosclerosis, and senile encephalopathy

[28–30]
[31,32]

In this review, we will focus on the impact of IR on brain aging, including the aging of
various CNS cell types (microglia, astrocytes, cerebral endothelial cells, and neurons). Fur-
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ther, the relevant molecular mechanisms will be discussed, and future research directions
aimed at elucidating the true impact of radiation-induced brain aging will be proposed.

2. Radiation-Induced Senescence of Different Types of Brain Cells

The understanding of how IR affects brain aging begins with an elucidation of its
influence on individual CNS cell types. CNS cells are broadly classified into two categories,
glial cells—including microglia, astrocytes, and oligodendrocytes—and neurons [45]. The
endothelial cells of cerebral blood vessels are also closely associated with the brain; they
lead to the formation of the blood–brain barrier (BBB) and are important for maintain-
ing CNS integrity [46]. IR has been proven to cause to happen aging in all these cell
types, especially microglia, astrocytes, cerebral vascular endothelial cells, and neurons
(Table 2). The cumulative effects of senescence in these cells may lead to brain aging, related
neurological and neuropsychological disorders, and a shortened lifespan [40].

Table 2. Radiation-induced senescence in different cell types.

Cell Types Models Radiation Type & Dose/Dose-Rate Radiation-Induced
Changes Reference

Microglia

Murine microglial cells
BV2 and neuronal cells

HT22

3 Gy/min (Clinac iX) (X-ray)
2 Gy/min (X-ray irradiator)

SA-β-Gal, p16INK4a,
MMP3↑ [47]

Primary microglia from
adult male C57BI6/J

mice

Single dose of 10/20 Gy at a dose
rate of 3 Gy/min (Clinac iX)

(X-ray)
SA-β-Gal, p16INK4a↑ [47]

Astrocytes

Non-cancerous tissue
from cancer patients

having received cranial
radiation

IR (X-Rad 320 biologic irradiator)
(X-ray) p16INK4a, Hp1γ↑ [48]

Primary human
astrocytes 0.5–20 Gy (X-ray)

SA-β-Gal, p16INK4a,
p21, IL-1, IL-6,

IL-8↑IGF-1, GFAP↓
DNA damage

[48]

Brain endothelial cells
ATCC-derived murine
brain endothelial cells,

bEnd.3
X-ray (20 Gy)

SA-β-Gal, p21,
p16INK4a, ICAM-1,

PAI-1↑
[49]

Neurons Male rats aged 8, 18 or
28 months

Whole-brain radiation with a single
dose of 10 Gy (X-ray)

Greater inflammatory
response; decrease in

newborn neurons
[50]

2.1. Microglia

Microglia are yolk sac-derived phagocytes located in the CNS [51]. These cells are
involved in immune responses and the maintenance of brain homeostasis. Microglia also
respond to changes in the tissue environment by upregulating different cell surface recep-
tors and producing a multitude of secreted factors [52]. As such, this class of glial cells
has been affected in a glut of neurological diseases. Under normal physiological condi-
tions, there is a balance between pro- and anti-inflammatory mediators in the brain [53].
However, a shift towards the pro-inflammatory state is observed during brain aging. Inter-
estingly, this shift is also observed after radiation exposure [54]. Thus, radiation-induced
neuroinflammation could be a potential contributor to the development of brain aging and
cognitive impairment [55].

Although microglial activation is necessary for protection against foreign substances,
beyond a certain threshold, such activation can be damaging. Activated microglia exhibit
a neurotoxic phenotype and can cause neuronal damage and death. This phenotype has
been implicated in various neurodegenerative diseases, radiation-induced brain injury, and
brain aging [47,56]. Several features of this neurotoxic phenotype resemble those of aging.
In microglia from aged mice, pro-inflammatory cytokines such as IL-6, IL-1β, and tumor
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necrosis factor-α (TNF-α) are upregulated [57], and telomeres appear to be shortened [58].
These factors are also upregulated in murine models of accelerated senescence [59]. In
addition, microglia abnormally activated by radiation continuously produce neurotoxic cy-
tokines, including IL-1β, TNFα, and IL-6 [60]. Moreover, these cells show elevated reactive
oxygen species (ROS) levels, inducing oxidative stress and consequent DNA damage [61].
Furthermore, in vitro, chronically activated microglia exhibit multiple features of aging,
leading to SA-β-Gal activity, metachromatic focus formation, and growth arrest [62].

Chronic aging is considered to be the driving force for age-related tissue dysfunction.
Studies show that SA-β-Gal and p16INK4a, key markers of senescence, are up-regulated in
microglia treated with irradiation. Additionally, these markers continue to be expressed
even one month post-irradiation. Senescent cells often secrete large amounts of cytokines
and matrix metalloproteinases (MMPs) and show sustained oxidative and genotoxic dam-
age, eventually leading to tissue impairments and aging [63].

IR leads to progressive DNA damage; moreover, the consequent induction of oxidative
stress can trigger the aging of normal cells [64]. Studies have demonstrated that IR can
induce senescence in microglia [65], characterized by inflammation, DDR, and metabolic
changes [66]. Irradiated microglia are involved in the pathology of radiation-induced brain
damage [56] and aging-related diseases [48].

2.2. Astrocytes

Astrocytes, one of the most common brain cells, were previously considered non-
functional cells providing packing for brain networks. Nevertheless, recent research has
demonstrated their functional roles in several processes. Previous studies have reported
that microglia and astrocytes interact with each other, and astrocytes are known to partici-
pate in immune activity [67]. Astrocytes provide osmotic balance and therefore contribute
to the maintenance of CNS homeostasis [68]. They also provide metabolic support to
neurons [69] and help in the establishment and maintenance of the BBB [70]. Astrocytes
promote neuronal communication and are involved in neurotransmitter recovery. They also
help protect the brain against trauma, infections, and neurodegeneration, thus maintaining
its health and function [71].

With age, the number of astrocytes expressing p16INK4a and MMP3 (protease closely
associated with the senescence-associated secretion phenotype) increases [72]. Primary
astrocytes isolated from human brain tissues acquire senescence-related characteristics
after multiple passages [48]. Incidentally, exposure to IR has also been found to induce
the senescence-associated secretory phenotype (SASP) and aging in irradiated human
astrocytes, likely due to excessive DNA damage accumulation [73]. In a mouse model
of radiation-induced brain injury, changes in the expression of TNF-α and IL-1β mRNA
and related signaling pathways have been observed in the hippocampus. It has also been
observed that the release of pro-inflammatory cytokines and inhibition of hippocampal
neurogenesis may be related to the activation of microglia and may play a critical role
in radiation-induced brain injury [74]. Additionally, irradiated astrocytes showed an
increase in the expression of the senescence-related markers p16INK4a and p21, cell size,
and number of multinucleated cells [75]. In contrast, they showed a decrease in cell number
and the expression of glial fibrillary acidic protein (GFAP), which is also observed during
aging [76]. Altogether, these findings suggest that irradiated astrocytes not only promote
neuroinflammation but also contribute to radiation-induced accelerations in brain aging.

2.3. Brain Endothelial Cells

Radiation-induced senescence is also observed in brain microvascular endothelial
cells [49]. Cell surface proteins on brain endothelial cells communicate with both the
blood and brain. Thus, these cells are involved in signal transmission and transduction
across the BBB. Exposure to IR can cause premature degeneration of endothelial cells and
thinning of the cerebral blood vessels, resulting in the temporary loss of contextual learning,
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interruption of working memory, gradual spatial learning impairments, and an increased
risk of dementia [77].

Both cell culture and live animal studies have shown that radiation promotes stress-
induced progeria-like phenotypes in endothelial cells [78–80]. Studies of brain microvas-
cular endothelial cells from rats exposed to γ-irradiation have demonstrated that cerebral
vascular endothelial cells are more radiosensitive than microglia and neurons. γ-irradiation
has also been observed to destroy the clone formation and proliferative abilities of cere-
bral vascular endothelial cells, which are essential for intracranial angiogenesis. Cerebral
microvascular damage caused by γ-irradiation has also been found to promote the acceler-
ated aging of healthy tissues and result in progressive cognitive decline in <50% of tumor
patients receiving radiotherapy [81].

In addition, acute γ-irradiation leads to increased production of ROS in cerebral vas-
cular endothelial cells, causing premature aging [82]. Concomitantly, IR may also induce
the expression of p16INK4a, the main driver of cell cycle arrest during cerebral vascular en-
dothelial cell senescence, leading to permanent cell cycle arrest [83,84]. Such radiation also
increases the proportion of SA-β-Gal-positive cerebral vascular endothelial cells [3]. Similar
to astrocytes, cerebral vascular endothelial cells also express the IR-induced SASP, includ-
ing an enhance in the production of pro-inflammatory molecules, cytokines, chemokines,
growth factors, and MMPs [85]. Therefore, radiation-induced SASP may promote neuroin-
flammation and cause neuronal damage by altering the microenvironment of endothelial
cells [86]. Recently, Remes et al. examined the epidemiology of cerebrovascular disease in
long-term childhood brain tumor survivors 20 years after the end of radiotherapy. They
found that the incidence of ischemic infarction, microhemorrhage, and lacunar infarction
in this population was similar to or higher than that observed in the general population
over 70 years of age [87]. Such clinical data supports the hypothesis that radiation triggers
the accelerated aging of the cerebrovascular system.

2.4. Neurons

Neurons are the most basic structural and functional unit of the nervous system. They
interact with other functional cells in the brain and influence each other. Microglial senes-
cence has a profound effect on neuronal activity and cognition during natural aging [88]. In
a study on the effects of age on the response to radiation, it was observed that although the
number of immature neurons in old rats did not decrease continuously after whole-brain
irradiation, the inflammatory reaction was greater than that in younger rats. Thus, this
reaction may have a greater contribution to the development of radiation-induced cognitive
impairments in older adults [50].

Furthermore, neurons are one of the most highly oxygenated cells and experience
oxidative genomic damage after long-term exposure to endogenous ROS, a by-product of
cellular respiration [88]. These cells are extremely vulnerable to the DNA damage induced
by genotoxic substances such as oxidative stress and IR. When DNA damage occurs,
powerful DNA repair mechanisms are activated to limit the accumulation of oxidative
damage [89]. However, the accumulation of unrepaired DNA may cause aging and several
neurodegenerative diseases [90]. Chronic low-dose-rate γ-irradiation can induce brain
aging and reduce neuronal density [34]. In mouse studies, high-dose rate γ-irradiation was
shown to reduce the activity of superoxide dismutase and increase the amounts of free
radicals, which may be related to aging [91].

In mice, several hours after whole-body irradiation (100 mGy), expression-level
changes in molecules and networks involved in cognitive function, advanced aging,
Alzheimer’s disease, and neuropsychiatric diseases are observed [35,36]. Tang et al. studied
the expression of γH2AX in the brains of mice exposed to radiation on different postnatal
days. They suggested that persistent radiation-induced DNA damage at 120 days and
15 months after irradiation in the early life of mice may be associated with brain aging and
shortened life expectancy [92]. Radiation-induced oxidative stress and inflammation pre-
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vent neurogenesis in the subgranular zone and induce aging of the granule cell assembly,
leading to cognitive impairment [93–95].

3. Effect of Radiation-Induced Brain Aging

With an increase in life expectancy owing to improvements in medical interventions,
it has become crucial to understand the advantages of radiation protection among older in-
dividuals. Increased inflammation, loss of the redox balance, continued telomere wearing,
decreased efficiency of the DDR, mitochondrial dysfunction and autophagy are all changes
that occur during aging and can negatively impact genome integrity (Figure 1). Further,
as radiation can exacerbate these changes, it is important to understand the mechanisms
involved in the effects of radiation exposure and brain aging. Radiation-induced ROS can
directly cause mitochondrial respiratory chain breakage and water molecular decomposi-
tion inducing respiratory chain dysfunction and reduced antioxidant capacity. NADPH
oxidase is a family of multi-subunit complex enzymes that activate the conversion of oxy-
gen to superoxide anions (O2

−) with NADPH as the electron source, and exists in vascular
endothelial cells. In addition, cyclooxygenases-2 (COX-2) and 5-lipoxygenase (5-LPO)
catalyze the production of prostaglandin H2 (PGH2) and the formation of ROS during
arachidonic acid metabolism.

Figure 1. Radiation-induced brain aging includes oxidative stress, mitochondrial dysfunction, DNA
damage, telomere attrition, inflammation, and autophagy.

Cells exposed to IR can be destroyed directly by secondary electrons and/or indirectly
by ROS, resulting in DSBs [18] followed by the DDR [19,20,96–100]. The onset of this
response generally does not exceed a few minutes after DNA damage. The damaged
DNA is recruited by a complex reaction network that depends on damaged cells. The
response produced by the cell depends on the type of DNA damage and environmental
factors. For example, a response through transient activation of cell cycle checkpoints and
DNA repair, namely cell survival. [101]. DSBs are usually repaired by error-prone non-
homologous terminal junctions, which are coordinated by DNA-dependent protein kinases.
Homologous recombination is operated only during the S or G2 phases of the cell cycle [101].
Unrepaired and/or incorrectly repaired DSBs may lead to genomic instability and cell death
or cell senescence (an irreversible state of cell cycle arrest) [19,102]. Radiation exposure
directly alters mitochondrial DNA, most notably the common deletion mutation. IR also
indirectly alters mitochondrial dysfunction by producing ROS, resulting in disruption of
the electron transport chain, and increases the production of antioxidant enzymes through
nuclear factor E2-related factor 2 (Nrf2) [103].

Cells enter senescence with shortened telomeres, and, in fact, short telomeres increase
the sensitivity of cells to radiation, with human cells that are sensitive to radiation having
shorter telomeres than normal cells [104]. Individuals with short telomeres have a higher
frequency of radiation damage than individuals with long telomeres [105]. The mechanism
of telomere maintenance is directly or indirectly related to DNA damage [106]. Telomere
shortening is an important sign of aging.
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Under normal conditions, nuclear factor κB (NF-κB) associates with the inhibitory
protein (IKB) to compose a protein complex and remains sleepy. However, when cells are
exposed to IR, NADPH oxidase activity and other oxidative stress reactions are increased,
mitochondrial electron transfer is impaired and occurs rapidly. ROS are over-generated
in oxidative stress reactions, and IL-1 and TNF are produced by inflammatory cells to
link to IL-1 receptor and TNF receptor, respectively, which in turn activates downstream
NF-κB signaling and leads to transcription of inflammation-related genes. Activated NF-
κB induces COX-2 and 5-LPO expression, leading to ROS production, which forms a
positive feedback loop to increase inflammation and oxidative stress. Intracellular ROS
directly stimulate NF-κB which may up-regulate the expression of cytokines including
IL-1 and TNF. These cytokines increase inflammation by attracting white blood cells and
activating NF-κB.

The way autophagy maintains protein production includes promoting misfolding
and degradation of aggregated proteins. Mitochondrial quality control involves remov-
ing damaged mitochondria through autophagy. Autophagy cargo receptors recognize
ubiquitin-modified mitochondria, facilitating their sequestration within autophagosomes
and lysosome-mediated breakdown. The molecular pattern related to mitochondrial dam-
age is also one of the reasons for triggering the production of inflammatory cytokines.
The method of autophagy to regulate senescence is to promote the disintegration and
degradation of the nuclear lamina. Free amino acids released from the lysosome during
senescence support anabolic activities, including the production of inflammatory cytokines
that make up the SASP (Figure 2).

Figure 2. Interactions between various mechanisms of brain aging induced by ionizing radiation.

3.1. Oxidative Stress

Endogenous ROS production is a byproduct of regular cell metabolism, but exogenous
ROS production may also occur due to radiation and chemical compounds [107]. ROS can
be produced from a number of sources after irradiation [108]. Classical radiobiology shows
that compared with most other oxidative stresses, the amount of ROS produced by the
radiolysis of water is smaller and the maintenance time is shorter. Exposure to ionizing
radiation will generate ROS in the 2 nm range of DNA and form complex DSBs, thereby
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triggering high cytotoxicity. The mitochondrial membrane-bound nicotinamide adenine
dinucleotide phosphate oxidases (NOX) or other oxidases may have an indirect connection
with the DDR pathway. These oxidases are the main source of cellular ROS caused by
oxidative stress. [109–111]. Radiation can also cause ROS generation from these sources
by damaging the mitochondria, stimulating NOX or other oxidases [110,111], leading to
ATP release, ion channel activation [112] and purinergic signaling [113]. One example of
a damage-associated molecular pattern (DAMP) observed after irradiation is expression
of the high-mobility group box 1 (HMGB1) protein, a chromatin binding nuclear protein
that acts via toll-like receptor 4 (TLR4) signaling to promote further ROS production [114].
High ROS activity can directly destroy macromolecules such as lipids, nucleic acids, and
proteins. DNA damage, typically in the form of strand breaks and cross-links, leads
to genomic mutations. Furthermore, ROS cause high oxidative stress in affected cells.
In cells, oxidative damage depends on ROS concentration and on the balance between
the relative levels of ROS and antioxidants. When the oxidant-antioxidant balance is
lost, oxidative stress occurs, altering and destroying several intracellular macromolecules,
as mentioned previously [115].

The free-radical theory of aging was put forth by Harman in 1956, and he subsequently
demonstrated that mitochondrial respiration is the primary endogenous source of oxidative
stress [116]. Aging is accompanied by increases in ROS levels and decreases in the activity
and expression of antioxidant enzymes, including superoxide dismutase, catalase, and
glutathione peroxidase [117,118]. Additionally, radiation-induced damage shows several
characteristics often typical of cellular wear-and-tear, such as somatic mutations, which
can trigger to the development of aging-related diseases [119]. ROS and reactive nitrogen
species (RNS) attack macromolecules and cause oxidative stress, and this process has been
implicated in several diseases. It has been also found that even low levels of ROS and RNS
can lead to brain aging [120].

The inherent sensitivity of cells to radiation is thought to be dependent on the resultant
ROS production. The irradiation of aging cells that already contain large amounts of active
oxygen will undoubtedly overwhelm the antioxidant system responsible for removing
excess amounts of oxygen metabolites [121]. The antioxidant protection against therapeutic
and relieved doses of IR in human blood decreases with age [122]. These studies illustrate
the role of oxidative stress regulation systems in determining the radiation sensitivity of
senescent cells.

3.2. Mitochondrial Dysfunction

Mitochondria are present in neuronal dendrites and axons of neurons, and they
produce the adenosine triphosphate (ATP) required for electrochemical neurotransmission
and cell maintenance and repair [123]. As cells and organisms age, the efficiency of the
electron transport chain (ETC) tends to decline, increasing electron leakage and reducing
ATP production [124]. Most brain cells show the gradual accumulation of dysfunctional
mitochondria, as observed in comparative studies of neurons and astrocytes in mice of
different age groups [125,126]. With increasing age, mitochondrial dysfunction leads to
increased ROS production, in turn causing further mitochondrial degradation and overall
cell damage [127].

The main role of active oxygen is to activate the compensatory steady-state response.
If ROS levels increase over a certain threshold, an imbalance in ROS homeostasis occurs,
ultimately aggravating age-related damage [128]. Mitochondrial dysfunction can also
cause aging via ROS-independent pathways. Mitochondrial defects may affect apoptosis
signals by increasing the susceptibility of mitochondria to stress responses [129] and trigger
the inflammatory response by promoting ROS-mediated and/or permeability-related
inflammasome activation [124]. In addition, dysfunctional mitochondria could exert a
direct influence on cell signaling and inter-organ crosstalk via negative effects on the outer
mitochondrial membrane–endoplasmic reticulum interface [130].
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Mitochondria isolated from animal brain tissue show many age-related changes,
including increased mitochondrial DNA oxidative damage [131], mitochondrial enlarge-
ment or fragmentation [132], increased numbers of mitochondria with depolarizing mem-
branes [133], and impaired ETC function [134]. Mutations and deletions of mitochondrial
DNA (mtDNA) in older individuals may also lead to aging [135]. Due to the oxidative
microenvironment in the mitochondria, mtDNA lacks protective histones. The efficiency
of mtDNA repair mechanisms is also lower than that of nuclear DNA repair mechanisms.
Hence, mtDNA is thought to be the main target of aging-related somatic mutations [136].
During brain development, abnormal mitochondrial breakage can lead to mitochondrial
dysfunction and excessive ROS production, ultimately resulting in brain cell aging, cogni-
tive impairment, and abnormal behavior [137].

IR exposure can induce mitochondrial dysfunction, which indirectly triggers aging.
The time course of changes that occur after exposure to five Gy of γ-irradiation is as follows.
First, cellular ROS levels increase significantly during the first few minutes, but reduce
within 30 min. Subsequently, mitochondrial dysfunction is detected 12 h post-irradiation,
as demonstrated by a decrease in the activity of nicotinamide adenine dinucleotide (NADH)
dehydrogenase, the primary regulator of ROS release from the ETC [138].

Limoli et al. examined the mitochondrial membrane potential in unstable GM10115
cells after radiation exposure. They observed that the number of dysfunctional mitochon-
dria was increased, and the mitochondrial membrane potential was decreased [139]. IR
ionizes water molecules (H2O), mainly resulting in the production of •OH, the ROS with
the highest damage-causing ability [140]. •OH can oxidize biological molecules, such as
proteins and lipids [121,141]. The inner mitochondrial membrane contains phospholipids,
such as phosphatidylcholine, phosphatidylethanolamine, and cardiolipin, which are re-
quired for optimization and aid the functions of various enzymes of the mitochondrial
ETC [142,143]. Any change in the lipid profile of the membrane, such as a decrease in the
lipid content and peroxidation, may lead to or enhance the production of O2

− via electron
leakage from ETC enzymes. Therefore, the •OH produced due to irradiation induce mito-
chondrial oxidation via phospholipid peroxidation, thereby promoting O2

− production.

3.3. Telomere Attrition

Telomeres are special nuclear protein complexes that protect the ends of linear chro-
mosomes in eukaryotic cells. Telomeres are bound by a characteristic polyprotein complex
termed shelterin [144] which prevents the entry of DNA repair into telomeres which would
otherwise be “repaired” owing to the presence of apparent DNA breaks, leading to low
capacity for repairing DNA damage in this region. Therefore, telomere damage often
induces cellular senescence and/or apoptosis [145,146]. The loss-of-function of shelterin
components induces the rapid weakening of tissue regeneration and accelerates aging,
even when telomeres are of a normal length [147].

IR can induce cell proliferation, apoptosis and senescence, all of which are associated
with telomeres, through oxidative damage and DNA disruption. A study on peripheral
blood obtained from 83 Chernobyl cleaners showed that compared with those in healthy
blood donors, the relative length of telomeres in Chernobyl cleaners was significantly
shorter. This study suggested that low-dose irradiation led to telomere shortening, and
the alterations were sustained even 20 years post-irradiation [148]. Microglial senescence
may also be related to the shortening of telomeres. The reduction in telomere length in
microglia may lead to the ability of these cells to respond appropriately to CNS damage
or infection, leading to apoptosis [149]. It is important to note that in the brain of patients
with Alzheimer’s disease, malnutrition of microglia shows the strongest association with
the degeneration of tau positive neurons, i.e., tau pathology is associated with microglial
malnutrition. Thus, instead of brain inflammation, the lack of microglial support presents
to be the essential cause of neurodegeneration. The age of microglia may be related to
telomere shortening. Telomeres are the ends of eukaryotic chromosomes and shorten with
age, leading to a sense of “replication” in microglia with self-renewal capabilities [150].
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A study of 20 elderly patients with advanced head and neck cancer by Unryn et al. showed
that radiation therapy resulted in severe shortening of telomere length in all patients [151].
Zhang et al. examined the effects of telomere dysfunction through the telomeric repeat
binding factor 2 (TRF2)-mediated inhibition of neurons and mitotic nerve cells (astrocytes
and neuroblastoma cells). They demonstrated that telomere dysfunction triggers DDRs
and induces the activation of p53 and p21 and senescence [152]. Cellular responses to IR
include cell cycle checkpoint arrest and programmed cell death. Since radiation outcomes
double strand breaks in DNA leading to a reduction in telomere length, the radiation
response appears to result from inappropriately induced cellular senescence [153].

The mechanism underlying accelerated aging due to IR is the same as that underly-
ing ROS-mediated aging. Radiation damage to telomeres is also similar to the oxidative
damage observed in these regions and leads to further shortening of telomeres and ac-
celerated cell aging. A large dose of IR can cause tremendous cell death, resulting in
compensatory cell division. Accelerated proliferation leads to telomere shortening, thereby
accelerating aging in the entire organism, as observed in individuals exposed to IR [154].
Therefore, telomere shortening can be considered one of the mechanisms underlying
radiation-induced aging [155].

3.4. DNA Damage

IR induces DNA damage through both direct and indirect pathways. The direct
pathway refers to DNA ionization via radiation energy, and the indirect pathway refers
to the generation of a large number of ROS after the radiolysis of water molecules. The
latter pathway can induce DNA damage through a variety of mechanisms, including
base damage and release, depolymerization, cross-linking, and chain breaking [156]. Such
DNA damage, especially DSBs, triggers the complex and highly regulated DDR and
repair pathways. DNA ionization directly causes damage to genetic macromolecules,
whereas cytosol ionization leads to the generation of active substances such as •OH.
Hydrated electrons and hydrogen atoms, which diffuse into the nanoscale area surrounding
ionization events, inevitably react with the DNA components and indirectly damage them.
Some of this damage occurs on the genetic molecular chain, leading to the generation of
aggregated DNA damage or multiple damage sites. Owing to the endogenous nature of
such damage, it is more likely to undergo error-prone repair than sparsely distributed
damage, leading to irreversible cell damage [157].

At the molecular level, irradiated microglia show the upregulation of genes associated
with DDRs, cellular stress, cell cycle arrest, and oxidative stress pathways [158,159]. Cells
have a highly conserved and complex DNA damage recognition and repair network (DDR)
that they use to respond to various types of DNA damage [160]. Studies using commercial
cell lines and primary culture have shown that DNA damage can lead to permanent cell
cycle arrest [161], resulting in an irreversible state in which damaged cells can survive but
cannot proliferate, known as cellular senescence [162]. In mature neurons, homologous
recombination and non-homologous terminal junctions are not sufficient to appropriately
repair DSBs, likely because these cells do not divide. Therefore, it is generally believed
that neurons increase unrepaired DNA damage over time, which may contribute to neu-
rodegenerative diseases [163]. At acute stages after radiation exposure, radiation leads to
p53-mediated speedy primary apoptosis and tardy secondary apoptosis (associated with
mitotic mutations), thereby eliminating seriously damaged cells. Cells in the brain often
respond to p53 activation through permanent cell cycle arrest instead of apoptosis [164].

With aging, DNA damage accumulates, inducing the loss of cellular function and
the degeneration of cells and tissues. However, faulty repair can result in mutations
and chromosomal aberrations. Unrepaired DNA damage often causes cell dysfunction
or senescence, leading to multiple pathologies and cell death during aging [165,166].
The stimulation of DDR by IR triggers innate and adaptive immune regulation. Continued
activation of the DDR promotes the production of inflammatory cytokines, involving IL-6
and IL-8 [167], initiating inflammatory responses that may damage surrounding tissues.
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Notably, DNA damage can occur not only in the nucleus but also in the mitochondria, and
mtDNA is more vulnerable to damage than nuclear DNA. ROS is the primary source of
mtDNA mutations, which can accumulate with age and disease progression [168,169].

Furthermore, the DDR leads to cell senescence, and continued senescence induces the
SASP, in which inflammatory cytokines are released. These mediators influence neighbor-
ing cells and trigger various pathologies [170].

Unrepaired DDR induces cell senescence via the p53 pathway, activates the SASP,
causes the secretion of pro-inflammatory cytokines, and further activates the innate immune
response, resulting in tissue senescence and age-related diseases [171–173].

Senescent cells are characterized by increased activity of the most common senescence
marker, SA-β-gal and the enlarged expression of p21WAF1/Cip1. While p21 can promote
cellular senescence under exposure to IR, it can also promote G1 cell cycle arrest. However,
this is not always correlated with p53 activity. Both p53 and p21 activation in senescent
cells are temporary, since p53 and p21 expression decreases eventually and p16Ink4A
maintains growth arrest in senescent cells [174]. In direct contrast to replicative senescence,
stress-induced premature senescence (SIPS) caused by DNA damage is independent of
telomere length or function [175,176].

3.5. Inflammation

Inflammation is a defensive response in the body. Chronic inflammation is linked
to the onset and/or progression of a variety of diseases, such as age-related lesions and
neurodegenerative diseases [177,178]. IR induces microglial activation and the release
of inflammatory cytokines and chemokines. Inflammation is a common characteristic
of microglial aging and plays a vital role in radiation-induced brain damage [179] and
aging-related diseases [55]. As mentioned previously, radiation exposure often results in
abnormal microglial activation, causing these cells to continuously produce neurotoxic cy-
tokines, the levels of which increase with the dose of radiation [4]. DDR signaling can also
be mediated by paracrine/systemic mechanisms that shape the systemic environment by
regulating tissue repair and immune responses. Sustained DNA damage signals (telomere
attrition) can cause DDR to send extracellular signals and induce SASPs [180–182]. The
DDR/SASP signaling pathway regulates several bioactive pro-inflammatory mediators,
such as interleukin-chemokine growth factor matrix degrading enzymes and ROS [183].
Moreover, the proinflammatory transcription of NF-kB and the inflammasome are the
primary factors that set up the secretome, further highlighting the functional contribution
of this pathway in the response to tissue injury [184–186]. NF-kB transcription triggers s to
the production of several inflammatory features of SASP, such as IL-6, IL-1, and TNF-α,
which are vital autonomic cellular modulators of aging [187,188]. Furthermore, a single
dose of 10-Gy γ-irradiation can increase the levels of IL-6 and IL-8 in human endothe-
lial cells in vitro [189]. In addition, an elevation in the inflammatory mediators TNF-α,
IL-6, and IL-10 is observed with increasing radiation doses and age among survivors of
atomic bombs [190].

Both IR and inflammation are related to an increase in ROS levels in tissues. In a
mouse limb ischemia model, acute irradiation with two Gy was found to promote mast cell
recruitment and tissue revascularization [191]. High-dose irradiation of the rat abdomen
leads to neutrophil recruitment into the irradiated tissue [192]. Radiation-activated mi-
croglia express an inducible NO synthase and generate large amounts of NO, leading to
neuronal oxidative damage. In addition, microglial toll-like receptors (TLRs) are involved
in neuroinflammation, thereby contributing to age-related brain diseases [193]. Chronic
inflammation may lead to excess ROS and RNS production, resulting in DNA damage
and disease. The persistent presence of ROS and RNS in the microenvironment can lead
to the further development of chronic inflammation, causing oxidative damage to DNA
and DNA repair pathways, further leading to senescence and age-related diseases. In age-
related neurodegenerative disease models, experimental activation of microglial TLRs can
aggravate neuron degeneration, and pharmacological inhibition of microglial activation
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shows neuroprotective effects [194]. In addition to microglial activation, radiation-induced
telomere shortening can also contribute to inflammation. Short telomeric ends induce
DNA damage repair responses, leading to the production of NF-kB, a key regulator of
inflammatory components such as the nod-like receptor 3 inflammasome and the secretion
of inflammatory cytokines in the brain [195].

3.6. Autophagy

IR can cause macromolecular (mainly DNA) damage and endoplasmic reticulum (ER)
stress induction, both of which can induce autophagy. [196]. Among the key molecules
activated during radiation exposure, the inducible nitric oxide synthase (iNOS) gene and
nitric oxide (NO) are involved in radiation induced autophagy and apoptosis [197,198].
The activation of the iNOS promoter will increase the production of NO, leading to the
induction of autophagy mediated by protein nitration. The activation of iNOS promoter is
related to its containing multiple transcription factor motifs such as NF-κB and kruppel like
factor 6 (KLF6). [197]. Radiation-induced oxidative stress not only causes DNA damage,
but also causes ER stress, impaired mitochondrial function, and protein misfolding. Most
of these factors have been shown to induce autophagy [199,200].

Radiation-induced mitochondrial dysfunction and biogenesis are known to be re-
lated to mitochondrial autophagy [201]. Under conditions of extensive mitochondrial
damage, the cell undergoes mitophagy so as to eliminate the damaged and dysfunctional
mitochondria. Radiation induces a variety of responses, including autophagy and senes-
cence. It is commonly thought that autophagy and senescence may promote cell survival.
However, preclinical studies have demonstrated that autophagy can sometimes have op-
posite effects, such as cytotoxicity or other non-protective effects [202]. Free amino acids
released by lysosomes during aging support the production of inflammatory cytokines
that synthesize SASP [203].

Autophagy regulation is the core link of aging, age-related diseases and neurode-
generative diseases. In the process of aging and neurodegeneration, the regulation of
autophagy will have step defects, leading to the accumulation of damaged organelles
and protein aggregates, affecting cell metabolism and homeostasis, thereby exacerbating
autophagy-related dysfunction and forming a vicious circle, which eventually leads to
neuronal damage and cell death. [204]. Impaired autophagy in neurons contributes to
the aggregation of toxic proteins and damaged organelles associated with neurodegen-
erative diseases [205]. Age is a vital risk factor for many neurodegenerative diseases,
such as Alzheimer’s disease, Parkinson’s disease, and tauopathy [206]. Over time, the
age-dependent decline in autophagy and the corresponding decline in protein metabolism
and accumulation of protein toxicity together contribute to disease development and/or
progression. Since post-mitotic neurons cannot eliminate protein-toxic damage in daughter
cells during mitosis, they are more susceptible to age-related protein toxicity [207]. Im-
paired autophagy in glial cells, which have a critical homeostatic role in the central nervous
system, may influence autophagic activities in neurons [208]. Altogether, these factors
can interact and promote the degeneration of specific neurons in different neurodegenera-
tive diseases, suggesting that neuronal population-specific therapeutic approaches may
be warranted [204].

4. Conclusions and Future Research Directions

Current experimental studies on animal brains suggest that radiation induces aging in
neural stem cells; mature and immature neurons; glial cells, including astrocytes, microglia,
and oligodendrocytes; and endothelial cells of cerebral vessels. Cumulatively, these effects
result in brain aging, leading to cognitive impairment and the development of aging-related
brain disorders in individuals who are exposed to radiation, such as survivors from the
Chernobyl nuclear power plant accident or individuals receiving radiotherapy. At the
molecular level, radiation-induced oxidative stress and neuroinflammation may trigger
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different signal transduction pathways, resulting in the shortening of telomeres in brain
cells, and eventually, brain aging.

Our current understanding of radiation-induced brain aging remains quite limited.
With an increase in deep-space exploration, including space tourism, and the use of IR in
medical diagnosis and treatment, extensive studies are required to obtain an in-depth un-
derstanding of how low-dose radiation affects brain aging and the molecular mechanisms
that underlie this process. Furthermore, most radiation-related brain aging studies involve
high doses of radiation, and few studies have examined the sensitivity of each CNS cell
type and its progenitors to radiation and radiation-induced aging.

Senescent cells are considered effective treatment targets because they accumulate
due to aging and other exogenous effects. Senotherapeutics drugs, a new class of drugs,
can selectively kill senescent cells (senolytics) or suppress their disease-causing pheno-
types (senomorphics/senostatics). Since 2015, several senolytics have been identified and
examined via clinical trials. Preclinical data indicate that senolytics alleviate disease related
effects in numerous organs, improve physical function and resilience, and suppress all
causes of mortality, even among old patients [209]. In addition, new drugs can delay the
patient’s disease recurrence. Accurate assessment of radiation response may provide the
possibility to increase the sensitivity of cancer cells to radiation therapy while reducing
damage to normal tissues [202].

Many senolytics have already been shown to be effective as they mediate the acti-
vation or inactivation of redox-sensitive hubs. Consequently, ROS-dependent pathways
that specifically mediate the apoptosis of senescent cells may represent novel preven-
tive/therapeutic targets for increasing treatment efficacy. As cells divide, telomere shorten-
ing, a process linked to cellular senescence occurs. Therefore, although senolytics temporar-
ily alleviate cellular senescence and its deleterious effects, they could potentially cause
accelerated aging and related dysfunction [210]. Drugs targeting aging-related mitochon-
drial dysfunction or specifically targeting mitochondrial ROS, may also allow alterations
in the SASP and downstream negative outcomes. However, further elucidation of the
complex mechanisms via which redox-regulated signaling pathways or mitochondria affect
the SASP are required. It is necessary to note that exacerbated antioxidation could also
lead to severe adverse effects. Only a tight control of redox homeostasis can eventually
allow effective senomorphic-based therapies [211].

Hence, we propose that future exploration should focus on the following areas: (1) ef-
fect of low-dose IR on the aging of different cell types; (2) radiosensitivity of different
progenitors and differentiated cells in the brain to radiation-induced aging; (3) epidemi-
ology of brain aging in patients exposed to frequent radiodiagnosis and radiotherapy
for brain disorders; and (4) the application of different -omics approaches for under-
standing the molecular mechanisms underlying low dose radiation-induced brain aging.
This information could significantly aid in the development of protective and therapeu-
tic approaches against radiation-induced brain aging and other related neurological and
neuropsychological disorders.
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Abbreviations

ATP Adenosine triphosphate
BBB Blood-brain barrier
CNS Central nervous system
COX2 Cyclooxygenases 2
DDR DNA damage response
DSBs DNA double-strand breaks
DAMP Damage-associated molecular pattern
ER Endoplasmic reticulum
ETC Electron transport chain
GFAP Glial fibrillary acidic protein
H2O Water molecules
HMGB1 High-mobility group box 1
IKB Inhibitory protein
iNOS Inducible nitric oxide synthase
IR Ionizing radiation
KLF6 Kruppel like factor 6
5-LPO 5-lypoxygenase
MMPs Matrix metalloproteinases
mtDNA Mitochondrial DNA
NADH Nicotinamide adenine dinucleotide
NO Nitric oxide
NF-κB Nuclear factor kappa B
Nrf2 Nuclear factor E2-related factor 2
O2
− Superoxide anion

PGH2 Prostaglandin H 2
RNS Reactive nitrogen species
ROS Reactive oxygen species
SASP Senescence associated secretion phenotype
SA-β-Gal Senescence-associated-β-galactosidase
SIPS Stress-induced premature senescence
TLR4 Toll-like receptor 4
TLRs Toll-like receptors
TNF-α Tumor necrosis factor-α
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Abstract: Microglia, the innate immune cells of the central nervous system, play a pivotal role in the
modulation of neuroinflammation. Neuroinflammation has been implicated in many diseases of the
CNS, including Alzheimer’s disease and Parkinson’s disease. It is well documented that microglial
activation, initiated by a variety of stressors, can trigger a potentially destructive neuroinflammatory
response via the release of pro-inflammatory molecules, and reactive oxygen and nitrogen species.
However, the potential anti-inflammatory and neuroprotective effects that microglia are also thought
to exhibit have been under-investigated. The application of ionising radiation at different doses
and dose schedules may reveal novel methods for the control of microglial response to stressors,
potentially highlighting avenues for treatment of neuroinflammation associated CNS disorders, such
as Alzheimer’s disease and Parkinson’s disease. There remains a need to characterise the response of
microglia to radiation, particularly low dose ionising radiation.

Keywords: neuroinflammation; microglia; TSPO; mitochondria; cytokines; antioxidants

1. Introduction

Ionising radiation (IR) as a diagnostic tool—such as X-ray, or positron emission
tomography (PET)—and therapeutic technique has been widely used for decades in the
pursuit of better health outcomes for patients [1]. Typically, these methods use lower
doses of ionising radiation, and are prescribed when the potential benefits to receiving
the procedure outweigh the risks associated with IR [2]. However, fundamental to this
practice is the acceptance of the linear-no-threshold (LNT) model; the understanding that
ionising radiation initiates detrimental effects to human health in a manner proportional
to dosage [2,3]. This model, developed in the 1950s, arose from the extrapolation of the
linear dose-response trend at higher doses and applying it to lower doses, where negative
effects have been presumed, but not observed [3,4]. The LNT model has been employed by
regulatory bodies and accepted by both scientific and medical communities in the absence
of an alternate comprehensively proven model [5].

The acceptance of the LNT model may limit the potential of IR as a therapeutic tool
except in instances where the benefits heavily outweigh the perceived risk, for example,
radiotherapy. Although high doses of ionising radiation (HDIR) have been shown to
have adverse health effects, such as carcinogenesis [6,7], the presumption that low dose
ionising radiation (LDIR) would also have negative effects simply to a lesser degree is
unfounded [8,9]. In fact, hormetic effects have been demonstrated in numerous aspects
of human health; for example, sunlight is essential in vitamin D synthesis. However,
high doses or prolonged exposures can result in sunburns and the development of skin
cancers [10]. Additionally, data from both large-scale nuclear accidents [11,12], and the
atomic bombings of Japan [13], do not fully support the LNT model, and there is a growing
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body of literature suggesting that exposure to LDIR may enhance putative neuroprotective
adaptive cellular pathways, such as increased antioxidant levels and reduced reactive
oxygen species, which may reduce inflammation within the CNS [14,15]. The increasing
availability and utility of IR, and the growing body of evidence suggesting the invalidity
of the LNT model, necessitates the reinvestigation of the current conceptions around the
safety and dose limitations of IR.

Microglia, the resident immune cells of the central nervous system (CNS), respond to
external stressors such as pathogenic invasion and injury by inducing inflammation [16–18].
During microglial activation, microglia are polarised from the M2 anti-inflammatory state
to the M1 pro-inflammatory state [16,19,20]. Alterations in the functional states of mi-
croglia in response to stressors are characterised by morphological changes and functional
plasticity [19,20]. The immune response that ensues is characterised by increased levels
of pro-inflammatory cytokines and reactive oxygen species (ROS) which promote the
degradation of damaged tissues and pathogenic invaders [21,22]. The M1 functional state
is associated with pro-inflammatory cytokines such as IL-1β, IL-6, and TNF-α, whereas
the M2 functional state is associated with anti-inflammatory cytokines such as IL-4 and
IL-10 [23]. However, it has been shown that following microglial activation, both pro- and
anti-inflammatory genes are upregulated [18].

Notably, the expression of translocator protein (TSPO) is upregulated within the
mitochondria of activated microglia, and hence is often used as a biomarker of neuroinflam-
mation [24]. This inflammatory effect though to be beneficial to the body, as it is a protective
mechanism against disease. However, neuroinflammation has also been implicated in
many CNS diseases, such as Alzheimer’s disease [25–28], depression [29], and Parkinson’s
disease [30,31], indicating inappropriate chronic microglial activation. As microglia appear
to play a critical role in the onset and maintenance of neuroinflammation, the physiology
behind microglial activation and immune modulation pathways are of interest as potential
therapeutic targets [32]. This review will examine the contrasting characteristics of acti-
vated microglia when exposed to differing degrees of stressors, with a focus on ionising
radiation, to highlight the remaining uncertainties regarding microglial activation.

We acknowledge there is contention around both the term “neuroinflammation” and
the diseases it applies to [33–35]. A large portion of the scientific community has em-
braced the term, applying it to any condition where microglial and astrocytic activation
can be observed. This has led to the understanding that diseases such as Alzheimer’s
disease, Parkinson’s disease, and depression are “neuroinflammatory” diseases [29,35,36].
However, gene expression data indicate that these diseases are distinct from other known
inflammatory diseases [33–35]. Hence it best to restrictively use the term “neuroinflam-
mation” as a shorthand to describe the presence of microglia whose morphology or RNA
or protein expression profile is different from that ordinarily observed in health brain
tissue. Since under the term “neuroinflammation” microglial state changes (or “microglial
activation”) can be the consequence of a wide range of local or systemic immune system
responses, “neuroinflammation” should not be used as predictors of specific physiological
outcomes [33–35]. However, as the term neuroinflammation continues to be used by many
authors, this review, too, will refer all instances of microglial activation as to neuroinflam-
mation in its broader meaning but specify the context within which the term needs to
be interpreted.

2. Functional States of Microglia Altered by Stressors

Microglial cells play an important role in inflammation, brain development, and
the regulation of neuronal networks [37,38]. Historically referred to as the endogenous
macrophages of the CNS, this description is not completely comprehensive as it reflects only
one specific functionality of the cell and suggests that the mechanism of action for microglia
and macrophages are inherently the same. However, the initiation and maintenance of an
immune response is a major aspect of the function of microglial cells.
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It is believed that microglia arise from primitive macrophages (myeloid progenitor
cells) in the embryonic yolk sac of mammals, before infiltrating the brain where they
differentiate and reside for life [39,40]. In the adult CNS, the microglial population does
not arise from further myeloid progenitor cells, instead the resident microglia self-renew
as needed and can rapidly proliferate in response to neural insults [41]. When a threat
is detected, such as a pathogen or radiation injury, microglia undergo morphological
transformations as they become “activated”. Traditionally, microglia were characterised
as either active (M1) or resting (M2); however, it is now understood that a spectrum of
microglial functional states exist [42,43]. Generally, active microglia adopt an amoeboid, less
ramified morphology, allowing them to become more mobile and phagocytotic, whereas
resting microglia have a smaller cell body and are highly ramified, allowing them to survey
the microenvironment [43–45]. Morphological changes such as cell area, perimeter and
ramification length are still frequently utilised in research as an indicator of the degree of
neuroinflammation [46,47].

A third morphology is gaining further scientific attention. Dystrophic microglia tend
to be small and de-ramified, with beaded or discontinuous processes [48,49]. The cause
of dystrophic microglia remains unclear; however, it has been hypothesised that they
are linked to ageing [16,48]. A recent study by Shahidehour et al. (2021) found that hy-
pertrophic (activated) microglial numbers, and not dystrophic microglia numbers, were
associated with ageing in the CA1 region of the hippocampus [49]. They found no differ-
ence in the percentage of hypertrophic microglia between neurodegenerative pathologies
(AD, Lewy body dementia and limbic-predominant age-related TDP-43 encephalopathy)
and age matched controls; however, in neurodegenerative pathology, 45% of microglia
were dystrophic, compared to 9% in the control [49]. Ethanol exposure has also been shown
to both reduce overall microglia numbers, whilst increasing the number dystrophic mi-
croglia in the hippocampus [50]. Interestingly, the researchers observed that the microglia
following ethanol exposure appeared “activated but not to an M1-like, amoeboid state”
highlighting the diversity of microglial functional states and how the M1/M2 classification
system may need revision [50].

In addition to morphological changes during microglial activation, there are nu-
merous alterations to bio-cellular pathways which promote an inflammatory immune
response. These pathways have primarily been established by exposing microglial cells
to lipopolysaccharide (LPS), an endotoxin derived from Escherichia coli. LPS, and other
stressors, which act on toll-like receptor 4 (TLR4) of microglial cells, initiating an inflam-
matory response [51,52]. This triggers microglial cells to become phagocytotic; engulfing
and degrading foreign materials [53]. It has recently been shown that inhibition of TLR4 in
an Alzheimer’s cell model promotes an M2 phenotype and improves neurological func-
tion [54]. The triggering receptor expressed on myeloid cells 2 (TREM2) has also been
implicated in the modulation of microglial phagocytosis, with some studies suggesting
that TREM2 function, and hence phagocytotic function, may be impaired in instances of
neurodegenerative diseases, particularly Alzheimer’s disease [55–57].

TLR4 signalling will lead to the downstream phosphorylation of Nuclear Factor
Kappa B (NF-κB) inhibitory protein, promoting the expression of pro-inflammatory genes
and therefore the expression of pro-inflammatory proteins [58–62]. Among the more
commonly known ones are cytokines IL-1β [63], IL-6 [64], and TFNα [65] which play a
role in triggering cell cycle arrest and apoptosis [66], the initiation of neurotoxicity [67],
and inflammatory signalling [62,68]. There is also emerging evidence that some pro-
inflammatory cytokines may enhance the dopaminergic differentiation of neural stem
cells, i.e., they may possess neurogenic properties [69]. The transcription of enzymatic
genes, such as iNOS, and apoptotic genes, such as Fas-ligand, results in the translation
of proteins which play an active role in inflammation and cellular death [70–72]. In
mice models of neurodegeneration, it has been observed that the downregulation of
homeostatic microglial genes correlates with neuronal loss, whereas the upregulation of
disease associated microglial genes did not [73]. The one exception to this was the APOE
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gene, which directly correlated with neuronal loss [73]. In fact, APOE4 is a known genetic
risk factor for Alzheimer’s disease [74]. The study also found that early AD pathology
in the human brain was only associated with a loss of homeostatic genes, but not the
gain of any disease related genes. This suggests interspecies variability in microglial gene
expression during pathological states, meaning the results of murine studies may not
translate into the clinic [73].

Increased reactive oxygen and nitrogen species (RONS) concentration are also a
hallmark of neuroinflammation [75]. In microglia, the majority of RONS are reactive
oxygen species generated via NADPH oxidase; however, they can also originate from other
intra- and extracellular sources [76,77]. Interestingly, some studies show that LPS- and
a-Synuclein-induced neuroinflammatory responses are attenuated in NOX2 (an isoform
of NADPH oxidase) knockout mice, indicating that NOX2 may play a role in microglial
activation [78]. NADPH oxidase has also been implicated in cognitive dysfunction in
experimental autoimmune encephalomyelitis, being demonstrated to prevent long term
potentiation [79]. The iNOS enzyme in microglia and macrophages is responsible for the
production of nitric oxide (NO), a precursor to reactive nitrogen species (RNS) which,
in conjunction with reactive oxygen species, result in oxidative damage to lipids and
proteins [80]. NO can also prevent cell division, often leading to cell death, by inhibiting
an enzyme required for DNA synthesis, or by directly causing double stranded DNA
breaks [81–84].

On the other hand, microglia display an array of neuroprotective effects. Immune
surveillance is constantly occurring under homeostatic conditions, during which microglial
processes and filopodia randomly survey the external environment searching for cues
which may trigger an immune response [85,86]. Microglia also have a role in synaptic
pruning and promoting neurogenesis [87–91]. Synaptic pruning allows for the removal
of weaker synaptic connections, which promotes the development of stronger pathways,
allowing for clear and direct signal transduction [92]. The importance of microglia in synap-
tic pruning is demonstrated through the knockout of Cx3cr1 receptors, a critical receptor
for microglial migration. Cx3cr1 knockout in mice results in immature brain circuitry,
which possess the electrophysiological hallmarks of undeveloped synaptic function [89].
A transcriptomic analysis also demonstrated that the microglial phagocytosis of human
apoptotic cells initiated the expression of neurogenic-related genes, strongly suggesting
that microglia modulate the process [93]. Recently, one study found that the supernatant of
M2 microglial cells (containing molecule 15-deoxy-∆12,14-prostaglandin J2) promoted neu-
rogenesis and oligodendrogenesis [94], whereas another demonstrated the direct contact
between a microglial cell and neuronal dendrites promoted synaptic formation [95]. It has
also been shown that microglia are necessary to learning-dependent synaptic formation,
and this plasticity is regulated via brain derived neurotrophic factor [96]. It is therefore
clear that microglial have a role in neurogenesis.

3. Impact of Ionising Radiation on Healthy Brains by Altering Microglial
Function States

Phenotypic changes to microglia can be achieved by the application of ionising radi-
ation, the effects of which are widely believed to be dependent on the dosage and dose
schedule. Knowledge of the effects of ionising radiation, primarily established through
large scale nuclear events, indicate that HDIR is detrimental to human health [97,98]. The
linear no threshold model arose from extrapolating this knowledge and applying to it
LDIR [99]. The LNT model is still widely used by many radiation protection organisations
today; however, there is an increasing need to re-evaluate this on the basis of recent evi-
dence highlighting the potentially positive effects of LDIR. Currently, there is no consensus
on what dose constitutes LDIR or (HDIR). Often, a low dose is defined as below 100 mSv;
however, this does not take into account dose rate, cumulative dose or potential interspecies
variability. As such, a variety of doses and their effects have been included.

Aside from the widely accepted risk of carcinogenesis, HDIR has detrimental effects
on the human CNS, having been linked to the onset of cognitive dysfunction [100–103],
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deficits of spatial-temporal learning, and reduced memory (2–54 Gy) [104–108]. Ionising
radiation has also been shown to cause demyelination (see review [109]), and to disrupt
neurogenesis (see reviews [110,111]). Additionally, a reduction in functional connectivity
in the anterior cingulate cortex and right insular region has been observed following
radiation therapy in nasopharyngeal carcinoma patients, where 68–70 Gy was administered
over 30–33 fractions [112]. These deficits tend to peak around 4 months post radiation
treatment [113], and can be irreversible. However, it is important to note that most human
epidemiological studies arise from opportunity and, therefore, in most human studies the
disease which is being treated may be a confounding factor. Similarly, a lot of long-term
effects are unknown in these cases due to the typically shorter life span of the patients.

Cell and animal research continue to help bridge the gap in areas which human
studies cannot explore. Various studies have shown a range of microglial responses to
high dose ionising radiation; notably that irradiation using a high dosage will elicit a
neuroinflammatory response [18,114–118]. A dose of 0.5 Gy has been shown to increase
the number of microglia in the hippocampus, compared to control and low dose ionising
radiation (0.063 Gy); however, the microglia were less ramified than before [118]. A similar
increase in microglial density has been found in the cerebellum following a 6 Gy dose [119].
Osman et al. recently observed that a dose of 8 Gy on the juvenile murine brain induced
transient microglial activation, as demonstrated through changes in microglial morphology
and density [18]. Microglial activation was also associated with a transient increase in
apoptotic cell levels, as well as a simultaneous increase in both pro- and anti-inflammatory
genes. Notably, the effects of the ionising radiation tended to peak around 6 hrs, after
which they began to decline [18].

Often linked with an increased microglial density is an increase in reactive oxygen
and nitrogen species production, which leads to protein oxidation and lipid peroxida-
tion [117,120–124]. Oxidative stress results in an increase in DNA damage such as double
stranded breaks and concomitant decrease in DNA repair proteins [125] and diminished
antioxidant enzyme activity [126]. However, one study contrasts this, showing that a dose
of 200 mGy may reduce lipid peroxidation within the brain, with associated increases
in catalase and antioxidant concentrations [127]. Pro-inflammatory cytokines such as
IL-1β, TNF-α, and IL-6 have all been shown to be increased after irradiation and play
a role in the inhibition of neurogenesis and further promotion of inflammation (refer
to Figure 1) [106,117,119,128–131]. Other observed reactions that are of interest include
changes in mitochondrial membrane potential and permeability [132], increased blood–
brain barrier permeability [119,133], and the induction of pyroptosis [134,135]. Crucially, it
has been shown that the transcriptome of microglia that have been exposed to high dose
radiation is significantly similar to the M1 classical activation phenotype [136], indicating
that HDIR activates microglia. Further evidencing the role of HDIR activated microglial
in neuroinflammation are recent studies which demonstrate that acute pharmacological
microglial depletion following radiation exposure alter the neuroinflammatory response
and can prevent cognitive deficits [102,137].

It has previously been shown that ionising radiation alters the brain architecture
in mice. In the hippocampus, ionising radiation has resulted in reductions in dendritic
complexity and number, and has altered the concentration of synaptic proteins [138].
Recently, microglia have been associated with radiation-induced synaptic loss. Male
mice exposed to 10 Gy IRexhibited a significant decrease in immature spinal density;
however, the knockout of complement receptor 3 (CR3) was neuroprotective and prevented
this loss [139]. Interestingly, female mice (knockout and wildtype) did not experience
radiation induced decreases in spinal density, and also displayed a significantly higher
number of intersections basally when compared to male mice, suggesting a sex-dependent
effect [139]. This study also observed changes in microglial activation markers following
the IR; however, not morphological changes, suggesting that morphological changes may
not be a reliable indicator of microglial activation [139]. HDIR may also induce neuronal
apoptosis by causing cell cycle arrest at the G2 and M checkpoints [117]. This study
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also indicated that the effects of HDIR may be delayed, with significant apoptosis and
chemokine mRNA expression occurring 1-week post exposure [117].
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Figure 1. Ionising radiation modulates inflammatory response in a healthy brain by altering mi-
croglial functional states. Low dose ionising radiation (left) may reduce the number of activated
microglia, increasing antioxidants and anti-inflammatory cytokines and thus having a neuroprotec-
tive effect when compared to a control brain (middle). High dose ionising radiation (right) increases
the number of activated microglia, which increases oxidants and pro-inflammatory cytokines, creating
a neuroinflammatory state.

Additionally, rodent models have allowed the investigation of the CNS effects of
prenatal radiation exposure. The paucity of human studies have suggested there is poten-
tially an increased risk of cognitive and health effects on a foetus; however, the Centers for
Disease Control and Prevention (CDC, USA) has acknowledged that an acute radiation
dose of <100 mGy has no observable non-cancer effects [140–143]. The majority of human
studies which involve HDIR come from A-bomb survivors, and these indicate the potential
for prenatal IR to cause mental retardation and microcephaly [144]. Animal studies have
highlighted dose and pregnancy stage dependent effects of HDIR causing DNA damage,
alterations to cell cycle checkpoints and apoptosis in the neocortex [145–147], and have
identified behavioural/cognitive changes [145].

The effects of LDIR have been observed to be quite different and conflicting. There
is a growing body of evidence which suggests that LDIR may be anti-neuroinflammatory
(refer to Figure 1). This hypothesis is termed radiation hormesis. Human cells grown
under reduced background radiation manage the stress of acute irradiation at high dose
less efficiently than cells cultured under normal background radiation [148], supporting
the theory that mild radiation exposure stimulates an adaptive response. Irradiated fruit
flies and rodents also have shown enhanced immune systems and extended lifespans
compared to non-irradiated controls [149–152]. One murine lifetime study found that an
exposure of single 0.063 Gy radiation significantly reduces the risk of the development
of many types of tumours, including pheochromocytomas, adenomas, insulinomas, and
adenocarcinomas, compared to non-exposed controls [152]. LDIR is also thought to confer
protection to cell functioning, molecular structures, synapses and key brain mechanisms
such as neurogenesis, as well as inducing reparative functions (see review [153]). These
theories have been supported by observed physiological responses LDIR. The suppression
of ROS is one such example [154,155]. Studies of occupationally exposed workers found
that chronic LDIR (0.1–8.4 mGy per month) was associated with an increased resistance to
oxidative stress [156,157]. This effect has also been observed at higher acute doses, with
acute 0.2 Gy IR increasing antioxidants in the blood and tissues of rats [127]. Increases
in anti-inflammatory cytokines such as IL-4, IL-10, and reductions in inflammatory cy-
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tokines such as TFN-α have been observed at 50 mGy [158]; however, this effect has also
been observed at higher doses of up to 1 Gy [25,159,160]. Of note, one study found that
100 mGy actually increased inflammatory cytokines [161], and another found that 100
mGy may have a negative effect on cognition, although noted further investigation is
required [108]. Notably, 100 mGy appears to disrupt the BBB, which is a key aspect of
neuroinflammation [74,162].

A recent study by Ung et al. (2020) specifically examined the effects of a singular
radiation event on both murine glial cells and murine behaviour [118]. At the “high” dose
of 0.5 Gy, there was an observable decrease in acoustic startle response, exploration, and
rearing at 12 months post exposure. At 24 months post exposure, there was a significant
increase in the number of microglial cells in the dentate gyrus, and a reduction in both
astrocyte number and complex morphology. However, mice exposed to a singular dose
of 0.063 Gy radiation had an increased acoustic startle response, increased exploratory
behaviour, and increased rearing at 18 months post exposure, and had significant increases
in microglial ramification at 24 months (compared to both the control and other irradiated
groups of 0.125 and 0.5 Gy) despite no observable increase in microglial density. The
astrocyte morphology of this group was also not significantly different to the control group.
This study clearly demonstrates the potential for LDIR to be anti-neuroinflammatory in
comparison to HDIR [118]. A complementary study by Hladik et al. (2020) observed the
effects of a single radiation event on cAMP response element-binding protein (CREB) sig-
nalling; a transcription factor involved in memory formation, neuroplasticity and amyloid
processing [163]. The CREB pathway, and other associated pathways, were found to be
“activated” (as determined by alterations in hippocampal protein levels) by a dose of either
0.063 Gy or 0.125 Gy, whereas these pathways were “deactivated” by a dose of 0.5 Gy.
Conditioning, learning, and long-term potentiation were found to be activated by 0.063 Gy
or 0.125 Gy and were deactivated at 0.5 Gy. Additionally, a dose of 0.125 Gy was found
to deactivate apoptosis. This data further supports the concept that LDIR may allow for
neuroprotective cellular adaptive responses in comparison to the detrimental effects of
higher doses [163], a premise which is supported by our recent study in press at Frontiers
in Cell and Developmental Biology, which demonstrated that LDIR (10 mGy) may enhance
neuroprotective pathways in the healthy brain [164].

However, radiation hormesis tends to be poorly supported by most human studies.
An 11 million person cohort study found that the LDIR dose from a computed tomography
(CT) scan (~40 mGy) during childhood and adolescent correlates with an increased inci-
dence of cancers [165]. A recent meta-analysis examining a potential link between low dose
ionising radiation exposure in adulthood and cancer similarly found that, after excluding
studies with potential biases from the null, there was still a positive risk estimate reported
by many studies [166]. Another systematic review found no positive effects of LDIR on
neurodevelopment and cognition; however, it indicated that the evidence of adverse effects
is “limited to inadequate” [167]. In a population of adults with congenital heart disease,
a greater exposure to LDIR from cardiac procedures correlates with an increased cancer
incidence [168]; however, the population of “adults without cancer” were significantly
younger therefore had less comorbidities than the “adults with cancer population.” A re-
view by Lumniczky, Szatmári, and Sáfrány (2017) found that LDIR could result in cognitive
defects and other unfavourable outcomes in both human and animal populations, and
resulted in the induction of different molecular and cellular mechanisms [169]. The authors
called into question the safety of LDIR for diagnostic purposes [169]. Another review by
Tang and Loganovsky (2018) concluded that LDIR (<100 mGy) or low dose rate ionising
radiation (<6 mSv/hr) may or may not induce cancer, depending on a variety of factors
including demographics, lifestyle, and diagnostic accuracy [170]. However, LDIR may in-
crease incidences of vascular diseases, cognitive and mental health disorders, eye diseases,
and other pathologies, whilst reducing cancer mortality and mutations, and increasing
longevity [170]. Despite more studies beginning to investigate radiosensitivity [171], it
remains unclear what effect LDIR truly has on different organs or tissues. One important
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effect which cannot be ignored is the potential effect of LDIR on cellular senescence. Car-
bon ion irradiation (1 mGy) can lead to premature senescence in human lung fibroblasts;
however, this effect was not observed following 1 mGy gamma irradiation [172].

Given that ionising radiation can induce the polarisation of resting microglia into an
activated state, there is the potential to explore different doses of ionising radiation as a
tool to trigger the switching between activation states; in particular, from inflammatory
to anti-inflammatory state by LDIR. We know that the functional state of microglia is dy-
namic, and that changing the environment can be a mechanism of manipulating them [173].
It has already been demonstrated that there is potential to convert microglia into an in-
flammatory, M1 phenotype then alter the environment to trigger a switch back to the M2
phenotype [174]. There is also evidence to suggest that the microglial activation state can
be manipulated by repeated challenges with stimuli that influence future microglial be-
haviour upon subsequent stress [175]. Therefore, future studies should investigate whether
challenging microglia with different doses and dose schedules of ionising radiation can
enable the control of the microglial functional state, as it is a potential therapeutic tool for
neuroinflammation-associated pathologies such as Alzheimer’s and Parkinson’s disease.

4. Impact of Low Dose Ionising Radiation on Neurodegenerative Diseases

The positive effects of LDIR on models of Alzheimer’s disease have been seen in mice,
particularly in transgenic AD female mice (refer to Figure 2) [176]. A dose of 100 mGy
improved locomotor activity in Alzheimer’s-like transgenic (Tg) female mice, improved
their grip strength and reduced Aβx-40 levels. The same dose in male Tg mice had few
effects but did significantly reduce motor coordination. Interestingly, the higher dose of
500 mGy also improved locomotor activity in Tg females for open maze test and for Tg
males in the Y-maze, improved motor coordination in Tg females and reduced Aβx-40
levels. Arguably, the most important takeaway from this study is that, without radiation,
Tg female mice have higher Aβ levels than Tg male mice; however, radiation reduced
these levels in the female Tg mice, which correlated with decreased microglial activation as
determined by CD68 receptor staining [176]. Recently, rat models of AD were also shown
to have improved memory performance in response to a higher dose of ionising radiation
of 2 Gy/day for 5 days, without increasing neuroinflammation or amyloid load [177]. LDIR
has also been shown to promote an M2 morphology in LPS treated mice microglial (BV2)
cells [25].
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Figure 2. Low dose ionising radiation strengthens immunity in the healthy brain and reduces neu-
rodegenerative disease by changing microglial functional states. A healthy brain exposed to low dose
ionising radiation may experience anti-inflammatory effects, whereas in a degenerative brain, such
as in Alzheimer’s disease, low dose ionising radiation may lessen the severity of neuroinflammation
and promote a shift towards a more “normal” brain environment.

Human case studies have used low dose ionising radiation as a treatment for neu-
rodegenerative disorders (refer to Figure 2). The most well-known is a series of articles
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following a patient with end stage AD. After 2 CT scans (~40 mGy each) to detect anatom-
ical changes, the patient displayed several behavioural changes noticed by her family
and carers including signs of old memory return, improved motor function, and short
three- to five-word sentence formation [178]. The patient then began to receive a CT scan
approximately every 2 weeks. Interestingly, following the fifth CT scan the patient exhib-
ited significant decrease in cognitive and motor abilities, potentially demonstrating the
fine balance between both dosage and dose rate on whether radiation has advantageous
or deleterious effects. The patient recovered from this setback, and continued to receive
frequent, though more spaced out, CT scans [178–180]. Additionally, having observed these
positive effects on his wife, the partner of the Alzheimer’s patient opted to receive CT scans
to treat his Parkinson’s disease [179]. He received a CT scan every few months. The patient
was able to reduce the dose of his medication, his tremors reduced, he was less constipated
and his vision improved [180]. These promising results prompted a small pilot study
where CT scans were used on four patients with AD [181]. Minor quantitative changes
were observed; however, there were “remarkable improvements” in qualitative measures
such as communication and behavioural changes. One of the four patients showed no
improvement [181]. Together, this case and pilot study show the positive effects low dose
radiation may confer on Alzheimer’s disease; however, until we can better control and
understand LDIR as a treatment, it is not feasible to use therapeutically.

It is also important to consider the effects of radiation in multiple sclerosis (MS), where
the immune system is already under the stress of an autoimmune condition. There is some
evidence which may suggest that ionising exposure may represent a greater risk in MS
than in healthy individuals. A clinical trial on total lymphoid irradiation (TLI) (19.8 Gy) for
the treatment of MS found that irradiation reducing lymphocyte numbers to <900 mm−3

slowed the progression of the disease [182]. A follow-up found that any toxicity was
“mild and transient” and suggested that the benefits of the treatment outweighed the
disadvantages; however, it did indicate that menopause was induced in two patients and a
staphylococcal pneumonia infection in another [183]. A further statement from the authors
discussed the causes of five deaths among the cohort. All of the deceased were in a high
lymphocyte, poor prognosis category, so it is plausible that the deaths may have occurred
regardless; however, there is also the possibility that the risk for serious infections is
increased after TLI [184]. The patient with the induced staphylococcal pneumonia infection
died from aspiration, providing merit to the latter theory [184].

Additionally, a 2013 case report suggested that conventional doses of ionising radiation
used to treat meningioma induced the onset of multiple sclerosis in a 43-year-old woman,
suggesting a potential connection but not establishing a causal relationship [185]. Other
case and cohort studies have indicated a similar trend [186–189]. One cohort study even
found that X-ray exposure site was relevant, with chest X-rays, skull X-rays, and brain CT
scans all aligning with a higher incidence of MS [190]. Conversely, there are studies that
indicate that there is an inverse relationship between IR, specifically ultra-violet B (UVB)
exposure, and the development of MS [191,192]. Gamma Knife Radiosurgery (85 Gy) has
been used to treat trigeminal neuralgia in MS patients, with 82% of patients reporting
a reporting a reduction in pain following one treatment [193]. However, the authors
acknowledge this needs to be explored further, with increased radiation toxicity being
observed by some studies [194]. One murine study observed that repeated 0.5 Gy doses
(to a dose of 10 Gy) of gamma radiation reduced many autoimmune symptoms, including
splenomegaly, lymphadenopathy, and proteinuria [195]. It therefore remains unclear the
effects of ionising radiation in pre-existing immune conditions.

5. TSPO as a Biomarker for Changes in Microglia

To quantify microglial activation, appropriate biological markers are necessary. These
biomarkers can take on a variety of forms, such as cell receptors or cytokines. The most
commonly used marker of microglial activation is ionised calcium binding molecule 1
(Iba1), also known as allograft inflammatory factor 1. In the CNS, it is expressed solely by
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activated microglial cells and is responsible for membrane ruffling and phagocytosis [196].
Iba1 is highly conserved across species and can be easily detected through anti-Iba1 anti-
bodies [197].

Pro-inflammatory and anti-inflammatory cytokines and chemokines can also be ex-
amined to elucidate the current activation state of microglia. Increased concentrations of
pro-inflammatory molecules such as IL-6, IL-1β, IL-18, TNF-α, IFN-γ, CCL5, or GM-CSF
all indicate a greater proportion of activated microglia, and hence likely a greater degree of
neuroinflammation [198]. Opposingly, higher concentrations of IL-4, IL-10, TGFβ, or CCL22
all signify an anti-inflammatory environment [198]. However, cytokine and chemokine
analyses are often used to complement Iba-1 data, rather than as standalone data, as they
are not “neuroinflammation” specific and often require the use of homogenised tissues,
leading to spatial information being lost [199]. Therefore, these molecules tend not to be
the best biomarker of neuroinflammation.

Mitochondrial translocator protein 18 kDa (TSPO), like Iba-1, has been shown to be
upregulated in microglia under conditions of stress and pathology [200–203] and serves as
a biomarker of neuroinflammation [204,205], particularly for in vivo molecular imaging
such as a PET scan [206]. TSPO has a low basal expression in the central nervous system,
predominantly by endothelial cells [207]. Although its exact function remains unclear,
TSPO knockout mice have both helped to disprove its role in cholesterol translocation and
steroidogenesis [208–211], and highlight a role in microglial activation and mitochondrial
function [212]. TSPO is an attractive target for studying the effects of ionising radiation as
it has been implicated in ROS production and ROS-mediated oxidative damage [213,214],
and the addition of TSPO ligands, such as PK11195 or Midazolam, have been shown
to reduce pro-inflammatory gene expression, accompanied by a reduction in activated
microglia [215–217]. Manipulating TSPO expression or function will allow the understand-
ing of the link between mitochondrial function and neuroinflammation to strengthen,
supporting the future development of therapeutics targeting these elements. The use of a
TSPO knockout model to observe the behaviour of TSPO under varying conditions, and
the potential impact on the CNS microenvironment, provides a unique tool to characterise
microglial response in the presence and absence of TSPO to varying stressors and would
be invaluable to future study [209]. Our recent study demonstrates that there are decreases
in TSPO and Iba1 mRNA and protein levels in brain, and proinflammatory cytokine IL6 in
blood plasma, following 10 mGy IR, and increases in TSPO protein expression at 2 Gy in
the brains of healthy mice and in primary cultured microglia [164]. As the levels of neu-
roinflammation in the healthy brain are minimal, there is little inflammation to be reduced
by low dose radiation. However, the clear trend towards downregulation of TSPO and
Iba1 expression indicates that LDIR may reduce microglial activation, and hence neuroin-
flammation. Further investigations should be undertaken in models of neurodegenerative
diseases, where elevated levels of neuroinflammation are observed.

One potential downside, elucidated by a recent study, is that neuronal activity in-
creases TSPO levels within the brain, specifically in neurons, meaning it may be an unreli-
able measure of glial activation [218]. Additionally, the post-mortem brains of late stage AD
and Dementia with Lewy Bodies have shown similar TSPO levels to age matched controls,
and even showed a reduction in some areas such as the substantia nigra [219]. Here, a
reduction in TSPO may not indicate a reduction in neuroinflammation, rather may reflect
“dystrophy, senescence and death, or dysfunction of mitochondria in the microglia” [219].
Another recent study concluded that whilst TSPO effectively marks activated microglia,
it is not a predictor of neuronal loss, and as such only marks neuroinflammation and not
neurodegeneration [220]. Finally, there is evidence to suggest that TSPO ligands may bind
to plasma proteins, and therefore are unavailable to bind to TSPO, affecting the accuracy of
PET scan results regarding neuroinflammation [221].
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6. Conclusions and Future Directions

As the innate immune cells of the central nervous system, microglia facilitate the
initiation and maintenance of basic immunity and neuroinflammation. The activation of
microglia through stressors such as radiation prompts the transcription of pro-inflammatory
genes, leading to the release of molecules such as IL-6 and TFN-α and the adoption of an
ameboid, phagocytotic morphology. However, there is a growing body of evidence that
LDIR may not act as a stressor, rather that LDIR may confer neuroprotection. Whilst the
molecular mechanisms behind this are largely unknown, many cellular and animal studies
have found LDIR promotes longevity, neurogenesis, and cognition, while decreasing ROS
production. There is paucity of human studies on the effects of LDIR on microglia, and
hence neuroinflammation. As such, the current understanding of radiation hormesis is poor.
As highlighted throughout the review, the dosage which divides the positive and negative
effects of radiation is hard to determine, with many studies providing conflicting results.
Furthermore, the duration (transient or indefinite) of any potential positive outcomes is
undetermined, and the interactions between different doses and exposure frequencies
are under-explored. It may be that case that repeated “low dose” treatments will accrue
and transform a positive effect into a detrimental one, as seen in the case study where CT
scans were used to treat a patient with AD [178]. Whilst the case studies of a woman with
AD and a man with PD show promise in the potential treatment of neuroinflammatory
conditions [179], the large cohort study of people who received a CT scan in childhood
or adolescence indicated an increased cancer risk [165]. It remains unclear whether the
effects of LDIR are beneficial to or adversely impact human health. Further animal and cell
work is required to elucidate the mechanisms behind the observed microglial mediated
neuroprotection, and research needs to be undertaken regarding dose-rate, age when
exposed (adulthood vs adolescence) and whether the impact is not only beneficial in
disease states but also to a healthy population.
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Abstract: MCPH1 is the first gene identified to be responsible for the human autosomal recessive
disorder primary microcephaly (MCPH). Mutations in the N-terminal and central domains of MCPH1
are strongly associated with microcephaly in human patients. A recent study showed that the central
domain of MCPH1, which is mainly encoded by exon 8, interacts with E3 ligase βTrCP2 and regulates
the G2/M transition of the cell cycle. In order to investigate the biological functions of MCPH1’s
central domain, we constructed a mouse model that lacked the central domain of MCPH1 by deleting
its exon 8 (designated as Mcph1-∆e8). Mcph1-∆e8 mice exhibited a reduced brain size and thinner
cortex, likely caused by a compromised self-renewal capacity and premature differentiation of
Mcph1-∆e8 neuroprogenitors during corticogenesis. Furthermore, Mcph1-∆e8 mice were sterile
because of a loss of germ cells in the testis and ovary. The embryonic fibroblasts of Mcph1-∆e8
mice exhibited premature chromosome condensation (PCC). All of these findings indicate that
Mcph1-∆e8 mice are reminiscent of MCPH1 complete knockout mice and Mcph1-∆BR1 mice. Our
study demonstrates that the central domain of MCPH1 represses microcephaly, and is essential for
gonad development in mammals.

Keywords: microcephaly; MCPH1; central domain; brain development; gonad development

1. Introduction

Autosomal recessive primary microcephaly (MCPH) is a rare heterogenous neurode-
velopmental disorder that is characterized by a pronounced reduction in the brain size. It is
caused by defects in neuroprogenitors during neurodevelopment, and has an incidence of
1:30,000 to 1:250,000 in live births in the general population [1–3]. MCPH patients exhibit a
small brain with simplified gyri, and by marked reduction in the cerebral cortex, although
the brain architecture is grossly normal [4]. Currently, mutations in 29 genes have been
identified as causes of MCPH [5–7]. MCPH1 (or BRIT1) was the first gene reported to
be causative for primary microcephaly type 1 (MCPH1, OMIM251200) [1]. In addition
to brain developmental abnormalities, MCPH mutations cause premature chromosome
condensation (PCC) syndrome (OMIM 606858) [8,9]. MCPH patient cells show defective
chromosome condensation, with a high proportion of prophase-like cells (PLCs) in late
G2-phase with delayed de-condensation post-mitosis [8,10].

The MCPH1 gene encodes a multifunctional protein that plays an important role in
chromosome condensation, DNA damage response (DDR), cell cycle progression, chro-
matin remodeling and tumorigenesis [11,12]. These functions enable MCPH1 to play an
important role in brain development, gonad formation and tumorigenesis [7,13,14]. MCPH1
contains three functional domains: the N-terminal BRCT domain (BRCT1) is necessary for
prevention of PCC and contributes to the centrosome localization of MCPH1 [15,16]; the
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two C-terminal BRCT domains (BRCT2 and BRCT3) bind to phosphorylated proteins in
DDR, and are crucial for its localization to DNA damage sites by interacting with γH2AX
after ionizing radiation [17,18]. The central domain of MCPH1 (amino acids 381–435) is
primarily responsible for the condensin II–MCPH1 interaction [19].

Currently, numerous loss-of-function mutations and variants of MCPH1 have been
associated with MCPH [12,20]. Most missense mutations of MCPH1 are located in exons
2 and 3 that encode the N-terminal BRCT domain. In accordance to human MCPH1,
complete knockout of Mcph1 (Mcph1-del) by deletion of exons 4 and 5 in mice results in
primary microcephaly, recapitulating human MCPH1 [21]. Mechanistically, MCPH1 loss
reduces Chk1 in the centrosome, leading to aberrant Cdk1 activation and premature mitotic
entry of neuroprogenitors [21]. Via this mechanism, MCPH1 regulates the division mode of
neuroprogenitors. Of note, mice expressing MCPH1 that is missing the first BRCT domain
at the N terminus (Mcph1-∆BRCT1, or Mcph1-∆BR1) reproduce the primary microcephaly
phenotype as seen in MCPH1 knockout mice and MCPH patients [13].

Recently, novel MCPH1 mutations have been found to be linked to disruptions in the
MCPH1 middle domain. For example, two heterozygous missense mutations (C.982G > A
and C.1273T > A) in exon 8 of MCPH1 were found in microcephaly individuals of a Saudi
family [22]. A recent finding reports a novel frameshift deletion mutation c.1254delT in
exon 8 of the MCPH1 gene which disrupts the conserved central domain of MCPH1 [23].
These findings suggest an important function of the central domain of MCPH1 in brain
development. Our recent molecular biological study conducted in human 293T and Hela
cells showed that MCPH1, via its central domain, modulated the dimerization of βTrCP2
to regulate Cdc25A turnover [24,25]. Thus, MCPH1 controls the G2/M transition and
determines the mitotic fate of neuroprogenitors [24]. In the current study, we aimed to
investigate the physiological function of the central domain of MCPH1, and generated
a knockout mouse model lacking exon 8 of Mcph1 (designated as Mcph1-∆e8), which
expresses a truncated MCPH1 without its central domain. Our analysis showed that the
central domain of MCPH1 is essential for corticogenesis and gonad development in mice.

2. Materials and Methods
2.1. Mice and Mating Scheme

MCPH1’s central domain conditional knockout mouse (Mcph1flox-e8/flox-e8) was produced
by a commercial service provided by Cyagen Biosciences Inc., Suzhou, China. The targeting
vector was designed as follows: homology arms (a 2.9-kb 5′ arm and 2.6-kb 3′ arm) were
generated using BAC clones from the C57BL/6J RPCI-23 BAC library; the 5′ LoxP site was
inserted into intron 7 of MCPH1 together with a self-excision Neo cassette flanked by Rox sites
that can be cleaved by the testes-specific Dre recombinase (SDA–Neo–SDA–LoxP cassette)
(Figure 1A); the second LoxP site (3′ LoxP) was inserted into intron 8. The negative selection
marker diphtheria toxin A (DTA) cassette was placed upstream of the 5′ homology arm. The
linearized targeting vector was introduced into Cyagen’s proprietary TurboKnockout ES cells
(on a C57BL/6N background) by electroporation. Homologous recombinant clones were
isolated using positive (neomycin) and negative (DTA) selection. There were 188 neo-resistant
ES clones that were analyzed by Southern blotting in order to identify the gene targeting
events. Three probes for Southern blotting were designed to screen the correctly targeted
ES clones. The probe 1 (P1) in intron 7 within the 5′ homology arm detected a fragment of
8.44 kb in wild-type (WT) allele and 3.39 kb in targeted (Tg) allele after KpnI digestion
(Figure 1A). The probe 2 (P2) was located in intron 8, which detected a fragment of 13.91 kb
in WT allele and 10.76 kb in Tg allele after AvrII digestion (Figure 1A). The probe Neo
detected a fragment of 9.06 kb after genomic DNA digestion with KpnI, which was used
to rule out any random insertion of the targeting vector into other parts of the genome
(Supplementary Figure S1A). In total, six ES clones were confirmed to have correct gene
targeting events. The targeted ES cell clone 1B1 was introduced into blastocysts by microin-
jection and then surgically transferred into pseudo-pregnant (surrogate) mothers in order to
generate chimeric offspring, which were further crossed with C57BL/6N females to generate
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heterozygous floxed mice (Mcph1flox-e8/+). The Mcph1flox-e8/flox-e8 mouse was bred with the
EIIa-Cre transgenic mouse to remove the exon 8 and to generate a conventional central domain
knockout mouse for MCPH1 (Mcph1-∆e8) (see the Results section; Figure 1 and Figure S1).
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Figure 1. Generation of the MCPH1 central domain knockout mouse (Mcph1-∆e8). (A) Gene targeting
strategy to generate MCPH1 central domain knockout mice. Exon 8 of Mcph1 that encodes the MCPH1
central domain was floxed by two LoxP sites. The expected alleles before and after gene targeting are
shown. The expected sizes of wild-type allele (WT), targeted allele (Tg), floxed allele (Flox) and exon
8 deleted allele, after respective enzyme digestion in Southern blotting, are shown. The locations of
the Southern blotting probes (P1 for the 5′ homology arm; P2 for the 3′ homology arm) are marked
under their respective alleles. Lower panel: Southern blotting to identify the correct homologous
recombination events in ES cell clones after digestion with the indicated restriction enzymes and
hybridization with the indicated probes. (B) RT-PCR analysis to validate exon 8 deletion in the Mcph1
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transcript of the Mcph1-∆e8 cortex and MEFs. Top panel: schematic presentation of localization
of PCR primers in the WT and Mcph1-∆e8 (∆e8) transcripts. Lower panels: RT-PCR results by
the indicated primers of the cortex and MEF samples from WT (+/+), heterozygote (+/∆e8) and
homozygote (∆e8/∆e8) mice. (C) cDNA sequencing to validate exon 8 deletion in Mcph1-∆e8 mice.
PCRs using primers located on Mcph1 exon 6 and exon 11 produced a 1547-base-pair fragment in WT
cDNA and a 419-base-pair fragment in ∆e8 cDNA. Right lower panel shows a loss of exon 8 and the
only junction between exon 7 and exon 9 of Mcph1-∆e8 transcripts. (D) Western blot analysis of the
expression of MCPH1 protein in neurospheres derived from control (Con, wild-type) and Mcph1-∆e8
homozygous mice (∆e8/∆e8) using an anti-MCPH1 antibody that recognizes residues in the central
domain of MCPH1. β-actin was used as a loading control.

The MCPH1 alleles were genotyped using the following primers: F1: GGTCTGAG-
TAATGACCACAGGTTC; R1: GTGGGTAAACACAACTCATCCTTC; R2: TGGGTACTC-
CTGCTAGCCTC (wild-type allele, 193 bps; flox allele, 327 bps; and exon 8 deletion allele,
543 bps). EIIa-Cre transgene was genotyped by the primers Cre1, 5′-CATATTGGCAGAACG
AAAACGC-3′; and Cre-2, 5′-CCTGTTTCACTATCCAGGTTACGG-3′; the amplicon size
was 413 bps.

Mouse strains, including Mcph1flox-e8/flox-e8, Mcph1-∆e8 and EIIa-Cre mice, were main-
tained under specific pathogen-free conditions at the animal facility of Shandong University,
Qingdao, P. R. China. Animal care and experiments were performed in accordance with
the ethics committee’s guidelines (License number: SYDWLL-2022-064).

2.2. Cell Culture

Mouse embryonic fibroblasts (MEFs) were isolated from E13.5 embryos following
previously published protocols [26]. Neuroprogenitors were isolated from E14.5 embryonic
cortex tissues and maintained in the following neural stem cell medium: DMEM/F12
(Gibco) supplemented with B-27 (Gibco), penicillin/streptomycin (Gibco), 10 ng/mL EGF
(Peprotech) and 20 ng/mL bFGF (Peprotech) [27]. All of the cell cultures were maintained
at 37 ◦C in a CO2 incubator.

2.3. RNA Extraction and RT-PCR Analysis

Total RNAs were extracted from cells and mouse tissues (cerebral cortex) using an
RNA extraction kit (Accurate Biotechnology, Changsha, China). cDNA was synthesized
using PrimeScript II 1st Strand cDNA Synthesis Kit (Takara, Kusatsu, Japan). RT-PCRs
for different fragments of Mcph1 were conducted using PrimerSTAR® HS premix (Takara,
Kusatsu, Japan). The primers used to characterize different fragments of Mcph1 are listed in
Supplementary Table S1. PCR products were isolated with the Gel Extraction Kit (Sangon
Biotech, Shanghai, China) and sequenced through services provided by Tsingke.

2.4. Histological Analysis

For paraffin sections, mouse brains were fixed with 4% paraformaldehyde at 4 ◦C for
24–48 h. Testicular and ovarian tissues were fixed with Bouin’s solution for 24 h. Tissue
samples were further processed and embedded in paraffin. Sections of 4 µm were used in
this study. The sections were stained with hematoxylin and eosin solutions. The histological
images were scanned and processed with an Olympus VS200 microscope.

2.5. Immunofluorescence (IF) Staining on Cells and Brain Sections

For IF analysis of cells, primary MEF cells were fixed with 4% PFA for 15 min at
room temperature. Then, MEFs were stained with pS10-histone 3 antibody (1:400, 9706S,
Cell Signaling, Danvers, MA, USA) in order to investigate the mitotic cells. At least
250 prophase cells from each cell line were counted manually.

For IF in brain tissues, embryonic brains at indicated developmental stages were
fixed with 4% PFA at 4 ◦C for 24–48 h, then transferred to 30% sucrose. Brains were
then embedded with OCT (Thermo Fisher, Waltham, MA, USA) and stored at −80 ◦C.
A 10-micrometer section was used for cryosection. For immunostaining, a previously
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published protocol was followed [27]. The following primary antibodies were used: rabbit
anti-Sox2 (1:400, Ab97959, Abcam, Cambridge, UK), rabbit anti-Tbr2 (1:400, Ab183991,
Abcam, Cambridge, UK), rabbit anti-Ki67 (1:400, 9129S, Cell Signaling), rabbit anti-cleaved
caspase-3 (Asp175) (1:400, 9579S, Cell Signaling, Danvers, MA, USA), mouse anti-pS10-H3
(1:400, 9706S, Cell Signaling, Danvers, MA, USA) and rat anti-pS28-H3 (1:400, Ab10543,
Abcam, Cambridge, UK). The following secondary antibodies were used: Goat Anti-Mouse
IgG Alexa Fluor® 594 (1:1000, Ab150113, Abcam, Cambridge, UK), Goat Anti-Rabbit IgG
Alexa Fluor® 594 (1:1000, Ab150080, Abcam, Cambridge, UK), and Goat Anti-Rat IgG Alexa
Fluor®594 (1:1000, Ab150160, Abcam, Cambridge, UK). The antibodies used for IF analysis
are summarized in supplementary files (Supplementary Tables S2 and S3).

All of the IF images from cells and tissues were captured with OLYMPUS cellSens
software (Standard Version, Shinjuku City, Tokyo, Japan) on an Olympus microscope BX53
installed with a DP80 camera. The images were further analyzed and processed with
OLYMPUS OlyVIA software (Version 3.2, Shinjuku City, Tokyo, Japan).

2.6. Western Blotting

In order to detect MCPH1 expression, cell or tissue samples were lysed with RIPA buffer
supplements with protease/phosphatase inhibitors (APExBIO). An amount of
40–60 ug total protein was separated with SDS-PAGE gels (10%), and further transferred onto
PVDF membranes. The primary antibodies used for this study were the following: rabbit
anti-MCPH1 (1:1000, Cell Signaling, Danvers, MA, USA); and mouse anti-β-actin (1:10,000,
Sigma-Aldrich, St. Louis, MO, USA). For the DNA damage assay, MEFs were treated with
hydroxyurea (HU, 2 mM) for 3 h, and then recovered for 0, 3 and 6 h. Protein samples were
harvested at different time-points. In order to investigate the DNA repair dynamics, the
following antibodies were used: mouse anti-phospho histone H2A.X (Ser139) (1:2000, 05-636,
EMD Millipore, Burlington, MA, USA), rabbit anti-phospho Chk1 (Ser317) (1:1000,12302S,
Cell Signaling, Danvers, MA, USA) and mouse anti-β-actin (1:10,000, A5441, Sigma-Aldrich,
St. Louis, MO, USA). The secondary antibodies used were: HRP-conjugated goat anti-rabbit
IgG and HRP-conjugated goat anti-mouse IgG (1:2000; Proteintech, Tokyo, Japan). The blotting
result was developed using BeyoECL Plus substrates (Beyotime, P0018S, Shanghai, China)
and quantified with Evolution-Capt Solo S 17.00 software. The antibodies used for WB are
summarized in supplementary files (Supplementary Tables S2 and S3).

2.7. Statistical Analysis

For the quantitative analysis conducted in this study, at least 3 biological samples
from each genotype were used. Unpaired Student’s t-test was employed. The statistical
analysis in this study was performed with GraphPad Prism (Ver 6.00, GraphPad Software,
San Diego, CA, USA) and graphed with the format of mean ± SD. Statistical significance
between genotypes was used as follows: n.s, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

3. Results
3.1. Generation of Mcph1-∆e8 Mice

The central domain of mouse MCPH1 is mainly encoded by exon 8 of the Mcph1
gene. Thus, we generated an Mcph1 exon 8 conditional knockout mouse by introducing
LoxP sites that flanked exon 8 (Figure 1A, please see the Materials and Methods section
for details). In order to produce conventional knockout mice with MCPH1’s central do-
main deletion, Mcph1flox-e8/+ mice were further crossed with EIIa-Cre mice to delete exon
8 of Mcph1 in the germline. Heterozygous Mcph1∆e8/+ mice were further intercrossed to
generate Mcph1∆e8/∆e8 mice (designated as Mcph1-∆e8) (Supplementary Figure S1B). In
order to confirm the successful generation of the Mcph1-∆e8 mouse, we performed PCR
genotyping and found that the ∆e8 mutant allele (∆e8) produced an expected 543-base-pair
PCR product (Supplementary Figure S1C). RT-PCR experiments revealed the deletion of
exon 8 in MCPH1 transcripts in Mcph1-∆e8 mouse embryos (Figure 1B, primer set E8-E8as),
which was further confirmed by sequencing (Figure 1C). Of note, the mouse Mcph1 exon 8
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is 1128 bps, deletion of which resulted in in-frame deletion of the central domain in MCPH1.
Western blotting using an MCPH1 antibody (D38G5, #4120, Cell Signaling Technology) that
recognizes the MCPH1’s central domain confirmed that Mcph1-∆e8 indeed was missing
this middle domain (Figure 1D). All of these data indicate that the Mcph1-∆e8 mouse was
successfully generated.

3.2. Mcph1-∆e8 Mice Develop Microcephaly

Intercross of heterozygous Mcph1-∆e8 mice (Mcph1∆e8/+) generated homozygous
Mcph1-∆e8 mice at birth with normal Mendelian ratios (data not shown). Interestingly,
we noticed that Mcph1-∆e8 mice had a smaller brain as well as a reduction in the brain
weight as compared to control littermates at postnatal day 0 (P0) (Figure 2A,B), which is
similar to MCPH1 complete knockout mice [21] and Mcph1-∆BR1 mice [13]. In addition to
the cortex, the middle brain of Mcph1-∆e8 mice at P0 seemed smaller than that of control
mice (Figure 2A). Histological analysis of coronal sections of P0 brains revealed a thinner
cerebral cortex in Mcph1-∆e8 as compared to control mice (Figure 2C,D), indicating that
Mcph1-∆e8 mice are microcephalic.
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Δe8 brains at P0. Overview of coronal brain sections and enlarged view of the forebrain cortex from 
the rectangular areas of the upper panel are shown. ctx: cerebral cortex; hp: hippocampus; mb: mid-
brain. (D) Quantification of the thickness of the cortex of control and homozygous Δe8/Δe8 mice. 
The cortex thickness of control: 394.22 μm and Mcph1-Δe8: 363.75 μm. n: the number of mice ana-
lyzed. Unpaired Student’s t-test was used for statistical analysis. *, p < 0.05; ***, p < 0.001; n.s, not 
significant. 
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brain of wild-type control (Con) and homozygous Mcph1-∆e8 (∆e8/∆e8) mice at birth (P0). Schematic
views of the cortical areas from control and Mcph1-∆e8 brains are shown in the lower panel.
ob: olfactory bulb; ctx: cerebral cortex; mb: midbrain. (B) Quantification of the brain weights
of the indicated genotypes of mice at P0. (C) H & E staining of coronal sections of control and
Mcph1-∆e8 brains at P0. Overview of coronal brain sections and enlarged view of the forebrain cortex
from the rectangular areas of the upper panel are shown. ctx: cerebral cortex; hp: hippocampus;
mb: midbrain. (D) Quantification of the thickness of the cortex of control and homozygous ∆e8/∆e8
mice. The cortex thickness of control: 394.22 µm and Mcph1-∆e8: 363.75 µm. n: the number of
mice analyzed. Unpaired Student’s t-test was used for statistical analysis. *, p < 0.05; ***, p < 0.001;
n.s, not significant.

3.3. Mcph1-∆e8 Neuroprogenitors Have Self-Renewal Defect

In order to study the reasons behind the primary microcephaly phenotype of Mcph1-∆e8
mice, we analyzed the embryonic cortex at the middle stage of neurogenesis, namely E15.5.
By immunostaining with antibodies against Sox2, a marker for radial glial cells (RGCs) in the
ventricular zone (VZ), and Tbr2, a marker for intermediate progenitors (IPs) in the subventricular
zone (SVZ), we found less Sox2-positive (Sox2+) cells in the Mcph1-∆e8 cortex compared to
controls (Figure 3A,B); however, we found a normal number of Tbr2-positive (Tbr2+) cells in
the SVZ (Figure 3A,B), indicating that RGCs, but not intermediate progenitors, are affected by
the mutation.
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staining of sagittal sections of the E15.5 brain with Sox2 and Tbr2 antibodies. (B) Quantification of
Sox2+ and Tbr2+ cells. N: the number of mice analyzed. The total numbers of cells of control (Con)
and mutant (Mcph1-∆e8) scored are summarized under the respective graphs. Unpaired Student’s
t-test was used for statistical analysis. *, p < 0.05; n.s, not significant.

In order to test whether the fewer Sox2+ RGCs observed were caused by an increase
in apoptosis, we performed immunofluorescence staining for cleaved-Caspase3 (a clas-
sical assay to detect apoptotic cells) and found there was no obvious difference in the
apoptotic index between the control’s and Mcph1-∆e8 genotype’s cerebral cortex tissues
(Supplementary Figure S2A,B). We next analyzed the proliferation of the neuroprogenitors.
In vivo pulse labeling (1 h) by EdU incorporation into E15.5 embryos revealed that the
ratio of EdU+ cells in the VZ and SVZ of the Mcph1-∆e8 cortex was significantly reduced as
compared to control littermates (Figure 4A,B). We next examined whether the low num-
ber of EdU-positive cells affects cell division by measuring the number of mitotic cells
after immunostaining against mitosis maker pS28-H3 (Figure 4A). Indeed, the number
of pS28-H3-positive cells was much less in the Mcph1-∆e8 cortex compared to control
littermates (Figure 4B). Thus, the middle domain of MCPH1 is required for the self-renewal
and maintenance of neuroprogenitors [22–24], but dispensable for apoptosis.

Human cells with siRNA knockdown of MCPH1, or MCPH patient lymphoblast cells,
exhibit a defective DDR that involves the ATR-Chk1-mediated cell cycle checkpoint [28,29].
We next investigated if Mcph1-∆e8 primary MEF cells had altered Atr-Chk1 signaling
using Western blotting. Hydroxyurea (HU) inhibits DNA synthesis, and has been widely
used to investigate Atr-Chk1 -mediated DDR [26]. To this end, we treated the control and
Mcph1-∆e8 MEFs with or without HU, and analyzed the expressions of p-Chk1 and γH2AX
at different time-points. p-Chk1 levels indicate an activation of Atr signaling, while γH2AX
levels mark DNA damage accumulation in the cells [26]. We found that Mcph1-∆e8 MEF
cells had higher basal as well as HU-induced levels of p-Chk1 and γH2AX compared to
those of controls (Figure 5C,D), indicating that these mutant cells have malfunctional Atr
signaling.

3.4. Defects in Gonad Development in Mcph1-∆e8 Mice

We crossed Mcph1-∆e8 mice, both males and females, with wild-type mice for
4 months, but all mutant mice failed to produce any offspring (data not shown), indicating
that Mcph1-∆e8 mice were infertile, similarly to the sterility of Mcph1-del and Mcph1-∆BR1
mice [13,21]. Macroscopically, the Mcph1-∆e8 testis was significantly smaller than that of
the control (Figure 6A). The ratio of testis weight (TW) to body weight (BW) was also sig-
nificantly smaller in Mcph1-∆e8 mice (Figure 6A). Histological analysis after H&E staining
showed that Mcph1-∆e8 testes were devoid of round spermatids and elongated sper-
matids, but still possessed some pachytene spermatocytes within the seminiferous tubules
(Figure 6B). In addition, we performed H&E staining of the epididymis and did not detect
any spermatozoa-filled tubules in the Mcph1-∆e8 epididymis (Figure 6B). The diameters of
Mcph1-∆e8 seminiferous tubules in testes were smaller (Figure 6C). A significantly higher
frequency of vacuolized seminiferous tubules was found in Mcph1-∆e8 testes (Figure 6D).
These data suggest that spermatogenesis in Mcph1-∆e8 mice was arrested at an early stage
of development. In female Mcph1-∆e8 mice, the size of the ovary was smaller and the
uterine wall was thinner compared to controls (Figure 6E). H&E staining revealed that
ovarian follicles were invisible in Mcph1-∆e8 female mice (Figure 6F). We conclude that the
central domain of MCPH1 is essential for gonad development.
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Figure 4. Proliferation defects of neuroprogenitors in the Mcph1-Δe8 embryonic cortex. (A) Im-
munostaining of the E15.5 embryonic cortex after EdU pulse labeling for 1 hr using antibodies 
against EdU (green) and pS28-H3 (a mitotic marker, red). The nucleus is counterstained by DAPI 
(blue). (B) Quantification of the percentages of EdU+ and pS28-H3+ cells among the total DAPI+ cells. 
(C) Double staining of the E15.5 brain cortex using antibodies against EdU (green) and Ki67 (red). 
EdU was injected on E14.5 of embryonic development and embryos were harvested at 24 hrs later 
(E15.5). (D) Cell cycle exit index was calculated by the ratio of EdU+Ki67− vs. total EdU+ cells. The 
numbers of control (Con) and mutant (Mcph1-Δe8) cells scored are indicated in the tables below 

Figure 4. Proliferation defects of neuroprogenitors in the Mcph1-∆e8 embryonic cortex. (A) Immunostain-
ing of the E15.5 embryonic cortex after EdU pulse labeling for 1 hr using antibodies against EdU (green)
and pS28-H3 (a mitotic marker, red). The nucleus is counterstained by DAPI (blue). (B) Quantification of
the percentages of EdU+ and pS28-H3+ cells among the total DAPI+ cells. (C) Double staining of the E15.5
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brain cortex using antibodies against EdU (green) and Ki67 (red). EdU was injected on E14.5 of
embryonic development and embryos were harvested at 24 hrs later (E15.5). (D) Cell cycle exit
index was calculated by the ratio of EdU+Ki67− vs. total EdU+ cells. The numbers of control
(Con) and mutant (Mcph1-∆e8) cells scored are indicated in the tables below their respective graphs.
n: the number of mice analyzed. Unpaired Student’s t-test was used for statistical analysis. *, p < 0.05;
**, p < 0.01; ***, p < 0.001.
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Figure 5. Mcph1-∆e8 cells exhibit PCC and defective DDR. (A) Representative images of PCC in
Mcph1-∆e8 MEFs. Primary MEF cells were stained with a pS10-H3 antibody (red) and counterstained
with DAPI (blue). (B) Quantification of the percentages of PCC cells (prophase cells lacking the
pS10-H3 signal) in control and Mcph1-∆e8 primary MEF cells. More than 250 prophase cells were
scored in each group of the indicated genotype. (C) Western blot analysis of p-Chk1 and γH2AX in
control and Mcph1-∆e8 MEFs with or without HU treatment. β-actin was used as a loading control.
(D) The quantification of the indicated protein intensities from panel (C). Unpaired Student’s t-test
was used for statistical analysis. ***, p < 0.001.
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Figure 6. Defective gonad development in Mcph1-Δe8 mice. (A) Macroscopic view of testes from a 
control and a Mcph1-Δe8 mouse (6 weeks of age). The ratios of the testis weight (TW) to body weight 
(BW) from 6-week-old control and Mcph1-Δe8 mice are shown in the lower panel. (B) H&E staining 
of testis sections from 6-week-old control and Mcph1-Δe8 male mice. The epididymis (left panel) 
and seminiferous tubules (right panel) are shown. Yellow, green, red and blue arrowheads mark 
spermatogonia, pachytene spermatocytes, round spermatids and elongated spermatids, respec-
tively. (C) Quantification of the diameters of seminiferous tubules of Mcph1-Δe8 male mice at P100. 
(D) Quantification of tubules lacking spermatocytes (vacuolization) as a percentage of the total tu-
bules of 6-week-old Mcph1-Δe8 male mice. (E) Representative image of ovaries from a 6-week-old 
control and a Mcph1-Δe8 mouse. Arrows mark ovaries. (F) H&E staining of ovary sections of 6-
week-old control and Mcph1-Δe8 mice. The yellow arrow and arrowhead point to a primary and 

Figure 6. Defective gonad development in Mcph1-∆e8 mice. (A) Macroscopic view of testes from a
control and a Mcph1-∆e8 mouse (6 weeks of age). The ratios of the testis weight (TW) to body weight
(BW) from 6-week-old control and Mcph1-∆e8 mice are shown in the lower panel. (B) H&E staining
of testis sections from 6-week-old control and Mcph1-∆e8 male mice. The epididymis (left panel)
and seminiferous tubules (right panel) are shown. Yellow, green, red and blue arrowheads mark
spermatogonia, pachytene spermatocytes, round spermatids and elongated spermatids, respectively.
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(C) Quantification of the diameters of seminiferous tubules of Mcph1-∆e8 male mice at P100.
(D) Quantification of tubules lacking spermatocytes (vacuolization) as a percentage of the total tubules of
6-week-old Mcph1-∆e8 male mice. (E) Representative image of ovaries from a 6-week-old control and a
Mcph1-∆e8 mouse. Arrows mark ovaries. (F) H&E staining of ovary sections of 6-week-old control and
Mcph1-∆e8 mice. The yellow arrow and arrowhead point to a primary and secondary follicle, respectively.
n: the number of mice analyzed. Unpaired Student’s t-test was used for statistical analysis. ***, p < 0.001.

4. Discussion

In humans, MCPH1 mutations cause primary microcephaly. Genetic studies iden-
tify that many mutations and genetic variants of MCPH1 are prominently located in the
N-terminal and central domains [7,20,22,23,30]. We previously generated MCPH1 conven-
tional knockout mice (Mcph1-del) [21], MCPH1 N-terminal BRCT domain knockout mice
(Mcph1-∆BR1) [13], and MCPH1 fetal brain specific knockout mice [21,31], and revealed
that the whole MCPH1 protein and the first BRCT domain at the MCPH1 N’ terminus are
essential for neuroprogenitor self-renewal and differentiation during corticogenesis. The
first BRCT domain of MCPH1 is required for its centromere localization, which has an
impact on choices of symmetric and asymmetric division of neuroprogenitors. Thus, the
altered cell division mode in neuroprogenitors from Mcph1-del and Mcph1-∆BR1 embryonic
brains is responsible for the microcephaly phenotype in these models [21,24].

Recently, we found that MCPH1, via its central domain, directly interacts with βTrCP2
to promote its activity to degrade Cdc25A during the G2/M transition in cell cycle con-
trol. Ectopic expression of βTrCP2 or the Cdc25A knockdown remedied the premature
differentiation of MCPH1-deficient neuroprogenitors [24]. Therefore, a stabilization role of
the MCPH1 central domain on βTrCP2 is presumably important for brain development.
We showed here, using a mouse model in which the central domain of MCPH1 is deleted
(by deleting exon 8), that the central domain of MCPH1 is required for preventing micro-
cephaly, and maintains a proper balance of the self-renewal and differentiation capacity
of neuroprogenitors during brain development. Mcph1-∆e8 mice show a reduction in
cortical thickness that is likely due to impaired proliferation and premature differentiation
of neuroprogenitors during the early stages of embryonic neurogenesis, ultimately leading
to a reduction in the neuroprogenitor pool and a small brain size.

In addition to brain developmental defects, Mcph1-∆e8 mice show severe gonad atro-
phy in both males and females, similarly to MCPH1 complete knockout and Mcph1-∆BR1
mice [13,14,21]; this indicates that the central domain of MCPH1 is essential for gonadal
development. It might be surprising that all of these Mcph1 mutant mice are always associated
with defects in gonad development and infertility. It strongly suggests that at least in mice,
MCPH1 is critical for the normal development of the reproductive system [13,14,21]. Currently,
however, there is no case reports of MCPH patients with testicular or ovarian atrophy. How
MCPH1 regulates spermatogenesis or ovary formation is currently unclear. One possible
explanation is that defective DNA damage repair (as judged by a high level of p-Chk1 and
γH2AX shown in Mcph1-∆e8 MEFs) may contribute to infertility phenotypes in Mcph1-∆e8
testes and ovaries. It was found that the recruitment of DNA repair proteins BRCA2-RAD51
was impaired in MCPH1 mutant mice, leading to meiosis arrest and apoptosis of spermato-
cytes, as well as a completely loss of pachytene and post-meiosis spermatocytes [14].

The central domain of MCPH1 has been shown to interact with condensin II, which
is believed to be responsible for chromosome condensation [16,19]. Similarly to Mcph1-
deficient [14,21] and Mcph1-∆BR1 cells [13], Mcph1-∆e8 MEF cells exhibit a high incidence
of PCC, indicating that the central domain is involved in the regulation of pre-mitotic
chromosomal states. Of note, previous studies found that Mcph1-∆BR1 MEFs have around
40% of PCC, while complete knockout (Mcph1-del) MEFs have around 30% PCC [13,21].
The difference in PCC index in each mouse line could be caused by an MEF isolation
process, cell culture conditions, or molecular markers used to define metaphase cells.

In summary, we demonstrated that analogously to Mcph1-complete knockout [14,21]
and Mcph1-∆BR1 [13] mice, the deletion of the central domain of MCPH1 in mice recapit-
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ulates phenotypes of MCPH patients, i.e., primary microcephaly and the PCC. The three
MCPH1 mutant mouse lines generated in our lab [13,21], together with three additional
MCPH1 mutants produced by other research groups [14,32,33], allowed us to conclude
that the decisive function of MCPH1 in brain development and fertility is located in the
N-terminal and the central domains of MCPH1. Since MCPH1 has no enzymatic activity,
it is plausible that MCPH1 participates in various cellular activities through interactions
with different partners. For example, MCPH1 interacts with βTrCP2 through its central
domain and participates in the regulation of the G2/M cell cycle checkpoint [24]. There-
fore, finding proteins that interact with specific domains of MCPH1 could provide further
hints to decipher the biological functions of MCPH1 in all of these physiological and
developmental processes.
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Abstract: The miR-146 family consists of two microRNAs (miRNAs), miR-146a and miR-146b, which
are both known to suppress a variety of immune responses. Here in this study, we show that miR-
146b is abundantly expressed in neuronal cells, while miR-146a is mainly expressed in microglia and
astroglia of adult mice. Accordingly, miR-146b deficient (Mir146b-/-) mice exhibited anxiety-like
behaviors and enhanced cognition. Characterization of cellular composition of Mir146b-/- mice
using flow cytometry revealed an increased number of neurons and a decreased abundancy of
astroglia in the hippocampus and frontal cortex, whereas microglia abundancy remained unchanged.
Immunohistochemistry showed a higher density of neurons in the frontal cortex of Mir146b-/- mice,
enhanced hippocampal neurogenesis as evidenced by an increased proliferation, and survival of
newly generated cells with enhanced maturation into neuronal phenotype. No microglial activation
or signs of neuroinflammation were observed in Mir146b-/- mice. Further analysis demonstrated
that miR-146b deficiency is associated with elevated expression of glial cell line-derived neurotrophic
factor (Gdnf ) mRNA in the hippocampus, which might be at least in part responsible for the observed
neuronal expansion and the behavioral phenotype. This hypothesis is partially supported by the
positive correlation between performance of mice in the object recognition test and Gdnf mRNA
expression in Mir146b-/- mice. Together, these results show the distinct function of miR-146b in
controlling behaviors and provide new insights in understanding cell-specific function of miR-146b
in the neuronal and astroglial organization of the mouse brain.

Keywords: miR-146b; cognition; anxiety; astrocytes; microglia; neurogenesis; neuronal development;
Gdnf

1. Introduction

MicroRNAs (miRNAs) are a family of small, endogenous, noncoding RNAs which are
approximately 22 nucleotides long and act at post-transcriptional level to regulate gene
expression via binding to partially complementary mRNAs [1–3]. The brain expresses more
distinct and a relatively high number of miRNAs than any other tissue in vertebrates [4].
Early microarray profiling analyses have shown that miRNAs are differentially expressed
in brain regions [5] and in a cell-specific manner [6]. As miRNAs can influence expression
of many target mRNAs, they are capable of modulating various physiological processes
in the brain, such as neural differentiation [7] and synaptic plasticity [8], and are thereby
proposed to regulate to regulate complex animal behaviors including cognition [9] and
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anxiety [10]. In addition, miRNAs are involved in the several brain pathologies including
neurodegenerative and psychiatric disorders [11–13].

The miR-146b belongs to the miR-146 family consisting of two miRNAs, miR-146a
and miR-146b (miR-146a/b), which are encoded by two distinct genes located on different
chromosomes and regulated by different pathways. Accordingly, the expression of miR-
146a is upregulated through the nuclear factor kappa B (NF-κB) pathway [14], while
miR-146b expression has been shown to be activated by signal transducer and activator
of transcription (STAT) proteins [15,16]. As miR-146a/b differ only in two nucleotides,
they probably target the same or a very similar set of genes [17,18]. The well-known target
genes for miR-146a/b are TNF receptor-associated factor 6 (TRAF6) and interleukin-1
receptor-associated kinase 1 (IRAK1), both of which are from the NF-κB pathway and have
been characterized already by an initial study on miR-146a/b [19]. Accordingly, there is
ample evidence concerning the participation of the miR146 family in negative regulation of
immune responses [14–18,20].

In the central nervous system, miR-146a has been reported to have immune sup-
pressive function in microglia [21,22]. In addition, miR-146a has been related to autism,
neural lineage determination, neurite outgrowth [23], differentiation of neural stem cells
and hippocampal-dependent memory impairments [24]. The functions of miR-146b in the
nervous system have been characterized by some existing studies. For example, one study
showed that overexpression of miR-146b inhibited inflammatory responses via suppression
of the activation of the NF-κB signaling in the brain in the rat encephalopathy models [25].
Another study in rats has shown that miR-146b overexpression with lentivirus vector could
inhibit the proliferation of primary hippocampal neural stem cells [26]. A recent study has
identified miR-146b as a candidate modulator of microglial activation [27]. In addition,
miR-146b has also been reported to be a prognostic biomarker of gliomas, as it inhibits
glioma cell proliferation and migration and induces apoptosis [28–31].

In this study, we used miR-146b deficient and wild type mice to explore the role of
miR-146b in brain functions. We detected high expression of miR-146b in neuronal cells
of the brain and observed that loss of miR-146b facilitates learning abilities and induces
anxiety-like behaviors. Next, we found that lack of miR-146b affects cellular composition
of the brain, reflected by the higher number of neurons, reduced number of astrocytes
and increased hippocampal neurogenesis. In addition, we detected that miR-146b target
GDNF mRNA is upregulated in Mir146b-/- mice in the hippocampus. No microglial
activation or signs of neuroinflammation were observed in Mir146b-/- mice. Together,
these results highlight the function of miR-146b in controlling cellular organization and
behaviors in mice.

2. Materials and Methods
2.1. Animals and Experimental Design

Mir146b-/- mouse line on C57BL/6J background was generated by deletion of miR-
146b encoding gene from mouse chromosome 19 as previously described in [17]. Mir146b-/-
and corresponding WT mice used for this study were obtained by crossing Mir146b+/-
heterozygous mice maintained and bred in the animal facility at the Laboratory Animal
Centre at the Institute of Biomedicine and Translational Medicine, University of Tartu,
according to the Institute’s regulations. The generated animals were genotyped using the
primer sequence:

146b locus 5′ forward primer- 5′ CTCACACTCTTGTTCTTACCCAGTTCTT 3′;
146b locus 3′ reverse primer- 5′ CAAACAAACAAACAAAAGGTTCAGCTAAG 3′;
146b locus internal reverse primer-5′ACACACAGGGCATATGAGATCAGTTGGTT 3′ and
same generation littermates were used in experiments. Two–three months old male mice
were used for all experiments, which were undertaken in agreement with the guidelines
established in the principles of laboratory animal care (Directive 2010/63/EU). All the
mice were group-housed with a 12-h light/dark cycle with food and water available ad
libitum. The Animal Experimentation Committee at the Estonian Ministry of Agriculture

80



Cells 2022, 11, 2002

(no. 183, 2021) approved the experimental protocol. The sequence of the experiments
performed is summarized in Table 1. The age of animals at the start of the experiments was
approximately 2 months old. The age of animals at the time of sacrifice was approximately
3 months old.

Table 1. Sequence of the experiments.

Time Point Task Assigned

Cohort 1 (WT and Mir146b-/-)

Day 0 Open field test

Day 4 Elevated plus maze

Day 8–10 Novel object recognition test

Day 13–14 Social dominance test

Day 17 Tail suspension test

Day 22 Sacrifice the animals and collect the tissues for flow cytometry,
qPCR and immunohistochemistry

Cohort 2 (WT and Mir146b-/-)

Day 0–7 Contextual fear conditioning

Day 10 BrdU injections (300 mg/kg)

Day 31 Sacrifice animals for immunohistochemistry and qPCR

2.2. Novel Object Recognition Test (NORT)

NORT was performed as described by [32] in open chamber 50 cm × 50 cm × 50 cm
(L × W × H), made up of brown wood. The objects were opaque glass cups of similar
textures and colors but different sizes and shapes, and were heavy enough to prevent the
mice from moving them. The experiment consisted of three phases: habituation, training
and retention. During habituation phase, the animals were allowed to explore the empty
arena without presence of any object for 5 min. Twenty-four hours later, in training phase,
two identical objects were placed on a diagonal (both 10 cm from the corner) and each
mouse was allowed to explore in the field for 5 min. The amount of time each mouse
spent exploring both objects was recorded. Either 2 or 24 h later (retention phase), the mice
explored the arena with presence of one familiar object and one novel object to measure
their short-term recognition memory (STM) and long-term recognition memory (LTM),
respectively. A preference ratio for each mouse was expressed as percentage of time spent
exploring the new object (Tnew ×100)/(Tf + Tnew), where Tf and Tnew are the times spent
exploring the familiar object and the novel object, respectively. The time spent exploring
each object was scored by an observer “blind” to genotypes and in between trials. All of
the objects were cleaned with 5% ethanol solution after each trial. Exploration was defined
as sniffing or touching the object with the nose or forepaws.

2.3. Contextual Fear Conditioning (CFC) and Tone Fear Recall

The procedure was adapted from [24,33]. The setup was an experimental chamber
22 cm × 22 cm × 35 cm (L ×W × H) located inside a larger noise-attenuating box, and
a built-in ventilation fan provided a background noise. The floor of the box was made
of stainless-steel rods designed for mice and connected to a scrambled shock generator
(TSE Systems) containing a speaker for audible tone. The CFC experiment took place on
seven consecutive days. On day 0, the mice were allowed to freely explore the conditioning
chamber for 3 min and baseline freezing was measured. Immediately after that, conditioned
stimuli tone (75 dB, 2 kHz, 30 s) paired with unconditioned stimuli foot shock (1 s, 0.50 mA,
constant electric current) was automatically delivered with 1 min intervals for three times
through a grid floor. After completing the conditioning session, the mice were returned
to their home cage. On day 1, contextual fear retention was assessed at 24 h after the
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conditioning session by placing animals into conditioned context for 3 min in the absence of
tone and foot shock, during which the duration of freezing time (absence of any movement
other than that due to respiration) was measured. The extinction of contextual fear memory
was measured from day 2 to day 6. Each day, animals were placed in the same context
for 3 min and the freezing time was recorded. On day 7, tone fear recall was assessed
by placing the mice in the novel context for 3 min and baseline freezing was measured.
Immediately after that, tone (75 dB, 2 kHz, 30 s) was presented and freezing time was
measured within the next three minutes.

2.4. Open Field Test (OFT)

OFT was used to assess anxiety and locomotion was performed according to [34]. Mice
were placed in an experimental room for about 1 h before starting the experiment for their
habituation. Each mouse was placed in the center of OFT chamber (45 cm × 45 cm × 45 cm)
and allowed to explore freely for 30 min. The light luminosity was set to 500 lux throughout
the box. During this time, the mice were monitored and data were collected and recorded
by an analytical system (TSE Systems, Chesterfield, VA, USA). Anxiety was quantified
by measuring the time spent by mice in central sector of the open field, while locomotor
activity was measured by estimating total distance travelled.

2.5. Elevated Plus Maze (EPM)

The EPM test measuring anxiety was performed according to [32]; it was carried out
in a plus-maze with setup consisting of a central zone (5 cm × 5 cm), two open arms
(45 cm × 10 cm) and two arms closed by walls (45 cm × 10 cm and 15 cm in height). The
maze is elevated 60 cm above the floor level. The animals were placed on the central zone
of the EPM and allowed to explore plus-maze freely for 5 min with light luminosity set
to 40 lux. A live video-tracking system (Noldus, with EthoVision XT version 8 software,
Wageningen, the Netherlands) was used for automated animal tracking and data collection
to measure the total number of entries, number of entries onto the open arms and time
spent on the open arms. An observer “blind” to genotypes also scored the behavior. The
level of anxiety was calculated as percentage of entries onto open arms and percentage of
time spent on the open arms.

2.6. Tail Suspension Test (TST)

TST was performed as previously described by [35]. This test was used to measure
learned hopelessness in mice, where the animals are placed to an inescapable stressful
situation by hanging them in separate sections of the test apparatus on a wooden bar by
the tip of their tail using an adhesive tape. During the 6 min test period, the behavior
was recorded with a camera and the duration of immobility during the testing period was
measured. Immobility was defined as a complete lack of movement other than respiration.
However, small movements of forefeet and swinging caused by earlier movements were
also scored as immobility. An observer “blind” to genotypes scored behavior.

2.7. Social Dominance Test (SDT)

SDT was adapted from [36]. This test was performed by placing the mice of different
genotypes simultaneously into the opposite ends of a transparent plastic tube (30 cm long,
4.0 cm inner diameter). When the animals interacted in the tube, the more dominant animal
forced its opponent out of the tube. The animal with four paws out of the tube was declared
as loser, while the animal remaining inside the tube was considered the winner. Each match
was set within 2 min. Matches lasting > 2 min were scored as “even”. Animal pairs were
decided according to their matched body weight and each animal was encountered with
the opponent for three rounds. Numbers of losses, wins and evens were counted and an
average of three rounds was taken as percentage of win to assess the social dominance.
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2.8. Flow Cytometry

Mice were euthanized with CO2. Dissected brain tissues (hippocampus and frontal
cortex) were mechanically dissociated through 70 µm cell strainers (352350, BD Bioscience,
San Jose, CA, USA) in ice-cold flow buffer (phosphate buffered saline (PBS) with 1% fetal
calf serum). Isolated cells were then blocked with 10% rat serum in ice-cold flow buffer
for 1 h at 4 ◦C. The cells were stained with 0.5 µL of the following antibodies: anti-mouse
CD11b-BV421 (101251, Biolegend, San Diego, CA, USA), CD45-Brilliant Violet 650 (103151,
Biolegend, San Diego, CA, USA), MHCII-Brilliant Violet 711 (cat no. 107643, Biolegend,
San Diego, CA, USA), GLAST-APC (130-123-555, Miltenyi, Bergisch Gladbach, Germany)
and O4-PE (130-117-357, Miltenyi, Bergisch Gladbach, Germany) with the correspond-
ing isotype control antibodies rat IgG2b-BV421 (400639), rat IgG2b-BV650 (400651), rat
IgG2b-BV711 (400653), mouse IgG2a-APC (400219) and mouse IgM-PE (401611) (all from
Biolegend, San Diego, CA, USA) in flow buffer for 1 h. After staining, cells were fixed by
4% paraformaldehyde (PFA), permeabilized with PBS containing 0.05% TritonX-100 at 4 ◦C
for 30 min and incubated with an anti-VGLUT2 mAb-Alexa488 (MAB5504A4 Millipore,
Burlington, MA, USA) or isotype control mAb-Alexa488 (400132 Biolegend) for 1 h at 4 ◦C.
The cells were washed with PBS, resuspended and acquired with Fortessa flow cytometer
(BD Bioscience, San Jose, CA, USA). In total, 100,000 events were recorded in all the samples.
Data were analyzed by Kaluza v2.1 software (Beckman Coulter, Indianapolis, IN, USA).
GLAST was used to measure number of astrocytes among total brain cells, CD11b was used
to detect number of microglial cells, O4 was used to measure number of oligodendrocyte
precursor cells (OPC), and the negative selection was used to measure the number of neu-
rons among non-astrocytes. Number of VGLUT2+ cells was measured under the neuron
gate. For measuring M1 microglial polarization, CD11b and CD45 was used to collect total
microglial cells and MHCII was used to measure the percentage of M1 type of microglia.

2.9. Brain Volume Assessment and Immunohistochemistry

After behavioral experiments, animals were deeply anesthetized with chloral hydrate
(300 mg/kg, i.p.) and transcardially perfused using 0.9% saline and then with 4% PFA in
PBS (pH = 7.4). After fixation of the brain in PFA for 24 h, 40 µm-thick sections were cut on
a Leica VT1000S vibro-microtome (Leica Microsystems Pvt Ltd., Wetzlar, Germany) and
stored at −20 ◦C in the cryo-protectant (30% ethylene glycol, 30% glycerol in PBS; pH 7.4).

For measuring the volume of the whole brain and hippocampus, every sixth section
was selected and was incubated in a 0.1M TRIS HCl buffer containing 0.025% trypsin and
0.1% CaCl2 for 10 min followed by washing with PBS. The sections were then incubated
with Triton X-100 (0.25%) for 1 h and washed with PBS. Hematoxylin solution was first
added to the section for about 30 s, followed by incubation with acidic alcohol solution
(HCl 1% in ethanol 70%) for 10 s and washing with tap water. Eosin solution was added
for 10 s and the sections were placed on the glass with water-based mounting medium
(Vector Laboratories, Newark, CA, USA) and cover-slipped. An average of 6–8 sections
per animal were analyzed. For the analysis of the volume, sections were scanned using
Leica SCN400 scanner (Leica Microsystems Pty Ltd., Wetzlar, Germany). The volumes of
the areas of interest were calculated from the surface area, measured by Aperio Imagescope
(v12.4.3.5008), and multiplied by the thickness of the sections and distance between sections.

For Ki67, NeuN and Iba1 staining, sections were washed three times in PBS and
treated with 2% H2O2 solution for 20 min followed by incubation in 0.01 M citrate buffer
(pH 6.0) at 85 ◦C for 30 min in water bath and then stood for 30 min at room temperature.
Sections were then washed two times in PBS and once in PBS containing 0.1% Triton X-100.
Blocking was done with solution containing 5% goat serum, 0.5% Tween-20, 0.25% Triton
X-100 in 100 mM PBS for 1 h. Ki67 primary antibody (1:200, rabbit monoclonal antibody
(SP6), ab16667, Abcam, Cambridge, UK) was added for 24 h, NeuN primary antibody
(1:200, rabbit anti-NeuN, D4G40, Cell signaling technology, Danvers, MA, USA) was added
for 48 h, and Iba1 primary antibody (1: 700, rabbit anti-Iba1, CAF6806, FUJIFILM Wako
Chemicals Europe GmbH, Neuss, Germany) was added for 72 h. All antibodies were
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added in blocking buffer and incubation was carried out at 4 ◦C. After being washed three
times, the sections were incubated with secondary antibody (1:400 or 1:700, affinity purified
goat anti-rabbit biotinylated IgG (H+L), Vector Laboratories) in blocking buffer at room
temperature for 1 h. Ki67-, NeuN- and Iba1-positive cells were visualized using peroxydase
method (ABC system and diaminobenzidine as chromogen, Vector Laboratories). The
sections were dried, cleared with xylol and cover-slipped with mounting medium (Vector
Laboratories, Newark, CA, USA).

For quantifying morphological characteristics of microglia (cell size, cell body size,
size dendritic processes), the images from sections stained for Iba1-positive cells were
analyzed using image analysis software (ImageJ 1.48v, http://imagej.nih.gov/ij (accessed
on 1 June 2022), National Institutes of Health, Rokville Pike, Bethesda, USA). To quantify
morphological characteristics of Iba-1-positive cells, cell size, cell body size, size of den-
dritic processes and cell body size to cell ratio, an algorithm described in [37] was used.
Briefly, images were converted into 8-bit format, before “adjusted threshold” and “analyze
particles” functions were used to apply intensity thresholds and size filter. To measure the
total cell size, the threshold was maintained at the level that was automatically provided
by the ImageJ program, and size filter of 150 pixels was applied. To measure the total cell
body size, the threshold was lowered 40 points and no size filter was applied.

The counts of Iba-1- or NeuN-positive cells were obtained from images according
to the algorithm described previously in [38]. Briefly, images were converted to 8-bit,
background was subtracted, and then obtained images were thresholded, binarized and
counted using “analyze particles” command in ImageJ software.

2.10. Assessment of Neurogenesis in the Adult Mouse Dentate Gyrus

Cell proliferation in the dentate gyrus was assessed using immunohistochemical
detection of Ki67 as endogenous marker of proliferating cells as described above.

Cell survival assessment was performed according to [39]. Briefly, mice received three
BrdU injections (100 mg/kg, i.p, Sigma Aldrich, Berlington, MA, USA) in a total dosage of
300 mg/kg separated by the intervals of 2 h. After three weeks of injection, the animals
were sacrificed and the brains were sectioned and stored in the cryo-protectant.

For BrdU immunohistochemistry, sections were incubated in 0.3% H2O2 solution for
30 min, washed three times in PBS and incubated with 0.1M Tris-HCl buffer containing
0.025% trypsin and 0.1% CaCl2 for 10 min followed by 2N HCl solution at 37 ◦C for 30 min.
Blocking solution containing 2% normal goat serum and 0.25% Triton X-100 was added to
the sections for 1 h at room temperature. Next, the sections were incubated for 24 h with
blocking solution containing rat monoclonal antibody to BrdU (1:300, RF04-2, Bio-Rad) at
4 ◦C, followed by incubation in biotinylated rabbit anti-rat antibody (1:400, affinity purified,
Lot R1121, Vector Laboratories, Newark, CA, USA) for 1 h. BrdU-positive cells were
visualized using the peroxidase method (ABC system and diaminobenzidine as chromogen,
Vector Laboratories). The sections were dried, cleared with xylol and cover-slipped with
mounting medium (Vector Laboratories, Newark, CA, USA). Ki67 and BrdU-positive cells
were counted in every sixth section within the dentate gyrus. All counts were performed
using an Olympus BX-51 microscope. To estimate the total number of Ki67 and BrdU-
positive cells in a given region, every sixth section was analyzed to obtain the sum of cell
counts from each animal and then multiplied by six.

For doublecortin immunohistochemistry, sections were washed three times in 0.1 M
Tris-Buffered Saline (TBS) and quenched in 3% H2O2 and 10% MetOH solution for 10 min.
Sections were washed again in TBS and were blocked in 5% normal goat serum and 0.25%
Triton X-100 in TBS for 1 h at room temperature. Next, sections were incubated with
primary antibody (1:500, ab18723, Abcam, Cambridge, UK) in blocking solution for 48 h
at 4 ◦C. The sections were rinsed twice with TBS and incubated with secondary antibody
biotinylated goat anti-rabbit antibody (1:1000, Ref no BA-1000, Vector Laboratories) diluted
in blocking buffer for 2 h. Doublecortin-positive cells were visualized using the standard
immunoperoxidase method (ABC system, Vectastain ABC kit PK-6100, Vector Laboratories),
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with diaminobenzidine (DAB) as the chromogen (DAB Peroxidase Substrate SK-4100, Vector
Laboratories). Total number of doublecortin-positive cells in a given region was obtained
from every 24th section and the sum of cell counts was acquired and then multiplied by
the 24.

For the determination of the phenotype of the newly generated cells, two sections
from each animal which survived three weeks after the BrdU injection were analyzed for
co-expression of BrdU and neuronal (calbindin, a marker for mature neurons) or glial (glial
fibrillary acidic protein, GFAP, a marker for astrocytes) markers. For immunofluorescent
double-labelling, sections were incubated with a mixture of anti-BrdU monoclonal antibody
(1:200, RF04-2, Bio-Rad, Hercules, CA, USA) and rabbit anti-calbindin antibody (1:800,
AB1778, Chemicon International Inc, Temecula, CA, USA) or rabbit anti-GFAP (1:800,
Z0334, Dako, Glostrup, Denmark). Secondary antibodies such as goat anti-rat Alexa-594
antibody (1:800, A11007, Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) or
goat anti-rabbit Alexa-488 (1:700, A11034, Invitrogen, Thermo Fisher Scientific) were used.
Confocal microscope (LSM 710 Duo, Carl Zeiss Microscopy GmbH, Oberkochen, Germany)
equipped with an argon laser was used to visualize fluorescent signals. 3D images were
constructed from series of scans taken at 1.5µm intervals from the dentate gyri, using
40× objective and 2× digital zoom. For illustrative images, 100× objectives were used.
Data are expressed as a percentage of BrdU-positive cells found in the granule cell layer
and hilus of the dentate gyrus that expressed either calbindin or GFAP.

2.11. Isolation of Brain Cells

Brain cells were isolated as previously described in [40]. Tissues were mechanically
homogenized and passed through a 70 µm nylon cell strainer (352350, BD Bioscience)
with approximately 10–15 mL of 1X DPBS supplemented with 0.2% glucose into a 50 mL
conical tube. Isotonic Percoll dilutions were made by diluting stock Percoll (GE-healthcare,
17-0891-01, Chicago, IL, USA) at a 9:1 ratio with 10X PBS to make stock isotonic Percoll (SIP),
which is considered 100% SIP. The layers of Percoll were created by diluting the 100% SIP
with 1X Dulbecco’s Phosphate Buffered Saline (DPBS) to make 70% SIP, 50% SIP and 35%
SIP. Obtained homogenate was then centrifuged at 600× g for 6 min at room temperature.
Supernatant was decanted and the pellet resuspended in 6 mL of 70% SIP. The resuspended
homogenate was transferred to a 15 mL tube and 3 mL of 50% SIP was carefully layered
over. Another 3 mL of 35% SIP was carefully layered on top of the 50% SIP layer, and
2 mL of 1X DPBS was layered on top of the 35% layer. The prepared 15mL tubes were then
centrifuged at 2000× g for 20 min at room temperature without brake. Three discrete layers
were established after centrifugation. Microglial cells were collected from the interface
between 70–50% SIP and astroglial cells were taken from 50–35% SIP; meanwhile, the
remaining top layer consisted of myelin, and other cells were collected and subjected to
characterization of neuronal marker. All isolated cells were resuspended in sterile 1X DPBS
and centrifuged at 600× g for 6 min at room temperature to remove any remaining Percoll.
Washed cells were subjected to purity check using qPCR and flow cytometry methods.
GLAST was used to check purity of astrocytes, while Cx3cr1 and Slc17a6 were used to check
purity of microglial and neuronal cells, followed by quantification of miRNA expression
using Taqman miRNA assay.

2.12. RNA Extraction and RT-qPCR

Total RNAs were extracted from brain tissues (hippocampus) by using TRI Reagent®

(TR 118) (Molecular Research Center, Inc., Cincinati, OH, USA). To measure mRNA expres-
sion, cDNA was synthesized using RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific) followed by qPCR using 5 × HOT FIREPol® EvaGreen® qPCR Supermix
(Solis BioDyne, Tartu, Estonia) on a QuantStudio 12KFlex instrument (Thermo Fisher Scien-
tific) according to the instructions of the respective manufacturers. Primer sequences for
target genes were given in the Table S1.
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Quantification of miRNA expression was carried out using TaqMan® MicroRNA
Assays hsa-miR-146a (Assay ID: 000468, Life technologies) and TaqMan® MicroRNA As-
says hsa-miR-146b (Assay ID: 001097, Life technologies, Carlsbad, CA, USA) according
to the manufacturer’s instructions. For cRNA synthesis, TaqMan® MicroRNA reverse
transcription kit (4366596, Thermo Scientific) and for qPCR, 5×HOT FIREPol® Probe qPCR
Mix Plus (ROX) (Solis BioDyne) were used, respectively. U6 snRNA (Assay ID: 001973,
Life Technologies) was used for the normalization of RT-qPCR. To measure cell-specific
expression of miR-146a and miR-146b, the respective cell populations were isolated as
described above and then miRNA expression in each cellular population was measured
using Taqman miRNA assay.

2.13. Statistical Analysis

GraphPad 8.0.1 was used for statistical analyses and graphical presentations. Student’s
t-test, one-way and two-way ANOVA with Tukey’s test were used for post hoc multiple
comparisons for statistical analyses, and statistical significance was set at p < 0.05. In all
figures, data are shown as mean ± standard error of the mean (SEM). For target search, we
used TargetScanHuman Release 8.0 (https://www.targetscan.org/vert_80/, accessed on
1 June 2022) [41,42]. Of the transcripts, a total of 299 were conserved sites and 126 were
poorly conserved sites. Pathway analysis was performed with g:GOSt tool available in
g:Profiler platform, which estimates significance of overlap between functional groups
and list of studied genes by calculating enrichment p-value using Fisher’s one-tailed
test [43]. Only significantly (p < 0.05) overrepresented pathways associated with neuron
development and function are shown. The associations between behavior in NORT and
Gdnf mRNA expression were analyzed using Pearson’s correlation.

3. Results
3.1. miR-146b Is Highly Expressed in Neuronal Cells in the Mouse Brain

First, we evaluated relative expression of miR-146a/b in the hippocampus of WT
mice and found that both miR-146a and miR-146b were expressed at similar levels in
the hippocampal region of mice brains (p = 0.8472; Student’s t-test; Figure 1A). Next, to
measure expression of miR-146a/b in different cell types, we isolated three cell populations
(microglia, astroglia and remaining cell fraction, i.e., other cells) from adult WT brains.
As expected, RT-qPCR and flow cytometry analysis of purified cell types showed that
microglial marker Cx3cr1 mRNA was enriched in microglial fraction (F (2, 6) = 10.83,
p = 0.0102; one-way ANOVA; Figure 1B). Staining with astroglial marker GLAST by flow
cytometry showed enriched number of GLAST+ cells in astroglial fraction (F (2, 6) = 70.69,
p = < 0.0001; one-way ANOVA; Figure 1C). The other cell fraction defined as neuronal cells
expressed high levels of neuronal Slc17a6 mRNA (F (2, 6) = 65711, p = <0.0001; one-way
ANOVA; Figure 1D). Interestingly, miR-146a was highly expressed in microglial cells and
less in astroglial cells, and was much lower in the fraction containing mainly neuronal cells
(F (2, 6) = 23.51, p = 0.0014; one-way ANOVA; Figure 1E). In contrast, miR-146b was more
highly expressed in the neuronal fraction as compared to microglial and astroglial fractions
(F (2, 6) = 18.48, p = 0.0027; one-way ANOVA; Figure 1F).

In general, Mir146b-/- mice did not present any differences regarding their develop-
ment, body weight, food and water consumption, and premature mortalities. In addition,
no visible abnormalities in brain structures were seen in adult Mir146b-/- mice. Volumetric
assessment of whole brain (p = 0.5936; Student’s t-test; Figure S1A) and hippocampus
(p = 0.1356; Student’s t-test; Figure S1B) did not reveal any changes as compared with WT
mice. Together, these data demonstrate that despite miR-146b being highly expressed in
neurons, lack of miR-146b does not cause major phenotypic impairments.
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Figure 1. Expression of miR-146a and miR-146b in hippocampus and cellular fractions isolated from
WT mice. (A) Quantification of miR-146a/b expression in the hippocampus of WT mice. Number
of animals in (A) = 8–9, Student’s t-test. (B–D) Characteristics of the cellular fractions isolated from
the WT mouse brain. (B) Relative mRNA expression of microglial Cx3cr1. (C) Number of astroglial
marker GLAST+ cells (determined by flow cytometry). (D) Relative expression of neuronal marker
Slc17a6 mRNA levels. As fraction of “other cells” abundantly expressed neuronal marker Slc17a6
mRNA, this fraction was named as neuronal cells. (E) Quantification of miR-146a and (F) miR-146b in
microglia, astroglia and neuronal cells of WT mice. Number of cell batches in experiments (B–F) = 3,
one-way ANOVA followed by Tukey’s multiple comparison test. Data represented as mean ± SEM;
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3.2. Mir146b-/- Mice Display Improved Recognition and Associative Memory

Several recent studies indicate that miR-146a might influence cognitive functions of
mice [44–46]; however, no such studies had been performed for miR-146b. Therefore, and
because miR-146b expression was higher in neuronal brain cells, we next performed a series
of experiments to assess cognitive abilities and behavior of miR-146b-deficient mice. First,
we performed NORT test, which takes advantage of the natural preference of mice for novel
objects and is widely used to evaluate cognition, and in particular, recognition memory [47].
In this test, during the training session there were no significant differences in the time
spent by mice of both genotypes exploring the two familiar objects (Figure S2), indicating
that both genotypes Mir146b-/- and WT mice have the same motivation to explore new
objects. However, during the test phase, when one of the familiar objects was replaced
by another novel object, Mir146b-/- mice showed a significant preference for the novel
object as compared to WT mice, both at 2-h (p = 0.0027; Student’s t-test; Figure 2A) and 24-h
(p = <0.0001; Student’s t-test; Figure 2B) time-points following the training session.
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Figure 2. Enhanced recognition and associative memory in Mir146b-/- mice. (A) Novel object prefer-
ence of mice at 2-h (short-term memory) and (B) 24-h (long-term memory) in novel object recognition
test. (C) Contextual fear retention. (D) Contextual fear extinction and (E) tone fear recall of WT and
Mir146b-/- mice in contextual fear conditioning and tone fear recall. Number of animals = 11–15, Stu-
dent’s t-test and two-way ANOVA followed by Tukey’s multiple comparison test. Data represented
as mean ± SEM; * p < 0.05, ** p < 0.01, **** p <0.0001.

Next, we assessed the associative memory of Mir146b-/- and WT mice by measuring
contextual fear retention and extinction and tone fear recall. There were no differences
detected in baseline freezing time between WT and Mir146b-/- mice (Figure S3). The mice
were next exposed to the tone paired with foot-shock, and after 24 h of exposure, fear
retention was measured in the same context. As expected, both WT and Mir146b-/- mice
showed robust freezing response; however, Mir146b-/- mice demonstrated significantly
longer freezing time compared to WT mice (p = 0.0171; Student’s t-test; Figure 2C). Fear
extinction was assessed in absence of tone and foot shock from day 2 to day 6 in the same
context; however, no differences in genotypes were detected between WT and Mir146b-/-
mice (F (1, 95) = 3.117, p = 0.0807; two-way ANOVA; Figure 2D). Nevertheless, while tone
fear recall was measured on day 7, Mir146b-/- mice demonstrated significantly longer
freezing time compared to the controls (p = 0.0063; Student’s t-test; Figure 2E). These results
indicate that miR-146b deficient mice have better ability to recognize novel objects and
have better fear memory acquisition and recall as compared to WT mice.
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3.3. Mir146b-/- Mice Showed Anxiety-like Behaviors but Had No Differences in Depression-like
and Social-Dominant Behaviors

As anxiety is often associated with changes in the cognitive domain of the brain [48],
we next evaluated anxiety-like behaviors in Mir146b-/- mice using OFT and EPM tests. In
OFT, Mir-146b-/- mice showed no difference in the total distance travelled in the open field
arena (p = 0.9592; Student’s t-test; Figure 3A) compared to their WT controls. However, the
time spent in the central area of the open field was significantly lower in Mir146b-/- mice,
indicating that these mice are more anxious than control animals (p = 0.0002; Student’s
t-test; Figure 3B). However, no changes in the number of total entries (p = 0.4684; Student’s
t-test; Figure 3C) and percentage entries onto open arms of the plus maze (p = 0.4470;
Student’s t-test; Figure 3D) in Mir146b-/- mice were observed. In line with OFT test results,
Mir146b-/- mice showed significant decrease in the percentage of time spent on the open
arms of EPM as compared to the WT mice (p = 0.0027; Student’s t-test; Figure 3E).
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Figure 3. miR-146b deficiency causes anxiety-related behaviors. (A) Total distance travelled (loco-
motor activity). (B) Time spent in the central area of the open field test. (C) Total number of entries.
(D) Percentage of entries onto the open arms. (E) Percentage of time spent on the open arms of ele-
vated plus maze of Mir146b-/- mice and their WT littermates. Number of animals = 11–15, Student’s
t-test. Data represented as mean ± SEM; ** p < 0.01, *** p < 0.001.

Previously, it has been reported that the expression levels of miR-146a/b are inversely
correlated with severity of depression in patients with major depressive disorder [49,50].
Therefore, and because the depression is often associated with changes in anxiety and
cognitive domain [51], we next evaluated whether miR-146b deficiency may contribute to
the depression-like and social dominant behavior using TST and SDT tests. No significant
differences between Mir146b-/- and WT mice were found in TST (p = 0.2243; Student’s
t-test; Figure S4A) or SDT tests (p = 0.2476; Student’s t-test; Figure S4B). Together, these
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results indicate that loss of miR-146b causes anxiety-like behaviors, but does not induce
depression-like behaviors or affect social behavior in mice.

3.4. Brain Cell Abundancy Is Altered in the Brain of Mir146b-/- Mice

Cellular composition is considered as another informative characteristic to understand
the brain functions [52]. Thus, we next used flow cytometry to quantify major cell types,
such as astrocytes, microglia, oligodendrocyte precursor cells (OPC) and neuronal cells in
hippocampus (HP) and frontal cortex (FC) of Mir146b-/- and WT mice.

The gating strategy of brain cells is depicted in the representative dot plots (Figure 4A).
Isotype antibody staining as negative controls is shown in (Figure S5). Analysis of the
hippocampal cells of Mir146b-/- mice demonstrated significantly reduced numbers of
astrocytes (p = 0.0010; Student’s t-test; Figure 4B), and no differences were found in the
number of microglia (p = 0.6168; Student’s t-test; Figure 4C) and OPCs (p = 0.0658; Student’s
t-test; Figure 4D) compared to WT mice. Meanwhile, with negative selection we also
observed an increased number of neuronal cells (p = 0.0033; Student’s t-test; Figure 4E),
while with VGLUT2 staining we found increased number of VGLUT2+ glutamatergic
neurons (p = 0.0019; Student’s t-test; Figure 4F) in Mir146b-/- mice. The changes in cellular
content in FC of Mir146b-/- mice were similar to HP, showing decreased numbers of
astroglia (p = 0.0211; Student’s t-test; Figure 4G) and no changes in microglial (p = 0.6372;
Student’s t-test; Figure 4H) and OPCs number (p = 0.1786; Student’s t-test; Figure 4I),
whereas increased numbers of neurons (p = 0.0339; Student’s t-test; Figure 4J) and VGLUT2+
glutamatergic neurons (p = < 0.0001; Student’s t-test; Figure 4K) were observed. To confirm
flow cytometry results, we performed immunohistochemistry analysis using neuronal-
specific marker NeuN followed by cell counting using tissue sections from FC. Similarly,
with flow cytometry results, we detected increased neuronal density of NeuN+ cells
(p = 0.0084; Student’s t-test; Figure 4L,M) in FC of Mir146b-/- as compared to WT mice.
Altogether, these results suggest that miR-146b deficiency affects the abundance of astroglial
and neuronal cells, with no significant changes of microglial and OPC cells in HP and FC.

3.5. Increased Hippocampal Neurogenesis in Adult Mir146b-/- Mice

miR-146a has been shown to modulate the cell proliferation and differentiation of
various cell types in vitro [17,23]. Therefore, and because Mir146b-/- mice had increased
numbers of neuronal cells, we next assessed adult hippocampal neurogenesis in miR-146b-
deficient mice. For the analysis of proliferative activity, we used immunohistochemical
detection of proliferation marker Ki67 in the dentate gyrus of the adult hippocampus. We
found that the number of Ki67+ cells in the proliferative zone of dentate gyrus was signifi-
cantly higher in Mir146b-/- mice compared to their WT littermates (p = 0.0075; Student’s
t-test; Figure 5A,E). To track cell survival, BrdU was administered (i.p) to the Mir146b-/-
and WT mice, and three weeks later the brains were processed for immunohistochemistry
to visualize BrdU+ cells in the dentate gyrus. A significantly higher fraction of survived
BrdU+ cells were detected in Mir146b-/- mice compared to WT mice (p = 0.0281; Student’s
t-test; Figure 5B,F). To assess whether loss of miR-146b affects newly generated cells at
earlier stages of differentiation, we used doublecortin to label young post-mitotic neurons
and found significantly higher number of doublecortin positive cells in the Mir146b-/- mice
compared to WT mice (p = 0.0252; Student’s t-test; Figure 5C,G).
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tion and (M) quantification of NeuN-positive neuronal density in the frontal cortex of WT and 
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miR-146a has been shown to modulate the cell proliferation and differentiation of 

various cell types in vitro [17,23]. Therefore, and because Mir146b-/- mice had increased 

Figure 4. miR-146b deficiency causes altered brain cell abundancy in the hippocampus and frontal
cortex of the mouse brain determined by flow cytometry and immunohistochemistry. (A) Repre-
sentative graphs showing flow cytometry gating strategy for astrocytes, microglia, oligodendrocyte
precursor cells (OPC) and neurons. (B) Number of astrocytes among total brain cells. (C) Number of
microglia, (D) OPC and (E) neurons among non-astrocytes. (F) Number of VGLUT2+ neurons in the
hippocampus and (G–K) frontal cortex of WT and Mir146b-/- mice. (L) Representative immunohisto-
chemistry microphotographs of the frontal cortex NeuN+ sections at 40× and 200×magnification and
(M) quantification of NeuN-positive neuronal density in the frontal cortex of WT and Mir146b-/- mice.
Number of animals = 5–7, Student’s t-test. Data represented as mean ± SEM; * p < 0.05, ** p < 0.01,
**** p < 0.0001.
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Figure 5. Increased adult hippocampal neurogenesis in Mir146b-/- mice. (A) Representative immuno-
histochemistry microphotographs of the hippocampal Ki67+ cells at 100×magnification and inserted
microphotographs at 1000× magnification. (B) Illustrative microphotographs of the hippocam-
pal BrdU+ cells at 100× magnification and inserted microphotographs at 1000× magnification.
(C) Represented microphotographs of doublecortin positive cells taken at 100× magnification.
(D) Illustrative images of BrdU, GFAP and calbindin signal and their co-localization in the hip-
pocampus. (E) Quantitative graph showing increased number of Ki67 positive cells. (F) Increased
number of BrdU+ cells. (G) Quantitative graphs showing number of doublecortin positive cells in the
hippocampus of WT and Mir146b-/- mice. (H) Percentage of BrdU+ cells with GFAP and (I) calbindin
in the dentate gyrus of WT and Mir146b-/- mice. Scale bar = 20 µm. Number of animals = 6, Student’s
t-test. Data represented as mean ± SEM; * p < 0.05, ** p < 0.01, *** p < 0.001.

In order to determine the phenotype of the BrdU+ cells, we performed immunoflu-
orescence analysis with the antibodies against BrdU, neuronal (calbindin) or astroglial
(GFAP) markers. We found no differences in percentage of BrdU+ cells that co-localized
with astroglial marker, GFAP (p = 0.1545; Student’s t-test; Figure 5D,H), whereas percentage

92



Cells 2022, 11, 2002

of BrdU+ cells that co-localized with calbindin was higher in Mir146b-/- mice compared to
the WT mice (p = 0.0002; Student’s t-test; Figure 5D,I). These results indicate that miR-146b
deficiency results in increased proliferation, survival and differentiation of progenitors to
neuronal lineage but not astroglial lineage.

3.6. miR-146b Deficiency Does Not Cause Microglial Activation in the Hippocampus

As numerous previous studies have demonstrated the immunomodulatory role of
miR-146b [25,27], we further explored in more detail microglial morphology, microglial
polarization and the expression of Il1b, Tnf, Il18 mRNA. No changes were observed in the
density of Iba1-positive microglia (p = 0.8618; Student’s t-test; Figure 6A,B). We analyzed
microglial morphological parameters such as microglial cell size (p = 0.7216; Student’s
t-test; Figure 6D), cell body size (p = 0.4740; Student’s t-test; Figure 6E) and size of dendritic
processes (p = 0.6132; Student’s t-test; Figure 6F), and found no difference between WT
and Mir146b-/- mice. Next, we evaluated the expression of cytokines Il1b (p = 0.3853;
Student’s t-test; Figure 6G), Tnf (p = 0.3853; Student’s t-test; Figure 6H), Il18 (p = 0.2043;
Student’s t-test; Figure 6I) mRNA levels and found no differences between Mir146b-/- and
the WT mice. Similarly, flow cytometry analysis did not reveal changes in the M1 microglial
polarization in Mir146b-/- mice (p = 0.1780; Student’s t-test; Figure 6J). It is established that
microglia are involved in the regulation of neurogenesis [53] via interaction of microglial
fractalkine receptor Cx3cr1 with neuronal Cx3cl1 [54]. We next assessed whether observed
enhancement of hippocampal neurogenesis in miR-146b deficient mice could possibly be
mediated via fractalkine signaling and measured the expression of Cx3cr1 mRNA levels
in the hippocampus of miR-146b deficient mice and their WT littermates. No differences
in Cx3cr1 mRNA expression were observed between the groups (p = 0.6114; Student’s
t-test; Figure 6K). These results indicate that loss of miR-146b neither influences microglial
activation nor affects neurogenesis through fractalkine signaling in HP of Mir146b-/- mice.

3.7. Glial Cell Line-Derived Neurotrophic Factor (Gdnf) mRNA Is Upregulated in the
Hippocampus of Mir146b-/- Mice

To explore which putative miR-146b targets may influence cognition, increased neu-
ronal density in the FC and enhanced hippocampal neurogenesis, we performed a Tar-
getScan [41] search in combination with pathway analysis with g:Profiler [43] as well
as a literature search for verified targets. We selected 283 genes containing a total of
299 conserved and 126 poorly conserved sites with TargetScanHuman and subjected this
list of genes to pathway and gene ontology group analysis. Interestingly, we detected
multiple gene ontology groups associated with neuron development and function to be
overrepresented among conserved miR-146a/b targets. Among all selected genes shown
in (Table S2), we detected glia-derived neurotrophic factor (Gdnf ) as a putative target for
miR-146a/b. Gdnf is known to be expressed in neurons (https://www.brainrnaseq.org/
accessed on 1 June 2022) [55] and previously miR-146a had been shown to be to nega-
tively regulate Gdnf expression [56]. Based on the literature, we also selected for analysis
brain-derived neurotrophic factor (Bdnf ) as a gene. This gene is expressed in astrocytes
(https://www.brainrnaseq.org/ accessed on 1 June 2022) [55] and may alter miR-146b
expression as Bdnf mutation Val66Met has been associated with altered expression of miR-
146b and its downstream targets [57]. In addition, we choose for analysis miR-146a/b target
Irak1, which is highly expressed in the glial cells (https://www.brainrnaseq.org/ accessed
on 1 June 2022) [55]. The expression analysis of the selected targets by RT-qPCR demon-
strated that Gdnf mRNA expression levels were significantly higher in the hippocampus of
Mir146b-/- mice compared to WT littermates’ levels (p = 0.0477; Student’s t-test; Figure 7A),
whereas there were no changes in Irak1 levels (p = 0.6547; Student’s t-test; Figure 7B) and
Bdnf mRNA levels levels (p = 0.9968; Student’s t-test; Figure 7C). These data together
suggest that miR-146b has capacity to modulate neuronal development due to its influence
on expression of Gdnf and possible other factors involved in neuronal development.
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Figure 6. miR-146b deficiency does not cause microglial activation and signs of neuroinflammation 

in the hippocampus. (A) Representative images showing Iba1-positive cells at 100× magnification. 

(B) Quantitative graphs of Iba1 counting in WT and Mir146b-/- mice. (C) Representative images of 

Iba1 immunohistochemistry for morphological analysis at 400× magnification in the hippocampus 

of WT and Mir146b-/- mice. (D) Average cell size in pixels. (E) Cell body size in pixels. (F) Size of 
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Figure 6. miR-146b deficiency does not cause microglial activation and signs of neuroinflammation
in the hippocampus. (A) Representative images showing Iba1-positive cells at 100×magnification.
(B) Quantitative graphs of Iba1 counting in WT and Mir146b-/- mice. (C) Representative images of
Iba1 immunohistochemistry for morphological analysis at 400×magnification in the hippocampus
of WT and Mir146b-/- mice. (D) Average cell size in pixels. (E) Cell body size in pixels. (F) Size of
dendritic processes in pixels of microglial cells in the hippocampus. Number of animals = 5, Student’s
t-test. (G) Relative mRNA expression of cytokines IL1b, (H) Tnf and (I) IL18. (J) Flow cytometry
quantification of percentage of MHCII+ M1 type of microglia. (K) Relative mRNA expression of
Cx3cr1 in the hippocampus of WT and Mir146b-/- mice. Number of animals = 7, Student’s t-test.
Data represented as mean ± SEM, respectively.
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Figure 7. Gdnf mRNA is upregulated in Mir146b-/- mice. (A) Relative mRNA expression of miR-146b
targets Gdnf. (B) Bdnf and (C) Irak1 of WT and Mir146b-/- mice. Number of animals = 7, Student’s
t-test. Data represented as mean ± SEM respectively; * p < 0.05.

3.8. Association between Enhanced Cognition in NORT and Gdnf mRNA Expression of
Mir146b-/- Mice

To find out whether the enhanced cognition in NORT has any correlation with en-
hanced expression of Gdnf in the hippocampus, we then employed Pearson’s analysis. We
found that percentage of preference for the novel object in NORT was positively correlated
with the levels of Gdnf mRNA expression at 2-h (r = 0.7617, p = 0.0466; Figure 8A) and
24-h (r = 0.7722, p = 0.0419; Figure 8B) time points in Mir146b-/- mice, while no significant
correlation was observed in WT mice.
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4. Discussion

The results of this study show that despite sequence similarities between miR-146a/b,
their cellular distribution is remarkably different in the mouse brain tissue. While miR-
146a is abundantly expressed in the microglial cells, miR-146b was highly expressed in
neurons and less in microglia and astroglia. Because the role of the neuronal miR-146b
is completely unknown, we next performed a detailed assessment of behavior as well as
cellular organization of the brain in Mir146b-/- mice.

One of the major findings of our study is that Mir146b-/- mice demonstrated enhanced
episodic recognition memory. Furthermore, better memory acquisition and recall were
shown in the contextual fear conditioning and tone recall tests. Interestingly, Mir146b-/-
mice also demonstrated slightly increased anxiety in the OFT and EPM tests. In general,
anxiety sensitizes sensory cortical systems to innocuous environmental stimuli and might
thereby facilitate cognition. Thus, anxiety might play an important adaptive role in the
process of cognition [58]. There is a consensus theory that anxiety is associated with
better attention control [59], because of improvement in the selectivity of attention and
probable better acquisition of the negative emotional stimuli [60]. Thus, the observed
enhancement in cognition functions might be at least in part attributed to the increased
anxiety levels and arousal. Despite the observed increased anxiety, the immobility time
in TST was not changed, suggesting that miR-146b deficient mice do not demonstrate
depression-like behavior.

Although we did not observe any changes in the volume of the brain and hippocampus,
the experiments using flow cytometry showed abnormalities in the cellular composition in
the brain of Mir146b-/- mice. We found that loss of miR-146b led to the increased number
of neurons, decreased astrocytes and increased VGLUT2+ glutamatergic neurons in HP
and FC of Mir146b-/- mice. Further immunohistochemistry revealed increased density of
the neurons in FC sections of miR-146b deficient mice. Therefore, it might be proposed
that the miR-146b deficiency results in the loss of control in the growth of the neuronal
population, which results in the higher numbers of neuronal cells. In line with our results, it
has previously been shown that miR-146b overexpression by lentivirus vector could inhibit
the proliferation of primary hippocampal neural stem cells after transfection [26]. Since the
neuronal proliferation in the FC is restricted to the prenatal period [61,62], we speculated
that miR-146b has influence on neuronal generation during the early stages of the brain
development; however, further studies are needed to confirm this hypothesis. In addition,
further experiments are needed to explore whether the observed decrease in the astroglia is
also developmentally regulated. During development, the cross-regulatory interactions
between elements of different pathways affect the process of cell fate assignment during
neural and astroglial tissue patterning [63]. Both neurons and astroglia are produced from
the radial glial progenitor cells and cross talk between important signaling pathways such
as JAK-STAT signaling, Wnt signaling responsible for this switch from neurogenesis to
gliogenesis phase and for differentiation of astrocytes [64]. As miR-146b has been shown to
regulate the JAK-STAT [16] and Wnt signaling [65], the absence of miR-146b might cause
perturbation in Wnt signaling, which in turn results in the reduction in astroglia during the
early stages of development.

We also speculated that capacity of miR-146b to affect neuronal development might
persist in the neurogenic region of the adult dentate gyrus. Indeed, mice deficient in miR-
146b had enhanced neurogenesis in dentate gyrus, as demonstrated by the higher numbers
of neuronal precursors, proliferative cells and their better survival. When assessing the
phenotype of newly generated cells surviving, we found that a larger proportion expressed
a mature neuronal marker, Calbindin, in miR-146b deficient mice, showing increased
differentiation into neurons. As previous studies have demonstrated important roles of
the adult dentate gyrus neurogenesis in the memory processing [66,67], we speculate
that increased neurogenesis might be responsible for the observed enhanced learning and
memory capability in Mir146b-/- mice.
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As previously miR-146b had been shown to regulate immune responses in variety of
cells and tissues [15,17,27], and because microglia can control adult neurogenesis through
secretion of various soluble factors including cytokines [68,69], we studied in more detail
the morphology of microglia cells. We did not observe signs of microglial activation in
Mir146b-/- mice. Similarly, no change was observed in the mRNA levels of Cx3cr1, a
fractalkine receptor essential in the regulation of the interactions between microglia and
neurons [70]. These results suggest that microglia or microglia-derived factors are not
involved in the promotion of the neuronal phenotype observed in Mir146b-/- mice.

In line with the neuronal phenotype of Mir146b-/- mice, the pathway analysis of
conserved miR-146b targets revealed that neurogenesis-related genes are overrepresented
among miR-146b target genes, indicating that miR-146b might influence neuronal develop-
ment through several different genes. From putative targets, we selected Gdnf and explored
its expression in the miR-146b deficient mouse brain. Indeed, we observed an increased
expression of Gdnf mRNA in the hippocampus of Mir146b-/- mice. As Gdnf participates
in proliferation, migration and differentiation of the neural cells [71], and might direct
newly generated neurons to the specific neuronal phenotypes [72], we propose that upreg-
ulation of Gdnf in Mir146b-/- mice might contribute to increased neuronal proliferation
and survival these mice. Further Gdnf mRNA expression was positively correlated with
the observed cognitive behaviors in Mir146b-/- mice, thus upregulation of Gdnf mRNA
expression might contribute to the promotion of enhanced cognition observed in miR-146b
deficient mice. As previous studies have shown that Gdnf improves spatial learning in
aged rats [73,74]. Interestingly, no difference was observed in mRNA levels of Bdnf, which
is a factor potentially regulating miR-146b levels as well as Irak1, which is well-known
target of miR-146b [19]. However, additional experiments are needed to assess whether
there is effect on additional miR-146b targets. Further research is required to provide
insight into causal relationships between behavioral and morphological consequences of
miR-146b deletion.

In addition, previous studies have shown that electro acupuncture-stimulated hip-
pocampal neurogenesis in the rat model of focal cerebral ischemia and reperfusion was
associated with an increased miR-146b expression, while inhibition of miR-146b reduced
stimulatory effect of acupuncture on the hippocampal neurogenesis [75]. It should be
noted that, aside from the novel neuronal functions of miR-146b described in our study,
miR-146b is expressed in microglial cells and is involved in the negative regulation of neu-
roinflammation [25,27]. Previous studies have demonstrated that focal cerebral ischemia
and reperfusion can induce inflammation and that acupuncture is able to reduce neuroin-
flammation [76]. It is possible that acupuncture might improve neurogenesis via expression
of anti-inflammatory miR-146b and that inhibition of neurogenesis by the miR-146b inhibi-
tion might involve an inflammatory component. This possibility should be studied in more
detail further.

It is also important that further study is conducted around the possible roles of miR-
146b in the regulation of apoptosis. There is compelling evidence that miR-146a is an
important negative modulator of apoptosis via TAF9b/P53 [77] and SMAD3 pathways [78].
Recent studies demonstrated that miR-146b is also involved in the regulation of apoptosis
and that over-expression of miR-146b promoted cell death [79]. Furthermore, miR-146b-5p
inhibits tumorigenesis and metastasis of gall bladder cancer by targeting toll-like receptor 4
via the NF-κB pathway [80]. Thus, it is not ruled out that deficiency in miR-146b will result
in the suppression of apoptosis, which might also have an impact on the increased neuronal
density in the miR-146b deficient mice. Further research is required to provide insight
into possible roles of miR-146b in the regulation of neuronal apoptosis as well as causal
relationships between behavioral and morphological consequences of miR-146b deletion.

5. Conclusions

In conclusion, our data provide new evidence that miR-146b has important roles
in the control of the proliferation and differentiation of neuronal precursors during the
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development as well as in adulthood. In addition, we show that miR-146b is able to control
adult hippocampal neurogenesis, which might be relevant for the observed enhanced
cognition and fear. Our data indicate that miR-146b probably exerts its actions via regulation
of Gdnf expression, which explains why deficiency in miR-146b leads to the activation
of neurogenesis. Our data also open new avenues for the regulation of hippocampal
neurogenesis via modulation of miR-146b. In addition, miR-146b might be used as a
biomarker for tumors of neuronal origin.
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Abstract: Excitatory-inhibitory imbalance (E/I) is a fundamental mechanism underlying autism
spectrum disorders (ASD). TRIM32 is a risk gene genetically associated with ASD. The absence of
TRIM32 causes impaired generation of inhibitory GABAergic interneurons, neural network hyper-
excitability, and autism-like behavior in mice, emphasizing the role of TRIM32 in maintaining E/I
balance, but despite the description of TRIM32 in regulating proliferation and differentiation of
cultured mouse neural progenitor cells (NPCs), the role of TRIM32 in cerebral cortical development,
particularly in the production of excitatory pyramidal neurons, remains unknown. The present study
observed that TRIM32 deficiency resulted in decreased numbers of distinct layer-specific cortical
neurons and decreased radial glial cell (RGC) and intermediate progenitor cell (IPC) pool size. We
further demonstrated that TRIM32 deficiency impairs self-renewal of RGCs and IPCs as indicated by
decreased proliferation and mitosis. A TRIM32 deficiency also affects or influences the formation of
cortical neurons. As a result, TRIM32-deficient mice showed smaller brain size. At the molecular
level, RNAseq analysis indicated reduced Notch signalling in TRIM32-deficient mice. Therefore, the
present study indicates a role for TRIM32 in pyramidal neuron generation. Impaired generation of
excitatory pyramidal neurons may explain the hyperexcitability observed in TRIM32-deficient mice.

Keywords: TRIM32; excitatory-inhibitory imbalance; cortex development; ASD; NPCs

1. Introduction

The imbalance between excitability and inhibitory activity in brain circuits is one of
the key mechanisms underlying neurodevelopmental disorders, such as autism spectrum
disorders (ASD), which are characterized by impaired social behaviours and repetitive and
stereotypic behaviours [1]. The E/I balance in the brain is coordinated by glutamatergic
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pyramidal neurons and GABAergic interneurons. In cerebral cortex, the pyramidal neurons
are arranged in six layers, while the inhibitory interneurons are scattered. There are
definite temporal and spatial orders in which excitatory pyramidal neurons and inhibitory
interneurons are generated [2–4]. For example, the cortical pyramidal neurons are generated
following an “inside-out” order, while deep-layer cortical neurons are generated following
an “out-side-in” order [5,6]. The later born cortical neurons will move across the earlier-
born neurons which reside in the deep laminar of cortex [6]. Any disturbances during these
sequential processes will lead to developmental disorders such as ASD.

In the developing dorsal ventricular zone, RGCs produce both upper layer and deep
layer cortical pyramidal neurons. RGCs can either directly generate cortical pyramidal
neurons or generate them via intermediate progenitor cells (IPCs). RGCs generate both neu-
rons and glia while IPCs only generate neurons. Intrinsic and extrinsic signals coordinate
the proliferation and differentiation of RGCs and IPCs, thus regulating the development of
cerebral cortex. Exploring the molecular mechanisms underlying such regulation would
help to understand the pathogenesis of developmental neurological disorders.

Tripartite motif (TRIM) 32 belongs to the TRIM family, has a RING finger-like structure
as its major feature and contains one or two zinc ions called “B-Boxes” and a related coiled-
coil region [7]. TRIM32 has E3 ubiquitin ligase activity [8]. It plays an important role in the
ubiquitin-protease degradation of proteins. TRIM32 is expressed in a variety of systems.
In the nervous system, TRIM32 is primarily expressed on neural progenitor cells (NPCs).
TRIM32 is ubiquitously found in the cytoplasm of NPCs, although it translocates to the
nuclei once the NPCs differentiate into neurons [9]. In cultured NPCs, knocking-down of
TRIM32 increases proliferation of NPCs, while decreasing neuronal differentiation [10,11].
Rare copy number variation analysis has shown that the loss of TRIM32 gene is strongly
associated with autism and attention deficit hyperactivity disorder [12,13]. Consistent
with this finding, TRIM32 knockout mice exhibit ASD-like behaviors and hyperexcitability,
accompanied with decreased numbers of interneurons in the telencephalon [14]. These
studies indicate that TRIM32, as an essential modulator in NPCs, play import roles in
maintenance of cortical development. In this paper, we describe TRIM32’s role in the
production of pyramidal neurons in developing cortex. Absence of TRIM32 leads to a
smaller size of brain. TRIM32-deficient mice exhibit decreased numbers of both upper- and
deep-layer cortical neurons, accompanied with a reduced proliferation of both RGCs and
IPCs. According to the present study, loss of TRIM32 impairs the generation of cortical
pyramidal neurons by reducing the size of the pool of NPCs.

2. Materials and Methods
2.1. Mice

TRIM32 KO mice (TRIM32−/−) were kindly provided by Professor Jens C. Schwamborn
from the University of Luxembourg. The mouse uses the BGA355 embryonic parent cell
line to capture and insert a 5 kb genomic fragment into the second exon of TRIM32 with a
SA-IRES-bgeopA expression cassette. This mouse background is a 129SvEvBrd X C57 BL/6
heterozygote and then reverts to C57 BL back/6 precursors for more than 8 generations [15].
Adult mice were reared on an adequate supply of food and water for 12 h. Day-night light
cycle at 25 ◦C. Mice used in this study were from heterozygous breeding pairs (TRIM32+/−)
and TRIM32+/+ littermates were used as controls. All animal experiments were carried out
following the Institutional Animal Care and Use Committee of Soochow University.

2.2. Genotyping Detection of TRIM32 Mice

Before using the animals in different experiments, TRIM32 mice were genotyped. We
used the following primer sequences to detect genotyping: TRIM32 WT1 (5′-3′): GGAGA-
GACACTATTTCCTAAGTCA; TRIM32 WT2 (5′-3′): GTTCAGGTGAGAAGCTGCTGCA;
TRIM32 Mu (5′-3′): GGGACAGGATAAGTATGACATCA. The primer pairs WT1 and WT2
and WT1 and Mu were used to designate WT and knockout mice, respectively. The PCR
reaction conditions were set at 94 ◦C (5 min) for enzyme activation, 35 cycles of denatura-
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tion at 94 ◦C for 30 s, annealing at 60 ◦C for 30 s, extension at 72 ◦C for 30 s, then 72 ◦C for
7 min and finally at 4 ◦C infinity. The amplified DNA was separated on a 2% agarose gel
by electrophoresis using a current of 120 mA for 60 min. WT and knockout bands were
detected at 250 and 300 bp, respectively, compared to the standard DNA ladder.

2.3. Calculate the Embryonic Age of Mice

Mice were mated the previous day and examined for vaginal plugs the next morning.
Mouse embryos with vaginal embolism were counted as E0.

2.4. Antibodies

The primary antibodies were rabbit TRIM32 antibody (sc-99011, Santa Cruz, Dallas, TX,
USA), mouse TRIM32 antibody (SAB1407164, Sigma, St. Louis, MO, USA), rabbit anti-TBR1
(ab3190, Abcam, Cambridge, UK), rabbit anti- BCL11B (ab28448, Abcam, Cambridge, UK),
rabbit anti-CUX1 (sc-13024, Santa Cruz, Dallas, TX, USA), chicken anti-PAX6 (AB_528427,
Developmental Studies Hybridoma Bank, Lowa, IA, USA), rabbit anti-TBR2 (ab23345,
Abcam, Cambridge, UK), Click-iT™ EdU imaging kit (C10086, Thermo Fisher, Rockford,
IL, USA), rabbit anti-PH3 (9713P, Cell Signaling Technology, Boston, MA, USA), rabbit
anti-active caspase-3 (C8487, Sigma, St. Louis, MO, USA). The corresponding secondary
antibodies conjugated with Alexa fluorophores 488/555/647 (A21202, A31570, A28181,
A21206, A31572, A32795, A11039) were from Invitrogen.

2.5. Immunofluorescence Staining and Image Analysis

Mice were perfused with ice-cold PBS followed by 4% paraformaldehyde and post-
fixed in 4% paraformaldehyde for 4 h followed by dehydration in 10%, 20%, and 30%
sucrose, respectively. TRIM32−/− and TRIM32+/+ mouse cortex or subventricular zone
slices with the same anatomical position were taken for staining. Cryosections were washed
three times with PBS containing 0.3% Triton X-100, 10 min each, and then non-specific
binding sites were blocked with 10% BSA and goat (or donkey) serum at 10% for 1 h,
then overnight incubated with primary antibody at 4 ◦C. Sections were washed three
times in PBS and incubated with appropriate fluorescent secondary antibodies for 2 h at
room temperature, then washed three times with PBS and mounted in mounting medium
containing DAPI FluoromountG® (010020, Southern Biotech, Birmingham, AL, USA). The
stained sections were examined with a confocal laser scanning microscope LSM 700 (Zeiss,
Oberkochen, Germany). The same site and area (50 µm× 300 µm) were taken in the stained
section and the number of marker cells was calculated. Images were taken with a confocal
microscope. For each mouse genotype, we selected anatomical sections from at least three
mice for serial analysis. The area of DAPI+, TBR1+, BCL11B+, CUX1+, PAX6+, TBR2+, Edu+,
PH3+, active Caspase3+, or Edu+/TBR1+ cells in each image was quantified using Image J
software as described [14].

2.6. Edu Pulse Chase
2.6.1. The Ability of NPCs Proliferation

Pregnant mice were injected intraperitoneally with Edu (50 mg/kg body weight) at
E14.5 and E16.5 and the offspring were sacrificed after 30 min. Coronal brain sections were
taken for Edu staining to analyse cell proliferation.

2.6.2. The Ability of NPCs to Differentiate into TBR1 Positive Neurons

The pregnant mice were injected intraperitoneally with Edu (50 mg/kg body weight)
at E13.5, and the offspring were sacrificed at E18.5. Coronal brain sections were stained for
Edu and TBR1. The numbers of Edu+TBR1+ cells were quantified.

2.7. Sample Preparation and RNA-seq Analysis

Under anaesthesia with sodium pentobarbital (80 mg/kg) administered by intraperi-
toneal injection, WT and TRIM32 KO mice were sacrificed at E18.5 and the brain removed.
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Isolated mice were immediately stored in RNAlater® solution (Ambion, Rockford, IL, USA)
at 4 ◦C. Tissue samples were transferred to−80 ◦C for storage until analysis after 24 h. RNA
was extracted with TRIzol® reagent (Life Technologies, Rockford, IL, USA) and RNeasy kit
(Qiagen, Dusseldorf, Germany) for RNA sequencing. The R DESeq2 software package was
used to analyse differential expression in RNAseq, and the built-in algorithm in DESeq2
was used for normalization. Pairwise comparisons between the brains of two groups are
performed on all genes, and further analysis was performed with a fold change >2 to
extract the differentially expressed genes (p < 0.05). A total of 39 upregulated genes and 36
down-regulated genes were obtained. KEGG enrichment was performed by the DA-VID
webtool (https://david.ncifcrf.gov/home.jsp) on 28 December 2021. The protein-protein
interaction network was done by the GeneMANIA webtool (http://genemania.org/) on 14
January 2022.

2.8. Statistical Analysis

Values are presented as mean ± SEM. Data were analysed using Student’s t-test using
SPSS 18.0 software (SPSS, Chicaco, IL, USA). Significance in differences was accepted at
p < 0.05. * p < 0.05; ** p < 0.01; *** p < 0.001.

3. Results
3.1. The Expression Pattern of TRIM32 in the Cortex during Embryo

According to previous studies, TRIM32 is expressed by NPCs, including interneuron
progenitors within the developing ventricular zone [10,11,14]. In order to determine which
types of NPCs express TRIM32, we immunostained for the markers Sox2 (a marker for
NPCs), Pax6 (an indicator of radial glial cells) or Tbr2 (an indicator of IPCs) in the dorsal
subventricular zone (dSVZ) of E14. 5. It was found that both Sox2+ and Pax6+ cells
expressed TRIM32. In contrast, only a few Tbr2+ IPCs expressed TRIM32 (Figure 1A).
TRIM32 is primarily expressed in RGCs rather than IPCs in the dSVZ, as shown by these
results. In dSVZ cells, TRIM32 was detected in both the cytoplasm and nucleus of RGCs
and IPCs. Whereas TRIM32 exhibited nuclear location in the cortical neurons labelled with
TBR1, a marker of layer VI neurons, in the cortical plate (CP) at E13.5 and 18.5. However,
TRIM32 was transiently expressed in a population of cells below the layer VI cortex at E16.5,
where it was located in the cytoplasm (Figure 1B). The dynamic expression of TRIM32 in
developing brains suggests it may be an essential regulator of brain development.

3.2. TRIM32 Deficiency Mice Exhibit Reduced Size of Brain

At E18.5 (Figure 2A), when neurons are complete, TRIM32−/− mice displayed a
smaller brain [16]. To measure the width of the neocortex and cortical plate in the cortex,
we used DAPI immunofluorescence staining and Image J to measure the width. According
to the results, the width of the neocortex (Figure 2B,C) and the cortical plate (Figure 2D,E)
was decreased in the cortex of E18.5 TRIM32−/− mice. These results indicate that TRIM32
regulated the size of developing brain.

3.3. TRIM32 Deficiency Results in Reduced Generation of Cortical Neurons in Developing Cortex

Further analysis examined whether deficiency of TRIM32 causes abnormal numbers of
pyramidal neurons at different developmental stages using these neuronal markers. TBR1 is
expressed in layer VI neurons, BCL11B is expressed in layer V neurons, CUX1 is expressed
in layer II-IV neurons [2]. The results showed that layer VI Tbr1+ cells were reduced in the
cortex of TRIM32−/− mice at E14.5, E16.5 and E18.5 (Figure 3A,B). Layer V BCL11b+ cells
were downregulated in the cortex of TRIM32−/− mice at E16.5 and E18.5 (Figure 3C,D),
while layer II-IV CUX1+ neurons in the cortex of TRIM32−/− mice were downregulated at
E18.5 and P30 (Figure 3E,F). To further confirm that the decreased number of layer-specific
cortical neurons is due to impaired cortical neuron generation, we performed a pulse
tracking experiment to label newborn layer V cortical neurons. Pregnant mice were injected
intraperitoneally with Edu at E13.5 and mice were scarified at E18.5 and immunostained
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for Edu and TBR1. Quantitative analysis showed that Edu+ had lower numbers of TBR1+

in TRIM32−/− VZ/SVZ compared to TRIM32+/+ mice (Figure 4A,B). Thus, these results
suggest that the absence of TRIM32 leads to reduced formation of pyramidal neurons
during brain development. Pyramidal neurons are decreased until adulthood, when brain
development is completed, excluding the possibility that TRIM32 deficiency delays the
generation of cortical neurons without altering the overall number.
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Figure 1. The expression pattern of TRIM32 in the developing cortex. (A) The coronal sections of
telencephalon from E14.5 mice were immunostained for TRIM32, SOX2/PAX6/TBR2 and DAPI.
Scale bars = 20 µm. (B) The coronal sections of telencephalon from E13.5, E16.5 and E18.5 mice
were immunostained for TRIM32, TBR1 and DAPI. Scale bars = 50 µm (upper and middle panel);
Scale bar = 100 µm (bottom panel).
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Figure 2. Brain size and cortical width of E18.5 TRIM32−/− mice and TRIM32+/+ littermates.
(A) Representative images of brain size. (B,D) The dorsal telencephalon was stained for DAPI.
The width of neocortex (NCx) and cortical plate (CP) was indicated. Scale bars = 100 µm. (C,E) The
relative width of TRIM32−/− neocortex and cortical plate. The width of TRIM32+/+ was normalized
to 1.0. n = 15 slices for 3 mice/genotype. Scale bars = 50 µm. * p < 0.05.
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Figure 3. TRIM32−/− mice exhibited decreased numbers of both deep-and upper-layer cortical
neurons. The coronal sections of cerebral cortex at distinct developmental stages as indicated were
immunostained for TBR1 (A), BCL11B (C) and CUX1 (E). Relative density of TBR1+ (B), BCL11b+

(D) and CUX1+ (F) cells in TRIM32−/− brains. The density of above cells in TRIM32+/+ brains were
normalized to 1.0. n = 15 slices for 3 mice/genotype. Scale bars = 100 µm (A,E); Scale bars = 50 µm (C).
* p < 0.05.
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intraperitoneally at E13.5. The mice were scarified at E18.5. The coronal sections were im-
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type. Scale bars= 50 µm. *** p < 0.001. 
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dorsal subventricular zone (dSVZ) [17,18]. The latter can also directly generate cortical 
pyramidal neurons in all layers [19–21]. 

Therefore, we examined whether the number of RGCs and IPCs was altered by the 
absence of TRIM32 by immunostaining for PAX6 and TBR2, which label RGCs and IPCs, 
respectively. Results showed that TRIM32−/− mice had decreased numbers of PAX6+ RGC 
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TRIM32+/+ littermates, suggesting that TRIM32 deficiency results in a smaller neural pro-
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Figure 4. Impaired generation of layer VI cortical neurons in TRIM32−/− mice. Edu were injected
intraperitoneally at E13.5. The mice were scarified at E18.5. The coronal sections were immunos-
tained for Edu and TBR1 (A). Density of EdU+TBR1+ cells (B). n = 15 slices for 3 mice/genotype.
Scale bars= 50 µm. *** p < 0.001.

3.4. TRIM32 Deficiency Causes Smaller Size of Neural Progenitor Pool

Since TRIM32 deficiency resulted in a decreased number of cortical neurons, we
wonder if such an observation is caused by an altered number of progenitor cells. IPC in
the dorsal subventricular zone (dSVZ) [17,18]. The latter can also directly generate cortical
pyramidal neurons in all layers [19–21].

Therefore, we examined whether the number of RGCs and IPCs was altered by the
absence of TRIM32 by immunostaining for PAX6 and TBR2, which label RGCs and IPCs,
respectively. Results showed that TRIM32−/− mice had decreased numbers of PAX6+

RGC (Figure 5A,B) and TBR2+ IPC (Figure 5C,D) in VZ/SVZ at E14.5 and E16.5 compared
to TRIM32+/+ littermates, suggesting that TRIM32 deficiency results in a smaller neural
progenitor pool size.
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3.5. TRIM32 Deficiency Decreases Proliferation and Mitosis of Both RGCs and IPCs 
To further investigate the mechanisms underlying the smaller RGC and IPC cluster 

size caused by the absence of TRIM32, we used Edu to target NPCs in the VZ/SVZ zone 
at E14.5 and E16.5, respectively to mark. After 30 min, the offspring were sacrificed. Cor-
onal brain sections were taken for Edu staining to analyse NPC proliferation. We found 
that Edu+ cells were reduced in TRIM32−/− VZ/SVZ at E14.5 and E16.5, respectively, com-
pared to TRIM32+/+ mice (Figure 6A,B). We also compare the mitotic NPCs in the basal and 
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Figure 5. TRIM32−/− mice exhibited decreased numbers of RGCs and IPCs. The coronal sections
of cerebral cortex at distinct E14.5 and E16.5 were immunostained for either PAX6 (A) or TBR2 (C).
Relative density of PAX6+ (B) and TBR2+ cells (D) in TRIM32−/− brains. The density of above cells
in TRIM32+/+ brains were normalized to 1.0. n = 15 slices for 3 mice/genotype. Scale bars = 50 µm.
* p < 0.05.

3.5. TRIM32 Deficiency Decreases Proliferation and Mitosis of Both RGCs and IPCs

To further investigate the mechanisms underlying the smaller RGC and IPC cluster
size caused by the absence of TRIM32, we used Edu to target NPCs in the VZ/SVZ zone at
E14.5 and E16.5, respectively to mark. After 30 min, the offspring were sacrificed. Coronal
brain sections were taken for Edu staining to analyse NPC proliferation. We found that
Edu+ cells were reduced in TRIM32−/− VZ/SVZ at E14.5 and E16.5, respectively, compared
to TRIM32+/+ mice (Figure 6A,B). We also compare the mitotic NPCs in the basal and apical
VZ, corresponding to RGC and IPC, respectively. PH3 (mitosis-specific marker) positive
cells in both basal VZ and apical VZ showed decreased numbers at E14.5 (Figure 6C,D).
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In contrast, only PH3+ cells in the apical VZ show reduced numbers in E16.5 TRIM32−/−

mice compared to those in TRIM32+/+ littermates (Figure 6C,E), indicating reduced mitosis
of both RGCs and of IPC in developing TRIM32−/− brains. These results indicate that
TRIM32 deficiency leads to reduced self-renewal in NPCs.
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Figure 6. TRIM32−/− mice exhibited decreased proliferation and mitosis. The mice were scarified
30 min after being injected intraperitoneally with Edu at either E14.5 or E16.5. The coronal cortical
sections were immunostained for either Edu (A) or PH3 (C) and DAPI. Relative density of Edu+

(B) or PH3+ cells (D,E) in TRIM32−/− brains. The density of above cells in TRIM32+/+ brains were
normalized to 1.0. n = 15 slices for 3 mice/genotype. Scale bars = 50 µm (A); Scale bars = 100 µm (C).
* p < 0.05; *** p < 0.001; N.S: no significance.

3.6. TRIM32 Deficiency Does Not Affect Apoptosis in Developing Cortex

Apoptosis is an essential mechanism in regulating the number of cortical neurons and
NPCs. The brain tends to produce excessive numbers of neurons during development, and
some neurons undergo apoptosis at a later stage, ultimately determining the number of neu-
rons in the brain. It has also been reported that the increase in neurons caused by decreased
apoptosis causes neuropsychiatric diseases [22,23]. To investigate whether apoptosis is
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responsible for the reduced numbers of cortical neurons and NPCs, we immunostained
Caspase3 to label apoptotic cells in the developing cerebrum. TRIM32−/− mice and their
wild-type littermates displayed identical numbers of caspase3+ cells in the dorsal telen-
cephalon (Figure 7). Thus, TRIM32 deficiency does not affect the apoptosis of cortical
neurons and NPCs in the developing cortex. The decreased number of cortical neurons
and NPCs observed in TRIM32/brains was not due to increased apoptosis.
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nalling cascade [28]. In the downregulated protein interaction diagram, the genes directly 
related to the Notch pathway are deltx E3 ubiquitin ligase (DTX2) and mastermind-like 
transcription coactivator 3 (MAML3) (Figure 8B). We were more interested in genes like 
homeobox A1 (HOXA1) and MAML3 (Figure 8B,C). HOXA1 has been reported to play a 
crucial role in multiple biological processes and can mediate gene expression and cell dif-
ferentiation [29,30]. In addition, HOXA1 could be regulated by the AKT/mTOR signalling 
pathway and the Notch1 signalling pathway [31,32]. MAML3 was part of the Notch1-
containing ternary complex in vivo [33], and has been reported to act as a transcriptional 
coactivator of NOTCH2. Heynen et al. reported that the results indicate an important 
mechanistic role for MAML3 in retinoic acid-mediated proliferation and differentiation 
[34]. DTX2 is a homologue of DTX1. The latter regulates Notch signalling in a Su(H)/RBPJ-
independent signalling pathway [35]. DTX2 activity is required for neural crest formation, 

Figure 7. TRIM32 deficiency does not affect apoptosis. The coronal cortical sections were im-
munostained for Caspase3 and DAPI at E14.5 and E18.5 (A,B). Relative density of Caspase3+ cells
(C) in TRIM32−/− brains. The density of above cells in TRIM32+/+ brains were normalized to 1.0.
n = 15 slices for 3 mice/genotype. Scale bars = 100 µm. N.S: no significance.

3.7. Downstream Signalling Regulated by TRIM32

The mammalian target of rapamycin (mTOR) signalling pathway plays an essen-
tial role in brain development [14,24]. mTOR, when overactivated, is one of the central
pathways in the etiology of ASD [25,26]. TRIM32 maintained mTOR activity by promot-
ing proteosomal degradation of G protein signalling protein 10 (RGS10). The absence of
TRIM32 leads to suppression of mTOR signalling, which in turn leads to increased au-
tophagy, followed by accelerated c-myc degradation [14]. TRIM32 regulates the formation
of GABAergic interneurons via this signalling pathway. To further identify additional
signalling pathways regulated by the absence of TRIM32, we performed RNAseq analysis
on the brains of WT and TRIM32−/− mice. The results showed that Notch signalling was
downregulated in TRIM32−/− mice (Figure 8A). Stem cells and neuronal migration in em-
bryonic and adult brain neurogenesis [27]. mTOR is a positive regulator of Notch signalling
in human and mouse cells that acts through induction of the STAT3/p63/Jagged signalling
cascade [28]. In the downregulated protein interaction diagram, the genes directly related
to the Notch pathway are deltx E3 ubiquitin ligase (DTX2) and mastermind-like transcrip-
tion coactivator 3 (MAML3) (Figure 8B). We were more interested in genes like homeobox
A1 (HOXA1) and MAML3 (Figure 8B,C). HOXA1 has been reported to play a crucial
role in multiple biological processes and can mediate gene expression and cell differentia-
tion [29,30]. In addition, HOXA1 could be regulated by the AKT/mTOR signalling pathway
and the Notch1 signalling pathway [31,32]. MAML3 was part of the Notch1-containing
ternary complex in vivo [33], and has been reported to act as a transcriptional coactivator
of NOTCH2. Heynen et al. reported that the results indicate an important mechanistic
role for MAML3 in retinoic acid-mediated proliferation and differentiation [34]. DTX2 is a
homologue of DTX1. The latter regulates Notch signalling in a Su(H)/RBPJ-independent
signalling pathway [35]. DTX2 activity is required for neural crest formation, indicating
its role in neural development. In addition to Notch signalling, DTX2 also regulates BMP
signalling, which plays an essential role in cortical development [35,36]. In conclusion,
HOXA1, DTX2 and MAML3 may be involved in mTOR or Notch signalling to affect pyra-
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midal neuron generation. Considering that the interacting proteins can be direct or indirect,
this is not clear yet, so we will check these issues in the next investigations.

1 
 

 
Figure 8. TRIM32 deficiency impairs Notch signalling pathway. (A) The enriched pathways for
downregulated genes in TRIM32−/− mice. (B) The downregulated protein interaction diagram.
The inner circle represents all identifiable down-regulated genes, and the outer circle represents the
genes that might be predicted to interact with these down-regulated genes. The types of interactions
between genes are illustrated. (C) Expression levels of MAML3, HOXA1, DTX2, and TRIM32 were
compared in TRIM32+/+ mice (+/+) andTRIM32−/− mice (−/−).
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4. Discussion

The imbalance between excitability and inhibitory neural activity (E/I) of brain circuits
is a fundamental mechanism for the pathogenesis of ASD. The E/I imbalance could be
caused by abnormal generation of GABAergic or pyramidal neurons or their dysfunction.
The present study shows that TRIM32, an ASD risk gene [12], is an important regulator
in the formation of cortical pyramidal neurons. This observation helps explain the E/I
imbalance observed in TRIM32−/− mice [37]. MGE-derived GABAergic interneurons
begin to produce at day E9.5 and peak at day E13.5 [38]. Pyramidal neurons are mainly
produced during the period from E11 to E17 [16]. Interestingly, TRIM32 is expressed in
both RGCs located in the dorsal VZ and in interneuron progenitors in L/MGE. Consistent
with our previous observation that TRIM32 deficiency causes the loss of multiple subtypes
of GABAergic interneurons in the adult brain, the present study observed the loss of
pyramidal neurons in the cortex of 1-month-old TRIM32−/− mice as the neuron excitatory
pyramidal cells begin their generation and development. Cortical pyramidal neurons are
obviously not enough to compensate for the loss of GABAergic interneurons. In addition,
the density of neurons can affect the development of neurons, for example, the density
of dendritic spines, the arrangement of synapses. In line with this point, indeed, note
the dysfunction of TRIM32-deficient synapses, which also exhibited hyperexcitability [37].
Therefore, all these abnormal processes can eventually lead to an E/I imbalance, which in
turn causes autism-like behaviours in TRIM32−/− mice [39].

In terms of the cellular mechanism, we have further observed that the absence of
TRIM32 affects the self-renewal of both RGCs and IPCs, consistent with the findings
that TRIM32 deficiency results in reduced neural proliferation both in vivo and in vitro
progenitor cells, including L/MGE parents. Research has shown that some children with
ASD have abnormal brain size [40]. Interestingly, in the current study, poor self-renewal in
NPCs, including RGC, IPC and L/MGE parents, causes smaller NPC pool size, ultimately
resulting in smaller brain size. Using the pulse chase experiment, we also confirmed
decreased neuronal differentiation caused by TRIM32 deficiency. Thus, impaired self-
renewal coupled with decreased neuronal differentiation contributes to the decreased
number of pyramidal neurons in TRIM32-deficient mice.

In terms of the molecular mechanism, our previous results suggest that TRIM32
maintains mTOR activity by promoting RGS10 degradation by proteasomes. Increased
mTOR-mediated autophagy promotes c-myc degradation and impairs proliferation of
TRIM32-deficient L/MGE precursors [14]. Since TRIM32-deficient RGCs share a similar
cellular property to TRIM32-deficient L/MGE progenitors, we propose that these two
different progenitors share a similar molecular mechanism. To identify additional down-
stream signalling pathways caused by TRIM32 deficiency, we performed RNAseq analysis
embryonic cortex with TRIM32 deficiency. Notch signalling plays a critical role in neural
stem cell maintenance and neurogenesis in both the embryonic and adult brain [27]. Notch
is also a substrate for autophagy. Its autophagic degradation is required in stem cell de-
velopment and neurogenesis [41]. In the down-regulated protein interaction diagram, we
identified HOXA1 and MAML3 proteins. HOXA1 acted as a DNA-binding transcription
factor that mediated cell differentiation [29,30]. It is worth noting that the Hoxa1 gene
is genetically connected to ASD [42–44], and Hoxa1 is involved in the proliferation of
MIR99 cells by the AKT/mTOR signalling [31]. MAML3 was recognized in vivo as part
of the Notch1-containing ternary complex [33], and acted as a transcriptional coactivator
for NOTCH2. MAML3 showed an important role in the proliferation and differentiation
mechanism [34]. The downregulated protein Rab1A, a conserved small guanosine triphos-
phatase (GTPase), predominantly regulates the transport of vesicular proteins from the
endoplasmic reticulum (ER) to the Golgi apparatus and is involved in mediating Notch
signalling, adhesion cell and cell migration [45,46]. Therefore, HOXA1 and MAML3 may
be involved in mTOR or Notch signalling to affect pyramidal neuron generation, which
will be explored further in the future.
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5. Conclusions

In summary, this study demonstrates the effects of TRIM32 on the generation of pyra-
midal neurons in embryonic development and explores their mechanism. In TRIM32−/−

mice, NCx and CP were decreased in the cortex, cortex size was decreased, and the number
of pyramidal neurons was also decreased. TRIM32 deficiency decreased RGC and IPC
cells, proliferating and mitotic neural progenitor cells in VZ/SVZ, decreased cell migra-
tion and differentiation in TBR1 positive neuron in cortex, but does not affect TRIM32
apoptosis regulates the generation of cortical pyramidal neurons cells influencing the pro-
liferation, migration and differentiation of RGCs or IPCs and may pass through the mTOR
or Notch signalling pathway. The completion of this research provides a theoretical basis
for elucidating the mechanism of generation of pyramidal neurons in the embryonic period
and provides strong data support for exploring the onset and development of related
neurodevelopmental diseases.
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Abstract: In view of the proven link between adult hippocampal neurogenesis (AHN) and learning
and memory impairment, we generated a straightforward adult neurogenesis in vitro model to
recapitulate DNA methylation marks in the context of Alzheimer’s disease (AD). Neural progenitor
cells (NPCs) were differentiated for 29 days and Aβ peptide 1–42 was added. mRNA expression
of Neuronal Differentiation 1 (NEUROD1), Neural Cell Adhesion Molecule 1 (NCAM1), Tubulin
Beta 3 Class III (TUBB3), RNA Binding Fox-1 Homolog 3 (RBFOX3), Calbindin 1 (CALB1), and
Glial Fibrillary Acidic Protein (GFAP) was determined by RT-qPCR to characterize the culture and
framed within the multistep process of AHN. Hippocampal DNA methylation marks previously
identified in Contactin-Associated Protein 1 (CNTNAP1), SEPT5-GP1BB Readthrough (SEPT5-GP1BB),
T-Box Transcription Factor 5 (TBX5), and Nucleoredoxin (NXN) genes were profiled by bisulfite
pyrosequencing or bisulfite cloning sequencing; mRNA expression was also measured. NXN outlined
a peak of DNA methylation overlapping type 3 neuroblasts. Aβ-treated NPCs showed transient
decreases of mRNA expression for SEPT5-GP1BB and NXN on day 9 or 19 and an increase in DNA
methylation on day 29 for NXN. NXN and SEPT5-GP1BB may reflect alterations detected in the brain
of AD human patients, broadening our understanding of this disease.

Keywords: adult hippocampal neurogenesis; NPCs; Alzheimer’s disease; Aβ peptide; DNA methy-
lation; gene expression; NXN; CNTNAP1; SEPT5-GP1BB; TBX5

1. Introduction

Adult neurogenesis (AN) is the process of forming functional neurons de novo. In the
adult mammalian brain, neurogenesis occurs predominantly in specific brain niches: the
subgranular zone (SGZ) of the dentate gyrus (DG) of the hippocampus and the subventric-
ular zone (SVZ) lining the lateral ventricles [1,2]. During the process of adult hippocampal
neurogenesis (AHN), neural stem cells (NSCs) self-renew and differentiate, giving rise
to transient amplifying progenitors (TAPs), neuroblasts, and eventually mature neurons,
astrocytes, and oligodendrocytes.

AHN regulators can be divided into intrinsic or extrinsic factors, that is, transcription
factors (TFs) synthesized by the developing neural precursors and neurons, and growth
factors and neurotrophins secreted from the surrounding niche, respectively [3]. Epigenetic
mechanisms tightly regulate extrinsic and intrinsic factors [4], controlling both temporal
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and spatial gene expression. Sequential steps of AN are regulated directly or indirectly
by de novo methylation and maintenance of methylation marks [5]. Each distinct human
brain region (cerebral cortex, cerebellum, and pons) has a characteristic DNA methylation
signature [6], and even within brain regions such as the hippocampus, global methylation
varies between neuronal subtypes [7].

During both physiological and pathological aging in humans, AHN clearly emerges as
a robust phenomenon [8]. AHN is involved with the normal functionality of hippocampal
circuits, which demonstrates an important link between AN and cognitive processes [9].
Thus, impaired neurogenesis may negatively impact the survival of adult-born neurons
and contribute to learning and memory failure, as occurs with aging and neurological
disorders, e.g., Alzheimer’s disease (AD) [8,10,11].

AD is the most common neurodegenerative disorder, characterized by progressive
memory loss and cognitive decline caused by widespread loss of neurons and synaptic
connections in the cortex, hippocampus, amygdala, and basal forebrain, and by a gradually
significant loss of brain mass. The amyloid precursor protein (APP) plays a key role in
normal brain development by influencing NSC proliferation, cell fate specification, and
neuronal maturation [10]. However, its derivative, the amyloid β (Aβ) peptide, a cleavage
product of the APP enzymatic processing, is the major component of amyloid plaques,
one of the hallmark pathologies found in brains of AD patients. Monomeric Aβ can self-
aggregate to form oligomers, protofibrils, and amyloid fibrils, which deposit as amyloid
plaques. Although the impact of Aβ on neurogenesis is still controversial, it is well known
that Aβ plaques can cause severe damage to neurons and astrocytes, which results in the
gradual loss of neurons associated with AD symptoms [11].

Remarkable alterations in AHN have been detected at early stages of AD, even before
the onset of hallmark lesions or neuronal loss [8,12]. Impairments in epigenetic mechanisms
lead to the generation of damaged neurons from NSCs, exacerbating the loss of neurons
and deficits in learning and memory that characterize AD pathology [11]. Indeed, we and
others have described epigenetic changes in DNA methylation in the hippocampus of AD
patients at the genome-wide level [6,13]. In a previous study, we reported altered DNA
methylation in the AD hippocampus occurring at specific regulatory regions crucial for
neuronal differentiation; moreover, a set of neurogenesis-related genes were identified in
the damaged tissue [6]. Hence, a better understanding of AHN impairment observed at
the initial and later stages of AD by noninvasive methods may reveal insights into the
pathogenesis of AD. What is more, restoration of normal levels of AHN may provide a
potential therapeutic strategy to delay or halt AD-linked cognitive decline [8,12].

Here, we propose an intuitive in vitro approach to assess a stepwise lineage progres-
sion, as occurs during in vivo neurogenesis, by using human neural progenitor cells (NPCs)
derived from an induced pluripotent stem cell (iPSC) line as the starting source material.
In order to infer whether the differentiation of human NPCs into mature neurons is dis-
rupted in the AD microenvironment, we designed an observational descriptive study by
generating an in vitro model triggered by prolonged exposure to nanomolar concentrations
of Aβ peptide 1–42. Next, we evaluated DNA methylation levels and mRNA expression
changes of specific neurogenesis-related candidate genes.

2. Materials and Methods
2.1. NPCs Culture, Neuronal Differentiation and Aβ Peptide Administration

NPCs Derived from XCL1 DCXpGFP (ACS5005™, American Type Culture Collection,
ATCC, Manassas, VA, USA) were cultured following manufacturer recommendations.
Briefly, 0.30 × 106 NPCs were seeded onto a CellMatrix Basement Membrane Gel (ATCC®

ACS3035™) coated 12-well plate and incubated in NPC expansion medium: complete
growth medium including DMEM/F-12 (Gibco, Fisher Scientific, Waltham, MA, USA),
supplemented with the Growth Kit for Neural Progenitor Cell Expansion (ATCC® ACS3003)
and then maintained in a humidified incubator (5% CO2, 37 ◦C).
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Neuronal differentiation experiments were carried out for 9, 19, and 29 days by plating
NPCs at a seeding density of 80,000 viable cells/cm2 in 6-well coated culture plates. First,
NPCs were incubated in an expansion medium (day 0). From day 1 (post-seeding), half
of the medium was changed for differentiation medium every 2–3 days throughout the
duration of the culture period. Complete Differentiation Medium consisted of serum-free
neuronal basal BrainPhys™ Neuronal Medium, formulated to improve the electrophysio-
logical and synaptic properties of the neurons [14], NeuroCult™ SM1 Neuronal Supplement
(1:50), N2 Supplement-A (1:100), Recombinant Human Brain-Derived Neurotrophic Fac-
tor (BDNF, 20 ng/mL), Recombinant Human Glial-Derived Neurotrophic Factor (GDNF,
20 ng/mL), Dibutyryl-cAMP (1 mM) and ascorbic acid (200 nM) (STEMCELL Technologies,
Vancouver, BC, Canada). Half-fresh medium containing Aβ protein fragment 1–42 (50 nM;
Sigma-Aldrich, St. Louis, MO, USA) or DMSO (Sigma-Aldrich) as a vehicle was added
once a week.

NPCs were harvested on day 0 and 9, 19, and 29 days of differentiation for both
conditions by detaching them with Accutase (Innovative Cell Technologies, San Diego, CA,
USA), then washed with Dulbecco’s phosphate-buffered saline (DPBS, Sigma-Aldrich), cen-
trifuged at 13,000 rpm and frozen at −80 ◦C. All experiments were performed in triplicate.

2.2. Selection of Candidate Epigenetic Marks in AD

A set of differentially methylated positions (DMPs) in AD was produced from a
methylome dataset generated in a previous study described elsewhere [6]. In brief, the
Infinium HumanMethylation450 BeadChip array (Illumina, Inc., San Diego, CA, USA) was
performed at the Roswell Park Cancer Institute Genomics Shared Resource (Buffalo, NY,
USA) to measure DNA methylation levels in CpG sites (also named positions) in a cohort
of 26 pure AD cases and 12 controls. A total of 118 AD-related DMPs were identified
in the hippocampus of AD cases compared to controls. Here, we selected four of the
above-identified DMPs in AD patients compared to controls (absolute β-difference ≥ 0.085
and p-value ≤ 0.05) and analyzed them due to their relationship with neurogenesis (Table 1
and Supplementary Figure S1).

Table 1. Selected differentially methylated positions (DMPs) in AD hippocampus measured by 450 K
Illumina BeadChip array. The table shows four DMPs prioritized by beta difference (delta) criteria.
Each CpG site was annotated by UCSC hg19 build.

DMPs Genomic Coordinates Beta Difference p-Value Genes
cg16308533 17 40838983 0.118 0.004 CNTNAP1
cg04533276 22 19709548 0.117 0.007 SEPT-GP1BB
cg18689332 12 114837666 0.106 0.000 TBX5
cg19987768 17 750306 −0.162 0.043 NXN

2.3. DNA Methylation Levels Assessed by Bisulfite Pyrosequencing

Genomic DNA was isolated from frozen cell pellets of basal NPCs and control or Aβ

peptide treated NPCs incubated in differentiation media for 9, 19, or 29 days by using the
FlexiGene DNA Kit (Qiagen, Redwood City, CA, USA). Next, 500 ng of genomic DNA was
bisulfite converted using the EpiTect Bisulfite Kit (Qiagen) according to the manufacturer’s
protocol. Primer pairs to amplify and sequence the chosen CpG genomic positions were
designed with PyroMark Assay Design version 2.0.1.15 (Qiagen) (Supplementary Table S1)
and bisulfite PCR reactions were carried out on a VeritiTM Thermal Cycler (Applied Biosys-
tems, Foster City, CA, USA). Next, 20 µL of the biotinylated PCR product was immobilized
using streptavidin-coated Sepharose beads (GE Healthcare Life Sciences, Piscataway, NJ,
USA) and 0.4 µM of sequencing primer annealed to purified DNA strands. Pyrosequencing
was performed using PyroMark Gold Q96 reagents (Qiagen) on a PyroMark™ Q96 ID
System (Qiagen). For each particular CpG, DNA methylation levels were expressed as the
percentage of methylated cytosines over the sum of total cytosines. Unmethylated and
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methylated DNA samples (EpiTect PCR Control DNA Set, Qiagen) were used as controls
for the pyrosequencing reaction.

2.4. Extension of NXN Gene Methylation Mapping by Bisulfite Cloning Sequencing

Previously bisulfite-converted genomic DNA was used to validate pyrosequencing
results. Primer pair sequences were designed by MethPrimer [15] (Supplementary Table S1).
PCR products were cloned using the TopoTA Cloning System (Invitrogen, Carlsbad, CA,
USA); a minimum of 10–12 independent clones were sequenced for each triplicate, cell
condition, and region (Sanger sequencing) [16]. Methylation graphs were obtained with
the QUMA software [17].

2.5. Neurogenesis Markers mRNA Expression: Analysis by Real-Time Quantitative PCR
(RT-qPCR)

Total RNA was extracted from frozen pellets of basal NPCs and the control or Aβ

peptide treated NPCs incubated in differentiation media for 9, 19, or 29 days using the
RNeasy Mini kit (QIAGEN, Redwood City, CA, USA) following the manufacturer’s in-
structions. Genomic DNA was digested with DNase I (RNase-Free DNase Set, Qiagen).
RNA concentration and purity were determined using a NanoDrop spectrophotometer.
Complementary DNA (cDNA) was reversely transcribed from 1000 ng total RNA with
SuperScript® III First-Strand Synthesis Reverse Transcriptase (Invitrogen) after priming
with oligo-d (T) and random primers. RT-qPCR reactions were performed in duplicate with
Power SYBR Green PCR Master Mix (Invitrogen) in a QuantStudio 12 K Flex Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA). Sequences of primer pairs were
designed using a real-time PCR tool (IDT, Coralville, IA, USA) (listed in Supplementary
Table S1). Relative mRNA expression levels of lineage-specific genes in a particular sample
were calculated as previously described [18] and the geometric mean of the ACTB and
GAPDH genes used as reference to normalize the expression values.

2.6. Immunofluorescence Staining

NPCs were seeded on Nunc™ Lab-Tek™ II chamber slides (Thermo Fisher Scientific,
Waltham, MA, USA), coated with CellMatrix Basement Membrane Gel. Cells were either
left untreated or treated with Aβ protein fragment 1–42 (50 nM) in differentiation media,
as described above. After 9, 19, or 29 days of incubation, cells were fixed with 4% formalin
(OPPAC, Noain, Spain) for 15 min; next, they were permeabilized using 0.5% TWEEN® 20
(Sigma-Aldrich) in DPBS and blocked with 10% fetal bovine serum (Sigma-Aldrich) con-
taining 0.5% Tween in DPBS for 30 min at room temperature. Rabbit monoclonal anti-NeuN
[EPR12763] (Cat# ab177487, RRID:AB_2532109; 1:300), anti-GFAP [EP672Y] (Cat# ab33922,
RRID:AB_732571; 1:300), anti-Synaptophysin [YE269] (Cat# ab32127, RRID:AB_2286949;
1:200) and anti-Ki67 [SP6] (Cat# ab16667, RRID:AB_302459; 1:500) primary antibodies (Ab-
cam, Cambridge, UK) diluted in blocking buffer were added and incubated overnight at
4 ◦C. After three washing steps, Alexa Fluor® 647 donkey anti-rabbit secondary antibody
(Abcam Cat# ab150075, RRID:AB_2752244; 1:500) was added and incubated for 30 min at
room temperature in the dark. Following three washing steps, the slides were mounted
with ProLong™ Gold Antifade Mountant with DAPI (Molecular Probes, OR, USA). Im-
munofluorescence images were obtained using a Cytation 5 Cell Imaging Multi-Mode
Reader and analyzed with the Gen5™ software (BioTek, Winooski, VT, USA).

2.7. Statistical Data Analysis

Statistical analyses were performed with the SPSS version 21.0 (IBM, Inc., Armonk,
NY, USA) and GraphPad Prism version 6.00 for Windows (GraphPad Software, La Jolla,
CA, USA). We first checked that all continuous variables had a normal distribution using
the one-sample Shapiro–Wilk test. Significance level was set at p-value < 0.05. Differences
between the various time points for mRNA levels of specific genes and percentages of DNA
methylation were assessed by one-way analysis of variance (one-way ANOVA) followed
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by post hoc Tukey’s honestly significant difference test. In cases where the Levene test
did not show homogeneity of variance, Welch’s ANOVA followed by Dunnett’s T3 were
conducted. Non-parametric data were analyzed using the Kruskal–Wallis test. A paired
t-test was used to analyze differences in methylation or expression levels of the studied
genes between Aβ peptide treated and control groups at each time point. GraphPad Prism
version 6.00 for Windows was used to draw the graphs.

3. Results
3.1. Time-Related Changes in Cultured NPCs during Neural Differentiation

To determine whether neural differentiation was effectively induced, we first examined
any morphological modifications of the cells over time. As shown in Figure 1A, NPCs
exposure to differentiation medium led to an increase in the number and length of neuritic
extensions, which even connected with the extensions of neighboring cells in comparison
with basal cells grown in proliferation medium at Time 0. These changes in cell morphology,
typical of cells undergoing differentiation [19,20], were noticed from the first time point
(day 9), becoming more evident over time in response to directed neurogenesis.

Figure 1. Phenotypic examination of NPCs directed differentiation in culture and Ki67 protein
expression. (A) Phase-contrast images on days 0, 9, 19, and 29 of basal cells incubated in expansion
medium and control cells incubated in differentiation medium (10× magnification with 20× magnifi-
cation inset lens; the scale bar is 100 µm). (B) The graph shows Ki67 proliferation marker expression
for control and Aβ-treated NPCs at 9, 19, and 29 days of culture in differentiation medium. Data
represent the mean value ± standard error of the mean (SEM).

The total cell number in NPC cultures remained steady because of no proliferation,
confirmed by unchanged Ki67 protein marker expression in control or exposed to Aβ

peptide cells (Figure 1B), which was associated with a gradual boost of cell differentiation.
In fact, immunofluorescence (IF) staining revealed neuronal nuclei (NeuN) and synapto-
physin protein expression, which mark neurons and synaptic vesicles in the NPC culture
(Figure 2).
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Figure 2. Immunofluorescence staining of NPC differentiation. (A) Representative images show
NeuN and synaptophysin protein expression on days 9, 19, and 29 in NPCs incubated in differentia-
tion medium (20× magnification (the scale bar is 100 µm) with 10× magnification 4 × 4 montage
inset (the scale bar is 300 µm)). (B) The graphs show NeuN and synaptophysin markers expression
for control and Aβ treated NPCs at 9, 19, and 29 days of culture in differentiation medium. Data
represent the mean value ± SEM.

To confirm the above observations, we explored if gene expression profiles of different
TFs and molecular markers had changed in our in vitro model across consecutive stages of
driven neuronal differentiation. For that, we measured mRNA expression levels of the Neu-
ronal Differentiation 1 (NEUROD1), Neural Cell Adhesion Molecule 1 (NCAM1), Tubulin
Beta 3 Class III (TUBB3), RNA Binding Fox-1 Homolog 3 (RBFOX3), Calbindin 1 (CALB1),
and Glial Fibrillary Acidic Protein (GFAP) genes by RT-qPCR (Figure 3). Expression levels
of all genes but CALB1 changed over time.

NEUROD1 mRNA expression levels of NPCs increased in differentiation medium.
Statistically significant increases of mRNA expression for this basic helix-loop-helix (bHLH)
TF on days 9 (p-value < 0.05), 19 (p-value < 0.05) and 29 (p-value < 0.001) were observed in
comparison to basal cells.

In our in vitro model, NCAM1 mRNA expression overlapped that of NEUROD1. We
found a statistically significant increase from the addition of differentiation medium to the
cell culture (F(3,17) = 31.85, p-value = 3.3634 × 10−7), which was more pronounced on day
19 (p-value < 0.001). Significant differences were also seen between days 9 and 19 (p-value
< 0.001), days 9 and 29 (p-value < 0.01) and between basal cells and any of the other time
points: from day 0 to day 9 (p-value < 0.01) and from day 0 to day 29 (p-value < 0.001).

Once the proliferation medium was changed for differentiation medium, NPCs began
to express TUBB3 mRNA, a gene marker with a key role for proper axon guidance and
maintenance. This increase remained constant over time in comparison to basal cells (p-value <
0.01). However, no changes were observed between the first, second, and third time points.

RBFOX3 encodes the NeuN antigen, which has been widely used as a marker for post-
mitotic neurons. In our study, RBFOX3 mRNA expression progressively rises over time, proving
the successful achievement of progenitor-to-neuron differentiation. Statistically significant
differences in the rise of mRNA expression between day 0 and day 9 (p-value < 0.01), day 9 and
day 19 (p-value < 0.01) and day 9 and day 29 (p-value < 0.05) were seen. Likewise, all other
differences between any time point with respect to basal cells were also statistically significant:
from day 0 to day 19 (p-value < 0.01) and from day 0 to day 29 (p-value < 0.05).
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Figure 3. NEUROD1 (A), NCAM1 (B), TUBB3 (C), RBFOX3 (D), CALB1 (E), and GFAP (F) gene expression
profiles. Bar graphs show mRNA percentages of relative expression for each gene relative to the geometric
mean of ACTB and GAPDH housekeeping gene expression for NPCs at each time point of culture. Data
represent the mean value± SEM; * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001.
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Regarding CALB1 mRNA expression, and given that this gene encodes a protein
expressed in mature granule cells, no significant changes were detected.

A statistically significant rise in GFAP mRNA expression was observed on day 29 in
comparison with basal cells (p-value < 0.01) and day 9 of differentiation (p-value < 0.01).
This suggested the presence of NPCs-derived astrocytes in the culture.

None of the neuronal lineage-specific genes showed significant mRNA expression
differences between day 19 and day 29.

3.2. Assessment of Epigenetic Markers Involved in Neurogenesis in Differentiating NPCs

DNA methylation levels of four neurogenesis-related genes previously found to be
altered in the AD hippocampus [6] were quantified by bisulfite pyrosequencing. The
same genomic loci identified in the human hippocampus were used to assess DNA methy-
lation levels, corresponding to the genes Contactin-Associated Protein 1 (CNTNAP1),
SEPT5-GP1BB Readthrough (SEPT5-GP1BB), T-Box Transcription Factor 5 (TBX5), and
Nucleoredoxin (NXN) (Table 1 and Supplementary Figure S1).

No significant differences in DNA methylation levels were observed for CNTNAP1,
SEPT5-GP1BB, and TBX5 throughout the differentiation process within the time frame of
this study (Figure 4A–C).

Figure 4. CNTNAP1 (A), SEPT5-GP1BB (B), TBX5 (C), and NXN (D) DNA methylation levels in dif-
ferentiating NPCs. Graphs represent percentages of methylation levels measured by pyrosequencing
on days 0, 9, 19, and 29. Vertical lines: SEM. ** p-value < 0.01.
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Nonetheless, changes in NXN methylation levels were observed. Two CpG positions
were assessed for the NXN gene. For the first one, DNA methylation levels increased on day
9 (p-value < 0.01) and were maintained over time; statistically significant differences were
also seen on day 19 (p-value < 0.01) and day 29 (p-value < 0.01) with respect to basal cells
(Figure 4D). Regarding the CpG following cg19987768, the pyrogram revealed a similar
methylation pattern (day 9 vs. day 0: p-value < 0.05; day 19 vs. day 0: p-value < 0.01; day 29
vs. day 0: p-value < 0.05) (Supplementary Figure S2A). The same differences in methylation
levels were observed for both CpGs together (day 9 vs. day 0: p-value < 0.001; day 19 vs.
day 0: p-value < 0.001; day 29 vs. day 0: p-value < 0.001) (Supplementary Figure S2B).
These findings led us to extend the methylation local mapping for the NXN gene using
bisulfite cloning sequencing. We confirmed that average DNA methylation levels across
all CpG sites for the amplicon were statistically significantly higher at every time point in
comparison to day 0 (day 9 vs. day 0: p-value < 0.001; day 19 vs. day 0: p-value < 0.001;
day 29 vs. day 0: p-value < 0.05) (Figure 5). Additionally, this approach revealed a decrease
in NXN DNA methylation levels on day 29, which was statistically significant with respect
to day 9 (p-value < 0.01).

Figure 5. NXN DNA methylation levels by bisulfite cloning sequencing. (A) Percentages of DNA
methylation for NXN over time. (B) NXN extended mapping is illustrated by black/white circle-style
figures. Black and white circles denote methylated and unmethylated cytosines, respectively. Each
column represents a single CpG site in the examined amplicon, and each line represents an individual
DNA clone. Average percentages of methylation for each analyzed sample are indicated at the bottom.
* p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001.

We also measured mRNA expression levels of these markers by RT-qPCR (Figure 6).
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Figure 6. mRNA expression profiles for the CNTNAP1 (A), SEPT5-GP1BB (B), TBX5 (C), and NXN
(D) genes. Bar graphs represent the percentages of relative mRNA expression for each gene relative
to the geometric mean of the ACTB and GAPDH housekeeping gene expression for NPCs at each
time point of culture. Mean values ± SEM. * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001.

CNTNAP1 mRNA expression levels progressively increased over time with statistically
significant differences on day 19 (p-value < 0.05) and day 29 (p-value < 0.001) in comparison
to basal cells. Moreover, significant expression differences were noticed between day 9 and
day 29 (p-value < 0.01) (Figure 6A).

From day 19, a significant increase in mRNA expression for SEPT5-GP1BB was de-
tected (p-value < 0.01) and maintained on day 29 (p-value < 0.01). Furthermore, mRNA
expression on day 19 (p-value< 0.001) and day 29 (p-value< 0.001) was also significantly
higher than for day 0 (Figure 6B).

mRNA levels for the TBX5 gene increased on day 29 with statistically significant
differences in comparison to the cells in culture on day 0 (p-value < 0.05) and day 9 (p-value
< 0.05) (Figure 6C).

Finally, significant differences were observed from the addition of the differentiation
medium for the NXN gene in terms of gene expression (day 9 vs. day 0: p-value < 0.01; day
19 vs. day 0: p-value < 0.01); day 29 vs. day 0: p-value < 0.05) (Figure 6D). The increase in
mRNA expression continued to day 19 (0.384 ± 0.117; p-value < 0.05).

Overall, similar transcriptional patterns for the TBX5 and GFAP genes and the NXN,
NCAM1 and RBFOX3 genes during the NPCs culture period, were observed.
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3.3. Effect of Aβ Peptide Addition on Cultured NPCs during the Stages of Neurogenesis

To mimic the cell environment in AD, we exposed NPCs to Aβ peptide 1–42 once a
week during the differentiation period. First, we assessed whether the expression levels of
the genes selected to characterize each stage of neurogenesis in culture were altered due to
the addition of the Aβ peptide (Figure 7).

Figure 7. Effect of the addition of Aβ peptide 1–42 during the differentiation period. mRNA
expression of the NCAM1 (A), TUBB3 (B), RBFOX3 (C), and SEPT5-GP1BB (D) genes relative to
the geometric mean of ACTB and GAPDH housekeeping genes expression was determined for the
controls and Aβ peptide treated NPCs on days 9, 19, and 29. Vertical lines represent the SEM. *
p-value < 0.05; ** p-value < 0.01.

We found transient and mild treatment-specific differences in mRNA expression for
some of the studied lineage-specific genes. The Aβ peptide reduced NCAM1 expression (p-
value < 0.05) on day 19 (Figure 7A), and TUBB3 (p-value < 0.05) and RBFOX3 (p-value < 0.01)
expression on day 9 (Figure 7B,C). Interestingly, such decreases occurred at the beginning
or in between the studied time window, but these differences were no longer significant at
the end time point (day 29).

Next, we assessed how the addition of Aβ peptide affected mRNA expression of
neurogenesis-related genes and if the changes had any relationship with their methyla-
tion status.

We observed a statistically significant decrease in SEPT5-GP1BB mRNA on day 19
(p-value < 0.05) (Figure 7D) and an increase in the percentage of DNA methylation with a
trend towards statistical significance on day 29 (p-value = 0.082) with the addition of the
Aβ peptide to the culture.

Finally, the Aβ peptide slightly reduced NXN mRNA expression on day 9 (p-value
< 0.05) which is maintained until day 19 (p-value < 0.05) (Figure 8A). NXN methylation
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seems to decrease on day 9 but does not reach statistical significance (p-value = 0.11). One
possible explanation for this is that the sample size is insufficient to show statistical signifi-
cance. Interestingly, a rise in the percentage of NXN methylation level of Aβ peptide-treated
cells was seen on day 29, measuring all amplicon CpG sites (p-value < 0.05) (Figure 8B),
when the decrease in NXN mRNA expression is no longer observed.

Figure 8. Effect of Aβ peptide 1–42 addition on the NXN gene during the differentiation period.
mRNA expression relative to the geometric mean of ACTB and GAPDH housekeeping genes expres-
sion (A). DNA methylation level in the extended mapping amplicon (B) were determined for the
controls and Aβ peptide-treated neural progenitor cells on days 9, 19, and 29. Vertical lines represent
the SEM. * p-value < 0.05.

4. Discussion

To date, a broad overview of the stages of AHN exists. This complex multistep
process can be divided into four phases: a precursor cell phase, an early survival phase,
a postmitotic maturation phase, and a late survival phase. Type 1 radial glia-like cells
(RGLs) represent the NSC population that can differentiate into TAPs (type 2 cells), which
initially have a glial (type 2a) and then a neuronal (type 2b) phenotype. Through a migratory
neuroblast-like stage (type 3), lineage-committed cells exit the cell cycle ahead of maturation
into dentate granule neurons functionally integrated into the hippocampal circuitry [21,22].
Based on cell morphology TFs expression and a set of marker proteins, distinct milestones
have been established [21]. In this study, we examined the expression dynamics of key
markers in order to characterize a directed human NPCs differentiation model across
distinct differentiation stages (Figure 9) to test new AHN epigenetic and expression markers
that might be associated with AD.

During stage 1 (proliferation phase), type 1 RGL cells express GFAP. However, no
differences in GFAP expression are detected until day 19 after the addition of the differ-
entiation medium. This suggests that our in vitro NPCs culture window starts after the
proliferative phase, during stage 2, when type-2 cells (differentiation phase) lose the GFAP
marker [22]. Thus, in contrast to their in vivo counterparts in the SGZ of the brain (some
authors describe that the in vitro expanded NSCs are less neurogenic and mainly biased
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towards an astrocytic fate upon differentiation [20]), GFAP expression on day 19 would
correspond to a subset of astrocytes present in our NPCs culture [23].

Figure 9. Expression pattern of AHN lineage-specific genes, assessed to characterize our NPCs
in vitro model. The diagram illustrates NEUROD1, NCAM1, TUBB3, RBFOX3, CALB1, and GFAP
gene expression profiles during directed neuronal differentiation for our time window NPCs culture
model, based on the developmental stages of AHN within the neurogenic niche of the DG.

In stage 3 (migration phase), migrating neuroblasts display the polysialylated form of
NCAM (PSA-NCAM), a marker that appears at the late stage of AN and seems to persist in
young postmitotic neurons [24]. Accordingly, our results suggest the presence of a plateau
between day 19 and day 29 for NCAM1 mRNA expression. Most PSA-NCAM-positive
cells express NeuroD and NeuN, but not GFAP, which supports the abovementioned
findings [24]. bHLH TF NEUROD1 plays an essential role in the differentiation and
survival of neuronal precursors in the SGZ. NeuroD1 deletion leads to new granule neurons
depletion and their failure to integrate into the DG [25]. In line with findings by Xuan
Yu et al. [26], we observed a rise of NEUROD1 gene expression during our culture time
window. Moreover, expression of NeuroD can also be detected in PSA-NCAM-positive
cells, precedes it [24], and reaches the highest point in late-stage type 2b and type 3 cells [2].
Once the newly generated neurons become postmitotic, they begin to express the NeuN
marker, which is consistent with an earlier RBFOX3 mRNA expression in our model. We
found that RBFOX3 expression increases until days 19 and 29 of differentiation, showing
an expression profile similar to that of NCAM1.

Next, cells become postmitotic entering stage 4 (axonal and dendritic targeting). Im-
mature neurons still express PSA-NCAM and, at the same time, can also be marked by
NeuN. TUBB3, involved in axon guidance and maintenance, is expressed simultaneously;
it encodes a class III member of the beta-tubulin protein family, characteristic of early
postmitotic and differentiated neurons and some mitotically active neuronal precursors.
This is consistent with the increase in TUBB3 mRNA detected in our model, prior to its
translation into protein. TUBB3 mRNA expression persists in neurons displaying high
complexity and electrophysiological properties, such as very low capacitance, high input
resistance, depolarized resting membrane potential, and lack of synaptic activity, which
show immunoreactivity for NeuN and thus represent postmitotic neurons [24,27].

Finally, mature granule cells establish their synaptic contacts and become functionally
integrated into the hippocampus in stage 5 (synaptic integration), expressing calbindin
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along with NeuN but without co-expressing PSA-NCAM [24]. We do not find variations in
CALB1 mRNA expression within the analyzed culture time window, which may occur later
in time. We indeed detect synaptophysin in the IF study on day 29, which suggests that
our time window ends early at the synaptic integration phase.

Hence, by culturing NPCs as a monolayer in a medium that accelerates neuronal
differentiation by enhancing synaptic activity [14], we achieve a less time-consuming differ-
entiation strategy that resembles the in vivo developmental program of human hippocampal
DG, which differs from that of the SVZ [28], as we are able to generate developing neurons
potentially expressing relevant features of the AHN process.

Once the first objective was accomplished, we evaluated whether a set of AD-related
differentially methylated genes targeted specific AHN milestones. These genes had been
identified in a previous study of the human hippocampus and annotated as neurogenesis
genes following a curated review of the literature [6]. No differences in DNA methylation
for the CNTNAP1, SEPT5-GP1BB, and TBX5 genes were identified within the period of
this study. Only one or two CpGs were analyzed for each gene, those that had been
identified as differentially methylated in the hippocampus of AD patients, so changes in
DNA methylation may be present in other regions of the gene and may not have been
detected with our approach. Still, changes in DNA methylation may occur before or after
our time window.

However, it is worth noting that all the above genes undergo mRNA expression
changes, suggesting they could be considered potential molecular markers of different
AHN stages (Figure 10). Further studies should be carried out to confirm this.

Figure 10. Expression patterns of neurogenesis-related genes evaluated in our in vitro model on
NPCs. The illustration depicts the expression profiles of the CNTNAP1, SEPT5-GP1BB, TBX5, and
NXN genes during directed neuronal differentiation of our time window culture model on NPCs,
according to the developmental stages of AHN within the neurogenic niche of the DG.

CNTNAP1 and SEPT5-GP1BB mRNA expression levels increase on day 19/29, possi-
bly identifying immature neurons, when axonal and dendritic targeting occurs. Indeed,
CNTNAP1 encodes a type I integral membrane protein that regulates the intracellular
processing and transport of contactin to the cell surface [29,30], also known as contactin-
associated protein (CASPR), which is present in synapses and interacts with AMPA (α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) glutamate receptors that mediate
fast excitatory synaptic transmission in the central nervous system (CNS) [31]. CASPR is an
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adhesion molecule crucial to forming axoglial paranodal junctions surrounding the nodes
of Ranvier in myelinated axons [32].

Known to be a negative regulator of neurite outgrowth in CNS neurons [30], CASPR1
plays an essential role in the timing of neuron and astrocyte development in the mouse
cerebral cortex by repressing the transcription of the Notch effector Hes1. In radial glial
cells, CASPR1 deficiency delays the generation of cortical neurons and induces the early
formation of cortical astrocytes without affecting the number of progenitor cells. Thus,
during the neurogenic period, CASPR1 is highly expressed, while during the gliogenic
period its expression decreases [32,33]. Moreover, CASPR1 has been reported to be under
the regulation of the astrocytic methyl-CpG-binding protein 2 (MeCP2) along with key
myelin genes and proteins [34].

For its part, SEPT5-GP1BB is originated from naturally occurring read-through tran-
scription between the neighboring SEPT5 (SEPTIN5) and GP1BB (Glycoprotein Ib Platelet
Subunit Beta) genes on chromosome 22. Inefficient use of an imperfect polyA signal in the
upstream SEPT5 gene causes transcription to continue into the GP1BB gene. The Genotype
Tissue Expression (GTEx) Project established by the National Institutes of Health (NIH)
Common Fund shows the highest median expression of this gene in the brain cortex, but to
the best of our knowledge, this is the first study describing SEPT5-GP1BB as a possible key
marker of temporal specification of cell fate in neurogenesis.

The TBX5 gene displays the highest level of mRNA expression on day 29. It belongs
to a phylogenetically conserved family of genes sharing a common DNA-binding domain,
the T-box, which encodes TFs involved in the regulation of developmental processes. Ac-
cordingly, it is considered pivotal in the establishment of the cardiac lineage [35]. Moreover,
TBX5 regulates the development of the vertebrate eye [36] and limb skeletogenesis [37].
Here, we observe a statistically significant increase in TBX5 mRNA at the end time point of
our culture (day 29), and therefore, we propose it as a transcriptional candidate marker of
postmitotic differentiating cells that may exhibit a peak of expression in the transition of
immature to mature neurons.

The most relevant findings of our study relate to the NXN gene. At CpG site resolution,
NXN shows differential methylation at every time point in comparison to basal cells.
Moreover, when we extend the mapping and further average across all CpG sites of the
amplicon, we confirm these findings and show that peak methylation of NXN occurs on
day 9. Such curve outlined by the percentage of NXN DNA methylation would range from
type-2a/2b TAPs to immature neurons, peaking at type 3 neuroblasts. This may allow to
discriminate the migration stage of neurogenesis.

Interestingly, the increase in NXN methylation is associated with higher mRNA expres-
sion levels during our culture time window. DNA methylation at gene promoter regions
usually represses gene expression through the recruitment of methylated DNA-binding
protein family members, such as methyl-CpG-binding protein 1 (MBD1) and MeCP2. Nev-
ertheless, DNA methylation roles in gene regulation appear complex and multi-faceted
and genome structure integration becomes of major importance [38]. In the same way
that CG-rich and CG-poor regulatory elements may undergo distinct modes of epigenetic
regulation [38], DNA methylation has been linked to gene activation within the transcribed
regions and the highest levels of gene body methylation may enhance transcription [39].
Indeed, it is precisely in this region where the studied DMPs are located (Supplementary
Figure S1). Thus, DNA methylation has been previously correlated with increased expres-
sion in human embryonic stem (ES) cells in an in vitro-induced differentiation work [40,41].
Furthermore, gene expression is not only regulated by methylation in the same region,
but by other epigenetic mechanisms or methylation in other regulatory areas. Several
gene regulatory elements seem to communicate on the same or different chromosomes.
Enhancers and insulators participate in this higher-order organization of chromatin [42]. In
fact, sequential recruitment of lineage-restricted transcription factors leads to enhancers
being activated or maintained in a poised state upon stem cell differentiation [43].
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NXN is a ubiquitously expressed endogenous antioxidant, member of the thioredoxin
antioxidant superfamily [44,45]. In brain sections of mice, there is a predominant neuronal
expression of NXN in septal nuclei and the hippocampus, in which its deletion results
are embryonically lethal, mainly due to cranial defects and deformities [46]. Specifically,
immunoreactive signals of NXN were found in fibers in the cortex, hippocampus, and
cerebellum [46].

In proliferating cells, NXN sequesters dishevelled segment polarity protein 2 (DVL2).
Upon the increase in ROS, NXN releases DVL2, relaying the WNT signal to downstream
effectors. As a result, cytosolic β-catenin accumulates and shuttles to the nucleus where
it drives specific expression of target genes relevant to neuronal differentiation [44,45,47].
NXN also retains a pool of inactive Dvl by preventing the possible interaction of Dvl
and kelch-like protein 12 (KLHL12) and its subsequent ubiquitination and degradation,
ensuring a prompt activation upon Wnt stimulation [46]. In agreement with this, it has
been proved that NXN knockdown of SH-SY5Y human neuroblastoma cells increases
proliferation and cell cycle reentry [48]. Accordingly, in our in vitro model, the increased
expression of NXN mRNA levels is consistent with the absence of cell proliferation.

The literature points to interactions with further partners that include histone deacety-
lase 6 (HDAC6), heat shock protein 90 kDa (HSP90), and calcium calmodulin kinase 2a
(Camk2a), a postsynaptic kinase crucial for neuronal plasticity [46,48]. Moreover, NXN
may be implicated in transcriptional regulation, promoting the induction of the TFs CREB
(cAMP response element-binding protein), NFκB (nuclear factor kappa B), and AP-1 (acti-
vator protein-1) [46].

In the context of AD, it is known that Aβ peptides are generated after the cleavage of
APP by γ-secretase in the amyloidogenic pathway [10]. In previous models, the physiologi-
cal concentration of Aβ peptides in the brain revealed a positive effect on neuroplasticity
and learning, showing improved hippocampal long-term potentiation (LTP), while high
nanomolar Aβ administration resulted in impaired cognition [49,50], suggesting a hormetic
nature [51]. Because low picomolar levels of extracellular concentrations of Aβ in the nor-
mal brain have been estimated, in our experiments we chose a concentration of Aβ peptide
1–42 in the nanomolar range (50 nM), added once a week during the 29 days of culture, a
single dose determined by the average of concentrations used by Gulisano et al. [52] and
Malmsten et al. [53].

It has been reported that the synthetic Aβ peptide 1–42 oligomer decreases human
NSC proliferative potential and appears to favor glial differentiation; it reduces neuronal
cell fates [10] or suppresses the number of functional human ES cells-derived neurons [54].
Nonetheless, Bernabeu-Zornoza et al. showed that 1 µM monomeric Aβ peptide 1–42
promoted human NSCs proliferation by increasing the pool of glial precursors, without
affecting neurogenesis [55]. On the other hand, differentiating neurospheres exposed to
fibrillar Aβ decreased neuronal differentiation and induced gliogenesis [54]. The existing
controversies may be due to Aβ isoforms, peptide concentrations, aggregation state, ad-
ministration times, or type of NSCs/NPCs from different species or culture systems used
in each experiment [55].

In our work, some of the analyzed genes show a mild decrease in mRNA expression
after Aβ 1–42 addition. This transient effect is evident on day 9 or day 19, not occurring
on day 29, suggesting that, despite affecting genes involved in the fate of neurogenesis,
probably before cells maturation and leading to a decrease in differentiation, the addition
of nanomolar concentrations of Aβ is somehow counteracted in the long-term. A time-
dependent reversal of the effects of picomolar Aβ on synaptic plasticity and memory had
been already seen by Koppensteiner et al., attributable to the enzyme neprilysin, whose
levels are reduced with aging and in the brains of AD patients [56]. In fact, a study in which
mutant APP was overexpressed to ensure Aβ release exclusively by mature neurons, found
neither a positive nor a negative effect in AHN [57]. Hence, our simplistic model may shed
light on early AD neurogenesis events, before Aβ deposition cannot be overcome.
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A transcriptomic analysis of several human AD profiles demonstrated upregulation
of neural progenitor markers expression and downregulation of later neurogenic markers,
implying that neurogenesis is reduced in AD due to compromised maturation [58]. Inter-
estingly, the authors showed downregulation of NCAM1 expression in the hippocampus of
early-stage AD, as well as of NCAM1, TUBB, and RBFOX3 in late-stage AD, which is in
line with our results after the addition of Aβ to the culture. Moreover, Moreno-Jimenez
et al. recently provided evidence for substantial maturation impairment underlying AD
progression. They identified a decline in doublecortin-expressing cells that co-expressed
PSA-NCAM in the DG starting at Braak stage III, followed by a reduction in the expres-
sion of NeuN and βIII-tubulin, among others, at some of the subsequent stages of the
disease [12].

Our results also show a decrease in SEPT5-GP1BB mRNA expression on day 19 when
Aβ 1–42 was added to the culture. Again, this suggests that even low levels of Aβ peptide
deposit may already have an effect on neuronal fate. For NXN, such a decrease in mRNA
expression was also observed on day 9 and day 19 cultures. No changes were seen on day 29
when the percentage of methylation levels in the NXN amplicon increased in differentiating
cells with Aβ 1–42.

Thus, NXN emerges as a candidate gene that needs to be further studied to address its
ability to determine not only the temporal sequence of neurogenesis but simultaneously
the differences in the AD brain due to Aβ peptide deposition.

AHN confers a unique mode of plasticity to the mature mammalian brain. Research
in this field requires non-invasive monitoring to understand the lifelong impact [59]. Easier
than manipulating NSCs, in part because of the time saving, our NPCs model facili-
tates studying gene expression levels in an in vitro cell culture platform within a human
context [60]. Moreover, this straightforward approach may help further understand the
alterations affecting specific lineage cell types in presence of the Aβ peptide, including
early pathological changes, possibly associated with prodromal phases. On the other hand,
other cell types are involved in pathogenesis, particularly microglia, which play a major
role, together with neuroinflammation, in the risk of developing AD and its progression.
In consequence, co-cultures with other cell types present at neurogenic niches, such as
microglia, may be implemented to overcome the limitations presented by the characteristics
of an in vivo niche environment.

Finally, the development of AHN monitoring methods as biomarkers for cognitive
function in live individuals will be crucial to staging AD progress. Moreover, studying the
utility of TF reprogramming to preserve endogenous AHN may contribute to cognitive
resilience in AD [58]. However, despite the enthusiasm, the prospect of using adult NSCs
therapeutically as a regenerative source needs to address neuronal integration and its
impact on host mature neural circuits [59]. It will involve strategies to accomplish the NSC
pool maintenance, generation of correct neuronal subtypes, suppression of glial fates, and
differentiation and survival of immature neurons [2].

5. Conclusions

In this work, we present the transcriptional profiles of a number of genes involved in
specific stages of the AHN process for a thorough understanding of the lineage-restricted
fate during human neuronal differentiation. The addition of Aβ peptide 1–42 to our human
NPCs culture model, generates results that are similar to those obtained in human AD
samples regarding the expression of the NCAM1, TUBB3, and RBFOX3 genes, offering
an in vitro opportunity to study AHN impairment in the AD context. Considering this
approach, the NXN gene shows a rise in DNA methylation, the maximum being coincident
in time with type 3 neuroblasts and displays differential DNA methylation in immature
neurons in presence of the Aβ peptide. Moreover, CNTNAP1, SEPT5-GP1BB, TBX5, as well
as NXN were revealed as mRNA expression molecular markers for specific stages of AHN.
Finally, differentiating NPCs decrease their SEPT5-GP1BB or NXN mRNA expression at
different neurogenesis time points with the addition of the Aβ peptide to the culture.
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Abstract: SMG6 is an endonuclease, which cleaves mRNAs during nonsense-mediated mRNA decay
(NMD), thereby regulating gene expression and controling mRNA quality. SMG6 has been shown as
a differentiation license factor of totipotent embryonic stem cells. To investigate whether it controls
the differentiation of lineage-specific pluripotent progenitor cells, we inactivated Smg6 in murine
embryonic neural stem cells. Nestin-Cre-mediated deletion of Smg6 in mouse neuroprogenitor cells
(NPCs) caused perinatal lethality. Mutant mice brains showed normal structure at E14.5 but great
reduction of the cortical NPCs and late-born cortical neurons during later stages of neurogenesis
(i.e., E18.5). Smg6 inactivation led to dramatic cell death in ganglionic eminence (GE) and a reduction
of interneurons at E14.5. Interestingly, neurosphere assays showed self-renewal defects specifically
in interneuron progenitors but not in cortical NPCs. RT-qPCR analysis revealed that the interneuron
differentiation regulators Dlx1 and Dlx2 were reduced after Smg6 deletion. Intriguingly, when Smg6
was deleted specifically in cortical and hippocampal progenitors, the mutant mice were viable and
showed normal size and architecture of the cortex at E18.5. Thus, SMG6 regulates cell fate in a cell
type-specific manner and is more important for neuroprogenitors originating from the GE than for
progenitors from the cortex.

Keywords: SMG6; NMD; neurogenesis; neurodevelopmental syndromes

1. Introduction

Cell fate relies on the correct “read” of the genetic code and its translation into func-
tional proteins. Nonsense-mediated mRNA decay (NMD) is a cellular surveillance mecha-
nism that is involved in controlling the quality of mRNA [1–3]. It degrades transcripts that,
after a nonsense mutation or alternative splicing events, harbor a premature termination
codon (PTC) before (>50–55 nucleotides) an exon–exon junction complex (EJC). The stable
interaction of UPF1 with eRFs at the PTC site recruits the NMD factors UPF2, UPF3 and the
kinase SMG1. SMG1 phosphorylates UPF1 and UPF2 thereby promoting the recruitment
of the endonuclease SMG6 or the SMG5/SMG7-mediated exonuclease for RNA degrada-
tion [1]. The branches of SMG6- and SMG5/7-mediated NMD pathways have been shown
to overlap, yet with distinct differences in certain populations of target transcripts [4].
Recently, it was demonstrated that SMG6 (Suppressor with morphogenetic effect on gen-
italia protein 6) endonuclease activity can depend on the SMG5/SMG7 heterodimer [5].
Moreover, non-mutant transcripts can also be targeted by NMD, for example the transcripts
with uORF and long 3′UTR, thereby regulating normal gene expression [4,6].

NMD deficiency leads to an accumulation of deleterious mRNA products, which
can be translated not only into mutated malfunctional proteins but also into functional
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ones, which then may cause tissue dysfunction or pathogenesis [3,7–9]. The complete
knockout of NMD genes, such as Upf1 [10], Upf2 [11] or Smg1 [12] resulted in embryonic
lethality, highlighting the importance of NMD for early development. Previously, we
have shown that the complete deletion of Smg6 in mouse germline blocks differentiation
of embryonic stem (ES) cells into germ layers and thereby results in early embryonic
lethality [13]. Furthermore, we demonstrated that SMG6 is required for the production of
induced pluripotent stem cells (iPS) from somatic cells [13]. This identified SMG6-mediated
NMD as a fundamental regulator of cell fate change, thereby controlling differentiation
and development. In that study, the telomeric function of SMG6, originally identified as
Est1a (Ever Shorter Telomere 1a) in yeast, was proven to be negligible.

In humans, mutations or deletion of NMD factors have been associated with several
neurological disorders [14]. Human UPF3B, encoded by the X-linked gene UPF3B, was
the first NMD factor linked with human neurodevelopmental syndromes such as X-linked
intellectual disability (ID) with and without autism, childhood onset schizophrenia (COS)
and attention deficit hyperactivity disorder (ADHD) [15,16]. Mutations of UPF3B led to
the loss or truncation of the protein and caused ID in males of several families [15,16].
Genetic studies have identified mutations or copy number variants in UPF2, UPF3, SMG9
and the exon-junction complex component RBM8A in human patients with neurological
symptoms [17–19]. Furthermore, NMD proteins (UPF3b, UPF1, UPF2, SMG1) have been
shown to participate in axon outgrowth, synapse formation and, thus, in various behavioral
processes [20–26]. All these observations suggest that, in addition to its general role
in the early embryonic development, NMD has specific functions in self-renewal and
differentiation of neuroprogenitor cells as well as in neuronal functionality. However, the
precise molecular mechanism underlying these processes remains largely unknown.

In order to elucidate the function of SMG6 in neurogenesis during brain development,
we applied genetic and cellular studies to inactivate Smg6 in various neural progenitor
cells. We found that SMG6 is more critical for the cell fate determination of interneu-
ron progenitors in the ganglionic eminence (GE) compared to cortical neuroprogenitor
cells (NPCs).

2. Material and Methods
2.1. Mice

Smg6flox(Smg6tm1.1Zqw), Smg6+/∆(Smg6tm1.2Zqw) [13], Nes-Cre (Tg(Nes-cre)1Kln) [27],
Emx1-Cre (Emx1tm1(cre)Krj) [28], Rosa26-CreERT2 (Gt(ROSA)26Sortm1(cre/ERT2)Tyj), Smg6-
CNS∆ and Smg6-CoHi∆ mice were bred and housed in the mouse facility of Fritz Lipmann
Institute (FLI, Jena, Germany). Mice were fed ad libitum with standard laboratory chow
and water in ventilated cages under a 12 h light/dark cycle. All animal work was con-
ducted according to the German animal welfare legislation and approved by the Thüringer
Landesamt für Verbraucherschutz (TLV). The genotyping of mice was performed by PCR
on DNA extracted from tail tissue as previously described [13].

2.2. Immunoblot Analysis

Proteins were extracted using RIPA buffer supplemented with 1 mM PMSF and
20–50 µg of cell lysates were separated with SDS–PAGE as described [29]. The primary
antibodies rabbit anti-Smg6/Est1A (1:1500; Abcam, Berlin, Germany), mouse anti-GAPDH
(1:20,000; Sigma-Aldrich, Taufkirchen, Germany), mouse anti-Actin (1:20,000; Sigma-
Aldrich), and secondary antibodies HRP-conjugated goat anti-rabbit IgG or goat anti-mouse
IgG (1:10,000; DAKO, Frankfurt am Main, Germany), were used.

2.3. RT-qPCR

Total RNA was isolated from neural stem cells using the RNeasy Mini Kit (Qiagen,
Hilden, Germany) following the manufacture’s recommendations. After genomic DNA
removal by DNAse I, the cDNA library was generated using SuperScript™ III Reverse
Transcriptase (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). The quantitative
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real-time PCR (qPCR) was performed in triplicates for each sample using Platinum™
SYBR™ Green qPCR SuperMix-UDG (Invitrogen) and a LightCycler® 480 Instrument
(Roche). The sequences of the used primers are summarized in Table 1.

Table 1. Primers used for qPCR analysis.

Transcript Primer Sequence (5′ to 3′) Reference

Smg6 AGGAATTGGACAGCCAACAG
Li et al., 2015 [13]TCTCGGTTTTATCCGGTTTG

Gas5 TTTCCGGTCCTTCATTCTGA
Weischenfeldt et al., 2008 [11]TCTTCTATTTGAGCCTCCATCCA

Ifrd1 ATCGGACTGTTCAACCTTTCAG
Park et al., 2017 [30]GCACTCTTATCAAGGGTTAGGTC

Gad67 CACAGGTCACCCTCGATTTTT MGH primerbank [31]
ACCATCCAACGATCTCTCTCATC

Dlx1 GGCTGTGTTTATGGAGTTTGGG Wang et al., 2016 [32]
CCTGGGTTTACGGATCTTTTTC

Dlx2 GTGGCTGATATGCACTCGACC MGH primerbank [31]
GCTGGTTGGTGTAGTAGCTGC

Mash1 TCTCCTGGGAATGGACTTTG
Kraus et al., 2013 [33]GGTTGGCTGTCTGGTTTGTT

Actin AGAGGGAAATCGTGCGTGAC
Li et al., 2015 [13]CAATAGTGATGACCTGGCCGT

Gapdh GTGTTCCTACCCCCAATGTGT
Li et al., 2015 [13]ATTGTCATACCAGGAAATGAGCTT

2.4. Neurosphere Formation Assay and In Vitro Neuronal Stem Cell Differentiation

Neuroprogenitor cells were isolated and used for neurosphere formation assays from
E13.5 cortices and ganglionic eminences as previously described [29]. After isolation,
neuroprogenitor cells were plated for neurosphere formation in DMEM/F12 medium
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 2% B-27 sup-
plement (Invitrogen), 1X penicillin and streptomycin (Thermo Fischer Scientific, Waltham,
MA, USA), 20 ng/mL EGF and 10 ng/mL bFGF (PeproTech, East Windsor, NJ, USA).
Formed neurosphere numbers and cell numbers were counted after 7 days in culture.
For the in vitro differentiation, neurospheres were trypsinised and cells were plated on
poly-L-lysine (10 µg/mL overnight at room temperature, P5899, Sigma-Aldrich) and then
laminin (10 µg/mL, 30 min at 37 ◦C, L2020, Sigma-Aldrich)-coated flat bottom 96-well
plates (CellCarrier 96 Ultra, Cat# 6005550). After 2 days, the differentiation was initiated
by changing the neural stem cell medium by differentiation medium: DMEM/F12 (Gibco)
supplemented with 1% FSC (Thermo Fischer Scientific), 2% B27 (Invitrogen), 1X penicillin
and streptomycin (Thermo Fischer Scientific). Cells were fixed, permeabilized and applied
for immunofluorescent staining as described previously [34]. β-Tubulin III (TUJ1) antibody
(1:200, Covance, MMS-435P, Princeton, NJ, USA) was used to detect neurons, and GFAP
antibody (1:400, Dako, Z0334, Frankfurt am Main, Germany) was used to detect astrocytes.

2.5. Histology, TUNEL Reaction and Immunofluorescent Staining

Brains from E14.5 and E18.5 embryos were fixed overnight with 4% paraformaldehyde
(PFA) (pH 7.2) and cryopreserved in 30% sucrose overnight. Neg-50 (Thermo Fischer
Scientific) frozen section medium was used to embed the brains followed by cryosectioning
(Microm™ HM 550 Cryostat, Thermo Fischer Scientific, Waltham, MA, USA) of 12 µm
thick slices. After antigen retrieval in citrate buffer for 40 min at 95 ◦C, immunostaining
with the following primary antibodies was performed: rabbit anti-SOX2 (1:200, Abcam,
Ab97959); rabbit anti-TBR2/Eomes (1:200, Abcam, Ab23345); rabbit anti-TBR1 (1:200,
Abcam, Ab31940); rat anti-CTIP2 (1:200, Abcam, Ab18465); rabbit anti-CUX1/CDP (1:100,
Santa Cruz, Sc-13024, Heidelberg, Germany); rabbit anti-A-calbindin D-28k (1:1000, Swant,
CB38, Burgdorf, Switzerland); anti-phospho-histone H3 (Ser10) (1:400, Cell Signaling,
9071, Danvers, MA, USA); and anti-Cleaved Caspase-3 (1:200, Cell Signaling, 9661S).
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Immunoreactivity was visualized using secondary antibodies anti-rabbit IgG conjugated
with Cy3 (1:200, Sigma-Aldrich), Cy2 or Cy5 (1:200, Jackson ImmunoResearch), donkey anti-
mouse IgG conjugated with Cy3 (1:200; Sigma-Aldrich), goat anti-rabbit Biotin conjugated
(1:400, Vector Laboratories, Burlingame, CA, USA) and donkey anti-rat IgG conjugated
with Alexa-488 (1:200, Sigma-Aldrich), streptavidin-Cy3 (1:800, Sigma-Aldrich). Overall
cell death was detected using TUNEL reaction, as described previously [35]. In all cases,
the nuclei were counterstained using DAPI (1:10,000, Sigma-Aldrich) and mounted in
ProLong Gold Antifade reagent (P36930, Invitrogen).

2.6. Microscopy and Image Analysis

The images of whole brain sections were acquired using BX61VS Olympus Virtual
microscope and processed with Olympus Olyvia 2.9 computer program. The immunofluo-
rescence images of the in vitro differentiation of neural stem cells were acquired using the
microscope ImageXpress Micro Confocal (short IXMC) from Molecular Device (MD). In
each well, a z-stack of seven images with 1 µm distance was recorded using 10× Plan Apo
objective with confocal mode (50 µm slit disc) at four sites. For subsequent image analysis,
a custom module in the MetaXpress software from MD (version 6.2.3.) was created and
applied on maximum projections of each z-stack. Each cell was defined by its nucleus
using a mask derived from the DAPI channel. Depending on the intensity within this mask
in the other channels, each nucleus was classified as belonging to a neuron, astrocyte or
unclassified cell. This led to a summarized number of each cell type in each well.

2.7. RNA-Seq and Bioinformatic Analysis

NPCs were isolated from E13.5 embryo brains after crossing Smg6flox and Rosa26-
CreERT2 mice, and kept in neurosphere cultures for 2 days followed by 4-Hydroxytamoxifen
(4-OHT, Sigma) treatment to induce the Smg6 deletion. Total RNA was isolated 6 days after
4-OHT treatment from cells with genotypes Smg6flox/flox; Rosa26-CreERT2 (without 4-OHT)
(ctr), Smg6flox/flox treated with 4-OHT (ctr + 4-OHT) and Smg6flox/flox; Rosa26-CreERT2

treated with 4-OHT (Smg6-iKO)) using the RNeasy Mini Kit (Qiagen) and following the
manufacturer’s manual. The RNA integrity was checked using an Agilent Bioanalyzer 2100
(Agilent Technologies). All samples showed a RIN (RNA integrity number) higher than 9.
Approximately 800 ng of total RNA was used for library preparation using a TruSeq
Stranded Total RNA (RiboZero Gold) according to the manufacturer’s protocol. The li-
braries were pooled into one and sequenced in three lanes using HiSeq2500 (Illumina) in
single-read high-output mode, which created reads with a length of 50 bp. Sequencing
reads were extracted using bcl2FastQ v1.8.4. On average, 73 million reads per sample
were obtained. For expression analysis, the raw reads were mapped with STAR (ver-
sion 2.5.4b, parameters: –alignIntronMax 100000–outSJfilterReads –outSAMmultNmax
Unique –outFilterMismatchNoverLmax 0.04) [36] to the Mus musculus genome (GRCm38)
with the Ensembl genome annotation (Release 92). For each Ensembl gene, reads that
mapped uniquely to one genomic position were counted with FeatureCounts (version 1.5.0,
multi-mapping or multi-overlapping reads were not counted, stranded mode was set to
“–s 2”, Ensembl release 92 gene annotation) [37]. The table of raw counts per gene per
sample was analysed with R (version 3.5.0) using the package DESeq2 (version 1.20.0) [38].
The sample group Smg6-iKO (n = 4) was contrasted with the sample group Ctr + 4-OHT
(n = 4), with Smg6-iKO being the reference level. The sample group Ctr (n = 3) was also
contrasted with the sample group Smg6-iKO (n = 4) and the Ctr + 4-OHT (n = 4). For each
gene of the comparison, the p-value was calculated using the Wald significance test. Re-
sulting p-values were adjusted for multiple testing with Benjamini & Hochberg correction.
Genes with an adjusted p-value < 0.05 were considered differentially expressed (DEGs).
The log2 fold changes (LFCs) were shrunk with lfcShrink to control for variance of LFC
estimates for genes with low read counts. The changes in molecular pathways as well as
their possible upstream regulators were identified by analyzing abovementioned three
pairwise comparisons using Ingenuity Pathway Analysis (IPA) program (Qiagen).

144



Cells 2021, 10, 3365

2.8. Statistical Analysis

Depending on the distribution of the data points, unpaired two-tailed Student’s t-test
or Mann–Whitney U (MWU) test were used to calculate significance. Data sets underwent
Shapiro–Wilk test for the normal distribution. If the data set passed the Shapiro–Wilk
test (p value > 0.05), Student’s t-test was used, if it did not pass (p value < 0.05), Mann–
Whitney U test was applied. Statistical analyses were performed using GraphPad Prism 8
(GraphPad Software, San Diego, CA, USA). The type of the test performed is indicated in
each figure legend. Indication for significance was used as follows: n.s. > 0.05, * < 0.05,
** < 0.01, *** < 0.001, **** < 0.0001.

3. Results
3.1. Smg6 Deletion in CNS Compromises Embryonic Neurogenesis and Newborn Viability

In order to understand the biological function of SMG6 specifically in the differen-
tiation program of committed lineage NPCs in the central nervous system (CNS), we
generated a conditional knockout mouse model in which Smg6 was deleted in NPCs from
embryonic day E10.5 by intercrossing Smg6F/∆ [13] and Nestin-Cre transgenic mice [27]
to generate CNS-deleted mice (Smg6-CNS∆). We obtained an expected number of Smg6-
CNS∆ embryos at E14.5 and a slightly reduced number at E18.5 (Figure S1A) according to
the Mendelian ratio. However, all Smg6-CNS∆ newborns died within 1–2 days after birth
(Figure S1B).

To investigate the role of SMG6 in neurogenesis, we first analysed brains at E14.5 and
found that an efficient Smg6 deletion in the CNS (Figure S1C) yielded normal embryo body
and brain weight as well as cortex (CTX) thickness (Figure S1D–G). Furthermore, cortical
cellularity and populations of SOX2+ neural progenitor cells and TBR2+ intermediate
progenitors (IPs), as well as populations of early newborn neurons positive for TBR1 and
CTIP2, were the same as in controls at this stage of development (Figure 1A–C). Next,
we examined the brains just before birth at E18.5 and found that Smg6-CNS∆ fetuses had
normal body and brain weights (Figure S1H–J). However, we detected a significantly
smaller CTX in E18.5 Smg6-CNS∆ brains (Figure 1D), indicating mild microcephaly and
defects in embryonic neurogenesis. Concomitantly, the Smg6-CNS∆ cortices presented a
significant reduction of cortical cellularity at this stage (Figure 1E), likely responsible for
the reduction of the CTX.

Mouse CTX contain well defined cellular layers composed of neural precursors in the
ventricular and subventricular proliferative zones (VZ and SVZ, respectively), early born
neurons in the middle part (layers VI and V) and late born neurons in the upper part of
the cortical plate (layers II/III). Next, we histologically analysed the structure of the E18.5
Smg6-CNS∆ brains. It revealed that all the neuronal layers in Smg6-CNS∆ cortices were
formed, but with a significant decrease of SOX2+ NPCs in the VZ and TBR2+ IPs in the
SVZ, indicating an exhaustion of NPC pools during the late embryonic brain development
(Figure 1F,G). The numbers of early born neurons in layers VI and V positive for TBR1 and
CTIP2 were normal, in contrast to a significant reduction of the late born neurons in the
layers II/III judged by the CUX1+ population (Figure 1F,G). These findings indicate that
SMG6 is dispensable for early cortical neurogenesis, but its deletion prematurely depleted
NPC pools and compromised cortical neurogenic production, affecting the cellularity of
the CTX during later development.
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(TBR1 and CTIP2) in E14.5 cortices in A, Student’s t-test was applied for all markers. (C) Quantification of the total cellu-

larity in the E14.5 cortices, Student’s t-test. (D) Smaller CTX area of the E18.5 Smg6-CNS∆ brains, Student’s t-test. (E) 
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Quantification of the NPC cells (SOX2 and TBR2) and neurons (TBR1, CTIP2 and CUX1) in E18.5 cortices shown in D 

Figure 1. SMG6 deficiency in the central nervous system causes perinatal lethality.
(A) Representative immunofluorescent staining of E14.5 cortices, coronal sections. SOX2
and TBR2 stained the progenitors of the VZ and SVZ, respectively. TBR1 and CTIP2
stained the early born neurons of layers VI and V, respectively. DAPI was used to stain
the cell nucleus. VZ: ventricular zone, SVZ: subventricular zone. (B) Quantification of the
neuroprogenitor cells (SOX2 and TBR2) and neurons (TBR1 and CTIP2) in E14.5 cortices in
A, Student’s t-test was applied for all markers. (C) Quantification of the total cellularity in
the E14.5 cortices, Student’s t-test. (D) Smaller CTX area of the E18.5 Smg6-CNS∆ brains,
Student’s t-test. (E) Quantification of the total cellularity in the E18.5 cortices, Student’s
t-test. (F) Immunofluorescent staining of E18.5 coronal sections showing only cortical
region. SOX2 and TBR2 labels NPCs and intermediate progenitor cells in the VZ and SVZ,
respectively. TBR1 and CTIP2 stained the early born neurons in layers VI and V. CUX1
stained the later born neurons in layers IV, III and II. DAPI was used to counterstain the cell
nucleus. VZ: ventricular zone, SVZ: subventricular zone. (G) Quantification of the NPC
cells (SOX2 and TBR2) and neurons (TBR1, CTIP2 and CUX1) in E18.5 cortices shown in D
(MWU test for SOX2 and TBR2, Student’s t-test for the rest). For all graphs: n—number of
embryos analysed. Error bars represent SEM, statistic comparison as indicated in each
graph description—n.s. > 0.05, * p < 0.05, ** p< 0.01.
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3.2. SMG6 Is Essential for Survival of Neural Cells

In order to investigate the cause for the reduction of NPCs and late born neurons of
E18.5 Smg6-CNS∆ brains, we analysed cell death by TUNEL and Active-Caspase 3 (Act-Cas3)
staining. At both E14.5 and E18.5 stages Smg6-CNS∆ brains exhibited a significant increase
of TUNEL and Act-Cas3 signals in the areas of CTX and GE (Figures 2A–H and S2A–H).
The cell death at E14.5 was mainly found in the proliferative VZ and SVZ areas, where
double TBR2 + TUNEL+ staining confirmed the death of IPs (Figure 2A,B). Intriguingly,
TUNEL staining in GE (Figure 2C,D) detected clearly higher (Figure 2D versus Figure 2Bi)
cell death in GE than in CTX at E14.5 brain sections. At E18.5, TUNEL positive cells in
CTX were additionally detected in the intermediate zone (IZ) as well as in the cortical
plate (CP) (Figure 2E,F), suggesting neuronal death at a late stage of brain development.
However, it stayed at comparable levels to E14.5 (Figure 2Bi versus Figure 2Fi) whereas
in GE (Figure 2G,H) we detected less TUNEL signals compared to younger embryos
(Figure 2H versus Figure 2D). Immunofluorescence staining for Act-Cas3 confirmed ele-
vated Caspase 3-dependent cell death in the CTX as well as in the GE (Figure S2A–H).
Counting of phospho- Histone H3 (Ser10)+ cells did not reveal any difference for the
number of mitotic cells in the CTX and GE between mutant and control animals at E14.5
(Figure S3A,B). Interestingly, SMG6 seems to be more crucial for the survival of NPCs of
GABAergic interneurons (IN) that are generated in the GE. To confirm this, we stained
E14.5 cortices with calbindin, an interneuron marker [39–41], and detected significantly less
calbindin+ IN in Smg6-CNS∆ GE (Figure 2I,J) compared to controls. These observations
indicate that at early neurogenesis, SMG6 absence affects the survival of NPCs prominently
in the GE, and to a lesser extend in the CTX.

3.3. Smg6 Deletion Compromises the Self-Renewal and Differentiation Capacity of Neuroprogenitors

To investigate the renewal capacity of SMG6-deficient NPCs, we performed the in vitro
neurosphere formation assay using neural stem cells isolated from the CTX or the GE at
E13.5 (Figure S4A). The control and Smg6-CNS∆ cortical NPCs formed the same number
of neurospheres after 7 days (Figure 3A,Ai), containing a comparable number of cells
(Figure 3Aii), indicating a dispensable role of SMG6 in the renewal capacity of cortical
NPCs. In contrast, mutant GE NPCs gave rise to a similar number of neurospheres
(Figure 3B,Bi), but these neurospheres contained much fewer cells (Figure 3Bii). These re-
sults indicate that SMG6 is specifically critical for the renewal capacity of the GE NPCs, but
less so for those from the CTX. Concomitantly, the mRNA expression levels of the transcrip-
tion factors Dlx1, Dlx2 and Mash1, known to drive interneuron differentiation [42–47], were
dramatically reduced in the neurospheres originating from SMG6-deficient GE (Figure 3C).
These findings indicate a specific role of SMG6 in interneuron progenitors.

Because SMG6 is essential for ES cell differentiation [13], we next studied the differ-
entiation potential of Smg6-deleted neuroprogenitors. To this end, we used neurospheres
derived originally from NPCs of the CTX or GE (Figure S4A) and induced their differentia-
tion in vitro. We found significantly less neurons, judged by TUJ1 staining, at 6 and 8 days
post differentiation (dpd) of NPCs originated from both the CTX and GE (Figure 3D,G,H,K).
The percentage of GFAP-positive cells, representing astrocytes, was modestly but signifi-
cantly increased in Smg6 mutant cultures (Figure 3F,J). In addition, we observed overall
reduced cellularity at 8 dpd compared to controls. It is of note that the reduction of cell
numbers at 8 dpd was more prominent in differentiation cultures from the GE (76%) than
in cultures from the CTX (29%) (Figure 3E,I). In summary, SMG6 plays a role in the differen-
tiation program in vitro and is required for the survival of differentiating cells particularly
of GE derived NPCs.
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Figure 2. SMG6 deficiency causing death of neuronal cells. (A) Co-staining of dying
cells using TUNEL and intermediate progenitors by labelling TBR2 on coronal sections of
E14.5 embryo brains counterstained by DAPI for cell nucleus. Yellow head arrow marks
TUNEL-positive cells, white arrow—TUNEL- and TBR2-positive cells. Quantification
of the total TUNEL-positive cells (Bi) their distribution in different cortical layers (Bii)
and dying TBR2-positive (TUNEL+TBR2+) cells (Biii) at E14.5 indicate neural cell death
mainly in area of progenitors. Statistics MWU for IZ and CP in Bii and Biii, Welch
t-test in Bi and Student’s t-test for the rest. (C) TUNEL staining of GE at E14.5 with
quantification respectively in (D) using Student’s t-test. (E) Co-staining of dying cells
using TUNEL and intermediate progenitors by TBR2 on coronal sections of E18.5 embryo
brains counterstained by DAPI for cell nucleus. Yellow head arrow marks TUNEL-positive
cells, white arrow—TUNEL- and TBR2-positive cells. Quantification performed in the
same manner at E14.5 (Fi–Fiii) shows increased cell death in all cortical layers. Statistics
by Student’s t-test. (G) TUNEL staining of GE at E18.5 quantified in (H) using Welch
t-test. (I) Immuno-fluorescent staining and quantification (J) of calbindin-positive cells in
coronal sections of E14.5 embryo brains. DAPI counterstains the cell nucleus. Statistics
by Student’s t-test. For all graphs: VZ—ventricular zone; SVZ—subventricular zone;
IZ—Intermediate zone; CP—cortical plate; n—number of embryos analysed. Error bars
represent SEM. Significance—n.s. > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p< 0.0001.
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Figure 3. Neuroprogenitor renewal and differentiation are impaired without SMG6, especially in the
NPCs from GE. (A) In vitro neurosphere assay on NPCs from CTX shows no significant difference
in the number of neurospheres (Ai) as well as in the cell number per neurosphere (Aii) after 7 days
in culture. The numbers of neurospheres formed from GE cells (B) also did not differ (Bi), but had
fewer cells per neurosphere (Bii). (C) qPCR analysis on GE neurospheres shows relative expression
changes of indicated gene mRNAs after Smg6 deletion. (D–G) Differentiation capacity of progenitors
from CTX and (H–K) GE at 6 and 8 days after differentiation induction (dpd). (D,H) Co-stainings
of in vitro differentiated cultures from CTX and GE, respectively, at the indicated time points with
quantifications of total cellularity in (E,I), GFAP-positive cells (E,J) and neurons labelled with TUJ1
staining (G,K). For all graphs: n—number of embryos used for cell isolations. Error bars represent
SEM. Statistics by unpaired Student’s t-test in (A–C) and Welch t-test in (E–G,I–K) significance—
n.s. > 0.05, * p< 0.05, ** p< 0.01, *** p< 0.001.
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3.4. SMG6 Deficiency Exclusively in the Cortex Does Not Inhibit Corticogenesis

Nestin-Cre drives deletion of the Smg6 gene in the whole brain; thus, CTX and GE
both are affected in Smg6-CNS∆ mice. To further dissect the SMG6 function in different
populations of NPCs, we deleted Smg6 only in the cortical/hippocampal progenitor cells
at day E9.5 by crossing Smg6-floxed mouse with the Emx1-Cre mouse model (designated
as Smg6-CoHi∆). Intriguingly, in contrast to Smg6-CNS∆ mutants, the Smg6-CoHi∆ mice
were born at expected ratios (Figure S4B) and were viable during the observation period of
20 months. We confirmed specific deletion of the SMG6 protein in the CTX, but not in other
parts of the brain such as the GE and the hind/mid brain (Figure S4F). Notably, the SMG6
levels seem to be reduced less efficiently than in Smg6-CNS∆ embryos because the CTX of
Smg6-CoHi∆ embryos contain a high number of cells, i.e., IN that are not affected by the
deletion and thus have normal levels of SMG6. The body and brain weight of Smg6-CoHi∆
embryos as well as the CTX were normal at E18.5 (Figures S4C–E and 4A,B). Moreover, the
cellularity and thickness of Smg6-CoHi∆ cortices were the same as controls (Figure 4C–E).
Microscopic analysis of immunofluorescent staining revealed a similar number of TBR1+
and CTIP2+ neurons as well as SOX2+ and TBR2+ neuroprogenitor populations between
mutant and control littermates (Figure 4D,F). In contrast to Smg6-CNS∆, TUNEL assay
did not detect obvious cell death in the CTX (Figure 5A,B) nor in the GE (Figure 5C,D).
However, we detected a significant increase of cellular death only in the retrosplenial cortex
of E18.5 Smg6-CoHi∆ embryos (Figure 5E,F), indicating that SMG6 is vital specifically and
only for this small population of cortical cells.
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Figure 4. SMG6 deficiency solely in cortical and hippocampal neuroprogenitors does not inhibit corticogenesis.
(A) Comparison of the E18.5 brains and quantification of the CTX area (B). (C) Quantification of the CTX thickness.
(D) Immunofluorescent staining of E18.5 coronal sections showing only cortical regions. SOX2 and TBR2 labels NPCs and
intermediate progenitors in the VZ and SVZ, respectively. TBR1 and CTIP2 stains early born neurons in layers VI and
V. DAPI counterstains the cell nucleus. VZ: ventricular zone, SVZ: subventricular zone. (E) Quantification of the total
cellularity in the E18.5 cortices. (F) Quantification of the neuroprogenitor cells (SOX2 and TBR2) and neurons (TBR1 and
CTIP2) in E18.5 cortices shown in D. For all graphs: n—number of embryos analysed. Error bars represent SEM. Statistics
by unpaired Student’s t-test, except in (B) the MWU was used, significance—n.s. > 0.05.
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Figure 5. SMG6 deficiency in cortical and hippocampal neuroprogenitors cause neuronal cell death in the retrosplenial
cortex. TUNEL staining comparison of E18.5 brain sections in CTX (A), GE (C) and retrosplenial cortex (RtCtx) (D).
(B,E,F) Quantifications of total TUNEL positive cells in the respective brain parts. For all graphs: n—number of embryos
analysed. Error bars represent SEM. Statistics by unpaired Student’s t-test, except in (F) where the MWU was used,
significance—n.s. > 0.05, * p< 0.05.
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Taken together, using two different neural specific Cre mouse models, we demonstrate
that GE NPCs and interneurons are particularly vulnerable to SMG6 loss. We show that
cortical NPCs and neurons are affected mainly if Smg6 is deleted simultaneously in NPCs
from both brain parts GE and CTX. We conclude that the defects of cortical neurogenesis in
the Smg6-CNS∆ model are likely sensitized by Smg6 deletion in the IN progenitors derived
from the GE.

3.5. SMG6 Null Mutation Activates DNA Repair and p53 Pathways Causing Cell Cycle Dysregulation

The finding that Smg6 deletion has a stronger effect on IN progenitors prompted us to
investigate the transcriptional programs initiated by the loss of SMG6. We analysed the total
transcriptome profile of SMG6-deficient NPCs isolated from E13.5 Smg6-CER (Smg6flox

crossed with Rosa26-CreERT2) mice brains and cultured for 6 days in the presence of
4-OHT that induces Smg6 deletion (Smg6-iKO). RNA-seq data comparison of controls (Ctr
+ 4-OHT) with Smg6-iKO cells revealed 859 differentially expressed genes (DEGs) (cutoff
adjusted p < 0.05), containing 385 upregulated and 474 downregulated DEGs (Figure 6A,
Supplementary Table S1). Confirming its function in NMD, Smg6 knockout resulted in the
presence of the prominent NMD target genes within the upregulated DEGs (underlined
in Figure 6A). The analysis using IPA (Ingenuity Pathway Analysis) showed that the
majority of the DEGs are involved in DNA repair and cell cycle pathways (Figure 6B).
Furthermore, we used the IPA upstream regulator tool to find which possible regulator
was upstream, and whether the activation or silencing of it could explain the observed
gene expression changes. The upstream analysis of all DEGs predicted the activation of
Trp53, Cdkn2a and Cdkn1a genes (positive Z-score) that might have caused the detected
changes (Figure 6C), indicating activation of DNA repair pathways that would lead to cell
cycle arrest and eventually cell death. Interestingly, we found that FoxM1 is among the top
30 strongest upstream regulators of DEGs, although with a negative Z-score, indicating
that an inhibition of the FOXM1 function could also be a reason for the detected expression
changes. FOXM1 is known to promote Dlx1 gene expression [48] and its silencing could
cause the down regulation of Dlx1, which we observed in neurospheres after Smg6 deletion
(Figure 3C).
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Figure 6. RNAseq analysis of neuroprogenitors after 4-OHT induced deletion of Smg6. (A) Total amount of identified
differentially expressed genes (DEGs) with the 25 strongest up- and down-regulated genes. (B) Top 30 altered molecular
pathways identified using IPA software. Control comparison of control cells treated and not treated with 4-OHT is shown in
the left column. (C) Top 30 predicted upstream regulators of the detected changes in the transcriptome. Control comparison
of control cells treated and not treated with 4-OHT is shown in the left column. For Ctr condition cells from 3 embryos
and for each of Ctr + 4OHT and Smg6-iKO conditions cells from four embryos were used. DEGs for analysis by IPA were
defined by adjusted p-value ≤ 0.05 and log2FoldChange ≤ −0.2 and ≥0.2.
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4. Discussion

A complete deletion of key NMD genes such as Smg1, Upf1 or Upf2 results in early
embryonic lethality, demonstrating an essential function of RNA metabolism/quality
control during development [10–12]. We previously showed that Smg6 deletion in ES cells
had no impact on their viability but blocked their ability to differentiate into germ layers
during mouse development. We concluded that SMG6-mediated NMD is a license factor for
the cell fate determination of pluripotent stem cells [13]. Interestingly, in the present study,
we show that if Smg6 is deleted in committed neural stem cells during development at E10.5
(Nestin-Cre) or at E9.5 (Emx1-Cre), these NPCs are viable, can differentiate into various
cell types and thus are able to support development of the entire brain. However, later
embryonic neurogenesis and thus production of late born neurons is compromised in the
Nestin-Cre mediated Smg6 deletion model. This is in immense difference to the pluripotent
ES cells, where the deletion of Smg6 blocked differentiation through overexpression of the
pluripotency gene c-Myc [13]. In contrast to ES cells, the overexpression of c-Myc during
neurogenesis is known rather to support not only the self-renewal but also the neuronal
differentiation of the NPCs [49,50].

Nestin-Cre mediated deletion of Smg6 resulted in defects in both CTX and GE. In
the CTX we detected a reduction of the NPC pool in VZ and SVZ and less production
of late born neurons at E18.5 (Figure 1F,G), indicating that defects appear rather late in
corticogenesis. Interestingly, we found that Smg6 inactivation affects GE-derived NPCs
earlier, i.e., at E14.5, judged by higher cellular death in histology and a decreased self-
renewal of IN progenitors in the neurosphere assay compared to results obtained from CTX.
Furthermore, we detected a reduced generation of calbindin-positive GABAergic neurons
at E14.5, indicating dysregulation of the interneuron production. The striking finding
is that Emx1-Cre mediated Smg6 inactivation exclusively in cortical and hippocampal
progenitors (Smg6-CoHi∆ mice), which spared IN progenitors, caused no comparable
cortical defects. However, Emx1-Cre was reported to be more efficient and mediating
stronger cortical defects than Nestin-Cre in other models [34,51,52]. Smg6-CoHi∆ mice
were viable during the observation period of 20 months. This cell type specificity of SMG6
is supported by in vitro neurosphere assays, where we found that SMG6 null compromises
only progenitors from GE but not from CTX. Thus, we conclude that SMG6 plays a less
important role in the cortical progenitor renewal and differentiation, but is specifically
required for IN neuroprogenitors and their derived cell lineages during brain development.
Given these observations and the fact that GE-derived INs migrate tangentially to the CTX
and regulate cortical neurogenesis via the GABA release [53,54], it is plausible that Smg6
deletion caused malfunction of INs, which affected cortical neurogenesis (Figure 7).

The role of SMG6 on interneuron progenitors is reminiscent of a recent study showing
that exon-junction complex factor RBM8A is critical for interneuron development [55].
Consistent with the defects of SMG6 deficient interneurons, key transcription factors that
control the cell fate of interneuron progenitors were found dysregulated. Dlx1 and Dlx2
expression was dramatically reduced in SMG6-deficient neurospheres. DLX1 and DLX2
transcription factors promote or repress the expression of other transcription factors that
are responsible for triggering IN differentiation, migration and maturation [42–47]. The
downregulation of Dlx1 gene correlates well with the IPA upstream regulator analysis of the
RNA-seq data (Figure 6C), which predicted the inactivation of FOXM1, a known positive
regulator of Dlx1 [48]. Remarkably, along the same line to Smg6-CNS∆ mice, perinatal
lethality has also been reported in mice with Dlx1/2 double knock out (KO) [42,45,56] due to
impaired differentiation and migration of GABAergic INs in the neocortex [45]. Disruptions
of other genes such as Gad1, Gad2, Nkx2.1 and Sox6, known to regulate GABAergic neuron
development, were also often linked to perinatal lethality [57–62]. Unfortunately, the
precise reason for the perinatal lethality of the above mentioned and Smg6-CNS∆ mice
is unclear.
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Figure 7. The role of SMG6 in embryonic neurogenesis. Smg6 deletion in cortical and hippocampal NPCs (Smg6-CoHi∆)
does not inhibit corticogenesis. However, if SMG6 is absent in the whole nervous system (Smg6-CNS∆) it causes cell
death and also renewal defects of GE neural stem cells leading to defective interneurons tangentially migrating to the CTX.
Consequently, the self-renewal of cortical NPCs and the production of late born neurons are impaired possibly because of
environmental changes caused by defects in interneurons.

The transcriptional changes in the SMG6-deficient NPCs confirmed the defective
NMD by changes in known NMD target transcripts. The majority of the top 30 dysregu-
lated pathways belong to DNA repair, cell cycle and p53 related pathways, which can be
modulated also by the NMD [63–66].

Since the transcriptome and thus the expression of NMD targets highly depends on the
cell type, it is plausible that deletion of Smg6 may have cell type-dependent consequences in
cell fate. In this regard, the conditional knock-out of Upf2 in the adult hematopoietic system
preferentially compromised the viability of hematopoietic stem cells and progenitors, but
not that of terminally differentiated T cells [11]. In addition, the Upf2 null mutation did not
affect the proliferation of fetal hepatocytes, but compromised their maturation process [67].
Furthermore, UPF3B was demonstrated to be very important for a subset of olfactory
sensory neurons [68]. Taking these studies together, SMG6, or in general NMD, regulates
cell fate programs highly depending on the cell type and developmental stage.

In conclusion, although SMG6 is essential for the differentiation of pluripotent ES cells,
it is less important for the differentiation of committed cortical NPCs. Using various mouse
models, we demonstrate that SMG6, as a general endonuclease of NMD for aberrant RNA,
plays distinct roles in different cell types: CTX versus GE neuroprogenitor cells (Figure 7)
versus ES cells. These genetic results allow predicting that the importance of NMD varies
dramatically, depending on the transcriptional program of a specific cell type.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells10123365/s1, Supplementary Figure S1: Smg6 deletion in all neuroprogenitors; Figure S2:
Smg6 deletion in the central nervous system cause Caspase3 dependent cell death in the cortex
and ganglionic eminence; Figure S3: Proliferation of neuroprogenitors in the cortex and ganglionic
eminence of E14.5 brains of indicated genotypes; Figure S4: Smg6 deletion only in cortex and hip-
pocampus does not affect embryo development. Supplementary Table S1: The list of identified DEGs.
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Abstract: N6-methyladenosine (m6A), the most abundant modification in messenger RNAs (mRNAs),
is deposited by methyltransferases (“writers”) Mettl3 and Mettl14 and erased by demethylases
(“erasers”) Fto and Alkbh5. m6A can be recognized by m6A-binding proteins (“readers”), such as
Yth domain family proteins (Ythdfs) and Yth domain-containing protein 1 (Ythdc1). Previous studies
have indicated that m6A plays an essential function in various fundamental biological processes,
including neurogenesis and neuronal development. Dysregulated m6A modification contributes
to neurological disorders, including neurodegenerative diseases. In this review, we summarize the
current knowledge about the roles of m6A machinery, including writers, erasers, and readers, in
regulating gene expression and the function of m6A in neurodevelopment and neurodegeneration.
We also discuss the perspectives for studying m6A methylation.

Keywords: N6-methyladenosine; Mettl3; Mettl14; Fto; Ythdf1; neurodevelopment; neurodegeneration

1. Introduction

Epigenetics refers to the heritable changes in gene expression and cell state caused
by some specific mechanisms, aside from the occurrence of potential genetic sequences.
More than 170 types of RNA modifications, including N6-methyladenosine (m6A), 5-
methylcytidine (m5C), N1-methyladenosine (m1A), and N7-methylguanosine (m7G), have
been identified in mammalian transcripts, and the most abundant internal RNA modifica-
tion is N6-methyladenosine (m6A) [1,2]. m6A is installed by methyltransferases (writers),
removed by demethylases (erasers), and recognized by m6A binding proteins (readers).
Methyltransferase-like 3 (Mettl3) and methyltransferase-like 14 (Mettl14) form the core
of the methyltransferase complex; AlkB homolog 5 protein (Alkbh5) and Fat mass and
obesity-associated protein (Fto) are identified as demethylases; YTH domain family pro-
teins (Ythdf1, Ythdf2, Ythdf3) and YTH domain-containing family protein 1 (Ythdc1) are
essential reader proteins.

m6A modification is precisely catalyzed by a multi-subunit methyltransferase enzyme
complex containing Mettl3, Mettl14, and other accessory components such as Wilms
tumor 1-associated protein (Wtap), a mammalian splicing factor [3]. Mettl3 has catalytic
activity, while Mettl14 acts as the RNA-binding platform and facilitates the recognition of
Mettl3 [4]. Mettl3 and Mettl14 form heterodimers, which interact with Wtap. Wtap does
not possess any methylation activity but interacts with Mettl3 and Mettl14 and promotes
the recruitment of the Mettl3–Mettl14 complex to target transcripts [5]. The presence of
m6A modification induces the preferential binding of certain proteins, i.e., m6A readers,
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Ythdf family proteins, and Ythdc1. In addition, m6A modification is reversible and can be
removed by demethylases, including Fto and Alkbh5. Therefore, m6A machinery consists
of multiple components that have diverse functions and make the field colorful (Figure 1).
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Figure 1. Schematic illustration of m6A modification. m6A methylation is catalyzed by the methyltransferase complex
containing Mettl3, Mettl14, and an adaptor protein, such as WTAP. Fto and Alkbh5 can function as demethylases, and Yth
family proteins can recognize m6A sites. m6A modification in mammals is presented on the consensus sequence DRACH
(D = A/G/U, R = A/G, H = A/C/U). Reversible m6A modification plays important roles in regulating RNA metabolism,
including RNA splicing, nuclear export, translation, and degradation in the specific context. Mettl3, methyltransferase-like
3; Mettl14, methyltransferase-like 14; WTAP, Wilms tumor 1-associating protein; Fto, fat mass and obesity-associated protein;
ALKBH5, AlkB homolog 5.

m6A-specific methylated RNA immunoprecipitation (MeRIP) with next-generation
sequencing data has revealed that m6A is non-randomly distributed in mRNAs but is
especially enriched at the 5′ and 3′ UTRs [6,7]. m6A has been shown to impact RNA
metabolism, including mRNA stability, translation, splicing, and localization; conse-
quently, m6A regulates gene expression and involves diverse biological processes [2,8].
Present findings show that m6A modulates brain function [9,10] and regulates neuroge-
nesis [11–18], brain development [7,17–19], axon regeneration [20], and learning and
memory [13,15]. The dysregulation of m6A has been found in a set of neurological disor-
ders, such as Alzheimer’s disease, Fragile X syndrome, attention-deficit/hyperactivity
disorder (ADHD), and intellectual disability [19,21–24]. In this review, we summa-
rize the recent findings regarding the function and biological consequences of m6A
modification in the neural system, from neural development to brain function and
neurological disorders.

2. m6A and Neurogenesis
2.1. Writers

During embryonic neurogenesis, Mettl14 displays the highest expression in radial
glia cells, and Mettl14 knockout (KO) in embryonic mouse brains extends the cell cycle of
radial glia cells and induces aberrant cortical neurogenesis. Similar defects were induced
by Mettl3 knockdown [11]. Mettl14 also regulates the cell cycle of human cortical neuronal
progenitor cells [11]. The deletion of Mettl14 in embryonic neural stem cells (eNSCs) led to a
remarkable decrease in proliferation and immature differentiation in vitro and in vivo [16].
In addition, Mettl3 knockdown reduced the proliferation and skewed the differentiation
of adult neural stem cells (aNSCs) towards neuronal lineage, while the newborn neurons
displayed immature morphology [12]. Transcriptome analysis revealed that the deficiency
of either Mettl3 or Mettl14 affected the expression of transcripts related to neurogenesis, the
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cell cycle, and neuronal development [11,12,16]. Mettl3 conditional-knockout mice showed
severe developmental defects of the cerebellum and cell death [17]. These results suggest
an essential and conserved function of m6A in maintaining normal neurogenesis in the
mammalian brain (Figure 2A).
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sis. Neural stem cells have the capability to self-renew and differentiate into neural cells, such as neurons, astrocytes, and
oligodendrocytes. (B). Loss of m6A modification affects histone modifications, including H3K27me3 and H3K27ac, which
regulate the expression of genes related to the proliferation and differentiation of neural stem cells. (C). The modulation of
m6A modification machinery contributes to neurodegenerative diseases, including Alzheimer’s disease and Parkinson’s
disease, through the regulation of multiple pathways, such as mTOR. AD, Alzheimer’s disease; PD, Parkinson’s disease;
TSC1, tuberous sclerosis 1; TSC2, tuberous sclerosis 2.

m6A regulates gene expression not only through regulating RNA metabolism but also
via modulating mRNAs encoding histone modifiers and transcription factors [25]. In mouse
eNSCs, transcripts for histone acetyltransferases CBP (CREB binding protein) and p300
are m6A-modified [16]. In addition, transcripts for histone methyltransferase Ezh2 are also
m6A-modified, and Mettl3 knockdown reduces the level of Ezh2 and consequent histone
H3 trimethylation at lysine 27 (H3K27me3) in aNSCs [12]. Ectopic Ezh2 could rescue
Mettl3-knockdown-induced deficits in aNSCs [12]. These findings suggest a crosstalk
between RNA modification and transcriptional regulation and reveal a new layer of the
mechanism regulating neurogenesis (Figure 2C).

2.2. Erasers

The fat mass and obesity-associated (Fto) gene was originally referred to as an obesity-
risk gene and is the first identified m6A demethylase [26]. The loss-of-function mutation
of the Fto gene caused growth retardation and severe neurodevelopmental disorders,
including microcephaly, functional brain defects, and delayed psychomotor activity in
humans [27–29]. Fto-deficient mice showed increased postnatal mortality, significant loss of
adipose tissue and body mass, and disordered energy homeostasis [27,30]. The constitutive
loss of Fto decreased brain size and body weight, impaired the pool of adult neural stem
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cells (aNSCs), and impaired the learning and memory of mice [15]. Specific ablation of Fto
in aNSCs also inhibited neurogenesis and neuronal development [13]. In addition, specific
deletion of Fto in lipids led to decreased neurogenesis and increased apoptosis [14]. These
findings indicate that Fto regulates neurogenesis through diverse pathways, including
affecting brain-derived neurotrophic factor (BDNF) signaling, the expression of platelet-
derived growth factor receptor (Pdgfra) and suppressor of cytokine signaling 5 (Socs5),
and adenosine levels [13–15].

Another m6A demethylase, Alkbh5, is primarily localized in the nuclear speckles.
Alkbh5-mediated demethylation activity affects nuclear RNA export and RNA metabolism
and, consequently, regulates gene expression. The cerebellum of Alkbh5-deficient mice
did not show detectable changes in weight and morphology, but Alkbh5-KO mice were
more sensitive to hypoxia and showed a significantly reduced size of whole brain and
cerebellum compared to control littermates [18]. In addition, the number of proliferating
cells was significantly increased, but mature neurons were reduced in the cerebellum of
Alkbh5-deficient mice [18], which suggests that Alkbh5 deficiency affects the proliferation
and differentiation of neuronal progenitor cells.

2.3. Readers

Ythdf1 is preferentially expressed in the hippocampus of mouse brains. Genetic dele-
tion of Ythdf1 impaired the learning and memory of mice, whereas it did not affect gross
hippocampal and cortical histology, neurogenesis, and motor abilities [31]. Electrophysio-
logical data showed that Ythdf1-deficient neurons had reduced spine density and decreased
amplitude and frequency of miniature excitatory postsynaptic currents, which could be
rescued by ectopic Ythdf1 [31]. This study further showed that Ythdf1 facilitates learning
and memory by promoting the translation of target transcripts, including Gria1, Grin1, and
Camk2a induced by neuronal stimulation.

m6A reader Ythdf2 is critical for embryonic development and has a lethal effect in
mice [32]. Ythdf2-deficient mice embryos were alive at embryonic day 12.5, 14.5, and
18.5 but displayed abnormal brain development, including reduced cortical thickness and
decreased proliferation of neural stem/progenitor cells (NSPCs) [32]. In addition, Ythdf2
deficiency skewed the differentiation of NSCs towards neuronal lineage, but newborn
neurons had fewer and shorter neurites [32].

Fragile X mental retardation protein FMRP can bind mRNAs, and FMRP target mR-
NAs are significantly enriched for m6A modification [22]. The loss of the FMRP coding
gene Fmr1 altered the m6A landscape and reduced the expression of FMRP-targeted long
mRNAs in the cerebral cortex of adult mice. In addition, FMRP can interact with Ythdf2 [22].
This study provides a new layer of mechanism that specifies how FMRP regulates neuronal
development and brain function.

3. m6A and Neural Development

m6A is abundant in the mammalian brain transcriptome, relative to other organs, and
more than 25% of human transcripts are m6A-modified [6,7,33]. During embryonic and
postnatal brain development, m6A displays temporal and spatial features, and specific m6A
modification sites are present in transcripts across brain regions [6,11,21], which suggests
an important role of m6A in neural development. Conditional deletion of Mettl14 led to
smaller sizes of newborn pups, and all died before postnatal day 25 (P25) [11]. Mettl14-
cKO pups showed enlarged ventricles, delayed depletion of PAX6+ radial glial cells, a
type of neural stem cells, and prolonged cell-cycle progression [11]. Similar phenotypes
were also observed in the brains of embryonic mice with Mettl3 knockdown [11]. m6A
sequencing showed that transcripts with m6A modification were related to the cell cycle and
neuronal differentiation [11]. In addition, during the postnatal cerebellum development,
the global level of m6A decreases from P7 to P60, and m6A is developmentally/temporally
modulated [18]. Specific m6A peaks at P7 were close to stop codon regions, whereas
P60-specific m6A peaks were near start codons [18]. Mettl3 deficiency induces embryonic
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lethal effects, and the acute knockdown and specific ablation of Mettl3 both induced
remarkable cortical and cerebellar defects, including a reduced number of Purkinje cells
and the increased apoptosis of cerebellar granule cells [17,18].

Fto-deficient mice showed a decreased body weight compared to control mice, and
the sizes of whole and distinct brain regions were also decreased remarkably [15]. In
contrast to control mice, which exhibited locomotor activity induced by cocaine, Fto-
deficient mice significantly lost their response to cocaine [34]. Mechanistically, Fto can also
demethylase mRNAs involved in dopamine signaling, including Ped1b, Girk2, and Syn1;
consequently, Fto can alter dopamine midbrain circuitry [34]. Alkbh5-knockout mice also
showed drastically smaller cerebella and reduced mature neurons [18]. Collectively, these
findings highlight the critical function of m6A in neural development.

4. m6A in Axonal and Synaptic Development

Acute knockdown of Mettl3 led to remarkable decreases of newborn neurons upon
the differentiation of aNSCs, which displayed an immature morphology, with a reduced
number of intersections and decreased total dendritic length [12]. In addition, Mettl3
knockdown also inhibited the morphological development of cultured hippocampal neu-
rons [12]. Fto was enriched in the dendrites and synapses of neurons and can be locally
translated into axons [35]. Treatment with a Fto activity inhibitor promoted m6A signals but
inhibited axon elongation by regulating the axonal translation of Gap-43 [36]. In addition,
transcripts for Roundabout (Robo) family member Robo3.1, an axon guidance receptor,
were m6A-modified, and m6A reader Ythdf1 regulated axon guidance via the promotion
of the translation of Robo3.1 [37]. Beyond affecting axon growth, m6A also regulates axon
regeneration. Peripheral nerve injury induces a dynamic m6A landscape and enhances the
expression of mRNAs modified by m6A, including Sox11, Atf3, and Gadd45a [20]. Mettl14
ablation in mature neurons promoted the translation in the adult dorsal root ganglion
(DRG) and reduced the length of the longest neuronal process [20]. Similar effects were
also observed in adult DRGs of Ythdf1-KO mice.

In addition, m6A modification that was identified in the synaptic transcriptome and in
transcripts with m6A peaks in the stop codon but not in the start codon are associated with
neurological dysfunction, including intellectual disability, microcephaly, and seizures [38].
m6A level was negatively correlated with transcript abundance in synaptosomal RNAs,
suggesting the local degradation of m6A mRNA [38]. Interestingly, m6A peaks in the stop
codon did not show a strong effect on the synaptic location of transcripts [38]. Furthermore,
in contrast to hypomethylated transcripts, hypermethylated transcripts were highly re-
lated to synaptic development and neurological disorders, including intellectual disability,
autism, and schizophrenia. [38].

5. m6A and Gliogenesis

Astrocytes and oligodendrocytes are two major macroglia cells in the brain that
account for at least 50% of brain cells and are involved in diverse biological processes
and brain function. In addition, to induce abnormal neurogenesis, acute knockdown of
Mettl3 induces precocious astrocytes upon the differentiation of NSCs [12]. Constitutive
deletion of Mettl14 can significantly reduce astrogenesis in embryonic mice brains [11].
Furthermore, Ythdf2-deficient NSCs only generate neuronal cells but not glial cells upon
the differentiation [32]. Genetic ablation of Ythdf2 also increased the sensitivity of newborn
neurons to reactive oxygen species stress [32]. Mechanistically, the expression of some
transcripts related to neural development and differentiation, axon guidance, and synapse
development (i.e., Nrp2, Nrxn3, Flrt2, Ptprd, Ddr2) was remarkably upregulated in Ythdf2-
deficient NSCs [32]. One identified mechanism is that Ythdf2 deficiency represses m6A-
modified mRNA clearance [32]. These findings indicate that m6A writers and reader(s) are
essential for the proper temporal progression of neurogenesis and gliogenesis.

In addition to its important roles in astrocytes, differential m6A peaks were detected in
transcripts during the differentiation of oligodendrocyte precursor cells (OPCs) to mature
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oligodendrocytes. Specific inactivation of Mettl14 in oligodendrocytes reduces the number
of mature oligodendrocytes and, consequently, leads to hypomyelination [39]. Further-
more, Mettl14 deficiency inhibits oligodendrocyte differentiation, including morphological
development, but does not affect OPCs. One potential mechanism is that the loss of Mettl14
induces the abnormal splicing of myriad RNA transcripts, including neurofascin 155 [39].
Proline-rich coiled-coil 2A (Prrc2a) is a novel m6A reader and is highly expressed in OPCs.
Prrc2a deficiency reduces the proliferation of OPCs and decreases the expression of oligo-
dendroglial lineage-related transcripts via the direct modulation of the half-life of Olig2
mRNA [40]. Consequently, Prrc2a-deficient mice exhibited hypomyelination and impaired
locomotive and cognitive abilities [40].

6. m6A and Brain Function

Specific deletion of Mettl3 in CaMKIIα-expressing neurons impairs long-term potentia-
tion, which enhances long-term memory consolidation via the modulation of the translation
of immediate-early genes, such as Arc, Egr1, and c-Fos [41]. Genetic ablation of Mettl14 in
dopamine D1 receptor (D1R)-expressing striatonigral neurons or dopamine D2 receptor
(D2R)-expressing striatopallidal neurons also decreased the expression of neuron- and
synapse-specific proteins, decreased the number of striatal cells double-labeled for mature
neuronal marker NeuN and Mettl14, and increased neuronal excitability [42]. Behavioral
tests show that Mettl14 deficiency in these two types of neurons impairs sensorimotor
learning and reversal learning [42].

The constitutive or NSC-specific deletion of Fto not only causes aberrant neurogenesis,
it also impairs the learning and memory abilities of mice [13,15]. In addition, fear condi-
tion training induced dynamic m6A modification, and the majority peaks were present in
mRNAs. Fto-specific knockdown in the mouse medial prefrontal cortex (mPFC) enhanced
the cued fear memory [43]. Ythdf1-KO mice exhibit deficits in spatial learning and memory
and contextual learning [31]. Ythdf1 deficiency also impaired basal synaptic transmis-
sion and long-term potentiation of mice, which can be rescued by ectopic Ythdf1 [31].
Ythdf1 modulates learning and memory formation mainly by promoting the translation of
neuronal-stimulation-related transcripts. Heat shock stress can specifically increase m6A
modification in 5′UTR and can alter the cellular localization and expression of Ythdf2,
but not Fto, Mettl3, Mettl14, and Wtap [44]. The level of m6A modification in 5′UTR was
correlated with the expression of a set of transcripts, especially the Hsp70 gene Hspa1a [44].

7. m6A and Neurological Disorders

Consistent with important functions in neural development [18,32], neurogene-
sis [11,12,15,16], learning and memory [12,13,15,42] and stress response [44,45], the
present evidence also indicates that m6A modification is involved in several neuro-
logical disorders, including Alzheimer’s disease (AD), and Parkinson’s disease (PD),
schizophrenia, and attention-deficit/hyperactivity disorder (ADHD) via the regulation
of gene expression and RNA metabolism [10,11,46–50]. Next, we discuss the function
of m6A modification in neurodegenerative diseases, including Alzheimer’s disease and
Parkinson’s disease.

A temporal feature of m6A modification has been revealed during postnatal brain
development and aging [6,12]. In the brain of amyloid precursor protein (APP)/presenilin-
1 (PS1) (APP/PS1) transgenic AD mouse models, m6A levels increased in the cortex and
hippocampus, and the expressions of Mettl3 and Fto increased and decreased, respectively,
compared with control mice [48]. Very recently, Shafik et al. found that m6A peaks
decreased during the maturation stage of postnatal brain development (postnatal 2 weeks
to 6 weeks), whereas these peaks increased during the process of aging (26 weeks and
52 weeks) [21]. In addition, this study also showed increased Fto expression and decreased
Mettl3 expression. The differentially methylated transcripts were enriched in the signaling
pathways related to Alzheimer’s disease, and differential m6A methylation is associated
with decreased protein expression in an AD mouse model, which was further validated
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in a Drosophila transgenic AD model [21]. In agreement with this study, the Fto protein
level increased in the brain tissues of transgenic AD mice, and Fto depletion did not affect
the level of amyloid β 42 (Aβ42) but significantly increased the level of phosphorylated
Tau in the neurons from an AD mice model [51]. They further found that Fto regulates Tau
phosphorylation by activating mTOR signaling. Yoon et al. performed MeRIP, followed
by next-generation sequencing with forebrain organoids, and the ontology analysis of
human-specific m6A-targeted transcripts showed an enrichment in neurodegenerative
disorders, including Alzheimer’s disease [11]. Taken together, these findings suggest that
m6A modification could play a pivotal function in the progression of AD (Figure 2C).

Acute knockdown of Mettl14 in substantia nigra reduced m6A levels and impaired
motor function and locomotor activity [52]. Nuclear receptor-related protein 1 (Nurr1),
pituitary homeobox 3 (Pitx3) and engrailed1 (En1) are related to tyrosine hydroxylase
expression and dopaminergic function, and their expression was remarkably reduced by
Mettl14 depletion [52]. The specific knockout of Fto in dopaminergic neurons impairs
the dopamine neuron-dependent behavioral response by regulating dopamine transmis-
sion, which implies the important role of Fto-mediated m6A demethylation in regulating
dopaminergic midbrain circuitry [34]. In a Parkinson’s disease (PD) rat model, the over-
all level of m6A in the striatum decreased, and the Fto level significantly increased [53].
Either ectopic Fto or treatment with m6A inhibitors reduces m6A levels and induces ox-
idative stress and apoptosis of dopamine neurons, partially by promoting the expression
of N-methyl-D-aspartate (NMDA) receptor 1 [53]. Consistently, Fto knockdown increases
m6A levels and reduces apoptosis in vitro [53]. In addition, a large cohort study with
1647 Han Chinese individuals with Parkinson’s disease (PD) has identified 214 rare vari-
ants in 10 genes with m6A modification; however, no significant association was observed
between these variants and the risk for PD according to their analysis [54]. Therefore, the
roles of m6A modification still need more comprehensive investigation (Figure 2C).

8. Conclusions and Perspectives

As the most abundant modification in mRNAs, previous studies have revealed the
dynamic features of m6A modification and have uncovered its important function in a
variety of biological processes and diseases. It seems that the more we explore m6A
modification, the more complicated it becomes. First, m6A modification is reversible
and includes multiple key “players”: writers, erasers, and readers. The interaction
between these key players and other epigenetic modifications, such as histone modifiers,
makes the field more complicated. Second, the complexity of m6A modification also
lies in the fact that it is hard to define a promoting or repressing function of m6A
modification in a set of diseases. The deficiency of m6A writers and erasers could show
similar effects on the diseases but could not exhibit contrary effects as routinely thought.
Third, m6A modification can regulate a defined biological process, i.e., the maintenance,
renewal, and differentiation of neural stem cells by modulating diverse gene expression
and signaling pathways. In addition, multiple players of m6A modification exhibit
effects on the same biological process, such as neurogenesis. It is hard to distinguish
whether the effect is independent of each other, and it remains unclear whether they
crosstalk. Therefore, how m6A writers, erasers, and readers cooperate to regulate adult
neurogenesis still needs more investigation.

Although dramatic progress has been made in understanding the function of m6A
modification, future studies should devote more effort to uncovering the multi-faceted
nature of the associated mechanisms. The interaction between m6A modification and
histone modifiers suggests a colorful landscape wherein m6A modification interacts with
other epigenetic machinery, i.e., DNA modifications and non-coding RNAs. In addition,
considering a substantial enrichment of m6A in the 5′ and 3′ UTRs of transcripts, do
multiple writers, erasers, and readers have binding specificity for distinct regions? Finally,
establishing a more precise spatiotemporal landscape of m6A in the pathological context
could be of clinical significance. With the technical advances of sequencing, we anticipate
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the identification of key m6A site(s) that can contribute to the diagnosis and treatment of
specific diseases.

Author Contributions: All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Key Research and Development Program of
China (2017YFE0196600 to X.L.) and the National Natural Science Foundation of China (grants
92049108 to X.L.).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Li, S.; Mason, C.E. The pivotal regulatory landscape of RNA modifications. Annu. Rev. Genom. Hum. Genet. 2014, 15, 127–150.

[CrossRef] [PubMed]
2. Wiener, D.; Schwartz, S. The epitranscriptome beyond m6A. Nat. Rev. Genet. 2021, 22, 119–131. [CrossRef]
3. Meng, T.-G.; Lu, X.; Guo, L.; Hou, G.-M.; Ma, X.-S.; Li, Q.-N.; Huang, L.; Fan, L.-H.; Zhao, Z.-H.; Ou, X.-H.; et al. Mettl14 is

required for mouse postimplantation development by facilitating epiblast maturation. FASEB J. 2019, 33, 1179–1187. [CrossRef]
[PubMed]

4. Yu, J.; Shen, L.; Liu, Y.; Ming, H.; Zhu, X.; Chu, M.; Lin, J. The m6A methyltransferase METTL3 cooperates with demethylase
ALKBH5 to regulate osteogenic differentiation through NF-κB signaling. Mol. Cell. Biochem. 2020, 463, 203–210. [CrossRef]

5. Ping, X.-L.; Sun, B.-F.; Wang, L.; Xiao, W.; Yang, X.; Wang, W.-J.; Adhikari, S.; Shi, Y.; Lv, Y.; Chen, Y.-S.; et al. Mammalian WTAP is
a regulatory subunit of the RNA N6-methyladenosine methyltransferase. Cell Res. 2014, 24, 177–189. [CrossRef] [PubMed]

6. Meyer, K.; Saletore, Y.; Zumbo, P.; Elemento, O.; Mason, C.E.; Jaffrey, S.R. Comprehensive analysis of mRNA methylation reveals
enrichment in 3′ UTRs and near stop codons. Cell 2012, 149, 1635–1646. [CrossRef] [PubMed]

7. Dominissini, D.; Moshitch-Moshkovitz, S.; Schwartz, S.; Salmon-Divon, M.; Ungar, L.; Osenberg, S.; Cesarkas, K.; Jacob-Hirsch, J.;
Amariglio, N.; Kupiec, M.; et al. Topology of the human and mouse m6A RNA methylomes revealed by m6A-seq. Nature 2012,
485, 201–206. [CrossRef]

8. Gilbert, W.V.; Bell, T.A.; Schaening, C. Messenger RNA modifications: Form, distribution, and function. Science 2016, 352,
1408–1412. [CrossRef]

9. Nainar, S.; Marshall, P.; Tyler, C.R.; Spitale, R.C.; Bredy, T.W. Evolving insights into RNA modifications and their functional
diversity in the brain. Nat. Neurosci. 2016, 19, 1292–1298. [CrossRef]

10. Livneh, I.; Moshitch-Moshkovitz, S.; Amariglio, N.; Rechavi, G.; Dominissini, D. The m6A epitranscriptome: Transcriptome
plasticity in brain development and function. Nat. Rev. Neurosci. 2020, 21, 36–51. [CrossRef]

11. Yoon, K.-J.; Ringeling, F.R.; Vissers, C.; Jacob, F.; Pokrass, M.; Jimenez-Cyrus, D.; Su, Y.; Kim, N.-S.; Zhu, Y.; Zheng, L.; et al.
Temporal control of mammalian cortical neurogenesis by m6A methylation. Cell 2017, 171, 877–889.e17. [CrossRef]

12. Chen, J.; Zhang, Y.-C.; Huang, C.; Shen, H.; Sun, B.; Cheng, X.; Zhang, Y.-J.; Yang, Y.-G.; Shu, Q.; Yang, Y.; et al. m6A regulates
neurogenesis and neuronal development by modulating histone methyltransferase Ezh2. Genom. Proteom. Bioinform. 2019, 17,
154–168. [CrossRef]

13. Cao, Y.; Zhuang, Y.; Chen, J.; Xu, W.; Shou, Y.; Huang, X.; Shu, Q.; Li, X. Dynamic effects of Fto in regulating the proliferation and
differentiation of adult neural stem cells of mice. Hum. Mol. Genet. 2020, 29, 727–735. [CrossRef]

14. Gao, H.; Cheng, X.; Chen, J.; Ji, C.; Guo, H.; Qu, W.; Dong, X.; Chen, Y.; Ma, L.; Shu, Q.; et al. Fto-modulated lipid niche regulates
adult neurogenesis through modulating adenosine metabolism. Hum. Mol. Genet. 2020, 29, 2775–2787. [CrossRef]

15. Li, L.; Zang, L.; Zhang, F.; Chen, J.; Shen, H.; Shu, L.; Liang, F.; Feng, C.; Chen, D.; Tao, H.; et al. Fat mass and obesity-associated
(FTO) protein regulates adult neurogenesis. Hum. Mol. Genet. 2017, 26, 2398–2411. [CrossRef] [PubMed]

16. Wang, Y.; Li, Y.; Yue, M.; Wang, J.; Kumar, S.; Wechsler-Reya, R.J.; Zhang, Z.; Ogawa, Y.; Kellis, M.; Duester, G.; et al. N(6)-
methyladenosine RNA modification regulates embryonic neural stem cell self-renewal through histone modifications. Nat.
Neurosci. 2018, 21, 195–206. [CrossRef] [PubMed]

17. Wang, C.-X.; Cui, G.-S.; Liu, X.; Xu, K.; Wang, M.; Zhang, X.-X.; Jiang, L.-Y.; Li, A.; Yang, Y.; Lai, W.-Y.; et al. METTL3-mediated
m6A modification is required for cerebellar development. PLoS Biol. 2018, 16, e2004880. [CrossRef] [PubMed]

18. Ma, C.; Chang, M.; Lv, H.; Zhang, Z.-W.; Zhang, W.; He, X.; Wu, G.; Zhao, S.; Zhang, Y.; Wang, D.; et al. RNA m6A methylation
participates in regulation of postnatal development of the mouse cerebellum. Genome Biol. 2018, 19, 68. [CrossRef]

19. Chang, M.; Lv, H.; Zhang, W.; Ma, C.; He, X.; Zhao, S.; Zhang, Z.-W.; Zeng, Y.-X.; Song, S.; Niu, Y.; et al. Region-specific RNA m 6
A methylation represents a new layer of control in the gene regulatory network in the mouse brain. Open Biol. 2017, 7, 170166.
[CrossRef] [PubMed]

20. Weng, Y.-L.; Wang, X.; An, R.; Cassin, J.; Vissers, C.; Liu, Y.; Liu, Y.; Xu, T.; Wang, X.; Wong, S.Z.H.; et al. Epitranscriptomic m6A
regulation of axon regeneration in the adult mammalian nervous system. Neuron 2018, 97, 313–325.e6. [CrossRef]

21. Shafik, A.M.; Zhang, F.; Guo, Z.; Dai, Q.; Pajdzik, K.; Li, Y.; Kang, Y.; Yao, B.; Wu, H.; He, C.; et al. N6-methyladenosine dynamics
in neurodevelopment and aging, and its potential role in Alzheimer’s disease. Genome Biol. 2021, 22, 17. [CrossRef]

22. Zhang, F.; Kang, Y.; Wang, M.; Li, Y.; Xu, T.; Yang, W.; Song, H.; Wu, H.; Shu, Q.; Jin, P. Fragile X mental retardation protein
modulates the stability of its m6A-marked messenger RNA targets. Hum. Mol. Genet. 2018, 27, 3936–3950. [CrossRef] [PubMed]

168



Cells 2021, 10, 2694

23. Yang, C.; Hu, Y.; Zhou, B.; Bao, Y.; Li, Z.; Gong, C.; Wang, S.; Xiao, Y. The role of m6A modification in physiology and disease. Cell
Death Dis. 2020, 11, 960. [CrossRef] [PubMed]

24. Choudhry, Z.; Sengupta, S.M.; Grizenko, N.; Thakur, G.A.; Fortier, M.-E.; Schmitz, N.; Joober, R. Association between obesity-
related gene FTO and ADHD. Obesity 2013, 21, E738–E744. [CrossRef] [PubMed]

25. Wei, J.; He, C. Chromatin and transcriptional regulation by reversible RNA methylation. Curr. Opin. Cell Biol. 2021, 70, 109–115.
[CrossRef] [PubMed]

26. Yang, S.; Wei, J.; Cui, Y.-H.; Park, G.; Shah, P.; Deng, Y.; Aplin, A.E.; Lu, Z.; Hwang, S.; He, C.; et al. m6A mRNA demethylase
FTO regulates melanoma tumorigenicity and response to anti-PD-1 blockade. Nat. Commun. 2019, 10, 2782. [CrossRef] [PubMed]

27. Fischer, J.; Koch, L.; Emmerling, C.; Vierkotten, J.; Peters, T.; Brüning, J.C.; Rüther, U. Inactivation of the Fto gene protects from
obesity. Nature 2009, 458, 894–898. [CrossRef]

28. Boissel, S.; Reish, O.; Proulx, K.; Kawagoe-Takaki, H.; Sedgwick, B.; Yeo, G.S.H.; Meyre, D.; Golzio, C.; Molinari, F.; Kadhom,
N.; et al. Loss-of-function mutation in the dioxygenase-encoding FTO gene causes severe growth retardation and multiple
malformations. Am. J. Hum. Genet. 2009, 85, 106–111. [CrossRef]

29. Daoud, H.; Zhang, D.; McMurray, F.; Yu, A.; Luco, S.M.; Vanstone, J.; Jarinova, O.; Carson, N.; Wickens, J.; Shishodia, S.;
et al. Identification of a pathogenic FTO mutation by next-generation sequencing in a newborn with growth retardation and
developmental delay. J. Med. Genet. 2016, 53, 200–207. [CrossRef]

30. Fu, Y.; Jia, G.; Pang, X.; Wang, R.N.; Wang, X.; Li, C.J.; Smemo, S.; Dai, Q.; Bailey, K.A.; Nobrega, M.A.; et al. FTO-mediated
formation of N6-hydroxymethyladenosine and N6-formyladenosine in mammalian RNA. Nat. Commun. 2013, 4, 1798. [CrossRef]

31. Shi, H.; Zhang, X.; Weng, Y.-L.; Lu, Z.; Liu, Y.; Lu, Z.; Li, J.; Hao, P.; Zhang, Y.; Zhang, F.; et al. m6A facilitates hippocampus-
dependent learning and memory through YTHDF1. Nature 2018, 563, 249–253. [CrossRef]

32. Li, M.; Zhao, X.; Wang, W.; Shi, H.; Pan, Q.; Lu, Z.; Perez, S.P.; Suganthan, R.; He, C.; Bjørås, M.; et al. Ythdf2-mediated m6A
mRNA clearance modulates neural development in mice. Genome Biol. 2018, 19, 69. [CrossRef]

33. Yoon, K.-J.; Ming, G.-L.; Song, H. Epitranscriptomes in the adult mammalian brain: Dynamic Changes regulate behavior. Neuron
2018, 99, 243–245. [CrossRef] [PubMed]

34. Hess, M.; Hess, S.; Meyer, K.; Verhagen, L.A.W.; Koch, L.; Brönneke, H.S.; Dietrich, M.; Jordan, S.D.; Saletore, Y.; Elemento, O.;
et al. The fat mass and obesity associated gene (Fto) regulates activity of the dopaminergic midbrain circuitry. Nat. Neurosci. 2013,
16, 1042–1048. [CrossRef] [PubMed]

35. Walters, B.; Mercaldo, V.; Gillon, C.; Yip, M.; Neve, R.L.; Boyce, F.M.; Frankland, P.W.; Josselyn, S. The role of the RNA demethylase
FTO (fat mass and obesity-associated) and mRNA methylation in hippocampal memory formation. Neuropsychopharmacology
2017, 42, 1502–1510. [CrossRef] [PubMed]

36. Yu, J.; Chen, M.; Huang, H.; Zhu, J.; Song, H.; Zhu, J.; Park, J.; Ji, S.-J. Dynamic m6A modification regulates local translation of
mRNA in axons. Nucleic Acids Res. 2018, 46, 1412–1423. [CrossRef] [PubMed]

37. Zhuang, M.; Li, X.; Zhu, J.; Zhang, J.; Niu, F.; Liang, F.; Chen, M.; Li, D.; Han, P.; Ji, S.-J. The m6A reader YTHDF1 regulates axon
guidance through translational control of Robo3.1 expression. Nucleic Acids Res. 2019, 47, 4765–4777. [CrossRef] [PubMed]

38. Merkurjev, D.; Hong, W.-T.; Iida, K.; Oomoto, I.; Goldie, B.J.; Yamaguti, H.; Ohara, T.; Kawaguchi, S.-Y.; Hirano, T.; Martin, K.C.;
et al. Synaptic N6-methyladenosine (m6A) epitranscriptome reveals functional partitioning of localized transcripts. Nat. Neurosci.
2018, 21, 1004–1014. [CrossRef] [PubMed]

39. Xu, H.; Dzhashiashvili, Y.; Shah, A.; Kunjamma, R.B.; Weng, Y.-L.; Elbaz, B.; Fei, Q.; Jones, J.S.; Li, Y.I.; Zhuang, X.; et al. m6A
mRNA methylation is essential for oligodendrocyte maturation and CNS myelination. Neuron 2019, 105, 293–309.e5. [CrossRef]

40. Wu, R.; Li, A.; Sun, B.; Sun, J.-G.; Zhang, J.; Zhang, T.; Chen, Y.; Xiao, Y.; Gao, Y.; Zhang, Q.; et al. A novel m6A reader Prrc2a
controls oligodendroglial specification and myelination. Cell Res. 2018, 29, 23–41. [CrossRef] [PubMed]

41. Zhang, Z.; Wang, M.; Xie, D.; Huang, Z.; Zhang, L.; Yang, Y.; Ma, D.; Li, W.; Zhou, Q.; Yang, Y.-G.; et al. METTL3-mediated
N6-methyladenosine mRNA modification enhances long-term memory consolidation. Cell Res. 2018, 28, 1050–1061. [CrossRef]
[PubMed]

42. Koranda, J.L.; Dore, L.; Shi, H.; Patel, M.; Vaasjo, L.O.; Rao, M.N.; Chen, K.; Lu, Z.; Yi, Y.; Chi, W.; et al. Mettl14 is essential for
epitranscriptomic regulation of striatal function and learning. Neuron 2018, 99, 283–292.e5. [CrossRef] [PubMed]

43. Widagdo, J.; Zhao, Q.-Y.; Kempen, M.-J.; Tan, M.C.; Ratnu, V.S.; Wei, W.; Leighton, L.; Spadaro, P.A.; Edson, J.; Anggono, V.; et al.
Experience-dependent accumulation of N 6 -methyladenosine in the prefrontal cortex is associated with memory processes in
mice. J. Neurosci. 2016, 36, 6771–6777. [CrossRef] [PubMed]

44. Zhou, J.; Wan, J.; Gao, X.; Zhang, X.; Jaffrey, S.; Qian, S.-B. Dynamic m6A mRNA methylation directs translational control of heat
shock response. Nature 2015, 526, 591–594. [CrossRef]

45. Engel, M.; Eggert, C.; Kaplick, P.M.; Eder, M.; Röh, S.; Tietze, L.; Namendorf, C.; Arloth, J.; Weber, P.; Rex-Haffner, M.; et al. The
role of m6A/m-RNA methylation in stress response regulation. Neuron 2018, 99, 389–403.e9. [CrossRef]

46. Zhao, B.; Roundtree, I.A.; He, C. Post-transcriptional gene regulation by mRNA modifications. Nat. Rev. Mol. Cell Biol. 2016, 18,
31–42. [CrossRef]

47. Du, K.; Zhang, L.; Lee, T.; Sun, T. m6A RNA methylation controls neural development and is involved in human diseases. Mol.
Neurobiol. 2018, 56, 1596–1606. [CrossRef]

48. Han, M.; Liu, Z.; Xu, Y.; Liu, X.; Wang, D.; Li, F.; Wang, Y.; Bi, J. Abnormality of m6A mRNA methylation is involved in
Alzheimer’s disease. Front. Neurosci. 2020, 14, 98. [CrossRef]

169



Cells 2021, 10, 2694

49. Engel, M.; Chen, A. The emerging role of mRNA methylation in normal and pathological behavior. Genes Brain Behav. 2017,
17, e12428. [CrossRef]

50. Yue, Y.; Liu, J.; He, C. RNA N6-methyladenosine methylation in post-transcriptional gene expression regulation. Genes Dev. 2015,
29, 1343–1355. [CrossRef]

51. Li, H.; Ren, Y.; Mao, K.; Hua, F.; Yang, Y.; Wei, N.; Yue, C.; Li, D.; Zhang, H. FTO is involved in Alzheimer’s disease by targeting
TSC1-mTOR-Tau signaling. Biochem. Biophys. Res. Commun. 2018, 498, 234–239. [CrossRef] [PubMed]

52. Teng, Y.; Liu, Z.; Chen, X.; Liu, Y.; Geng, F.; Le, W.; Jiang, H.; Yang, L. Conditional deficiency of m6A methyltransferase Mettl14 in
substantia nigra alters dopaminergic neuron function. J. Cell. Mol. Med. 2021, 25, 8567–8572. [CrossRef] [PubMed]

53. Chen, X.; Yu, C.; Guo, M.; Zheng, X.; Ali, S.; Huang, H.; Zhang, L.; Wang, S.; Huang, Y.; Qie, S.; et al. Down-regulation of m6A
mRNA methylation is involved in dopaminergic neuronal death. ACS Chem. Neurosci. 2019, 10, 2355–2363. [CrossRef]

54. Qin, L.; Min, S.; Shu, L.; Pan, H.; Zhong, J.; Guo, J.; Sun, Q.; Yan, X.; Chen, C.; Tang, B.; et al. Genetic analysis of N6-
methyladenosine modification genes in Parkinson’s disease. Neurobiol. Aging 2020, 93, 143.e9–143.e13. [CrossRef] [PubMed]

170



Citation: Stoyanova, I.I.; Klymenko,

A.; Willms, J.; Doeppner, T.R.;

Tonchev, A.B.; Lutz, D. Ghrelin

Regulates Expression of the

Transcription Factor Pax6 in Hypoxic

Brain Progenitor Cells and Neurons.

Cells 2022, 11, 782. https://doi.org/

10.3390/cells11050782

Academic Editor: FengRu Tang

Received: 27 December 2021

Accepted: 22 February 2022

Published: 23 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cells

Article

Ghrelin Regulates Expression of the Transcription Factor
Pax6 in Hypoxic Brain Progenitor Cells and Neurons
Irina I. Stoyanova 1,*, Andrii Klymenko 2 , Jeannette Willms 2, Thorsten R. Doeppner 3,4, Anton B. Tonchev 1

and David Lutz 2,*

1 Department of Anatomy and Cell Biology, Faculty of Medicine, Research Institute of the Medical University,
9002 Varna, Bulgaria; anton.tonchev@mu-varna.bg

2 Department of Neuroanatomy and Molecular Brain Research, Ruhr University Bochum,
44801 Bochum, Germany; andrii.klymenko@rub.de (A.K.); jeannette.willms@ruhr-uni-bochum.de (J.W.)

3 Department of Neurology, University Medical Center Goettingen, 37075 Goettingen, Germany;
thorsten.doeppner@med.uni-goettingen.de

4 Research Institute for Health Sciences and Technologies (SABITA), Medipol University, Istanbul 34810, Turkey
* Correspondence: stoyanovai@yahoo.co.uk (I.I.S.); david.lutz@rub.de (D.L.)

Abstract: The nature of brain impairment after hypoxia is complex and recovery harnesses different
mechanisms, including neuroprotection and neurogenesis. Experimental evidence suggests that hy-
poxia may trigger neurogenesis postnatally by influencing the expression of a variety of transcription
factors. However, the existing data are controversial. As a proof-of-principle, we subjected cultured
cerebral cortex neurons, cerebellar granule neurons and organotypic cerebral cortex slices from rat
brains to hypoxia and treated these cultures with the hormone ghrelin, which is well-known for its
neuroprotective functions. We found that hypoxia elevated the expression levels and stimulated
nuclear translocation of ghrelin’s receptor GHSR1 in the cultured neurons and the acute organotypic
slices, whereas ghrelin treatment reduced the receptor expression to normoxic levels. GHSR1 ex-
pression was also increased in cerebral cortex neurons of mice with induced experimental stroke.
Additional quantitative analyses of immunostainings for neuronal proliferation and differentiation
markers revealed that hypoxia stimulated the proliferation of neuronal progenitors, whereas ghrelin
application during the phase of recovery from hypoxia counteracted these effects. At the mechanistic
level, we provide a link between the described post-ischemic phenomena and the expression of the
transcription factor Pax6, an important regulator of neural progenitor cell fate. In contrast to the
neurogenic niches in the brain where hypoxia is known to increase Pax6 expression, the levels of
the transcription factor in cultured hypoxic cerebral cortex cells were downregulated. Moreover,
the application of ghrelin to hypoxic neurons normalised the expression levels of these factors.
Our findings suggest that ghrelin stimulates neurogenic factors for the protection of neurons in a
GHSR1-dependent manner in non-neurogenic brain areas such as the cerebral cortex after exposure
to hypoxia.

Keywords: GHSR1; ghrelin; hypoxia; neurogenesis; transcription factors; progenitor cells

1. Introduction

Stroke is a medical condition of impeded blood supply to the brain and oxygen
shortage (hypoxia). The recovery from hypoxia requires intra- and extracellular processes
recapitulating nervous system development such as extracellular matrix reorganisation,
neurogenesis, and stimulation of neuronal plasticity. A prolonged hypoxia state may result
in ischemia followed by neuronal death and reduction of neuronal density [1]. Interestingly,
hypoxia can also trigger neurogenesis within the surrounding tissue [2,3] prenatally as
well as postpartum [4,5]. Neurogenesis in the adult brain is essential and occurs during
the entire postnatal life. It is believed to be restricted to the subventricular zone and the
subgranular zone of the dentate gyrus, though it has been observed in some other areas
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of the mammalian brain, e.g., the subcallosal zone [6], the striatum [7], the amygdala [8],
and also the neocortex [9], albeit at considerably lower levels. The adult neurogenesis goes
through the same consecutive stages as the embryonic one does and yields post-mitotic
functionally integrated new neurons [10].

Exposure to hypoxia during the early postnatal period activates generation of Tbr1-
positive spiny pyramidal neurons in vitro as well as ex vivo [11]. In vitro, some of the early
neuronal stem cells can acquire multipotency and undergo long-term self-renewal upon
exposure to hormones and growth- and transcription factors [12].

Pax6 is a member of the paired-box and homeobox-containing gene family (PAX)
of transcription factors and its early expressed protein Pax6 is a key transcription factor
in the generation of neuronal lineages during the development of the central nervous
system [13–15]. Moreover, Pax6 is highly conserved between species: there is no difference
between the amino acid sequence of the human and mouse Pax6, thus pointing to a
pivotal role in brain development [16]. Indeed, Pax6 regulates corticogenesis, numbers
and arrangement of cortical cells in layers as well as the ratio of excitatory and inhibitory
neurons [5]; these effects are dose-dependent [17]. Pax6 is considered a neurogenic fate
determinant directing astrocyte-to-neuron conversion during adult neurogenesis.

Unlike the neurogenic niches, where hypoxia increases Pax6 expression, the levels
in the neocortex are downregulated [2]. Does this decreased neocortical expression of
Pax6 act neuroprotectively on cortical neurons? Could Pax6 upregulation influence neuro-
genesis, and thus, benefit recovery from hypoxia? As a proof-of-principle, we subjected
dissociated cerebral cortex neurons, cerebellar granule neurons and acute cerebral cortex
slices to hypoxia and treated them with the hormone ghrelin, which is well-known to act
neuroprotectively against oxidative stress in vivo [18] and in vitro [19]. We then examined
the effect of hypoxia on the expression levels of ghrelin’s receptor GHSR1 (growth hor-
mone secretagogue receptor 1) in cultured neurons and acute organotypic slices. We also
confirmed that the expression of GHSR1 is upregulated in the cerebral cortex of mice with
transitional middle cerebral artery occlusion used as an in vivo stroke model. Furthermore,
we subjected hypoxic cultures of mature cerebral cortex neurons that had been treated
with ghrelin to immunostaining for Pax6, Ki67 (neuronal proliferation and differentiation
marker), or NeuN (neuronal nuclear antigen) aiming at analysing the changes in the ratio
of cells positive for these markers upon hypoxia vs. normoxic conditions.

2. Materials and Methods
2.1. Animals Used for Primary Cell Cultures

All animal experiments were conducted according to German law and approved by
the corresponding committee on animal use, being conformed to the guidelines set by
the European Union. Wistar rats were bred and maintained at 22 ◦C on a 12 h light/dark
cycle with ad libitum food and water access in the Animal Facility of the Medical Faculty at
the Ruhr University Bochum, Germany. For in vitro experiments, a mixed population of
female and male offspring was used. The manuscript was prepared following the ARRIVE
guidelines for animal research [20].

2.2. Animals Used for Experimental Ischemia In Vivo

Permission for the animal experiments was received by the Lower Saxony State
Office for Consumer Protection and Food Safety of the City Oldenburg (Niedersächsisches
Landesamt für Verbraucherschutz und Lebesmittelsicherheit (LAVES)/Oldenburg, contract
No 33.9-42502-04-11/0622). Six-month-old C57Bl6 mice were subjected to transient focal
cerebral ischemia as described [21]. Briefly, animals were anaesthetised by inhalation of
0.8–1.5% isoflurane, 30% O2, and remainder N2O. The rectal temperature was maintained
at 36.5–37.0 ◦C by employing a feedback-controlled heating system under continuous blood
flow monitoring using a laser Doppler flow (LDF) system (Perimed, Järfälla, Sweden).
Occlusion of the middle cerebral artery was achieved with a 7–0 silicon coated nylon
monofilament (tip diameter of 180 µm; Doccol, Sharon, MA, USA) that was withdrawn
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after 45 min to entail transient cerebral ischemia. LDF recordings were continued for
additional 15 min to monitor and verify the appropriate reperfusion of the brain. Animals
were sacrificed on day 28 after the induction of stroke and subjected to immunostaining for
detection of the ghrelin receptor GHSR1 as described in Section 2.6.

2.3. Dissociated Cell Cultures

Cerebral cortex neurons were obtained from newborn Wistar rats, from six plating
procedures, five pups (from the same mother) per plating. In brief, neonates were anaes-
thetised by isoflurane inhalation and decapitated. Brains were isolated, the cerebral cortices
were dissected and placed in Neurobasal medium (Thermo Fisher Scientific, Waltham, MA,
USA). After removal of the meninges, the cerebral cortices were collected in a chemically
defined R12 culture medium [22] with trypsin for chemical dissociation. Thereafter, 150 µL
of soybean trypsin inhibitor and 125 µL of DNAse I (20.000 units, Thermo Fisher Scientific)
were added, followed by trituration for mechanical dissociation of the cells. The suspension
was centrifuged at 1200 rpm at 4 ◦C for 5 min. Cells were plated on glass coverslips at
a density of approximately 3000 cells/mm2. The glass coverslips were pre-coated with
20 mg/mL poly-L-lysine (Merck, Darmstadt, Germany) to enhance cell adhesion. Cells
were allowed to settle at 37 ◦C and 5% CO2 for 2 h (incubation in R12 medium, optimised
with 50 ng/mL nerve growth factor (Thermo Fisher Scientific)). The medium was serum-
free to suppress glial cell proliferation, thus keeping glial cell numbers lower than 5% [22].
The medium was renewed twice a week. The cultures were stored in an incubator under
standard conditions of 37 ◦C, 100% humidity and 5% CO2 for a period of one or three weeks
prior to hypoxia.

Cerebellar granule neurons were obtained from a mixed population of 4-day-old fe-
male and male Wistar rats. Briefly, the animals were anaesthetised by isoflurane inhalation
and decapitated. Brains were isolated, the cerebella were dissected and placed in Neu-
robasal medium (Thermo Fisher Scientific). After removal of the meninges, the cerebella
were incubated in 0.025% trypsin (Merck) in Hank’s balanced salt solution (HBSS, Thermo
Fisher Scientific) at 37 ◦C for 30 min. The tissue was then incubated in HBSS containing
1% BSA (Merck) and 1% w/v trypsin inhibitor (cat.# T-6522, Merck) at 37 ◦C for 5 min.
After washing in HBSS, the tissue was triturated with a pipette tip, and the dissociated
neurons were cultured in neurobasal medium supplemented with 2% B-27 (Thermo Fisher
Scientific), 0.5 mM L-glutamine (Thermo Fisher Scientific), 100 units/mL penicillin (Thermo
Fisher Scientific), and 100 µg/mL streptomycin (Thermo Fisher Scientific) at a density of
1.7 × 104 cells per well of a 24-well plate coated with poly-L-lysine (Merck). Cerebellar
granule neurons were cultured for 24 h prior to hypoxia induction.

2.4. Acute Cerebral Cortex Slices

Acute cerebral cortex slices were obtained from a mixed population of 4-day-old
female and male Wistar rats. The animals were anaesthetised by isoflurane inhalation
and decapitated. Brains were isolated, the brain hemispheres were dissected in DMEM
medium (Merck) and sliced at a thickness of 400 µm perpendicularly to their longitudinal
axis using the McIlwain tissue chopper (Plano, Wetzlar, Germany). Slices were placed
onto Millicell membrane inserts (Merck) and transferred into six-well plates with 1 mL of
nutrition medium per well (25% heat-inactivated horse serum, 25% HBSS, 50% DMEM,
2 mM glutamine, pH 7.2). Slices were maintained under standard conditions of 37 ◦C, 100%
humidity and 5% CO2 for a period of 24 h prior to hypoxia.

2.5. Induction of Hypoxia and Treatment with Ghrelin

One-third of the cultured cells/acute slices were kept under normoxic conditions
(37 ◦C, 100% humidity and 5% CO2) and the rest of the cultures were exposed to hypoxia
for 6 h. Hypoxia was achieved by subjecting the cultures and slices to air evacuation [23],
which took ~3–4 s. The induction of hypoxia begins with lowering the partial oxygen
pressure (pO2) from ~160 mmHg to less than 25 mmHg within 30 min. This process
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was visually inspected with an oxygen indicator. The specimens were air-evacuated and
sealed in a plastic bag, and then incubated at 37 ◦C and in a humidified atmosphere for
6 h (for further details see also [23]). After six hours of hypoxia, the cultures and slices
were maintained under normoxic conditions (37 ◦C, 100% humidity and 5% CO2) for 24 h.
Thereby, half of these cultures/slices were supplemented with human ghrelin peptide (cat.#
ab199421, Abcam, Cambridge, UK) for the duration of 24 h (final concentration of 0.5 µM
as described elsewhere [24–27]). The other half of the cultures were kept in a plain medium,
also for 24 h, and used as a control.

2.6. Immunostaining

Immunostaining was performed on 36 independent cultures, with equal cell den-
sity for each experimental condition (normoxia, hypoxia, hypoxia + ghrelin). Primary
cell cultures and acute slices were fixed in 4% paraformaldehyde/phosphate buffered
saline pH 7.4 (PBS, Merck) at room temperature for 20 min, washed in PBS for 5 min,
immersed in 1% bovine serum albumin (in PBS containing 0.01% Triton-X) for 20 min and
immunostained for calretinin, GHSR1, Pax6, Ki67, GFAP, and NeuN using the following
primary antibodies (dilutions in PBS are indicated): mouse anti-GHSR1 (cat.# sc-374515,
RRID:AB_10987651, Santa Cruz Biotechnology, Dallas, TX, USA, dilution 1:1000), rabbit
anti-calretinin (cat.# CR 7697, RRID:AB_2619710, Swant, Burgdorf, Switzerland, dilution
1:1000), rabbit anti-Pax6 (cat.# PRB-278P, RRID:AB_291612, Covance, Princeton, NJ, USA,
dilution 1:500) or mouse monoclonal anti-Pax6 (cat.# MA1-109, RRID:AB_2536820, Thermo
Fisher Scientific), rabbit anti-Ki67 (cat.# VP-RM04, RRID:AB_2336545, Vector Laboratories,
Burlingame, CA, USA, dilution 1:200), goat anti-GFAP (cat.# ab53554, RRID:AB_880202,
Abcam, dilution 1:750), and guinea-pig anti-NeuN (cat.# ABN90, RRID:AB_11205592, Milli-
pore, Burlington, MA, USA, dilution 1:2000). In the case of double immunostaining, the
specimens were incubated sequentially in each of the primary antibodies at 4 ◦C for 10 h
each. Following several washes in PBS, the specimens were incubated in the appropriate
secondary antibodies (IgG conjugated to fluorochromes): goat anti-rabbit Alexa 488 nm
(cat.# A-11008, RRID:AB_143165, Thermo Fisher Scientific, diluted 1:1000), goat anti-mouse
594 nm (cat.# A-11031, RRID:AB_144696, Thermo Fisher Scientific, diluted 1:1000), goat
anti-guinea pig 594 nm (cat.# 106-585-003, RRID:AB_2337442 Jackson ImmunoResearch
Labs, West Grove, PA, USA, diluted 1:500), donkey anti-goat Alexa 488 nm (cat.# A32814,
RRID:AB_2762838, Thermo Fisher Scientific, diluted 1:500), and donkey anti-rabbit Alexa
594 nm (cat.# A32754, RRID:AB_2762827, Thermo Fisher Scientific, dilution 1:500) in a
dark chamber at room temperature for 2 h. The samples were counterstained with the
fluorescent dye 4′,6-diamidino-2-phenylindole DAPI (cat.# 10236276001, Merck, dilution
1:1000) at room temperature for 15 min. After several washes in PBS, specimens were
rinsed in distilled water, embedded in fluorescent mounting medium (Carl Roth, Karlsruhe,
Germany) on coverslips. For transmitted light microscopy, the incubation in primary
mouse anti-GHSR1 antibody was followed by treatment with biotinylated secondary anti-
bodies (donkey anti-mouse IgG, dilution 1:500, Jackson ImmunoResearch Labs) at room
temperature for 2 h. After rinsing, the brain slices were incubated for 1 h in the Vectastain
ABC-HRP Kit (6.25 µL/mL of each compound in PBS, cat.# PK-4002, Vector Laboratories)
following the manufacturer’s instructions. The peroxidase activity was visualised with the
SG substrate kit (cat.# SK-4700, Vector Laboratories) in PBS for 5 min, at room temperature.
Finally, the specimens were rinsed in PBS and mounted on coverslips.

To test the specificity of the GHSR1 antibody, we conducted two control staining
procedures as follows. Prior to staining, we incubated the murine primary GHSR1 anti-
body with murine pituitary/hypothalamus tissue homogenate to bind the antibody with
detergent-solubilised GHSR1. In particular, tissue of the pituitary gland and hypothalamus
from an 11–month–old male mouse was freshly isolated and homogenised in RIPA buffer
(150 mM sodium chloride, 50 mM tris-HCl, 1% Nonidet P–40, 0.5% sodium deoxycholate,
pH 8.0). The homogenate was then centrifuged at 13,000 rpm (room temperature) for
10 min and the supernatant was used for further incubation steps. Approximately 120 µg of
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the supernatant protein were mixed with 4 ng of the GHRS1 antibody at room temperature
for 30 min. This mixture was applied to fixed cerebral cortex cells at 4 ◦C for 10 h, followed
by the standard steps of immunocytochemistry as described above. For the second control
staining procedure, we applied only the Alexa 594—conjugated secondary antibody (with-
out the primary GHSR1 antibody) to the cells (using a dilution of 1:1000) for 2 h. In both
cases, the GHSR1 fluorescence signal was barely detectable with the set-up of the spinning
disk microscope as described in the imaging acquisition section.

2.7. Homogenate Preparation for Dot Blot Analysis

Cerebral cortex slices (described above) were homogenised in lysis buffer containing
100 mM Tris-HCl, pH 7.4 (Carl Roth), 12 mM magnesium acetate tetrahydrate (Merck), and
6 M urea (Sigma-Aldrich, St. Louis, MO, USA) under several freezing-refreezing rounds
in liquid nitrogen. The total protein amount was measured on the Genova Nano micro-
volume Life Science Spectrophotometer (Jenway, Staffordshire, UK) using a direct UV light
detection set-up following the manufacturer’s instructions. For each condition, 20 µg total
protein per dot were dropped onto a nitrocellulose membrane (cat.# 10600015, 0.2 µm, GE
Healthcare, Chicago, IL, USA). The membrane was rinsed in Vilber washing buffer (cat.#
PU4000500, Vilber, Collégien, France) at room temperature for 30 min and then incubated
with a murine antibody recognising GHSR1 (cat.# sc-374515, RRID:AB_10987651, Santa
Cruz Biotechnology, dilution 1:1000, incubation overnight) or mouse β-actin antibody (cat.#
A5441, RRID:AB_476744, Sigma-Aldrich, dilution 1:10,000, incubation for 1 hour) which
were diluted in the Vilber PurityTM anti-mouse HRP reagent (cat.# PU4200100, Vilber)
following the manufacturer’s instructions. The membranes were then incubated in the
Vilber PureclTM Dura substrate (cat.# PU4400125, Vilber) according to the manufacturer’s
instructions and subjected to chemiluminescence detection using the Vilber Fusion FX
Imager (Vilber). The duration of the exposure for the GHSR1 and β-actin signal were 10 s
and 20 s, respectively. For quantification of chemiluminescent signals, the ImageJ2 software
(version 2.3.0/1.53f, Fiji) was used. The membranes were then stained with Ponceau S
solution (cat.# P7170-1L, Sigma-Aldrich) for 4 min, washed in distilled water for 15 min
and air-dried.

2.8. Image Acquisition

After immunostaining, the specimens were subjected to fluorescence microscopy using
a confocal fluorescence spinning disc microscope (Nikon, Minato, Tokyo, Japan) equipped
with the PCO Edge 5.5 sCMOS camera (noise: 1.4 electrons, resolution: 5.5 megapixel,
dynamic range: 22,000:1, speed: 100 fps, stabilised by Peltier cooling, Visitron Systems,
Puchheim, Germany) and the VS-LMS Laser-Merge-System for CSU-X1 and 2D FRAP
Option (Visitron Systems). For acquisition of images, 405 nm (3.54 mW), 488 nm (3.85 mW)
and 561 nm (4.11 mW) laser wave lengths were used. Images were taken using a 40×
air-magnification objective (ELWD 40×/0.6 air s plan fluor, OFN22, DIC, N1, MRH08430)
or a 60× water-magnification immersion objective (60×a/1.20 WI plan Apo vc, Nikon,
OFN25, DIC, N2, MRD07602). The software used for the acquisition of images was VisiView
(Version 4.4.018, 16 December 2019, Visitron Systems, license # 1434). All exposure times
were set to be 1000 ms with binning 2, offset 0/0, gain 0, and a non-implemented digitiser.
The images were further processed and analysed with the ImageJ2 software (version
2.3.0/1.53f, Fiji). Only uncropped original images are provided in the figures.

Transmitted light microscopic images were captured using a fully motorised wide-
field microscope Zeiss AxioImager Z.2 (Carl Zeiss, Jena, Germany) with an AxioCam Mrm
rev.3 monochrome CCD camera (Carl Zeiss), and AxioVision v.4.9 software through an
EC Plan-Neofluar objective 5×. Shading from the irregular illumination field was cor-
rected during the acquisition via the camera’s built-in shading correction. The images were
savedin the zvi-format (Carl Zeiss) of the AxioVision software, stitched together, and ex-
ported to an 8 bit TIFF format for further processing and analysis with the ImageJ2 software
(version 2.3.0/1.53f, Fiji).
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2.9. Immunogold Transmission Electron Microscopy

Formaldehyde-fixed cultures (described above) were incubated with 1% bovine serum
albumin in PBS at room temperature for 30 min, followed by an incubation with the mouse
monoclonal antibody against GHSR1 (diluted 1:1000 in PBS) at 4 ◦C for 72 h. Specimens
were washed in PBS three times (20 min for each round) and incubated with a donkey
polyclonal antibody coupled to 10 nm gold (cat.# ab39593, Abcam, RRID:AB_954429,
dilution 1:100 in PBS) at room temperature for 1 hour. After intensive rinsing in PBS
(five rounds, 5 min for each round), sections were fixed with 1% glutaraldehyde in PBS
at room temperature for 10 mins. Specimens were then incubated in 0.8% NaCl and 8%
glucose at room temperature for 30 min and chilled on ice for a further incubation in an
aqueous mixture of 2% OsO4 and 1% potassium hexacyanoferrate (III) (cat.# 31251, Sigma-
Aldrich) for 2 h. The osmicated sections were washed in an ice-chilled aqueous mixture
of 0.8% NaCl and 8% glucose for 30 min and dehydrated in 70% ethanol (2 × 15 min),
90% ethanol (2 × 15 min), 95% ethanol (2 × 15 min), 100% ethanol (2 × 30 min), and pure
propylene oxide (2 × 20 min) on ice. Sections were then incubated in a propylene oxide-
Araldite mixture (1:1) containing 3% accelerator on ice for 2 h and then at room temperature
overnight. Sections were then transferred into Araldite containing 2% accelerator for 1 hour
(at room temperature) and then the Araldite mixture was refreshed for the final embedding.
The embedded sections were cured at 65◦C overnight. Semithin sections (500 nm) were
cut on an ultramicrotome (Ultracut R, Leica, Wetzlar, Germany), stained with 1% toluidine
blue in borax (4 min) and inspected under the Leica DME light microscope (10× and 40×
objectives). Ultrathin sections (55 nm) were then cut, mounted on 100-meshed Nickel grids
(Ted Pella, Redding, CA, USA) and stained with an aqueous solution of 4% uranyl acetate
(cat. # E22400, Science Services, München, Germany) at room temperature for 20 min. The
sections were rinsed in distilled water and then stained in aqueous 2% Pb(NO3)3 (cat. #
228621, Sigma-Aldrich). After rinsing in distilled water and air drying, the sections were
subjected to low voltage electron microscopy using the LVEM25 (Delong Instruments, Brno,
Czech Republic).

2.10. Data Collection and Statistical Analysis

Twenty light microscopic images of cerebral cortex sections of at least 4 animal brains
with transient cerebral ischemia were analysed for GHSR1 expression. The intensity of the
GHSR1 signals was measured within the cells in arbitrary units (AU) and normalised on
the measured cell area. The data sets were subjected to Welch’s t-test and are presented
as medians ± standard deviation (SD). The sample size of each group is indicated within
the corresponding figure legend. For in vitro cultures, images of 200 to 800 cells from each
marker per group were taken and subjected to analysis of the intensity signals for each
condition. At least four independent cultures obtained from six animals were used per
condition. The percentage of cells positive for each marker was calculated and presented as
means± standard error of the mean (SEM). The intensity of the GHSR1 fluorescence signals
was measured in AU and normalised on the measured cell area—the data are presented
as medians ± SD. All images used for comparison were taken at the same setting on the
confocal spinning disc microscope. For dot blot analysis, the chemiluminescent signals
of homogenates from organotypic slices of four animals (four independent experimental
samples per condition) were processed with the ImageJ software as described above and
each GHSR1 signal was referenced to the signal of the corresponding ß-actin band. The data
are presented as ratios (medians ± SD). The data sets were subjected to One-Way ANOVA
statistical analysis using the post hoc Tukey’s Multiple Comparison Test or Kruskal-Wallis
Multiple Comparison Test to assess the statistical significance of differences between the
various conditions. The values of p < 0.05 were regarded as statistically significant. All
p-values and sample sizes are indicated in the corresponding figure/figure legends. The
statistical analyses were performed with the GraphPad Prism software (version 9.3.0,
GraphPad Software Inc., San Diego, CA, USA).

176



Cells 2022, 11, 782

3. Results
3.1. Experimental Ischemia In Vivo Leads to Increased GHSR1 Expression Levels in Cerebral
Cortex Cells

There is a growing body of evidence indicating that ghrelin ameliorates neuroregener-
ation upon injury. Therefore, we became interested in testing whether transient cerebral
ischemia, which was induced experimentally in mice, may alter the GHSR1 expression in
cerebral cells within the ischemic region. To this aim, we occluded the middle cerebral
artery of adult mice for 45 min and allowed afterwards reperfusion to take place, thus in-
ducing transient cerebral ischemia. Animals were then sacrificed on day 28 after induction
of stroke and subjected to immunostaining for the ghrelin receptor GHSR1. Analysis of
immunostaining intensity signals revealed enhanced GHSR1 immunoreactivity in cortical
cells of the stroke area when compared to the expression observed at the contralateral
side (Figure 1A,B). In the ipsilateral hemisphere (occlusion site), the GSHR1 signal was
detected across the cerebral cortex cell bodies, whereas contralaterally, the signal was
mainly restricted to the cytoplasm (Figure 1A). The quantification analysis indicated that
the condition of stroke (hypoxia) stimulated the expression of GHSR1 in cerebral cortex cells.
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Figure 1. GHSR1 expression in cerebral cortex sections from brains of mice with experimentally
induced transient cerebral ischemia. (A,B) Immunostaining with an antibody recognising GHSR1
(black staining) on a representative coronal brain section showing strong GHSR1-immunoreactivity
at the occlusion site (ischemia/ipsilateral) in comparison to the signal of the contralateral side
(control hemisphere). Note that the contralateral signal was restricted mainly to the cytoplasm
(crescent-shaped appearance). Abbreviations: cc—corpus callosum, dg—dentate gyrus, cp/lv—
choroid plexus/lateral ventricle. Scale bar, 300 µm. The GHSR1 signal intensity within the cells was
measured in arbitrary units [AU]. Data are presented as medians ± SD analysed by Welch’s t-test.
The p-value is indicated; n = 203 measured ipsilateral cells; n = 197 measured contralateral cells.

3.2. Experimental Hypoxia In Vitro Leads to Increased GHSR1-Immunoreactivity in Cultured
Cerebral Cortex Cells, Cerebellar Granule Neurons and Organotypic Cerebral Cortex Slices

Following the results from the experimental in vivo stroke model, we became inter-
ested in testing whether the stimulatory effect of hypoxia on the GHRS1 expression could
be seen in neuronal cultures deprived of oxygen. As a proof-of-principle, we used an
in vitro model of hypoxia consisting of neonatal dissociated rat cortical neurons that had
been cultured for one week and then exposed to severe hypoxia for 6 h, followed by a
recovery period of 24 h under normal oxygen supply. Half of the cultures were supple-
mented with ghrelin during these 24 h, while the other half remained untreated as a control.
All samples were fixed and processed for immunostaining with antibodies recognising
calretinin and GHSR1. We tested the specificity of the GHSR1 antibody in two control
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staining set-ups: prior to staining of the cell cultures, we incubated the murine primary
GHSR1 antibody with murine pituitary/hypothalamus tissue homogenate to opsonise the
antibody with detergent-solubilised GHSR1 (Supplementary Figure S1A and Methods). For
the second control staining procedure, we applied only the secondary antibody, without
the primary GHSR1 antibody (Supplementary Figure S1B and Methods). The signal of
calretinin immunofluorescence revealed arborised neurons, which were surrounded by
nonneural (fibroblasts) and glial cells (Figure 2A, arrows). The GHSR1 fluorescence signal
in calretinin-positive neurons was measured (Figure 2B). Under normoxic conditions, the
neuronal immunoreactivity for GHSR1 was weak at the plasma membrane, cytoplasm
and nucleus (Figure 2A). Hypoxia imposed on the cell cultures led to increased GHSR1-
immunoreactivity in calretinin-positive neurons (Figure 2A,B). The GHSR1 signal was
increased in the neurites and nuclei of the neurons. Of note, in the nuclei as well as in the
cytoplasm of hypoxic glia and fibroblasts the GHSR1 signal was also increased (Figure 2A,
arrows, middle panel). When ghrelin was applied to hypoxic neurons, the fluorescence sig-
nals of GHSR1 in neurons were reduced to those measured under normoxia (Figure 2A,B).
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Figure 2. Hypoxia imposed on dissociated cerebral cortex cells stimulated expression of GHSR1.
(A) Immunostaining with antibodies recognising calretinin (green) and GHSR1 (red) on neonatal
dissociated rat cortical neurons that had been cultured for one week and then exposed to severe
hypoxia for 6 h, followed by a recovery period of 24 h under normal oxygen supply. DAPI (blue)
was used to stain the nuclei. Calretinin immunofluorescence revealed the arborisation pattern of
the cerebral cortex neurons, which were surrounded by nonneural and glial cells (arrows). Under
normoxic conditions, neurons expressed GHSR1 at the plasma membrane, cytoplasm and nucleus
(inlets). Hypoxia imposed on the neurons led to increased expression levels of GHSR1 (A,B). Note
that in the nuclei as well as in the cytoplasm of hypoxic glia and fibroblasts the GHSR1 signal was
also increased. Application of ghrelin to hypoxic cultures reduced the expression levels of GHSR1 in
neurons to normoxic levels (A,B). Scale bar, 30 µm. Data are presented as medians ± SD analysed by
Kruskal-Wallis’ Multiple Comparison Test. p-values are indicated; n = 97 for normoxia; n = 119 for
hypoxia and n = 70 for hypoxia + ghrelin. See also Supplementary Figure S1.
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We next asked whether these effects hold true for other types of neurons and studied,
therefore, dissociated rat cerebellar granule neurons that had been cultured for 24 h and
then exposed to severe hypoxia for 6 h, followed by a recovery period of 24 h under normal
oxygen supply. Similar to the experimental design with cortex neurons mentioned above,
half of the cultures of cerebellar granule neurons were supplemented with ghrelin during
the recovery phase, while the other half remained untreated as a control. All samples
were fixed and immunostained for calretinin and GHSR1 (Figure 3A). The calretinin
immunostained cerebellar granule neurons appeared unipolar, often growing in clusters
(Figure 3A). In normoxic cerebellar granule neurons, the expression of GHSR1 was weak
and predominantly restricted to the nucleus (Figure 3A, inlets). Hypoxia led to increased
GHSR1-immunoreactivity in the nucleus (Figure 3A,B). When ghrelin was applied to
recovering hypoxic cerebellar granule neurons, the GHSR1 signals were reduced to those
measured under normoxia (Figure 3A,B).
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Figure 3. Hypoxia imposed on dissociated cerebellar granule neurons stimulated nuclear expression
of GHSR1. (A) Immunostaining for calretinin (green) and GHSR1 (red) on cerebellar granule neurons
that had been cultured for 24 h and then exposed to severe hypoxia for 6 h, followed by a recovery
period of 24 h under normal oxygen supply. DAPI (blue) was used to stain the nuclei. Cerebellar
granule neurons were unipolar, partially growing in clusters. In normoxic cerebellar granule neurons,
the expression of GHSR1 was predominantly restricted to the nucleus (inlets). Hypoxia led to
increased GHSR1-immunoreactivity in the nucleus (A,B). When ghrelin was applied to recovering
hypoxic cerebellar granule neurons, the GHSR1 signals were similar to the normoxic levels (A,B). Scale
bar, 30 µm. Data are presented as medians ± SD analysed by Kruskal-Wallis’ Multiple Comparison
Test. p-values are indicated; n = 99 for normoxia; n = 151 for hypoxia and n = 83 for hypoxia + ghrelin.

In parallel, we prepared acute organotypic slice cultures from brain hemispheres
of 4-day-old Wistar rats and exposed the slices to severe hypoxia for 6 h, followed by
a recovery period of 24 h under normal oxygen supply. One half of the cerebral cortex
slices were supplemented with ghrelin during the recovery phase, while the other half
remained untreated as a control. After fixation, the samples were immunostained for
calretinin and GHSR1 (Figure 4A). In slices, the calretinin immunostained cerebral cortex
neurons appeared multipolar, surrounded by a huge population of calretinin-negative cells
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expressing GHSR1 (Figure 4A). Under normoxia, the GHSR1 signal was homogeneously
distributed across the sliced tissue (Figure 4A). Hypoxia imposed on the slices led to
increased GHSR1-immunoreactivity (Figure 4A,B). When ghrelin was applied to recovering
hypoxic slices, the GHSR1 signals were slightly reduced (in neurons almost to those
seen under normoxia) (Figure 4A,B). However, many calretinin-negative cells were still
displaying strong GHSR1 signals.
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Figure 4. Hypoxia on acute cerebral cortex slices stimulated expression of GHSR1. (A) Calretinin
(green) and GHSR1 (red) immunostaining of cerebral cortex slices. Slices were obtained from 4-day-
old rats and cultured for 24 h to be then exposed to severe hypoxia for 6 h, followed by a recovery
period of 24 h under normal oxygen supply. DAPI (blue) was used to stain the nuclei. In slices,
calretinin-positive cerebral cortex neurons appeared multipolar, surrounded by many calretinin-
negative cells expressing GHSR1. Normoxic expression of GHSR1 was homogeneously distributed
across the sliced tissue. Hypoxia imposed on the slices led to increased GHSR1-immunoreactivity
(A,B). When ghrelin was applied to recovering hypoxic slices, the GHSR1 signals were slightly
reduced (in neurons almost to normoxic levels). Many calretinin-negative cells were still strongly
positive for GHSR1. Scale bar, 30 µm. Data are presented as medians ± SD analysed by Kruskal-
Wallis’ Multiple Comparison Test; p-values are indicated; n = 562 for normoxia; n = 142 for hypoxia
and n = 274 for hypoxia + ghrelin.

Furthermore, we prepared homogenates from the slices and subjected the homogenates
to dot blot analysis using the GHSR1 antibody. Protein loading was controlled by im-
munodetection for β-actin and by staining with Ponceau S (Figures 5A and S2). The
GHSR1 signal was normalised on the β-actin signal. The quantitative analysis of the dots
confirmed that the expression of GHSR1 was increased in the homogenates of the slices
which were subjected to hypoxia when compared to normoxic slices (Figures 5A,B and S2).
Ghrelin application to slices recovering from hypoxia decreased the levels of GHSR1
(Figures 5A,B and S2).
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subjected to hypoxia in comparison to normoxic slices. Ghrelin application to recovering hypoxic 
slices decreased the levels of GHSR1. Data are presented as medians ± SD analysed by One-Way 
ANOVA with Tukey’s Multiple Comparison Test; p-values are indicated; n = 4 for normoxia; n = 4 
for hypoxia and n = 4 for hypoxia + ghrelin. See also Supplementary Figure S2. 

Considering the GHSR1 immunoreactivity found on the cell surface and within the 
cell interior, we asked whether the receptor is present in the cell nuclei and associates with 
the chromatin. We first mapped the murine and human GHSR1 protein sequence for nu-
clear localisation signals in the cNLS Mapper [28]. The predicted NLS in the mouse 
GHSR1 sequence (Figure 6A) and that of the human (Figure 6B) received the scores 3.2 
and 4.2–4.7, respectively. Such scores suggest a potential cytoplasmatic and nuclear pres-
ence of GHSR1 [28]. Following these predictions, we performed immunogold transmis-
sion electron microscopy for GHSR1 on cerebral cortex cells under normoxia, hypoxia and 
hypoxia with ghrelin treatment (Figure 6C). Under normoxic conditions, we found a few 
immunogold grains/precipitates within the cytoplasm and the nucleus of the cells (Figure 
6C, first panel), whereas, under hypoxia, the amount of the immunogold precipitates was 
per se higher in both the cytoplasm and nucleus (Figure 6C, second panel). In the hypoxic 

Figure 5. Dot blot analysis of homogenates from cerebral cortex slices under normoxic and hypoxic
conditions. (A) Dot blots with homogenates from slices under normoxia, hypoxia and hypoxia
followed by ghrelin treatment. Antibodies recognising GHSR1 and β-actin were used. Lower panel:
Ponceau S staining. Exposure/incubation times are indicated. (A,B) Quantitative analysis of the dots
confirmed that the expression of GHSR1 was increased in the homogenates of the slices which were
subjected to hypoxia in comparison to normoxic slices. Ghrelin application to recovering hypoxic
slices decreased the levels of GHSR1. Data are presented as medians ± SD analysed by One-Way
ANOVA with Tukey’s Multiple Comparison Test; p-values are indicated; n = 4 for normoxia; n = 4 for
hypoxia and n = 4 for hypoxia + ghrelin. See also Supplementary Figure S2.

Considering the GHSR1 immunoreactivity found on the cell surface and within the
cell interior, we asked whether the receptor is present in the cell nuclei and associates
with the chromatin. We first mapped the murine and human GHSR1 protein sequence
for nuclear localisation signals in the cNLS Mapper [28]. The predicted NLS in the mouse
GHSR1 sequence (Figure 6A) and that of the human (Figure 6B) received the scores 3.2 and
4.2–4.7, respectively. Such scores suggest a potential cytoplasmatic and nuclear presence of
GHSR1 [28]. Following these predictions, we performed immunogold transmission electron
microscopy for GHSR1 on cerebral cortex cells under normoxia, hypoxia and hypoxia with
ghrelin treatment (Figure 6C). Under normoxic conditions, we found a few immunogold
grains/precipitates within the cytoplasm and the nucleus of the cells (Figure 6C, first panel),
whereas, under hypoxia, the amount of the immunogold precipitates was per se higher in
both the cytoplasm and nucleus (Figure 6C, second panel). In the hypoxic cells that had
received ghrelin, the amount of cytoplasmic and nuclear immunogold precipitates appeared
reduced (Figure 6C, third panel). Of note, in all three conditions, nuclear immunogold
precipitates were found in the regions of the heterochromatin (Figure 6C, red arrows).
Interestingly, under hypoxia, a few gold grains were found also within the euchromatin.
These combined findings confirmed the nuclear presence and the chromatin association
of GHSR1.
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tates/grains in normoxic, hypoxic and ghrelin-treated hypoxic cerebral cortex cells. Blue arrows in-
dicate immunogold precipitates found within the cytoplasm, on vesicles and on the plasma mem-
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der the condition of hypoxia. Scale bar, 100 nm. 
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Based on the findings obtained from the transmission electron microscopy, we hy-
pothesised that nuclear GHSR1 affected the expression of neurogenic and mitotic factors 
such as Pax6 and Ki67. To test this hypothesis, we prepared neonatal dissociated rat cere-
bral cortex neurons that had been cultured for 3 weeks to a mature stage to then expose 
them to severe hypoxia for 6 h, followed by a recovery period of 24 h under normal oxygen 
supply. Half of the cultures were supplemented with ghrelin during 24 h of recovery, 
while the other half remained untreated as a control. We immunostained the cultures for 
Pax6 (Figure 7A). Because of the relative difference in the cell density, we calculated the 
Pax6-positive cells as a percentage of all cells (counterstained with DAPI). In mature 3-
week-old cultures under normoxic conditions, 55.5 ± 3.0% (mean ± SEM) of the cells ex-
pressed Pax6 (Figures 7A,B). Their proportion was decreased under hypoxia to 38.9 ± 2.1% 
(mean ± SEM), whereas ghrelin treatment upregulated the expression levels of Pax6 (53.2 
± 1.4%, mean ± SEM) and brought them closely to levels seen under normoxia (Figure 6B). 

Figure 6. Nuclear presence and chromatin association of GHSR1. (A,B) Amino acid sequences of
the murine and human GHSR1 with predicted nuclear localisation signal regions (NLS, in red).
Initial and end positions of the NLS are indicated, the NLS prediction scores are given. (C) Trans-
mission electron microphotographs showing the intracellular distribution of GHSR1-immunogold
precipitates/grains in normoxic, hypoxic and ghrelin-treated hypoxic cerebral cortex cells. Blue
arrows indicate immunogold precipitates found within the cytoplasm, on vesicles and on the plasma
membrane. Red arrows indicate nuclear GHSR1-immunogold precipitates (predominantly associated
with the heterochromatin). Note the increased number of cytoplasmic and nuclear gold grains under
the condition of hypoxia. Scale bar, 100 nm.

3.3. Experimental Hypoxia In Vitro Leads to Decreased Numbers of Pax6 and NeuN Expressing
Cerebral Cortex Cells, but Increases the Number of Ki67-Positive Cells

Based on the findings obtained from the transmission electron microscopy, we hypoth-
esised that nuclear GHSR1 affected the expression of neurogenic and mitotic factors such as
Pax6 and Ki67. To test this hypothesis, we prepared neonatal dissociated rat cerebral cortex
neurons that had been cultured for 3 weeks to a mature stage to then expose them to severe
hypoxia for 6 h, followed by a recovery period of 24 h under normal oxygen supply. Half
of the cultures were supplemented with ghrelin during 24 h of recovery, while the other
half remained untreated as a control. We immunostained the cultures for Pax6 (Figure 7A).
Because of the relative difference in the cell density, we calculated the Pax6-positive cells as
a percentage of all cells (counterstained with DAPI). In mature 3-week-old cultures under
normoxic conditions, 55.5 ± 3.0% (mean ± SEM) of the cells expressed Pax6 (Figure 7A,B).
Their proportion was decreased under hypoxia to 38.9 ± 2.1% (mean ± SEM), whereas
ghrelin treatment upregulated the expression levels of Pax6 (53.2 ± 1.4%, mean ± SEM)
and brought them closely to levels seen under normoxia (Figure 6B).
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exposure to hypoxia upregulated the number of Pax6 expressing cells to normoxic levels. Scale bar, 
20 µm. Data are presented as medians ± SD analysed by Kruskal-Wallis’ Multiple Comparison Test; 
p-values are indicated; n = 18 for normoxia; n = 20 for hypoxia and n = 34 for hypoxia + ghrelin. 
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(mouse), whereas hypoxic neurons displayed weak immunoreactivity signals (Figure 8B, 
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Figure 7. Hypoxia applied to dissociated cerebral cortex cells reduced the number of Pax6 expressing
cells. (A,B) Pax6 immunostaining of dissociated cerebral cortex cells (in a mature state) under
normoxic and hypoxic conditions. Approximately half of the matured cortical cultures were Pax6-
positive (arrows), whereas hypoxia significantly decreased their proportion. Ghrelin treatment after
exposure to hypoxia upregulated the number of Pax6 expressing cells to normoxic levels. Scale bar,
20 µm. Data are presented as medians ± SD analysed by Kruskal-Wallis’ Multiple Comparison Test;
p-values are indicated; n = 18 for normoxia; n = 20 for hypoxia and n = 34 for hypoxia + ghrelin.

Additionally, staining of 3-week-old cerebral cortex cell cultures for Pax6 (produced
in rabbit) and GFAP was performed (Figure 8A). Under normoxic conditions, 25.6 ± 3.9%
(mean± SEM) of the cultured cells expressed both Pax6 and GFAP (Figure 8A, upper panel).
In the hypoxic group 14.7 ± 2.1% (mean ± SEM) of the cells were positive for Pax6 and
GFAP (Figure 8A, middle panel). In hypoxic cultures supplemented with ghrelin during the
recovery period, 30.9 ± 6.0% (mean ± SEM) of all cells were double-stained for Pax6 and
GFAP (Figure 8A, lower panel). In a parallel set-up of the same conditions, we used
another Pax6 antibody (produced in the mouse) in combination with calretinin (Figure 8B).
Normoxic neurons stained for calbindin were strongly immunoreactive for Pax6 (mouse),
whereas hypoxic neurons displayed weak immunoreactivity signals (Figure 8B, upper and
middle panels). Ghrelin-treated hypoxic neurons showed strong Pax6-immunoreactivity
signals (Figure 8B, lower panels).
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Way ANOVA with Tukey’s Multiple Comparison Test). Note the overall weak Pax6-immunoreac-
tivity signals in hypoxic neurons vs. the condition of normoxia and hypoxia + ghrelin. Scale bar, 20 
µm. (B) Pax6 (mouse) and calretinin immunostaining of matured dissociated cerebral cortex cells 
revealed weak Pax6-immunoreactivity in hypoxic calretinin-positive neurons when compared to 
normoxic and ghrelin-treated hypoxic neurons. (A,B) DAPI was used to stain the nuclei. Analysis 
of the nuclear Pax6 signal intensity (medians ± SD in arbitrary units) for normoxia: 1.62 ± 0.69, n = 
50; hypoxia: 0.77 ± 0.59, n = 52; hypoxia + ghrelin: 1.15 ± 0.58, n = 52; p < 0.0001, Kruskal-Wallis’ 
Multiple Comparison Test. Scale bar, 30 µm. 

We further immunostained the cultures for Ki67 (Figures 9A,B) to detect active cell 
proliferation. The pattern of staining varied significantly between the cells; in some of 
them, the staining signal was restricted to the nucleoli, whereas in the large nuclei the 
signal appeared dispersed throughout the entire nucleus (Figures 9A,B). Moreover, some 
of the nuclei showed speckled patterns of staining (e.g., glial cells, Figure 9A). Proliferat-
ing neuronal precursors displayed Ki67-positive nuclei smaller than those of the prolifer-
ating glial cells, localised in the close proximity of the GFAP-positive glial cell nets. Under 
normal oxygen supply, the Ki67 index (percentage of neuronal precursors positive for the 
Ki67 antigen) was 9.7 ± 0.8% (mean ± SEM). Interestingly, in control cultures exposed to 
hypoxia for 6 h and followed by 24 h of re-oxygenation, the proportion of proliferating 
neuronal precursors was 59.8 ± 1.4% (mean ± SEM). In the experimental group supple-
mented with ghrelin during the recovery period, Ki67 was detected in 15.9 ± 1.6% (mean 
± SEM) of the neuronal precursor nuclei (Figures 9A,B). 
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Figure 8. Hypoxia imposed on 3-week-old cerebral cortex cells led to decreased immunoreactivity
for Pax6. (A) Pax6 (rabbit) and GFAP immunostaining of dissociated cerebral cortex cells (in a mature
state) under normoxic and hypoxic conditions. Normoxic GFAP-positive cells (glial cells) were also
positive for Pax6 and surrounded by many GFAP-negative cells with Pax6-immunoreactivity (arrows).
Hypoxia lowered the number of GFAP/Pax6-double-positive cells, whereas, ghrelin application after
hypoxia increased this number to normoxic levels (means ± SEM for normoxia: 25.6 ± 3.9%, n = 11;
hypoxia: 14.7 ± 2.1%, n = 10; hypoxia + ghrelin: 30.9 ± 6.0%, n = 11; p < 0.0001, One-Way ANOVA
with Tukey’s Multiple Comparison Test). Note the overall weak Pax6-immunoreactivity signals in
hypoxic neurons vs. the condition of normoxia and hypoxia + ghrelin. Scale bar, 20 µm. (B) Pax6
(mouse) and calretinin immunostaining of matured dissociated cerebral cortex cells revealed weak
Pax6-immunoreactivity in hypoxic calretinin-positive neurons when compared to normoxic and
ghrelin-treated hypoxic neurons. (A,B) DAPI was used to stain the nuclei. Analysis of the nuclear
Pax6 signal intensity (medians ± SD in arbitrary units) for normoxia: 1.62 ± 0.69, n = 50; hypoxia:
0.77 ± 0.59, n = 52; hypoxia + ghrelin: 1.15 ± 0.58, n = 52; p < 0.0001, Kruskal-Wallis’ Multiple
Comparison Test. Scale bar, 30 µm.

We further immunostained the cultures for Ki67 (Figure 9A,B) to detect active cell
proliferation. The pattern of staining varied significantly between the cells; in some of
them, the staining signal was restricted to the nucleoli, whereas in the large nuclei the
signal appeared dispersed throughout the entire nucleus (Figure 9A,B). Moreover, some of
the nuclei showed speckled patterns of staining (e.g., glial cells, Figure 9A). Proliferating
neuronal precursors displayed Ki67-positive nuclei smaller than those of the proliferating
glial cells, localised in the close proximity of the GFAP-positive glial cell nets. Under normal
oxygen supply, the Ki67 index (percentage of neuronal precursors positive for the Ki67 anti-
gen) was 9.7 ± 0.8% (mean ± SEM). Interestingly, in control cultures exposed to hypoxia
for 6 h and followed by 24 h of re-oxygenation, the proportion of proliferating neuronal
precursors was 59.8 ± 1.4% (mean ± SEM). In the experimental group supplemented with
ghrelin during the recovery period, Ki67 was detected in 15.9 ± 1.6% (mean ± SEM) of the
neuronal precursor nuclei (Figure 9A,B).
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Figure 9. Hypoxia imposed on dissociated cerebral cortex neurons stimulated the proliferation of 
neural precursors. (A) Immunolabelling of dissociated cortical neurons for Ki67 (pink after merging 
with DAPI) and GFAP (green) revealed the complex network of glial cells and neurons. DAPI was 
used to stain the nuclei. Proliferating glial cells were positive for Ki67 and showed a speckled pat-
tern of nuclear staining for the antigen, surrounded by GFAP-stained fibrils (left panels). The double 
staining showed also that the majority of Ki67-positive cells under hypoxic conditions were neu-
ronal precursors (right panels, arrows). Scale bar, 20 µm. (B) Quantitative analysis revealed that 
hypoxia significantly elevated the number of Ki67-positive neuronal precursors, whereas ghrelin 
treatment reduced these numbers to normoxic values. Data are presented as medians ± SD analysed 
by Kruskal-Wallis’ Multiple Comparison Test. p-values are indicated; n = 18 for normoxia; n = 27 for 
hypoxia and n = 15 for hypoxia + ghrelin. 

Further immunostaining for visualisation of the marker for post-mitotic neurons, 
NeuN, revealed immunoreactivity not only in the nuclei but also in the cytoplasm of many 
neurons, including the initial part of the neurites (Figure 10A). Some cells exhibited a 
strong immunoreactivity for the antigen (Figure 10A). The comparison between the quan-
titative data pointed to a significant decrease in the ratio of the NeuN-positive neurons 
under hypoxia (Figure 10B). Post-hypoxic supplementation of ghrelin increased the num-
ber of NeuN-positive neurons to normoxic values (Figures 10A,B). In particular, we ob-
served that hypoxia reduced significantly the ratio of NeuN-positive post-mitotic neurons 
(61.5 ± 3.7%, mean ± SEM) compared with the ratio which was assessed under normoxia 
(77.1 ± 2.8%, mean ± SEM). Ghrelin treatment during the post-hypoxic period elevated the 
fraction of neurons positive for NeuN up to numbers observed under normoxia (85.1 ± 
3.2%, mean ± SEM). 
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Figure 9. Hypoxia imposed on dissociated cerebral cortex neurons stimulated the proliferation of
neural precursors. (A) Immunolabelling of dissociated cortical neurons for Ki67 (pink after merging
with DAPI) and GFAP (green) revealed the complex network of glial cells and neurons. DAPI was
used to stain the nuclei. Proliferating glial cells were positive for Ki67 and showed a speckled
pattern of nuclear staining for the antigen, surrounded by GFAP-stained fibrils (left panels). The
double staining showed also that the majority of Ki67-positive cells under hypoxic conditions were
neuronal precursors (right panels, arrows). Scale bar, 20 µm. (B) Quantitative analysis revealed that
hypoxia significantly elevated the number of Ki67-positive neuronal precursors, whereas ghrelin
treatment reduced these numbers to normoxic values. Data are presented as medians ± SD analysed
by Kruskal-Wallis’ Multiple Comparison Test. p-values are indicated; n = 18 for normoxia; n = 27 for
hypoxia and n = 15 for hypoxia + ghrelin.

Further immunostaining for visualisation of the marker for post-mitotic neurons,
NeuN, revealed immunoreactivity not only in the nuclei but also in the cytoplasm of many
neurons, including the initial part of the neurites (Figure 10A). Some cells exhibited a strong
immunoreactivity for the antigen (Figure 10A). The comparison between the quantitative
data pointed to a significant decrease in the ratio of the NeuN-positive neurons under
hypoxia (Figure 10B). Post-hypoxic supplementation of ghrelin increased the number of
NeuN-positive neurons to normoxic values (Figure 10A,B). In particular, we observed that
hypoxia reduced significantly the ratio of NeuN-positive post-mitotic neurons (61.5 ± 3.7%,
mean ± SEM) compared with the ratio which was assessed under normoxia (77.1 ± 2.8%,
mean ± SEM). Ghrelin treatment during the post-hypoxic period elevated the fraction
of neurons positive for NeuN up to numbers observed under normoxia (85.1 ± 3.2%,
mean ± SEM).

185



Cells 2022, 11, 782Cells 2022, 11, x FOR PEER REVIEW 16 of 25 
 

 

 
Figure 10. Hypoxia decreased the number of NeuN-expressing post-mitotic neurons. (A) NeuN im-
munolabelling of post-mitotic dissociated cortical neurons (arrows). DAPI was used to stain the 
nuclei. NeuN was expressed not only in the nuclei of the neurons but also in the cytoplasm of many 
of them. Additionally, some neurons showed a higher level of antigen expression than others. Scale 
bar, 20 µm. (B) Hypoxia decreased the ratio of NeuN-positive neurons, whereas post-hypoxic ap-
plication of ghrelin increased the number of NeuN-positive neurons to normoxic values. Data are 
presented as medians ± SD analysed by Kruskal-Wallis’ Multiple Comparison Test. p-values are 
indicated; n = 46 for normoxia; n = 40 for hypoxia and n = 36 for hypoxia + ghrelin. 

4. Discussion 
The main findings of the present study are: (i) The expression of ghrelin’s receptor 

GHSR1 is enhanced after hypoxia-induced in vivo and In vitro; (ii) Ghrelin treatment of 
hypoxic cultures counteracts the increase of GHSR1; (iii) hypoxia reduces the Pax6 levels 
In vitro, simultaneously increasing neural progenitor proliferation. 

In some areas of the nervous system, such as the hypothalamus and the spinal cord, 
ghrelin has been shown to play an important role in (adult) neurogenesis [29,30]. Interest-
ingly, ghrelin is the only known endogenous ligand activating the GHSR1 [31,32]. In con-
trast to ghrelin, GHSR1 is highly expressed in the nervous system [33–38]. Does the ex-
pression level of GHSR1 change upon injury or stress imposed on the nervous system? 
Cabral et al. [39] have suggested that neuronal remodelling is GHSR1-mediated and de-
pends on the energy balance. Moreover, experimental evidence from the past two decades 
has revealed that ghrelin mediates neuroregeneration upon injury (for a detailed review 
see [40]). Therefore, we became interested in testing whether neurons subjected to meta-
bolic stress may alter their GHSR1 expression. We demonstrated that hypoxia imposed 
on the cell cultures led to increased GHSR1-immunoreactivity in the neurites and nuclei 
of the neurons, as well as in the cytoplasm and nuclei of hypoxic glia and fibroblasts. On 
the contrary, previous studies have reported downregulation of GHSR1 expression after 
ischemia [18,41], and controversial effects of ghrelin on GHSR1′s expression—while the 
research group of Miao [18] reported that postischemic treatment of rats with ghrelin led 
to an elevation of the receptor levels, Huang et al. [41] did not observe any change. These 
discrepancies could be due to the methods of sampling or/and the way of exposure of the 
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Figure 10. Hypoxia decreased the number of NeuN-expressing post-mitotic neurons. (A) NeuN
immunolabelling of post-mitotic dissociated cortical neurons (arrows). DAPI was used to stain the
nuclei. NeuN was expressed not only in the nuclei of the neurons but also in the cytoplasm of many of
them. Additionally, some neurons showed a higher level of antigen expression than others. Scale bar,
20 µm. (B) Hypoxia decreased the ratio of NeuN-positive neurons, whereas post-hypoxic application
of ghrelin increased the number of NeuN-positive neurons to normoxic values. Data are presented
as medians ± SD analysed by Kruskal-Wallis’ Multiple Comparison Test. p-values are indicated;
n = 46 for normoxia; n = 40 for hypoxia and n = 36 for hypoxia + ghrelin.

4. Discussion

The main findings of the present study are: (i) The expression of ghrelin’s receptor
GHSR1 is enhanced after hypoxia-induced in vivo and In vitro; (ii) Ghrelin treatment of
hypoxic cultures counteracts the increase of GHSR1; (iii) hypoxia reduces the Pax6 levels
In vitro, simultaneously increasing neural progenitor proliferation.

In some areas of the nervous system, such as the hypothalamus and the spinal cord,
ghrelin has been shown to play an important role in (adult) neurogenesis [29,30]. Inter-
estingly, ghrelin is the only known endogenous ligand activating the GHSR1 [31,32]. In
contrast to ghrelin, GHSR1 is highly expressed in the nervous system [33–38]. Does the
expression level of GHSR1 change upon injury or stress imposed on the nervous sys-
tem? Cabral et al. [39] have suggested that neuronal remodelling is GHSR1-mediated
and depends on the energy balance. Moreover, experimental evidence from the past two
decades has revealed that ghrelin mediates neuroregeneration upon injury (for a detailed
review see [40]). Therefore, we became interested in testing whether neurons subjected to
metabolic stress may alter their GHSR1 expression. We demonstrated that hypoxia imposed
on the cell cultures led to increased GHSR1-immunoreactivity in the neurites and nuclei
of the neurons, as well as in the cytoplasm and nuclei of hypoxic glia and fibroblasts. On
the contrary, previous studies have reported downregulation of GHSR1 expression after
ischemia [18,41], and controversial effects of ghrelin on GHSR1′s expression—while the
research group of Miao [18] reported that postischemic treatment of rats with ghrelin led
to an elevation of the receptor levels, Huang et al. [41] did not observe any change. These
discrepancies could be due to the methods of sampling or/and the way of exposure of
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the cultures or model systems to ischemia/hypoxia, or/and the concentration of ghrelin
utilised for administration.

The methods of hypoxia inducement and ghrelin application in vivo reported in the
literature vary significantly and lead to controversial experimental outcomes. The concen-
tration of 0.5 µM used in our experiments complies with that reported by us [27,42] and
other groups [24,26,43–45], yet differs from the concentrations utilised by Miao et al. [18]
and Huang et al. [41]. Nevertheless, we abode by our previously reported concentrations
because of the probability that the acute slices might require more ghrelin to recover after
hypoxia: i.e., being placed on membranes, they are nourished through diffusion from the
medium underneath, where ghrelin was applied. For the sake of consistency, we used
0.5 µM of ghrelin in all experiments.

Ghrelin has been shown to exert neuroprotection via attenuation of oxidative stress [41],
blockade of apoptosis [18], and stimulation of synaptic plasticity [46]. Suda et al. [47] have
suggested that defective GHSR1 activity of dopaminergic neurons causes marked motor
impairment. Remarkably, mice deficient in GHSR1 did not display any signs of neurode-
generation [48]. We interpret the upregulation of GHSR1 upon hypoxia to be a response to
hypoxia/injury/stress.

The plasma levels of ghrelin are relatively low [49], therefore, the reaction of neurons
upon hypoxia with increased levels of GHSR1 could have an amplifier-like effect for low
concentrations of ghrelin (see also [40]). To the best of our knowledge, the finding that hy-
poxia upregulates the expression levels of GHSR1 in neurons is novel. So is also the finding
that GHSR1 is present in/translocates to the nucleus and associates with the chromatin.
The chromatin association of GHSR1 might affect the expression of transcription factors.

Pax6 is a crucial factor determining the fate of neuronal progenitors in vitro [14] as
well as in vivo, in adult brains [50]. However, the capacity of Pax6 to efficiently reprogram
nonneuronal cells into neurons, observed in vitro, is limited in situ in the adult brain due
to the natural postnatal glycogenic environment [51–53]. Under pathological conditions,
such as hypoxia, Pax6 expression is upregulated in the neurogenic niches but not in the
cortex, as shown in rats enduring prenatal hypoxia [2]. Thus, the reduced expression of
Pax6 in dissociated mature cortical cells in vitro under hypoxic conditions (38.9 ± 2.1%)
observed in our study is in line with the published phenomenon in vivo. On the other
hand, post-hypoxic exposure to ghrelin for 24 h significantly elevated the percentage
of cells expressing Pax6 (53.2 ± 1.4%), bringing it to the level at the pre-hypoxic stage
(55.5 ± 3.0%). To our knowledge, this is the first study demonstrating such a modulatory
effect of ghrelin on Pax6 expression in mature cortical networks. Of note, Fong et al. [54]
have shown that proliferation and maturation of neuroblast cell lines can be stimulated via
neurotrophins and neuroprotective factors derived from cocultured C17.2 neural precursor
cells. In our study, the marker of proliferating precursor cells Pax6 was found in GFAP and
calretinin-immunoreactive cells. The number of Pax6-positive cells significantly exceeded
the number of Pax6/GFAP-double-labelled cells, which indirectly indicates that not only
astrocytes express the transcription factor but other cell types are positive as well. Indeed,
double labelling for Pax6 and calretinin confirmed that neurons in mature cortical cultures
express Pax6. These results are in consent with the findings of Nacher et al. [55] that
Pax6-expressing cells are also present in the adult hippocampal dentate gyrus and in
the subventricular zone/rostral migratory stream, and they are proliferating precursors
as well as nonproliferating resting progenitor cells or granule neurons at a very early
developmental stage. Strikingly, hypoxia reduced the number of Pax6-positive cells (glial
cells and neurons/neuronal precursors), whereas ghrelin treatment restored their levels.
These observations raised two questions, which need further attention: does ghrelin act as
a trophic factor; is the expression of Pax6 temporally and spatially regulated by ghrelin?

During development, for instance, Pax6 expression is graded in time and space: the
highest level of expression in the cortical neuroepithelial cells is at the onset of neurogenesis
and lack of it in the basal progenitors of the subventricular zone and in the post-mitotic neu-
rons [56]. The same grading also refers to the Pax6-mediated control of cell cycle’s duration
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in cortical progenitors. Primarily, Pax6 has a repressive effect on the cell cycle progres-
sion [5]. Lack of Pax6 at early stages of mice development (embryonic day 12.5) results in
shortening of the progenitor cell cycle and a temporary increased production of post-mitotic
neurons [57,58], whereas at later stages (embryonic day 15.5), Pax6-deficient progenitors
proliferate more slowly [59]. Thus, even in the same cell type, Pax6 can obviously do
both: the factor promotes and inhibits the proliferation of cerebral progenitors [17,58,60].
In the adult pancreas, Pax6-deficient beta- and alpha-cells have been shown to lose their
maturation characteristics and convert into ghrelin positive cells [61]. These observations
suggest that the effects of Pax6 on the cell cycle (e.g., of the cortical progenitors) are context-
dependent as supported by the concept that the transcription factor affects proliferation in
opposite manners via its DNA-binding subdomains [62].

The Pax6 protein comprises two distinct DNA-binding domains, one of which is
regulated by alternate splicing and is able to interact with a number of co-factors [5].
Recently, Brg1/Brm associated factors complex (BAF) and Meis2 have been identified
as new co-factors modulating Pax6′s direct regulation of target gene expression during
embryonic and adult neurogenesis [63–65]. Importantly, Pax6 is also expressed in glial
progenitors in the adult brain [66,67]. We speculate that ghrelin functions as a co-factor
modulating Pax6 expression, possibly affecting neural progenitor cell fate or cell cycle.
However, to explore whether this modulatory effect of ghrelin is mediated directly via the
transcription factor Pax6, or whether there is another yet unknown mechanism, additional
experiments are needed.

The Ki67 antigen is expressed in the nuclei exclusively in proliferating cells [68,69].
Quiescent or resting cells in the G0 phase of the cell division cycle do not express it, there-
fore Ki67 is considered as a marker for the so-called growth fraction of given cells, i.e.,
progenitor cells [70,71]. During the interphase, cells express Ki67 exclusively in the nu-
cleus, where it is required for the normal distribution and nucleolar association of the
heterochromatin [72]. During mitosis, Ki67 covers the surface of chromosomes and rep-
resents approximately one-third of their protein mass [73]. Ki67 prevents chromosomal
aggregation [74] and asymmetric distribution in daughter cells [75]. The transcription
factor increases during the S phase, with further escalation in the G2 phase, and maximal
intensity in the metaphase [76,77]. The half-life of Ki67 is estimated to be approximately
1 h [68]. Intriguingly, cells entering the G0 phase when treated with growth factors can
re-increase their Ki67, to re-enter the S phase [76]. During the early G1 phase, Ki67 is
multi-focally expressed throughout the nucleoplasm, while during the S and the G2 phases,
larger foci overlapping the nucleoli and the heterochromatin regions are formed [77]. After
the disintegration of the nuclear envelope, part of the Ki67 protein could be observed
dispersed in the cytoplasm [77]. These patterns, including the chromosomes covered by
the Ki67 protein, were also observed in our experiments. Before the onset of hypoxia, we
found that 9.7 ± 0.8% of the cultured neuronal progenitor cells expressed Ki67, and their
proportion was surprisingly increased up to 59.8 ± 1.4% after hypoxia. Ghrelin adminis-
tration downregulated the percentage of Ki67-positive neural progenitors to 15.9 ± 1.6%.
Our findings contradict the results from other studies showing that ghrelin administration
in animal models of chronic neurodegenerative diseases, as well as endogenous ghrelin
in other in vivo and in vitro experiments, triggers adult neurogenesis: ghrelin has been
shown to stimulate proliferation of progenitor cells and increase the number of immature
neurons in the hippocampus and the subventricular zone [78–80]. However, to the best
of our knowledge, the current proof-of-principle study is the first one demonstrating that
ghrelin attenuates the proliferation of progenitor cells in the cerebral cortex. Nevertheless, it
is important to mention in this respect that Belaev and collaborators [81] have observed con-
tinuous proliferation of newly born neural precursors after occlusion of the middle cerebral
artery of rats for 2 h. Treatment of the animals with docosahexaenoic acid (DHA) (member
of the omega-3 polyunsaturated fatty acids family) 1 hour after the occlusion, followed by
immunostaining two weeks post-injury, showed a neuroprotective and neurogenic effect,
resulting in 88% increase of the BrdU/Ki67-positive and BrdU/NeuN-positive cortical cells
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in the penumbra. On the other hand, it seems that the Ki67 protein expression also depends
on the degree of hypoxia, as established in experiments with glioma-derived neurospheres.
Hypoxia limited to oxygen levels lower than 2% induces high proliferation rates [82], yet if
the values are lowered to less than 1% oxygen, a decrease of the Ki67 antigen expression
occurs [83].

Additionally, we have to carefully extrapolate the results from rodent models to
non-human- and human primates due to the potential interspecies differences in adult
neurogenesis. Studies on brains of adult macaque monkeys subjected to global cerebral
ischemia have indicated that in both the striatum and neocortex putative newly generated
neurons with long-term survival are slightly above 1% [84,85]. In adult human brains,
hypoxia triggers some proliferation underneath the ependymal layer, but more than 30%
of the Ki67 immunoreactivity is expressed in astrocytes, as double labelling for GFAP and
Ki67 has indicated [86]. These GFAP-expressing neural stem cells can differentiate into
astrocytes, oligodendrocytes and neurons in the presence [87,88] or absence of exogenous
mitogens [89], thus contributing locally to the generation of new neurons as a reaction to
ischemic injury. The rapid changes in the Ki67 protein expression, when comparing the
normoxic neurons with those of the post-hypoxic experimental condition, can explain the
significant fluctuations in the percentage of Ki67-positive cells in a relatively short time
frame (24 h). Our findings are consistent with those obtained from human brains studies,
where a strong upregulation of Ki67 expression has been observed in the subventricular
zone of patients who died just a few days after ischemic stroke, but not in those who died
six months after ischemic injury [86]. We interpret the increase in cell proliferation after
ischemic injury as a transient event. Of note, Pax6 can be expressed in both neuronal and
glial progenitors, and thus, the postischemic reduction of Pax6-positive cells observed in
our study might include both cell types.

As Ortega et al. have reported [90], BrdU incorporation did not change after 6 h of
hypoxia upon human cortical radial glial cells, but 24 h reduction of oxygen supply limited
it, because hypoxia beyond 20 h of duration inflicts irreversible changes within the cells [91].
It appears that the observed effects of hypoxia vary in dependence on the experimental
parameters such as location (i.e., cerebral cortex vs. subventricular zone), the severity of
hypoxia, and duration of recovery.

Notably, the results from studies on NeuN in stroke models are quite controversial.
Some of them report a substantial decrease of NeuN-positive cells in the infarction core
and relate it to neuronal death [92], while others have related this decrease to depletion of
NeuN’s expression or loss of antigenicity [93]. In the present study, there was a significant
change in the NeuN expression when comparing the three experimental groups, i.e.,
normoxia (77.1 ± 2.8%), hypoxia (61.5 ± 3.7%) and hypoxia + ghrelin (85.1 ± 3.2%). Of
note, the nuclear NeuN staining was substantially reduced or even undetectable in some
neurons. Mild cerebral ischemia has the same effect in in vivo experiments; however, it
seems that the NeuN protein levels do not change within 24 h post-reperfusion, merely
the NeuN antigenicity is reduced. Of note, the proportion of NeuN-positive neurons in
the penumbra have been found to partially restore after antigen retrieval [93]. It is also
possible that some special cell types or neurons with a distinct physiological/pathological
status can be distinguished through the differences in NeuN/Rbfox3 expression [94]. In
our experiments, ghrelin supplementation to recovering hypoxic cultures increased the
proportion of neurons with nuclear expression of NeuN to pre-hypoxic values. Only more
severe injuries, such as axotomy, have been shown to significantly abolish the NeuN protein
levels, which then begin to restore within 7 days post-injury to reach the uninjured levels
after 28 days [95]. Injured, but still viable neurons, may lose NeuN-protein expression
due to downregulated protein synthesis and/or protein overconsumption [96]. Lower
production of NeuN/Rbfox3 and the translocation of NeuN/Rbfox3 from the nucleus to
the cytoplasm might lead to downregulation of the alternative splicing of the RNA of its
target genes, and thus, change the complement of neuronal specific gene expression [97].
Differential splicing is an important mechanism for the evolutionary dynamics of the
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central nervous system’s complexity [98] and its regular development. NeuN/Rbfox3-
regulated splicing is crucial for the final neuronal differentiation during development [99],
but mutations in NeuN/Rbfox3 are also associated with neuropsychiatric disorders [100].
Thus, the up-regulating effect of ghrelin on the nuclear expression of NeuN observed in this
study suggests that ghrelin can influence neuronal differentiation operating on its master
switch [101].

5. Conclusions

In conclusion, our in vitro findings suggest that ghrelin is involved in postischemic
neuroplasticity in non-neurogenic brain areas such as the cerebral cortex. Expression of the
ghrelin receptor GHSR1 is increased in hypoxic neurons and normalised whenever ghrelin
is supplemented to these neurons. Moreover, ghrelin regulates Pax6 and Ki67 expression,
and stimulates cytoplasmic/nuclear shuttling of NeuN in hypoxic neurons. Since these
factors are key players in proliferation, neurogenesis and differentiation, their stimulation
could ameliorate recovery after hypoxia. This work emphasises the relevance of additional
studies on the regulatory role of ghrelin in the cell cycle of cortical progenitors and neurons
exposed to hypoxia, and corroborates the therapeutic potential of ghrelin for the treatment
of stroke patients.
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Abstract: TGF-β/Smad signalling has been the subject of extensive research due to its role in the
cell cycle and carcinogenesis. Modifications to the TGF-β/Smad signalling pathway have been
found to produce disparate effects on neurogenesis. We review the current research on canonical
and non-canonical TGF-β/Smad signalling pathways and their functions in neurogenesis. We also
examine the observed role of neurogenesis in neuropsychiatric disorders and the relationship between
TGF-β/Smad signalling and neurogenesis in response to stressors. Overlapping mechanisms of cell
proliferation, neurogenesis, and the development of mood disorders in response to stressors suggest
that TGF-β/Smad signalling is an important regulator of stress response and is implicated in the
behavioural outcomes of mood disorders.

Keywords: neurogenesis; TGF-β; smad; depression; stress

1. Introduction

The transforming growth factor-β (TGF-β) pathway consists of many genes involved
in cell growth, differentiation, migration, and apoptosis [1,2]. TGF-β ligands bind to
the TGF-β receptor kinase to form a complex that phosphorylates receptor-activated
Smads (R-Smads), allowing recruitment of Smad4 that translocates to the nucleus to
regulate transcriptional activity [3]. Smad-mediated TGF-β signalling is referred to as the
canonical pathway. Notably, Smad3 is the primary molecule involved in canonical TGF-β
signalling [4]. TGF-β also activates a myriad of other pathways, including the Erk, JNK,
and MAPK pathways [5], which together are known as the non-canonical pathway. TGF-β
is involved in a vast number of interactions and can have many roles depending on the
cellular context. TGF-β has been found in neural progenitor cells, differentiating neurones,
and mature neural cells. TGF-β exhibits both anti-tumour properties and tumourigenic
properties [6] depending on the manner of its activation. Given that TGF-β is known
to have proliferative effects in somatic cells [7], it was proposed that they would have a
similar role in neural cells. Indeed, TGF-β induces cell cycle exit in murine hippocampal
neurones [8] and has been associated with the loss of adult neurogenesis through arresting
the proliferation of progenitor cells [9]. TGF-β also plays a function in various neurogenic
processes, including the formation and elongation of axons [10], neurite growth [11], and
initiation of neuronal migration [12]. Given the diverse roles of TGF-β and its function in
the nervous system, it is clear that TGF-β signalling is also involved in neuroplasticity and
neuroprotection.

Neuroplasticity broadly refers to the ability of the nervous system to responds to
internal and external stimuli by reorganising its structure and function at the molecular,
cellular, and organisational levels. These adaptations can be beneficial or harmful to the
organism; consequently, neuropsychiatric disorders have been examined as a manifestation
of deleterious neuroplasticity. Indeed, neuropsychiatric disorders have been characterised
according to alterations in the limbic, fronto-striatal, and prefrontal circuits, which in turn

195



Cells 2021, 10, 1382

generate disturbances in behaviour, cognition, and motivation [13]. These behavioural
changes can manifest over long periods, meaning the course of treatments can be similarly
drawn out. The improvements due to such treatments can also be lost over time, and
each episode of illness increases the probability of relapse as the altered neural networks
become more dysfunctional [14]. Neuroinflammation, neuronal survival, and proliferation
are some of the factors that can negatively influence neuroplasticity. Furthermore, these
processes can also be negatively affected by inflammation, as demonstrated by treatment
with lipopolysaccharides from E. coli used to induce an immune response [15]. Neuroin-
flammation has also been implicated in several nervous system diseases, including multiple
sclerosis, Alzheimer’s Disease, Parkinson’s Disease, and major depression [16]. Although
inflammation is commonly associated with physical injury or infection, stress can also
trigger the release of inflammatory cytokines [17], such as Interleukin-1β, Interleukin-6,
and tumour necrosis factor-α (TNF-α), that interfere with the production of neural growth
factors. Meanwhile, preclinical studies inhibiting interleukin-1 in mouse model showed
effective reversal of this effect and alleviated stress-induced behavioural changes [18,19].

Evidence from previous work suggests an association between TGF-β signalling and
the phenomena of neuroplasticity and neurogenesis, as well as their combined effects on
mood disorders [20–22]. Based on these findings, TGF-β signalling mediated by Smad3
has been hypothesised to play an important role in neurogenesis in the hippocampus,
and has been implicated in the development of mood disorders and the manifestation
of depressive and anxiety disorders. Previous studies on mood disorders were largely
based on neuroplasticity mechanisms, however, the underlying pathways are not well
understood and relatively underexplored [23,24]. Thus, we hypothesise the neurogenic
mechanisms of depression and anxiety involve TGF-β and its signalling molecules.

2. Non-Canonical Signalling

Non-canonical TGF-β signalling refers to molecular events that occur independent
of the SMAD pathway. TGF-β activated kinase 1 (TAK1) is an important effector in
non-canonical TGF-β signalling. TAK1 initiates a signalling cascade that activates c-Jun
N-terminal Kinases (JNK) and p38/mitogen activated protein kinase (MAPK) in response
to TNF/TGF-β signalling, as well as activates the IkB Kinase (IKK) and Nuclear Factor-
κB (NF-κB) pathways. TAK1 is an important regulator of innate and adaptive immune
responses [25], and is essential for the survival of haematopoietic cells and hepatocytes [26].
TAK1 is highly expressed in the brain [27] and is assumed to play a role in neural functions.
Indeed, TAK1 was shown to be important in axon growth, as neurones with knockdown of
TAK1 had significantly shorter axons than normal neurones. TAK1 also rescued axonal
growth in the presence of JNK inhibitor SP600125. Furthermore, TAK1-negative mice
exhibited embryonic lethality due to defects in the brain, supporting the essential role of
TAK1 in brain development [28]. TAK1 is also a major signalling partner of TGF-β, as
TGF-β receptors could only induce low levels of JNK phosphorylation in TAK1-negative
cells [28].

The MAPK signalling pathway has been shown to be involved in neuronal differ-
entiation and axon growth [29]. The MAPK pathway has also been implicated in the
development of depression [30], as the inhibition of MAPK signalling inducing depressive-
like behaviours [31]. Indeed, some pharmacological treatments for depression activate
the MAPK signalling pathway [32]. It was shown that MAPK differentially affected mice
depending on age, with juvenile mice spending significantly more time in the open arms
of the elevated plus maze (EPM), indicating ablated anxiety compared with wildtype
mice [33]. The involvement of MAPK signalling in mood disorders was further studied by
knockout of Braf, an upstream effector of MAPK. Adult mice lacking Braf showed greater
passivity in the forced swim test, indicating greater depressive behaviours [33]. Taken
together, these findings indicate MAPK pathway has differential effects across the lifespan,
highlighting the potential of targeting MAPK signalling in regulating the pathogenesis of
mood disorders.
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The c-AMP response element binding protein (CREB) is involved in the TGF-β path-
way, as TGF-β was shown to activate extracellular elements that activate CREB [34]. TGF-β
was also able to directly induce phosphorylation of CREB, as shown by increased phos-
phorylation of CREB in hippocampal cells treated with TGF-β2 compared with the control,
implying that CREB can mediate the long-term effects of TGF-β2 [35]. CREB has also
been implicated in hippocampal functions such as memory [36] and has been targeted by
antidepressants [37]. Loss of CREB function in the brains of mice was shown to increase
neurogenesis and abolish depressive-like behaviour in assays, such as the forced swim
test [38]. Various other studies showed CREB is important in cell survival and maturation
in the hippocampus [39,40], and can improve the antidepressant response [41]. Further
studies are needed to understand the role of CREB in neurogenesis.

3. Canonical Signalling in Neurogenesis

TGF-β has been shown to play a role in inflammation and promote cell survival,
induce apoptosis, and initiate proliferation and differentiation [2,42]. In mammals, TGF-β
exists as three molecular isoforms (TGF-β1, β2, and β3) found in the cerebral cortex [43],
olfactory epithelium [44], adult astrocytes, neurones, and microglia [45]. TGF-β is involved
in the initiation of cell cycle exit and neuronal differentiation, among other functions.
TGF-β is also required for neuronal survival. This is consistently supported by in vitro and
in vivo data, which demonstrated lower survivability of TGF-β knockout neurones [46],
and embryonic lethality, increased neuronal apoptosis and other abnormalities such as
reduced synaptic integrity and microgliosis, observed in TGF-β-null mice [46,47]. Taken
together, these results indicate that TGF-β plays a vital role in neuronal survival and
microglial activation. Given that Smad3 is an important effector of TGF-β function, the
implication of these findings on Smad3 warrants further research to delineate its functions
in the brain.

Despite extensive research on the effect of TGF-β on neurogenesis (Table 1), the re-
lationship between Smad3 signalling and neurogenesis is not well understood. Previous
research on Smad3 deficiency indicated that Smad3 signalling was important in neurogen-
esis, given that Smad3 was found to be abundantly expressed in neurogenic zones [48–50].
The role of Smad3 in neurogenesis is further corroborated by the finding that showed
colocalization of Smad3 transcript with mature neuron marker neuronal nuclei (NeuN)
in the dentate gyrus of hippocampus [51]. Moreover, Smad3-null mice showed disrupted
neuronal proliferation and migration [49] and expressed significantly less neurones in the
dentate gyrus compared with wildtype mice [49]. Conversely, Smad3-null mice exhibited a
series of alterations, for instance impaired hippocampal neurogenesis, reduced newborn
neurone survival and elimination of long-term potentiation (LTP) in the medial perforant
pathway by facilitating gamma-amino butyric acid (GABAergic) signalling [51,52]. These
results provided evidence supporting the broad potential of Smad3 in modulating neuroge-
nesis. Interestingly, these effects appeared to be region-specific, as increased progenitor cell
population in the rostral hippocampus and intact LTP in the Schaffer collateral pathway
were also found in Smad3-null mice [51]. Similarly, increased levels of TGF-β reduced
neurogenesis in vitro and in vivo at rates largely similar to that in Smad3-deficient ani-
mals [9,30,53,54]. Contrary to these findings, it was shown that knockout of TGF-β receptor
activin receptor-like kinase 5 (ALK5) resulted in decreased neurogenesis, whereas upregu-
lation of ALK5 resulted in greater neurogenesis and improved memory functions [55]. This
indicates that the components in the canonical pathway, especially Smad3, potentially plays
a role in memory and cognitive functions and may regulate neurogenesis differentially
in various parts of the brain. Furthermore, Smad3 signalling in neurones and astroglia
were found to differentially regulate dendritic spine growth [56], whereas its inhibition
leads to increased susceptibility to neuronal apoptosis [57], potentially increasing the risk
of Parkinson’s disease [25] and neurodegeneration [26]. However, the specific effects of
Smad3 on behaviour have yet to be studied.
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Table 1. TGF-β canonical and non-canonical signalling mechanisms in behavioural and physiological changes.

Signalling Molecule Models Behavioural and
Physiological Changes Mechanisms References

TGF-β

Receptor inhibition in vivo
(C57BL6 Mouse) Increased neurogenesis

Reduction of inflammatory response
mediated by B2M through

attenuation of pSmad3 activity
[50]

Knockout in vivo
(C57BL6 Mouse)

Increased neuronal degeneration
and microgliosis

TGF-β-related decrease in
laminin-reduced survivability and

increased susceptibility to apoptosis
[46]

Chronic upregulation of
TGF-β1 in vivo

(C57BL6 Mouse)

Decreased immature
hippocampal neurones and

neurogenesis

Induced early cell cycle exit of neural
progenitor cells [54]

Exogenous upregulation of
TGF-β2 in vitro

(Sprague-Dawley
Rat Hippocampus)

Induction of evoked
post-synaptic currents and

inhibition of miniature
post-synaptic currents

TGF-β-related upregulation of CREB
in hippocampal neurones [35]

Receptor knockout in vivo
(C57BL6 Mouse)

Reduction of immature neurones
and neurogenesis

Increased expression of
pro-apoptotic effectors; decreased

expression of anti-apoptotic effectors
[55]

Smad3

Knockout in vivo
(C57BL6 Mouse)

Reduction of Neurogenesis Disruption of neuronal proliferation
and migration [49]

Inhibition of long-term
potentiation

Impairment of NMDA activity by
Smad3-related increase in

GABAergic signalling
[52])

Rostral increase of proliferative
cells; caudal decrease in

neurogenesis

Potential compensatory mechanism
in rostral DG to maintain cell

numbers; increased apoptosis at
intermediate cell stage
reduces neurogenesis

[58]

Decreased neuronal viability
following injury

Disruption of Smad3 signalling
in astrocytes [59]

Accelerated wound closure and
decreased activation of microglia

Reduced expression of MCP-1 and
reduced leukocyte activity [60]

Transient knockdown in vivo
(Chick Embryo) Decreased neurogenesis Preferential activation of Smad2

targets due to loss of Smad3 activity [48]

Smad2 Transient knockdown in vivo
(Chick Embryo) Increased neurogenesis Preferential activation of Smad3

targets due to loss of Smad2 activity [48]

Braf Knockout in vivo
(129S1/Sv + C57BL6 Mouse)

Increase of depressive-like
behaviour in adults, decrease of
anxiety in juveniles; reduction of

dendritic spine growth

Disturbance of Erk/MAP signalling
and alteration of serotonergic

transmission
[33]

CREB

Inhibition by dominant
negative mutant in vivo

(129SvEv + C57BL6 Mouse)

Anti-depressant effects mediated
by increase in neurogenesis

Potential mCREB interaction with
non-CREB targets [38]

Decreased granule
cell proliferation Disruption of cAMP-CREB signalling [39]

Conditional knockout in vivo
(129SvEv + C57BL6 Mouse)

Impairment of performance in
spatial retention Upregulation of CREB [36]

Transient overexpression of
CREB in vivo

(Sprague-Dawley Rat)

Reduction of depressive-like
behaviours

Improved adaptation due to
CREB-related regulation of

granule cells
[41]

Gadd45b Knockout in vivo (Mouse)
Reduction of the effectiveness of
ECT in inducing neurogenesis

and dendritic spine growth

Attenuation of Gadd45b-mediated
demethylation in regulatory regions

of BDNF and FGF1
[61]

JMJD3 Knockout in vivo (Mouse)
Disruption of neuronal

migration and reduction
of neurogenesis

Reduction of Dlx2 activation and
H3K27me3 demethylation [62]

Disruption of TGF-β/Smad
signalling cascade [63]

MAPK Transient inhibition in vivo
(Mouse)

Increased behavioural despair
and reduced effectiveness of

anti-depressant treatment
Disruption of MEK-ERK signalling [31]
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Table 1. Cont.

Signalling Molecule Models Behavioural and
Physiological Changes Mechanisms References

TAK1 Knockdown in vivo (Mouse) Reduction of axonal length Impairment of JNK activity
mediated by TAK1 [64]

TrkB Conditional knockout in vivo
(Mouse)

Impairment of neurogenesis;
resistance to anti-depressant

treatment
Blockade of BDNF signalling [65]

Abbreviation: B2M, β2 microglobulin; NMDA, N-methyl-D-aspartic acid; GABA, gamma-aminobutyric acid; DG, dentate gyrus; MCP-1,
Monocyte chemoattractant protein-1; FGF1, Fibroblast growth factor 1; Dlx2, distal-less homeobox 2.

Besides interacting with TGF-β, Smad3 also interacts with a host of other signalling
molecules such as its close analogue Smad2 (Figure 1). Although both proteins share 91%
amino acid sequence, they recruit different cofactors and thus target different transcription
pathways [43]. Nevertheless, they have been shown to share redundant roles in certain
contexts, particularly [44,45,48,66]. Both Smad2 and Smad3 were found to cooperate and
antagonize targets simultaneously, for example, Smad3 activates its targets while antago-
nizing Smad2 targets. This is because Smad2 targets only respond to Smad2 homodimers,
whereas Smad3 targets respond to both Smad3 homodimers and heterodimers, thus in-
creased co-expression of Smad2 and Smad3 leads to greater activation of Smad3 targets
but inactivation of Smad2 targets [48]. In terms of neurogenic mechanisms, knockdown of
Smad3 reduced neurogenesis, whereas knockdown of Smad2 increased neurogenesis [48].
Silencing of Smad3 in aged mice by shRNA resulted in greater neurogenesis, indicating
that Smad3 plays a significant role in hippocampal degeneration in old age [49]. This
suggests that Smad2 would inhibit the pro-neurogenic effects of Smad3, whereas knockout
of Smad3 would result in elevated Smad2 processes, resulting in an overall reduction
of neurogenesis.

TGF-β binds to the type II receptor that in turn forms a complex that phosphorylates
Smad3. TGF-β receptors were found to be expressed on new cells in the neurogenic region
of the dentate gyrus and the subventricular zone [49]. Similarly, Smad3 was also found to be
distributed in neurogenic zones, whereas Smad3-null mice exhibited markedly decreased
Bromo-deoxyuridine (BrdU)-positive cells in the dentate gyrus and subventricular zone.
Both Smad3 and Smad2 pathways are activated by activin in a manner similar to activation
by TGF-β. It was found that activin A was upregulated in the dentate gyrus and the CA1
region of the hippocampus following chronic paroxetine treatment [56]. Additionally, direct
injection of activin A into mouse dentate gyrus significantly reduced immobility in the
forced swim test, indicating it can exert antidepressant-like effects [56]. Moreover, there was
increased neuronal survival and development in rat hippocampal cell cultures treated with
activin. Activin also affected dendritic spine growth by modulating actin dynamics [57].
Taken together, these results imply a possible relationship between TGF-β and activin
signalling. The above findings also suggest that Smads could be worth investigating, as it
remains unclear how activin interacts with downstream signalling molecules to exert its
antidepressant effects.
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receptor-induced phosphorylation of R-Smads leads to binding with cytoplasmic Smad2/3. Phos-
phorylated Smads form a complex with Smad4, which translocates to the nucleus where it binds 
with various transcription factors for gene transcription. Smad complexes initiate a negative feed-
back loop, leading to Smad7 inhibition of further phosphorylation of R-Smads. TGF-β receptors 
also phosphorylate TAK1 and CREB, which regulate neuronal differentiation, axonal growth, cell 
cycle progression, and anti-depressant effects, respectively. 
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Smad signalling has been implicated in epigenetic functions such as Jumonji domain-

containing protein D3 (JMJD3). Knockdown studies showed that spinal cord [67] and ret-
inal [68] development are regulated by JMJD3. JMJD3 is also expressed in neural stem 
cells as well as doublecortin expressing neuroblasts. Postnatal JMJD3-null mice experi-
enced significantly less neural growth and exhibited neuroblast migration disturbances 
[62], indicating JMJDs are required in neurogenesis. Adult neurogenesis was found to re-
quire JMJD3, as neural stem cells (NSCs) lacking JMJD3 had stunted neurogenesis and 
impaired differentiation with reduced oligodendrocyte production [62]. Moreover, JMJD3 
knockdown impaired TGF-β signalling in NSCs. Further examination of the relationship 
between TGF-β and JMJD3 revealed that the functions of TGF-β in development, differ-
entiation, and apoptosis were dependent on JMJD3 [63]. Additionally, Smad3 function 
was also found to involve JMJD3. Co-immunoprecipitation assays revealed that phos-
phorylated Smad3, but not Smad2, interacted with JMJD3. Genome-wide analysis also 
showed that Smad3 and JMJD3 expression overlapped at transcriptional start sites, indi-
cating that JMJD3 is involved in Smad3 activation of gene transcription. 

Figure 1. Illustration of canonical and non-canonical TGF-β signalling. TGF-β ligand binds with TGF-β receptor to form
a complex (Created with BioRender.com, accessed on 19 April 2021). The receptor-induced phosphorylation of R-Smads
leads to binding with cytoplasmic Smad2/3. Phosphorylated Smads form a complex with Smad4, which translocates to
the nucleus where it binds with various transcription factors for gene transcription. Smad complexes initiate a negative
feedback loop, leading to Smad7 inhibition of further phosphorylation of R-Smads. TGF-β receptors also phosphorylate
TAK1 and CREB, which regulate neuronal differentiation, axonal growth, cell cycle progression, and anti-depressant
effects, respectively.

4. TGF-β Signalling in Epigenetics

Smad signalling has been implicated in epigenetic functions such as Jumonji domain-
containing protein D3 (JMJD3). Knockdown studies showed that spinal cord [67] and
retinal [68] development are regulated by JMJD3. JMJD3 is also expressed in neural stem
cells as well as doublecortin expressing neuroblasts. Postnatal JMJD3-null mice experi-
enced significantly less neural growth and exhibited neuroblast migration disturbances [62],
indicating JMJDs are required in neurogenesis. Adult neurogenesis was found to require
JMJD3, as neural stem cells (NSCs) lacking JMJD3 had stunted neurogenesis and impaired
differentiation with reduced oligodendrocyte production [62]. Moreover, JMJD3 knock-
down impaired TGF-β signalling in NSCs. Further examination of the relationship between
TGF-β and JMJD3 revealed that the functions of TGF-β in development, differentiation, and
apoptosis were dependent on JMJD3 [63]. Additionally, Smad3 function was also found
to involve JMJD3. Co-immunoprecipitation assays revealed that phosphorylated Smad3,
but not Smad2, interacted with JMJD3. Genome-wide analysis also showed that Smad3
and JMJD3 expression overlapped at transcriptional start sites, indicating that JMJD3 is
involved in Smad3 activation of gene transcription.
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Growth arrest and DNA-damage inducible protein 45 (Gadd45) is another epigenetic
regulator that is affected by the TGF-β signalling pathway, as shown by blocking of TGF-β
and TrkB leading to the overexpression of Gadd45 in vitro [69]. Gadd45 functions as a
modulator of hippocampal stem cell proliferation, and its deletion was shown to prevent
demethylation of brain-derived neurotrophic factor (BDNF) leading to disrupted neuroge-
nesis [61]. Inactivation of Smad4, which is a core component of Smad signalling, increased
Gadd45 expression, implicating TGF-β/Smad interactions in the neurogenic function of
Gadd45. The expression of Gadd45 was shown to increase when TGF-β receptor function
was impaired, and this effect was amplified by simultaneously blocking TrkB signalling.
These data indicate that TGF-β signalling is involved in DNA demethylase expression by
suppressing Gadd45 expression. Further DNA methylation and gene expression analyses
in the mouse genome following potassium chloride treatment revealed increased expres-
sion of certain genes, with at least six genes associated with psychiatric diseases such as
autism and depression. Induction of depression in an animal model resulted in decreased
Gadd45 expression in the hippocampus and prefrontal cortex, accompanied by a decrease
in TGF-β2 and TGF-β3 expressions [69]. These findings show that TGF-β signalling plays
a role in the regulation of epigenetic mechanisms. Given that Smad4, which operates in
tandem with Smads2/3, is able to affect Gadd45 expression, the effects of impaired Smad3
phosphorylation may shed more light on the relationship between TGF-β and Gadd45.

5. Neurogenesis in Neuropsychiatric Disorders

Neurogenesis is hypothesised to play a role in depression via changes to the rate of
neurogenesis, specifically the deleterious effects from stress-related neurogenesis in the
dentate gyrus. Neurogenesis in the dentate gyrus can impact behavioural output and
the efficacy of antidepressant treatments. New neurones heavily affects hippocampal
circuitry and behaviour. Clinical evidence shows hippocampal shrinkage is linked to
depression. In the pre-clinical stage, depressive behaviour results in a host of adverse
effects on hippocampal neurogenesis, including reduced proliferation of neural stem cells
and reduced neuronal survival. Furthermore, antidepressant treatment in rats induced
hippocampal neurogenesis over time, in a pattern that mirrors the delay in antidepressant
efficacy in human subjects [70]. One could associate neurogenesis with cellular reparation
and plasticity, as these events have been shown in animal models given antidepressant
treatments, electroconvulsive therapy, and stress reducing exercise. However, the capacity
to draw a causal relationship between hippocampal neurogenesis and depression remains
elusive as other studies showed a loss of neurogenesis does not necessarily lead to the
development of depression [71] and stress does not always decrease neurogenesis [72].

Although a direct causal link between hippocampal neurogenesis and mood disorders
seems unlikely, neurogenesis is nonetheless an important factor in the development of
mood disorders. The neurogenic interactome model attempts to reconcile these opposing
findings by taking into account various factors affecting neurogenesis. The neurogenic
interactome considers the interactions between brain structures, the various functions of
the hippocampus, and the heterogeneity of elements in the neurogenic niche [73]. For
example, hippocampal connections to regions involved in stress responses and emotional
memory indicates the involvement of adult neurogenesis in depression. The complex series
of connections proposed by the interactome model can possibly explain the discrepancies
between behaviour tests, in that each test induces different levels of stress and thus engages
different components of the neurogenic interactome. The interactome also suggests that
neurogenic mechanisms can respond to stressful stimuli in different ways, such as coping
or adapting to stress, thus predictable stress might increase neurogenesis [74,75]. The
concept of a neurogenic interactome provides a holistic framework to study the various
factors in neurogenesis. It would be illuminating to determine the involvement of Smad3
in the interactome as well as the behavioural effects of disturbances in Smad3 signalling.

The pathogenesis of mood disorders has been hypothesised to be related to neuro-
plastic changes, particularly neuroimmune processes such as neuroinflammation, which
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might affect the central and periphery nervous systems to impact the neurobiology of
depression. Neuroinflammatory processes are suspected to exert deleterious effects on
various pathways, such as the hypothalamic-pituitary-adrenal (HPA) axis, neurogenesis,
neuroimmune response, and neurocircuitry by upregulating apoptotic functions. Various
mechanisms have been put forward on how the immune system regulates neurogenesis
and neuroplasticity, particularly the role of T-reg cells on enhancing hippocampal neuro-
genesis via upregulating glial cell-derived neurotrophic factors and TGF-β. It was shown
that T-reg cells are attenuated during depression, whereas T-reg cells are increased with
antidepressant treatments. However, behavioural studies in animals with suppressed
neurogenesis but not exposed to stressors showed that neurogenesis by itself does not
produce a depressive phenotype, as there were no differences in the behaviour between
animals with ablated neurogenesis and controls [76].

6. Effects of Stress on TGF-β Signalling and Neurogenesis

Stress has been shown to induce anxiety and depressive disorders by disturbing the
HPA axis-regulated release of glucocorticoids [77,78]. In particular, hippocampal inhibitory
regulation of the HPA axis can be disturbed by chronic stress [79,80]. Observations in
various species indicated that the decreased cell proliferation and neurogenesis in the den-
tate gyrus following exposure to stressors was related to elevated stress hormones [81–83].
Thus, it follows that chronic stress could exacerbate depression by altering neuroplasticity
and neurogenesis. Furthermore, it was shown that anti-depressant treatments could reverse
the reduced neurogenesis and cell proliferation. These studies also demonstrated a causal
link between hippocampal plasticity and depressive disorders. However, the finding that
decreased hippocampal neurogenesis failed to increase sensitivity to stress casts doubt on
the causal relationship between neurogenic effects in the hippocampus and depression.
Even so, the effects of stress still constitute a major factor in the development of depres-
sive disorders. The expression of TGF-β was shown to be reduced in the hippocampus
of stressed rats, which coincided with increased expression of inflammatory cytokines
such as IL-1β and lowered expression of anti-inflammatory cytokines such as IL-10 [84].
Neurogenesis was also found to be impaired, as demonstrated by the level of BrdU-stained
cells in the dentate gyrus of these rats, which indicates a potential relationship between
decreased TGF-β signalling, loss of neurogenic function, and development of depressive-
like symptoms. In vitro studies showed neurones exposed to increased cortisol levels had
decreased TGF-β expression and reduced neurogenesis, supporting this relationship [85].

A connection between stress and neurogenesis has also been observed, in that a re-
duction of neurogenesis precipitated the development of stress-related disorders such as
post-traumatic stress disorder [86]. This connection is reflected in several animal models
such as social defeat paradigm and unpredictable chronic mild stress to mimic symptoms
of depression and stress disorders [76]. Neurogenic functions in the dentate gyrus are
known to be sensitive to stress, showing reduced cell proliferation in response to stress or to
elevated serum glucocorticoid levels, but induced cell division with reduced glucocorticoid
levels [87]. A loss of neurogenic function in the dentate gyrus inhibits regular functioning
of the neural circuitry, and thus prevents the formation of new cognition and associations,
perpetuating the development of depression [88]. Indeed, adult neurogenesis is capa-
ble of neuroplasticity, which facilitates the acquisition and separation of closely spaced
memories [89]. It has been shown that decreased neurogenesis results in impaired pattern
separation and learning, whereas increased neurogenesis improves them. Apart from the
obvious functions in learning and memory, pattern separation may also be important in
recognizing danger and stress [90]. Mice exposed to social stressors undergo increased
neurogenesis, possibly indicating superior recognition of negative stimuli, whereas pre-
venting neurogenesis diminished social avoidance [72]. Stress also affects the amygdala
by disrupting endocannabinoid signalling, resulting in pathological anxiety [91]. Stress
has also been shown to increase dendritic spine length in the basolateral amygdala, which
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may be indicative of spine instability during plasticity responses, and such morphological
changes correspond with increased anxiety [92].

The hippocampus has been implicated in the development of depressive disorders.
Neuroimaging studies and post-mortem examinations showed an association between
reduced hippocampal volume and the duration of depression [93–95]. Hippocampal neu-
rogenesis was also found to be necessary for the function of certain antidepressants. The
effects of imipramine and fluoxetine were abolished when hippocampal neurogenesis was
ablated by irradiation. The importance of hippocampal neurogenesis in drug treatments
was further reinforced by the observation that antidepressants also increased hippocampal
neurogenesis. Hippocampal activity can also affect neurotrophin release, as demonstrated
by the release of TGF-β and BDNF following induced depolarization [69]. In animals ex-
posed to prenatal stress and in patients suffering from childhood trauma, the hippocampus
was shown to express greater amounts of FoxO, a proinflammatory transcription factor that
responds to insulin signalling as well as oxidative stress [96]. The upregulation of FoxO1 in
the presence of cortisol mediated cortisol-induced reduction of neuronal proliferation [97].

The amygdala has also been implicated in the pathogenesis of anxiety disorders,
likely caused by hyperexcitability of neurones in the amygdala [98,99]. Further study
on the amygdala revealed the endocannabinoid system is a key pathway that influences
the regulation of stress and anxiety. Disruption of endocannabinoid signalling induced
neurobehavioural effects similar to those produced by exposure to stress, such as increased
activation of the HPA axis and heightened anxiety behaviours [100,101]. Interestingly, these
effects could be replicated by direct disruption of endocannabinoid signalling in the amyg-
dala [102]. Chronic stress via impaired LMO4 function resulted in halting endocannabinoid
signalling in the amygdala, which caused anxiety behaviours, supporting the involvement
of the amygdala in regulating anxiety states [92].

7. Discussion and Perspectives

The TGF-β pathway has been implicated in a wide range of processes. This is evident
by reports showing increased TGF-β in circulation predisposes an individual to hyper-
tension [103] and polymorphisms in TGF-β result in variable risk for the development
of oesophageal cancer [104]. Intriguingly, TGF-β demonstrated paradoxical effects in
oncology studies, in which TGF-β exhibited essential roles in tumorigenesis as well as
tumour suppression. Histology on clinical samples of gastric carcinoma revealed that TGF-
β itself gradually increases in expression as carcinoma progresses and is correlated with
advanced stages of carcinoma while Smad molecules are associated with earlier stages [105].
Further substantiating the role of TGF- β in tumorigenesis is the finding that exogenous
upregulation of TGF-β induces tumours with metastatic properties in zebrafish [106]. Inter-
estingly, loss of TGF-β function in carcinomas appears to contribute to tumour suppressant
properties [107,108]. Specifically, TGF-β exercises anti-proliferative effects through Smad
signalling by increasing expression of Cyclin-dependent kinase (Cdk), which in turn results
in cell cycle arrest [109]. Indeed, aberration in Smad function of gastric cancer cells renders
TGF-β mediated growth inhibition ineffective [110]. The role that TGF-β plays in the cell
cycle is no less apparent in the brain, directing axon growth during the developmental
stage with cells lacking TGF-β failing to form axons [12]. Furthermore, the endogenous
levels of TGF-β in circulation varies among the population, and this produces differences
in phenotype. For instance, overexpression of TGF-β seems to heighten its antiproliferative
effects, as the development of several cancers are ablated by increase of TGF-β [111–113].
These findings indicate that cell proliferation mechanisms can be affected through mea-
sured manipulation of TGF-β and its associated signalling molecules, as such there is
potential in the TGF-β pathway modulation to alleviate disorders involving premature
apoptosis and impaired cell proliferation.

TGF-β plays an important role in the central nervous system as a response to injury
and trauma and functions as a signal to initiate cellular repair and protection [114,115].
TGF-β has been shown to be upregulated significantly following spinal lesioning and
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was observed in astrocytes, motor neurons, and surrounding epithelial cells. This is
in tandem with astrocyte mobilisation around the site of injury [116], which remains
for up to a year post injury [117]. TGF-β is also implicated in immune dysregulation
disorders such as Multiple Sclerosis (MS), in which a drastic increase in TGF-β expression
was observed during an MS attack and increased TGF-β circulation observed in patients
afflicted with the disease [118]. Furthermore, increased TGF-β activity was also observed
in neurodegenerative diseases. It has been posited that the increase in TGF-β is a protective
response against neuronal loss that occur in these diseases. Evidence compiled in a review
of the role of TGF-β in neurodegeneration seems to support this view as aging and chronic
inflammation impair TGF-β/Smad signalling and promotes overactivation of microglia,
which implicates loss of TGF-β signalling in plaque and tangle formation [119]. Indeed,
post-mortem analysis of Alzheimer’s and Parkinson’s disease patients showed that TGF-β
ligands were elevated in cerebrospinal fluid [120,121].

The potential for TGF-β to be applied in a therapeutic context has been considered in
the context of oncology where anti-TGF-β treatment has been proposed to target tumour
cells and microenvironment [122]. This concept is expanded upon in studies where various
TGF-β inhibitors have been tested against fibrotic diseases and cancer, showing encour-
aging results [123]. The possible negative effects of TGF-β inhibition therapy have been
examined as well, and it was found that adverse changes to major organs and lymphocyte
function were limited in mice treated with anti-TGF-β antibodies chronically [124]. Even a
lifetime inhibition of TGF-β receptors has not produced significant adversities in mice [125].
However, a high degree of inhibition has been observed to result in epithelial hyperplasia
and carcinoma in certain conditions [126]. Similarly, TGF-β upregulation has also been
discussed as a potential treatment to Alzheimer’s Disease [127], but relatively little has been
discussed regarding the therapeutic potential of TGF-β outside of the context of cancer.

Although there is a link between neurogenesis and depression, several studies [128–130]
indicated this was an indirect relationship. In support of neurogenesis playing a role
in the aetiology of depression, clinical studies showed a correlation between depression
and neuronal degeneration in the hippocampus [131,132] and reduced hippocampal vol-
ume [93–95,133]. Furthermore, some established depression treatments, such as 5-HT,
tianeptine, and electroconvulsive therapy, have been observed to stimulate neurogene-
sis [70,133,134]. Preclinical studies using animal models showed antidepressants could
induce neurogenesis [135,136], which is necessary to mediate the antidepressant effect as
the abolition of neurogenesis resulted loss of antidepressant function [137]. Consistent
with these observations, exposure to stressors was found to inhibit neurogenesis, which
recovered after antidepressant treatment [82]. All these studies provide a convincing case
for the involvement of neurogenesis in the aetiology of depression. However, this narrative
is complicated by some studies that showed neurogenesis is not correlated with depressive-
like symptoms, or is not a causal factor in the development of depression and associated
behaviours [138]. Furthermore, antidepressant treatments might act through neurogenesis-
independent mechanisms to achieve disease attenuation [139]. Yet other studies showed
that neuronal proliferation, which is a standard measure of neurogenesis, may be preserved
despite decreased cell survivability [140]. Taken together, our current understanding points
to the hypothesis that suppressed neurogenesis predisposes to depression but does not
necessarily produce depressive symptoms [141–143].

Analysis of human hippocampal neurogenesis showed that neurogenesis takes place
at a roughly equivalent rate to that in middle-age rodents [144] and persists even into old
age [145], indicating that neurogenesis plays a role in normal brain function in humans.
The relationship between hippocampal neurogenesis and mood dysregulation is still un-
clear, although stress appears to impair hippocampal neurogenesis and is associated with
depressive behaviours [146]. This observation is in line with the findings that hippocampal
neurogenesis regulated the endocrine stress response, and that loss of neurogenesis in the
dentate gyrus resulted in hypersecretion of corticosteroids in response to stress leading
to reduced clearance of glucocorticoids [147]. Nonetheless, discrepancies across studies
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make it difficult to define the precise role of hippocampal neurogenesis in the aetiology of
depression. The proposed concept of the ‘neurogenic interactome’ attempts to reconcile
these discrepancies. The theory posits three key elements: (1) Interconnectivity between the
hippocampus and regions such as the HPA and limbic system, (2) interrelations between
mood and memory, and (3) complex interplay among heterogenous components of the neu-
rogenic niche influencing the observed response in behaviour and drug effectiveness [73].

The observation that the inhibition of neurogenesis does not replicate the stress-
induced hippocampal volume loss or behavioural changes indicates that neurogenesis is
not the sole mechanism in the manifestation of depressive behaviours, and it is likely that
stress affects other contributory factors. Regarding the loss of neurogenesis, previous work
found it could be induced by autophagic cell death of neural stem cells. It was shown that
deletion of Atg7, an important molecule in the formation of autophagosomes, resulted in
neuroprotective effects in chronic restraint stress (CRS) and cortisol injection [148]. This
may explain why the inhibition of neurogenesis was insufficient to reproduce the morpho-
logical changes seen in stressed animals. Clinical research showed that depression-related
changes to hippocampal volume largely occurred in the posterior hippocampus [149,150].
In rodents, the dorsal hippocampus also showed stress-related volume losses [151], while
the ventral hippocampus was largely unaffected [71]. These changes were suggested to
involve variation in glucocorticoid receptor distribution in the dorsal and ventral hippocam-
pus [152], and variation in amygdala input to the dorsal and ventral hippocampus [153,154].
However, the volume changes were not shown to be the result of reduced neurogenesis,
indeed, other factors such as loss of interneurones and microvasculature [155,156], and
reduction and shrinkage of astrocytes in the hippocampus [157–159] were shown to play
a part.

In conclusion, the TGF-β pathway is involved in many functions and is required for
embryonic viability; however, its role in neurogenic mechanisms and their implication on
mood regulation are largely unknown. Based on the available evidence, the TGF-β pathway
potentially exerts effects on neurogenesis via the canonical pathway. These effects may in
turn play a role in the development of mood disorders such as depression and pathological
anxiety. Inactivation of Smad3 in animal models of depression induced by chronic restraint
stress reveals TGF-β/Smad3 signalling together with non-canonical pathway components
such as TAK1 and Erk play potential roles in hippocampal neurogenesis.
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Abstract: Adult neurogenesis (i.e., the life-long generation of new neurons from undifferentiated
neuronal precursors in the adult brain) may contribute to brain repair after damage, and participates
in plasticity-related processes including memory, cognition, mood and sensory functions. Among the
many intrinsic (oxidative stress, inflammation, and ageing), and extrinsic (environmental pollution,
lifestyle, and diet) factors deemed to impact neurogenesis, significant attention has been recently
attracted by the myriad of saprophytic microorganismal communities inhabiting the intestinal
ecosystem and collectively referred to as the gut microbiota. A growing body of evidence, mainly
from animal studies, reveal the influence of microbiota and its disease-associated imbalances on neural
stem cell proliferative and differentiative activities in brain neurogenic niches. On the other hand, the
long-claimed pro-neurogenic activity of natural dietary compounds endowed with antioxidants and
anti-inflammatory properties (such as polyphenols, polyunsaturated fatty acids, or pro/prebiotics)
may be mediated, at least in part, by their action on the intestinal microflora. The purpose of this
review is to summarise the available information regarding the influence of the gut microbiota on
neurogenesis, analyse the possible underlying mechanisms, and discuss the potential implications of
this emerging knowledge for the fight against neurodegeneration and brain ageing.

Keywords: gut microbiota; gut-brain axis; adult neurogenesis; ageing; neural stem cells; neurodegen-
eration; nutrients; antioxidants; polyphenols

1. Introduction

The search for new therapeutic targets against brain ageing and associated neurode-
generative diseases represents one of the most urgent and challenging issues in current
biomedicine, due to the increasing proportion of the elderly population worldwide [1].
Among the leading causes of ageing and neurodegeneration, the limited renewal capacity
of brain cells [2], alterations of brain vasculature [3,4] and neuronal/glial dysfunction [5]
are accompanied by an age-dependent decline in the brain damage repair systems, which
include adult neurogenesis [6–10]. Neurogenesis can be defined as the generation of new
neurons, glial cells and other neural lineages from neural stem cells (NSCs) and neural
progenitor cells (NPCs) [11,12]. This process includes the maturation, migration and func-
tional integration of NSCs or NPSs into the preexisting neuronal network [13,14]. When it
occurs in adult life, it is known as adult neurogenesis (AN). Although NSCs are present
in several brain regions, the subgranular zone of the hippocampus and the subventric-
ular zone of the lateral ventricle are the main AN niches [15]. AN in other adult brain
regions (e.g., the neocortex, striatum, amygdala and substantia nigra) is limited under
normal physiological conditions, but could be induced after injury [16]. Maintenance of
neurogenesis contributes to brain repair after damage and is believed to play a role in
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stress-responses and higher functions involving brain plasticity such as memory and cogni-
tion [6,17–20], mood [21], or perceptual (e.g., olfactory) learning [22,23]. Accordingly, an
impairment in neurogenesis, as seen during ageing or in pathological conditions [24], has
been associated with seizures [25,26], depression [27], and decline of learning abilities [28].
Impaired neurogenesis may occur because of a reduction in the number and/or function
of NSCs and NPCs [29]. This may be due to the synergic action of several mechanisms
operating in the brain in ageing or neurodegenerative conditions: inflammation [30,31],
oxidative stress [32], or toxic substances like short-chain fatty acids (SCFAs), branched chain
amino acids and peptidoglycans, originating from an altered intestinal microbiota [33].
Gut-resident microbial communities are in turn modulated by extrinsic factors, such as
lifestyle and diet; importantly, imbalances affecting this complex ecosystem can impact the
permeability of the body barriers, including the blood brain barrier (BBB) and the enteric
barrier, so as to allow the passage of potentially noxious substances to brain tissue along
the so-called gut-brain axis (GBA) [34,35].

To counteract the deterioration of neurogenesis, mechanisms that could be exoge-
nously regulated, such as the composition of gut microbiota, are of particular interest. Gut
microbiota is comprised of several species of microorganisms, including bacteria, yeast,
and viruses [36], cohabiting in a delicate balance whose disruption (dysbiosis) can lead to
aberrant neural and glial reactivity accompanied by loss of neurogenic ability [37]. Thus,
a functional relationship links microbiota, GBA and neurogenesis [5,34], and alterations in
this axis not only affect the neural regulation of the gastrointestinal tract, but, also contribute
to several brain disturbances, such as mood (e.g., depression, anxiety) and neurodevelop-
mental (e.g., autism) [38,39] and cognitive disorders (e.g., Alzheimer’s disease) [34,40–42].
Therefore, in establishing a bidirectional connection between enteric microbes and the brain,
GBA exploits several anatomic structures, systems, and metabolic routes [34], such as the
neuroendocrine (by the hypothalamic–pituitary–adrenal (HPA) axis) and neuroimmune
systems, the sympathetic and parasympathetic arms of the autonomic nervous system,
including the enteric nervous system, the vagus nerve [43], and the immune system. Not
surprisingly, therefore, the GBA has been portrayed as a “second brain” [34].

As an additional layer of complexity, many factors can influence microbiota composi-
tion, including infection, mode of birth delivery, use of antibiotic medications, the nature of
nutritional provision, environmental stressors, host genetics and ageing [44,45]. Among the
potential therapeutic approaches aimed at the microbiota to target GBA and neurogenesis,
diet composition appears particularly attractive for its feasibility. For instance, natural
antioxidants and anti-inflammatory molecules, such as dietary polyphenols, have long
been investigated as potential adjuvants to support AN [46]. In simple terms, maintaining
a healthy brain across the lifespan [47] may simply require “good” intestinal bacteria and
the right diet to keep them going.

The purpose of this review is to summarise the currently available information re-
garding the influence of the gut microbiota on AN and the potential of microbiota-centred
interventions as a strategy against brain ageing and neurodegeneration. To address the
topic we followed the classical methodological frameworks for a state-of-the-art review [48].
A list of keywords (neurogenesis, ageing, neural stem cells, gut-microbiota, gut-brain-axis,
nutrients, polyphenols, and neurodegeneration) was initially identified. Then, different
keyword combinations, each containing the term “neurogenesis”, were used to interrogate
the following sources: PubMed, Embase, Medline, Scopus, Web of Knowledge and Google
Scholar. Articles published in English and indexed as original articles, meta-analysis re-
views, narrative reviews, clinical cases and comments to the editor, with qualitative and
quantitative data, were included in the analysis. Although the time range was not limited,
the most recent publications were prioritized.

2. Evidence for the Connection between Intestinal Microbiota and Neurogenesis

Several clinical and experimental studies point to a functional connection between
intestinal microbiota and neurogenesis through the GBA. This emerging evidence implies
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that microbiota composition may represent both a causative determinant and a therapeutic
target in diseases where neurogenesis plays a key role [47,49–52]. Experimental data in sup-
port of the influence of microbiota on AN can be grouped in four general domains: (a) data
from Germ-free (GF) animals; (b) data on substances derived from bacterial fermentation
of food; (c) changes in bacteria homeostasis due to exogenous factors (e.g., antibiotics or
stress); (d) consequences of dietary changes (Figure 1):
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Figure 1. Schematic representation of the four main experimental models used to investigate the
functional linkages between intestinal bacteria and adult (mainly hippocampal) neurogenesis. Bio-
chemical and functional parameters employed in most studies for the evaluation of neurogenesis and
its microbiota-induced modifications are listed in the central, brain-shaped field.

(a) GF gut: GF animal models, usually mice or rats, grown up without any exposure
to microorganisms, constitute an essential tool in studying the influence of the gut micro-
biota on brain function; not surprisingly, one of the first studies that highlighted the effect
of the microbiota on neurogenesis was conducted on this model.

Using bromo-2-deoxyuridine (BrdU) immunohistochemistry, it was shown that, com-
pared to conventionally raised mice, GF and GF–colonized mice exhibited a trend to
increased cell proliferation, predominantly in the dorsal hippocampus, accompanied by
alterations in the hippocampal brain-derived neurotrophic factor (BDNF) [19]. In agree-
ment, another study reported an altered expression of synaptic plasticity-related genes,
with significantly lower BDNF mRNA expression in the hippocampus, amygdala, and
cingulate cortex in GF mice; of note, these areas participate in neurogenesis and are key
components of the neural circuitry underlying behaviour. Along similar lines, Kundu and
colleagues [49], investigated the effects of transplanting the gut microbiota from young or
old donor mice into young GF recipient mice [49]. They found that the transplant-induced
hippocampal AN is in parallel with the activation of the pro-neurogenic FGF21-AMPK-
SIRT1 signalling pathway. Moreover, it has been observed that intestinal bacteria and
components of the bacterial cell wall maintain the adult enteric neuron system and nitrergic
neurons by promoting intestinal neurogenesis via the Toll-like Receptor 2 (TLR2) [53].

(b) Substances produced by food fermentation: Converging lines of evidence point
to the potential role of food fermentation substances produced by gut bacteria on the
modulation of AN. This is the case of the SCFA butyrate, synthesized from non-absorbed
carbohydrates by colonic microbiota [54]. In an animal model of ischemia it was demon-
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strated that the histone deacetylase inhibitor, sodium butyrate, stimulates the incorporation
of BrdU in the subgranular and the subventricular zone of the hippocampus, striatum,
and frontal cortex in rats subjected to permanent cerebral ischemia. This treatment also
increased the number of cells expressing the polysialic acid-neural cell adhesion molecule,
nestin, the glial fibrillary acidic protein, the phospho-cAMP response element-binding
protein (CREB), and BDNF in various brain regions after brain ischemia [55]. Accord-
ingly, it was also demonstrated that oral sodium butyrate impacts brain metabolism and
hippocampal neurogenesis in pigs [56].

(c) Changes in bacteria homeostasis due to exogenous factors (e.g., antibiotics or
stress): Prompted by the emerging notion that the intestinal ecosystem can influence the
vegetative and cognitive functions of the host [57,58], several studies have focused on the
impact of antibiotics on microbiota and gut-brain communication. In mice, depleting gut
microbiota with antibiotics, from weaning onward, induces cognitive deficits, specifically
in memory retention, and leads to a significant reduction of BDNF in the adult brain, maybe
by the involvement in AN [59]. However, while consistent with the observed changes,
a specific impact of microbiota depletion on neurogenesis was not directly demonstrated
in this study. This aspect was instead specifically addressed by Môhle et al. [60], who re-
ported a long-lasting impairment in neurogenesis, accompanied by behaviour deficits in
antibiotic-treated mice. It is worthy of note that these alterations were partially restored by
exercise (running) and probiotics administration. Mechanistically, the above treatments
increased the number of Ly6C(hi) monocytes [60], a cell population involved in immune
surveillance and host defense upon infections and inflammation. Moreover, elimination of
Ly6Chi monocytes by antibody depletion or by using knockout mice resulted in decreased
neurogenesis, whereas the adoptive transfer of Ly6Chi monocytes was able to preserve
neurogenesis after antibiotic treatment [60].

Besides antibiotics, the homeostasis of intestinal microbiota can also be affected by
other drugs and stress factors. Chronic stress can impact gut microbiota diversity, pro-
moting an increase in pathogenic bacteria at the expense of beneficial ones (dysbiosis).
This imbalance, in turn, affects lipid metabolism and decreases the endocannabinoid sig-
nalling system, thus reducing hippocampal AN. Of note, dysbiosis frequently accompanies
ageing and may lead to chronic inflammation and a decrease in pro-neurogenic bacterial
metabolites (such as SCFAs) in the senescent intestine [61].

(d) Dietary changes: High-fat or choline-deficient diets produce a specific gut mi-
crobiota signature in the small intestine and cecum, marked by increased propionate
and butyrate synthesis, mitochondrial biogenesis and generation of reactive oxidative
species (ROS) downstream of SCFAs. All of these variations affect NSCs fate, leading to
premature differentiation and depletion of the NSC pool in the AN niches of high-fat or
choline-deficient-fed mice, ultimately impairing AN [47]. On the other hand, dietary or
probiotic interventions have been indicated as effective therapeutic approaches to fight
stress-associated neurological disturbances operating through the GBA [17]. Importantly, a
clinical study on bacterial strains known to boost neurogenesis in mice reported improved
cognitive functions in adult patients with major depression; while the involvement of
neurogenesis in the effects observed in human subjects can be only indirectly inferred; the
consistency with results gleaned in the preclinical setting is intriguing [62,63]. Furthermore,
with regard to probiotics, it was found that in a rat model of early-life stress, maternal
separation caused a marked decrease in hippocampal BDNF, while the probiotic Bifidobac-
terium breve 6330 increased BDNF to levels observed in control animals, suggesting that
BDNF might be involved in the regulation of anxiety through microbiome-GBA [64]. Thus,
diet and probiotics represent major environmental determinants of the gut flora compo-
sition [65] and, as such, constitute potential tools for the restoration and maintenance of
brain homeostasis. Further information regarding extrinsic modulators of neurogenesis is
found in Section 3.2.
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GBA: Physiological Architecture of the Communication Way between the Intestinal Microbiota and
the Brain

The communication between the gut microbiota and brain through the GBA is the
result of a long-term symbiosis and co-evolution process which involves immunological,
endocrine, neurological, and metabolic signalling pathways [37]. The physiological mech-
anisms and elements underlying this neurogenesis-impacting communication involve:
(a) The parasympathetic system, mainly the vagus nerve; (b) The monoaminergic system;
(c) The neuroendocrine system, mainly the HPA; (d) The immune system; (e) biochemical
metabolites from microbiota metabolism (Figure 2).
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(a) The parasympathetic system: Neural transmission through the vagus nerve can
be activated or inactivated by microbial factors synthesized in the intestine, and represents
the main communication route between gut and brain. For instance, SCFAs produced
during food fermentation can evoke CNS responses by activating vagal chemoreceptors.
One remarkable example of these central responses is the “inflammatory reflex”, whereby
efferent inputs travelling through the vagus nerve inhibit the release of pro-inflammatory
cytokines in the periphery. Anti-inflammatory signals in turn preserve intestinal barrier
integrity, and, by doing so, indirectly affect hippocampal plasticity and neurogenesis [66].
On the afferent side of the vagus nerve-mediated communication, microbial signals may
have a role in supporting cell growth, differentiation and survival during neural develop-
ment [67]. In fact, vagotomized mice displayed a decrease of BDNF mRNA in all areas
of the hippocampus together with a reduced proliferation and survival of newborn cells,
and a decreased number of immature neurons, especially those with complex dendritic
morphology [68]. Thus, gut microbiota may modulate brain BDNF expression (and by
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extension, AN) through neuronal inputs relayed by the vagus nerve. Of note, altered BDNF
expression is a distinctive feature of several neurodegenerative disorders, e.g., Alzheimer’s
disease [69].

(b) The monoaminergic system: Neural-mediated effects of the gut microbiome on
hippocampal neurogenesis may also involve the monoaminergic (especially serotoninergic)
system [37]. Serotonin and its precursor tryptophan are important signalling molecules in
both the CNS and the gastrointestinal tract. Serotonin exerts modulatory effects on stress,
anxiety, mood, and cognition [70,71]; moreover, it participates in hippocampal homeostasis
and promotes hippocampal AN [72]. Investigating the impact of intestinal microbiota on
the hippocampal serotonergic system, Agus et al. 2018 reviewed this topic and explain
that in several experiments, compared to conventionally raised controls, GF male mice
had elevated serotonin levels and increased plasma concentrations of tryptophan [73].
The authors also found that fecal transfer from mice exposed to mild chronic stress to
healthy controls impaired the pro-neurogenic effects of fluoxetine, a standard selective
serotonin reuptake inhibitor previously known to promote the proliferation, differentiation,
and survival of progenitor cells in the hippocampus, and to influence the plasticity of newly
generated neurons [74].

(c) The HPA axis: Evidence exists that metabolites released by intestinal microbes
may enter the bloodstream, cross the BBB and directly reach the brain, where they cause
hormonal interference as well as cognitive changes [75]. Perturbation of the HPA axis in
turn results in intestinal dysfunction via excess release of glucocorticoids (cortisol and cor-
ticosterone), mineralocorticoids (aldosterone) and catecholamines (dopamine, epinephrine
and noradrenaline) [76]. The impact on HPA and the neuroendocrine axis likely represents
a major mechanism for microbiota-related brain and behavioural changes [75].

Neural stem and progenitor cells (NSPC) express the glucocorticoid and mineralcor-
ticoid receptors, and several in vitro studies have highlighted a direct inhibitory effect of
corticosteroids (especially at high doses) on the proliferative and differentiative capacity of
neural precursors [77,78]. Mechanistically, dexamethasone, via the glucocorticoid receptor,
induces the expression of DKK1 (Dikkopf1), an inihibitor of neurogenic signalling through
the Wnt pathway, in human NPSC [79]. Additionally, high dose cortisol, possibly through
the serum and glucocorticoid inducible kinase 1, inhibited Hedghog signalling in human
hippocampal precursor cells, while downstream reactivation of the same pathway by the
smoothened agonist purmorphamine cancelled the inhibitory effect of cortisol on neuronal
differentiation [78]. Also of note, as in other cell types, cortisol elicits neural progenitor
resistance to insulin/insulin-like growth factor (IGF) signalling and blunts the activation of
the major downstream effectors ERK1 and AkT-mTOR. Accordingly, high dose IGF1 re-
versed the differentiation and survival defect displayed by cortisol-exposed rat embryonic
NSC [80]. Given the relevance of the above pathways for (adult and embryonic) neurogen-
esis, and their deep interconnection (i.e., Akt and Wnt signalling converge on the inhibition
of GSK3 beta), it is conceivable that GBA-controlled neurormonal stress responses impact
directly on niche-derived signals and the downstream intracellular pathways that normally
govern neurogenesis.

(d) The immune system: microbes govern the induction, training and function of the
host immune system. Reciprocally, the immune system maintains the symbiotic relationship
of the host with the biological diversity present in the microbiome. When operating opti-
mally, the immune system-microbiota alliance allows the induction of protective responses
to pathogens and the maintenance of tolerance to innocuous antigens [81].

The microglia constitute the most abundant innate immune cell population of the
CNS; microglial cells belong to the macrophage lineage, and comprise between 10% and
a 15% of all glial cells. Microglia is involved in CNS homeostasis, antigen presentation,
phagocytosis, and control of inflammation throughout life [82]. A recent study provided di-
rect evidence that microbiota can influence neurogenesis by modulating the brain immune
system specifically through this cell population [83]. In weaning mice administered a low
dose of dextran sodium sulphate to induce acute colonic inflammation, Salvo et al. 2020
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found that alterations of intestinal bacterial populations were paralleled by behavioural
deficits, diminished neurogenesis in adulthood, and increased hippocampal expression
of genes encoding pattern recognition receptor and T-helper 17 cell-related cytokines.
Moreover, hippocampal microglia displayed an activated phenotype in these animals, as
revealed by increased expression of the gene encoding the ionized calcium-binding adapter
molecule 1(Iba1) [83]. Bacterial-derived SCFAs have been shown to have a key role in
microglial maturation and its efficient functioning. GF mice display a reduction in both
microglial maturity and number, with morphological microglia abnormalities compared
to control mice. Likewise, mice treated with antibiotics show decreased microglial matu-
rity [84]. Furthermore, the microglia of GF mice do not exhibit an activated phenotype
in response to the intrusion of bacteria and viruses, which highlights the critical role of
microbiota in mounting an appropriate immune response in the CNS. Additionally, the
immature phenotype of microglia was also observed following antibiotic-induced micro-
biota depletion in specific pathogen-free mice, albeit with no significant change in the cell
number [85]. Importantly, the administration of SCFAs, food fermentation products of
microbial metabolism, normalized microglia functions in GF mice, indicating that the gut
microbiota is essential for the normal structure and function of this unique immune cell
population.

Besides microglia, astrocytes also participate in the CNS-microbiota cross-talk. Astro-
cytes have significant roles in ion homeostasis, neurotransmitter clearance, maintenance
of the BBB, support of neuronal signalling and relevant to this article, protection against
neuroinflammation [86].

Finally, as an additional line of immune/inflammatory communication between gut
microbes and the brain, evidence exists that bacteria and immunoregulatory factors released
from peripheral sites under the influence of the microbiome can damage the BBB and alter
its physical integrity and transport selectivity, or induce the local release of neuroimmune
substances from the barrier cells, ultimately leading to mental disturbances [86] in a fashion
that does not directly involve resident immune cells.

NPCs express receptors for a wide range of cytokines/chemokines, and the establish-
ment of a pro-inflammatory environment in NSC niches is clearly detrimental towards
neurogenic activities [87]. Accordingly, by transcriptomic profiling of human subependy-
mal zone (SEZ, a major adult neurogenic area) post-mortem tissue samples of a wide age
range, Bitar and colleagues recently reported a marked age-dependent increase of the
inflammatory signature, in parallel with a decrease of neurogenesis-related profiles [88].
Moreover, 3D mixed cultures of temporal lobe biopsies from epileptic patients revealed
enrichment of inflammatory cells and elevated levels of IL-1 and HMGBI (high mobility
group box 1), concomitant with impaired neurogenesis in vitro. Interestingly, the phar-
macological blockade of the two cytokines significantly improved precursor proliferation
and differentiation in 2D and 3D cultures, consistent with the notion that inflammatory
signals impair neurogenesis [89]. While the effect of inflammation and related oxidative
stress on rodent models of neurogenesis has long been established, these recent papers
have the merit of convincingly extending this concept to human samples. Of note, unlike
IL-1 and HMGBI, inflammatory mediators related to cell damage and microglial activation,
other “neuropoietic” cytokines such as LIF, CNTF and CT-1 promote NSC self-renewal
and progenitor cell division and differentiation in mouse brain, likely through the Janus
kinase-signal transducer and activator of the transcription (JAK/STAT) pathway [90].

(e) Chemical mediators from microbioma metabolism: communication between the
gut microbiota and CNS also occurs through microbial-derived intermediates, the most rel-
evant being SCFAs [33], tryptophan metabolites [73] and secondary bile acids [91]. Among
SCFAs, acetate, propionate, and butyrate are the most abundantly present in the intestinal
lumen. These molecules interact directly with enteroendocrine cells, mucosal immune
cells, and vagal nerve terminations to propagate bottom-up signalling [92]. Moreover, since
they can cross the BBB and bind to brain G protein-coupled receptors, SCFAs can act on
both the peripheral and central nervous systems [29], thus exerting their immunomod-
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ulatory and anti-inflammatory influence on brain function at multiple levels [85]. More
specifically, SCFAs modulate the release of neuropeptides such as serotonin and peptide
YY [93], which is potentially relevant for GBA and involved in AN. In addition, SCFAs
can affect the integrity of the BBB and regulate the secretion of 5-hydroxytryptamine by
enterochromaffin cells, which indirectly impacts emotion and memory. Most relevant to
neurogenesis, physiological levels of SCFAs were found to directly stimulate the growth
and differentiation of human neural progenitor cells in vitro, a finding corroborated by
the increased expression of several neurogenesis-related genes (ATR, BCL2, BID CASP8,
CDK2, VEGFA, E2F1, FAS, NDN) in the same experimental setting [94]. These effects on
NPCs could be mediated, at least in part, by the SCFA-stimulated endogenous synthesis of
serotonin in adult NSC [95]; unfortunately, to the best of our knowledge, this intriguing
possibility has yet to be tested.

3. Main Modulators of the Microbiota with Impact on Neurogenesis through the GBA
3.1. Intrinsic Modulators: Ageing, Oxidative Stress and Inflammation

A large body of literature supports the notion that neurogenesis can be influenced
by several pathophysiological conditions including neuroinflammation, oxidative stress,
brain injury, adverse early-life stress, and ageing. Relevant to the present article, many of
these diverse and often synergistic factors may involve gut microbiota in the causal chain
of events leading to impaired proliferation and differentiation of neural precursors in the
brain. As an example, in mice deprived of social interactions post waning, changes in gut
microbiota composition were found to be associated with learning and memory defects,
reduced hippocampal levels of IL-6 and IL-10, and impaired neurogenesis [96]. Other stud-
ies have shown that gut microbial composition alterations are frequently associated with
neuroinflammation, reduced hippocampal neurogenesis and behaviour disorders such as
depression. For instance, Diviccaro et al., 2019 [97] observed in rats treated with finasteride,
an inhibitor of the enzyme 5-α-reductase involved in steroid metabolism, a long-term
inhibitory effect on neurogenesis accompanied by changes in gut microbiota and an inflam-
matory state, together with a depressive-like behavioural profile [97]. Furthermore, lower
levels of butyrate-producing bacteria in the gut [98] and inflammation of different tissues
were found in spontaneously hypertensive rats, suggesting a role for dysbiosis-related
cytokine derangement in vascular dysfunction. Interestingly, primary astrocyte cultures
from these animals exhibit high basal levels of specific inflammatory cytokines, and bu-
tyrate treatment reduces inflammatory markers, again pointing to microbial metabolites as
regulators of neuroinflammation [99].

Thus, changes in the composition and metabolic properties of intestinal bacterial
communities have consistently been associated with brain inflammation, impaired neuro-
genesis, and downstream behavioural defects in rodent models of disease; while microbe-
triggered neuroinflammation may arguably represent a mechanistic explanation for these
findings, however, the actual cause-effect relationships and their molecular underpinnings
require further investigation.

In agreement with Harman’s free radical/oxidative stress theory [100] of ageing, oxida-
tive stress is alleged as the primary contributor to neurogenic and cognitive decline in the
elderly [101]. The rate of oxidative damage increases in senescent tissues, in parallel with a
decrease in the efficiency of the antioxidant and repair mechanisms [102–105]. In a current
model, AN decline in the ageing brain is principally caused by oxidative stress and neu-
roinflammation, which interferes with the pro-neurogenic signalling pathways and factors
implicated in self-renewal and differentiation of NSCs, like SIRT1, NF-κB, Notch, Nrf2, and
Wnt/β-catenin. Along parallel lines of evidence, important changes in the gut microbiota
have been described during ageing. More specifically, age-related gut dysbiosis is deemed a
major contributor to the global inflammatory state of the elderly (known as inflammaging).
Mechanistically, dysbiosis leads to the release of endotoxins such as lipopolysaccharides
and other proinflammatory metabolic products into the systemic circulation via an increase
the intestinal permeability, and hence to the CNS through a damaged BBB. In particular,
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dysbiosis could concur to increase the intestinal and BBB permeability in neurodegener-
ative disease (e.g., Parkinson’s disease), enhancing the entrance of microbiota-produced
substances into the CNS [106] (Figure 3). In ageing and neurodegenerative conditions,
microglia exhibits a highly activated phenotype and secretes neurotoxic pro-inflammatory
mediators, nitric oxide, cytokines and chemokines (e.g., interleukin IL-1β, IL-6, IL-8, tu-
mor necrosis factor-α (TNFα), transforming growth factor-β), and ROS [107,108]. On the
other hand, the “aged”-type gut microbiota is accompanied by increased levels of several
cytokines (e.g., IL6, IL-10, TNF-α, TGF-β), the activation of TLR2, NF-κB and mTOR, and
decreased levels of cyclin E and CDK2. Specifically, in aged humans and in centenarians,
gut bacteria of the phylum Proteobacteria exhibit a positive correlation with IL-6 and IL-8,
while Ruminococcus lactaris correlates with low IL-8 [109]. Thus, even in a small quantity,
typical microbial alterations produced in a senescent intestine are associated with gut and
brain inflammation [81,110,111].
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ulation by dietary, microbial and immune factors from the intestine. Cytokines, bacterial wall
components and ROS activate NF-kB, while polyphenols inhibit proinflammatory signalling via
SIRT-1 mediated inhibitory deacetylation of the factor. Both enteric and BBB act as microbe-modifiable
checkpoints in the intestine-gut communication. See the text for details.

Several lines of evidence point to the NF-kB signalling pathway [112] and the Notch
signalling cascade [113] as central points for the activation of microglia and by extension
to neuroinflammation and its downstream pathologic consequences including impaired
neurogenesis. NF-κB is expressed both in neurons and glia [114,115], and following stress
signals, such as an accumulation of ROS or proinflammatory molecules, the coordinate
action of protein kinases that phosphorylate the NF-kB inhibitor IkB [116], and protein
deacetylases like SIRT-1 (a potent deacetylator of the lysine 310 of RelA/p65 subunit),
modulate the nuclear translocation of the p50/p65 factor and its transcriptional activity
at the promoter regions of proinflammatory genes [117–121]. In particular, deacetylation
by SIRT1 inhibits the proinflammatory transcriptional program activated by NF-kB, mak-
ing this circuit attractive for the interventional control of neuroinflammation [122–124].
As an example, in c-Rel knockout mice, the unbalanced activity of aberrantly acetylated
RelA in the basal ganglia accelerates the senescence of dopaminergic neurons, triggering
Parkinson’s-like changes of the substantia nigra with neuroinflammation, and accumu-
lation of alpha-synuclein and iron [125]. Thus, the manipulation of NF-κB acetylation
and downstream signalling may be valuable in neurodegenerative disorders, including
Alzheimer’s and Parkinson’s disease [126]. Considerable interest exists in developing
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efficient NF-κB inhibitors for neurodegenerative diseases. Strategies that block molecules
upstream of the NF-κB pathway or the associated signalling adapters or those that target
the IκB inhibitory proteins have been shown to exhibit significant propensity for systemic
and off-target toxicities. Strategies that directly target p65/p50 dimers are likely to regain
the homeostasis. Since elevated p65 is highly expressed only in pathologically activated
cells, selective targeting of this NF-κB subunit may yield therapeutic drugs with better
safety profiles. In recent years, chemical derivatives of natural compounds that inhibit
NF-κB have been evaluated for therapeutic potential in neurodegenerative diseases. Mech-
anistically, the active chemical moiety of many natural compounds such as the diterpenes
have been shown to form adducts with select residues of p65, compromising its DNA
binding and transactivation ability [127]. Along these lines of investigation, Lim et al.
isolated anti-inflammatory Lactobacillus johnsonii CJLJ103 (LJ) from human fecal microbiota
and provided it orally to mice treated with LPS. LJ administration improved LPS-induced
memory impairment, inhibited NF-κB activation, enhanced CREB phosphorylation, and
increased BDNF expression in the hippocampus [128]. Other studies have shown that gut
microbiota alteration by extrinsic stress increases NF-kB activation and TNF-α expression,
inducing memory impairment in animal models. Conversely, by restoring gut microbiota
composition, an attenuation of the neuroinflammation symptoms in the hippocampus
was observed [129]. NF-κB overactivation contributes to the transcriptional signature of
ageing [120,130], being relevant for neurogenesis, blocking the reprogramming of aged
cells into the pluripotent stem cell (iPSCs) [131,132]. On the contrary, genetic and pharma-
cological inhibition of the NF-κB signalling pathway prevents age-associated characteristics
in different mouse models from accelerated ageing and prevents cell differentiation in
favor of a pluripotent state [114,133]. Similarly, the activation of Notch signalling promotes
gliogenesis and supports self-renewal of NSCs [134], thus contributing to the maintenance
of the undifferentiated state and the active self-renewing growth of NSCs [135]. Notably,
the Notch signalling pathway is also involved in the regulation of microglia activation in
response to stress situations such as hypoxia by increasing the expression and translocation
of intracellular Notch receptor domain (NICD) together with RBP-Jκ and target gene Hes-1
expression, partly through the crosstalk with NF-κB/TLR4/MyD88/TRAF6/pathways.
Specifically, Notch inhibition reduced NF-κB/p65 expression and translocation [135]. In-
triguingly, Notch and Wnt/β-catenin signalling pathways are essential for the maintenance
of intestinal functions and homeostasis [136,137], and are modulated by both microbiota
and diet [136].

Relevant to the present article, of the few gastrointestinal tract-derived microbes so
far studied, all appear capable of triggering an NF-κB-miRNA-146a signalling pathway
to promote neuropathological changes such as amyloidogenesis, apoptosis, inflammatory
neurodegeneration, synaptic and neurotropic defects. Furthermore, microbial components
secreted in the gut (e.g., neurotoxic exudates, endotoxins and exotoxins, fragilysin, select
lipoglycans, lipopolysaccharide LPS, and microRNA-like small non-coding RNAs) affect
the entire neural system [138,139]. Therefore the modulation of these factors and their
impact on the Wnt/ β-catenin, Notch and NF-κB signalling may serve at multiple levels of
the GBA as a prospective target for inhibiting microglia activation and inflammation, with
the aim of improving neurogenesis in neurodegeneration and ageing [113].

3.2. Extrinsic Modulators

The microbiota-GBA-neurogenesis circuit is amenable to control by extrinsic modulators
that could be exploited therapeutically. These include lifestyle, physical exercise, and above
all diet modifications, for example through caloric restriction or diet component adjustments.

3.2.1. Antioxidants and Anti-Inflammatories: Polyphenols

Several studies indicate that dietary antioxidants can attenuate oxidative damage
and preserve cognitive function [140] in the ageing brain by suppressing the expression of
senescence-related genes [140,141]. A decrease in AN accompanies age-related cognitive
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decline and correlates with reduced concentrations of antioxidants in both serum [142] and
brain tissue [142], thus providing a strong rationale for antioxidant supplementation [143].
Polyphenols (e.g., resveratrol) are plant-derived natural compounds endowed with antioxi-
dant and anti-inflammatory properties and are able to cross the enteric and BBB [144–146].
The antioxidant activities of polyphenols are manifold: they (a) directly quench ROS [147],
(b) inhibit the major ROS-forming enzymes, including monoamine oxidase or xanthine
oxidase [148], (c) chelate metal ions (iron and copper) involved in ROS reactions [149], and
(d) regulate the redox metal homeostasis and prevent the metal deposition and neurotoxic-
ity, with important implications for neurodegenerative diseases as dementia, Alzheimer’s
disease and Parkinson’s disease [150]. Most important, polyphenols can modulate sig-
nalling pathways and factors relevant to neurogenesis, including SIRT1, NF-κB, Nrf2 and
Wnt/β-catenin [46], and are under active investigation as adjuvants in neurodegenerative
disorders with impaired AN. At the opposite end of the GBA, polyphenols modify mi-
crobiota composition by favouring the expansion of some bacterial species and inhibiting
others. Furthermore, gut bacteria can metabolize polyphenols into neurotransmitters and
bioactive metabolites with pro-survival and anti-inflammatory effects on neurons [85]. The
effect of polyphenols on intestinal microbes and their recently highlighted importance as
intermediate substrates for microbial synthesis of bioactive factors adds a new dimension to
the long described neuroprotective and proneurogenic action of these natural compounds,
opening them to further research aimed at microbiota and GBA-centered interventions
against neurodegeneration and brain ageing symptoms [93].

3.2.2. Polyunsaturated Fatty Acids (PUFAs)

PUFAs are essential unsaturated fatty acids with more than one double bond (C=C).
They are important nutrients that must be obtained primarily from the diet or from supple-
ments as mammals cannot synthesize them de novo. Long chain PUFAs can be divided into
two main biologically important groups: n-6 PUFAs (omega-6) and n-3 PUFAs (omega-3),
with their first double bond at C6 or C3 counting from the methyl C, respectively. Besides,
Linoleic acid (n-6 PUFA) and α-linolenic acid (n-3 PUFA) are essential fatty acids, as humans
can’t produce them and are the precursor of other important PUFAs [151,152]. Among the
nutritionally important PUFAs, α-linolenic acid, eicosapentaenoic acid and docosahex-
aenoic acid are highly concentrated in the brain and have antioxidant, anti-inflammatory
and antiapoptotic effects [153]. Relevant to the present article, dietary PUFAs have a signifi-
cant impact on the intestinal microbial ecosystem [154]. In mice engineered to overproduce
n-6 PUFAs and to increase the n-6 to n-3 ratio, signs of systemic inflammation have been
reported in association with evidence of intestinal dysbiosis (increased Proteobacteria while
reduced Bacteroides and Actinobacteria) and abnormal gut permeability. In the same
study, instead, transgenic enhancement of n-3 PUFAs tissue content inhibited LPS induced
inflammation, preserved and stimulated the growth of Bifidobacterium, and preserved the
intestinal barrier [155]. While the authors focused their attention on metabolic endotoxemia
as the main dysbiosis-associated disorder in their transgenic animals, this work outlines a
possible PUFA-microbiota-brain signalling circuitry to be further explored.

3.2.3. Probiotics/Prebiotics

Natural bioactive molecules such as probiotics and prebiotics can modify the gut
microbiota composition and are therefore attracting increasing interest for the adjuvant
treatment of an array of dysbiosis-associated disorders, from intestinal inflammation to
autism spectrum disorders [156]. According to a criteria established by the WHO, a pro-
biotic is defined as a live organism which provides a benefit to the host when provided
in adequate quantities [157]. Numerous organisms meet the criteria, but the leading ones
are S. boulardii, the Gram-negative E. coli strain Nissle 1917, various lactic-acid-producing
lactobacilli strains, and a number of bifidobacteria strains (for a list see Table 1 of [158]).
Instead, prebiotics are defined by the International Scientific Association of Probiotics and
Prebiotics as a selectively fermented ingredient that results in specific changes in the compo-
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sition and/or activity of the gastrointestinal microbiota, thus conferring benefits upon host
health [159]. The majority of them are a subset of carbohydrate groups, mostly oligosac-
charide carbohydrates such as fructo-oligosaccharides and galacto-oligosaccharides. The
effects of prebiotics on human health are mediated through their degradation products by
microorganisms; fermentation of prebiotics by gut microbiota produces SCFAs, including
lactic acid, propionic acid, and butyric acid. This last, for example, influences intestinal
epithelial development. Since SCFAs can diffuse to blood circulation through enterocytes,
prebiotics have the ability to affect not only the gastrointestinal tract but also distant site
organs such as the brain [160], for example by the vagus nerve [161]. Some prebiotics, such
as fructo-oligosaccharides and galacto-oligosaccharides, have regulatory effects on BDNF,
neurotransmitters (e.g., D-serine), and synaptic proteins (e.g., synaptophysin and NMDA
receptor subunits) [162,163]. Other beneficial effects of probiotics involve the maintenance
of immune homeostasis through the block of pathogen growth via the release of lactic acid,
the inhibition of systemic immune responses, and the preservation of intestinal barrier
integrity [164,165]. Relevant to the present article, the administration of probiotics has been
reported to impact cognition and behaviour; for example the combination of Lactobacillus
helveticus and Bifidobacterium longum decreases anxiety in rats and humans [166]. In aged
rats, the administration of VSL#3, a probiotic mixture, reduces inflammation by reducing
IL-10 protein expression and contributes to the increase BDNF and synapsin mRNA in the
hippocampus [167]. In a study investigating the effect of Lactobacillus strains on cognitive
decline in ageing-accelerated mice, a diet supplemented with Lactobacillus paracasei K71
improved cognitive performance probably through an upregulation of hippocampal BDNF
expression [168]. In rats chronically fed with a chronic high-fat diet, the supplementation
with Lactobacillus paracasei HII01was able to increase hippocampal plasticity and attenuate
brain mitochondrial dysfunction and microglial activation [169]. The administration of
SLAB51, a probiotic formulation of lactic acid bacteria and bifidobacteria, activates SIRT1
and promotes antioxidant and neuroprotective effects in a mouse model of Alzheimer’s
disease [170]. All together these results seem to indicate that probiotics may be beneficial
in maintaining brain function; although a solid link with neurogenesis is still missing, the
generation of SCFAs modulation of oxidative stress and inflammation and the upregulation
of hippocampal BDNF all represent potential “pro-neurogenic” activities of probiotics and
prebiotics to be further investigated in the appropriate experimental models [61].

3.2.4. Physical Exercise

Physical exercise and the gut microbiome have been independently described to
prevent age-related global brain atrophy and both increase brain volume in the frontal
lobes and left superior temporal lobe, which are important for cognition, attention and
memory [171]. Data suggest that within the hippocampus, the dentate gyrus is susceptible
to exercise intervention, with an increase in exercise-related neurogenesis. Specifically in
humans, aerobic exercise was linked with the upregulation of serum levels of BDNF (a me-
diator of neurogenesis in the dentate gyrus) and with greater hippocampal volume and a
subsequent decrease in psychological disorders (e.g., depression, anxiety) [172]. Moderate-
intensity aerobic exercise training has also been described to improve mood and brain
functional activation in older adults aged 60–79 years [173,174]. To date, specific mecha-
nisms linking exercise with GBA and the brain have not been described; however, exercise
appears to alter the gut biodiversity in both quantitative and qualitative ways [175]. Aero-
bic exercise has been posited to increase microbiome diversity, alter functional metabolism
and modify the by-products released by intestinal bacteria [176]. More specifically, it has
been demonstrated that aerobic exercise improves microbiome diversity in humans increas-
ing genera of the Firmicutes phylum (specifically, Faecalibacterium prausnitzii and species
from the genus Oscillospira, Lachnospira, and Coprococcus), which produce an enriched
profile of SCFAs [177]. Some of the identified SFCAs (acetate, propionate, and butyrate,
which are produced by gut microbes from protein, fibers, and nondigestible starches [178]),
are essential to neuro-immunoendocrine regulation. For example, SCFAs influence neuroin-
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flammation by affecting glial cell morphology and function as well as by modulating the
levels of neurotrophic factors, increasing neurogenesis, contributing to the biosynthesis of
serotonin, and improving neuronal homeostasis and function [179]. Additionally, exercise-
induced changes in intestinal microbiota may improve the function of the gut-vascular
barrier (GVD), possibly by increasing the intestinal content of the bile acid analogue and
farnesoid X receptor agonist obeticholic acid. In view of the recently discovered functional
linkage between GVD with the BBB [180], a positive impact of these changes on brain
function and in particular on neurogenic activities in BBB-supported niches could easily be
envisaged [181]. At the moment, however, the possibility that this gut-centered circuitry
contributes to neurogenesis regulation by physical exercise remains speculative.

4. Future Challenges and Conclusions

Although much evidence points to a pivotal role for intestinal microbiota and bacteria-
derived metabolites in the gut-brain communication axis and in particular in the modula-
tion of AN, the consolidation of this critical knowledge and its possible translation to the
clinical practice still face a number of daunting challenges. The first challenge deals with
the lack of reliable approaches to reproducibly assess AN in humans, and above all in living
individuals. This limitation applies to the entire AN research field, to the point that it was
not until recently that the question as to whether AN is relevant to human health has begun
to be settled [182,183]. Even in the most rigorous studies, adult neurogenesis is assessed by
the immuno-histochemical detection of putative markers for neural precursors and imma-
ture neurons whose reliability is mainly inferred from animal models. Additionally, since
no prospective labelling is possible in human samples, uncertainty exists as to whether
neuroblasts/immature neurons will fully differentiate and integrate long term in the preex-
isting neural network [184]. Research on human adult neurogenesis and its modulation
by endogenous and exogenous factors including nutrition, microbiota and lifestyle would
benefit greatly from the possibility of detecting and measuring the process non-invasively.
In this respect, initial enthusiasm resulting from the possibility (reported some 15 years
ago) of detecting NPCs by nuclear resonance spectrometry brain imaging in vivo [185] has
not been followed up by convincing evidence. The development of biochemical markers
and/or imaging approaches to quantify new neurons/neural precursors and evaluate
their functionality, coupled with advances in metagenomics and metabolomics techniques
for the individualized characterization of intestinal microflora (for which this article is
concerned) will hopefully help overcome these seemingly insurmountable obstacles.

A second challenge comes from the elucidation of the specific molecular mechanisms
underlying the influence of gut microbiota on neurogenesis, even in the experimental
(i.e., animal) setting. In fact, many of the currently hypothesized mechanism are chains
of logical connections between phenomena (i.e., microbiota regulation by dietary factors
→ microbial control of neuroinflammation → modulation of neurogenesis by inflammag-
ing) occurring at the two ends of the GBA, without any mechanistic linkage being truly
demonstrated. Related to this, distinguishing direct (i.e., affecting neuronal precursors)
and indirect (i.e., resulting from systemic neurohormonal or even behavioural response)
effects of intestinal bacteria on neurogenesis will likely require further theoretical and
methodological efforts.

Specifical future lines of research could clarify how selected molecular targets involved
in neurogenesis, such as NF-κB and SIRT1, are susceptible to modification by diet com-
ponents or microbiome metabolites, as well as how multiple molecular pathways act in a
synergic crosstalk. Overall, an integrative approach appears advisable based on the study
of the topic from different perspectives. More basic research on animal and cell culture
models is needed to characterize compounds potentially active on neurogenesis and gut
microbiota in terms of dosing, bioassimilation and the combinatorial effect, both in physio-
logical and pathological settings. On the other hand, more clinical research is needed (with
the limitations acknowledged above), to clinically test the efficacy of promising molecules,
particularly antioxidants and anti-inflammatory natural compounds of microbial origin,
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for their neuroprotective and possibly neurogenic effects. The ultimate goal (or hope) of
this future research will be to establish the basis for the discovery of advanced therapeutics
and the identification of novel biomarkers, which may help with early intervention and the
prevention of brain disorders in which neurogenesis likely plays an essential role.
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Abstract: Despite the progressive advances, current standards of treatments for peripheral nerve
injury do not guarantee complete recovery. Thus, alternative therapeutic interventions should
be considered. Complementary and alternative medicines (CAMs) are widely explored for their
therapeutic value, but their potential use in peripheral nerve regeneration is underappreciated.
The present systematic review, designed according to guidelines of Preferred Reporting Items for
Systematic Review and Meta-Analysis Protocols, aims to present and discuss the current literature
on the neuroregenerative potential of CAMs, focusing on plants or herbs, mushrooms, decoctions,
and their respective natural products. The available literature on CAMs associated with peripheral
nerve regeneration published up to 2020 were retrieved from PubMed, Scopus, and Web of Science.
According to current literature, the neuroregenerative potential of Achyranthes bidentata, Astragalus
membranaceus, Curcuma longa, Panax ginseng, and Hericium erinaceus are the most widely studied.
Various CAMs enhanced proliferation and migration of Schwann cells in vitro, primarily through
activation of MAPK pathway and FGF-2 signaling, respectively. Animal studies demonstrated
the ability of CAMs to promote peripheral nerve regeneration and functional recovery, which are
partially associated with modulations of neurotrophic factors, pro-inflammatory cytokines, and
anti-apoptotic signaling. This systematic review provides evidence for the potential use of CAMs in
the management of peripheral nerve injury.

Keywords: complementary and alternative medicines; natural products; peripheral nerve injury;
nerve repair; nerve regeneration; functional recovery

1. Introduction

Peripheral nerve injury (PNI) can result in partial or total loss of motor, sensory and
autonomic functions at denervated regions, leading to temporary or life-long disability [1].
In addition to reduced quality of life, functional deficits from PNI have a substantial
economic impact on the affected individuals [2]. A recent study found that, over nine years
(from 2009 to 2018), more than 550,000 individuals were afflicted by PNI in the United
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States. Moreover, the incidence rate has more than doubled throughout that period of
time [3]. Such injuries are primarily due to vehicular and traumatic accidents, lacerations,
and iatrogenic causes [4–6].

Despite progressive advances in our understanding of the processes and mecha-
nisms of nerve injury, effective nerve repair and regeneration approaches that ensure
complete functional recovery remain scarce [7]. Nerve autograft is considered the gold
standard for repairing peripheral nerve defects [8]. However, this method is restricted by
limited donor nerves and donor site morbidity, while successful recovery rates remain
unsatisfactory [9]. Consequently, alternative strategies for enhancing nerve repairs have
been proposed, including the application of nerve conduits and the addition of growth
factors [10,11]. Likewise, the exploration of novel therapeutics, even combinatorial
therapies, capable of enhancing axonal regeneration and promoting functional recovery,
are of great interest.

PNI often results in neuropathic pain, and when conventional treatments are inade-
quate in providing relief, patients may turn to complementary and alternative medicines
(CAMs), such as herbal medicines and nutritional supplements [12]. Indeed, medicinal
plants, including the Acorus calamus [13], Curcuma longa [14], and Ginkgo biloba [15], have
displayed ameliorating effects in animal models of neuropathic pain. Research on the
potential of medicinal plants in the treatment of PNI is prompted by the notion that plants
are great sources of natural products (NPs), which are small molecules produced by living
organisms. Many NPs are the focus of drug development, as it is generally believed that
they are largely devoid of adverse effects compared to synthetic drugs [16,17]. NPs also
have the advantage of being evolutionary-driven, thus they are more likely to possess
tremendous chemical and structural diversity that facilitates efficient engagement with
biologically relevant targets and receptors, making them more biologically active [18]. In
fact, many small-molecule drugs that have been approved by regulatory agencies were
derived from natural sources [19], including Taxol from Taxus brevifolia [20] and Vinblastine
from Catharanthus roseus [21].

However, compared to the extensive research on naturally derived products for other
non-communicable and infectious diseases, NPs remain largely unexplored in the field of
nerve repair and regeneration. A review published nearly half a decade ago has shed light
on the neuroprotective effects of NPs in PNI models [22]. This review presents current
research findings and evaluates the role of CAMs, focusing on plants or herbs, mushrooms,
and decoctions, as well as their NPs, in peripheral nerve regeneration, to highlight their
therapeutic potential for the management of PNI.

2. Materials and Methods

This systematic review was designed according to guidelines of Preferred Reporting
Items for Systematic Review and Meta-Analysis Protocols (PRISMA-P) [23].

2.1. Search Strategy and Data Extraction

A literature search was performed to find all relevant publications up to 25 October
2020 across three electronic databases, PubMed, Scopus, and Web of Science. The fol-
lowing keywords were used to search each respective database: ((“peripheral* nerve*
regenera*” OR “peripheral* nerve* repair*” OR “neuroregenera*”) AND (“alga*” OR
“seaweed*” OR “plant” OR “natural product*” OR “mushroom” OR “Basidiomycete*”
OR “herb*” OR “Traditional Chinese Medicine*” OR “alternative medicine” OR “com-
plementary medicine*”)).

236



Cells 2021, 10, 2194

2.2. Eligibility Criteria

Research articles describing the use of plants or herbs, mushrooms, algae, decoction,
and their natural products in peripheral nerve repair and regeneration, written in English,
and having full-text availability were considered. Articles not representing original research
studies and NPs derived from sources other than plants, herbs, algae, and mushrooms
were excluded (e.g., Lumbricus rubellus—earthworm). Retrieved articles were screened
based on their title, abstract, and full-text to determine their eligibility for inclusion in
this review.

3. Results

A preliminary search across the three databases yielded 560 records, of which 215 were
duplicates (Figure 1). Together with 18 other records identified by other means, the re-
maining articles were screened based on the eligibility criteria, resulting in 289 additional
records being excluded, leaving 56 records remaining and their findings being included
in the qualitative synthesis (Figure 1). The studies investigated the neuroregenerative
potential of 25 species of plants, three different mushrooms, and four traditional Chinese
medicine decoctions, of which 18 known NPs were characterized. None of the studies
investigated the potential of algae in peripheral nerve regeneration.
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in peripheral nerve repair and regeneration. Only articles written in English, and having full-text
availability were included. Articles not representing original research studies and NPs derived from
sources other than plants, herbs, algae, and mushrooms were excluded.
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Among the 58 records, the majority of the reported findings were from in vivo studies
(38 records) that used mainly histological and electrophysiological evaluation to examine
peripheral nerve regeneration in rat models of sciatic nerve injury (SNI). In contrast,
11 records were in vitro studies, which included reports of the promoting effects of plants,
mushrooms, decoctions, and their natural products on the proliferation and migration of
Schwann cells (SCs), and on neurite outgrowth in dorsal root ganglion (DRG) explants and
neurons. Additionally, nine records included both in vitro and in vivo studies. In terms of
the mechanisms of the biological effects, regulation of the mitogen-activated protein kinase
(MAPK) pathway was reported to be highly involved across these studies.

4. Discussion
4.1. Current Therapeutic Approaches against Peripheral Nerve Injuries

Peripheral nerves are prone to injury because of their delicate structures and superfi-
cial location throughout the human body. The prevalence of PNI together with its societal
impact poses a health concern that needs to be addressed properly. Current treatment
strategies for PNI are divided into surgical and non-surgical approaches that can be effec-
tive when applied appropriately [24]. Surgical techniques, including suturing of severed
nerves and nerve grafting, do yield successful outcomes but are sometimes not feasible
due to limitations such as the timing of surgery, size of nerve gaps, and donor site mor-
bidity [25,26]. Consequently, other promising alternatives have emerged in recent years
and have been receiving increasing attention, such as the utilization of different nerve
conduits capable of housing and delivering biological cues whilst enhancing and guiding
nerve regeneration 11, growth factor treatments [27], and cell-based therapies [28]. In
contrast, non-surgical options for the management of PNI are far more limited, including
approved medications on the market, electrical nerve stimulation [29], and the application
of phytochemicals and secondary metabolites. The latter is widespread in other areas of
research including cancer [30] and neurological disorders [31], but are far less prevalent in
the field of peripheral nerve regeneration.

4.2. Mechanisms of Peripheral Nerve Injury and Regeneration

Nerve bundles are primarily composed of axons covered with myelin sheaths pro-
duced by Schwann cells with fibroblasts scattered in between the nerve fibers. During
peripheral nerve injury, instantaneous tissue damage occurs at the site of the lesion together
with the accumulation of galectin-3 macrophages, whereas nerve stumps that are distally
located undergo cellular variation despite not being directly affected [32]. After an axonal
injury, Wallerian degeneration occurs, followed by axonal regeneration, and eventually
end-organ reinnervation (see Figure 2) [33]. Wallerian degeneration takes place 24 to 48 h
following nerve injury. Axons begin to disintegrate and growth factors such as nerve
growth factor (NGF) and brain-derived neurotrophic factor (BDNF) are released by SCs
in the segment distal to the injured site. Galectin-3 macrophages are then recruited to
the distal end, which contributes to myelin degradation and removal of remaining de-
bris [34]. Growth factors are also retrogradely transported proximally toward the cell body.
Subsequent removal of deteriorated myelin and axonal matter leads to the proliferation
and alignment of SCs, forming the bands of Büngner that further guide the regenerating
axons from the proximal to the distal site [35]. Axonal regeneration in humans is known to
occur at a rate of approximately 1 mm per day [36], which would require months or even
years for severe nerve injuries to fully recover. Moreover, poor functional recovery can
occur due to a number of reasons, including progressive failure of axonal regeneration,
disruption of SC function in providing a growth-supportive environment, and misdirection
of regenerating axons [36].
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Figure 2. Overview of mechanism of peripheral nerve injury and regeneration. Following nerve
injury, Wallerian degeneration occurs, in which axons begin to disintegrate at the distal end, and
growth factors (such as NGF and BDNF) are released by Schwann cells. Galectin-3 macrophages are
recruited to remove axonal debris and degrade myelin sheaths. Subsequently, SCs align to form the
Band of Büngner, which guides the regenerating axons from the proximal to distal sites. Eventually,
the regenerated axons innervate the end tissue to complete the recovery process. NGF—nerve growth
factor; BDNF—brain-derived neurotrophic factor.
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4.3. Role of Schwann Cells in Nerve Regeneration

Schwann cells are supportive glial cells that are known to play a pivotal role in
the proper functioning and maintenance of peripheral nerves. They are responsible for
producing the basal lamina that determines the polarity of SCs and myelinating axons [37].
The myelin sheaths on axons allow the conduction of action potentials at high velocity
via the formation of specialized nodes of Ranvier [38]. The high plasticity of SCs allows
them to further develop into repair phenotypes in response to nerve injury (Figure 3).
Following nerve injury, SCs can re-differentiate into repair SCs that align themselves to
form bands of Büngner. This in turn allows axons to emerge from growth cones proximal to
the injured site, which then elongate along the bands until the target organ is reinnervated.
The repair SCs also participate in the removal of axon and myelin debris, and they can
recruit macrophages to assist in the process [39]. In addition, repair SCs can also secrete
neurotrophic factors that help promote cellular survival, proliferation, and differentiation,
which are all essential for peripheral nerve repair [40]. Due to the importance of SCs
in promoting peripheral nerve regeneration, it is expected that any disruption in SC
proliferation, such as that caused by impairment in cyclin D1, will affect nerve regeneration
following injury [41]. However, findings from past studies suggest that axonal regeneration
is independent of SC proliferation [42,43]. Nevertheless, considering the association of SCs
with axonal elongation and myelination, it is reasonable to hypothesize that enhanced SC
proliferation may lead to greater regenerative potential. Hence, numerous studies have
attempted to investigate the effects of NPs in promoting the proliferation and migration
ability of SCs (Table 1).
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Figure 3. Overview of Schwann cell plasticity and their roles following peripheral nerve injury. Immature SCs develop 
into either myelinated or non-myelinated forms depending on the type of axon association. Upon nerve injury, SCs are 
capable of converting into a repair phenotype alongside the demyelination process that is mediated by different genes 
and transcriptional mechanisms. These events promote neuronal survival and enhance axonal regeneration following in-
jury. Subsequently, repair SCs can be reprogrammed back to remyelinate regenerated axons. Further details on SC plas-
ticity are presented in the reviews by Jessen & Mirsky [39] and Nocera & Jacob [100]. BDNF—brain-derived neurotrophic 
factor; Erg2/Krox20—early growth response 2; ERK—extracellular signal-regulated protein kinase; GDNF—glial cell-de-
rived neurotrophic factor; GFAP—glial fibrillary acidic protein; gpr126—adhesion G protein-coupled receptor G6; 
H3K27—methylation of histone H3 on lysine 27; HDAC2—histone deacetylase 2; IL—interleukin; L1—L1 cell adhesion 
molecule; LIF—leukemia inhibitory factor; Mag—myelin associated glycoprotein; Mbp—myelin basic protein; MCP-1—
monocyte chemotactic protein 1; Mpz/P0—myelin protein zero; NCAM—neural cell adhesion molecule; NF2—neurofi-
bromatosis 2; NGF—nerve growth factor; NT3—neurotrophin-3; Olig1—oligodendrocyte transcription factor 1; 
p75NTR—p75 neurotrophin receptor; Pmp22—peripheral myelin protein 22; SCs—Schwann cells; Shh—Sonic Hedgehog; 
Sox2—(sex determining region Y)-box 2; STAT3—signal transducer and activator of transcription 3; TGF-β—transforming 
growth factor-β; TLRs—Toll-like receptors; TNF-α—tumor necrosis factor-α; VEGF—vascular endothelial growth factor; 
Zeb2—zinc finger E-box-binding homeobox 2. 

4.4. Experimental Strategies and Neuroprotective Effects of Complementary and Alternative 
Medicines (CAMs) against Peripheral Nerve Injury 
4.4.1. CAMs with Neuroregenerative Potential 

Due to the limitations of conventional therapies for PNIs, much attention has been 
dedicated to finding alternative approaches in treating PNIs. To date, studies have ex-
plored the potential of 20 species of plants, three species of mushrooms, and four types of 
decoctions in promoting peripheral nerve regeneration (Table 1). Notably, the neuro-
regenerative potential of Achyranthes bidentata [44–49], Astragalus membranaceus [52–55], 
Curcuma longa [60–65], Panax ginseng [73–75], and Hericium erinaceus [92–94] have been 
most studied. A total of 18 natural products have been identified across the studies, and 
their chemical structures are shown in Table 2. Among those, ursolic acid, syringic acid, 
and quercetin are the NPs that can be found across a variety of plant species [78,79,81,101–
103]. Decoctions are usually made according to traditional formulae. However, among the 
decoctions discussed in this study, the Bogijetong decoction is a relatively modern formu-
lation that was specifically developed to treat neuropathic pain [96]. 

  

Figure 3. Overview of Schwann cell plasticity and their roles following peripheral nerve injury. Immature SCs develop
into either myelinated or non-myelinated forms depending on the type of axon association. Upon nerve injury, SCs are
capable of converting into a repair phenotype alongside the demyelination process that is mediated by different genes
and transcriptional mechanisms. These events promote neuronal survival and enhance axonal regeneration following
injury. Subsequently, repair SCs can be reprogrammed back to remyelinate regenerated axons. Further details on SC
plasticity are presented in the reviews by Jessen & Mirsky [39] and Nocera & Jacob [100]. BDNF—brain-derived neu-
rotrophic factor; Erg2/Krox20—early growth response 2; ERK—extracellular signal-regulated protein kinase; GDNF—glial
cell-derived neurotrophic factor; GFAP—glial fibrillary acidic protein; gpr126—adhesion G protein-coupled receptor
G6; H3K27—methylation of histone H3 on lysine 27; HDAC2—histone deacetylase 2; IL—interleukin; L1—L1 cell ad-
hesion molecule; LIF—leukemia inhibitory factor; Mag—myelin associated glycoprotein; Mbp—myelin basic protein;
MCP-1—monocyte chemotactic protein 1; Mpz/P0—myelin protein zero; NCAM—neural cell adhesion molecule; NF2—
neurofibromatosis 2; NGF—nerve growth factor; NT3—neurotrophin-3; Olig1—oligodendrocyte transcription factor 1;
p75NTR—p75 neurotrophin receptor; Pmp22—peripheral myelin protein 22; SCs—Schwann cells; Shh—Sonic Hedgehog;
Sox2—(sex determining region Y)-box 2; STAT3—signal transducer and activator of transcription 3; TGF-β—transforming
growth factor-β; TLRs—Toll-like receptors; TNF-α—tumor necrosis factor-α; VEGF—vascular endothelial growth factor;
Zeb2—zinc finger E-box-binding homeobox 2.

4.4. Experimental Strategies and Neuroprotective Effects of Complementary and Alternative
Medicines (CAMs) against Peripheral Nerve Injury
4.4.1. CAMs with Neuroregenerative Potential

Due to the limitations of conventional therapies for PNIs, much attention has been
dedicated to finding alternative approaches in treating PNIs. To date, studies have ex-
plored the potential of 20 species of plants, three species of mushrooms, and four types of
decoctions in promoting peripheral nerve regeneration (Table 1). Notably, the neuroregen-
erative potential of Achyranthes bidentata [44–49], Astragalus membranaceus [52–55], Curcuma
longa [60–65], Panax ginseng [73–75], and Hericium erinaceus [92–94] have been most studied.
A total of 18 natural products have been identified across the studies, and their chemical
structures are shown in Table 2. Among those, ursolic acid, syringic acid, and quercetin are
the NPs that can be found across a variety of plant species [78,79,81,101–103]. Decoctions
are usually made according to traditional formulae. However, among the decoctions dis-
cussed in this study, the Bogijetong decoction is a relatively modern formulation that was
specifically developed to treat neuropathic pain [96].
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Table 2. Chemical structures of natural products and their respective sources.

Sources Natural Product Chemical Structure

Alpinate Oxyphyllae Fructus
(Alpinia oxyphylla Miq) Protocatechuic acid
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Table 2. Cont.

Sources Natural Product Chemical Structure

Curcuma longa Curcumin
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Table 2. Cont.

Sources Natural Product Chemical Structure

Gastrodia elata Blume Gastrodin
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Table 2. Cont.

Sources Natural Product Chemical Structure

Green tea (-)-Epigallocatechin-3-gallate
(EGCG)
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Table 2. Cont.

Sources Natural Product Chemical Structure

Isolated from a variety of
plants (e.g., apple, Malus
domestica; caper, Capparis

spinosa; onion, Allium cepa;
tomato, Solanum lycopersicum;
and grapes, Vitis vinifera [103])
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Scutellaria baicalensis Georgi Baicalin
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4.4.2. In Vitro Studies on Neuroregenerative Potential of CAMs

Figure 4 summarizes the in vitro studies on neuroregenerative properties of comple-
mentary and alternative medicines. Most of the studies were in Schwann cells, with a
few using DRG explants, neurons, and PC12 cells (rat pheochromocytoma). Some CAMs
were reported to induce proliferation, differentiation, and neurite outgrowth in PC12 cells.
Similarly, neurite outgrowth was also promoted in DRG neurons through modulation of
the extracellular signal-regulated kinase (ERK), p38, and tumor necrosis factor-α (TNF-α).
Polypeptides isolated from Achyranthes bidentata have demonstrated the ability to promote
neurite outgrowth in DRG neurons through the activation of ERK1/2 [45,46]. These find-
ings resemble an earlier study that also reported neurite growth in DRG neurons induced
by CD95 through ERK activation [104]. The Bogijetong decoction and its reconstituted
formulation BeD elicited similar neuroprotective effects through downregulation of p38
and TNF-α [96] It was previously shown that TNF-α could inhibit neurite outgrowth in
cultured DRG neurons [105,106], whereas the application of a TNF-α antagonist supported
axonal regeneration following nerve injury [107].
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their related natural products on Schwann cells are primarily focused on promoting their 
proliferation and survival. The molecular mechanisms that were investigated in these 
studies include signaling pathways such as IGF-I and MAPK, as well as cell cycle control-
ling proteins and various neurotrophic factors (Figure 4). Past studies have demonstrated 
that ERK is required for proper myelination of SCs during development [108,109], and 
ERK signaling was rapidly activated following nerve injury, contributing to SC differen-
tiation [110]. Moreover, evidence suggests that nerve regeneration following injury is 
closely associated with ERK [111,112], and ERK inhibition leads to impaired regenerative 
capability [111,113]. On the other hand, inhibition of p38 MAPK prevented SC demye-
lination and dedifferentiation, indicating its role in promoting the breakdown of myelin 
following nerve injury [114]. It is not unexpected that cyclins are associated with SC pro-
liferation, as these proteins control cell cycle progression through the interaction of cyclin-
dependent kinases. For instance, cyclin D is associated with Cdk4 or Cdk6 in the G1 phase, 
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regeneration across different cell types with associated mechanisms. Akt—protein kinase B; Bad—Bcl-2 associated ag-
onist of cell death; Bcl-2—B-cell lymphoma 2; BDNF—brain-derived neurotrophic factor; CNTF—ciliary neurotrophic
factor; DRG—dorsal root ganglion; DUOX2—dual oxidase 2; ERK—extracellular signal-regulated kinase; FGF—fibroblast
growth factor; GDNF—glial cell-derived neurotrophic factor; IGF-I—insulin-like growth factor 1; IGF-IR—insulin-like
growth factor 1 receptor; JNK—c-Jun N-terminal kinase; MAPK—mitogen-activated protein kinase; MMP9—matrix
metallopeptidase 9; NOX4—nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 4; NPs—natural products;
PC12—pheochromocytoma cells; PI3K—phosphoinositide 3-kinase; ROS—reactive oxygen species; S100β—S100 calcium-
binding protein β; TNF-α—tumor necrosis factor-α; uPA—urokinase plasminogen activator.

Effects of CAMs on Schwann Cell Activity In Vitro

The studies examining the effects of complementary and alternative medicines and
their related natural products on Schwann cells are primarily focused on promoting their
proliferation and survival. The molecular mechanisms that were investigated in these
studies include signaling pathways such as IGF-I and MAPK, as well as cell cycle control-
ling proteins and various neurotrophic factors (Figure 4). Past studies have demonstrated
that ERK is required for proper myelination of SCs during development [108,109], and
ERK signaling was rapidly activated following nerve injury, contributing to SC differentia-
tion [110]. Moreover, evidence suggests that nerve regeneration following injury is closely
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associated with ERK [111,112], and ERK inhibition leads to impaired regenerative capa-
bility [111,113]. On the other hand, inhibition of p38 MAPK prevented SC demyelination
and dedifferentiation, indicating its role in promoting the breakdown of myelin following
nerve injury [114]. It is not unexpected that cyclins are associated with SC proliferation, as
these proteins control cell cycle progression through the interaction of cyclin-dependent
kinases. For instance, cyclin D is associated with Cdk4 or Cdk6 in the G1 phase, cyclin A
participates with Cdk1 or Cdk2 in the S phase, cyclin E is involved with Cdk2 in G1 and S
phases, cyclin B and Cdk1 regulates M phase [115,116].

Protocatechuic acid isolated from Alpinia oxyphylla Miq [50] and the aqueous extract
of Codonopsis pilosula [58] were found to promote SCs proliferation by further enhancing
IGF-I (insulin-like growth factor 1) signaling. The IGF-I growth factor is known to play a
crucial role in neuromuscular recovery following injury. It is reported to be involved in pro-
moting G1/S cell cycle progression [117] and survival of SCs [118] in vitro, and to facilitate
peripheral nerve regeneration in vivo [119–122]. One study reported baicalin, a flavonoid
that possesses various neuroprotective effects [123], induced proliferation of SCs through
the modulation of neurotrophic factors including glial cell-derived neurotrophic factor
(GDNF), BDNF, and ciliary neurotrophic factor (CTNF) [88]. These neurotrophic factors
are integral to many aspects of nerve regeneration, as evident in past studies that showed
their roles in myelin formation [124,125] and axonal regeneration [126,127].

In addition to promoting the proliferation of SCs, some NPs may promote the migra-
tory ability of SCs, which is essential for regeneration and remyelination following nerve
injury. Aqueous extracts of Alpinia oxyphylla Miq [51], Astragalus membranaceus [55], Citrus
medica var. sarcodactylis [57], Codonopsis pilosula [58], and ginsenoside Rg1 isolated from
ginseng [73] enhanced SC migration through the activation of FGF-2 signaling. The role
of FGF-2 in the repair and regeneration of tissues [128] and its involvement in cell migra-
tion [129,130] is widely documented. A recently published study reported that another
subfamily member, FGF5, is also involved in regulating SC migration and adhesion [131].
Besides FGF-2 signaling, another study investigating polypeptides of A. bidentata revealed
that the upregulation of NOX4/DUOX2-derived reactive oxygen species (ROS) production
was responsible for promoting SC migration [44]. Excessive accumulation of ROS produc-
tion has been linked to neurodegenerative disorders [132] and peripheral neuropathy [133],
but moderate levels of ROS may prove beneficial by acting as signal messengers in regulat-
ing biological processes, including cell adhesion and migration [134,135]. Syringic acid was
shown to promote the proliferation and migration of SCs in vitro. Although the expression
of several microRNAs was affected by syringic acid, further analysis suggested that the
plant polyphenol promoted SC proliferation and migration mainly by suppressing the
microRNA miR-451-5p [78].

4.4.3. In Vivo Studies on Neuroregenerative Potential of CAMs

Current in vivo studies on the potential of complementary and alternative medicines in
peripheral nerve regeneration are limited to rodent models (Figure 5 and Table 1). Most of
the studies involved different strains of rats and mice, with only two studies using rabbits
as their animal models. Models of peripheral nerve injury used in the studies include
diabetic peripheral neuropathy, peroneal nerve injury, and sciatic nerve injury. The effects
of CAMs on peripheral nerve regeneration were evaluated by functional recovery indexes
(e.g., PFI; sciatic function index, SFI; tibial function index, TFI; CMAP; MNCV; and WRL)
and histological examinations (e.g., number, diameter, the thickness of myelinated fibers
and regenerated axons; the number of motoneurons; and muscle mass).
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factor; CSA—cross-sectional area; DRG—dorsal root ganglion; FGF—fibroblast growth factor; GAP-43—growth associated
protein 43; ICR—Institute of Cancer Research; IFN-γ—interferon-γ; IL—interleukin; MAPK—mitogen-activated protein
kinase; MBP—myelin basic protein; MDA—malondialdehyde; MMP2/9—matrix-metalloproteinase-2/9; MNCV—motor
nerve conduction velocity; NF-κB—nuclear factor kappa B; NGF—nerve growth factor; NPs—natural products; PAs—
plasminogen activators; PCNA—proliferating cell nuclear antigen; PDGF—platelet-derived growth factor; PFI—peroneal
function index; PI3K—phosphoinositide 3-kinase; PMP22—peripheral myelin protein 22; Prom1—prominin 1; SD—Sprague-
Dawley; SFI—sciatic function index; Sox18—sex-determining region Y-box transcription factor 18; TFI—tibial function
index; TGF-β—transforming growth factor-β; TNF-α—tumor necrosis factor-α; tPA—tissue plasminogen activator; Trk—
tropomyosin receptor kinase; TRPC1—transient receptor potential cation channel subfamily C member 1; TSI—toe spread
index; uPA—urokinase plasminogen activator; Vegf—vascular endothelial growth factor; WRL—withdrawal reflex latency.

Diabetic Peripheral Neuropathy Model

In the diabetic neuropathy (DPN) model, aqueous extract of Cortex Mori Radicis
had anti-diabetic and neuroregenerative effects, as evidenced by reduced blood glucose
levels, induced neurite outgrowth, restoration of the loss of Nissl bodies, and a response in
the growth cones of DRG neurons [82]. The authors identified that the observed effects
were mediated by the activation of the PI3K/Akt pathway and increased expression of
TRPC1, which in turn reduced Ca2+ influx. The PI3K/Akt pathway is a crucial intracellu-
lar signaling pathway that governs cell proliferation, survival, and metabolism [136], its
protective role against DPN has been previously hinted at [137,138]. The transient receptor
potential (TRPC) is a family of Ca2+-permeable channels that participates in axonal regen-
eration [139]. In particular, TRPC1 and TRPC4 were shown to induce neurite outgrowth in
PC12 cells and DRG neurons [140,141]. In another study, administration of Jiaweibugan de-
coction in a DPN model ameliorated changes in motor nerve conduction velocity (MNCV),
and malondialdehyde (MDA), and glutathione levels through an anti-oxidative pathway
via downregulating NF-κB p65 and p38 MAPK [98]. The activation of p38 MAPK, which
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belongs to a family of kinases that are responsive to stress stimuli, further activates NF-κB
leading to inflammation, a driving factor of DPN [142,143].

Peroneal Nerve Injury Model

In the peroneal nerve injury model, aqueous extract and polypeptides of A. bidentata
were shown to enhance nerve regeneration [45,49], as indicated by increased density and
diameter of myelinated fibers, and numbers of motor neurons. Although behavioral
analyses were not performed in the studies, improvements in compound muscle action
potential (CAMP) demonstrated the ability of A. bidentata aqueous extract and polypeptides
to promote functional recovery. Aqueous extract and polysaccharides from Hericium
erinaceus also exhibited nerve regeneration and functional recovery following peroneal
nerve crush [92–94], as evidenced by the improvements in the peroneal function index
(PFI), withdrawal reflex latency (WRL) and axon morphology, and the development of
neuromuscular junction. These findings were supported by the activation of Akt, p38,
c-Jun, and c-Fos, which is in line with other studies that showed the importance of these
signaling events for axonal regeneration [144–146].

Sciatic Nerve Injury Model

The sciatic nerve injury (SNI) model is the most commonly used model in the study
of the effects of complementary and alternative medicines on peripheral nerve regen-
eration, and many studies have investigated the underlying mechanisms or molecular
pathways through which CAMs elicit their neuroregenerative properties. For instance,
polypeptides of A. bidentata [47], astragaloside IV isolated from A. membranaceus [52], and
aqueous extract of Dioscoreae rhizoma [66] promoted nerve regeneration via upregulation of
GAP-43 expression. The GAP-43 protein is highly associated with the development and
plasticity of the nervous system [147]. Its expression is known to be elevated following
nerve injury [148] and is involved in the neurite outgrowth of hippocampal neurons [149].
Similarly, modulation of other neurotrophic factors such as NGF, BDNF, CNTF [47,54],
and pro-inflammatory cytokines including IL-1, IL-6, IL-β, and TNF-α [54,90] were also
involved in promoting nerve regeneration as well. Although an inflammatory response
following injury is necessary for the regenerative process [150], prolonged inflammation
can impede recovery and may even lead to the development of neuropathic pain [151],
which reflects the double-edged property of inflammation and the importance of proper
regulation. Additionally, a study on Ginkgo biloba extract showed that it promoted axonal
angiogenesis through the modulation of related genes, including Vegf, Sox18, Prom1, and
IL-6 [71]. Studies have also demonstrated the participation of Vegf [152,153], Prom1 [154],
and another subfamily gene, Sox11 in sciatic nerve regeneration [155], and the restorative
role of IL-6 has also been implied in DPN and central nervous system models [156,157].
Muscimol prevented hyperalgesia through the modulation of PMP22 [91], a key compo-
nent of the basal lamina. The expression of PMP22 is correlated with myelin formation
and nerve regeneration [158,159]. Studies investigating EGCG in an SNI model showed
that it had neuroprotective and regenerative effects, partly due to the modulation of the
apoptotic machinery, including Bax, Bcl-2, p53, and survivin [76,77]. The subsequent loss
of neurons after PNI is known to be closely related to apoptosis [160] which is partly
influenced by p53 and Bax [161], while the association of survivin in nerve injury has also
been documented [162].

4.4.4. Involvement of CAMs in Combinatorial Approaches for the Treatment of PNI

There is increasing evidence that the successful repair and regeneration of nerves
will require not just a single treatment strategy, but a multifaceted strategy involving
different disciplines. Studies adopting combinatorial approaches have yielded interest-
ing findings. For example, Lycium barbarum polysaccharide incorporated into core-shell
structured nanofibrous scaffolds by coaxial electrospinning showed proliferative effects
in PC12, SCs, and DRG neurons [80]. In two separate studies, puerarin, the active com-
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ponent extracted from Pueraria lobata roots, as well as rat serum metabolites of P. lobata
enhanced the neuroregenerative effects of silicone rubber nerve chambers. Increases in
myelinated axons and structurally mature regenerated axons were observed, while muscle
reinnervation led to functional recovery, as indicated by an increase in action potential
and nerve conduction [83,84]. Similar results were obtained with Buyang Huanwu de-
coction being administered as a co-treatment alongside silicone rubber nerve chambers,
which led to more prominent axonal regeneration [97]. In an SNI model, a magnetic
nanocomposite scaffold produced from using magnetic nanoparticles and biodegradable
chitosan-glycerophosphate polymer enhanced SC viability, nerve regeneration, and func-
tional recovery when paired with an applied magnetic field [163]. The use of nerve guiding
conduits gained popularity over the years. They have been used to isolate regenerating
axons from fibrotic tissues, to protect them from mechanical forces, and to guide new-
forming tissue as well as condensing growth factors secreted by SCs [164]. The concept
was initiated with a simple hollow design but has since advanced to innovative ways of
redesigning nerve conduits to further extend their original capabilities 11. The attractive
characteristics of modern nerve conduits offer tremendous potentials. These nerve conduits
are occasionally paired with other strategies for improving nerve outcomes. For instance,
Chang et al. [165] developed a natural biodegradable multi-channeled scaffold with aligned
electrospun nanofibers and a neurotrophic gradient, which resulted in superior nerve re-
covery and less muscle atrophy compared with nerve autografts. Hussin et al. [56] used
Centella asiatica (L.) to neurodifferentiate mesenchymal stem cells. This was subsequently
developed with decellularized artery as a nerve conduit, which demonstrated functional
restoration in an SNI model similar to that of reversed autograft.

4.5. Limitations and Future Prospects

As mentioned earlier, PNI represents a significant health issue while the effectiveness
of current treatment approaches is highly subjective. Hence, substantial effort is required
to discover and establish proper methods for the management of PNI. Present studies have
shown promising findings in utilizing various applications including nerve conduits [166],
stem cell therapy [167], phytochemicals [22], and electrical stimulation [168] for treating
PNI, and their potential may subsequently be improved when paired together. Evidence
from in vitro and in vivo studies have delineated the neuroregenerative properties of var-
ious CAMs, and the underlying mechanisms have been investigated (as summarized in
Figure 6), although they still remain incompletely understood and require further elucida-
tion. Subsequently, pre-clinical and clinical studies on existing potential candidates and
approaches should be supported to drive the development of future therapeutics.

Existing studies on the effect of complementary medicines in treating PNI are prelimi-
nary findings with limited information (Table 1). The majority of studies investigated crude
extracts or specific fractions of extracts, with only 24 out of the 56 studies managing to
identify the exact NPs responsible for the observed effects. Additionally, 25 studies did not
report the underlying mechanisms for the resultant effects of NPs, especially at the in vivo
stage. This situation highlights the need for greater efforts among the scientific community
to fully investigate the purported effects of NPs. Another issue is the route and method of
administration in vivo. It is known that oral administration is generally economical and
relatively safe, but the resultant efficacy may not be reliable due to uncontrollable animal
habits and behaviors [169]. In contrast, gavage or injection routes typically require some
form of restraint, which may result in animal stress that may influence study outcomes.
The administration routine also varied across studies, with the treatments lasting from a
few days to months. Moreover, treatment frequency also influences experimental outcomes.
Although it is difficult to standardize animal handling procedures, these factors should be
taken into account with carefully designed studies.
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In this review, the majority of studies on NPs as a treatment for PNI were based on
plants and herbs, with a few studies on mushrooms such as Amanita muscaria, Hericium
erinaceus, and Lignosus rhinocerotis, as well as some decoctions. This is unsurprising,
considering that phytochemicals are highly studied for drug development, which should
shed more light on this area of research [170–172]. However, the use of NPs for peripheral
nerve repair and regeneration is still largely overlooked and could be an untapped potential
source for promising drug candidates. For instance, a previous study demonstrated that
various mushrooms including Agaricus blazei Murrill, Antrodia cinnamomea, Ganoderma
lucidum, and Hirsutella sinensis could activate intracellular signaling kinases ERK, JNK, and
p38, which are associated with peripheral nerve regeneration [173]. Another study showed
that G. lucidum, Ganoderma neo-japonicum, and Grifola frondosa promoted neuritogenesis via
the involvement of the MAPK signaling pathway [174]. Aside from exploring untapped
sources of NPs, future research may also simultaneously examine the efficiency of CAMs
or NPs with known neuroregenerative properties to compare their ability to promote
regeneration of peripheral nerves.

The use of algae in peripheral nerve regeneration merits attention. Algae are well-
known for their diverse applications in food nutrition [175], biofuels [176], cosmetics [177],
and pharmaceuticals [178,179]. Recent studies have also demonstrated that algae could
have potential in the treatment of neurological disorders, including Parkinson’s and
Alzheimer’s disease [180,181]. However, the potential uses of algae in peripheral nerve
regeneration have yet to be explored, despite evidence showing the ability of macroalgae
to promote neurite outgrowth in hippocampal neurons [182–184]. More recently, a study
showed that Gracilaria manilaensis induced the proliferation of neurite-bearing cells in the
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rat pheochromocytoma cell line, which is believed to mimic the neuroactivity of NGF [185].
Thus, investigation on the nerve regenerative potential of other NPs holds much promise.

5. Conclusions

Peripheral nerve injury remains a challenge, while future prospects are leaning to-
wards multi-combinatorial approaches. Natural products are highly appreciated for their
therapeutic value, and there is a growing body of evidence in their potential for peripheral
nerve regeneration. The present findings showed that various NPs promote the prolifera-
tion and migration of SCs, most commonly through the activation of MAPK and FGF-2
signaling pathways, respectively. Promotion of peripheral nerve regeneration was also
observed in rodent models, partly through the modulation of neurotrophic factors, pro-
inflammatory cytokines, and anti-apoptotic signaling. Hence, NPs could play key roles
in nerve repair and regeneration in the near future, especially when paired with other
innovative approaches such as modern nerve conduits.

Author Contributions: Conceptualization, Y.-Y.Y., K.-H.W. and L.-W.L.; data curation, Y.-Y.Y., T.-K.G.
and writing—original draft preparation, Y.-Y.Y., T.-K.G. and K.-Y.N.; review and editing, Y.-Y.Y.,
K.-Y.N., K.-H.W., L.-W.L., S.-M.P., S.-H.L. and S.R.; supervision, Y.-Y.Y., K.-H.W. and L.-W.L.; project
administration, Y.-Y.Y. and K.-H.W.; funding acquisition, Y.-Y.Y. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was funded by Fundamental Research Grant Scheme FRGS/1/2019/STG05/
SYUC/02/1 from the Ministry of Higher Education Malaysia.

Acknowledgments: The authors are thankful to Sunway University for providing the necessary
internet and library facilities for literature searching.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Navarro, X. Functional evaluation of peripheral nerve regeneration and target reinnervation in animal models: A critical overview.

Eur. J. Neurosci. 2016, 43, 271–286. [CrossRef]
2. Wojtkiewicz, D.M.; Saunders, J.; Domeshek, L.; Novak, C.B.; Kaskutas, V.; Mackinnon, S.E. Social impact of peripheral nerve

injuries. Hand 2015, 10, 161–167. [CrossRef]
3. Li, N.Y.; Onor, G.I.; Lemme, N.J.; Gil, J.A. Epidemiology of peripheral nerve injuries in sports, exercise, and recreation in the

United States, 2009–2018. Phys. Sportsmed. 2020, 49, 1–8. [CrossRef]
4. Scholz, T.; Krichevsky, A.; Sumarto, A.; Jaffurs, D.; Wirth, G.A.; Paydar, K.; Evans, G.R.D. Peripheral nerve injuries: An

international survey of current treatments and future perspectives. J. Reconstr. Microsurg. 2009, 25, 339–344. [CrossRef]
5. Antoniadis, G.; Kretschmer, T.; Pedro, M.T.; König, R.W.; Heinen, C.P.G.; Richter, H.P. Iatrogenic nerve injuries - prevalence,

diagnosis and treatment. Dtsch. Arztebl. Int. 2014, 111, 273–279. [CrossRef]
6. Ciaramitaro, P.; Mondelli, M.; Logullo, F.; Grimaldi, S.; Battiston, B.; Sard, A.; Scarinzi, C.; Migliaretti, G.; Faccani, G.; Cocito, D.

Traumatic peripheral nerve injuries: Epidemiological findings, neuropathic pain and quality of life in 158 patients. J. Peripher.
Nerv. Syst. 2010, 15, 120–127. [CrossRef] [PubMed]

7. Grinsell, D.; Keating, C.P. Peripheral nerve reconstruction after injury: A review of clinical and experimental therapies. BioMed Res.
Int. 2014, 2014, 698256. [CrossRef]

8. Ray, W.Z.; Mackinnon, S.E. Management of nerve gaps: Autografts, allografts, nerve transfers, and end-to-side neurorrhaphy.
Exp. Neurol. 2010, 223, 77–85. [CrossRef] [PubMed]

9. Wang, E.W.; Zhang, J.; Huang, J.H. Repairing peripheral nerve injury using tissue engineering techniques. Neural Regen. Res.
2015, 10, 1393–1394. [CrossRef] [PubMed]

10. Houschyar, K.S.; Momeni, A.; Pyles, M.N.; Cha, J.Y.; Maan, Z.N.; Duscher, D.; Jew, O.S.; Siemers, F.; van Schoonhoven, J. The role
of current techniques and concepts in peripheral nerve repair. Plast. Surg. Int. 2016, 2016, 4175293. [CrossRef]

11. Carvalho, C.R.; Oliveira, J.M.; Reis, R.L. Modern trends for peripheral nerve repair and regeneration: Beyond the hollow nerve
guidance conduit. Front. Bioeng. Biotechnol. 2019, 7, 337. [CrossRef]

12. Brunelli, B.; Gorson, K.C. The use of complementary and alternative medicines by patients with peripheral neuropathy.
J. Neurol. Sci. 2004, 218, 59–66. [CrossRef]

13. Muthuraman, A.; Singh, N.; Jaggi, A.S. Effect of hydroalcoholic extract of Acorus calamus on tibial and sural nerve transection-
induced painful neuropathy in rats. J. Nat. Med. 2011, 65, 282–292. [CrossRef]

262



Cells 2021, 10, 2194

14. Zhao, X.; Xu, Y.; Zhao, Q.; Chen, C.R.; Liu, A.M.; Huang, Z.L. Curcumin exerts antinociceptive effects in a mouse model of
neuropathic pain: Descending monoamine system and opioid receptors are differentially involved. Neuropharmacology 2012, 62,
843–854. [CrossRef] [PubMed]

15. Kim, Y.S.; Park, H.J.; Kim, T.K.; Moon, D.E.; Lee, H.J. The effects of Ginkgo biloba extract EGB 761 on mechanical and cold allodynia
in a rat model of neuropathic pain. Anesth. Analg. 2009, 108, 1958–1963. [CrossRef] [PubMed]

16. Calixto, J.B. Efficacy, safety, quality control, marketing and regulatory guidelines for herbal medicines (phytotherapeutic agents).
Braz. J. Med. Biol. Res. 2000, 33, 179–189. [CrossRef]

17. Karimi, A.; Majlesi, M.; Rafieian-Kopaei, M. Herbal versus synthetic drugs; beliefs and facts. J. Nephropharmacology 2015, 4, 27–30.
18. Lahlou, M. The success of natural products in drug discovery. Pharmacol. Pharm. 2013, 04, 17–31. [CrossRef]
19. Newman, D.J.; Cragg, G.M. Natural products as sources of new drugs over the nearly four decades from 01/1981 to 09/2019.

J. Nat. Prod. 2020, 83, 770–803. [CrossRef]
20. Weaver, B.A. How taxol/paclitaxel kills cancer cells. Mol. Biol. Cell 2014, 25, 2677–2681. [CrossRef]
21. Noble, R.L. The discovery of the vinca alkaloids—Chemotherapeutic agents against cancer. Biochem. Cell Biol. 1990, 68, 1344–1351.

[CrossRef]
22. Araújo-Filho, H.G.; Quintans-Júnior, L.J.; Barreto, A.S.; Almeida, J.R.G.S.; Barreto, R.S.S.; Quintans, J.S.S. Neuroprotective effect

of natural products on peripheral nerve degeneration: A systematic review. Neurochem. Res. 2016, 41, 647–658. [CrossRef]
23. Moher, D.; Shamseer, L.; Clarke, M.; Ghersi, D.; Liberati, A.; Petticrew, M.; Shekelle, P.; Stewart, L.A.; Group, P.-P. Preferred

reporting items for systematic review and meta-analysis protocols (PRISMA-P) 2015 statement. Syst. Rev. 2015, 4, 1–19. [CrossRef]
[PubMed]

24. Hussain, G.; Wang, J.; Rasul, A.; Anwar, H.; Qasim, M.; Zafar, S.; Aziz, N.; Razzaq, A.; Hussain, R.; de Aguilar, J.L.G.; et al.
Current status of therapeutic approaches against peripheral nerve injuries: A detailed story from injury to recovery. Int. J. Biol.
Sci. 2020, 16, 116–134. [CrossRef] [PubMed]

25. Millesi, H. Bridging defects: Autologous nerve grafts. Acta Neurochir. Suppl. 2007, 100, 37–38. [CrossRef] [PubMed]
26. Griffin, J.W.; Hogan, M.C.V.; Chhabra, A.B.; Deal, D.N. Peripheral nerve repair and reconstruction. J. Bone Joint Surg. Am. 2013,

95, 2144–2151. [CrossRef]
27. Li, R.; Li, D.H.; Zhang, H.Y.; Wang, J.; Li, X.K.; Xiao, J. Growth factors-based therapeutic strategies and their underlying signaling

mechanisms for peripheral nerve regeneration. Acta Pharmacol. Sin. 2020, 41, 1289–1300. [CrossRef]
28. Kubiak, C.A.; Grochmal, J.; Kung, T.A.; Cederna, P.S.; Midha, R.; Kemp, S.W.P. Stem-cell–based therapies to enhance peripheral

nerve regeneration. Muscle Nerve 2020, 61, 449–459. [CrossRef]
29. Gordon, T.; English, A.W. Strategies to promote peripheral nerve regeneration: Electrical stimulation and/or exercise. Eur. J.

Neurosci. 2016, 43, 336–350. [CrossRef]
30. Choudhari, A.S.; Mandave, P.C.; Deshpande, M.; Ranjekar, P.; Prakash, O. Phytochemicals in cancer treatment: From preclinical

studies to clinical practice. Front. Pharmacol. 2020, 10, 1614. [CrossRef]
31. Kumar, G.P.; Khanum, F. Neuroprotective potential of phytochemicals. Pharmacogn. Rev. 2012, 6, 81–90. [CrossRef]
32. Rotshenker, S. Wallerian degeneration: The innate-immune response to traumatic nerve injury. J. Neuroinflammation 2011, 8, 1–14.

[CrossRef] [PubMed]
33. Menorca, R.M.G.; Fussell, T.S.; Elfar, J.C. Peripheral nerve trauma: Mechanisms of injury and recovery. Hand Clin. 2013, 29,

317–330. [CrossRef]
34. Perry, V.H.; Brown, M.C.; Gordon, S. The macrophage response to central and peripheral nerve injury: A possible role for

macrophages in regeneration. J. Exp. Med. 1987, 165, 1218–1223. [CrossRef]
35. Tetzlaff, W. Tight junction contact events and temporary gap junctions in the sciatic nerve fibres of the chicken during Wallerian

degeneration and subsequent regeneration. J. Neurocytol. 1982, 11, 839–858. [CrossRef]
36. Sulaiman, W.; Gordon, T. Neurobiology of peripheral nerve injury, regeneration, and functional recovery: From bench top

research to bedside application. Ochsner J. 2013, 13, 100–108. [PubMed]
37. Simons, M.; Trotter, J. Wrapping it up: The cell biology of myelination. Curr. Opin. Neurobiol. 2007, 17, 533–540. [CrossRef]

[PubMed]
38. Arancibia-Carcamo, I.L.; Attwell, D. The node of Ranvier in CNS pathology. Acta Neuropathol. 2014, 128, 161–175. [CrossRef]
39. Jessen, K.R.; Mirsky, R. The success and failure of the Schwann cell response to nerve injury. Front. Cell. Neurosci. 2019, 13, 1–33.

[CrossRef]
40. Arthur-Farraj, P.J.; Latouche, M.; Wilton, D.K.; Quintes, S.; Chabrol, E.; Banerjee, A.; Woodhoo, A.; Jenkins, B.; Rahman, M.;

Turmaine, M.; et al. c-Jun reprograms Schwann cells of injured nerves to generate a repair cell essential for regeneration. Neuron
2012, 75, 633–647. [CrossRef]

41. Atanasoski, S.; Shumas, S.; Dickson, C.; Scherer, S.S.; Suter, U. Differential cyclin D1 requirements of proliferating Schwann cells
during development and after injury. Mol. Cell. Neurosci. 2001, 18, 581–592. [CrossRef]

42. Kim, H.A.; Pomeroy, S.L.; Whoriskey, W.; Pawlitzky, I.; Benowitz, L.I.; Sicinski, P.; Stiles, C.D.; Roberts, T.M. A developmentally
regulated switch regenerative growth of Schwann cells through cyclin D1. Neuron 2000, 26, 405–416. [CrossRef]

43. Yang, D.P.; Zhang, D.P.; Mak, K.S.; Bonder, D.E.; Scott, L.; Kim, H.A. Schwann cell proliferation during Wallerian degeneration
is not necessary for regeneration and remyelination of the peripheral nerves: Axon-dependent removal of newly generated
Schwann cells by apoptosis. Mol. Cell. Neurosci. 2008, 38, 80–88. [CrossRef] [PubMed]

263



Cells 2021, 10, 2194

44. Song, H.; Zhao, H.; Yang, L.; Li, L.; Zhang, T.; Pan, J.; Meng, Y.; Shen, W.; Yuan, Y. Achyranthes bidentata polypeptides promotes
migration of Schwann cells via NOX4/DUOX2-dependent ROS production in rats. Neurosci. Lett. 2019, 696, 99–107. [CrossRef]

45. Cheng, Q.; Yuan, Y.; Sun, C.; Gu, X.; Cao, Z.; Ding, F. Neurotrophic and neuroprotective actions of Achyranthes bidentata
polypeptides on cultured dorsal root ganglia of rats and on crushed common peroneal nerve of rabbits. Neurosci. Lett. 2014, 562,
7–12. [CrossRef] [PubMed]

46. Cheng, Q.; Jiang, C.; Wang, C.; Yu, S.; Zhang, Q.; Gu, X.; Ding, F. The Achyranthes bidentata polypeptide k fraction enhances
neuronal growth in vitro and promotes peripheral nerve regeneration after crush injury in vivo. Neural Regen. Res. 2014, 9,
2142–2150. [CrossRef]

47. Wang, Y.; Shen, W.; Yang, L.; Zhao, H.; Gu, W.; Yuan, Y. The protective effects of Achyranthes bidentata polypeptides on rat sciatic
nerve crush injury causes modulation of neurotrophic factors. Neurochem. Res. 2012, 38, 538–546. [CrossRef] [PubMed]

48. Yuan, Y.; Shen, H.; Yao, J.; Hu, N.; Ding, F.; Gu, X. The protective effects of Achyranthes bidentata polypeptides in an experimental
model of mouse sciatic nerve crush injury. Brain Res. Bull. 2010, 81, 25–32. [CrossRef] [PubMed]

49. Ding, F.; Cheng, Q.; Gu, X. The repair effects of Achyranthes bidentata extract on the crushed common peroneal nerve of rabbits.
Fitoterapia 2008, 79, 161–167. [CrossRef]

50. Ju, D.T.; Liao, H.E.; Shibu, M.A.; Ho, T.J.; Padma, V.V.; Tsai, F.J.; Chung, L.C.; Day, C.H.; Lin, C.C.; Huang, C.Y. Nerve Regeneration
potential of protocatechuic acid in RSC96 Schwann cells by induction of cellular proliferation and migration through IGF-IR-
PI3K-Akt signaling. Chin. J. Physiol. 2015, 58, 412–419. [CrossRef]

51. Chang, Y.M.; Ye, C.X.; Ho, T.J.; Tsai, T.N.; Chiu, P.L.; Tsai, C.C.; Lin, Y.M.; Kuo, C.H.; Tsai, F.J.; Tsai, C.H.; et al. Alpinia oxyphylla
Miquel fruit extract activates MAPK-mediated signaling of PAs and MMP2/9 to induce Schwann cell migration and nerve
regeneration. Int. J. Artif. Organs 2014, 37, 402–413. [CrossRef] [PubMed]

52. Zhang, X.H.; Chen, J.J. The mechanism of astragaloside IV promoting sciatic nerve regeneration. Neural Regen. Res. 2013, 8,
2256–2265. [CrossRef] [PubMed]

53. Cheng, C.Y.; Yao, C.H.; Liu, B.S.; Liu, C.J.; Chen, G.W.; Chen, Y.S. The role of astragaloside in regeneration of the peripheral nerve
system. J. Biomed. Mater. Res. A 2006, 76, 463–469. [CrossRef] [PubMed]

54. Chen, Y.S.; Chen, C.C.; Chang, L.C.; Yao, C.H.; Hsu, Y.M.; Lin, J.H.; Yang, T.Y.; Chen, Y.H. Increased calcitonin gene-related
peptide and macrophages are involved in Astragalus membranaceus-mediated peripheral nerve regeneration in rats. Am. J. Chin.
Med. 2018, 46, 69–86. [CrossRef]

55. Fang, W.K.; Ko, F.Y.; Wang, H.L.; Kuo, C.H.; Chen, L.M.; Tsai, F.J.; Tsai, C.H.; Chen, Y.S.; Kuo, W.W.; Huang, C.Y. The proliferation
and migration effects of huangqi on RSC96 Schwann cells. Am. J. Chin. Med. 2009, 37, 945–959. [CrossRef] [PubMed]

56. Hussin, H.M.; Lawi, M.M.; Haflah, N.H.M.; Kassim, A.Y.M.; Idrus, R.B.H.; Lokanathan, Y. Centella asiatica (L.)-neurodifferentiated
mesenchymal stem cells promote the regeneration of peripheral nerve. Tissue Eng. Regen. Med. 2020, 17, 237–251. [CrossRef]

57. Huang, C.Y.; Kuo, W.W.; Shibu, M.A.; Hsueh, M.F.; Chen, Y.S.; Tsai, F.J.; Yao, C.H.; Lin, C.C.; Pan, L.F.; Ju, D.T. Citrus medica
var. sarcodactylis (foshou) activates fibroblast growth factor-2 signaling to induce migration of RSC96 Schwann cells. Am. J.
Chin. Med. 2014, 42, 443–452. [CrossRef] [PubMed]

58. Chen, H.T.; Tsai, Y.L.; Chen, Y.S.; Jong, G.P.; Chen, W.K.; Wang, H.L.; Tsai, F.J.; Tsai, C.H.; Lai, T.Y.; Tzang, B.S.; et al. Dangshen
(Codonopsis pilosula) activates IGF-I and FGF-2 pathways to induce proliferation and migration effects in RSC96 Schwann cells.
Am. J. Chin. Med. 2010, 38, 359–372. [CrossRef]

59. Tamaddonfard, E.; Farshid, A.A.; Ahmadian, E.; Hamidhoseyni, A. Crocin enhanced functional recovery after sciatic nerve crush
injury in rats. Iran. J. Basic Med. Sci. 2013, 16, 83–90. [CrossRef] [PubMed]

60. Tehranipour, M.; Javaheri, R. Neuroprotective effect of Curcuma longa alcoholic extract on peripheral nerves degeneration after
sciatic nerve compression in rats. J. Biol. Sci. 2009, 9, 889–893. [CrossRef]

61. Noorafshan, A.; Omidi, A.; Karbalay-Doust, S. Curcumin protects the dorsal root ganglion and sciatic nerve after crush in rat.
Pathol. Res. Pract. 2011, 207, 577–582. [CrossRef]

62. Noorafshan, A.; Omidi, A.; Karbalay-Doust, S.; Aliabadi, E.; Dehghani, F. Effects of curcumin on the dorsal root ganglion structure
and functional recovery after sciatic nerve crush in rat. Micron 2011, 42, 449–455. [CrossRef]

63. Ma, J.; Liu, J.; Yu, H.; Wang, Q.; Chen, Y.; Xiang, L. Curcumin promotes nerve regeneration and functional recovery in rat model
of nerve crush injury. Neurosci. Lett. 2013, 547, 26–31. [CrossRef]

64. Tello Velasquez, J.; Nazareth, L.; Quinn, R.J.; Ekberg, J.A.K.; St John, J.A. Stimulating the proliferation, migration and lamellipodia
of Schwann cells using low-dose curcumin. Neuroscience 2016, 324, 140–150. [CrossRef]
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