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Mitochondrial Behavior in Axon
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Biyao Wang ', Minghao Huang?', Dehao Shang?, Xu Yan', Baohong Zhao?* and
Xinwen Zhang?*
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Mitochondria are organelles responsible for bioenergetic metabolism, calcium
homeostasis, and signal transmission essential for neurons due to their high energy
consumption. Accumulating evidence has demonstrated that mitochondria play a
key role in axon degeneration and regeneration under physiological and pathological
conditions. Mitochondrial dysfunction occurs at an early stage of axon degeneration
and involves oxidative stress, energy deficiency, imbalance of mitochondrial dynamics,
defects in mitochondrial transport, and mitophagy dysregulation. The restoration of these
defective mitochondria by enhancing mitochondrial transport, clearance of reactive
oxidative species (ROS), and improving bioenergetic can greatly contribute to axon
regeneration. In this paper, we focus on the biological behavior of axonal mitochondria
in aging, injury (e.g., traumatic brain and spinal cord injury), and neurodegenerative
diseases (Alzheimer’s disease, AD; Parkinson’s disease, PD; Amyotrophic lateral
sclerosis, ALS) and consider the role of mitochondria in axon regeneration. We also
compare the behavior of mitochondria in different diseases and outline novel therapeutic
strategies for addressing abnormal mitochondrial biological behavior to promote axonal
regeneration in neurological diseases and injuries.

Keywords: mitochondria, axon regeneration, aging, traumatic brain injury, spinal cord injury, Alzheimer’s disease,
Parkinson’s disease, Amyotrophic lateral sclerosis

INTRODUCTION

Mitochondria are dynamic organelles playing a pivotal role in energy generation, signaling, and
calcium homeostasis (Han et al., 2016). Axonal mitochondria exhibit a linearly interspersed
distribution. Approximately 87% of mitochondria are stationary, and the number of motile
mitochondria decreases from the proximal to distal axon (Cheng and Sheng, 2020). Mitochondria
are transported to specific sites in axons where high energy is in demand, such as in growth cones
and axonal branches (Morris and Hollenbeck, 1993; Tao et al., 2014). These distribution events are
stabilized when presynaptic structures and mature neurons are formed. Moreover, mitochondria
will rapidly redistribute in response to physiological or pathological stress in order to maintain
energy homeostasis. The vigorous response of axonal mitochondria redistribution is predominantly
conducted by the cooperation of microtubule-based transport and anchoring substrates, including
anchors, adaptors, and motors (Sheng, 2014, 2017; Misgeld and Schwarz, 2017; Guedes-Dias and
Holzbaur, 2019). Impairment of these substrates and process will result in the inhibition of axonal
mitochondrial transport and ultimately induce local energy depletion and axon degeneration
(Sheng and Cai, 2012).
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Axon degeneration has been observed during normal
neuronal aging, injury (e.g., traumatic brain injury, TBIL
spinal cord injury, SCI; Maxwell, 2015; Wang et al.,, 2019b)
and neurodegenerative diseases (e.g., Alzheimer’s disease, AD;
Parkinson’s disease, PD; Amyotrophic lateral sclerosis, ALS;
Guo et al,, 2020). Axon degeneration usually occurs before
the neuronal soma’s death at the early stage of the diseases.
In most conditions above, there are two different processes
of axon degeneration. The distal axons won’t connect to
soma undergoing Wallerian degeneration while the proximal
axons will die back toward soma (Adalbert and Coleman,
2013; Gerdts et al., 2016). Axon degeneration has an intimate
association with mitochondrial dysfunction, including energy
deficits, oxidative stress, disequilibrium of mitochondrial fission
and fusion, impaired axonal mitochondrial transport, and
aberrant mitophagy (Court and Coleman, 2012; Sheng and Cai,
2012; Geden and Deshmukh, 2016). Therefore, analysis of the
mitochondrial behavior in axons may be considered a novel
target for therapeutic strategies.

The intrinsic capacity and process of axon regeneration are
different between the peripheral and central nervous systems
(PNS and CNS, respectively), and the capacity of the former
is superior to that of the latter (Fawcett and Verhaagen, 2018;
Mahar and Cavalli, 2018). Axon regeneration in PNS initiates
a vigorous regenerative response via the permissive Schwann
cell environment and form a new growth cone. This process
is supported by a regenerative program through expression of
the Regeneration-associated gene (Attwell et al., 2018; Mahar
and Cavalli, 2018). Nevertheless, axotomy at the central branch
has a minimal regenerative response and the Regeneration-
associated gene response also seems to make no difference on
axon regeneration (Chandran et al., 2016; Cartoni et al., 2017).
While in the CNS, the ability of axon regeneration is dependent
on the maturity of the neurons. Moreover, the environment of
the injured neuron is full of molecules and structures which may
suppress axon regeneration in CNS (Fawcett and Verhaagen,
2018). CNS axons cut from embryos exhibits a potential to
grow for long distance after transplanted into an adult CNS via
expressing a series of molecules inducing axon growth (Reier
et al., 1986; Lu et al, 2012). Nevertheless, axons from the
adult CNS respond to axotomy with a minimal regenerative
response and a poor change of gene expression despite being
in a permissive environment. These diverse response to injury
in PNS and CNS (mature and immature) form the concept
of intrinsic regenerative capacity of axon regeneration (Fawcett
and Verhaagen, 2018). Because this process consumes a large
amount of energy and molecules or substrates during restoration,
alteration of mitochondria behavior may represent one of the
prominent intrinsic regenerative capacities in axon regeneration;
however, the mechanisms underlying this process have just begun
to be elucidated.

In this review, we summarize the normal mechanism of
mitochondrial quality control in axons. We also describe the
behavior of mitochondria in axon degeneration under different
conditions (i.e., aging, nerve trauma, and neurodegenerative
diseases) and their role in axon regeneration and the treatment
methods derived from these effects.

NORMAL MITOCHONDRIAL BEHAVIOR IN
AXONS

Mitochondrial transport is indispensable for mitochondrial
quality control. Anterograde transport contributes to the energy
supply and neuronal survival, and retrograde transport helps
with damaged mitochondrial clearance (Chen et al., 2016). Only
a small proportion of axonal mitochondria (30-40%) is motile in
vivo and in vitro; most mitochondria are stalled and do not move
for long periods (Zheng et al., 2019). Mitochondrial transport
depends on interactions between microtubules, microtubule
motor proteins, adaptor complexes that bind the motor proteins
to mitochondria, and their anchors.

Mitochondria are transported along the microtubule filament
by the motor proteins kinesin and dynein to the plus and minus
ends, respectively (Lin and Sheng, 2015). Kinesin-1 (KIF5) is
the major motor protein involved in anterograde transport, the
other member of kinesin family such as KIF1Ba and KLP are
also participants (Zheng et al., 2019). Mitochondria interact with
motor proteins via the adaptor complex formed by Miro, a
GTPase located in the outer mitochondrial membrane (OMM),
and Milton/TRAK (TRAK 1 and 2 in mammals). TRAKI1
binds both the heavy chain of KIF5 and dynein; however,
TRAK2 preferentially binds dynein (Smith and Gallo, 2018).
Compared to the preference for dynein in dendrites, axonal
mitochondria bind either kinesin or dynein via the Miro-
TRAKI1 complex.

The axon-specific mitochondrial outer membrane protein
syntaphilin (SNPH) is a representative cytoskeletal tether (i.e.,
anchor), which opposes motility by increasing the force between
the mitochondria and microtubules and inhibiting ATPase
activity (Chen and Sheng, 2013). Microtubule-associated protein,
such as myosin V or myosin VI (Pathak et al, 2010), and
actin filament-based mechanisms may also regulate stalling
and transport in axons (Henderson et al., 2017). Cytosolic
calcium is another key regulator of mitochondrial transport.
There are two main mechanisms for calcium resulting in the
stalling of mitochondria (Zheng et al., 2019). For one thing,
SNPH can bind kinesin I and sequester motor protein in the
context of calcium signaling. For another, Miro has two EF
calcium binding domains and Miro will directly bind KIF5
when binding of calcium (Liu and Hajnoczky, 2009), which will
prevent motor activity. Therefore, increased intracellular calcium
levels are sufficient to inhibit this process (Woolums et al,
2020).

A dynamic process in mitochondria (i.e., mitochondrial
fission and fusion) continuously occurs to maintain a steady
mitochondrial morphology and population (Yan et al., 2020b).
Mitochondrial fission helps a damaged mitochondrion segregate
from the healthy one while mitochondrial fusion facilitates the
interaction and fusion of two mitochondria, which repairs each
other, demonstrating that the equilibrium of fission and fusion
acts a pivotal part in axonal mitochondria (Yu et al., 2016; Pickles
et al., 2018). Mitochondrial fission is mediated by the GTPase
dynamin-related protein 1 (Drpl), which is recruited to the
OMM and forms a contractile ring around the mitochondrion,
dividing one mitochondrion into two separate mitochondria
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(Otera et al., 2013). GTPase dynamin-related protein 1 (Drpl)-
independent mitochondrial fission can also occur (Rival et al.,
2011; Stavru et al., 2013; Roy et al., 2016). Mitochondrial fusion
involves two separate processes, the fusion of the OMM, which
is regulated by mitofusins (Mfns), and the fusion of the inner
mitochondrial membrane that is mediated by optic atrophy 1.
The fusion of the OMM is regulated by mitofusins 1 and 2 (Mfn1
and Mfn2). Both mitochondrial fission and fusion take place
along the axon (Yan et al., 2020b).

Mitophagy plays a key role in relieving oxidative stress and
preventing axonal and cytosolic defects and subsequent cell
death (Wang et al., 2018). To maintain mitochondrial quality
control in axons and cells, mitophagy degrade and recycle
damaged mitochondria undergoing physiological or pathological
processes, such as mitochondria depolarization and oxidative
stress (Martinez-Vicente, 2017). The PINKI1/Parkin pathway
is a canonical mechanism of mitophagy. In addition to the
PINK1/PARKIN pathway, other OMM proteins directly interact
with LC3 and promote mitophagy in mammals, including
FUNDCI, NIX/BNIP3L, and Bcl2-L-13 (Di Rita et al., 2018).

AGING

Mitochondrial Behavior in Axon
Degeneration in Aging

Aging is a normal physiological phenomenon, and glaucoma
and many neurodegenerative diseases (e.g., Alzheimer’s disease,
Parkinson’s disease) are related to aging. Mitochondrial behavior
plays a key role in axon degeneration. First, aging has
been shown to be associated with mitochondrial transport.
Glaucoma is a chronic and progressive neurodegenerative
disease. Degeneration of ganglion cells and their axons has
been shown to be related to aging (Liu et al, 2018).
In ganglion cell neurons, with age the cross-section axon
area enlarges characterized by axoplasm disorganization and
accumulation of hyperphosphorylated neurofilaments which is
indicative of axonopathy (Cooper et al., 2016). Further, there
are more mitochondria-free regions and decreased lengths of
mitochondrial transport in degenerative axons (Mao et al., 2016).
The changes in these mitochondria with age are related to
changes in the expression of Mfn2. Among the healthy mice
in the control group, the level of Mfn2 in retina was slightly
elevated in aged mice (Nivison et al., 2017). Considering the
function of Mfn2 in maintaining mitochondrial morphology and
participating in mitochondrial transport (Misko et al., 2010),
this increase indicates the demand of mitochondrial fusion
and transport. The increase was more pronounced in retina of
DBA mice (a murine glaucoma model), which explained the
mitochondria in glaucoma neurons were elongated or fused.
However, Mfn2 is either damaged or cannot be transported
to optic nerve, resulting in a decrease in the level of this
protein in optic nerve, indicating that Mfn2 protein is not
transported down axons to function in mitochondrial transport
and repair, which leads to disease progression. Moreover, given
that phosphorylated Mfn2 is a receptor for Parkin on depolarized
mitochondria, the amount of phosphorylated Mfn2 in young

mice are also higher than the aged control indicating that the
mitochondria transport is altered (Nivison et al., 2017).

Pathological morphology of mitochondria has been reported
in degenerative axons with age. The average diameter of axonal
mitochondria increases, with few or no cristae observed in the
aging axonal mitochondria (Cao et al., 2017). This phenomenon
is attributed to reduced optic atrophy 1 and Mfn2 expression
(Rebelo et al., 2018) and even the absence of expression at the
aging axon terminal. This morphological change is also relevant
to neuronal apoptosis, P53-dependent neuronal cell death is
associated with increased mitochondrial length mediated by
reduced Drpl and Parkin expression during aging (Wang D. B.
et al., 2013).

Different phenomena are observed for mitophagy in axons
in vivo and in vitro. In vitro, Sung et al. (2016) demonstrated
that autophagosomes co-localized with mitochondria in axons
when neurons were treated with drugs to induce mitochondrial
damage. However, evidence from in vivo imaging suggests
that either PINK1/Parkin or Parkin-dependent or mitophagy is
indispensable for mitochondria turnover and axon integrity (Cao
et al., 2017). Further research is needed to determine whether
the mitochondria in axons need to undergo mitophagy or are
transported back to the soma.

Finally, all of the described changes in mitochondrial
behavior may affect bioenergetics by influencing oxidative
phosphorylation and producing excessive reactive oxidative
species (ROS). The molecular mechanisms regulating this process
in aging include increases in the levels of proteins related to
mitochondria and oxidative phosphorylation, more specifically,
Complex I (Kline et al., 2019).

Mitochondrial Behavior in Axon
Regeneration in Aging
The relationship between aging and axon regeneration is complex
and affected by multiple factors. Both endogenous (Geoffroy
et al., 2017) and exogenous factors (Sutherland and Geoffroy,
2020) of neurons play an important role in the ability of axons
to regenerate after damage and this process is declining with
aging (Geoffroy et al,, 2016). Although young neurons have a
strong ability for axon growth, mature neurons can usually not
regenerate after injury because mature CNS axons lose their
ability to regenerate due to most mitochondria being stationary,
which is associated with high SNPH expression (Lewis et al.,
2016). Therefore, without enough local mitochondria, sufficient
ATP cannot be provided, and the process of axon regeneration,
including re-sealing cell membranes, rearranging cytoskeletal
structures, and reforming active growth cones, will be hindered
(Bradke et al., 2012). However, mitochondrial transport can be
enhanced by stimulating the cAMP/Protein Kinase A (PKA)
pathway to upregulate kinesin-1 expression to counteract its
decrease during aging (Vagnoni and Bullock, 2018). Interestingly,
the effects of cAMP or PKA on increasing mitochondrial
transport were more pronounced in the aging group than in the
younger group.

The internal components of the mitochondria also affect
axonal regeneration by modifying the biological behavior of
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mitochondria and oxidizing the respiratory chain. In addition
to acting as a transcription factor for axon regeneration in
the nucleus, STAT3 can also reach the inner mitochondrial
membrane following the activation of mitogen-activated protein
kinase (MAPK), which improves axon regeneration by enhancing
cell bioenergetics in the spinal cord (Luo et al., 2016) in mature
mice with a reduced regenerative capacity. The mitochondrial
signature phospholipid cardiolipin present in the inner leaflet of
the inner mitochondrial membrane is essential for mitochondrial
dynamics, mitochondrial biogenesis, and energy metabolism in
the mitochondria (Mértensson et al., 2017).

INJURY

Traumatic Brain Injury

Traumatic brain injury (TBI) leads to the dynamic deformation
of the parenchyma, resulting in shear and stretch injuries to
axons, commonly known as diffuse axonal injury. Diffuse
axonal injury is demonstrated to result from the mechanical
deformation of the axonal cell membranes via calpain-
mediated proteolysis of sidearms or phosphorylation, triggering
neurofilament compaction, calcium changes, microtubules
destabilization, and metabolic dysfunction (Barkhoudarian
et al., 2016). Subsequently, axoplasmic transport mechanisms
are defective, which leads to the accumulation of transport
products that cause axonal swelling, secondary disconnection,
and Wallerian degeneration (Frati et al., 2017).

Mitochondrial Behavior in Axon Degeneration
Following TBI

Transmembrane sodium channels are damaged in TBI, leading
to an abnormal influx of calcium into the axonal plasma
(Maxwell, 2015). Calcium is also released from mitochondria
and the axoplasmic reticulum (Springer et al., 2018), leading
to axonal mitochondria dysfunction. Under Transmission
electron microscopy, the axoplasm contains damaged or lucent
mitochondria and a disorganized cytoskeleton within injured
nerve fibers (Maxwell, 2015). The axonal swellings of TBI are
characterized by the aggregation of membranous organelles,
especially mitochondria, resulted from the injury and loss of
axonal microtubules, which interact with dynein and kinesin
(Maxwell, 2015). It is reported that the loss of axonal
microtubules in TBI results in the lack of neuronal mitochondria
delivery, failing to replace those damaged by the destroyed
calcium homeostasis and to provide vesicular profiles (Maxwell
et al, 1997; Tuck and Cavalli, 2010). Within an injured
mouse optic nerve fiber, which is far away from the secondary
axotomy site, accumulating evidence demonstrated the dieback
or withdrawal of the proximal and distal terminal swellings
(Staal et al., 2010; Wang et al, 2011). In the latter study,
the proximal swellings contained intact mitochondria while the
distal swellings exhibited defected mitochondria short of cristae,
which appeared consistent with an ongoing degenerative process
(Wang et al,, 2011). In addition, the distal swelling exhibits
three types of mitochondria, including mitochondria aggregating
pyroantimonate crystals, those unremarkable or intact, and those

containing electron lucent spaces in the mitochondrial matrix
(Wangetal,, 2011).

Damaged mitochondria fail to generate adequate ATP and
cannot support the essential physiological and biochemical
processes and disturb the transmembrane transporter function
(Maxwell, 2015). Furthermore, oxidative stress in TBI results
from the uncontrolled influx of Ca®', leading to calcium
accumulation in the mitochondria. The subsequent activation of
caspases and calpains correlates with the initiation of apoptosis
(Frati et al., 2017). Calpain-mediated spectrin proteolysis
reaction product, which is reported to be correlated with
damaged mitochondria, spread widely in the axoplasm at foci
of neurofilament compaction (Biiki et al., 1999), suggesting the
defection of neurofilaments (Dewar et al., 2003). Moreover,
the release of cytochrome c in the damaged axons triggers
retrograde signaling by “apoptosis-inducing factor,” resulting in
the programmed cell death and apoptosis of injured neurons
(Biiki et al., 2000).

Mitochondrial Behavior in Axon Regeneration
Following TBI

Mitochondrial transport and bioenergetics are enhanced to
facilitate axon regeneration following TBI (Misgeld et al., 2007).
Within axon regeneration in TBI, it is beneficial to elevate
the density of mitochondria while decreasing the density is
disadvantageous. Mitochondria are transported into the injured
zone in order to elevate the average mitochondria density.
Regenerating axons have a higher density of mitochondria than
non-regenerating axons in Caenorhabditis elegans (Han et al.,
2016). Accumulating evidence in the SNPH knockout mice
demonstrates that mitochondrial transport is strengthened to
clear impaired mitochondria, replenish healthy mitochondria
in injured axons, and ultimately reverse the energy deficits
in axon regeneration (Zhou et al, 2016; Cheng and Sheng,
2020). In contrast, the Armadillo Repeat Containing X-Linked
1 protein, responsible for connecting the Miro adaptor protein
with the mitochondrial membrane, is overexpressed, leading
to the acceleration of optic nerve regeneration following TBI
(Cartoni et al, 2016). Moreover, the dual leucine zipper
kinase 1 microtubule-associated protein kinase pathway in C.
elegans can promote adequate mitochondrial transport into
the regeneration zone independent of Miro to increase the
mitochondria density in injured axons (Han et al, 2016).
Overall, axon regeneration following TBI can be achieved
by increasing the density of mitochondria by enhancing the
transport of healthy mitochondria, which provide sufficient
energy for axonal regrowth.

Spinal Cord Injury

The damage caused by SCI is mainly divided into two stages.
The initial trauma is mainly caused by a contusion or direct
compression. The secondary injury is caused by disruption of
blood vessels, microcirculation failure, ion homeostasis disorder,
excessive production of free radicals, and inflammation (Wang S.
et al., 2019).
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Mitochondrial Behavior in Axon Degeneration
Following SCI

After acute SCI and the accompanying depolarization of neurons,
mitochondrial permeability transition pores are opened by
calcium influx, which impairs ATP synthesis, destroys the
mitochondrial outer membrane, and releases ROS and pro-
apoptotic proteins into the cytoplasm (Pivovarova and Andrews,
2010). In an SCI rat model, swollen and disrupted mitochondria
with disorganized cristae can be observed in both pre-apoptotic
neurons and astrocytes (Xu et al., 2017).

Immunofluorescence staining of post-mortem tissue from
ThylYFP+ transgenic mice showed that a significant increase
in TOMM20 signal reflected the density of mitochondria in
the axonal spheroids and endbulbs (Rajaee et al., 2020). The
accumulation of mitochondria and tubulin polyglutamylation
indicates the disruption of axonal transport, an important
characteristic of axonal degeneration. Moreover, the failure of
mitochondria to migrate to the remote ends of axons indicates
abnormal mitochondrial axonal localization that contributes to
axon retraction.

In the early stage of SCI, mitochondria fuse to restore
the respiratory chain and inhibit mitochondrial apoptosis. In
contrast, mitochondrial fission resulting from mitochondrial
dysfunction further inhibits microtubule stabilization and axonal
regeneration and is associated with apoptosis (Csordas et al.,
2018). The dysfunction of mitochondrial fission and fusion
caused by SCI is associated with the upregulation of Drp1, which
reduces mitochondrial membrane potential, releases cytochrome
C and caspase3, and induces neuronal apoptosis (Jia et al., 2016).

Mitochondrial Behavior in Axon Regeneration
Following SCI

Within a few days to a few weeks after a person suffers axon
damage, the damaged spinal cord begins to recover. To solve
the functional defect caused by the separation of the white
matter tracts between the rostral and caudal spinal cords, axonal
regeneration is required to reconnect the caudal/rostral neurons
and form new neural circuits to restore signal conduction
(O’Shea et al., 2017). However, observations in mice showed
that the reduced growth capacity of mature neurons and scar
tissue caused by reactive astrocytes form a physical barrier, and
the upregulation of axon growth-inhibitory factors inhibit axon
regeneration (Yiu and He, 2006). However, intravital imaging of
murine spinal cord showed that the number of axons increases
significantly from 7 to 14 days after injury compared to 3 days
post-injury, indicating that a certain number of injured axons
undergo endogenous repair (Rajaee et al., 2020), demonstrating
that while the regeneration of axons is limited after SCI injury, it
can still be improved.

Given the important role of axonal mitochondria in growth
cone migration, mitochondrial transport is required for axonal
regeneration after SCI. Spinal cord injury (SCI) itself does
not directly affect mitochondrial transport in axons; however,
enhancing the transport of mitochondria after SCI is helpful for
this process. In vitro data showed that fibroblast growth factor-
13 co-localizes with mitochondria, and its increased activity and
density in axons may, in part, explain why fibroblast growth

factor-13 promotes axon regeneration in SCI models (Li et al.,
2018).

Changing mitochondrial dynamics after SCI, specifically
by promoting mitochondrial fusion and inhibiting its fission,
positively affects axon regeneration. In an SCI model, Loureirin B
significantly increased both bcl-2 and Mfn1 and doubled the size
of the mitochondria, which promoted fusion and facilitated axon
regeneration (Wang et al., 2019a). Considering the adverse effects
of Drpl upregulation after SCI injury, mitochondrial division
inhibitor-1, an inhibitor of Drpl, promotes animal recovery and
reduces apoptosis (Jia et al., 2016).

Peripheral Nerve Injury

Once the peripheral nerve is injured, the axon is divided into two
segments; the proximal axon segment and the distal segment.
The distal axon undergoes Wallerian degeneration, while the
proximal axon possibly regenerates via a growth cone, triggering
axon extension (Neukomm et al., 2017).

Mitochondrial Behavior During Axon Degeneration
Following Peripheral Nerve Injury

In the injured peripheral neuronal axon of C. elegans and
ric-7 (resistant to inhibitors of cholinesterase) mutants, the
density of healthy mitochondria is decreased while the density
of defected mitochondria is elevated, leading to energetic
failure and oxidative stress (Rawson et al., 2014). Furthermore,
mitochondrial transport is similarly inhibited in the Thyl-
mitoCFP transgenic mouse (Thyl-MitoCFP mice expressing
CFP fused to the human cytochrome ¢ oxidase mitochondrial
targeting sequence were from Jackson Laboratories; Misgeld
et al., 2007).

In response to injury, multiple proteins are inhibited
or activated during distal axon degeneration. Together
with increased calcium influx, decreased nicotinamide
mononucleotide adenyltransferase (NMNAT) and NADI
activates SARM1 (Sterile Alpha and TIR Motif Containing
1), which are key initiating factors in Wallerian degeneration
(Osterloh et al., 2012). Sterile Alpha and TIR Motif Containing
1 (SARMI) activation results in mitochondrial dysfunction,
calpain-dependent defects in the cytoskeleton, and subsequent
axon degeneration (Adalbert et al., 2012; Ma et al, 2013;
Yang et al., 2015). Wallerian degeneration slow fusion protein
(W1dS), comprising full NMNAT1, has been shown to alleviate
degeneration in Zebrafish and Drosophila (Coleman et al., 1998;
Conforti et al., 2000). NMNATT1 has a pivotal role in maintaining
axon integrity (O’Donnell et al.,, 2013; Wang Y. et al,, 2015),
the activity of which is greatly inhibited by defects in healthy
mitochondria, decreases in mitochondrial transport, and ROS
accumulation during axon degeneration (Yahata et al., 2009;
Avery et al,, 2012; Fang et al., 2012; O’Donnell et al.,, 2013). The
dual leucine zipper kinase (DLK) is a mitogen activated protein
kinase (MAP3K), and contributes to axon degeneration by
reducing energy production. Dual leucine zipper kinase (DLK)
is an axonal integrity sensor and interacts with NMNAT and
activated SARM1 (Cavalli et al.,, 2005; Xiong et al., 2012; Yang
et al., 2015; Gerdts et al., 2016); subsequently, SARMI interacts
with Axundead to consume NADI (Essuman et al., 2017;
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Neukomm et al., 2017). Decreased NADI1 production reduces
energy generation and ATP levels, causing defects in Nat/Ca?"
exchangers and Ca?" channels, and the loss of mitochondrial
membrane potential (Gerdts et al., 2015; Loreto et al., 2015).
Thus collectively, these proteins damage axon integrity.

Mitochondrial Behavior During Axon Regeneration
Following Peripheral Nerve Injury

In contrast to the central nerve, after peripheral nerves are
injured, axons have a strong regenerative ability to restore
function. At the proximal segment of peripheral nerve injury,
Golgi-derived vesicles transport anterogradely to aggregate near
the axon end to repair the ruptured membrane, while increasing
intracellular Ca?T levels activate kinases and phosphatases
assemble microtubules to support the formation of new growth
cones, and drive axon elongation (Girouard et al., 2018). This
process is relevant to Schwann cells (Jessen et al., 2015; Nocera
and Jacob, 2020) and intrinsic signaling events induced by injury,
such as growth-associated protein-43 (GAP-43) (Chung et al.,
2020).

Mitochondria are essential for axon regeneration. Increased
mitochondrial density in C. elegans effectively promotes axon
regeneration (Han et al., 2016). Reduced oxidative stress and
enhanced axon regeneration are observed in a sciatic nerve crush
injury model when mitochondria are injected into injured nerves
(Kuo et al., 2017). Thus, increasing mitochondrial density at
the site of injured axons can be achieved, mainly by increasing
mitochondrial transport in axons, and increasing mitochondrial
fission. Miro overexpression enhances mitochondrial transport
in proximal segments, whereas axon regeneration is significantly
inhibited in individuals where Miro is suppressed (Han et al.,
2016). In addition, by imaging axonal mitochondrial transport in
vivo, and when the intercostal nerve is damaged, mitochondrial
anterograde transport is increased (Misgeld et al., 2007), which
may be associated with tyrosinated tubulin, and upregulated
molecular motors (Yang et al., 2021). An in vivo sciatic
nerve compression study indicates that enhanced mitochondrial
transport, via SNPH knockout in mice, accelerates axon
regeneration in the peripheral nervous system (Zhou et al., 2016).
The early fission of mitochondria after axon damage is also
associated with axon regeneration. For example, in mice, sciatic
nerve transection generates significantly increased mitochondrial
division in damaged axons (Kiryu-Seo et al, 2016). This is
further confirmed by the inhibition of axon regeneration in
individuals with mutations in the mitochondrial fusion gene,
OPA1 (Knowlton et al., 2017).

Mitochondrial regeneration after peripheral nerve injury
highlights the importance of axon transport, to not only
provide structural components of cells such as lipid vesicles
and microtubules, but to meet the high energy requirements of
regenerating axons (Prior et al., 2017; Mahar and Cavalli, 2018).
In an in vitro sciatic nerve injury study, Hwang et al. found
that after sciatic nerve injury, axon CDKS5 levels increased, they
were translocated into the mitochondria and phosphorylated
mitochondrial STAT3, thereby regulating mitochondrial activity
(Hwang and Namgung, 2021). STAT3 phosphorylation affects
microtubule assembly and energy production in axons (Selvaraj

et al, 2012). When translocated to the mitochondria, STAT3
interacts with electron transport chain proteins, regulating ROS
production and the release of cytochrome C (Szczepanek et al.,
2011), and contributing to ATP energy supply to promote
axon regeneration.

Treatment
Mitochondria in the injured axon have pivotal roles in axon
degeneration and regeneration. Therefore, mitochondria may
be specific therapeutic targets for inhibiting axon degeneration
and enhancing axon regeneration. Oxidative stress caused by
dysfunctional mitochondria results in a variety of adverse effects.
Thus, a potential therapeutic strategy would be to decrease this
stress. In a TBI animal model, cyclosporin, an anti-oxidative
drug, can decrease cytochrome c release from mitochondria
and inhibit Ca?" influx into mitochondria, ultimately alleviating
mitochondrial dysfunction and axon damage (Kelsen et al,
2019). Additionally, ROS-mediated axonal degeneration in TBI
caused by the aberrant axonal calcium homeostasis is reported
to be alleviated via the application of calcium channel blocker
(McAllister, 2011; Namjoshi et al., 2014). Moreover, Metformin
can stabilize the microstructure in injured axons of SCI
by activating the PI3K/Akt signaling pathway. Furthermore,
activation of Akt/Nrf2 signaling could be a potential approach
for axon regeneration treatment by inhibiting excessive oxidative
stress and restoring mitochondrial function (Wang et al., 2020).
Enhancing mitochondrial transport and recruitment aids
axon regeneration in injured axons and facilitates the removal
of damaged mitochondria and replenishment of healthy ones
to provide adequate ATP (Kaasik, 2016; Sheng, 2017; Smith
and Gallo, 2018). Inhibiting the microtubule-severing protein
Fidgetin (Matamoros et al., 2019) or non-muscle myosin II (Hur
et al,, 2011) promotes axon regeneration after SCI by facilitating
the reorganization of microtubule and actin cytoskeletal proteins.
Moreover, Loureirin B promotes mitochondrial fusion and
suppresses ER stress by activating the Akt/GSK-3f8 pathway,
facilitating axon regeneration (Wang et al., 2019a). In summary,
combined approaches targeting mitochondria may provide a
novel therapeutic strategy for alleviating axon degeneration and
enhancing axon regeneration in TBI and SCI.

NEURODEGENERATIVE DISEASE

Alzheimer’s Disease

Alzheimer’s disease is an age-related neurodegenerative disease
characterized by progressive cognitive impairment, mobility
disorder, and memory loss. Hallmarks of AD include aberrant
amyloid-p (AP) metabolism and neurofibrillary tangles of
hyperphosphorylated Tau protein, which are particularly
significant in axon degeneration (Wang et al, 2017). p-site
amyloid precursor protein (APP) cleaving enzyme 1 (BACE1)
is the major neuronal AP-secretase for AB generation. Axon
degeneration in AD involves a complicated mechanism,
including  glucose  metabolism  defects, mitochondrial
dysfunction, aberrant calcium homeostasis, oxidative stress,
and imbalances in energy homeostasis (Cieri et al., 2018; Mata,
2018; Swerdlow, 2018; Albensi, 2019).
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Accumulating evidence has demonstrated that aggregation
of pathological Tau and AP impairs mitochondria transport
(anterograde and retrograde) in axons (Wang Z. X. et al., 2015;
Sadleir et al., 2016; Cai and Tammineni, 2017; Zhang et al., 2018).
One of the first researches in this area was carried out in primary
neurons from T¢2576 mice with mutant human APP protein
(Calkins et al., 2011). Compared to wild-type neurons, primary
neurons from 7g¢2576 mice exhibited inhibited anterograde
mitochondrial transport as well as promoted mitochondrial
fission and inhibited mitochondrial fusion (Calkins et al., 2011).
Mitochondria transport in axons requires a variety of substrates
and molecular support, whose dysfunction can lead to negative
impact on mitochondria transport. The defected transport results
in the reduction of mitochondria density at the distal axons
and the depletion of axonal NMAT protein 2 (NMAT2), which
is continually supplemented in axons via fast axonal transport
(Ljungberg et al., 2012; Ali et al., 2016). Following axotomy, the
transport of NMNAT2 toward axons is inhibited, meanwhile,
it has a rapid decline in axons before Wallerian degeneration
occurs (Gilley and Coleman, 2010; Gerdts et al., 2016). Since
the damaged mitochondria inhibited anterograde and promoted
retrograde transport, the quantity of SNPH cargo vesicles is
significant elevated in AD axons, similar to ALS. The SNPH-
mediated response in axonal mitochondrial transport of AD-
related cortical neurons from mutant human APP-expressing
transgenic mice is summarized in the ALS section (Lin et al,
2017a,b; Cheng and Sheng, 2020). Ultimately, the impairment
of mitochondrial axonal transport in AD inhibits OXPHOS
complex activity, causing significant energy deficiency (Spires-
Jones and Hyman, 2014).

These two AD hallmarks contribute to mitochondrial
transport pathology in axons. Defects in axon transport can
be initiated by soluble low molecular weight AP species in
the plasma membrane in mice (Zhang et al., 2018). Moreover,
inhibited axon transport does not promote mitochondrial
dysfunction or ATP depletion at once (Zhang et al., 2018),
suggesting that reconstruction of mitochondrial axon transport
may be advantageous at early AD stages. The restoration of
KIF5A, an isoform of kinesin-1, abrogates the impairment of
mitochondria axonal transport by AB, particularly anterograde
transport in 5 x FAD mice (Wang et al., 2019b). Additionally, it
is reported that axon degeneration has an intimate correlation
with mitochondrial dysfunction and mPTP (Barrientos et al.,
2011). The deficiency of cyclophilin D (CypD), a mPTP
regulator, inhibited Af-mediated permeability transition and
mitochondrial swelling, and alleviated oxidative stress both in
mice model and brain samples of AD. Notably, knockout of
CypD gene appears to suppress the mPTP, which may improve
cognitive and synaptic function in mouse model (Du et al., 2008,
2011). Moreover, the defection of mitochondrial axon transport
triggered by AP is dependent on the activation of mPTP, which
is mediated by CypD. Knockout of CypD inhibit the induction
of the p38/MAPK signaling pathway mediated by AP, restore
the dysfunction of axonal mitochondria and synapses (Guo
et al,, 2013). Furthermore, the defective dynein-snapin coupling
mediated by AB seriously inhibits retrograde transport, resulting
in the aggregation of amphisomes at axonal terminals, which

can greatly contribute to mitophagy (Tammineni et al., 2017).
Therefore, it seems that there is an intimate relationship between
the impaired axonal transport and mitophagy, together consist
of the complicated mechanism of mitochondrial dysfunction in
axons of AD.

Overexpression or hyperphosphorylation of Tau not only
causes defects in mitochondrial transport but also disrupts
mitochondrial distribution and localization in mouse and cellular
AD models (Cheng and Bai, 2018). It is reported that in
tauopathies and AD, the integrity of microtubules is damaged
via hyperphosphorylation and binding with protein Tau (Misko
et al., 2010). Moreover, mitochondrial transport motor proteins
and Tau (Ser199, Ser202, Thr205) are phosphorylated, which
can lead to the dysfunction of mitochondrial transport in
AD, mediated by a serine/threonine protein kinase, Glycogen
synthase kinase 3 (Shahpasand et al, 2012). The aberrant
aggregation of Tau is also demonstrated to induce microtubule
instability, aggravating the impaired transport.

Amyloid-B (AB) oligomers and neurofibrillary tangles also
elicit mitochondria dysfunction and oxidative stress (Butterfield
and Boyd-Kimball, 2018; Mata, 2018), which may, in turn,
impair axonal transport. It is demonstrated that oxidative
stress is one of the typical event correlated with axon
degeneration at the early stage of AD (Alavi Naini and Soussi-
Yanicostas, 2015). Oxidative stress triggered by breaking the
equilibrium between antioxidants and pro-oxidants may induce
the excessive hyperphosphorylation of Tau. The aggregation
of Tau is reported to inhibit microtubule transport, resulting
in the decrease of peroxisome, which increase the incidence
of oxidative stress (Stamer et al., 2002). Oxidative stress
may in turn impair axon transport, which will aggravate tau
phosphorylation in animal models and neuronal cultures of AD
(Melov et al.,, 2007; Su et al., 2010). Interestingly, antioxidative
treatment conducted in 3xTg-AD mice is found to alleviate
oxidative stress, Tau hyperphosphorylation (Clausen et al.,
2012). Therefore, the interconnection between oxidative stress
and tau hyperphosphorylation seems to act a key role in
axon degeneration of AD. Accumulating damaged mechanisms
summarized above lead to the damage of axon homeostasis and
finally, axonal degeneration in AD, which seems to provide some
novel mitochondria-targeted therapeutic strategies in future.

Parkinson’s Disease

Parkinson’s disease is a common late-onset neurodegenerative
disease characterized by the degenerative death of dopamine
(DA) neurons in the substantia nigra region and the formation
of Lewy bodies, cytoplasmic inclusion bodies that contain a-
synuclein (a-Syn) (Gao et al., 2018). Mitochondrial dysfunction
is an early event in PD. Indeed, some familial PD cases are
caused by mutations in genes encoding mitochondria proteins
(e.g., Pink, Parkin, and DJ-1) (Cheng et al., 2010).

The degeneration of DA neurons in PD originates from the
distal axons of fragile neurons which is long and highly branched
(Surmeier et al., 2017). The increased size of axonal arborization
which resulted in elevated mitochondrial bioenergetics is
considered of the reason for the vulnerability for DA neurons
in the substantia nigra (Pacelli et al., 2015; Giguere et al., 2019).
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Highly branched axons needs increased energy to deal with
protein delivery, oxidative stress and mitochondrial dysfunction
(Bhaskar et al., 2020).

Dysfunction of mitochondrial biogenesis plays a key role
in the pathogenesis of PD. For instance, the inactivation of
Parkin, which plays an important role in the pathological
changes of familial PD, suppresses PCG-1a, a key regulator
of mitochondrial biogenesis, ultimately causing the loss of DA
neurons (Lee et al., 2017). In contrast, neurodegeneration caused
by a-Syn overexpression in zebrafish can be partially relieved
by PCG-1a upregulation (O’Donnell et al., 2014). Given that
the dopaminergic axons loss precedes the cell death in both
PD patient and PD model constructed by exposure to rotenone,
a complex I inhibitor linked to PD (Tagliaferro and Burke,
2016), mitochondrial homeostasis in distal axon may participate
in initial changes resulting in later neuron death. The limited
early increase in mitochondrial density induced by rotenone in
distal axons is due to upregulated distal axonal mitochondrial
biogenesis (Van Laar et al., 2018), which is likely a compensatory
process to mitochondrial disruption in PD.

Analysis of the post-mortem brains of PD patients showed
that the distance between the synaptic terminal and mitochondria
in DA neurons increased with a decreased volume and number of
mitochondria, suggesting that mitochondrial synaptic availability
and biomass contribute to degenerative neurons (Mallach
et al., 2019). Mutations in Parkin impair Complex I activity,
mitochondrial fusion, and the plasticity of synapses (Goldberg
et al., 2003). Another example of how dysfunction mitochondria
act in PD by disrupting synaptic plasticity comes from DJ-1,
which is located in mitochondria and plays a role in synaptic
transmission (Wang et al., 2008; Yan et al., 2020b).

Aberrant axonal transport contributes to neurodegeneration
in PD (Lamberts et al., 2015). PD can be induced in mice by
treatment with 6-hydroxydopamine (6-OHDA), which leads
to axonal degeneration in dopaminergic neurons by inducing
dysfunction of mitochondrial transport and microtubule
disruption (Fuku, 2016). Significant alterations in mitochondria
motility were observed in neurons induced from pluripotent
stem cells (iPSCs) derived from an LRRK2 mutant PD patient
(Cooper et al., 2012). Prots et al. (2018) discovered that this
alteration was associated with a-Syn oligomerization resulting
from an increased a-Syn dosage, which resulted in reduced Miro
and kinesin light chain-1 levels in axons and increased levels of
Tau in neuronal soma.

PINK1 and Parkin are two proteins that can selectively remove
damaged mitochondria. Mutations in these proteins can lead
to PD and link mitophagy with this disease. Knockout of Atg5
or Atg7 causes loss of autophagy, resulting in swelling at the
axon terminals and eventually cell death (Maday, 2016). Thus,
autophagy plays an indispensable role in axon homeostasis.
The accumulation of a-Syn and LRKK2 results from the loss
of autophagy (Friedman et al., 2012), providing further proof
that defects in autophagy cause the accumulation of abnormal
organelles in axons (e.g., mitochondria), leading to oxidative
damage and apoptotic cascades. In addition to PINK1/Parkin,
LRRK2 is involved in initiating mitophagy by forming a complex
with Miro. In pathologic LRRK2G2019S neurons, this function

is disrupted but can be rescued by reducing Miro levels (Hsich
et al.,, 2016). While mitophagy has a protective effect on neurons,
determining whether increased autophagy levels are the cause or
effect of PD requires further study.

Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is the most common adult
motor neuron disease with characteristic progressive motor
neuron degeneration, leading to muscle atrophy, paralysis,
and ultimately death (Taylor et al, 2016). Approximately
90% of cases are sporadic (sALS), while the remaining 10%
are familial (fALS) (Turner et al, 2017). fALS is largely
associated with gene mutations, particularly in TAR DNA
Binding Protein 43 (TDP-43) and Cu/Zn superoxide dismutase
(SOD1) (Chia et al., 2018). Accumulating evidence suggests
that axon degeneration in fALS is significantly correlated with
mitochondrial damage, impairment of mitochondria transport,
and autophagy-lysosomal dysfunction. Within an early stage
in SODI1G93A mice, distal axonal transport is reported to be
impaired, meanwhile, the expression of kinesin and dynein is also
inhibited (Warita et al., 1999). In both SODI patients (Boillée
et al., 2006; De Vos et al., 2007) and SOD1G93A mice (Fischer
et al., 2004; Damiano et al., 2006; Tallon et al., 2016), damaged
mitochondria accumulate at distal sites, causing ATP deficiencies
and aberrant calcium homeostasis at neuromuscular junctions,
ultimately resulting in distal axon degeneration.

Enhancing mitochondria motility can remove the
dysfunctional mitochondria from distal synapses meanwhile
deliver the healthy ones to distal axons. Nevertheless, in
motor neurons from hSODIG93A mice, axonal mitochondria
transport is damaged, and the defective mitochondria aberrantly
accumulate in distal axons (De Vos et al., 2007; Magrané and
Manfredi, 2009; Bilsland et al., 2010; Cozzolino et al., 2013).
In order to address this defection, a research designed to cross
hSOD1G93A and SNPH™/~ mice, aiming to examine whether
enhancing mitochondria transport could make effect on the
hSODIG93A mice (Zhu and Sheng, 2011). Although the total
mitochondrial transport is increased in the crossed mice, it
seems to have no differences in the disease course. Moreover, this
study reveals that deficits in mitochondrial transport appears to
be insufficient to cause axon degeneration in the fALS-linked
motor neurons (Zhu and Sheng, 2011), supported by an in
vitro study in mutant hSODI models (Marinkovic et al., 2012).
In the motor neuron of fALS-linked SODIG93A mice and the
axons of AD-related cortical neurons from mutant human
APP-expressing transgenic mice, impaired mitochondria are
removed via the bulk release of SNPH cargo vesicles, which
are mitochondria-derived and Parkin-independent, promoting
mitochondria transport (Lin et al., 2017a). Recently, a study
demonstrated that as the disease progresses in fALS-linked
SOD1G93A and AD-linked mice, the quantity of SNPH cargo
vesicles is also altered (Cheng and Sheng, 2020). It is interesting
that at asymptomatic stages of fALS and AD, the number of
SNPH cargo vesicles is greatly elevated in the axons of motor
neurons (Lin et al, 2017a). Nevertheless, at the onset and
late stages of the disease, SNPH is significantly depleted via
mitochondrial impairment in these axons (Lin et al., 2017a).
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Furthermore, the study revealed that in response to these chronic
pathological stresses, the quantity of SNPH cargo vesicles
changes in distal axons. The defective mitochondria anchored by
SNPH are transported to the soma for recovery or degeneration
(Cheng and Sheng, 2020). The SNPH-mediated pathway acts
as a protective mechanism during the early asymptomatic
stages of fALS and AD and is independent of and acts before
PINK1/Parkin mediated mitophagy (Lin et al., 2017b). Thus, it
is regarded as a significant hallmark of diagnosis and an early
target for treatment. However, simply increasing mitochondrial
transport by turning off SNPH-mediated anchoring (Lin et al,,
2017a) or eliminating SNPH (Zhu and Sheng, 2011) fails to
replenish ATP deficiency in hSODIG93A mutant mice. The
autophagy-lysosomal function is also defective in fALS-linked
mice at an early stage of disease both ex vivo and in vivo,
preventing the elimination of damaged mitochondria from distal
axons (Xie et al., 2015). Thus, the combination of enhanced
mitochondria transport and increased defective mitochondria
elimination may be an effective therapeutic strategy for fALS.

A study has reported that anterograde and retrograde
transport of mitochondria in primary motor neurons axons
are greatly defected via overexpression of wild-type TDP-43.
Interestingly, the study demonstrated that the loss of TDP-43
also inhibits axonal transport of mitochondria, revealing that
damaged mitochondria axonal transport may involve various
pathways mediated by TDP-43 (Wang W. et al., 2013). Moreover,
a recent study showed that specific protein synthesis is inhibited
(i.e., transcripts involved in mitochondrial energy metabolism,
cytoskeletal components, and translational machinery) within
the axons of motor neurons in TDP-43-knockout mice (Briese
et al., 2020). Thus, axonal transport and mitochondria function
are significantly defected in TDP-43-knockout mice, leading to
the impairment of axon growth as well as revealing that depletion
of TDP-43 may act a predominant role in axon degeneration of
ALS (Briese et al., 2020).

Treatment

In neurodegenerative diseases, the degeneration of axons often
occurs at early disease stages. This degeneration is often
accompanied by the accumulation of damaged or fragmented
mitochondria. Therefore, maintaining mitochondrial dynamics
in axons is a common treatment strategy.

Amyloid-p (Ap) toxicity and Tau dysfunction in AD, often
accompanied by impaired axonal mitochondrial transport,
jointly lead to disease progression. Wang et al. (2019b)
demonstrated that mitochondrial transport defects can be
corrected in AB-treated neurons by protecting KIF5A, suggesting
that maintaining normal mitochondrial axon transport is a
valuable treatment strategy in AD. There are many targeted
treatments for reducing the mitochondrial content caused by
defective mitochondrial trafficking, as represented by increased
retrograde transport rates in axons (Schwab et al., 2017). In
addition, glycolytic defects in oligodendrocytes induce axon
degeneration in both AD mice and patients via the Drpl-
hexokinase 1-NLRP3 (NLR family pyrin domain containing 3)
signaling axis, which is considered to be a therapeutic target
(Yan et al.,, 2020a; Zhang et al., 2020). Mdivi-1, Dynasore, and

P110 are promising agents that maintain axonal mitochondrial
turnover by inhibiting dynamin to prevent the production
of fragmented mitochondria, maintain normal mitochondria
morphology, and restore ATP levels in a PD model (Elfawy
and Das, 2019). Additionally, deep brain stimulation (DBS) is
a very effective intervention to treat patients with advanced
PD and its mechanism is related to the restoration of
the number and volume of mitochondria (Mallach et al,
2019). The selective peptide inhibitor, P110 inhibits the Drpl-
Fisl interaction and improves the structure and function
of mitochondria in G93A SODI mutant mice, indicating
an attractive target for ALS patients (Joshi et al, 2018).
Nicotinamide mononucleotide adenylyl transferasel (Nmnatl),
an enzyme involved in nicotinamide adenine dinucleotide
(NAD™) synthesis, has a protective effect on mitochondrial
dynamics and morphology following vincristine-induced axon
degeneration (Berbusse et al., 2016).

Reactive oxidative species (ROS) production caused by
mitochondrial dysfunction leads to oxidative stress, an important
factor in axonal degeneration. Therefore, many treatment
strategies focus on mitigating local ROS production using
novel antioxidants that directly target mitochondria. Some
mitochondria-targeted compounds (e.g., latrepirdine, methylene
blue, triterpenoids, and the mitochondrial-targeted coenzyme
Q10 derivative MitoQ) have been extensively evaluated in in
vivo and in vitro AD and PD models (Elfawy and Das, 2019).
In addition, a significant reduction in ROS levels results from
treatment with the selective peptide inhibitor P110 and improves
motor capacity and survival rates in G93A SODI mutant mice
(Joshi et al., 2018).

Axon regeneration is an attractive target in neurodegenerative
diseases. Because growth cone formation requires a large
ATP supply, targeted mitochondrial therapy is key to axonal
regeneration. While mature CNS neurons almost lose their
intrinsic capacity for axon regeneration, upregulation of
axon cytoskeleton proteins was observed in the 6-OHDA-
hemiparkinsonian rat model, indicating a high plasticity and
regeneration potential in adult animals (Lessner et al., 2010).

The G2019S mutation in the conserved serine kinase
MAPK kinase domain contained in LRRK2 is the cause
of familial PD (Cookson, 2010). Therefore, reduced neurite
outgrowth and increased growth cone size were observed
in neurons of LRRK2 G2019S mutant mice and the level
of F-actin in growth cone also increases (Parisiadou et al.,
2009), suggesting that growth cone formation, an essential
step for axon regeneration is seriously impacted in PD.
However, in the 6-OHDA-induced PD animal model, there are
many compensatory responses in early-stage PD, including the
upregulation of some proteins related to axon regeneration.
Dihydropyrimidinase-related protein 2 (DPYSL2), which is
important for axon outgrowth and regeneration (Sun and
Cavalli, 2010), first decreased and then gradually recovered
in this model. Moreover, axon growth and mitochondrial
transport-related proteins (e.g., dynein, dynamin, and myosin)
were also overexpressed (Kuter et al.,, 2016). Thus, a potential
therapy to promote axon regeneration would be to enhance
the expression of mitochondrial transport-related proteins.
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FIGURE 1 | Mitochondrial behavior in axon degeneration and regeneration. (A) Axon regeneration: Since this process requires considerable energy, mitochondrial
density at distal axons is elevated to provide sufficient ATP. Not only is anterograde transport of healthy mitochondria promoted, but so too is retrograde transport of
damaged mitochondria, to increase mitochondrial density at regenerative zones. SNPH knockout in TBI models, or the bulk release of SNPH cargo vesicles at AD and
fALS early stages, both enhance axonal mitochondrial transport. (B) Axon degeneration: Mitochondrial dysfunction and oxidative stress occur in injured axons. When
axonal mitochondrial transport is seriously impaired, damaged mitochondria aggregate at distal zones and the healthy ones fail to transport from the proximal zones to
replenish ATP insufficiency. A decrease in SNPH cargo vesicle release at later stages of AD and fALS, as well as increased SNPH expression in SCl models inhibit
mitochondrial transport. Moreover, axonal microtubule loss contributes to impaired axonal transport in TBI. Mitochondrial dynamics are also defective during axon
degeneration. Due to increased Drp1-mediated fission in SCI, mitochondrial fragmentation is aggravated, causing mitochondrial damage. These organelle fuse with
healthy mitochondria, however, most undergo mitophagy. In PD, Pink1-Parkin dependent mitophagy is defective, facilitating damaged mitochondrial accumulation
and apoptotic cascades. These processes are interconnected in response to stress, and collectively lead to axon degeneration. SNPH, syntaphilin; TBI, traumatic
brain injury; AD, Alzheimer’s disease; fALS, familial amyotrophic lateral sclerosis; SCI, spinal cord injury; PD, Parkinson’s disease.

A new promising therapeutic method involving exogenous
mitochondrial transplant effectively attenuates the progression of
neurologic disorders, including experimental Parkinson’s disease
(Shi et al,, 2017). Supportive mitochondrial-targeting therapy
is a promising approach for future therapeutic intervention in
the CNS to promote axon regeneration. However, it should

be noted that there are currently very limited ways to treat
neurodegenerative diseases by promoting axon regeneration
because of the diminishing intrinsic axonal regeneration in
mature CNS neurons compared to PNS neurons, and there
are no optimal treatments for these neurodegenerative diseases.
Thus, researchers have focused on stopping the degeneration of
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these nerves. With the deepening understanding of the treatment
of mitochondria to prevent neural degeneration, we believe
that axonal mitochondria regeneration will become a better
therapeutic target for treating neurodegenerative diseases.

DISCUSSION

Axon degeneration and regeneration are essential parts of CNS
neuronal death and restoration of CNS neurons, respectively,
in aging, injury, and neurodegenerative diseases. However,
the decline in the intrinsic regrowth capacity of mature
CNS axons leads to a failure to regenerate after neuronal
impairment (Fawcett and Verhaagen, 2018). Accumulating
evidence demonstrates that mitochondrial dysfunction is
intimately correlated with the initiation of axon degeneration
and inhibition of axon regeneration (Qian and Zhou, 2020).
Despite the mechanism underlying is still elusive, it suggests that
mitochondrial quality control is an important intrinsic capacity
of axon regeneration. For axon degeneration, mitochondrial
dysfunction not only causes energy deficits and oxidative stress
but also comprises mitochondrial dynamics, axonal transport,
and mitophagy (Court and Coleman, 2012; Vasic et al., 2019).
In contrast, restoring and enhancing these processes during
axon regeneration increases the capacity of intrinsic regrowth
(Figure 1). It comes to a consensus that axon regeneration
requires adequate energy production and mitochondrial
transport both in aging and in diseases (Zhou et al.,, 2016;
Sheng, 2017; Zheng et al,, 2019). Defected mitochondria can
be replaced via mitochondria injection, which is demonstrated
to decrease oxidative stress and trigger axon regeneration both
in vitro and in vivo (Kuo et al, 2017). Thus, further study
of axonal mitochondrial behavior under these conditions is
important, not only for the alleviation and treatment of axon
degeneration but also for identifying potential targets to enhance
axon regeneration.

It is generally accepted that diminished intrinsic regeneration
is a major barrier for axon regeneration in mature CNS neurons.
Analysis of intrinsic axon degeneration and regeneration
pathways and signaling networks can bring new insights
for potential mitochondria-targeted therapeutic strategies. For
example, a novel therapeutic strategy for enhancing the
intrinsic capacity of axon regeneration may include genetic
reprogramming through epigenome modifications and the
transcriptome (Qian and Zhou, 2020). Mitochondrial damage-
associated molecular patterns (mtDAMPs) released by injured
axonal mitochondria can activate Schwann cell processes
mediated by formylpeptide receptor 2 (FPR2) and toll-like
receptor 9 (TLRY), which have a pivotal role in axon
regeneration and cell migration (Korimova et al., 2018).
Therefore, regulation of these mitochondria-targeted genetic
reprogramming can be considered to be a promising molecular
strategy for activating axon regeneration. At the cellular level,
enhancing mitochondrial transport could greatly contribute
to axon regeneration by removing defective mitochondria
and replenishing healthy mitochondria at injured axon sites
(Zheng et al, 2019). In addition, glial cells (astrocytes,

oligodendrocytes, and microglia) contribute to mitochondrial
dysfunction during axon growth inhibition and regeneration
failure in the adult CNS (Brosius Lutz and Barres, 2014;
Cregg et al., 2014; Silver and Silver, 2014). Astrocytes inhibit
axonal mitochondrial energy metabolism by increasing nitric
oxide production, glutamate levels, and intracellular calcium
influx during Multiple Sclerosis (MS) (Correale and Farez,
2015). Similarly, astrocytes can release mitochondria containing
particles, and transport them to defective axons following
stroke (Babenko et al., 2015; Hayakawa et al, 2016). In
vitro astrocyte-to-neuron mitochondrial delivery and in vivo
astrocyte-derived mitochondrial transport improves neuronal
survival, plasticity, and behavior outcomes (Hayakawa et al,
2016). Reactive oxygen and nitrogen species generated by
microglia directly damage neurons by inhibiting cytochrome C
oxidase and mitochondrial respiratory chain complex IV, causing
axonal mitochondrial dysfunction in MS (Niki¢ et al.,, 2011).
Furthermore, oligodendrocytes and astrocytes provide axonal
mitochondria with pyruvate or lactate, which are imported
into the mitochondria for energy metabolism during MS and
AD (Funfschilling et al, 2012; Correale et al, 2019; Zhang
et al., 2020). Clearance of damaged mitochondria not only
relies on mitophagy at the injury sites but also depends on
mitochondrial retrograde transport, which involves SNPH and
dual leucine zipper kinase 1 (Han et al, 2016; Cheng and
Sheng, 2020). However, many molecules and substrates engaged
in mitochondrial transport or dynamics need to be clarified.
Moreover, to strengthen the intrinsic capacity for regrowth,
improving the extrinsic inhibiting environment could make
a critical difference in axon regeneration. Drugs targeted at
oxidative stress via the clearance of ROS (Geden and Deshmukh,
2016) or directed at the restoration of calcium homeostasis
by inhibiting calcium channels and calcium-activated enzymes
(Mu et al, 2015) will aid axon regeneration. Furthermore,
remodeling the neuronal cytoskeleton may be a novel mechanism
to alleviate the extrinsic inhibitory cues (Qian and Zhou, 2020).
In conclusion, combined approaches that target mitochondria,
which increase the intrinsic capacity and decrease the extrinsic
inhibiting environment, may provide an effective therapeutic
strategy to enhance axon regeneration in aging, injury, and
neurodegenerative diseases.
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! Department of Neurology, Institute of Neurology, Shanghai Jiao Tong University Medical School Affiliated Ruijin Hospital,
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O’Higgins, Santiago, Chile

MAP2K5, a member of the MAPK family, is associated with central nervous system
disorders. However, neural functional of Map2k5 from animal models were not well
examined so far. Here, we established a Map2k5-targeted knockout mouse model
to investigate the behavior phenotypes and its underlying molecular mechanism. Our
results showed that female Map2k5 mutant mice manifested decreased circadian-
dependent ambulatory locomotion, coordination, and fatigue. Male Map2k5 mutant
mice displayed impairment in open field exploration and prepulse inhibition of acoustic
startle response (ASR) when compared with wild-type controls. Furthermore, Map2k5
mutant mice showed a decreased dopaminergic cell survival and tyrosine hydroxylase
levels in nigrostriatal pathway, indicating a crucial role of MAP2K5 in regulating dopamine
system in the central nervous system. In conclusion, this is the first study demonstrating
that Map2k5 mutant mice displayed phenotypes by disturbing the dopamine system in
the central nervous system, implicating Map2k5 mutant mouse as a promising model
for many dopamine related disorders.

Keywords: MAP2K5, mouse model, dopamine, sensorimotor phenotypes, restless legs syndrome, Parkinson’s
disease

INTRODUCTION

MAP2K5 (mitogen-activated protein kinase kinase 5, also known as MEK5) has been
associated with various diseases including cardiovascular diseases, cancers, and central
nervous system disorders (Appari et al., 2017; Liu et al, 2017; Castro et al, 2019). In
the central nervous system, some polymorphisms of MAP2K5 have been associated with
restless legs syndrome/William-Ekbom disease (RLS/WED) and neuropsychologic disorders
(Winkelmann et al., 2007; Yang et al., 2011; Li et al., 2017). In addition, studies also suggested

Abbreviations: ACh, acetylcholine; AMB, ambulatory activity; ASR, acoustic startle response; DA, dopamine; Epi,
epinephrine; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Gln, glutamine; HCG, human chorionic gonadotropin;
HPLC, high-performance liquid chromatography; KO, knockout; MAP2KS5, mitogen-activated protein kinase kinase 5;
P18d, postnatal 18 days; PBS, phosphate-buffered saline; PFA, paraformaldehyde; Phe, phenylalanine; PLMS, periodic
limb movements; PPI, prepulse inhibition; QRT-PCR, semi-quantitative reverse transcriptase-PCR; RLS/WED, restless legs
syndrome/Willis-Ekbom disease; SNc, substantia nigra pars compacta; SNP, single-nucleotide polymorphism; TH, tyrosine
hydroxylase; TOT, total activity; Tyr, tyrosine; WT, wild type.

Frontiers in Aging Neuroscience | www.frontiersin.org 21

June 2021 | Volume 13 | Article 651638


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://doi.org/10.3389/fnagi.2021.651638
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnagi.2021.651638
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2021.651638&domain=pdf&date_stamp=2021-06-08
https://www.frontiersin.org/articles/10.3389/fnagi.2021.651638/full
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Huang et al.

Map2k5 Deficient Mouse Model

its etiologic or therapeutic role in amyotrophic lateral sclerosis,
Parkinson’s disease (PD), schizophrenia, suicidal behavior, and
others (Gan-Or et al., 2015; Jo et al.,, 2017; Kang et al., 2018;
Cabrera-Mendoza et al., 2020). Although the role of Map2k5-
Erk5 in cardiovascular diseases and cancer has been mostly
clarified, the molecular mechanism of Map2k5 in the central
nervous system remained largely unknown.

MAP2KS5 is a member of the MAP kinase family, and it is
involved in growth factor-induced cell proliferation, survival, and
differentiation (Dinev et al.,, 2001; Liu et al., 2006). It specifically
activates ERK5 by phosphorylation on threonine and tyrosine
residues (Johnson and Lapadat, 2002). The MAP2K5-ERK5
pathway regulates many transcription factors including MEF2,
¢-MYC, and NF-kB (English et al., 1998; Kato et al., 2000; Simdes
et al., 2015), which were identified as essential in cells’ survival
and development. Moreover, the role of the MAP2K5-ERK5
pathway in neurons’ proliferation, differentiation, and apoptosis
were demonstrated in many studies, and included activity in
cortical, dopaminergic, and GABAergic neurons (Liu et al., 2006;
Zou et al,, 2012; Parmar et al.,, 2015; Ding et al., 2020). Target
deletion of MAP2KS5 in animals may help us to discover its role
in biochemical processes and gross functions. However, there are
few studies using animal models focused on the role of MAP2K5
in the central nervous system. This is probably due to the fact
that fully knockout Map2k5 mice died at early embryonic periods
from heart deficits (Wang et al., 2005).

Based on the finding that polymorphisms (rs12593813,
rs11635424, and rs868036) in MAP2K5 were associated with a
reduced risk of RLS/WED, a neurological disorder characterized
by dopamine and iron dysfunction, we established a targeted
deletion of Map2k5 in mice. Specifically, we focused on the
deletion of exons 18-22, which harbor three risky SNPs.
This model was hypothesized to be useful in exploring the
role of this protein in the central nervous system in vivo.
We found that the homozygous Map2k5-deficient mouse died
at mid gestation, similarly, as previously reported (Wang
et al., 2005). Heterozygous female Map2k5-deficient mouse
manifested decreased locomotion, impaired coordination, and
was prone to fatigue. Interestingly, these phenotypes are
contrary to RLS/WED and, in some aspects, similar to
PD (another movement disorder involving dopamine system
disturbance). Furthermore, we found reduced dopaminergic
neurons and decreased tyrosine hydroxylase (TH) levels in female
Map2k5-deficient mice compared with wild-type (WT) mice
in nigrostriatal dopaminergic pathway, which may explain the
motor dysfunction in female Map2k5-deficient mice. To our
knowledge, this is the first in vivo study that demonstrated
the relationship of dopaminergic system disturbance with the
Map2k5-Erk5 pathway.

MATERIALS AND METHODS
Map2k5™41Cd71454 Mice

Animal experiments were performed in accordance with the
guidelines and policies of the Association for Assessment
and Accreditation of Laboratory Animal Care International

(AAALAC International), China National Accreditation Service
for Conformity Assessment (CNAS), and Laboratory Animal
Resource Center of Shanghai Jiao Tong University School of
Medicine. Map2k5¢™41Cd71454 mice were created in Nanjing,
China (GemPharmmatech Co., Ltd.) via CRISPR/Cas9 technique
on a C57B6/JGpt (GemPharmmatech Co., Ltd.) background.
In this strain, based on the findings that most reported SNPs
in MAP2k5 of RLS/WED [rs12593813 (A/G), rs11635424
(A/G), and rs868036 (T/A)] were located in the intron area of
gene Map2k5 between exons 17-18 and exons 19-20 (RefSeq:
NM_011840), transgenic mice with Map2k5 exons 18-22
deletion were constructed. Two sgRNAs on both sides of
the targeted region were designed specifically (Figure 1A)
(sgRNAl: GGCTCCGTAAGTGTCCACATGGG; sgRNA3:
TGCAGGCACGGGCCTTTGACTGG) and constructed by
using MEGAshortscript™ Kit (Thermo Fisher Scientific,
Waltham, MA, United States). In order to microinject Cas9
protein and sgRNA into fertilized eggs, male C57BL6/] mice
were individually caged for 1 week before mating. Female
C57BL6/] mice were given 5 IU of serum gonadotropin and 5
IU of human chorionic gonadotropin (HCG) to pregnant horses
for superovulation. After C57BL6/] male and female mice were
injected with HCG, the fertilized eggs of male and female mice
were taken for mating. SgRNA (40 ng/pl) and Cas9 protein (40
ng/pl) were injected into the cytoplasm of the fertilized egg at the
single-cell stage using continuous flow injection microinjection.
The surviving two-cell embryos were implanted into the
fallopian tube of a pseudo-pregnant female. The generated mice
(F0) were analyzed in the born pups. FO mice were mated with
C57BL6/] wild-type mice to gain the obtained F1 mice. Their
Map2k5 with exons 18-22 deletion sequencing were examined
by Sanger Sequencing (Supplementary Material 1). To exclude
the off-target effect, genetic sequencing of high frequent loci of
each sgRNA (sgRNA1 and sgRNA3) were predicted by CRISPOR
(Concordet and Haeussler, 2018)" and confirmed by Sanger
sequencing (Supplementary Material 2).

All offspring were identified by genotyping taill DNA
(Accili et al,, 1996). KO (knockout) primers (5 GATGAA
GCAAAGGGTGACGATAG 3" and 5 CTTGGGAAGGCAAGC
ACTACTC 3’, 940 bp) and WT primers (5 ACATTCCA
TCCTACCTCAGCCTAG 3’ and 5 CCTACTTGCTTGGCTTCA
GTCTG 3/, 461 bp) were used for this purpose (Figure 1B).
F1 mice were interbred to obtain F2 homozygous, while
homozygous mutants were examined dead prenatally after.
Large quantities of F3 experiments mice were interbred with
F2 heterozygous mice (some PCR genetic identification results
are shown in Figure 1C). In all experiments, heterozygous
Map2k5t/~ mice and their WT littermates were used, as
homozygotes were embryonic lethal.

mRNA Prepared and Semiquantitative
Reverse Transcriptase -PCR

Total RNA was extracted from homogenized frozen brain, heart,
and spleen tissue followed by TRIzol™ Reagent (Invitrogen,
Carlsbad, CA, United States) extraction protocols. Reverse

'http://crispor.tefor.net
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FIGURE 1 | (A) Targeting strategy of Map2k5-targeted allele. Green boxes represent coding regions, gray boxes represent noncoding exon regions, and scissors
represent the targeted area of Map2k5 between exons 18 and 22. (B) Primers designed for genotype identification of Map2k5+/~ heterozygous and wild-type (WT)
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transcription was performed using PrimeScriptTM RT reagent Kit
with gDNA Eraser [TAKARA Biomedical Technology (Beijing)
Co., Ltd., China] and qRT-PCR using TB Green® Premix Ex
Taq™ II [TAKARA Biomedical Technology (Beijing) Co., Ltd.,
China] with the SYBR Green Method (Applied Biosystems,
Foster City, CA, United States). Oligonucleotides_Map2k5 (5
AAG CGA TGA AGA GAT GAA G 3’ and 5 ATG TAT GTT
CCG TTC CCC A 3') targeted the dominant Map2k5 mRNA.
The primers of the glyceraldehyde-3-phosphate dehydrogenase
(Gapdh) gene (5 AAA TGG TGA AGG TCG GTG TG 3
and 5 AGG TCA ATG AAG GGG TCG TT 3’) were used as
the reference gene—glyceraldehyde-3-phosphate dehydrogenase
(Gapdh). Run method: (a) 30 s at 95°C; (b): 40 cycles of 5 s at
95°C, 34 s at 64°C; (c)15 s at 95°C at 1.6°C/s, 1 min at 65°C at
20°C/s, 15sat 95°C at 0.05°C/s.

Behavioral Studies

Map2k5+/~ mutant mice and WT littermates were grouped by
genotype and gender. Behavior studies were carried out from 9 to
25 weeks, and their body weights were tracked by an electronic

weigher (NV621ZH, OHAUS, Parsippany NJ, United States)
from 6 to 27 weeks.

Rotarod

Rotarod (ZH-600B, Anhui Zhenghua Co., Huaibei, China) was
used to measure the motor coordination, learning ability, and
fatigability of the mice. A rotarod device was placed in an SPF
experiment room. Each mouse was placed in the room for 30 min
for adaptation before running the experiments. Both WT and
Map2k5"/~ mutant mice aged 9 weeks were tested in the rotarod.
During the learning period, both groups of mice were trained
three times per day for continuous 3 days at a speed of 1 rpm
for 30 s and then at an accelerating speed from 1 to 10 rpm by
1 rpm/30 s for 300 s. On the day 4, all mice were tested on the
rotarod at an accelerating speed of from 4 to 30 rpm for 500 s and
30-min resting interval between each trial. The latency to fall off
the rotarod was recorded.

Open Field
Open field device (XR-XZ301, Shanghai Xinruan Co., Shanghai,
China) was placed in an SPF experiment room. It had infrared
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sensors, and the center was exposed to bright illumination (90-
120 Ix). All experimental mice were aged 12 weeks. Each mouse
was placed in the middle of one edge of the open field box and
recorded for 20 min. The activity of each mouse from 0 to 5 min
was used for analysis. TopScan Lite Analysis Software (TopScan
Lite, CleverSys) was used to collect and analyze data.

Limbs’ Strength

Fore and four limbs strength were tested by the ability to hold
on to a grip sensor (Bioseb G3, Chaville). Mice aged 13 weeks
were tested. Each mouse was placed on a wire screen with their
fore limbs or four limbs grasping to the grip. The grip sensor
recorded the force of a metal grate being pulled in grams. We
conducted three trials per mouse. The average strength of three
trials was analyzed.

Acoustic Startle Response (ASR) and Prepulse
Inhibition (PPI)

ASR and PPI apparatus Startle Response System (SR-LAB, San
Diego, CA, United States) were used. We followed the standard
protocols published by the International Mouse Phenotyping
Consortium (IMPC) on the website’. Mice aged 17 weeks were
tested. Each experiment was carried out at the late active phase
from 7:00 to 8:00 a.m. The session was initiated with a 5-
min acclimation period (only background noise was used). In
addition, it had an option to acclimate to the startle pulse in which
110-120 dB/40-60 ms of white noise was presented alone, five
times. These were excluded from the statistical analysis. Different
prepulse trials of 20-ms duration of white noise stimuli were
presented alone (PP1 = 72 dB, PP2 = 78 dB, PP3 = 84 dB,
or PP4 = 90 dB) and preceded the pulse by 70 ms (PP1 +
pulse, PP2 + pulse, PP3 + pulse, or PP4 + pulse) to derive the
pre-pulse inhibition response. Startle pulse trials were started
where 120 dB/50 ms of white noise was presented alone. No
stimulus trials in which only background noise was presented
were used to measure baseline movement of the animal in the
chamber. Background noise was 65-70 dB. Startle responses were
recorded and analyzed.

Homecage Locomotor Activity

Individual mice aged 25 weeks were placed in the Laboratory
Animal Monitoring System (CLAMS, Columbus Instruments)
for 24-h adapting followed by 48-h test. Data were collected and
analyzed every 20 min in the system and resulted in 63 readings
per individual a day. Total activity (TOT) and ambulatory activity
(AMB) were measured based on the infrared beam breaks.

Immunofluorescence Staining

The cohorts included three female mice of each group aged
postnatal 18 days (P18d), 21 weeks, 28 weeks, and 38 weeks.
Mice were perfused with 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS) and sacrificed. Mouse brains
were isolated on ice and fixed in 4% PFA for at least 24 h.
Brain tissues were embedded with paraffin and serially cut
into 5-pum-thick coronal sections. Brain sections of SNc¢ and
striatum were dewaxed by dimethylbenzene and gradient ethanol

Zhttps://www.mousephenotype.org/impress/index

solutions. Citrate antigen retrieval solution was used, heated
for 6 min at 65°C, with 1-min interval, and reheated for
6 min at 65°C for antigen retrieval. Every four continuous
sections of SNc and striatum regions were stained in each
mouse. The sections of mouse brains were immunostained
at 4°C overnight with primary anti-tyrosine hydroxylase
antibody (1:500, MAB318, Millipore Co., Massachusetts, United
States), MAP2K5 (Concordet and Haeussler, 2018). Antibody
(1:200, sc-135986, Santa Cruz Biotechnology, Inc., Northern
California, United States), followed by Alexa Fluor 594-
conjugated secondary antibodies and 488-conjugated secondary
antibodies (1:200, YEASEN Biotech Co., Ltd., Shanghai, China).
Each section was incubated by 4’,6-diamidino-2-phenylindole
dihydrochloride (1:1,000, DAPI, Sigma-Aldrich, St. Louis, United
States) for 20 min and treated with Antifade Mounting
Medium (Beyotime Biotechnology, Shanghai, China). Images
of each section were captured via fluorescence microscopy
(Nikon Eclipse C1, Nikon, Tokyo, Japan). For each brain,
three sections of substantia nigra pars compacta (SNc) and
striatum were analyzed. The THT stained cell counts and
mean immunofluorescence intensity per section were measured
using Image] (NIH).

Western Blot

Map2k5"/~ mutant mice and WT littermates (female, aged 21
weeks, n = 4 per group) were perfused with PBS and sacrificed.
Brains were then dissected quickly within 10 min and snap
frozen in liquid nitrogen. Proteins were prepared from the
ventral midbrain (Yun et al, 2018) including nigrostriatal
dopaminergic neurons. Cytoplasmic proteins were extracted
by RIPA Lysis Buffer (Strong) (Beyotime Biotechnology,
Shanghai, China) supplemented with Complete Protease
Inhibitor Cocktail (10x) and PhosSTOP™ Cocktail (10x)
(Roche Ltd., Basel, Switzerland). Western blots were performed
using sodium dodecyl sulfate polyacrylamide gel electrophoresis
and nitrocellulose membranes. Primary antibodies included
anti-tyrosine hydroxylase Ab (1:1,000, MAB318, Millipore
Co., Massachusetts, United States), Erk5 Antibody (1:1,000,
#3372, CST Ltd., Boston, United States), Phospho-Erk5 (1:1,000,
Thr218/Tyr220), Antibody (1:1,000, #3371, CST), MAP2K5
(Concordet and Haeussler, 2018). Antibody (1:200, sc-135986,
Santa Cruz Biotechnology, Inc., Northern California, United
States), and GAPDH (D16H11) XP® Rabbit mAb (1:1,000, #5174,
CST). Signals were detected with an ECL agent (Millipore).
Blotting images were acquired and quantitatively analyzed by
Image Lab Software (Bio-Rad, CA, United States).

High-Performance Liquid Chromatography (HPLC)

Striatal samples of 21-week-aged female mice were prepared for
neurochemical measurements via HPLC analysis (Bionovogene
Co., Ltd., Suzhou, China). The tissue was homogenized in 10%
methanol formic solution-ddH20 (1:1) (200 ) and centrifuged
at a speed of 12,000 rpm at 4°C for 5 min. One hundred
microliters of supernatant and 100 ppb of double isotopes of
L-valine (C13) L-phenylalanine (C13) internal standards (100 1)
were mixed and passed through a 0.22-pm filter membrane.
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Samples were injected in an ACQUITY UPLC® BEH C18
HPLC column (2.1 x 100 mm, 1.7 wm, Waters Co.) at
40°C. The mobile phase consisted of A-50% methanol with
0.1% formic acid and B-10% methanol with 0.1% formic acid.
Compounds were measured with Analyst Software (AB SCIEX).
The neurotransmitter metabolite peak areas were integrated
and quantified against standard samples. The standard curves
r> 0.99, and the relative standard deviation (RSD) of the samples
was < 9%. Phenylalanine (Phe), tyrosine (Tyr), DOPA, dopamine
(DA), epinephrine (Epi), glutamine (Gln), acetylcholine (ACh),
serotonin, and 5-HIAA were measured. Results were normalized
to the weight of each tissue and reported in Lg/g.

Statistics

Analyses of mouse data were conducted via SPSS 26 (IBM).
The test for genotype and gender-independent factor interactions
of behavior studies were tested by two-way ANOVA followed
by Tukey’s post hoc tests for multiple comparisons in our
behavior tests. Test for genotype effect of biochemical studies was
conducted via Student’s t-test, two-tailed analysis. A p-value of
0.05 was set as statistically significant.

RESULTS

Characterization of Homozygous
Map2k5~/~ Mutant Embryos That Died

at Mid-Gestation
Map2k5¢™41Cd71454 heterozygous Map2k5T/~ mice were
viable and fertile. By tracking the body weight of Map2k5+/~
and WT mice through 6-27 weeks, it was found that different
genotypes exert no influence on body weight of mice, except for
male mice at 11 weeks (Figure 1 in Supplementary Material 3).
However, Map2k5¢™#1Cd71454 homozygous Map2k5~/~
mice died at mid-gestation with gross development retardation.
At E9.5 (gestation day 9.5), homozygous Map2k5~/~
mutant embryos showed normal phenotype. However,
9 out of 56 (16.67%) homozygous Map2k5~/~ embryos
displayed developmental retardation at E10.5. Moreover, three
homozygous Map2k5~/~ out 32 embryos at E11.5 (10.71%) were

found dead, 0/11 live embryos were found at E12.5, and 0/32
were found at E13.5. We deduced that Map2k5°™*!Cd71454
strain’s homozygous Map2k5~/~ mutant embryos with exons
18-22 depletion died at approximately E11.5. This outcome
was similar to the one found in a previous study reporting
that Map2k5~/~ mutant homozygous mice die at E10.5 due
to a defect in fetal cardiogenesis (Wang et al., 2005). Thus,
Map2k5/~ heterozygous mice and their WT littermates were
used in the postnatal experiments.

Map2k5*/— Heterozygous Mice
Expressed Decreased Levels of Map2k5
mRNA in Different Organs

To assess how effective the Map2k5 exons 18-20 gene deletion
was on terminating transcription, the mRNA expression level
of Map2k5t/~ mutant mice was detected in different organs
including the brain, heart, and spleen via qRT-PCR. We found
a significant decreased expression levels of Map2k5 mRNA in all
three different tissues (brain, heart, and spleen). Specifically, 20-
30% relative quantitative levels of Map2k5 mRNA were expressed
in Map2k5"/~ mutant mice compared with WT mice in the
brain, heart, and spleen (referred to GAPDH) (P = 0.009, 0.007,
0.007, respectively, Figure 2A). Western blots of corresponding
tissues were examined, which displayed a significant decrease in
Map2Kk5 expression in the brain, and a less decrease in the heart
and spleen (Figure 2B).

Map2k5*/~ Mice Displayed
Sex-Dependent and Circadian-Related

Motor Dysfunction

Many movement disorders are circadian related. Based on the
fact that RLS/WED is a disease usually presenting clinical signs
in the evening and that women have higher risk than men!, we
explored the profile of motor function in Map2k5/~ mutant
mice by performing a series of behavioral tests including open
field test, rotarod test, and 12 h-12 h cycle infrared locomotor
activity pattern. All these tests were done considering animal sex

to assess for potential differences at this level. To exclude the

A
Map2k5
25
** . brain
2.0 = heart
15 il % B3 spleen
: W
1.0
05
0.0
N ~ N
& & &
and Map2k5+/~ mice. **P < 0.01.

FIGURE 2 | (A) Map2k5*/~ heterozygous mice expressed 20-30% relative quantitative (RQ) levels of intact Map2k5 mRNA in the brain, heart, and spleen (t-test,
n = 6). Bars represent means with standard errors of the mean (SEM). (B) Western blot of Map2k5 expressions in different tissues (brain, heart, and spleen) in WT
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FIGURE 3 | (A) Open field test to measure volitional locomotion. Male Map2k5+/~ mice displayed a decreased total distance compared with WT mice in traveled in
open field test (P = 0.004, n = 4). (B) Rotarod test. Female Map2k5®/~ mice have impaired coordination ability in rounds 2 and 3 (P4 = 0.157, P, = 0.036,

Pz =0.008, n = 4). (C-F) Total activity (TOT) and ambulatory activity (AMB) with 12 h (light}-12 h (dark) cycle in both male (C,E) and female mice (D,F). AMB and
TOT were decreased significantly in female Map2k5+/~ mice during their light phase (rest phase) (n = 8). (G,H) Acoustic startle response (ASR) and prepulse
inhibition (PPI) of WT and Map2k51/~ mutant mice. (G) ASR increased in male Map2k51/~ mutant mice at 78, 84, 90, and 120 dB (P = 0.035, 0.029, 0.006, and
0.019, respectively). (H) Prepulse inhibition (PPI) was decreased in male Map2k5+/~ mutant mice at 90 dB (P = 0.024, n = 6). Results are plotted as mean with

P72 pp78 Pp84.

effect of muscle strengths in the motor test results, we examined
the force of four and fore limbs in Map2k5+/~ and WT mice.

Male Map2k5+/~ mice manifested a decreased total distance
traveled in the open field test (P = 0.004) when compared
with WT mice, while female Map2k5*/~ mice displayed no
differences compared with the WT controls (Figure 3A). There
was also a trend, but not a statistically significant difference,
between different genotypes in which male Map2k5*/~ mice
exhibited decreased central zone duration (P = 0.075, figure not
shown). These results indicated a different motor response to the
new environment of Map2k5 mutant male mice. Previous studies
showed that mice exploration behaviors could be influenced by
hormones considering the open field cage as a new environment
(Lalonde and Strazielle, 2017). Our results implied that male
Map2k5+/- mice might display less motivation to explore and
locomotion in the open field test.

As a measurement of motor coordination, learning, and
fatigability, we evaluated the latency to fall from an accelerating
rotarod three times on the test day following a 3-day learning
period. It is important to consider that the three times repetition
used in this test implies fatigue levels in each mouse. Female
Map2k5+/~ mutant mice displayed decreased latency to fall at
the second and third rounds at the test day, and spared the first
round of tests (P; = 0.157, P, = 0.036, P3 = 0.003, Figure 3B),
suggesting increased fatigue propensity, impaired coordination
and learning abilities, while male Map2k5*/~ mice displayed
no differences compared with WT mice. This indicated that
Map2k5 deficiency in female mice may induce fatigue and poor
coordination, similar to some motor symptoms presented in PD.

To analyze potential differences of volitional locomotion of
Map2k5"/~ mutant mice subjected to a circadian variation,
we collected motor data per 20 min in a cage equipped with
infrared beams (divided a whole day into 63 equal periods).

Total activity (TOT, which includes when animals scratches
themselves and move their limbs without locomotion) and
ambulatory activity (AMB, which only includes their body
movement) were recorded with a 12 h (light)-12 h (dark)
cycle for a day. Through this method, we found that there was
interaction between genders and genotypes (p = 0.043); the main
effect of genotype on both AMB and TOT in female mice was
significant. Specifically, AMB and TOT of female Map2k5*/~
mutant mice decreased significantly during their sleeping time
(light-on phase, Figures 3D,F), implying a hypokinetic and
bradykinetic phenotype (Kim et al., 2016; Langley et al., 2017).
However, male Map2k5"/~ mutant mice did not display any
differences compared with their WT littermates (Figures 3C,E).
This provided us with a gender-dependent, circadian-related
movement dysfunction profile, contrary to RLS/WED symptoms
to some extent (Allen et al., 2014).

When considering the gender-dependent different results
of 12 h-12 h locomotor activity trace [significant decreased
sleeping body movements (AMB and TOT) only in female
mice] and open field tests (only male mice showed a significant
reduction in total distance in open field), we thought that
as a novel environment exposure, mice were also experienced
in the open filed apparatus, the behavior found in male
mice indicated stress-based movement in these mice (Lalonde
and Strazielle, 2017; Zhang et al, 2019), whereas 12 h-12 h
locomotor activity trace data were more similar to the nature
pattern of movement, including circadian-distinctive manners.
Therefore, male Map2k5-deficient mice motor dysfunction can
be interpreted into a stress-based alteration, while female Map2k5
deficient mice movement phenotypes are basal changes due to
motor-control pathway dysfunctions.

To discard the effect of limbs’ strength on the behavioral
performance, each mouse’s fore and four limbs’ strengths were
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FIGURE 4 | (A) Coronal sections of substantia nigra pars compacta (SNc) were prepared from P18d, 21, 28, and 38 weeks and immunostained with an anti-TH
antibody. Map2k5t/~ mutant mice had decreased TH* cell number in SNc at P18d, 21, 28, and 32 weeks. (a-d) Immunostained TH* cells in SNc of Map2k5+/+
WT mice (100x). (e-h) THT cells in SNc of Map2k5+/~ mutant mice (100x). (a'-h’) High-magnification images (200 x ) of the corresponding section in (a-h). Scale
bar, 100 pm. (B) TH* and Map2k5™ -stained cells, and merged pictures of Map2k5+/~ mutant and WT mice in SNc of at 38 weeks. Low-magnification images
(50x) and high-magnification images (400x). 200 um (50x), 20 pm (400x). (C) TH+ cell counts in SNc were reduced in female Map2k5+/~ mutant mice compared
with WT mice at P18d, 21, 28, and 38 weeks (P1gq < 0.001, P21y < 0.001, Pag,, = 0.005, P3g, < 0.001). (D) Coronal sections of striatum immunostained with
anti-TH antibody. We found decrease immunofluorescence in Map2k5+/~ mutant mice compared with WT mice. Low-magnification images (50 x ) and
high-magnification images (630x). Scale bar, 200 wm (50x), 20 pm (630x). (E) Mean immunofluorescence intensity of each slice was analyzed. There was
decreased TH density in Map2k5*/~ mutant mice (P = 0.006). Results are plotted as mean with SEM. Bars represent means with SEM. **P < 0.01, **P < 0.001.

tested. The results showed that the limbs’ force has no difference
between WT and Map2k5+/~ mutant mice in both male and
female subjects (Figure 2 in Supplementary Material 3).

Male Map2k5*/— Mutant Mice Display

Sensorimotor Gating Deficits

The main complaint of+oldd unpleasant feelings displayed
by RLS/WED patients is hard to evaluate in mice. In
order to measure this phenotype, we tested the sensorimotor
gating levels on each group of mice. The sensory response
adaptation was recorded by acoustic startle response (ASR)

and prepulse inhibition (PPI) tests. Male Map2k5"/~ mutant
mice represented a decreased ASR at 78, 84, 90, and 120 dB
(P = 0.035, 0.029, 0.006, and 0.019, respectively, Figure 3G),
and PPI results implied sensorimotor gating deficits at 9 0dB
(p = 0.024, Figure 3H). This implied that male Map2k5T/~
mutant mice displayed deficits on sensory stimulus, but not
female mutant mice. ASR and PPI tests examined the intact
function of the vestibular system, auditory system, ventrolateral
tegmental nucleus, pontine reticular formation, and their
interactions (Yeomans et al., 2002). In addition, there is also
evidence showing that the amygdala, accumbens nuclei, and
other limbic systems contribute to the performance of ASR
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and PPI (Frau et al, 2019). Considering the results we got
from open field and PPI, where only male mutant mice
displayed stress-related sensorimotor deficits, and taking in
account that both tests involve the accumbens nucleus, amygdala
nucleus, and mesolimbic dopamine system (that participate in
many psychiatric disorders, such as schizophrenia, depression,
obsessive-compulsive disorder, psychological substance-induced
behavior, and so on), we hypothesized that sex hormone
levels might affect the behaviors of Map2k5*/~ mutant mice
where male mice was prone to manifest stress-related responses
(Pittenger et al., 2016; Khan and Powell, 2018; Liu et al., 2018;
Bilel et al., 2019; Tapias-Espinosa et al., 2019).

The Quantity of SNc and Striatum TH*
Cells Were Reduced in Map2k5+*/-
Mutant Mice

Based on the behavior tests’ results found in female mice, we
thought that the phenotype of bradykinesia, poor coordination,
and fatigue was similar to the motor dysfunction caused by
nigrostriatal pathway deficits. Dopaminergic neurons are crucial
for the nigrostriatal pathway, so we assessed the levels of
dopaminergic neurons by immunostaining of TH protein (the
rate-limiting enzyme in the dopamine synthesis pathway) in
SNc. We assessed the TH™ cell counts in the SNc region of the
mice brain. TH* cells were stained and captured by florescence
microscopy (Figure 4A), and a montaged image of Map2k5-
stained section was captured, which indicated a synchronous
declination of Map2k5 and TH protein (Figure 4B). Results
showed a decreased SNc TH* cell number in female Map2k5+/~
mutant mice at P18d, 21 weeks, 28 weeks, and 38 weeks compared
with WT mice (P1gg < 0.001, P21y < 0.001, Ppgy = 0.005,
P3gw < 0.001, Figure 4C). The reduction of TH™ cells in SNc¢
suggested that MAP2K5 might be involved in the survival of
dopaminergic cells in SNc early in life. At P18d, the TH™ cells of
Map2k5*/~ mutant mice were 70% of their WT littermates, 50—
60% at 21 and 28 weeks, while this number declined to about 40%
at age by 38 weeks. Thus, Map2k5*/~ deficiency might disturb
the dopamine system in SNc, and the effect of Map2k5™/~
deficiency on losing dopaminergic neurons increased with aging.

SNc¢ dopaminergic neurons project to the striatum forming
the nigrostriatal pathway and facilitate movement via direct
and indirect pathways. We conducted immunostaining of
TH+ protein in the striatum of 21-week female mice to
evaluate the dopaminergic neural fibers' density in this
area, where DA is released and acts on the postsynaptic
membrane. Immunofluorescence images of the striatum
displayed a reduction in TH intensity (Figure 4D). Mean
immunofluorescence intensity was calculated for each tissue
slice, showing a significant decrease in dopaminergic neuron
fibers' density in female Map2k5"/~ mutant mice compared
with WT mice (p = 0.006, Figure 4E). These results confirmed
the decreased dopaminergic neurons in Map2k5T/~ mutant
mice, consistent with the movement phenotypes displayed
in behavior tests.

Decreased Quantities of Map2k5 and TH
Protein, but Not pErk5 in Map2k5+/-
Mutant Mice

To explore the mechanism of reduced dopaminergic neurons in
Map2k5"/~ mutant mice, we measured the level of Map2k5-
Erk5 pathway molecules and TH protein in ventral midbrain
including dopaminergic neurons in the nigrostriatal pathway.
Four female mice aged 21 weeks for each genotype were used.
Proteins of MAP2K5 (MEKS5), ERK5, phosphorylated ERK5
(active), TH, and GAPDH were stained (Figure 5A). The
ratio of each protein was calculated by its relative quantity
referred to the GAPDH band. The results implied a synchronized
decrease in Map2k5 and TH proteins in the ventral midbrain
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TABLE 1 | Levels of phenylalanine (Phe), tyrosine (Tyr), dopamine (DA),
epinephrine (Epi), serotonin, and its metabolite 5-HIAA in the striatum.

Neurochemicals WwWT Map2k5t/~ P-value
Phe 26.46 £ 1.17 34.04 + 1.01 0.001**
Tyr 29.62 +2.24 35.95 + 1.01 0.033*
DA 1.55 +£0.59 1.34 £ 0.63 0.815
Epi 1.50 + 0.62 1.07 £ 0.46 0.621
GIn 675.43 + 189.03 574.01 + 163.44 0.695
ACh 0.58 +£0.17 0.22 +£0.07 0.094
Serotonin 0.04 £+ 0.00 0.08 &+ 0.02 0.743
5-HIAA 0.35 + 0.11 0.26 &+ 0.05 0.478

The values of neurochemicals are represented in means + SEM (1.g/g) of the tissue
(t-test, n = 5). *P < 0.05, **P < 0.01.

(PMapaks = 0.023, Pty = 0.013, respectively), while Erk5 was
not reduced, and phosphorylated Erk5 was reduced without
a statistical significance (P = 0.324, Figure 5B). It is possible
that MAP2K5 deficiency decreases TH expression in an ERK5-
independent manner. However, more studies are needed to
clarify the molecular mechanism of this phenomenon.

Dopamine Levels Were Not Altered in
Striatum, but Its Substrates Were

Accumulated

As TH is the key enzyme of dopamine synthesis and Map2k5-
deficient mice showed dopaminergic neuron deficiency in
the nigrostriatal pathway, we tried to investigate whether
Map2k5 deficiency-induced TH reduction had an effect on
neurotransmitters and their metabolites (Obara et al., 2016).
We used HPLC to examine monoamine neurochemical systems
in the striatum on five female 21-week-old mice per group.
The substrates of DA in its synthesis pathway (Phe and Tyr)
were accumulated significantly (P = 0.001, 0.033, respectively,
Figure 6) in Map2k5*/~ female mutant mice compared with WT
female mice, while the gross DA content decreased but without
significant difference between WT and Map2k5T/~ mutant mice.
Other neurotransmitters, such as Gln, ACh, serotonin, and its
metabolite 5-HIAA were not altered in Map2k5T/~ mutant mice
(Table 1). The accumulation of substrates of phenylalanine and
tyrosine is consistent with the result of decreased TH enzyme
in the nigrostriatal pathway. However, there was no statistical
difference on the dopamine levels between Map2k5*/~ mutant
and WT mice. This inconsistent finding may be due to two
reasons. First, the dopamine level in the striatum was very low
to be detected, beyond the linear dynamic range of the HPLC
standard curve. This problem may be solved by other techniques
like fluorometric detection (Ghani et al., 2021). Second, TH
reduction in Map2k5-deficient mouse model was not strong
enough to create a significant reduction in dopamine in the
nigrostriatal pathway in Map2k5 mutant mice. Interestingly,
previous studies showed that DA was not significantly reduced
when TH protein level decreased significantly at 3 weeks in Th
mutant mice. However, at 1 year old, when TH content reduced
at 3% of WT mice, DA reduced to a significant level (P < 0.001)
(Korner et al., 2015). Therefore, there may be a threshold of TH
reduction when DA decreased into a significant level.

DISCUSSION

In this study, we described for the first time the movement
phenotypes and underlying dopaminergic disturbance in a
Map2k5-deficient mouse model. These behavioral changes were
contrary to RLS/WED symptoms, but similar to PD in some
aspects, including reduced circadian-dependent ambulatory
locomotion, coordination, and balance ability. Similarly, reduced
dopaminergic neurons and TH protein in the nigrostriatal
pathway resembled some pathological aspects of PD. Actually,
both diseases share many common features, such as high
prevalence of comorbidity of RLS/WED with PD, dopaminergic
dysregulation in the pathogenesis of both diseases, and good
response to dopamine agonists (Splinter, 2007). This suggests
similar mechanisms that might be shared by both disorders
(Alonso-Navarro et al., 2019). In addition, SNPs of MAP2K5
have been shown to be associated with the reduced risk of
RLS/WED (Winkelmann et al., 2007; Yang et al., 2011; Moore
et al., 2014; Li et al., 2017), but increased the risk of tremor
in PD (rs12593813, 61.0% vs. 46.5%, p = 0.001) (Gan-Or
et al., 2015). This further indicates a close relationship, but
probably opposite, effect of MAP2K5 in RLS/WED and PD.
Also, PD patients usually present with odor problems, and
previous studies reported deficits in odor discrimination in
the conditional deletion of Erk5 mouse (Zou et al., 2012).
Therefore, we hypothesized that the Map2k5-Erk5 pathway
might be involved in the pathophysiology of both RLS/WED
and PD.

Several in vitro studies found that the MAP2K5-ERK5
pathway was crucial in dopaminergic neuron survival. It
protected dopaminergic neurons under both basal conditions
and in response to oxidative stress (Cavanaugh et al., 2006).
MAP2K5-ERK5 was also involved in Mn-induced cytotoxicity,
altering neurons’ survival and DA production in MN9D cells
(Ding et al., 2020). ERK5 was reported to induce ankrdl for
catecholamines biosynthesis and homeostasis in adrenal gland
medullary cells (Obara et al., 2016). Thus, it is reasonable to
hypothesize that reduced dopaminergic neurons and TH protein
in our Map2k5-deficient mouse model might be due to decreased
Map2k5-Erk5 pathway. However, p-Erk5 level remained
unchanged in our Map2k5-deficient mouse. Based on the fact
that the level of p-ERKS5 dropped greatly after birth (Parmar et al.,
2015) and Erk5 is the only present known substrate of Map2k5,
the regulation of the Map2k5-Erk5 pathway on dopaminergic
neuron probably occurred in the early developmental stage.
Actually, Map2k5-Erk5 seems to be involved in protecting
embryonic, but not mature, cortical neurons in an in vitro study
(Liu et al., 2003, 2006). Also, conditional deletion of Erk5 in the
nervous system was once reported for impaired neuron migration
into the olfactory bulb during nervous system development at
prenatal stages (Li et al., 2013). Since the heterozygous Map2k5
mutant mice already displayed reduction in TH' dopaminergic
cells significantly on postnatal 18 days in our study, it is
plausible to think that the Map2k5-Erk5 pathway regulates the
dopaminergic development in an earlier period and contributes
to central nervous system disorders such as RLS/WED and
PD. Actually, we aim to explore the Map2k5-deficient
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effect on dopaminergic neuron development of
neurogenesis in our future research.

Additionally, our results of behavioral tests displayed sexual
distinctions. Here, we uncovered the nigrostriatal dopaminergic
system disturbance in female Map2k5-deficient mice, while
the underlying mechanism of stress-related alterations in
sensorimotor response of male Map2k5-deficient mice, involving
amygdala, hippocampus, and accumbens nuclei in the limbic
system (Lalonde and Strazielle, 2017; Frau et al., 2019) is worth
to be further studied.

There are limitations of our study. The dopamine level in the
striatum was very low to be detected. As a matter of fact, several
heterozygous samples’ DA concentrations were beyond the linear
dynamic range of the HPLC standard curve. It could indeed
account to difficulties to detect any difference in DA between
groups. This problem may be solved by other techniques like
fluorometric detection (Ghani et al., 2021). What is more, our
results showed significant accumulation of substrates (Phe and
Tyr) of dopamine before the step mediated by TH accompanied
by insignificant reduction in DA, so we hypothesized that a
threshold may exist where the reduction in TH induces DA
decrease into a significant level.

early

CONCLUSION

In conclusion, Map2k5-deficient mice manifest movement
impairments, consistent with reductions in dopaminergic
neurons and TH protein in the nigrostriatal dopaminergic
system. These features confirmed that dopaminergic disturbance
by the Map2k5-Erk5 pathway was involved in the pathogenesis
of movement disorders like RLS/WED and PD. In addition,
our Map2k5-deficient mouse model provides a unique tool to
further investigate the role of the Map2k5-Erk5 pathway in other
central nervous system disorders with dopamine deficits, such
as schizophrenia.
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Traumatic brain injury has a poorer prognosis in elderly patients, possibly because
of the enhanced inflammatory response characteristic of advanced age, known as
“inflammaging.” Recently, reduced activation of the TANK-Binding-Kinase 1 (Tbk1)
pathway has been linked to age-associated neurodegeneration and neuroinflammation.
Here we investigated how the blockade of Tbk1l and of the closely related
IKK-¢ by the small molecule Amlexanox could modify the microglial and immune
response to cortical stab-wound injury in mice. We demonstrated that Tbk1/IKK-¢
inhibition resulted in a massive expansion of microglial cells characterized by the
TMEM119%/CD11c™ phenotype, expressing high levels of CD68 and CD317, and
with the upregulation of Cst7a, Prgn and Ccl4 and the decrease in the expression
levels of Tmem119 itself and P2yr12, thus a profile close to Disease-Associated
Microglia (DAM, a subset of reactive microglia abundant in Alzheimer’s Disease and
other neurodegenerative conditions). Furthermore, Tbk1/IKK-¢ inhibition increased the
infiltration of CD3T lymphocytes, CD169% macrophages and CD11¢ct/CD169" cells.
The enhanced immune response was associated with increased expression of 1I-33, Ifn-
g, II-117, and 1I-19. This upsurge in the response to the stab wound was associated
with the expanded astroglial scars and increased deposition of chondroitin-sulfate
proteoglycans at 7 days post injury. Thus, Tbk1/IKK-g blockade results in a massive
expansion of microglial cells with a phenotype resembling DAM and with the substantial
enhancement of neuroinflammatory responses. In this context, the induction of DAM is
associated with a detrimental outcome such as larger injury-related glial scars. Thus,
the Tbk1/IKK-¢ pathway is critical to repress neuroinflammation upon stab-wound
injury and Tbk1/IKK-¢ inhibitors may provide an innovative approach to investigate the
consequences of DAM induction.

Keywords: TBK1, microglia, traumatic brain injury, amlexanox, neuroinflammation, stab wound injury
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INTRODUCTION

Traumatic Brain Injury (TBI) is a major worldwide cause of
morbidity and mortality (Bruns and Hauser, 2003; Jiang et al,,
2019). The incidence of TBI is not homogeneously distributed
throughout ages. At least, two peaks have been recognized in
epidemiological datasets, the first attributed to the adolescent-
young adult population (15-24 years) and the second occurring
in the geriatric population (Kraus et al., 1984; Tiret et al,
1990; Bruns and Hauser, 2003; Peeters et al., 2015). These two
subgroups are often conflated when clinical trials are performed,
under the assumption that, although age may be a risk factor for
TBI, the unfolding of TBI-associated cascades may be similar.
This notion is challenged by the worse prognosis observed
in older patients with TBI (Thompson et al, 2006) and by
experimental evidence of distinct microglial phenotypes and
heightened neuroinflammation in aged mice (Ritzel et al., 2019;
Early et al., 2020).

Aging per se is characterized by an enhanced inflammatory
response at systemic (Salminen et al, 2012; Franceschi and
Campisi, 2014; Mogilenko et al., 2021) as well as at brain
level (Cheng H. et al., 2018; Mejias et al., 2018). According to
the “inflammaging” concept, a low-grade inflammatory state is
characteristic of advanced age and this primed inflammatory
response contributes to a heightened response upon stimuli.
Notably, microglial transcriptomes are substantially different
in the advanced age (Galatro et al, 2017; Hammond et al,
2019) and recently a microglial phenotype resembling Disease-
Associated Microglia (DAM) has been identified in the white
matter upon aging (Keren-Shaul et al., 2017; Raj et al., 2017;
Safaiyan et al., 2021), where it appears to be involved in
the disposal of degenerated myelin. Interestingly, DAM also
characterizes several age-related neurodegenerative conditions,
such as Alzheimer Disease and Amyotrophic Lateral Sclerosis
(Ofengeim et al., 2017; Dols-Icardo et al., 2020; Mifflin et al,,
2021) and it is characterized by a distinctive transcriptional
profile including the upregulation of Cst7, Clec7a, CSFRI, and
ApoE genes (Krasemann et al., 2017; Keren-Shaul et al., 2017;
Rangaraju et al., 2018) and it is believed to be relevant for
the phagocytosis of apoptotic cells and for the formation of
amyloid plaques (Anderson et al, 2019; Muth et al, 2019;
Srinivasan et al., 2019; Sobue et al., 2021). Additional aging-
associated subpopulations of microglia have been reported, in
particular interferon-driven and inflammatory subpopulations
(Hammond et al, 2019) which appear to be related to
cognitive impairment (Deczkowska et al, 2018). Irrespective
of subpopulation phenotypes, microglia from aging brains
secretes higher levels of IL-6 and IL1b (Rawji et al, 2016),
expresses a higher level of Toll Like Receptor (TLR) and
Major Histocompatibility Complex (MHC) proteins (Letiembre
et al, 2009), but display reduced motility and impaired
phagocytic capacity (Koellhoffer et al., 2017; Gabandé-Rodriguez
et al., 2020). In line with these findings, older mice display
a more abundant microglial proliferation and peripheral
leukocytes infiltration (in particular neutrophils) upon TBI,
larger production of reactive oxygen species, and higher levels of
TNF-alpha secretion (Ritzel et al., 2019).

The investigation of the molecular mechanisms involved
in the age-related enhanced microglial reactivity has recently
identified the TANK1-binding kinase 1 (Tbkl) a player in the
inflammaging phenotype. In Tbkl & mice, the transcriptional
profile characteristic of age-associated pro-inflammatory state
appears earlier and progresses faster than in wild-type littermates
(Bruno et al., 2020), without overt neurodegeneration. Likewise,
blood-brain-barrier permeability is disrupted in Tbkl + mice
(Alami et al, 2020) and conditional myeloid loss of Tbkl
results in a pro-inflammatory state and cellular infiltrate
in the spinal cord and other organs (Duan et al, 2021).
Moreover, loss of Tbkl has been shown to synergize with TAK1
downregulation in bringing about the age-associated activation of
Receptor-interacting serine/threonine-protein kinase-1 (RIPK1)
and related inflammaging phenotype (Xu et al, 2018). Thus,
chronic decrease in Tbk1 activity is hypothesized to be associated
with increased inflammatory responses.

The anti-inflammatory agent Amlexanox (AMX; Reilly et al.,
2013) is an inhibitor of Tbkl and of the closely related IKK-
¢ (Cheng H. et al,, 2018). AMX has been shown to reduce
canonical signaling through NF-kB (Cheng C. et al., 2018; Mdser
et al., 2019) by inhibiting IKK-¢ and Tbkl, while, through
inhibition of Tbk1, causing the de-repression of non-canonical
signaling through NIK/NF-kB (Jin et al., 2012). Furthermore,
AMX-induced inhibition of Tbk1 has been linked to the decrease
in phosphorylation of IRF3 and IRF7 (Mori et al.,, 2015; Quan
et al., 2019; Zhou et al., 2020), implying the downregulation
of Tbkl-mediated Interferon signaling. AMX was originally
approved for human use in dermatological conditions (Abbasi
et al., 2016), and, because of its effects on reducing NF-kB
and IRF3/7 activation (through the double targeting of Tbk1
and IKK-g) AMX has been proposed as a therapeutic agent in
autoimmune neuroinflammatory disorders (Quan et al., 2019),
neoplastic progression (Wilcz-Villega et al., 2020) and diabetes-
associated macrophage-driven inflammation (Oral et al., 2017).

Here, we have investigated the effect of acute Tbk1/IKK-¢
blockade by AMX administration in a model of focal traumatic
(stab wound) brain injury. We conceptualized two possible
outcomes: a predominant anti-inflammatory effect, as seen in
the context of other inflammatory conditions, or a predominant
pro-inflammatory effect, in agreement to the enhanced reactivity
observed upon Tbk1 deletion and in aging. We found that AMX
treatment caused the increase in microglial and lymphocytic
infiltration in the injury site, associated with the upregulation of a
subset of inflammatory cytokines such as IL-17 and IFN-gamma,
and that, most notably, microglial cells assumed a phenotype
similar to DAM (Keren-Shaul et al., 2017). AMX treatment was
ultimately found to lead to a larger astrocytic scar after injury.

MATERIALS AND METHODS

Animals
Male mice originated from the breeding of wild-type male
and female B6SJL/F1 mice (from Jackson labs') were used

Thttps://www.jax.org/strain/100012
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for the present study at the age of 55-65 days. Mice were
maintained at 22°C with a 12/12 h light/dark cycle and had
food and water ad libitum as previously reported (Alami
et al,, 2020). The present study has been authorized by Ulm
University Animal Experimentation oversight service and by the
Regierungsprasidium Tiibingen under the permit no. 1379; the
study has been performed in agreement with the national animal
welfare legislation. In order to minimize confounding factors
deriving from oestrus cycle and fluctuating levels of hormones,
we employed only male mice for this study.

Stab Wound Injury

The stab wound injury (SWI) was performed as previously
reported (Frik et al., 2018; Wiesner et al., 2018). Briefly, 60 days
old mice were anesthetized with an intraperitoneal injection of
midazolam, medetomidine, and fentanyl (5 mg/kg; 0.5 mg/kg;
0.05 mg/kg). A unilateral craniotomy was performed 1 mm
above bregma and 1 mm ventral the cranial sutures (x = + 1.0,
y = + 1.0). The blade was inserted into the primary motor
cortex up to a depth of 0.8 mm (z = —0.8) and moved 1 mm in
the dorsal direction. Three parallel stab-injuries were performed
with a gap of 0.2 mm; this gap was chosen so that the three
injuries would actually form a single lesion area. Afterward the
craniotomy was covered and anesthesia was antagonized with
atipamezole-flumazenil-buprenorphine-injection (2.5 mg/kg; 0.5
mg/kg; 0.1 mg/kg). Animals were monitored daily for the
appearance of motor impairment, but no mouse displayed
disturbances requiring humane euthanization. The health status
of the animals was monitored twice daily after the procedure
and until the end of the experiment. If any animal had shown
severe weight loss (>20%), motor impairment, hunched posture,
apathy or other signs of permanent impairment related to the
procedure, it would have been removed from the experiment and
killed painlessly; no animal was actually euthanized because of
discomfort. Starting from the day of injury, mice were treated
with 100 mg/kg Amlexanox or vehicle (5% PEG400; 5% Tween20;
90% NaCl 0.9%) administered by oral gavage for 7 consecutive
days, once daily. The first treatment with Amlexanox (AMX)
or vehicle by oral gavage was given 2 h after surgery and then
daily (every 24 h). Mice were either sacrificed 7 or 40 days
after the trauma.

For the biochemical analysis, animals were sacrificed by
cervical dislocation, the brain was extracted and 1.5 mm-
diameter cortex biopsies from the injured region (or from
the control primary motor cortex) were obtained, sealed in
1.5 ml eppendorf tubes, and frozen in liquid nitrogen. For
histological analysis, animals were deeply anesthetized with 1
mg/kg body weight ketamine chlorhydrate and 0.5 mg/kg body
weight xylazine, and transcardially perfused with 1.5 ml/g of
ice-cold PBS and then with 1.5 ml/g of 4% paraformaldehyde
in 0.IM pH 7.4 phosphate buffer. Brains were thereafter
dissected out, post-fixed for 24 h in 4% paraformaldehyde,
and cryoprotected for 48 h with 30% sucrose in PBS before
being embedded in Optimum Cutting Temperature (OCT)
sectioning medium. Upon cryostat sectioning (40 pm thickness),
sections were collected from 0.75 mm caudally to the bregma
until 1.75 mm rostrally to the bregma, spanning the injury

site. Only sections corresponding to the middle part of the
injury site were considered, once those with obvious artifacts

had been discarded.

Real Time (RT)- Quantitative Polymerase
Chain Reaction (qPCR)

RNA was isolated from the ipsilateral and contralateral
cortical samples using the ISOLATE II RNA/DNA/Protein Kit
(Bioline) according to the manufacturer’s instruction. Reverse
transcription was performed with 0.75ug RNA using reverse
transcriptase (Promega), RNase Inhibitor (RiboLock, Thermo
Scientific), INTPs (Genaxxon), and random hexamers (Biomers).
qPCR was performed on the LightCycler 480II (Roche) with the
Power PCR SYBR green PCR master mix (Takara). 2 pl of cDNA
was used in a total volume of 10 pl (3 pl primer mix and 5 pl
of SYBR green) in a 96-well plate. The following parameters were
used for the amplification: Holding stage :95°C (30 s).

Cycling stage (40 cyles) : 95°C (5s) — 60°C (20 s);
melt curve stage : 95°C (10 s) — 60°C (60 s);

clooldown:hold 4°C. Samples were duplicated and the
housekeeping gene GAPDH was used as a control (for the
cytokine primer sequences see Supplementary Table 1). Data
were analyzed using the Cycler software and normalized to the
normalization factor according to the following equation: 2-ACt
(ACt = Cttarget gene—CtGapdh) = relative mRNA.

Western Blotting

Protein lysates were prepared using Radioimmunoprecipitation
assay (RIPA) buffer (150 mM NaCl, 10 mM Tris pH 7,6, 0,1%
SDS, 1% Triton X-100, 5 mM EDTA). Protease (Roche) and
phosphatase inhibitors (Sigma Aldrich) were added to the buffer.
Protein concentrations in the samples were determined using the
BiCinchoninic Acid (BCA) assay kit (Thermo Fisher Scientific).
The Protein samples (30 |Lg) were then run on an 10% gel
for 2 h at 60V and transferred to a nitrocellulose membrane
using semidry blotting method (Ouali-Alami et al., 2020). The
membranes were blocked for 1 h at room temperature with
5% skim milk powder or 5% BSA dissolved in Tris-Buffered
Saline-Tween (TBS-T), followed by an overnight incubation
of primary antibodies at 4°C: rabbit anti NAK/TBK1, 1:2,000
(Abcam); rabbit anti NAK/TBK1 (Ser 172), 1:2,000 (Abcam);
mouse anti-pB-Actin, 1:5,000 (CST); rabbit anti SQSTM1/p62,
1:2,000 (Abcam); rabbit anti phospho-SQSTM1/p62 (Ser403),
1:1,000 (GeneTex); rabbit anti STING, 1:1,000 (Cell signaling);
rabbit anti phospho-STING (Ser365), 1:1,000 (Cell signaling),
mouse anti PSD95, 1:1,200 (abcam) rabbit anti NR1, 1:1,000
(Sigma). The blots were then incubated in a secondary goat
conjugated IgG-HRP antibody (rabbit, mouse, or rat; depending
on the primary host) for 1 h at RT. The blots were visualized
(Enhanced chemiluminescence; ECL-immunodetection) using
BIORAD ImageLab (duration of exposure time 1-20 s). Samples
were corrected for background and quantified using BIORAD
Image Lab Software®5.0, following manufacturer’s procedures.
All values were normalized first to the housekeeping genes
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(B-actin) and then to their respective total protein. The list of
material used has been summarized in Supplementary Table 2.

Immunohistochemistry

Free-floating sections were blocked for 2 h at RT in 3%
BSA and 0.3% Triton in Phosphate-buffered saline (PBS) and
incubated with primary antibodies [rabbit anti-TMEM119; 1:100
(Abcam), mouse anti-CD11¢; 1:100 (Abcam), rat anti-CD169;
1:200 (BioLegend) rabbit anti-CD3; 1:100 (Abcam), mouse anti-
CD45; 1:500 (BD biosciences), mouse anti-CD68; 1:500 (Abcam),
mouse anti-CD317; 1:100 (R&D Systems), mouse anti-CS-56;
1:200 (Abcam), rat anti-GFAP; 1:200 (Thermo Fisher Scientific)],
mouse anti-NeuN; 1:100 (Millipore), for 48 h at 4°C. Sections
were washed for 3 x 30 min in PBS and incubated for 2
h at RT with secondary antibodies [Donkey anti-mouse 568,
1:500 (Invitrogen); Donkey anti-rat 488, 1:500 (Invitrogen);
Donkey anti-rabbit 568, 1:500 (Invitrogen)]; Donkey anti-mouse
647, 1:1,000 (Invitrogen) together with DAPI (1:1,000). After a
second round of washing (3 x 30 min in PBS), sections were
mounted with Fluorogold prolong antifade mounting medium
(Invitrogen). The list of material used has been summarized in
Supplementary Table 2.

Image Analysis

The images (2 x 2 tile) were acquired in 1024 x 1024 pixel 12-bit
format, using a Leica DMi8 microscope, equipped with an ACS
APO 40x oil objective. Imaging parameters were set to obtain
signals from the stained antibody while avoiding saturation.
To avoid fluorescence cross-bleed, all fluorescent channels were
acquired independently. All experiments included 3 animals
per group with 4 brain sections each, sampling the stab injury
site, were imaged. Confocal stacks (20 optical sections each)
were collapsed in maximum intensity projection pictures. For
quantification of TMEM119F, CD11c*, CD3%, CD45%, CD68™,
CD3177%, CD1691, and NeuN™ cells, images were subjected to
thresholding (based on the histogram of the images, with a value
cutting off the lower 20% of pixels) with the sole purpose of
objectively identifying “positive” from “negative” cells, and a
region of interest of 2 x 10* pm? located at the injury site was
selected. The ROI was positioned on the axis of the injury stab at
a constant distance from the pial surface, chosen so that the ROI
is located within layer II-TII.

In the region of interest, the absolute number of cells (each
cell identified by the presence of a DAPI-positive nucleus)
was manually counted and recorded for statistical analysis; we
defined as “cell density” the number of cells per area unit. For
quantification of CS-56 and GFAP images were subjected to
thresholding but, in contrast to the counts of microglial cells, the
cumulative positive area above the threshold was calculated (this
considering the scar area as the ultimate readout, irrespective of
the number of astrocytes composing it).

Statistical Procedures

All datasets were tested for normality by the Shapiro-Wilk test.
Outliers were screened by the ROUT algorythm with Q set at 1%.
No outlier was identified or eliminated during the data analysis.
For statistical analysis, one-way ANOVA was used for comparing

mean values that were considered significantly different. For
analysis of TMEM 119, CD169, and CDllc cells, one-way
ANOVA was used when the factors treatment (vehicle, AMX) vs.
injury (sham, TBI) were compared. Tukey’s post hoc comparison
was applied to take into account the multiple comparisons. Data
are presented either as the standard error of the mean (SEM) or
mean standard deviation (SD). Graph Prism software (GraphPad
Software Inc.) was used to perform statistical analysis. Detailed
statistics for each experiment are reported in Supplementary
Tables 2-10. The evaluation of the images and of expression
data was performed by two experiments (RR and LT), whereas
the treatment was performed by an independent experiment
(DW). The experiments involved in the analysis were blind to the
treatment group but were not blind to the presence/absence of
injury, since the lesion is obvious in the microscopy images.

RESULTS

Amlexanox Inhibits the Phosphorylation

of Tbk1 Substrates in the Brain

We set out to demonstrate target engagement by AMX, by
verifying that downstream substrates of Tbk1/IKK-¢ were down-
phosphorylated upon inhibitor treatment (Figure 1). Tbk1/IKK-¢
sport a very large set of substrates (Kim et al., 2013), many of
which relevant to inflammation and aging. We consider only
a small subset of them to confirm that AMX was penetrating
the brain parenchyma in concentrations sufficient to significantly
block Tbk1/IKK-¢ activity. First, we considered the total levels of
Stimulator of Interferon Genes (STING) protein and of STING
phosphorylated on Ser366 (pSTING), a site specifically targeted
by Tbk1 (Liu et al., 2015). pSTING (S366) showed a trend toward
reduced levels in AMX treated mice (subject to sham surgery
or Stab Wound Injury; SWI) (Figures 1A,B). Importantly,
total levels of STING were substantially increased by the AMX
treatment (irrespective of the injury status; Figures 1A,C; VH
Sham vs. AMX Sham: p = 0.0017, VH Sham vs. AMX SWI:
p = 0.0008, VH SWI vs. AMX Sham: p = 0.0293, VH SWI vs.
AMX SWI: p = 0.0122), in agreement with the role of Tbkl
in stimulating STING degradation (Prabakaran et al., 2018).
Opverall, the fraction of phosphorylated STING was decreased
to less than 50% of baseline (vehicle-treated, sham surgery
mice) upon AMX treatment (Figure 1D; VH Sham vs. AMX
Sham: p = 0.0028, VH SWI vs. AMX SWI: p = 0.0090).
Second, we monitored the total levels of p62 and the levels of
p62 phosphorylated on S403 (phospho-p62), which is another
typical phosphorylation target of Tbk1 (Matsumoto et al., 2015).
We observed in AMX treated mice a significant decrease in
phospho-p62 levels (Figures 1E,F) while observing at the same
an increase in total p62 levels (Figures 1E,G), corresponding to
the substantial decrease in the fraction of the total pool of p62
phosphorylated on S403, confirming the effective blockade of
p62 phosphorylation and its degradation upon AMX treatment
(Figures 1E,H; VH Sham vs. VH SWI: p = 0.0178, VH Sham vs.
AMX Sham: p < 0.0001, VH Sham vs. AMX SWI: p < 0.0001,
VH SWI vs. AMX Sham: p < 0.0001, VH SWI vs. AMX SWI:
p < 0.0001).
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FIGURE 1 | Amlexanox (AMX) reduces the phosphorylation of Thk1 targets STING and p62 upon Stab Wound Injury (SWI). Western blots of cortical biopsies (at
7 dpi) homogenates show trend toward decreased levels of phospho STING (A,B) but an increase in total STING levels (A,C), resulting in a significant decrease in
the fraction of phosphorylated STING (D). Likewise, levels of phospho p62 (E,F) were significantly decreased the AMX treatment (irrespective of SWI) whereas the
total amount of p62 was slightly increased (E,G), resulting in a substantial decrease in the fraction of phosphorylated p62 in the overall p62 pool (H). Levels of
phosphorylated Tbk1 were strongly increased in AMX-SWI samples (l,J) whereas total levels of Tbk1 were reduced in these samples (but slightly increased by AMX
or SWI alone) (K), resulting in a massive increase in the fraction of phosphorylated Tbk1 in the Tbk1 pool in AMX-SWI samples (L). n = 3 animals/group. Average
+ SEM; one-way ANOVA ns: not significant, *o < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; full statistical report in Supplementary Table 3; original full
uncropped WB in Supplementary File 1.

SWI-AMX samples (Figures 1LK; VH Sham vs. VH SWIL:
p = 0.0006, VH Sham vs. AMX Sham: p = 0.0006, VH
SWI vs. AMX SWIL p < 0.0001, AMX Sham vs. AMX
SWI: p < 0.0001). However, the ratio of phospho Tbkl/total
Tbkl was actually increased in presence of AMX (indicating
that a larger fraction of Tbkl was actually phosphorylated

Levels of phosphorylated Tbkl were not upregulated upon
SWI in vehicle-treated mice (Figures 1L,]) but were significantly
increased by AMX treatment, and even further in AMX-
SWI samples (Figures 1L]J). Interesting, total Tbkl levels
were upregulated by SWI in vehicle-treated mice as well as
in AMX-treated sham animals, but were downregulated in
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FIGURE 2 | Tbk1 blockade enhances the induction of CD11ct and CD169" microglia upon Stab Wound Injury (SWI). (A,B) AMX treatment caused the significant
elevation in TMEM119* microglial cells in the SWI injury site at 7 dpi. Co-immunostaining with makers of microglial subsets CD11c and CD169 revealed the massive
expansion of CD11c* microglia (disease associated microglia; DAM) as well as reactive CD11¢*/CD169% microglia. (n = 3 animals/group with 4 sections/animal.
Average + SD; one-way ANOVA with Tukey’s post hoc; ns: not significant, *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001; full statistical analysis in
Supplementary Table 4). Upper panel, low magnification; lower panel, high magnification. Scale bars (equal for both sets of panels) 200 wm.
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FIGURE 3 | Tbk1 blockade enhances the induction of CD317* interferon-stimulated microglia and CD68*+ phagocytic microglia. (A,C) AMX treatment substantially
increased the number of microglia TMEM1197 that expressed the interferon-induced CD317 marker upon SWI (at 7 dpi). (B,D) AMX upregulated the expression of
the phagocytosis marker CD68 in TMEM119+ microglia upon SWI. (0 = 3 animals/group with 4 sections/animal. Average + SD; two-way ANOVA with Tukey’s
post hoc; *p < 0.05, *p < 0.01 **p < 0.001, ***P < 0.0001; full statistical report in Supplementary Table 5). Upper panel, low magnification; lower panels,
insets at high magnification. Scale bars (equal for both sets of panels) 200 um.

Frontiers in Aging Neuroscience | www.frontiersin.org 39 July 2021 | Volume 13 | Article 684171


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Rehman et al. TBK1 Inhibition in TBI

A Veh Sham Veh SWI AMX Sham AMX SWI

DAPI/CD3/(

CD3/

B — [J VH Sham Fkkk
407 ek AHookokok EE VH SWI 40 p—_— —_—— L VH Sham
N B AMX SHAM I
£ 304 B AMXSWI E 4 R AMASEAM
1) & B AMX SWI
s o
T =
2 20 &
z G 20
o @
b ¥
-3
a 10+ L o |
a g 10
-l & a1 I

FIGURE 4 | Tbk1 blockade enhances infiltration of the Stab Wound Injury (SWI) by peripheral immune cells. (A) In AMX-treated animals (at 7 dpi), the SWI site
displayed a substantial increase in the density of CD45-bright cells including peripheral leukocytes; quantified in (B) and lymphocytes CD3* cells; quantified in (C);
average + SD; two-way ANOVA with Tukey’s post hoc (n = 3 animals/group with 4 sections/animal. ***p < 0.001, ***p < 0.0001; full statistical report in
Supplementary Table 6). Upper panel, low magnification; insets at high magnification. Scale bars (both sets of panels) 200 pm.

despite the decrease in total protein level) and in particular upstream kinases can still phosphorylate Tbk1 (Clark et al., 2009)
in AMX-SWI samples (Figures 1ILL; VH SWI vs. AMX Sham: and that although reduced in total quantity, remaining Tbk1 is
p < 0.0001, VH SWI vs. AMX SWIL p < 0.0001, AMX heavily phosphorylated. Taken together, these data show that a
SHAM vs. AMX SWI: p < 0.0001), suggesting that even if the substantial inhibition of the Tbkl pathway takes place in the
autophosphorylation ability of Tbk1 dimers is suppressed, other  brain upon systemic AMX treatment,indicating a substantial
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penetration of the brain by the drug and providing proof of
target engagement.

Tbk1 Inhibition Drives the Massive
Expansion of CD11c™*
Disease-Associated Microglia and the
Infiltration of Peripheral Immune Cells

Upon SWI

Next, we set out to evaluate the effect of Tbk1/IKK-¢
inhibition by AMX on the microglial response triggered by
SW injury (SWI). This injury model was chosen because
of its very high reproducibility in terms of injury severity
and location, and because of its established role for the
study of microglial and astroglial responses to injury. Mice
subject to SWI were treated with either vehicle or AMX (100
mg/kg) daily and were sacrificed at 7 dpi. Microglial cells
were identified by TMEM119 immunostaining (Bennett et al.,
2016). We also took into consideration two subpopulations of
microglia: TMEM 119%/CD11c™ cells (compatible with disease-
associated microglia, DAM; Keren-Shaul et al, 2017) and
TMEM119%/CD1697 cells (reactive microglia; Bogie et al., 2018).
In sham-operated animals, the density of microglial cells and
their subpopulations were comparable in vehicle- and AMX-
treated mice. When compared to sham mice, SWI caused
in vehicle-treated mice a strong increase in the number of
TMEM119™" microglial cells in the region surrounding the injury
site. Remarkably, in SWI mice treated with AMX, the microglial
density was substantially larger than in vehicle-treated mice
(Figure 2; VH Sham vs. VH SWI, VH Sham vs. AMX SWI,
AMX Sham vs. VH SWI, AMX Sham vs. AMX SWI: p < 0.0001,
VH SWI vs. AMX SWL p = 0.0006). Remarkably, TMEM
119%/CD11c microglia (almost undetectable in sham animals),
represented only a small fraction of total microglial cells in SWI-
injured mice but were more than fourfold more abundant in
SWI mice treated with AMX (Figure 2; VH Sham vs. VH SWI:
p =0.0216, VH Sham vs. AMX SWI: p < 0.0001, AMX Sham vs.
VH SWI: p = 0.0287, AMX Sham vs. AMX SWI: p < 0.0001, VH
SWIvs. AMX SWI: p < 0.0001).

Furthermore, we detected a massive (almost eightfold)
increase in the number of TMEMI119%/CD169% cells in
mice subject to SWI and treated with AMX (compared
to SWI mice treated with vehicle; Figure 2; VH Sham
vs. AMX SWI: p < 0.0001, AMX Sham vs. AMX SWIL
p < 0.0001, VH SWI vs. AMX SWI: p < 0.0001). Interestingly,
almost all TMEM1197/CD169%" cells (representing about
one-third of the total TMEM119" population) were also
CD11c" (although the opposite was not true, and almost one-half
of TMEM1197/CD11c" cells were CD169-), suggesting that a
distinct TMEM119" /CD11c*/CD169" phenotype was induced
by AMX treatment.

We further explored the diversity of the microglial response
triggered by SWI injury under AMX treatment by taking into
consideration the activation marker (Ajami et al., 2018; Olde
Heuvel et al., 2019) and interferon-activated (Polyak et al,
2013) gene CD317. CD317 is expressed at a very low level
(as detected by immunohistological techniques) in microglia

in sham-treated mice or even in vehicle-treated SWI mice
(Figure 3A; VH Sham vs. VH SWI: p = 0.0421, VH Sham vs.
AMX SWI: p = 0.0005, VH SWI vs. AMX SWI: p = 0.0223,
AMX Sham vs. AMX SWI: p = 0.0006). However, the density of
TMEM1197CD3177" cells was substantially increased in AMX-
SWI mice, indicating the interferon-driven massive activation
of microglial cells (Figure 3C). Moreover, a minor fraction of
microglial cells in the injury site in vehicle-treated mice were
positive for the DAM marker CD68, but their number was
significantly larger in AMX-treated SWI mice, representing the
majority of TMEM1197 cells (Figures 3B,D; VH Sham vs. VH
SWI: p = 0.0008, VH Sham vs. AMX SWI: p < 0.0001, VH SWI
vs. AMX Sham: p = 0.001, VH SWI vs. AMX SWI: p = 0.0044,
AMX Sham vs. AMX SWI: p < 0.0001).

Finally, AMX treatment upon SWI also resulted in a
significant increase (compared to SWI followed by vehicle
administration) in TMEMI119-/CD1lct or TMEMI119-
/CD169% cells, indicating that, besides the massive expansion
of DAM-like microglia and triple-positive microglia, AMX
treatment also resulted in a substantial increase in recruitment
of peripheral immune cells such as dendritic cells and
monocytes/macrophages (Figure 2). We further explored this
aspect by assessing the number of peripheral leukocytes and the
number of lymphocytes infiltrating the site of injury. In line with
the CD169 and CD11c data, we found that the SWI contained
very few CD45% bright cells at 7 dpi (Figures 4A,B; VH Sham
vs. VH SWI, p = 0.0002, VH Sham vs. AMX SWI: p < 0.0001,
VH SWI vs. AMX Sham: p = 0.0004, VH SWI vs. AMX SWI:
p = 0.0002, AMX Sham vs. AMX SWI: p < 0.0001), and almost
no CD3% lymphocyte in vehicle-treated mice (Figures 4A,C;
VH Sham vs. VH SWI, p = 0.0003, VH Sham vs. AMX SWI:
p <0.0001, VH SWIvs. AMX Sham: p = 0.0004, VH SW vs. AMX
SWI: p < 0.0001, AMX Sham vs. AMX SWI: p < 0.0001) (sham
mice displayed almost no CD45% or CD3™ cell, irrespective of
treatment), but their number was substantially higher in the
injury site of AMX-treated mice (Figure 4).

Tbk1 Inhibition by AMX Induces a
Disease-Associated Microglia-Like
Transcriptional Profile Upon SWI

To confirm and expand the characterization of the microglia
phenotype observed upon SWI and AMX treatment, we
performed targeted transcriptional profiling of the cortical
samples at 7 dpi. First, we considered a set of genes
characteristically upregulated (Cst7; Lpl; Clec7a; Ccl3; Ccl4; Prgn;
Csfl; Tlr4; 1113; Trem2) or downregulated (Tmem119; P2ry12;
Cx3cll; Csflr) in DAM (Keren-Shaul et al., 2017; Krasemann
et al., 2017). Notably, the expression of the DAM-associated
genes Cst7 (Figure 5A; VH Sham vs. VH SWIL: p = 0.0026),
Clec7a (Figure 5B; VH Sham vs. VH SWIL: p = 0.0003),
Ccl4 (Figure 5C; VH Sham vs. VH SWI: p < 0.0001), Prgn
(Figure 5D; VH Sham vs. VH SWI: p = 0.023), and Ccl3
(Figure 5E; VH Sham vs. VH SWI: p < 0.0001) was modestly
upregulated by SWI in vehicle-treated mice (compared to sham
controls). In AMX treated mice, expression of Cst7 (Figure 5A;
VH SWI vs. AMX SWI: p = 0.0026), Lpl (Figure 5F; AMX
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FIGURE 5 | Tbk1 blockade enhances the expression of genes associated with the Disease Associated Microglia (DAM) microglial phenotype after SWI. gPCR from
whole-biopsy homogenates were obtained from the injury site (or the corresponding anatomical location in sham mice) from animals treated with either vehicle or
AMX at 7 dpi. Among the DAM signature genes, upon SWI, AMX upregulated the expression of Cst7 (A), CCL4 (C), Progranulin (D), CCL3 (E), CSF1 (G), TLR4 (H),
and IL-13 (I). Among the genes characteristically downregulated in DAM, AMX substantially reduced the expression of P2ry12 (L) and TMEM119 (M). Notably, AMX
alone, with or without SWI, upregulated the expression of CSF1 (G), CSF1R (J), FIt3 (0) and FIt3R (P). No difference in expression levels was observed upon SWI
with or without inhibitor treatment in Clec7a (B), LPL (F), TREM2 (K), and CX3CR1 (N). (n = 3 animals/group with 4 sections/animal. Average + SD, plus individual
data points indicated; one-way ANOVA with Tukey post hoc; ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; full statistical report in

SWI vs. AMX SWI: p = 0.0164), Ccl4 (Figure 5C; AMX
SWI vs. AMX SWI: p = 0.0003), Prgn (Figure 5D; VH SWI
vs. AMX SWIL: p = 0.0232), Csfl (Figure 5G; VH SWI vs.
AMX SWI: p < 0.0001), Tlr4 (Figure 5H; VH SWI vs. AMX
SWL: p = 0.0049), 1113 (Figure 5I; VH SWI vs. AMX SWI:
p = 0.0283), and Csflr (Figure 5J; VH SWI vs. AMX SWI:
p < 0.0001) was substantially upregulated, and trends toward
upregulation were seen for Trem2 (Figure 5K; AMX SWI vs.
AMX SWI: p = 0.0001) (whereas Clec7a was not affected by
AMX). Conversely, P2ry12 (Figure 5L; VH SWI vs. AMX SWI:
p = 0.0056) and Tmem119 (Figure 5M; VH SWI vs. AMX

SWI: p = 0.0421) were significantly downregulated and Cx3crl
(Figure 5N; AMX SWIvs. AMX SWI: p = 0.0217) showed a trend
toward downregulation (whereas Csflr was upregulated). Thus,
the genes up- and down-regulated by AMX treatment showed
a strong resemblance with the expression fingerprint of DAM
microglia, supporting the hypothesis that AMX enhances the
induction of DAM-like cells upon SWI (since the transcriptional
profile is not completely matching the DAM genome-wide
characterization, we opt for the “DAM-like” definition). Of note,
TMEM119 mRNA was downregulated in AMX-treated SWI mice
but immunoreactivity for TMEM119 was still readily detectable
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(Figure 2), in agreement with previous observations of persisting
TMEM119 proteins when mRNA levels are reduced (Satoh et al.,
2016; Krasemann et al., 2017).

Upon closer inspection, we noticed that a subset of genes
(1113, Csfl, Csflr) was upregulated by AMX alone (in AMX-
treated sham-operated mice, compared to vehicle-treated mice
subject to either sham or SWI); actually, expression of Csflr
(Figure 5]) and Csf1 (Figure 5G) (inducers of CD11c™ microglia;
Wilodarczyk et al., 2019) was slightly decreased by AMX (while
still being substantially higher than in vehicle controls). We
further explored this apparent “priming” effect of AMX alone by
assessing the expression of Flt3 (Figure 50) and Flt3r (Figure 5P)
(characteristic of CD11c™ microglia (Immig et al., 2015). Most
notably, AMX increased the expression of both Flt3 and Flt3r
both in sham and SWI mice (compared to vehicle control), with
the little additional effect of the injury.

Thus, Tbk1/IKK-¢ blockade in SWI is associated with the
upregulation of DAM-like transcriptional profiles (in agreement
with the histological findings). Furthermore, Tbkl blockade
alone is sufficient to upregulate a few, but not all, genes associated
with CD11c™ microglia.

Tbk1/IKK-¢ Inhibition Upregulates
Inflammatory Cytokines but
Downregulates Chemokines in the
Cortex Subject to SWI

Having observed the massive upregulation of CD11ct microglia
density and its gene expression profile, as well as the enhanced
leukocytes and lymphocytes infiltration, in the injured cortex
of mice treated with AMX, we further explored if these
corresponded to a distinct neuroimmunological profile. To
this aim, we assessed the expression of 12 inflammatory and
immunomodulatory cytokines (Il-1b, Tnf-a, 1I-33, Ifn-b, II-6,
1I-17, 1-12, Ifn-g, 11-18, 1I-10, II-19, 1I-25) in cortical samples
obtained at 7 dpi from mice treated with vehicle or AMX
and subject to sham surgery or SWI (as above). Interestingly,
AMX treated significantly upregulated Il-33 (Figure 6A; AMX
Sham vs. AMX SWI: p = 0.0034) expression, whereas II-1b
(Figure 6B), 11-6 (Figure 6C), 11-18 (Figure 6D), and I1-25
(Figure 6E) were downregulated. Meanwhile, Tnf-a (Figure 6F;
VH Sham vs. VH SWI: p = 0.0119), 1I-6 (Figure 6C; VH
Sham vs. VH SWI: p = 0.0134) (and, as trend only, Ifn-b;
Figure 6G) were upregulated by SWI but unaffected by AMX.
Most notably, when AMX was administered to SWI mice, it
caused the massive elevation in lymphocyte-specific cytokines,
such as Ifn-g (Figure 6H; VH SWI vs. AMX SWIL: p = 0.0005),
1I-17 (Figure 6I; VH SWI vs. AMX SWI: p < 0.0001), and II-
19 (Figure 6]; VH SWI vs. AMX SWI: p = 0.0102) (only trends
were observed for I1-10; Figure 6K). Upon closer inspection, once
again we detected a significant effect of AMX alone in elevating
II-17 (Figure 6I) and Il-12 (Figure 6L) expressions already in
absence of SWI (II-12 was then actually downregulated by SWI).

Finally, we explored if the altered cytokine profile, including
pro- and anti-inflammatory changes, would affect the landscape
of chemokines involved in regulating inflammation and
chemotaxis. We assessed the expression of the C-C chemokines

Ccl2 (Figure 7A), Ccl5 (Figure 7B), Ccl7 (Figure 7C), Ccl3
(Figure 7D), Ccl9 (Figure 7E), Ccl12 (Figure 7F) as well as the
C-X-C chemokine Cxcll (Figure 7G) and the complement factor
C3 (Figure 7H). Whereas all these mediators were upregulated
by SWI (in vehicle-treated mice), AMX treatment exerted
a mainly suppressive effect, resulting in the downregulation
of Ccl3 (Figure 7D; VH SWI vs. AMX SWIL p = 0.0162),
Ccl7 (Figure 7C; VH SWI vs. AMX SWI: p = 0.0014), Ccl12
(Figure 7F), and Ccl5 (Figure 7B; VH SWI vs. AMX SWL
p < 0.0001) (as a trend, also for Ccl9 and Ccl2; Figure 7).
Surprisingly, Cxcll was strongly upregulated by AMX in SWI
mice (Figure 7G) (C3 expression remained unaffected by AMX;
Figure 7H). Thus, despite a substantial increase in inflammatory
cells and microglia and the upregulation of inflammatory
cytokines, AMX largely suppresses chemokine induction with
the notable exception of Cxcll (which rather corresponds to the
upregulation of I1-17).

The Expansion of CD11c™* Microglia Is
Reversed by AMX Withdrawal

Next, we explored if the AMX-induced altered expansion of
CD11ct and CD169" microglial subpopulations would result
in a persistent modification of the microglial populations.
To this aim, we subjected mice to SWI (or sham), treated
them with AMX or vehicle for 7 days but we sacrificed
the mice at 40 days, after 33 days of AMX wash-out.
We observed that microglial density was still significantly
higher in the injury site of AMX-treated mice compared to
vehicle-treated ones (Figure 8A; VH SWI vs. AMX SWIL
p = 0.0025). However, the density of TMEM1197" /Cdl1c™ cells
and TMEM1197/CD11c*/CD1697 cells was still higher than
in vehicle treated mice, but showed a lower absolute value
than at the 7 days timepoint (Figure 8B; TMEM119/CDl11c:
VH SWI vs. AMX SWI: p = 0.0003, TMEMI119/CD169:
VH SWI vs. AMX SWIL p < 0.0001). A similar situation
was observed when the AMX treatment was prolonged for
21 days and the mice were sacrificed 20 days after the
last dose. Thus, although the expansion of the microglial
population caused by the AMX treatment may be persistent,
the CD11ct and CD11c/CD169% phenotype may slowly vanish
upon AMX withdrawal.

Treatment With Tbk1/IKK-¢ Inhibitor
Results in Increased Astrogliosis,
Chondroitin-Sulfate Proteoglycans
Deposition and Loss of Post-synaptic
Proteins After SWI

Finally, we explored the consequences of the strongly enhanced
DAM-like phenotype and lymphocyte infiltration caused by
AMX in mice subject to SWI. First, we considered the
extent of astroglial scarring (Forstner et al., 2018; Frik et al,,
2018). We found that SWI induced a substantial increase in
GFAP™ astrocytes in and around the lesion site (Frik et al,
2018) at 7dpi, but also that astrogliosis was significantly increased
in AMX-treated mice (Figures 9A,D; VH SWI vs. AMX SWI:
p =0.0007). Likewise, the deposition of glycosaminoglycans such
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FIGURE 6 | Tok1 blockade induces a distinct inflammatory cytokines profile upon Stab Wound Injury (SWI). gPCR from whole-biopsy homogenates were obtained
from the injury site (or the corresponding anatomical location in sham mice) from animals treated with either vehicle or AMX at 7 dpi. AMX treatment after SWI
significantly upregulated the expression of IL-33 (A), IFN-y (H), IL-17 (I) and IL-19 (J). Interestingly, AMX after SWI (7 dpi) also significantly reduced the expression of
IL-18 (B), IL-18 (D), IL-25 (E). Notably, AMX alone, irrespective of concomitant SWI, substantially increased the levels of IL-17 mRNA (I). No difference in expression
levels was observed upon SWI with or without inhibitor treatment in IL6 (C), TNF alpha (F), IFN beta (G), IL10 (K), and IL12 (L). (7 = 3 animals/group with 4
sections/animal. Average + SD, plus individual data points indicated; two-way ANOVA with Tukey post hoc; ns: not significant, *p < 0.05, **p < 0.01, *p < 0.001,
4 n < 0.0001; full statistical report in Supplementary Table 8).

as in chondroitin sulfate proteoglycans (CSPG; as detected the
immunostaining with CS56 antibody) was massively expanded in
the lesion site of AMX-treated mice (Figures 9B,E; VH SWI vs.
AMX SWI: p = 0.0041). Second, we considered the consequences
of the DAM-like induction on neuronal and synaptic phenotypes.
The number of NeuN™t (neurons) cells per area unit was not
significantly affected by the SWI, either in vehicle or in AMX-
treated mice (Figures 9C,F). On the contrary, the amount of the
marker of excitatory postsynaptic structures PSD-95 (assessed by
WD in whole-cortical biopsy protein extract) decrease in AMX-
sham but showed a trend toward being further decreased in
AMX SWI samples (Figures 9G,H; VH Sham vs. AMX Sham:
p = 0.0018, VH SWI vs. AMX SWI: p = 0.0086). Likewise,
the NMDAR glutamate receptor subunit NR1 was reduced by
AMX alone as well as in AMX-SWI samples (Figures 9LJ; VH
Sham vs. AMX Sham: p = 0.0028, VH SWI vs. AMX SWI:
p=0.0052).

Thus, AMX treatment results in a substantial expansion of
astroglial and CSPG scar and a significant loss of synaptic
proteins, indicating an ultimately detrimental consequence of the
enhanced microglial inflammation and leukocyte infiltration.

DISCUSSION

Our findings show that acute blockade of Tbk1/IKK-¢ using
the small molecule AMX determines a substantial shift in the
neuroinflammation associated with SWI. We detected a massive
enhancement in the number and reactivity of microglial cells
with the appearance of large numbers of microglial cells with
phenotype (defined DAM-like) strongly resembling the DAM
described in Alzheimer’s disease and other aging-associated
neurodegenerative conditions. Furthermore, we observed a
substantial increase in the infiltration of peripheral lymphocytes
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FIGURE 7 | Tbk1 blockade modifies the chemokine profile after Stab Wound Injury (SWI) injury. gPCR from whole-biopsy homogenates were obtained from the
injury site (or the corresponding anatomical location in sham mice) from animals treated with either vehicle or AMX at 7 dpi. AMX strongly downregulated the
expression of CCL-5 (B), CCL-7 (C), CCL-3 (D), CCL-3 (E), CCL-12 (F) but not of CCL-2 (A), and strongly upregulated the expression of CXCL1 (G). Expression of
the complement factor C3 was unchanged (H). (n = 3 animals/group with 4 sections/animal. Average + SD, plus individual data points indicated; two-way ANOVA
with Tukey post hoc; ns: not significant, *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001; full statistical report in Supplementary Table 9).

and leukocytes, associated with a cytokine and chemokine profile
dominated by the upregulation of IL-17, IFN-gamma, and
CXCLI. Interestingly, AMX alone, without the application of
SWI, appeared to prime the immune response toward increased
reactivity, upregulating the levels of IL-13, IL-17, CSF1/CSFIR,
and FIt3/FIt3R. The ultimate impact of this increased activation of
microglia with DAM-like phenotype and lymphocyte infiltration
appears to be detrimental since it corresponded to a substantial
expansion of astrocytic and G scar. Thus, Tbk1/IKK-¢ inhibition
appears to lead to an increased inflammatory response with
enlarged astroglial scarring. It must be underscored that the
SWI model is especially suited to study glial responses to
injury and does not recapitulate the complexity of other TBI
conditions, such as blunt trauma with or without hematoma
and skull fracture.

In terms of molecular mechanisms, the dual inhibition Tbk1
and IKK-e¢ by AMX makes it not possible to disentangle the
contribution of either kinase. Nevertheless, both kinases display
a certain degree of convergence in terms of signaling cascades:
AMX treatment has been shown to result in a decrease in
canonical NF-kB signaling (Cheng C. et al., 2018; Moser et al,,
2019) as well as STING-dependent NF-kB activation (Balka et al.,
2020). Furthermore, Tbk1 and IKK-¢ are critical components of
the Interferon signaling cascade (Fitzgerald et al., 2003) as well as
in limiting the phosphorylation and the signaling through RIPK1
signaling (Lafont et al., 2018). Elucidation of any non-redundant
role of each kinase in the phenotype evoked by AMX is the object
of active investigation.

In terms of cellular mechanisms and interactions, AMX
displayed at least two remarkable effects in the SWI model
which may be implicated, possibly in cooperation, in this
overall detrimental effect: increased lymphocytes and monocytes
infiltration and, most notably, the induction of a DAM-like
(Tmem1197CD11ct as well as the Tmem119TCD11¢TCD1697)
phenotype in local microglia. Both effects seem to point toward
an enhancement of the reaction to the injury, in contrast to
the anticipated anti-inflammatory effects of AMX and of the
inhibition of Tbk1 and IKK-¢ (Figure 10A).

Which mechanisms may link the blockade of Tbk1 and IKK-
¢ to the increased infiltration of lymphocytes in the injury site?
Loss of Tbk1 alone has been previously associated with a reduced
threshold for lymphocytes activation, the generation of Thl and
Th17 subpopulations, and with the substantial enhancement of
IFN-gamma secretion (Yu et al., 2015), although, at the same
time, retention of lymphocytes in lymph nodes and reduced
brain inflammation was observed upon EAE induction in mice
lacking Tbk1 in lymphocytes (Yu et al., 2015). Notably, AMX
administration in the context of EAE also results in a decreased
activation of Thl and Thl7 and in the reduction of their
infiltration of the brain (Quan et al., 2019). In contrast, we do
observe an increase in lymphocyte trafficking in the CNS upon
AMX treatment, suggesting that the outcome of Tbk1l/IKK-¢
inhibition may be dependent on the type of injury and the timing
of administration (e.g., before injury or after). In fact, partial
deletion of Tbk1 alone is associated with enhanced inflammatory
profile in aging (Bruno et al., 2020) but reduces the microglial
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FIGURE 8 | Persistent effect of 7-days Tbk1 blockade on microglial DAM-like
phenotype after 33 days of washout. (A,B) Mice were subject to cortical SWI
injury and treated with AMX for 7 days; AMX was then withdrawn and mice
were sacrificed 43 days later (40 days after injury). In AMX-treated mice, even
after long wash-out, the density of CD11c¢* and CD169* microglia
(TMEM119%) remained significantly higher than in vehicle-treated animals.

(n = 3 animals/group with 4 sections/animal. Average + SD, plus individual
data points indicated; two-way ANOVA with Tukey post hoc; ns: not
significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****P < 0.0001; full
statistical report in Supplementary Table 10). Length of scale bars for both
low-magnification and high-magnification insets is 200 pm.
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FIGURE 9 | Tbk1 blockade enlarges the gliotic scar and amplifies the
deposition of CPSG at 7dpi after Stab Wound Injury (SWI). (A,D) The density
of reactive astrocytes (GFAPT) is substantially larger at 7 dpi in mice treated
with AMX for 7 days after SWI compared to vehicle-treated controls. (B,E)
The extent of the CSPG scar deposition (as revealed by immunostaining with
the CS-56 antibody) is substantially increased by the treatment with AMX for
7 days after SWI injury. (C,F) The density of NeuN" cells is unaffected by
either vehicle or AMX treatment. Western blots of cortical biopsies (at 7 dpi)
homogenates show decreased levels of (G,H) PSD-95 and (I,J) NR1. (n =3
animals/group with 4 sections/animal. n = 4 animals for the vehicle treated
group and n = 6 animals for the amlexanox treated group. Average + SD;
one-way ANOVA with Tukey post hoc; ns: not significant, *p < 0.05,

**p < 0.01, ***p < 0.001, ****P < 0.0001; original uncropped blots in
Supplementary File 2; full statistical report in Supplementary Table 11).
Length of scale bars for both low-magnification and high-magnification insets
is 200 pm.

Frontiers in Aging Neuroscience | www.frontiersin.org

46

July 2021 | Volume 13 | Article 684171


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Rehman et al.

TBK1 Inhibition in TBI

activation associated with neurodegeneration (Brenner et al,
2019). Furthermore, several of the cytokines upregulated upon
AMX treatment may be involved in the increased leukocytes
and lymphocytes infiltration. In fact, the induction of IL-17
may critically contribute to the recruitment of other leukocytes
through the elevation of the chemokine Cxcll (Wojkowska et al.,
2017). Additional cytokines upregulated by AMX, such as IL-13
and IFN-y appear to be able to enhance the secretion of IL-6
and TNF-a as well as the release of Nitric Oxide from microglia
(Quarta et al., 2021). We also identified a distinctive elevation
in IL-19 mRNA. This cytokine is known to be predominantly
secreted by microglia subject to inflammatory stimuli (such as
LPS), and to act back on microglia itself to reduce the induction
of inflammatory cytokines such as suppress IL-6 and TNF-a; it
is therefore thought to be induced by inflammation as part of a
negative feedback loop (Horiuchi et al., 2015).

One of the most striking effects of AMX treatment
in SWI is the enhancement of microglial (TMEM119T)
subpopulations highly expressing CD11c (TMEM1197CD11c™),
or CD169 (TMEMI119tCD169") and the double-positive
TMEM1197CD11cTCD169* subpopulation. These
subpopulations were barely detected in vehicle-treated SWI
samples but were substantially represented in the AMX
treated mice. TMEM119" CDI11lct microglia (which may
encompass more than one subset) has been recently identified
as DAM, a subpopulation characteristically associated with
neurodegenerative diseases (Keren-Shaul et al., 2017; Krasemann
et al, 2017; Cao et al, 2021) and white matter aging (Sato-
Hashimoto et al., 2019; Safaiyan et al., 2021). Expression profiling
of DAM has revealed the upregulation of genes involved
in lipid metabolism (most notably, ApoE) and apparently
reduced capacity for engulfment, phagocytosis and degradation
(Krasemann et al., 2017; Ulland et al., 2017). Although often
associated with degenerative processes (Deczkowska et al., 2018),
it has been reported to be involved in either protective processes
(such as amyloid plaque compaction in AD, debris clearing in
stroke or myelin damage; Cignarella et al., 2020; Meilandt et al.,
2020; Lee et al, 2021) or detrimental processes (Gotzl et al,
2019) depending on the pathological condition. On the other
hand, CD169 expression characterizes actively phagocytosing
cells (O'Neill et al., 2013); CD169 is normally not expressed in
microglia but a distinct population of CD169% microglia has
been associated with active phagocytosis of myelin and it is highly
pathogenic in EAE models (Bogie et al., 2018; Ostendorf et al.,
2021). Together the TMEM119" CD169" and the currently
uncharacterized population of TMEM119% CD11ct CD1697 are
anticipated to be associated with massive phagocytosis of neurons
and myelin in the site of injury (Figures 10A,B).

How does the inhibition of Tbk1 and IKK-¢ lead to induction
of a DAM-like phenotype in microglia? Several non-mutually
exclusive molecular pathways may be involved. Recent evidence
suggests a model in which Tbkl may suppress or limit the
appearance of a DAM-like phenotype in microglia in a cell-
autonomous way (i.e., independently of the increased leukocytes
infiltration). The DAM-like phenotype is dependent on the
activity of the RIPK1, and genetic or pharmacological inhibition
of RIPK1 prevents the upregulation of the DAM marker Cst7 and

reverses the compromised phagocytic/autophagic degradation
pathway (Ofengeim et al., 2017). Indeed, Tbk1 is one of the most
important upstream inhibitors of RIPK1, and phosphorylation
of RIPK1 by Tbkl on T189/T190 prevents RIPK1 activation
and genetic or pharmacological inhibition of Tbk1 results in an
enhanced RIPK1 pathway activation and microglial reactivity
(Xu et al., 2018). Moreover, both Tbkl and IKK-¢ are able to
phosphorylate Ik-B (leading to its degradation) and contribute
to the activation of NF-kB-dependent transcriptional responses
so that blockade of the two kinases would result in a decrease
in canonical activation of NF-kB in immune cells (Carr et al.,
2020); at the same time, upregulation of non-canonical NF-
kB signaling has been reported upon the Tbkl blockade (Jin
et al, 2012). Interestingly, loss of the p50 subunit of NF-
kB is associated with increased reactive microglial morphology
and enhanced secretion of TNF-a upon LPS challenge in aged
mice (Taetzsch et al., 2019), suggesting that reduced canonical
activation of NF-kB (like in case of AMX treatment) may also
translate into increased microglial reactivity. Third, a subset
of microglia in AMX-treated SWI mice display high levels
of CD317, a well-known type-I IFN-induced gene (Polyak
et al.,, 2013) suggesting the possibility that AMX may drive the
induction of an interferon-response microglial phenotype (Sala
Frigerio et al., 2019); however, these cells are relatively low in
absolute number and the levels of IFNb mRNA were not actually
modified. On the other hand, Tbkl phosphorylates STING and
Tbk1 and IKK-¢ are essential for its signaling through IRF3 and
NF-kB (Balka et al., 2020; Yum et al., 2021); in our experimental
conditions, we verified that AMX treatment reduced the levels
of STING phosphorylation. Recently it has been shown that
activation of STING signaling pathway in microglia is actually
responsible for a decrease in microglial reactivity (Mathur et al.,
2017); furthermore, microglia can undergo STING-dependent
apoptosis to limit IFN production during viral infections (Reinert
et al,, 2021). Therefore, loss of Tbk1/IKK-e-STING may actually
contribute to the enhanced microglial reactivity and increased
accumulation seen upon AMX treatment. Finally, contributions
to the induction of the DAM-like phenotype may be provided by
infiltrating lymphocytescytokines: IL-17 is well-known to induce
microglial activation (Chen et al., 2020), although the specific role
in the DAM phenotype is not yet clear.

Interestingly, some of the cytokines related to the pro-
inflammatory environment due to AMX appear to be elevated
already in sham-operated mice, independently of SWI. It is,
thus, conceivable that AMX alone may prime the inflammatory
state of microglia, with SWI triggering the DAM-like phenotype,
in a multi-step process reminiscent of what has been formerly
hypothesized in other conditions (Keren-Shaul et al., 2017).
Furthermore, the AMX-induced phenotype closely resembles
the one observed upon aging in white matter microglia. This
effect is also compatible with a role for the Tbkl pathway in
inflammaging (Franceschi et al., 2018) i.e., in driving low-grade
baseline inflammatory activation and in amplifying responses
upon injury (Xu et al, 2018; Bruno et al, 2020; Gerbino
et al., 2020). Although downregulation of TBK1 signaling takes
place in aging (Xu et al, 2018), it remains to be seen if
acute TBKI1 inhibition faithfully mimics the long-term decline
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in TBK1 activity in aging, and their associated inflammaging
phenotypes.

The ultimate role of DAM is currently the object of an ongoing
debate: when first identified, DAM was judged to be a beneficial
component of the response to AD-associated amyloid plaques,
and enhancement of DAM generation was hypothesized to be a
viable therapeutic strategy (Keren-Shaul et al., 2017; Deczkowska
et al., 2018; Ewers et al., 2020). On the other hand, the kinetics
of DAM appearance suggested that it may be a detrimental
component of neurodegeneration (Rangaraju et al., 2018). DAM
was shown to be involved in the removal of apoptotic neurons
(Krasemann et al., 2017), and therefore it would have a beneficial

role in tissue injury by removing debris. In the context of
acute injury, deletion of TREM2, which is normally involved
in the induction of reactive microglia and whose deletion is
anticipated to prevent such reactive phenotype (Nugent et al.,
2020), has been reported to be beneficial in traumatic brain injury
(Saber et al., 2017), implying a detrimental role. A similar effect
was reported in stroke models (Wu et al., 2017; Chen et al.,
2020). Our data seems to point to a similar detrimental role
of DAM-like microglia in SWI since the blockade of Tbk1 and
the massive expansion of the CD11lct microglia is associated
with increased deposition of CSPG and increased astrogliosis. To
date, individual immune peripheral and microglial contributions
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to this ultimate effect are to be investigated, since one of the
limitations of the present study is the use of a systemic inhibitor
of Tbk1/IKK-¢.

Although the induction of a DAM-like phenotype by AMX
in the context of SWI appears detrimental, as measured by the
larger astrocytic scar, the induction of a DAM phenotype as been
hypothesized to be beneficial in the context of Alzheimer Disease
(AD; Lewcock et al,, 2020). In AD, genetic variants reducing
TREM?2 signaling causes the reduced induction of DAM,
which normally surround amyloid plaques and display active
phagocytosis and lipid metabolism, with beneficial consequences
on synaptic loss, amyloid peptides burden and dystrophic
dendrites (Meilandt et al., 2020; Lee et al., 2021). Since TREM2
with reduced signaling appear to be risk factors for AD and are
associated with incomplete DAM induction, strategies have been
developed to upregulate TREM2 signaling using genetic (e.g., Lee
et al., 2018) or antibody (Cignarella et al., 2020; Lewcock et al.,
2020) approaches. In this context, our findings suggest that AMX
(and more broadly, the Tbk1/IKK-¢ inhibition) may contribute
to enhancing the induction of DAM. However, increased number
of DAM is actually associated with neurodegeneration upon
progranulin loss (Gotzl et al, 2019), implying that the effect
of AMX may be difficult to extrapolate, due to the beneficial
or detrimental effects of reactive microglia (Aguzzi et al., 2013)
and may be worth exploring in different disease models. It must
be noted that the conditions of acute damage with substantial
immune cells infiltration are not similar to those of chronic,
slowly progressive neurodegenerative conditions: thus, the actual
phenotype of microglial cells and their impact on the ongoing
pathogenic process may be highly disease- and stage-dependent
(e.g., Ouali Alami et al., 2018).
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A Shift in Tissue Stiffness During
Hippocampal Maturation Correlates
to the Pattern of Neurogenesis and
Composition of the Extracellular
Matrix

Youngjae Ryu'", Misato Iwashita’, Wonyoung Lee, Kenji Uchimura? and Yoichi Kosodo"*

"Neural Regeneration Lab, Korea Brain Research Institute, Daegu, South Korea, 2Unit of Glycobiology Structure and
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Aging changes the mechanical properties of brain tissue, such as stiffness. It has
been proposed that the maintenance and differentiation of neural stem cells (NSCs)
are regulated in accordance with extracellular stiffness. Neurogenesis is observed in
restricted niches, including the dentate gyrus (DG) of the hippocampus, throughout
mammalian lifetimes. However, profiles of tissue stiffness in the DG in comparison with
the activity of NSCs from the neonatal to the matured brain have rarely been addressed
so far. Here, we first applied ultrasound-based shear-wave elasticity imaging (SWEI) in
living animals to assess shear modulus as in vivo brain stiffness. To complement the
assay, atomic force microscopy (AFM) was utilized to determine the Young’s modulus
in the hippocampus as region-specific stiffness in the brain slice. The results revealed
that stiffness in the granule cell layer (GCL) and the hilus, including the subgranular
zone (SGZ), increased during hippocampal maturation. We then quantified NSCs and
immature neural cells in the DG with differentiation markers, and verified an overall
decrease of NSCs and proliferative/immature neural cells along stages, showing that
a specific profile is dependent on the subregion. Subsequently, we evaluated the
amount of chondroitin sulfate proteoglycans (CSPGs), the major extracellular matrix
(ECM) components in the premature brain by CS-56 immunoreactivity. We observed
differential signal levels of CSPGs by hippocampal subregions, which became weaker
during maturation. To address the contribution of the ECM in determining tissue stiffness,
we manipulated the function of CSPGs by enzymatic digestion or supplementation
with chondroitin sulfate, which resulted in an increase or decrease of stiffness in the
DG, respectively. Our results illustrate that stiffness in the hippocampus shifts due
to the composition of ECM, which may affect postnatal neurogenesis by altering the
mechanical environment of the NSC niche.

Keywords: mechanical property, dentate gyrus, adult neurogenesis, atomic force microscopy, ultrasound
microscopy, shear wave elasticity imaging, extracellular matrix, chondroitin sulfate proteoglycans
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Stiffness During Hippocampal Maturation

INTRODUCTION

Mechanical properties in the brain, including stiffness, are
defined by various heterogeneous components, such as neurons,
glial cells, vessels, the extracellular matrix (ECM), and interstitial
fluids (Franze et al., 2013; Javier-Torrent et al., 2021). Several
in vitro studies have shown that the proliferation, differentiation,
and migration of neural stem cells (NSCs), progenitor cells,
and post-mitotic neurons can be regulated depending on the
stiffness of the surrounding environment (Saha et al., 2008;
Leipzig and Shoichet, 2009; Rammensee et al., 2017). This has
been considered as one of the fundamental cell fate-determining
factors in neural development and neurological disorders (Barnes
et al., 2017; Abuwarda and Pathak, 2020; Hall et al., 2021; Javier-
Torrent et al., 2021).

NSCs are observed in specific areas in the mammalian brain,
such as the subventricular zone (SVZ) and the dentate gyrus
(DG) of the hippocampus, even in grown adults (Fuentealba
et al,, 2012; Bond et al, 2015). Among the NSCs observed in
the adult brain, some are in an active state, while most are
in a quiescent state (Urban et al., 2019). In the case of the
DG, neurogenesis occurs from glia-like NSCs, which are located
in the subgranular zone (SGZ). NSCs transform into neural
progenitor cells, which subsequently differentiate into granule
cells (Toni and Schinder, 2015; Toda et al., 2019). Previous
studies have reported on heterogeneous tissue stiffness in the
rodent hippocampus at the neonatal, juvenile, and adult stages
(Elkin et al., 2010; Antonovaite et al., 2021). Based on such
findings, it is deduced that the stiffness may be related to the
niche of NSCs and their activity, including the maintenance and
regulation of NSCs (Urban et al., 2019; Kobayashi and Kageyama,
2021). Indeed, it is reported that the mechanical stiffness of the
stem cell niche in the SVZ can regulate NSC activity (Kjell et al.,
2020). However, the following major questions remain to be
addressed: (1) Does a shift in hippocampal stiffness correlate
to the differentiation status of NSCs in vivo?; and (2) What is
the principal component that determines tissue stiffness in the
hippocampus?

As a technical aspect, atomic force microscopy (AFM) is
generally employed to determine the Young’s modulus as the
stiffness in local brain regions at both the embryonic (Iwashita
et al.,, 2014; Nagasaka et al., 2016) and adult (Elkin et al., 2007;
Luque et al., 2016; Antonovaite et al., 2018) stages. However,
tissue slices are required to measure stiffness using AFM, which is
a limitation for live animals. Recently, a method using ultrasound
(US) has emerged to assess the shear modulus as stiffness in
living animals. An acoustic radiation force (ARF) generated
by a focused US beam induces shear waves inside the body,
which allows for the measurement of the shear modulus in vivo
(Doherty et al., 2013; Kuo et al, 2017). Using shear-wave
elasticity imaging (SWEI), researchers showed that the shear
modulus of a rodent brain is different depending on the brain
region (Mace et al., 2011) and the age [4 vs. 11 months (M); Lay
et al., 2019].

The hippocampus shows more abundant ECM expression
levels than other regions (Dauth et al,, 2016). It is reported
that ECMs, such as hyaluronan and proteoglycan link protein 1

(Haplnl) and proteoglycans, are progressively upregulated
over the aging process in rodents (Elkin et al., 2010; Vegh
et al, 2014). Among those ECMs, particularly, chondroitin
sulfate proteoglycans (CSPGs) are known to be abundant ECM
components in developing nervous tissue and have been shown
to be related to tissue stiffness in Xenopus brains (Koser et al.,
2016). Moreover, CSPGs are highly expressed in neurogenic
niches and promote hippocampal neurogenesis (Yamada et al,,
2018). However, the role of CSPGs associated with hippocampal
tissue stiffness has not been investigated so far.

Therefore, in this study, we examined the stiffness of the
mouse brain at various time courses during maturation and
observed the differentiation status of NSCs as well as immature
neural cells. To suggest a correlation between the mechanical
properties and pattern of neurogenesis, we observed subregions
of the DG separately. Furthermore, we explored the transition
and function of CSPGs in the hippocampus to find out their
relevance for maturation-dependent changes in brain-tissue
stiffness.

MATERIALS AND METHODS

Experimental Animals

All the experiments were performed according to the guidelines
of the Korea Brain Research Institute (KBRI) animal care and
use committee. Animal experiments and related activities were
approved by this committee (IACUC-20-00052). A total of
79 C57BL/6 mice were used in this experiment (purchased from
OrientBio, South Korea, or bred at the KBRI). We used 38 male
mice for AFM experiments, while both male and female mice
were mixed randomly for other analyses. The day of birth was
defined as postnatal day 0 (P0). We prepared the following time
points for mice in this study: P1, P8, P15, P22, P31, 2-4 M, and
9-10 M. The animals were housed in a 12-h light/12-h dark cycle
under controlled temperature (23-25°C). Food and water were
supplied ad libitum.

US-Based SWEI

Mice were anesthetized using sodium pentobarbital (50 mg/kg
dose, intraperitoneal injection; Entobar, Hanlim Pharm., Seoul,
South Korea). With the mouse in the prone position, the head
of the animal was shaved appropriately, then the skull was
gently opened from the Lambda to the Bregma suture point to
expose the hippocampal region. After surgery, ultrasound gel
(Aquasonic 100, Parker laboratories Inc., Fairfield, NJ, USA) was
sufficiently placed onto the opened skull. For US imaging, we
used PROSPECT T1 high-frequency US micro-imaging system
(S-Sharp Corporation, Taiwan). First, we checked the correct
position and the hippocampus area with B-mode imaging.
Then, we attached an external radiation force transducer with
an independent pulse generator and changed to the ARF
mode to obtain the shear modulus. Information detailing the
calculation of US-based elasticity can be found in the study
of Mace et al. (2011) and the manufacturer'. US-SWEI was
repeated four times using the same conditions for each animal.

Thttps://www.s-sharp.com
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The parameters for the US navigation using the transducer
probe were a broadband of 40.0 MHz, a 20-Hz frame rate,
30-pm resolution, and a dynamic range at 50 dB. For the
ARF mode, we set the parameters at a 20.0-MHz push
frequency, a 40.0-MHz detect frequency, and a 4,000 push
cycle with a 200 pm duration and 190 pwm intervals. After
the US images were taken, mice were sacrificed by cervical
dislocation.

Acute Brain Slice Preparation and AFM

Measurement

Mice were deeply anesthetized with intraperitoneal injections
of sodium pentobarbital. Immediately after the brain was
dissected out, we performed vibratome sectioning. The mouse
brains were cut into 300-pwm-thick whole coronal sections
in ice-cold slicing artificial cerebrospinal fluid (aCSF; sucrose
175 mM, glucose 11 mM, NaCl 20 mM, KCl 3.5 mM,
NaH,PO,4 1.25 mM, NaHCO; 26 mM, and MgCl, 1.3 mM)
using a vibratome (VT1200S, Leica Biosystems, Richmond,
IL, USA). Acute slices were incubated in slicing aCSF for
45 min on ice, then transferred to measuring-aCSF buffer
(glucose 11 mM, NaCl 120 mM, KCl 3.5 mM, NaH,PO4
1.25 mM, NaHCOj3 26 mM, MgCl, 1.3 mM, and CaCl, 2 mM)
on a 35-mm poly-D-lysine-coated dish prior to indentation.
The measurement of brain tissue stiffness was performed as
previously described (Iwashita et al., 2020). Briefly, we used an
AFM (Bioscope Resolve, NanoScope 9.4, Bruker, Billerica, MA,
USA) mounted on an inverted microscope (ECLIPSE Ti2, Nikon,
Japan). A tipless silicon cantilever with a 20-um borosilicate
bead (Novascan, Ames, IA, USA) was attached. The spring
constant of the cantilever was calibrated using the thermal
noise method in air. We chose cantilevers with the same spring
constant (nominal value: 0.03 N/m; actual value: 0.07 N/m).
The applied force was 10 nN. The specific parameters for the
AFM measurement were a ramp size of 10 pm, a ramp rate
of 1.0 Hz, a forward and reverse velocity of 20.0 pm/s, a
sample Poisson’s ratio of 0.5, and a bead radius of 10.0 pm.
The measurement was made under physiological conditions
(37°C) for the acute slices. The force curves were acquired
using the contact mode. To determine the right positions and
region of interests (ROIs), bright field images were acquired by
a CMOS camera (ORCA-Flash4.0, C13440-20CU, Hamamatsu,
Japan).

Manipulation of CSPGs

To induce the degradation of CSPGs, chondroitinase ABC
(chABC; Sigma C3667) was used. Acute brain slices obtained
from P8 were incubated with 2.5 unit/ml of chABC in
measuring-aCSF buffer for 3 h at 25°C (Miller et al., 1997),
then washed out with measuring-aCSF buffer to remove enzyme.
Chondroitin sulfate (CS; Sigma C4384) was applied to acute
brain slices in measuring-aCSF buffer (5 and 15 mg/ml) for
3 h at 25°C (Walz et al, 2002), then washed out with
measuring-aCSF buffer to remove the CS that remained in the
buffer. For the AFM measurement, the chABC or CS-treated
slice was placed on 35-mm poly-D-lysine coated dish and kept
in measuring-aCSF buffer prior to indentation. Brain slices

untreated with either chABC or CS were used as a control for
each experiment.

Immunohistochemistry and Tissue Imaging
The P22, P31, and adult mice were deeply anesthetized with
sodium pentobarbital and transcardially fixed with a 4%
paraformaldehyde (PFA) solution. In the P1, P8, and P15 mice,
the brain tissues were directly collected and immediately
immersed in the PFA solution. The brain tissues were post-fixed
in a 4% PFA solution for an additional 24 h at 4°C and
soaked in a 20%-sucrose solution overnight. The tissues were
cryosectioned into 30-pm-thick slices (Leica CM1520 cryostat,
Leica Biosystems, Richmond, IL, USA). The tissue sections
were incubated in a 2% BSA/0.1% Triton-X 100 solution for
the blocking procedure, followed by incubation with diluted
primary antibodies overnight. We used the following primary
antibodies for immunostaining: anti-glial fibrillary acidic protein
antibody (GFAP; mouse, 1:500, G3893, Merck Millipore, USA),
anti-Sox2 antibody (rabbit, 1:300, AB5603, Merck Millipore,
USA), anti-doublecortin antibody (DCX; rabbit, 1:500, #4604,
Cell Signaling Technology, MA, USA), anti-Ki-67 antibody
(Ki67; mouse, 1:500, #550609, BD Bioscience, USA), and
anti-CSPG (CS-56; mouse, 1:300, ab11570). On the following
day, the sections were incubated with secondary antibodies
(Alexa Fluor 488 and 568 for each species-matched type,
1:500, Thermo Fisher Scientific, USA) and 4',6-diamidino-2-
phenylindole (DAPI; 1:1,000, Merck Millipore, USA) for 2 h.
All tissue images were acquired using a confocal laser scanning
microscope (TCS-SP8, Leica Biosystems, Richmond, IL, USA)
and an upright confocal laser microscope (A1R-MP, Nikon,
Japan). Z-stacked images were used for further analysis using five
z-planes in 3-4 pm intervals.

Data and Image Analysis

For US image analysis, we manually drew an ROI, and the shear
modulus was calculated using PROSPECT software (S-Sharp
Corporation, Taiwan). The targeted ROI areas were one of left
or right hippocampus and the paired side of cortical region.

The AFM data were calculated using Nanoscope Analysis
1.9 software (Bruker, Billerica, MA, USA). The obtained force
curves were adjusted to the baseline of each sample and analyzed
to calculate Young’s modulus fit with the Hertzian model.

The brain tissue image analysis for cell counting and
immunoreactivity of CS-56 was done using Image] (NIH, MD,
USA) and Leica application suite X software (LAS X; Leica
Biosystems, Richmond, IL, USA). The ROI area of the stained
tissue was the DG in the hippocampus, and each sample of ROIs
was analyzed using consequential tissue sections (mouse Bregma
—1.70 mm to —2.20 mm).

Statistical Analysis

All statistical analyses were performed using GraphPad Prism
software (Version 9, GraphPad Software, San Diego, CA, USA).
Statistically significant differences were determined by the
student’s two-tailed -test and a one-way or two-way analysis of
variance (ANOVA) with post hoc Bonferroni test for correction
of multiple comparisons. Results with p < 0.05 were considered
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to be statistically significant. The error bars in the figures denotes
the standard error of the mean (SEM).

RESULTS

Mechanical Properties of the Mouse
Hippocampus and Cortex During
Maturation as Evaluated by SWEI and AFM

To assess the mechanical properties of the brain tissue in live
animals, we first applied US-based SWEI to mice of various
ages, from P8 to grown adults (2-4 M and 9-10 M). The
shear wave propagation generated by the ARF using a focused
US beam shows reliable and consistent results to quantify the
shear modulus as in vivo stiffness of the brain tissue, including
humans and rodents (Mace et al., 2011; Tzschatzsch et al.,
2018). From B-mode imaging, we identified the hippocampal and
cortical (somatosensory) regions. Then, the ROIs were manually
determined to calculate the shear modulus (Figure 1A). The
shear modulus of the hippocampi and cortices in the adult
mice (2-4 M) were 16.0 £ 0.6 kPa and 13.9 + 0.7 kPa,
respectively, which were in the comparable range of previously
reported rodent brains (Mace et al., 2011; Lay et al., 2019).
Notably, we found that the shear modulus of the P8 hippocampus
(9.3 £ 0.5 kPa) and the cortex (9.2 £ 0.4 kPa) was significantly
lower than at other ages (n = 4 for each group, two-way ANOVA;
Figure 1B). Compared to 2-4 M mice, we observed a decreased
shear modulus of the hippocampus in older mice (9-10 M;
11.8 £ 1.1 kPa) while a similar level in the cortex (14.1 & 0.7 kPa),
which was consistent with previous reporting (Lay et al., 2019).
However, we did not observe significant differences between the
shear modulus of the hippocampal and cortical regions in any
groups.

To determine the subregional stiffness of the hippocampus, an
AFM measurement was performed along the maturation course.
AFM analysis is widely used for measuring the Young’s modulus
for stiffness in biological samples, including brain tissue, and is
considered a current gold standard method (see “Introduction”
section). Since AFM-based stiffness measurement is hardly
applicable to live animals, we prepared ex vivo acute brain slices
to acquire the Young’s modulus from the neonatal (P1) to adult
stages (2-4 M and 9-10 M). For indentation, we determined
ROIs in the DG of the hippocampus where newborn neurons
are observed in adult mice (Figure 2A), and then subdivided the
DG regions into the granule cell layer (GCL), the hilus including
the SGZ (SGZ+HL), and the crest (Amaral, 1978; MacLennan
et al,, 1998). The Young’s modulus of the somatosensory region
in the cortex was measured as a reference. We found that
the stiffness in all subregions of the hippocampi and cortices
tested here increased during maturation (n = 3 for PI, P31,
2-4 M, and 9-10 M, n = 4 for P8, P15, and P22, one-way
ANOVA; Figure 2B and Table 1). A slight decrease in Young’s
modulus was observed in the cortex in older mice (9-10 M).
Notably, we recognized that the stages when stiffness reached
a plateau differed among subregions in the hippocampus. In
the case of the GCL, the stiffness increased gradually from P1
(140 = 22 Pa) to P22 (386 =+ 12 Pa) with significant differences.

There were no significant changes from P22 to 9-10 M. Similarly,
in the SGZ+HL and crest, stiffness started around 140 Pa at P1,
significantly increased along with age, and reached its peak at P31
(418 4 58 Pa) for SGZ+HL or 2-4 M (442 =+ 37 Pa) for the crest
(Figure 2B). Taking the result of the US-based SWEI and AFM
analysis together, it can be commonly indicated that the stiffness
of hippocampal tissue increases from the neonatal to the early
adult stage. Furthermore, time courses of the shift in mechanical
environments have specific profiles among subregions in the DG
along the maturation course.

Cell Type Populations in the Specific
Neural Differentiation Phase at Various
Postnatal Stages in the DG of the

Hippocampus

Next, we analyzed the activity of NSCs using neurogenesis
markers to address the relationship with mechanical
characteristics of the hippocampus. Using PFA-fixed brain
sections, we examined the expression of Ki-67, a proliferative
cell marker, and doublecortin (DCX) for defining immature
neuronal cells (Figure 3A; Rao and Shetty, 2004). The number
of Ki-67-positive cells in the DG was higher at neonatal stages
(P1 and P8), then decreased during maturation. The Ki-67-
labeled cells were mostly downregulated by the P31 stage,
showing a similar level to adult brains (n = 3 for each group,
left graph: one-way ANOVA, right graph: two-way ANOVA;
Figure 3B). The number of Ki-67/DCX-double-positive cells
peaked at P8, then decreased in later stages (left graph: one-way
ANOVA, right graph: two-way ANOVA; Figure 3C). It is
noteworthy that the Ki-67-positive cells and Ki-67/DCX-double-
positive cells were located significantly more in the SGZ+HL
than in the GCL at P1, but the population densities reversed
at P8. After the P8 stage, the Ki-67-positive and Ki-67/DCX-
double-positive cells were located more in the SGZ+HL than the
GCL, or were similar between the two regions.

In order to assess the population of NSCs in the DG, we
counted GFAP and Sox2 in each postnatal group (Figure 4A).
Sox2 is a transcription factor expressed in multipotent NSCs
(Ellis et al., 2004), while primitive radial glia-like NSCs are
double positive for GFAP and Sox2 (Sachewsky et al., 2014).
As expected, the total population of Sox2-labeled cells in the
DG gradually decreased after P1. At the P1 and P8 stages, the
number of Sox2-positive cells in the GCL was significantly higher
than the SGZ+HL. Notably, it was observed that the number
of Sox2-positive cells in the GCL became fewer than in the
SGZ+HL at P15 and P22 (n = 3 for each group, left graph:
one-way ANOVA, right graph: two-way ANOVA; Figure 4B).
We found that the number of Sox2/GFAP-double-positive cells
in the DG was lowest at P8 among the early postnatal stages
(P1 to P22). Similar to the pattern of Ki67/DCX-double-
positive cell populations, the Sox2/GFAP-double-positive cells
were significantly increased in the SGZ+HL compared to the
GCL after P8 (n = 3 for each group, left graph: one-way ANOVA,
right graph: two-way ANOV A; Figure 4C).

Regarding the adult stages tested in this study (2-4 M and
9-10 M), neither the staining patterns nor the quantification
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FIGURE 1 | US-based shear-wave elasticity imaging (SWEI) to living post-natal mouse brain during maturation. (A) Top: representative B-mode image and regions
of interest (ROIs; adult stage; blue-dotted line: somatosensory cortex; yellow-dotted line: hippocampus), bottom: shear wave propagation visualized by acoustic

radiation force (ARF) mode. Scale bar: 2 mm. (B) Comparison of shear modulus obtained at various postnatal stages (black-round plots: cortex; blue-square plots:
hippocampus). *p < 0.05, *p < 0.01.
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FIGURE 2 | Spatiotemporal shift in stiffness in the dentate gyrus (DG) as examined by atomic force microscopy (AFM). (A) The representative cortical and
hippocampal areas under a bright field microscope (P8 stage). Rectangles indicate the ROIls for AFM measurement. Ctx, cortex; GCL, granule cell layer; SGZ,
subgranular zone; HL, hilus. Scale bar: 200 um. (B) The bar graph with plots presenting Young’s modulus in various subregions (black-round plots: cortex;
blue-square plots: GCL; magenta-triangle plots: SGZ+HL; green-inverted triangle plots: crest of the DG). “o < 0.05, *p < 0.01, **p < 0.001.

of used markers (Ki-67/DCX or Sox2/GFAP) were different  the DG occurs differently among the hippocampal subregions
between the groups (only data for 2-4 M is shown). Our  during brain maturation, especially in the stages between
quantitative analysis indicates that postnatal neurogenesis in ~ P1and P22.
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TABLE 1 | Summary of the atomic force microscopy (AFM) measurements.

P1(n=3) PS8 (n = 4) P15 (n = 4) P22 (n =4) P31 (n=3) 2-4M (n = 3) 9-10M (n = 3)
Cortex 255+ 14 Pa(15) 244+ 10Pa(20) 390 + 9 Pa (20) 433+ 18Pa(20) 541 +35Pa(15) 537 +34Pa(l5) 447 +26Pa(15)
GoL 140 £ 22 Pa(15)  196+12Pa(20) 287 £23Pa(20) 386+ 12Pa(20) 394 +44Pa(14) 337 +31Pa(15 434 +37 Pa(15)
SGZ+HL 136+ 9Pa(15) 188+ 11Pa(20)  268+31Pa(20) 255+12Pa(20) 418+58Pa(15) 386 +45Pa(15) 451 +55Pa(13)
Crest 149 + 15Pa(14) 230+ 13 Pa(9) 269+ 10Pa(20) 293+ 16Pa(20) 310+ 30Pa(15)  442+37Pa(15) 374 +27 Pa(15)

*The “n” indicates the number of animals as well as the number of measured slices (one slice from each animal). **Italicized figures: number of measured points
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FIGURE 3 | The expression of Ki-67 and DCX in the DG. (A) Representative immunostaining images for Ki-67 (green), DCX (red), and DAPI (blue) at various
postnatal stages. Arrows indicate Ki-67/DCX-double-positive cells. Scale bar: 200 wm. (B) Left: the number of Ki-67-positive cells in the DG in each section. Right:
comparison of Ki-67-positive cells in the GCL and SGZ+HL area. (C) Left: the number of Ki-67/DCX-double-positive cells in the DG in each section. Right:
comparison of the double-positive cells in the GCL and SGZ+HL area (blue-square plots: GCL; magenta-triangle plots: SGZ+HL). *p < 0.05, **p < 0.01,

The Role of CSPGs in Determining Tissue
Stiffness in the DG During Hippocampal
Maturation

To explore the factors accounting for the shift in brain tissue
stiffness during maturation, we examined the immunoreactivity
of CS-56 antibody, which recognizes the specific oligosaccharide
structure containing both Cé6-sulfation and C4-sulfation in
CSPGs (Miyata and Kitagawa, 2016; Figure 5A). We found that
CS-56 immunoreactivity was significantly higher in the SGZ+HL
than the GCL at the P1 and P8 stages (n = 3 for each group,
two-way ANOVA; Figure 5B), exhibiting a gradual decrease
during maturation toward the adult stages (only data for 2-4 M
is shown). The result implies that CS-56-positive CSPGs are
enriched in the early postnatal stages when the hippocampal
tissue shows softer stiffness and has more NSC population
in the DG.

For further investigation of the link between CSPGs and
stiffness in the DG, we manipulated the molecular functions of
CSPGs in tissue combined with the stiffness measurement by
AFM. First, we applied chABC to enzymatically degrade CSPGs

in the slice of P8 brain at the stage when a higher level of CS-56
immunoreactivity was observed. Subsequent AFM measurement
revealed that stiffness in both the GCL and SGZ+HL was
significantly increased in chABC-treated brain slices (n = 3 for
each group, unpaired ¢-test; Figure 5C and Table 2A). Next, we
treated the P8 brain slices with excessive CS, as performed in the
developing Xenopus brain to decrease tissue stiffness (Koser et al.,
2016). We observed that stiffness in both the GCL and SGZ+HL
was decreased in CS-treated brain slices in a concentration-
dependent manner (n = 3 for control and 15 mg/ml of CS and
n = 2 for 5 mg/ml of CS, one-way ANOVA; Figure 5D and
Table 2B). These results imply that CSPGs serve a critical role
in determining tissue stiffness in the DG during hippocampal
maturation.

DISCUSSION

In the present study, we focused on the mechanical properties
of the hippocampus, especially stiffness in the DG along with
the time course of tissue maturation at various postnatal stages.
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comparison of the double-positive cells in the GCL and SGZ+HL area (blue-square plots: GCL; magenta-triangle plots: SGZ+HL). *p < 0.05, **p < 0.001.

P1 P8 P15 P22 P31

2-4M

o
<
o

B c D

S e B GCL GCL SGZ+HL GCL SGZ+HL

< A SGZ+HL

1 . 400 * 400 * a0 —- X 4007 —=

% g £ £ g

E‘ 204 2 300 " 5 300 8 300 2 300

£ E| - 3 E 3

T 204 £ £ £ g 200

8 o0 0 ) o

P o o (=] o

2 1o H 5 ] S 100

2 2 L 2 2

E o P2 RPN

= Pi P8 P15 P22 P31 24M &° Qé‘ é@

o & &

K3 AR
cs cs

FIGURE 5 | The transition of CSPGs in the DG during maturation and the shift in stiffness by CSPG manipulation. (A) Representative immunostaining images for
CSPGs using CS-56 antibody (green) and DAPI (blue) at various postnatal stages. The white-dotted lines represent the border between the GCL and SGZ+HL area.
Scale bar: 200 wm. (B) The bar graph with plots presents a quantitative analysis of the immunoreactivity of the CSPGs in the GCL and SGZ+HL area (blue-square
plots: GCL; magenta-triangle plots: SGZ+HL). (C) The bar graph with plots presents a quantitative analysis of the stiffness in the GCL and SGZ+HL area treated with
chABC (blue-square plots: GCL; magenta-triangle plots: SGZ+HL). (D) The bar graph with plots presents a quantitative analysis of the stiffness in the GCL and
SGZ+HL area treated with CS. Final concentrations supplied in the buffer are indicated. *p < 0.05, ***o < 0.001.
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TABLE 2 | Summary of the AFM measurements with chondroitin sulfate proteoglycan (CSPG) manipulation.

(A) Young’s modulus of the chABC-treated tissue

GCL SGZ+HL
Control (n = 3) chABC (n = 3) Control (n = 3) chABC (n = 3)
152 4+ 16 Pa (15) 211 + 17 Pa (15) 176 + 17 Pa (15) 217 + 7 Pa (15)
(B) Young’s modulus of CS-treated tissue
GCL SGZ+HL
Control (n = 3) 5mg/ml(n=2) 15 mg/ml (n = 3) Control (n = 3) 5mg/ml(n =2) 15 mg/ml (n = 3)
200 +£ 17 Pa(17) 133 + 8 Pa(10) 63 +5Pa(17) 243 + 15 Pa (15) 129 £ 17 Pa (10) 98 + 14 Pa (14)

*The “n” indicates the number of animals as well as the number of measured slices (one slice from each animal). **ltalicized figures: number of measured points

For this purpose, we used US-based SWEI and AFM to quantify
the in vivo shear modulus and the ex vivo subregional Young’s
modulus, respectively. Also, we compared the population and
differentiation of NSCs in subregions of the hippocampus
at the time points when stiffness measurements were taken.
Furthermore, we addressed the transition profile and role of
CSPGs as the major factor in determining hippocampal tissue
stiffness. Together, our work uncovered the relevance between
spatiotemporal stiffness and the significant potency of the ECM,
which may regulate NSC activity in the hippocampus.

SWEI allows for assessment of the shear modulus as intact
tissue stiffness using ARF generated by a push transducer.
Recently, SWEI has been widely used for evaluating stiffness
in vivo, including musculotendinous tissues (Kammoun et al.,
2019). Our results pertaining to cortical and hippocampal tissue
stiffness are in a comparable range to other studies that used
SWEI in adult rodents (within 10 £ 7 kPa; Mace et al,
2011; Lay et al., 2019). However, these results are not of the
same order of magnitude as the Young’s modulus acquired by
AFM-based indentation assessment for the same tissue (ranged
within 1 & 0.5 kPa), which are in agreement with the values of
previous reports on post-natal mouse brains (Elkin et al., 2010;
Iwashita et al., 2020; Antonovaite et al., 2021). A possible way
to account for this difference is that amputation of stiffer tissue
components, such as vessels and axons, by slice preparation for
AFM measurement may result in decreased stiffness compared
to the intact brain. Besides, because of its softness and high
deformability for brain tissue, the application of a nonlinear
model combined with an inverse analysis might be appropriate
for calculating the shear modulus in SWEI measurements (Jiang
etal., 2015). In this study, initially, we used SWEI to detect brain
tissue stiffness in living animals, although we could not specify
subregions of the hippocampus due to insufficient resolution.
We then utilized an AFM measurement by preparing ex vivo
brain slices to evaluate specific regional stiffness. Of note, the
SWEI assay indicates that the overall shear modulus in the
hippocampus region was significantly decreased in the older
brain (9-10 M) compared to the younger brain, while the
tendency of the Young’s moduli determined by AFM varied
dependent on the subregions of the DG (Figures 1, 2). Despite
these points, both approaches commonly showed the overall
increase of tissue stiffness during hippocampal maturation,
which is consistent with previous studies on rodent brains (Elkin
et al., 2010; Antonovaite et al., 2021). It is reported that the GCL

of adult mice shows lower stiffness relative to the other parts
of the hippocampus (Antonovaite et al., 2018). Our data are
largely in agreement with this report on the adult brain, although
we could not detect statistically significant differences. Notably,
we further identified that the stiffness of the GCL was higher
(386 £ 12 Pa) than that of the SGZ+HL area (255 &£ 12 Pa)
at P22 (Figure 2 and Table 1). This result suggests that there
is a dynamic conversion in stiffness in particular subregions
during brain maturation. We assume that it can be due to:
(1) vigorous alteration of neural cell types and populations by
cellular differentiation as well as migration with morphological
changes (Abuwarda and Pathak, 2020); or (2), production or
degradation of specific ECM components (Walma and Yamada,
2020, and this study).

Neurogenesis in the DG of the hippocampus is observed
throughout the lifetime of mammals, and the differentiation
of NSCs in the hippocampus can be dependent on the tissue
environments, including mechanical cues (Urban et al., 2019;
Kobayashi and Kageyama, 2021). Indeed, several in vitro studies
have shown that mechanical stiffness affects the migration
and differentiation of NSCs (see “Introduction” section). Here,
our data show that the neurogenesis in the DG decreases
during maturation; meanwhile, the hippocampal tissue stiffness
increases. Particularly, we observed that the populations
of NSCs (Sox2/GFAP-double-positive cells; Figure 4) and
proliferative immature neural cells (Ki-67/DCX-double-positive
cells; Figure 3) in the SGZ+HL compared to the GCL area
show dynamically differential patterns from the neonatal to the
adult stage. As described above, the SGZ+HL showed lower
stiffness than that of the GCL area especially at P22 (Figure 2
and Table 1). Considering that NSCs are more differentiated
into glial cells on a harder substrate than a soft substrate
(Saha et al, 2008; Tse and Engler, 2011), the significantly
greater populations of Sox2/GFAP- and Ki-67/DCX-double-
positive neural cells in the SGZ+HL compared to the GCL
area at P22 but not P31 and adult stages (Figures 3, 4)
may be well explained by the preference of softer regions
for neural cells. Taking the previous results and our study
together, we raise a possibility that the differences in stiffness
among the hippocampal subregions could be one of the factors
determining the pattern of transition/migration of the NSCs and
the immature neural-cell population.

Our approach to manipulating the function of CSPGs in
brain slices revealed the importance of ECM composition
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to determining tissue stiffness. The enzymatic digestion of
CSPGs induced the stiffening of tissue, while the addition of
CS had the opposite effect. These results fit well into the
temporal profiling of the ECM and the shear modulus as well
as Young’s modulus; that is, a higher level of CS-56-positive
CSPGs correlated to lower brain stiffness at early postnatal
stages in the hippocampus. Among the subregions of the
DG, the CSPG level in the SGZ+HL was higher than that
of the GCL in all groups, although the stiffness between the
SGZ+HL and GCL was essentially similar during hippocampal
maturation except at P22. We consider the possibility that
the other ECMs of perineuronal nets, such as hyaluronan
and Haplnl, may be involved in determining stiffness in
the hippocampus (Vegh et al., 2014; Richter et al., 2018).
Alternatively, not only the amount of CSPGs but also the
difference in the mode of chondroitin sulfation may affect the
mechanical microenvironment in tissue. Indeed, it has been
shown that chondroitin Cé6-sulfation is dominant early in the
postnatal period, while the degree of C4-sulfation increases
during the maturation of the mouse brain (Miyata et al., 2012).
Further systematic analyses to clarify the molecular constituent
of ECMs and their origins in tissue, as well as cell-types, are
required.

By coupling the measurement of mechanical properties in
hippocampal tissue and quantitative cellular characterization
at the various postnatal stages, our data suggest a correlation
between the tissue’s micro-mechanical stiffness and the
composition of the ECMs, which may have regulatory effects
on the activity of NSCs. It is worth noting that the changes
of NSCs/neural immature cell populations and stiffness in the
subregions of the DG were observed during the early postnatal
period. Whether the same or different principle exists in the case
of a much older brain or neurodegenerative disease is still an
open question. We expect that further related studies can reveal
regulatory mechanisms of in vivo neurogenesis associated with
the modulation of brain tissue stiffness.
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Enriched environment (EE) is a complex containing social, cognitive, and motor stimuli.
Exposure to EE can promote functional recovery after ischemia/reperfusion (I/R) injury.
However, the underlying mechanisms remained unclear. Pyroptosis has recently been
identified and demonstrated a significant role in ischemic stroke. The purpose of this
study was to explore the effect of EE on neuronal pyroptosis after cerebral I/R injury. In
the current study, middle cerebral artery occlusion/reperfusion (MCAO/R) was applied to
establish the cerebral I/R injury model. Behavior tests including the modified Neurological
Severity Scores (MNSS) and the Morris Water Maze (MWM) were performed. The
infarct volume was evaluated by Nissl staining. To evaluate the levels of pyroptosis-
related proteins, the levels of GSDMD-N and nod-like receptor protein 1/3 (NLRP1/3)
inflammasome-related proteins were examined. The mRNA levels of IL-18 and IL-18
were detected by Quantitative Real-Time PCR (QPCR). The secretion levels of IL-18 and
IL-18 were analyzed by ELISA. Also, the expression of p65 and p-p65 were detected.
The results showed that EE treatment improved functional recovery, reduced infarct
volume, attenuated neuronal pyroptosis after cerebral I/R injury. EE treatment also
suppressed the activities of NLRP1/NLRP3 inflammasomes. These may be affected
by inhabiting the NF-kB p65 signaling pathway. Our findings suggested that neuronal
pyroptosis was probably the neuroprotective mechanism that EE treatment rescued
neurological deficits after I/R injury.

Keywords: cerebral ischemia/reperfusion, inflammasome, ischemic stroke, enriched environment, neuronal
pyroptosis

INTRODUCTION

Stroke is a disease with the highest mortality and disability rates in the world. Ischemic stroke
is responsible for the majority of strokes (Campbell et al., 2019; Stinear et al., 2020). Despite the
increasing improvement in the treatment of stroke, many survivors remain with residual functional
deficits (Winstein et al., 2016). Therefore, the need for effective stroke rehabilitation is essential for
the patients to deal with life challenges after stroke.
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Enriched environment (EE) is a complex containing
social, cognitive, and motor stimuli (Kempermann, 2019). EE
provides laboratory animals with greater living space, further
sensory stimulation, more possibilities for social interaction,
and increasing opportunities for learning than the standard
environment (Dahlqvist et al,, 2003). The benefits of EE in
neurological diseases have been extensive studied (Begenisic
et al,, 2015; Jungling et al., 2017; Song et al., 2017; Shin et al,,
2018). In the EE, the ability of learning and memory has been
significantly improved while the anxiety behavior was reduced
(Benaroya—Milshtein et al., 2004). Meanwhile, exposure to EE
enhanced the experience-dependent plasticity of the brain and
promoted the recovery of cognitive and motor functions after
ischemia/reperfusion (I/R) injury (Livingston-Thomas et al.,
2016). EE improved cognitive function via neurogenesis and
angiogenesis by regulating the activation of PI3K/AKT/GSK-
3/B-catenin signaling pathways and intrinsic axon guidance
molecules following I/R (Zhan et al, 2020). Moreover, EE
mediated neurogenesis by inhibiting the production and
secretion of IL-17A from astrocyte via NF-kB/p65 after I/R
injury (Zhang et al., 2018). EE also facilitated cognitive recovery
through remodeling bilateral synaptic after ischemic stroke
(Wang C. et al., 2019). However, there has been little research on
the relationship between EE-mediated ischemic stroke recovery
and cell death. Evidence has shown that EE reduced spontaneous
apoptotic cell death in the rat hippocampus (Young et al., 1999).
A recent study has demonstrated that enriched environment-
induced neuronal autophagy boosted the post-stroke recovery of
neurological function (Deng et al., 2021). Our previous studies
have illustrated that EE reduced neuronal apoptosis conducting
to the superior recovery after I/R injury (Chen et al, 2017).
However, the mechanisms by which EE attenuated cell death
following stroke remained unclear.

Pyroptosis is a type of lytic cell death that features cell
swelling, rapid rupture of the plasma membrane, and release
of proinflammatory intracellular contents as a result of cleaving
pore-forming proteins gasdermin D (GSDMD) following by
activation of inflammasomes (Shi et al., 2017). Inflammasomes
are large multimolecular complexes formed of a cytosolic sensor
(nucleotide-binding domain and leucine-rich-repeat-containing
[NLR] Pyrin domain containing NLRP1 and NLRP3), an adaptor
protein (apoptosis-associated speck-like protein containing a
CARD [ASC]), and an effector caspase pro-caspase-1 (Rathinam
and Fitzgerald, 2016). After ischemic stroke attacks, the
expression of inflammasomes is abundant in the brain (Abulafia
et al., 2009). Pro-caspase-1 is activated through NLRP1 and
NLRP3 signal cleaving GSDMD into the N-terminal gasdermin-
N domain and the C-terminal gasdermin-C domain (Shi et al.,
2015; Wang et al,, 2020b). Then the pore-forming GSDMD-N
domain causes membrane lysis inducing pyroptosis (Ding et al.,
2016; Sborgi et al., 2016). Also, activated caspase-1 mediates
the maturation of Interleukin-1f (IL-1B) and Interleukin-18
(IL-18) which are released into the extracellular environment
subsequently (Brough and Rothwell, 2007). In recent years,
increasing evidence indicated that inflammasome-mediated
pyroptosis following ischemic stroke performed a crucial role in
the course of functional recovery (Xu et al., 2019; Li et al., 2020).
In addition, the activation of inflammasome was considered an

essential step for neuroinflammation in subsequent brain injury
(Walsh et al., 2014). Increasing expression of NLRP1 and NLRP3
inflammasome has been confirmed in neurons, microglia, and
astrocytes (Barrington et al, 2017). Particularly, NLRP1 and
NLRP3 inflammasome-mediated neuronal pyroptosis performed
an increasingly crucial role in the course of ischemic stroke
(Yang-Wei Fann et al., 2013; Ito et al., 2015). As a widely
studied inflammation-associated transcriptional element, NF-kB
regulated numerous genes and signaling pathways associated
with inflammation (Afonina et al., 2017). Furthermore, emerging
evidence suggested that the elevated expression of NLRP1 and
NLRP3 inflammasome proteins could be modulated by the NF-
kB signaling pathway in ischemic stroke (Gross et al., 2011;
Fann et al, 2018). Although the accumulated evidence has
shown that pyroptosis was involved in ischemic stroke injury,
the relationship between neuronal pyroptosis and EE-mediated
functional recovery following ischemic stroke was still unknown.
Since EE was neuroprotective and pyroptosis was involved in
the progress of ischemic stroke. We formulated the hypothesis
that post-stroke neurological outcomes could be improved by EE
treatment to attenuate neuronal pyroptosis. In the current study,
we investigated pyroptosis-related protein expression levels in the
penumbra in a rat I/R injury model. Additionally, EE decreased
the expression levels of NLRP1, NLRP3, and GSDMD-N. We
firstly demonstrated that EE rescued neurological deficits after
I/R injury involving the suppressing of neuronal pyroptosis.
Generally, our findings indicated EE as a promising therapeutic
method for ischemic stroke-mediated inflammasome activity.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats (6-7 weeks old, 200-220 g) from
Beijing Vital River Laboratory Animal Technology Company
were kept in individually ventilated cages (temperature: 20 £ 1°C,
relative humidity: 55 £ 5%, lighting period: 8:00 ~ 20:00) with
free access to water and rat feed. Upon arrival, all rats had
a 3-day acclimation before receiving the operation. Following
acclimation, the animals were numbered and randomly divided
into various groups: the sham + standard condition group
(SSC), the sham + enriched environment group (SEE), the
ischemia/reperfusion + standard condition group (ISC), and the
ischemia/reperfusion + enriched environment group (IEE). The
schematic representation of the experimental timeline and the
setting of EE were shown in Figure 1. All animal experimental
procedures were approved according to the Animal Care and
Use Committee of Wuhan University. All efforts were made to
minimize the mortality of animals and their suffering.

Middle Cerebral Artery Occlusion and

Reperfusion

Following adapting, male rats were subjected to transient Middle
Cerebral Artery Occlusion and Reperfusion (MCAO/R) injury
as previously described (Longa et al., 1989). All experimental
animals were anesthetized by isoflurane through a face mask
(inducing concentration: 4%, maintaining concentration: 2%,
respectively, in 2:1 N,0:0;). An approximately 2 cm incision
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FIGURE 1 | Flow chart of the experimental protocol and enrichment settings.
(A) Timeline of behavioral testing after stroke. Modified Neurological Severity
Scores (MNSS) were tested 3, 7, 14, and 21 days post-stroke (arrows) and
compared with baseline performances to evaluate sensorimotor deficits.
Morris Water Maze (MWM) test was performed from day 21 to day 26
post-stroke to evaluate spatial learning and memory. (B) The setting of an
enriched environment.

was made in the middle of the neck. The common carotid artery
(CCA), internal carotid artery (ICA), and external carotid artery
(ECA) were meticulously separated. And a 5-0 silk thread was
used to ligate the left ECA. Then ligating the CCA with 5-0
silk thread, and clamping it at the bifurcation of the ICA with
a blood vessel clip. The CCA was cut, and a monofilament
nylon filament (Cinontech) was gently inserted into the ICA to
approximately 18-20 mm distal to the carotid artery bifurcation.
Then the left MCA was occluded. After 90 min, the filament was
carefully removed to initiate reperfusion. All surgery procedures
except insertion of the nylon filament were performed on rats in
the sham-operation group. After recovering from anesthesia, all
rats were assessed by a five-point neurological deficit score in a
blinded fashion (Longa et al., 1989). Rats with scores of 1-3 points
were included in this study, while the rats with scores of 0 or 4
were excluded from the study. N = 18/group in this study. All the
experimental procedures in vivo were approved by The Animal
Care and Use Committee of Wuhan University.

Housing Conditions

Twenty four hour after MCAO/R, the rats were returned to their
respective housing conditions. The rats of the SSC, ISC groups
were kept in the standard conditions (SC) while the rats in the
SEE, IEE groups were kept in the enriched environment. The
details of SC and EE were as follows:

Standard Conditions

The rats were kept in individually ventilated cages (length: 44 cm,
width: 32 cm, height: 20 cm) with bedding for animals inside.
Three rats were kept in one cage.

Enriched Environment

The animals are placed in a stainless-steel net cage (length: 75 cm,
width: 90 cm, height: 50 cm) which contained ladders, platforms,
swings, colorful balls, different-shaped wooden blocks, plastic

tunnels, and a running wheel for sensorimotor stimulations. And
6-10 rats were grouping housed in the EE for social stimulations.
The type and location of the items in the cage were changed three
times a week to ensure novelty and exploration (Figure 1B).

Behavioral Tests

Modified Neurological Severity Scores (mNSS) (Chen et al,
2001), an 18-point scoring system compositing of motor, sensory,
reflex, and balance tests, was utilized 1 day before surgery and on
day 3, 7, 14, and 21 post-stroke to evaluate sensorimotor deficits
(n =12/group).

For spatial learning and memory testing, Morris Water Maze
(MWM) test was performed on days 21-26 following I/R in
a blinded situation (Morris, 1984). A round black platform
(9 cm diameter, 30 cm height) was concealed in a pool (150 cm
diameter, 60 cm deep, water temperature: 20 £ 1°C). On day 1-
5, rats were dropped into the water from four different quadrants
in turn while the position of the platform was fixed. The mean of
escaping tendency to the platform in the four trials was recorded.
The rat was required to stay on the platform for 15 s when
reaching the platform within 60 s. The rat was guided to the
platform for 15 s when reaching the platform exceeding 60 s. On
day 6, the rats underwent the probe trial that allowed them to
swim freely for 60 s without the platform. Swimming trajectories
and the average times to reach the submerged platform were
captured using an Animal Video Tracking Analysis System
(n = 12/group) (Anilab Scientific Instruments Co., Ltd., China).

Nissl Staining

After being fixed with 4% paraformaldehyde, tissues were
embedded in paraffin cut into seriatim 4-pm-thick coronal
sections with adjacent sections separated by 400 m. The sections
were placed in xylene, xylene, xylene, 100, 95, and 80% ethanol
for 5 min each and rinsed under running water for 5 min. Then
the sections were treated with Cresyl Violet Solution (Servicebio,
China) for 3min. After washing in running water and drying
thoroughly, the sections were coverslipped with neutral resin.
The stained sections were scanned and measured with the Image]
software. The total infarct volume was calculated by the formula
as previously described (n = 6/group) (Chen et al., 2017).

Western Blotting

Protein samples were harvested from penumbra. Tissues were
ground separately in RIPA buffer comprising protease and
phosphatase inhibitors (cocktails and PMSF from Aspen) for
30 min at 4°C. A BCA kit (Aspen) was used to detect
the total protein concentration of each sample. Proteins were
processed by SDS-PAGE (10-12.5%) and electro-blotted onto a
PVDF membrane. And the membrane was then incubated in
blocking buffer (5% skim milk) for 1 h at room temperature
and incubated with primary antibodies including GSDMD
(Abclonal), NLRP1, NLRP3, Caspase-1 (Novus), IL-1p,IL-18
(R&D), total p-65 (Proteintech),phosphorylated p-65 (Abclonal),
GAPDH (Proteintech) overnight at 4°C. After washing three
times, the membrane was incubated in secondary antibody for
1 h at 24°C. The proteins were scanned with a Bio-Rad system.
Image] software was used to quantify protein levels which were
normalized to GAPDH (n = 6/group).
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Immunofluorescence Assays

Brain paraffin sections (4 pwm) were hydrated and Tris/EDTA
buffer performed heat-mediated antigen retrieval for 20 min.
The sections blocked with 5% BSA for 1 h were incubated
with Neun (Proteintech) along with primary antibodies Caspase-
1 (Novus) overnight at 4°C and subsequently incubated in
fluorescent secondary antibodies (Proteintech) for 1 h at 24°C.
DAPI (Antgene) was used for nuclei staining. Images were taken
with an Olympus BX53 microscope (Olympus). Positive cells
were counted using Image]J software (n = 6/group).

Immunohistochemistry

Brain paraffin sections (4 wm) were hydrated and Tris/EDTA
buffer performed heat-mediated antigen retrieval for 20 min.
The sections were then processed with 3% H,O, for 10 min.
The sections blocked with 5% BSA for 1 h were incubated
with primary antibodies GSDMD (Abclonal), phosphorylated
p65 (Abclonal) overnight at 4°C, and then incubated in HRP-
labeled secondary antibodies (Proteintech). DAB (Servicebio)
was utilized for dyeing while hematoxylin was used for
nuclei staining. Images were acquired using the Olympus
BX53 microscope (Olympus). The distribution and intensity of
GSDMD and p-p65 staining was described by a semiquantitative
score in a blinded fashion (0-negative, 1-weak, 2-moderate, 3-
strong, and 4-strong and widely distributed) (n = 6/group)
(Xu et al., 2020).

Enzyme-Linked Immunosorbent Assay
(ELISA)

Rat (n = 3/group) penumbra tissues were separated and
homogenized with PBS. After being centrifuged at 5000 rpm for
10 min at 4°C, the supernatants were collected. The secretion
levels of inflammatory cytokines (IL-1f and IL-18) were analyzed
by ELISA (Elabscience). Following the instructions on the ELISA
kit, the optical density (OD) at 450 nm was measured by an
enzyme-labeled instrument (PerkinElmer Singapore Pte. Ltd).

Quantitative Real-Time PCR

Rat (n = 3/group) penumbra tissues were separated and
homogenized with Trizol reagent (Invitrogen, United States).
The PrimeScript RT Reagent Kit (RR047A, Takara, Japan) was
used for the reverse transcription of RNA. According to the
manufacturers’ protocol, we performed qPCR to detect the
mRNA levels using SYBR Premix Ex Taq II (RR820A, Takara) in a
2.1 Real-Time PCR System (Bio-Rad, United States). The relative
Ct method was adopted to compare the data and GAPDH was set
as internal control. The primer sequences were listed as follows:

IL-1B (F): TGACTTCACCATGGAACCCG

IL-1B (R): TCCTGGGGAAGGCATTAGGA

IL-18 (F): TGACAAAAGAAAGCCGCCTG

IL-18 (R): ATAGGGTCACAGCCAGTCCT

GAPDH (F): CGCTAACATCAAATGGGGTG

GAPDH (R): TTGCTGACAATCTTGAGGGAG

Statistical Analysis

SPSS 23.0 software and GraphPad Prism 8.0 were used for
data analysis. Analysis of mNSS was implemented by a non-
parametric Kruskal-Wallis test. Analysis of escape latency in
the MWM test was implemented by two-way repeated-measures
ANOVA followed by Tukey’s post hoc test. And differences
between groups were compared by two-tailed Students ¢-test
and one-way ANOVA followed by Tukey’s post hoc test. All
experimental data are expressed as mean =+ standard deviation
(SD). Statistical significance was determined as p < 0.05.

RESULTS

Enriched Environment Improved
Long-Term Neurobehavioral Function

After Ischemia/Reperfusion Injury
Ischemia/reperfusion injury caused marked Behavioral
dysfunction (Yirmiya and Goshen, 2011). To determine
whether EE treatment improved functional recovery after I/R
injury, a series of behavioral tests were performed. To evaluate
the neurological function, mNSS was assessed on day 3, 7, 14,
21 after I/R injury. Rats had persistent sensorimotor defects
after MCAO/R operation and EE treatment could effectively
reverse the defects (Figure 2A; p < 0.001). To assess long-term
spatial learning and memory functions, MWM was assessed on
day 21-26 after I/R injury. In the spatial learning phase, the
escape latency of rats in all groups decreased as the training
days progressed. And MCAO/R rats spent more time reaching
the platform compared with sham-operated rats on days 1-5 of
training. However, rats housed in EE demonstrated the superior
performance of shorter escape latency than rats housed in
standard conditions following I/R injury (Figure 2B; p < 0.001).
Probe trials proceeded 24 h after the final spatial learning trial.
Rats of the IEE group spent more time in the correct quadrant
and revealed more crossovers compared to rats of the ISC
group (Figures 2C-E; p < 0.001 and p < 0.01). To sum up,
EE treatment improved long-term neurobehavioral function
after I/R injury.

Enriched Environment Decreased
Ischemic Infarction and Inhibited

Pyroptosis After Ischemia/Reperfusion
Injury

As the improvement in functional outcome could be attributed
to a reduction in brain damage, Nissl staining was performed
to confirm the effects of EE on infarct volume after I/R injury.
The schematic diagram of the ischemic border was shown in
Figure 3A. EE treatment significantly reduced infarct volume
in comparison with the ISC group (Figures 3B,D; p < 0.001).
No lesion was found in SSC and SEE groups. Reduced post-
stroke ischemic infarction has been reported to be associated
with inhibition of pyroptosis (Ye et al., 2020). Next, we explored
whether EE could rescue ischemia-induced pyroptosis. GSDMD
was downstream of pyroptosis and GSDMD-N fragments
transferred to the plasma membrane to form pores that caused
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MCAO surgery. (B) The escape latency in the spatial learning phase. (C,D) Time in the correct quadrant and the crossovers in the target quadrant was recorded and
analyzed. (E) Representative swimming trajectories of SSC, SEE, ISC, and IEE group in the probe trials. n = 12. Data are expressed as mean + SD. *p < 0.05 vs.
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FIGURE 3 | Enriched environment decreased ischemic infarction and inhibited pyroptosis after I/R injury. (A) Schematic brain with a highlight of the ischemic border.
(B,D) Representative cresyl violet stained brain slices and quantification of cerebral infarct volume percentage. Scale bars, 5000 um. n = 6. (C,E) Protein levels of
GSDMD-N in peri-infarct tissues. n = 6. (G,F) Representative IHC staining images for GSDMD in the penumbra and IHC score of GSDMD in the penumbra. Scale
bars, 50 pm. n = 6. Data are expressed as mean =+ SD. *p < 0.05, **p < 0.001 vs. SSC group; *#p < 0.01, ###p < 0.001 vs. ISC group.
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Iytic cell death and the secretion of mature IL-13 and mature IL-
18 (Kovacs and Miao, 2017). The expression levels of GSDMD-N
from the ischemic border were detected. Western blot results
demonstrated enhanced expression levels of GSDMD-N in the
ISC group. And the expression levels of GSDMD-N were
apparently reduced in the IEE group in comparison with the ISC
group (Figures 3C,E; p < 0.001).

Furthermore, we performed immunohistochemistry GSDMD
and found that the IEE group expressed an obviously lower level
of GSDMD in comparison with the ISC group (Figures 3EG;
p <0.01).

Collectively, all of these data suggested that ischemic
infarction and pyroptosis after I/R injury were negatively
regulated by EE treatment.

Enriched Environment Suppressed the
Activities of NLRP1/NLRP3

Inflammasomes

To investigate how EE influenced neuronal pyroptosis after
ischemic stroke, the activation of inflammasomes which was
regarded as the upstream signal in the early stage of pyroptosis
was detected. As neuronal pyroptosis might be mediated by
the activation of NLRP1 and NLRP3 inflammasomes in the
course of ischemic stroke, western blot was performed to explore
whether EE inhibited pyroptosis by suppressing the activities of
NLRP1/NLRP3 inflammasomes. The expression levels of NLRP1
and NLRP3 inflammasome proteins, mature IL-18 and mature
IL-18 in the ischemic border of MCAO/R rats were measured.
It was obvious that the expression levels of NLRP1 and NLRP3
were increased following I/R in comparison with sham controls
while EE treatment decreased the expression levels of NLRP1
and NLRP3 in comparison with the ISC group (Figures 4A-C;
p < 0.05 and p < 0.01). The elevated levels of cleaved caspases-
1, mature IL-1f, and mature IL-18 indicated the activation of
NLRP1/NLRP3 inflammasomes. I/R increased the expression
levels of cleaved caspases-1, mature IL-1B, and mature IL-18
in comparison with sham controls while rats in the IEE group
expressed a lower level (Figures 4D-G; p < 0.01, p < 0.001, and
p < 0.001). To compare the expression levels of inflammatory
factors, ELISAs were performed to detect inflammatory cytokines
IL-1P and IL-18. We found that the expression levels of IL-1f and
IL-18 were significantly increased following I/R in comparison
with sham controls while EE treatment decreased the expression
levels of IL-18 and IL-18 in comparison with the ISC group
(Figures 5A,B; p < 0.01 and p < 0.01). The IL-1f and IL-
18 mRNA expression levels were further examined by q-PCR.
The mRNA levels of IL-1p and IL-18 were significantly reduced
following I/R when the rats were housed in EE (Figures 5C,D;
p <0.01and p < 0.05).

In addition, immunofluorescence analysis in the penumbra
from the IEE group demonstrated a lower level of caspase-
Icompared with the ISC group (Figures 4H,I, p < 0.001).
Notably, caspase-1 was highly colocalized with Neun + neurons,
suggesting the inflammasome activity in neurons. These results
demonstrated EE inhibited neuronal pyroptosis by suppressing
the activities of NLRP1/NLRP3 inflammasomes.

Enriched Environment Inhibited p65
Phosphorylation After

Ischemia/Reperfusion Injury

As NF-kB was reported to mediate pyroptosis by regulating
the transcription of NLRP and then regulated its downstream
substrates (Fann et al, 2018), we next explored how EE
treatment inhabited pyroptosis through evaluating the NF-kB
signaling pathway proteins. First, a western blot was used
for the detection of p-65 and p-p65 expression levels in the
penumbra following I/R injury. The results suggested that
p65 levels were not influenced by EE treatment (p > 0.05).
However, p-p65 was reduced when the rats after I/R injury
were housed in EE (Figures 6A-C, p < 0.01). Furthermore, we
used immunohistochemistry to explore the expression levels of
p-p65 in the penumbra and found that rats of the IEE group
significantly down-regulated p-p65 expression in comparison
with rats of the ISC group (Figures 6D,E, p < 0.05). As is
well known, p65 phosphorylation indicates the activation of
the p65 NF-kB signal (Pradere et al., 2016); thus, these results
illustrate that EE can inhibit the p65 NF-kB signal activation after
cerebral I/R injury.

In general, these data revealed that EE treatment
inhibited neuronal pyroptosis by attenuating the expression
of NLRP1/NLRP3 inflammasomes following cerebral I/R
injury. These may be affected by inhabiting the NF-kB p65
signaling pathway.

DISCUSSION

Despite the high rate of disability associated with stroke
worldwide, valid therapeutic methods were restricted (Virani
et al., 2020). Residual dysfunction of stroke greatly affected the
life quality of the survivors (Stinear et al., 2020). It should not be
overlooked to search methods for the recovery of the functional
deficit caused by stroke. Abundant evidence showed that EE
could effectively promote functional recovery after ischemic
stroke (Chen J.Y. et al.,, 2017; Kubota et al., 2018; Lin et al.,
2021, p. 1). However, due to the complexity of transforming
EE into clinical practice, EE remained mainly a laboratory
stage (Lang et al, 2015). Therefore, exploring the potential
mechanism underlying the role of EE in promoting functional
recovery may provide precise targets for the recovery of ischemic
stroke and expedite its clinical application. Our previous study
demonstrated the connections between neuroprotective effects
of EE and neuronal cell death (Chen et al, 2017). A variety
of pathological stimuli such as heart attacks, obesity, or cancer
could trigger pyroptosis (Bergsbaken et al., 2009). Moreover,
pyroptosis was closely related to central nervous system diseases
(Fricker et al., 2018). In models of multiple sclerosis, pyroptosis
inhibition preserved axons in the spinal cord lesions (McKenzie
et al, 2018). In models of Alzheimers disease, pyroptosis
relived the behavioral ability (Han et al, 2020). Previous
research showed that neuronal pyroptosis affected the prognosis
after ischemic stroke, which suggested that anti-pyroptosis was
an effective treatment for all functional recovery following
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FIGURE 4 | Enriched environment suppressed the activities of NLRP1/NLRP3 inflammasomes of MCAO/R rats. (A-G) Western blots and quantification of

NLRP1/NLRP3 inflammasomes related proteins including NLRP1, NLRP3, cleaved caspase-1, mature IL-18, and IL-18 in peri-infarct tissues. n = 6. (H,l) Double
immunostaining of Neun and Caspase-1 revealed a good co-localization of these two makers. Statistical analysis of the positive rate is shown. Treatment with EE
reduced Caspase-1 positive neurons in the ischemic penumbra. Scale bars, 50 um. n = 6. Data are expressed as mean + SD. *p < 0.01, **p < 0.001 vs. SSC

I/R injury (Luetal,2021). But there remained insufficient
evidence that whether pyroptosis was essential for EE-mediated
ischemic stroke recovery, and if so, how EE influenced neuronal
pyroptosis after the pathological process. A key finding of
our research was that EE attenuated pyroptosis and improved
functional recovery after cerebral ischemia/reperfusion injury.
The schematic mechanism was shown in Figure 7.

Being a novel type of cell death, pyroptosis mainly featured
plasma-membrane pores formation, rapid plasma membrane
rupture, and the release of intracellular inflammatory substances

(Kuang et al., 2017). In the present study, we showed compelling
evidence that the expression levels of GSDMD-N, the major
pore-forming executive in pyroptosis, increased in the MCAO/R
group versus the sham-operated group, and this alteration was
counteracted in the EE treatment group. Then, to investigate
how EE influenced neuronal pyroptosis after ischemic stroke, we
detected the activation of inflammasomes which was regarded
as the upstream signal in the early stage of pyroptosis.
Inflammasomes were a group of the multimolecular complex that
identified multiple inflammation-induced stimuli and mediate
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FIGURE 5 | Enriched environment suppressed the expression levels of
inflammatory cytokines in the penumbra. (A,B) Effects of EE treatment on
IL-18 and IL-18 expression in penumbra according to ELISA. n = 3. (C,D)
Quantitative analysis of IL-1p and IL-18 mRNA levels in penumbra. n = 3. Data
are expressed as mean + SD. *p < 0.05, **p < 0.01, **p < 0.001 vs. SSC
group; *p < 0.05, #p < 0.01,**p < 0.001 vs. ISC group.

the maturation of critical proinflammatory cytokines in the
process of pyroptosis (Strowig et al., 2012; Xue et al.,, 2019). It
was worth noting that NLRP1 and NLRP3 inflammasomes were
reported to be involved in ischemic stroke (Fann et al., 2014; Yang
et al., 2014). However, it is not known whether EE treatment
worked in the modulation of NLRP1/NLRP3 inflammasomes
activation. The present research provided compelling evidence
that EE treatment significantly modulated the activation of
NLRP1/NLRP3 inflammasomes. The expression levels of NLRP1,
NLRP3, the cleaved caspase-1, and the inflammatory cytokines
mature IL-1B, and mature IL-18 were downregulated by EE
treatment compared with standard conditions after I/R injury.
And we found that the related proteins mainly expressed in the
neurons through immunofluorescence double staining to locate
its position. In summary, we found that EE treatment inhibited
neuronal pyroptosis by affecting the activation of inflammasomes
and thereby improved the functional recovery after I/R injury.
Next, we investigated the potential molecular mechanism
of EE-reduced NLRP1 and NLRP3 inflammasome expression
and activation in neurons. The activation of NLRP1 and
NLRP3 inflammasome in the brain following I/R injury may
be induced by pattern recognition receptors (PRRs) including
toll-like receptors (TLRs), the receptor for advanced glycation
end products (RAGE), and the IL-1 receptor 1 (IL-1R1)

(Gelderblom et al., 2015). PRRs identified different pathological
stimuli including endogenous damage-associated molecular
patterns (DAMPs) released from damaged cells in the stroke
core such as high mobility group box 1 protein (HMGB1),
heat shock proteins, and peroxiredoxin family proteins (Tang
et al,, 2013; Wang et al., 2020a). DAMPs-activated PRRs further
activated the intracellular NF—«B signaling pathway resulting
in pyroptosis and the release of inflammatory factors (Schroder
and Tschopp, 2010). As a transcription factor, NF-kB played
a crucial role in cell death and inflammation (Kondylis et al.,
2017; Liu et al., 2017). As a cytosolic sensor, the NF—kB signal
activated and facilitated its nuclear translocation and DNA
binding (Liu et al., 2017). Phosphorylation of p65 indicated
the activation and functional status of the NF-kB signaling
pathway (Pradere et al., 2016). Previous studies have indicated
that activation of the NF-kB signaling pathway which could
be activated by reactive oxygen species (ROS), hypoxia, and
several inflammatory mediators occurred in neurons following
I/R injury (Ridder and Schwaninger, 2009; Liu et al., 2019;
He et al., 2020). The role of the NF-kB signaling pathway in
regulating pyroptosis has been extensively studied in various
diseases. Evidence has confirmed that NF-kB could regulate the
transcription of NLRP by binding to their promoter region and
then regulated its downstream substrates (Liu et al., 2017; Matias
et al,, 2019). The activation of the NF-«kB signaling pathway was
essential for the up-regulation of the protein synthesis of NLRP3
(Afonina et al., 2017). It has been demonstrated that the elevated
expression level of IL-1f was induced by the activation of the NF-
kB signaling pathway in ischemic damage (Zhou et al., 2012).
Additionally, studies have confirmed that EE treatment was
beneficial for the recovery of central nervous system diseases by
inhibiting the NF-kB signaling pathway (Wu et al., 2016; Li et al.,
2018). Moreover, Zhang et al. (2018) reported that EE mediated
neurogenesis and functional recovery by inhibiting the NF-
kB/IL-17A signaling pathway in astrocytes after ischemic stroke.
In the present study, EE decreased the phosphorylation of p65
and the expression of NLRP1 and NLRP3 inflammasome proteins
induced by I/R injury. This was supported by the study that
NF-kB signaling promotes NLRP1 and NLRP3 inflammasome
activation in neurons following I/R injury (Fann et al., 2018). In
brief, our findings suggested that the anti-pyroptosis effect of EE
after ischemic stroke was associated with the inhibition of the NF-
kB p-65 signaling pathway and the reduced expression levels of
NLRP1 and NLRP3 inflammasome-related proteins.

Less perfection was that the upstream regulator of p65
phosphorylation remained to be explored in this study. As the
activation of NLRP1 and NLRP3 inflammasome may be induced
by PRRs which identified DAMPs released from dying neural
cells and stimulated NF-kB translocation during the I/R process,
the sources of danger signals that promoted inflammatory
response remained to be further investigated (Dong et al,
2018). Downregulation of the HMGB1/TLR4/NF-kB pathway
was associated with inhibition of pyroptosis (Sun et al., 2020).
HMGBI1 activated the NLRP3 inflammasome via the NF-«B
signaling pathway in acute glaucoma (Chi et al., 2015). The
activation of the TLR4/NF-kB signaling pathway could modulate
NLRP3 inflammasome activation in inflammatory bowel disease
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and induce GSDMD-mediated pyroptosis in tubular cells in
diabetic kidney disease (Chen et al., 2019; Wang Y. et al., 2019).
Moreover, SYK expression which was downregulated by the
activation of miRNA-27a could stimulate the NF-«kB signaling
pathway and facilitate NLRP3-mediated pyroptosis (Li et al.,
2021). The previous study has shown that EE could regulate
the expression of HMGB1 and mediate post-stroke angiogenesis
(Chen J.Y. et al,, 2017). EE was also associated with growth
factors (epithelial growth factor, hepatocyte growth factor) and
signaling pathways (STAT3, JNK, EKR1/2, NF-kB) expressed in
the gastrocnemius muscle (Le Guennec et al., 2020). However,

it remained to be explored whether EE regulated the NF-«kB
signaling pathway by regulating the expression of these growth
factors or DAMPs. It was essential to figure out the upstream
signaling pathway to reveal the underlying mechanism of the EE-
mediated effect on the NF-kB activation. In our future research,
we would focus on solving this problem. In another hand, to
confirm the exact effect of EE on the NF-kB signaling pathway,
the agonist of NF-kB should be included. Our future work would
dwell on this. Moreover, NF-kB pathway activation resulted in
pyroptosis and the release of inflammatory factors. In turn,
these inflammatory factors may act by activating the NF-kB
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signaling which would keep the cells in an activated cyclic state
(Vallabhapurapu and Karin, 2009).

There was increasing evidence that many cell death
pathways including apoptosis, autophagy and pyroptosis were
simultaneously present in the ischemic core and penumbral area,
which were fine-tuned and had either beneficial, deleterious
or dual roles in the progression of post-stroke brain damage
(Sekerdag et al., 2018). However, the relevant research of
EE on different types of cell death following ischemic stroke
was extremely limited. In our previous studies, EE performed
beneficial effects by inhibiting apoptosis of neurons following
I/R (Chen et al., 2017). EE treatment increased the levels
of anti-apoptotic protein Bcl-2 while decreased the levels of
pro-apoptotic protein Bax, cytochrome ¢, caspase-3 in the
penumbra after cerebral I/R injury. Caspases, the main drivers
of apoptosis, were also involved in the crosstalk between
apoptosis and autophagy. Activated caspases could inhibit
autophagy by degrading autophagy proteins such as beclin-
1, Atg5 and Atg7 (Wu et al, 2014). A recent study also
demonstrated that EE promoted autophagy by increasing the
expression of beclin-1 and enhancing the lysosomal activities
of lysosomal-associated membrane protein 1, cathepsin B, and
cathepsin D, which eventually boosted neurological function
recovery following ischemic stroke (Deng et al, 2021). This
kind of crosstalk in EE regulated cell death pathways after
stroke could also be found in autophagy and pyroptosis.
The evidence for the role of NLRP1/3 inflammasomes and
pyroptosis in stroke pathology was well defined in the previous
studies (Yang-Wei Fann et al., 2013; Barrington et al., 2017).
Recently, autophagy has been linked to the regulation of
inflammatory response. In Beclinl +/- cells, the levels of
NLRP3 and cleaved caspasel were increased and the number
of cells with inflammasome were elevated, indicating that
autophagy inhibited inflammasome activation through NLRP3
degradation (Houtman et al, 2019, p. 1). Meanwhile, NLRs
have been shown to increase the synthesis of autophagy-
related proteins and assist in the localization of autophagy
proteins (Deretic, 2012). In the present study, we found that
EE inhabited neuronal pyroptosis by suppressing the activities
of NLRP1/NLRP3 inflammasomes after I/R injury. The cell
death pathways after I/R injury were overlapping each other
in several steps of the cascades and shared common features.
Keeping on exploring the effect of EE on different cell death
types and how these mechanisms worked individually or
correlatively might bring us a step closer to a promising
approach for stroke treatment. What's more, whether EE
affected pyroptosis and the cell types experiencing pyroptosis
after I/R injury remained unclear. Evidence showed that
pyroptosis occurring in neurons, astrocytes, and microglia
was involved in the pathological process in diseases other
than ischemic stroke (Jamilloux et al., 2013; Alfonso-Loeches
et al, 2014; Tan et al, 2014). In this study, we proved the
effect of EE on neuronal pyroptosis after I/R injury. However,
it was of great importance to notice that EE might not
only influence neuronal pyroptosis but also affect pyroptosis

or inflammatory reaction of additional cell types including
astrocytes and microglia. Our future work would dwell on
revealing the pleiotropic roles of EE-inhibited pyroptosis in
other cell types.

CONCLUSION

Our finding showed that EE treatment presented a prospective
cerebral-protective effect against I/R injury. EE treatment
promoted functional recovery after I/R injury, involving
inhibition of pyroptosis by suppressing the activities of
NLRP1/NLRP3 inflammasomes. The beneficial effect of EE may
result from the inhibition of NF-kB p65 phosphorylation. As a
result, the therapeutic application of EE after I/R injury, including
several potential therapeutic targets was probably a promising
strategy for stroke recovery.
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Parkinson’s disease is mainly caused by specific degeneration of dopaminergic neurons
(DA neurons) in the substantia nigra of the middle brain. Over the past two decades,
transplantation of neural stem cells (NSCs) from fetal brain-derived neural stem cells
(fNSCs), human embryonic stem cells (hESCs), and induced pluripotent stem cells
(iPSCs) has been shown to improve the symptoms of motor dysfunction in Parkinson’s
disease (PD) animal models and PD patients significantly. However, there are ethical
concerns with fNSCs and hESCs and there is an issue of rejection by the immune
system, and the iPSCs may involve tumorigenicity caused by the integration of the
transgenes. Recent studies have shown that somatic fibroblasts can be directly
reprogrammed to NSCs, neurons, and specific dopamine neurons. Directly induced
neurons (iN) or induced DA neurons (iDANs) from somatic fibroblasts have several
advantages over iPSC cells. The neurons produced by direct transdifferentiation do not
pass through a pluripotent state. Therefore, direct reprogramming can generate patient-
specific cells, and it can overcome the safety problems of rejection by the immune
system and teratoma formation related to hESCs and iPSCs. However, there are some
critical issues such as the low efficiency of direct reprogramming, biological functions,
and risks from the directly converted neurons, which hinder their clinical applications.
Here, the recent progress in methods, mechanisms, and future challenges of directly
reprogramming somatic fibroblasts into neurons or dopamine neurons were summarized
to speed up the clinical translation of these directly converted neural cells to treat PD
and other neurodegenerative diseases.

Keywords: Parkinson’s disease, fibroblast, direct reprogramming, transcription factor, miRNA, induced dopamine
neuron

Abbreviations: PD, Parkinson’s disease; iN, induced neuron; iDAN, induced DA neuron; NSC, neural stem cell; NPC, neural
precursor cells; fNSC, fetal brain-derived neural stem cell; mESC, mouse embryonic stem cell; hESC, human embryonic stem
cell; iPSC, induced pluripotent stem cell; MEE, mouse embryonic fibroblast; HEE, human embryonic fibroblast; TTE, tail-tip
fibroblast; TF, transcription factor; CNV, copy number variation; ncRNA, non-coding RNA; L1, LINE-1; gRNAs, guide-RNAs;
c¢mRNA, chemically modified mRNA.
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INTRODUCTION

Parkinson’s disease is mainly caused by the degenerative loss
of dopamine neurons (DA neurons) in the substantia nigra of
the midbrain. Its characteristic biomarker is the formation of
the Lewy body, which is composed of aggregated proteins
in degenerating dopamine neurons and glial cells. Dopamine
replacement drugs only delay the progression of the disease
without curing the patients. Therefore, transplanting cells to
replace damaged DA neurons has great potential in treating
symptoms of Parkinson’s disease (PD) (Hu et al, 2015;
Waldthaler and Timmermann, 2019; Wu et al., 2020).

Early studies transplanted human fetal brain-derived
midbrain tissue or fetal neural stem cells (fNSCs) to PD patients
and achieved some therapeutic effects (Lindvall et al., 1990;
Freed et al., 2001; Li et al, 2008). Transplanted fNSCs have
continuously improved the symptoms of PD patients, and they
have survived in the brains of some patients for 16 years or
even more than 24 years (Li et al., 2016; Xu et al., 2020). Other
stem cells, such as embryonic stem cells (ESC), mesenchymal
stem cells (MSC), and dopaminergic precursor cells, have
been used to treat PD in preclinical studies (Han et al., 2015a;
Cyranoski, 2017; Studer, 2017; Takahashi, 2017). The generation
of autologous induced pluripotent stem cells (iPSCs) overcomes
the rejection of other stem cells by the immune system, and it
has broad clinical application in cell therapy and regenerative
medicine (Han et al., 2015a, 2019). However, iPSC-derived neural
stem cells and dopamine neurons may contain some residual
undifferentiated cells and foreign gene integration, so iPSCs
may pose a risk of tumorigenicity (Miura et al., 2009; Zhang
et al.,, 2018; Barker and TRANSEURO Consortium, 2019; Ma,
2019). To overcome these obstacles, recent studies have explored
directly reprogramming neurons or dopamine neurons from
fibroblasts for transplantation therapy in PD (Fong et al., 2010).

Direct reprogramming, also known as transdifferentiation
(Hou and Lu, 2016), uses exogenous genes to transform a
mature somatic cell into another type of cell directly without
going through the pluripotent stage. This approach is based
on the reprogramming technology of iPS cells. In 2006,
(Takahashi and Yamanaka, 2006) first reprogrammed mouse
skin fibroblasts to iPS cells by retrovirus-mediated expression
of four transcription factors, namely, Oct3/4, Sox2, Klf4, and
c-Myc. In 2007, Yamanaka lab and Thomson lab reported the
successful generation of human iPS cells by retrovirus-mediated
transfection of OCT3/4, SOX2, KLF4, and c-MYC or lentiviral-
mediated expression of four factors (OCT4, SOX2, NANOG, and
LIN28) in human skin fibroblasts (Yu et al., 2007). Later, iPS cell-
derived neural stem cells were reported to improve functions in
animal models with PD, Alzheimer’s disease, and amyotrophic
lateral sclerosis (ALS) (Han et al., 2015b, 2019; Bahmad et al.,
2017). Furthermore, iPS cell-derived dopaminergic precursor
cells or DA neurons were shown to improve the functional
deficits of the primate model with PD (Hallett et al., 2015; Kikuchi
etal., 2017).

Direct reprogramming of somatic cells mainly changes the
expression of lineage-specific genes of the original cells through
different epigenetic modifications without changing the genomic

sequences of the genes. Mouse embryonic fibroblasts (MEFs) and
human fibroblasts are the most commonly used starting cells for
direct reprogramming to generate neural stem cells or neurons
(Caiazzo et al., 2011).

The adult brain is composed of various neurons that are
differentiated from neural precursor cells or neural stem cells.
The maturation and differentiation of specific neurons, such
as dopaminergic neurons, are involved in a series of complex
and orderly gene expression and regulation processes. The
developmental process of dopaminergic neurons in vivo has four
main stages: (1) embryonic stem cells are induced into neural
stem cells under the synergistic effect of transcription factor genes
such as Ascll, Lmx1la/b, Ngn2, En1/2, Nurrl, and Pitx3, (2) neural
stem cells differentiate to the neurons or dopaminergic neuron
lineage leading to the generation of early dopaminergic precursor
cells, (3) early immature dopaminergic neurons are produced,
and (4) at the same time the transcription factors act on the
expression of the dopamine neuron-specific tyrosine hydroxylase
(TH) or dopamine active transporter (DAT) genes to promote
the maturation of dopamine neurons as shown in Figure 1 (Ang,
2006; Van Heesbeen et al.,, 2013; Veenvliet and Smidt, 2014;
Arenas et al., 2015; Han et al., 2015b; Chen et al., 2020).

Based on the lineage-determining transcription regulatory
networks in neural differentiation, different approaches have
been developed to convert the fibroblast cells to neurons or DA
neurons directly. They do this through epigenetic modification of
genomic DNA, including methylation, histone modification, and
nucleosome localization, and by repressing and activating the key
regulating genes in determining the neural lineages (Graf, 2011;
Xie et al., 2013; Mitchell et al., 2014; De Gregorio et al., 2018; Della
Valle et al., 2020).

CURRENT METHODS TO REPROGRAM
SOMATIC FIBROBLASTS TO NEURONS
AND DOPAMINE NEURONS DIRECTLY

The cell fate is mainly controlled by endogenous lineage pathways
and epigenetic modifications. Thus, the exogenous expression
of the transcriptional factors to regulate the fate of the cell
induces the direct conversion of somatic fibroblasts to neurons
or dopamine neurons. Various approaches have been developed
to convert fibroblasts to neurons or dopamine neurons. These
include overexpression of transcription factors, RNA-based
regulation of transcription factors, combining transcription
factors with small-molecule compounds or other physical factors,
and protein-based and in vivo approaches to induce epigenetic
modification. These are summarized in Figure 2.

Transcription Factor (TF)-Induced Direct
Reprogramming of Fibroblasts to
Neurons/Dopamine Neurons

Yamanaka et al. used four transcription factors, namely, OCT4,
SOX2, ¢-MYC, and KLF4, to reprogram fibroblasts into iPS cells,
showing that one cell type can be transdifferentiated to another
type (Takahashi and Yamanaka, 2006). Like iPSC technology,
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are then induced into neurons or DA neurons. (C) The fibroblasts can be directly reprogrammed into neurons or DA neurons. DA, dopaminergic neurons; iPS cells,

pluripotent stem cells.

additional Lmx1a and Foxa2 genes induced fibroblasts to specific
iDANs with functional electrophysiological properties. They
found that the combination of three factors, Ascll, Brn2, and
Mytll, could convert fibroblasts to more than 95% of the neurons
expressing the neuron marker MAP2 and more than 90% of
the converted neurons expressed synaptophysin. This indicated
that synapses were forming among the induced neurons (iN)
(Pfisterer et al., 2011). In addition, the average resting membrane
potential of the induced neurons was approximately —59 mV

most direct reprogramming also forced expression of the defined
transcription factors to induce cell-fate conversion. Vierbuchen
et al. (2010) first overexpressed transcription factors of Ascll,
Brn2, and Mytll to induce MEFs into mature neurons directly.
This conversion process jumped over the state of pluripotent
stem cells to convert mouse fibroblasts into functional neurons
directly (Vierbuchen et al., 2010).

Shortly after that, Pfisterer et al. (2011) showed that the
combined expression of the Ascll, Brn2, and Mytll with two
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(range: —30 to —78 mV) at 30-32 days after transduction of
the genes, indicating these converted cells exhibited the similar
electrophysiological properties of functional neurons.

To induce specific DA neurons, they initially identified 10
genes involved in the specification of dopamine neurons in the
midbrain (Enl, Foxa2, Glil, Lmxla, Lmx1b, Msx1, Nurrl, Otx2,
Pax2, and Pax5). These genes were ever thought to be required
for converting the fibroblasts into induced neurons (iNs). Of
these converted neurons, some also expressed the dopaminergic
marker, TH, indicating that some iN cells were specified to
dopamine neurons. They further determined that the minimal
required genes are Lmxla and Foxa2, which are co-expressed
with the factors Ascll, Brn2, and Mytl1], to induce the fibroblasts
to dopaminergic neurons. These iDA neurons were found to have
morphological and electrophysiological characteristics similar to
dopaminergic neurons from fetal brain tissues. These iDAs were
shown to co-express TH, Aromatic l-amino acid decarboxylase
(AADC), the second enzyme in dopamine synthesis, and Nurrl
expressed by midbrain dopaminergic neurons. In the meantime,
Caiazzo et al. (2011) directly reprogrammed human and mouse
embryonic fibroblasts to functional dopamine neurons with a
conversion efficiency of 18 4 3%. They did this by combining
three transcription factors: Ascll, Nurrl, and Lmxla. High-
performance liquid chromatography showed that the iDAs
released dopamine transmitters into the culture medium even
though the iDAs still had some gene expression profiles different
from midbrain-derived dopamine neurons (Caiazzo et al., 2011).
Jongpil Kim et al. included sonic hedgehog (SHH) and fibroblast
growth factor 8 (FGF8) proteins in the induction medium to
promote the differentiation and maturation of iDAs. As a result, a
combination of Ascll, Nurrl, Pitx3, Lmx1la, Foxa2, and EN1 with
SHH and FGFS8 significantly enhanced the efficiency of EGFP*
iDAs from 8% on day 12 to 9.1% by day 18. After transplantation,
the iDAs survived in the brain of the PD mouse model and
improved the symptoms of dyskinesia in the PD mouse model
(Kim et al., 2011; Liu et al., 2012).

Oh et al. (2014) efficiently reprogrammed mouse fibroblasts
into a variety of neuronal cells including dopaminergic neurons.
They found that after overexpressing the transcription factors
Ascll and Nurrl in MEFs, dopaminergic neurons were obtained
by culturing the induced cells with growth factors such as
SHH and FGF8 (Oh et al,, 2014). They reduced the number of
transcription factors and promoted the conversion of dopamine
neurons from MEFs by modifying the culture conditions. This
showed that the required transcription factors can be reduced and
the efficiency of converting iDANs can be increased by changing
the conditions of the induction culture. The Jialin Zheng team
used another combination of transcription factors, namely, Brn2,
Sox2, and Foxa2, to reprogram mouse embryonic fibroblasts and
human fibroblasts directly into dopaminergic precursor cells.
They showed that the dopaminergic precursor cells did not
differentiate into astrocytes, and they did not form tumors. These
studies suggest that induced dopamine precursor cells derived
from direct reprogramming can be used for transplantation
treatment of PD (Tian et al., 2015; He et al,, 2019). It was
also reported that induced noradrenergic (iNA) neurons can be
induced from mouse astrocytes and human fibroblast cells by

direct reprogramming of seven transcription factors (TFs) (Ascll,
Phox2b, AP-2a, Gata3, Hand2, Nurrl, and Phox2a). These iNA
neurons function to release, and re-uptake of noradrenaline and
can survive and form synaptic connections after transplantation
to mouse model with neurological disorder (Li et al., 2019). The
transcription factors used to induce fibroblasts to neurons or
dopamine neurons by direct reprogramming are summarized in
Table 1.

RNA-Mediated Direct Reprogramming

RNA is another approach to mediate reprogramming fibroblasts
directly to neurons. This approach can eliminate the risk of
mutations from integrating and inserting plasmid-based foreign
genes and thus has the good potential use for clinical application
of the converted cells (Ambasudhan et al., 2011; Yoo et al., 2011;
Liu and Verma, 2015). There are two methods for RNA-based
direct reprogramming.

Direct Reprogramming Mediated by MicroRNA
(miRNAs)

The ectopic expression of miRNAs (miR-9/9* and miR-124) was
shown to promote the direct conversion of human fibroblasts
into neurons. To generate more-specific neuronal types, miR-
9/9* and miR-124 were co-expressed with the striatum-enriched
transcription factors, BCL11B, DLX1, DLX2, and Myt1l to induce
human postnatal and adult fibroblasts into neurons that were
similar to striatal spiny neurons (MSNs). In addition, after being
transplanted into the mouse striatum, these converted neurons
displayed functional properties similar to native MSNs. This
study suggests that directly reprogrammed neurons might also be
used in transplantation therapy of PD (Victor et al., 2014).

To increase the efficiency of converting fibroblasts to iDANs
by RNA-based reprogramming, Jiang et al. (2015) combined
three transcription factors (Ascll, Nurrl, and Lmxla) with
miR124 and p53-shRNA to knockdown p53 synergistically and
induce human embryonic lung fibroblasts to iDANs. They found
that inhibiting p53 can arrest the cell cycle in the G1 phase
and significantly increase the conversion of human fibroblasts to
dopamine neurons. The efficiency of converting Tujl1™ neurons
was increased from 17.9 to 31.1% and the efficiency of converting
THT iDANs was increased from 8.3 to 15.4% (Jiang et al.,
2015). Pu et al. (2020) used miR124 and p53-shRNA in a
combination of transcription factors to reprogram the patient’s
fibroblasts with Parkin gene mutation to the induced neurons.
They found that mutations in the Parkin gene reduced the
efficiency of converting somatic fibroblasts to TH + dopamine
neurons (8.3 & 0.6%), but did not affect the conversion efficiency
of fibroblasts to total Tujl + neurons (18.2 £ 1.2%) (Pu et al,,
2020). De Gregorio et al. (2018) used miR-34b/c combined
with the transcription factors Ascll and NURRI to reprogram
fibroblasts into dopamine neurons directly with an efficiency of
19.5%. They showed that miR-34b/c helped cells to leave the cell
cycle by regulating the expression of WNT1, and this greatly
improved reprogramming efficiency. The iDANs have also been
shown to synthesize dopamine, and they are consistent with the
electrophysiological properties of dopaminergic neurons of the
human midbrain (De Gregorio et al., 2018).
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TABLE 1 | The transdifferentiation of fibroblasts to neurons and dopamine neurons by direct reprogramming.

Source cells Induced cells Transcription Efficiency Transplantation Investigators PMID
factors/miRNA/chemicals
Mouse embryonic Functional neurons Ascl1, Brn2, and Myt1| 19.55% neurons No Vierbuchen et al., 20107439
and postnatal 2010
fibroblasts
Human fibroblasts Dopaminergic Ascl1, Brn2, Myt11, Lmx1a, 16% neurons; 4.3% DA No Pfisterer et al., 21646515
neurons FoxA2 neurons 2011
Mouse and human Functional Mash1 (Ascl1), Nurr1 (Nr4a2), 10% neurons; 5% DA No Caiazzo et al., 21725324
fibroblasts dopaminergic and Lmx1a neurons 2011
neurons
Human fetal lung DA neurons Mash1, Ngn2, Sox2, Nurr1, Less than 4% DA Yes Liuetal., 2012 22105488
fibroblasts and Pitx3 neurons
Mouse fibroblasts Induced neurons and Ascl1 and Nurr1 and 51% Tuj1* neurons, 33% No Ohetal., 2014 24991651
DA neurons neurotrophic factors including DA neurons
SHH and FGF8b
Human embryonic Induced neurons Ascl1,Brn2,Myt1l, small MAp2 * neurons 46% Yes Pereira et al., 25208484
fibroblasts molecules 2014
Mouse fibroblasts Dopaminergic Brn2, Sox2 and Foxa2, SHH, TH* 90% of the Tuj1* Yes Tian et al., 2015 26224135
precursors and FGF8 neurons
Human fetal lung Dopaminergic Ascl1, Nurr1, Lmxia and Tuj1* cells 31.1 + 1.9%; No Jiang et al., 2015 26639555
fibroblast neurons miR124, p53 shRNA TH* cells (15.4 + 1.1%)
Human fibroblasts Neurons/ Brn2, Sox2, and Foxa2 96.67 and 86.75% No He et al., 2019 30664902
dopaminergic expressing TH/NeuN+
neurons and TH*/MAP2+
Mouse and human Functional Ascl1, Phox2b, Ap-2a, Gata3, 6.6 £ 1.0%TH* neuron Yes Lietal, 2019 31315047
Astrocytes and noradrenergic Hand2, Nurr1, andPhox2a
Foreskin fibroblasts neurons
Human postnatal Striatal neurons, miR-9/9*-124 with CTIP2 90% MAP2T, and 84% Yes Victor et al., 2014 25374357
and adult GABAergic neurons (BCL11B) DLX1, DLX2, MYT1L NeuN*; 72.3%
fibroblasts GABAergic neurons of
MAP2* cells
Human fetal lung Neurons/iDA neurons miR124, p53 shRNA,Ascl1, 31.1% Tuj1t cells, 15.4% No Jiang et al., 2015 26639555
fibroblast Nurr1, and Lmx1a TH* cells
Human dermal Neural precursor cmRNA SOX2 and cmRNA 38% TUJ1* neurons No Connor et al., 30450440
fibroblasts cells, GABAergic or PAX6 2018
glutamatergic
neurons
Mouse embryonic Neural stem cells, Valproic acid, Bix01294, 31% neurons expressing Yes Han et al., 2016 26788068
fibroblasts and neurons RG108, PD0325901, MAP2+
adult tail-tip CHIR99021, Vitamin C, and
fibroblasts A83-01 treatment
Mouse fibroblasts Neuron-like cells VPA, TD114-2 (CHIR99021), 50% of cells expressing Yes Lietal, 2017 28648365
616452, Tranylcypromine, tau, Tuj1 and MAP2
Forskolin, AM580, EPZ004777
Human dermal Neuron-like cells Ngn2 and Ascl1; LDN-193189, 80% of cells expressing No Herdy et al., 2019 31099332
fibroblasts A83-1, CHIR99021, Forskolin, Tuj1 and NeuN
SB-431542, Pyrintegrin,
ZM336372, AZ960, and KC7F2
Fibroblasts Induced neuronal Fusion protein of 30Kc19 and Not indicated No Ryu et al., 2020 32058047
cells Ascl1
Mouse embryo Induced neuronal PTB-shRNA Not indicated No 23313552
fibroblasts cells
Mouse astrocytes Induced dopamine NEUROD1, ASCL1 and 30.97% neurons and Yes Rivetti Di Val 28398344
in vivo neuron LMX1A, and miR218 16% induced dopamine Cervo et al., 2017
neuron
Mouse muller glia Induced neuron CasRx gene with two gRNAs 5 32% THT cells Yes Zhou et al., 2020 32272060
and astrocytes in conversion and 6 to knockdown Ptbp1
striatum mouse
Astrocytes in the Neurons, DA neurons PTB-shRNA 80% of cells expressing No Qian H. et al., 32581380
middle brain NeuN; 22% of cell 2020

expressed TH and GIRK2
(A9 DA neurons)
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Direct Reprogramming Mediated by Chemically
Modified mRNA (cmRNA)

In 2018, for the first time, Bronwen Connor et al. (2018)
developed a method to transiently express the neural
transcription factors SOX2 and PAX6 through ¢cmRNA to
induce neural stem cells from adult human fibroblasts directly.
Transfecting fibroblasts with ¢cmRNA-expressing SOX2 and
PAX6 resulted in a higher conversion of fibroblasts to NSCs,
and it improved cell survival. Furthermore, the cmRNA-
induced NSCs were shown to differentiate to GABAergic and
glutamatergic neuronal phenotypes to form in conjunction
with astrocytes. The same research team also used cmRNA to
reprogram adult fibroblasts into intermediate neural precursor
cells (iNPs) and to induce iNPs to dopamine neuron-like cells
expressing TUJ1, TH, AADC, DAT, VMAT2, and GIRK2 via
(Playne et al, 2018). Compared with plasmid transfection,
cmRNA has the advantage of being extremely stable and
non-immunogenic. This makes it clinically applicable for
gene delivery to generate directly induced neurons to treat
neurological diseases.

Direct Reprogramming Mediated by the
Combination of Transcription Factors

and Small-Molecule Compounds

Small molecules were reported to promote the neural conversion
of fibroblasts by inhibiting or activating the signal pathways
that regulate the neuronal lineage fate. Ladewig et al. (2012)
demonstrated that the combination of transcription factors
Ascll and Ngn2 with the small-molecule compounds, GSK-
3P, SB431542, CHIR99021, Noggin, and LDN193189 converted
human fibroblasts into functional neuronal cells. By inhibiting
the SMAD signaling pathway, small molecules significantly
improved the converted efficiency of iNs to 80% compared with
the approach mediated by transcription factors (Ladewig et al.,
2012). Pereira et al. (2014) co-expressed transcription factors of
Ascll, Brn2, Mytll, Lmxla, Lmx1b, Foxa2, and Otx2 in human
embryonic fibroblasts (HEF) with small-molecule compounds
(CHIR99021, SB431542, Noggin, LDN193189) to convert HEF
into specific dopamine neurons efficiently (Pereira et al., 2014).
The combination of small molecules with transcription factors
reduces the number of required transcription factor genes for
direct reprogramming. On the other hand, it can also decrease
the potential risk of gene mutation and tumorigenicity caused by
integrating foreign genes into the chromosomes of somatic cells
(Wang et al., 2016).

Some studies used only chemical compounds for the direct
conversion of fibroblasts to neurons without transcription
factors. In 2015, Deng et al. reported that using only small
molecule compounds could directly reprogram MEFs into
functional neurons (Li et al., 2015). In the same year, Wenxiang
Hu et al. used seven small molecules of valproic acid (VPA),
CHIR99021, Repsox, Forskolin, SP600125 (a JNK inhibitor),
GO6983 (a PKC inhibitor), and Y-27632 (ROCK inhibitor)
to convert human fibroblasts directly into neuronal cells
expressing doublecortin (Dcx), neuron-specific class III f3-
tubulin (Tujl), and microtubule-associated protein 2 (Map2).

These chemical-induced human neuronal cells resembled the
human iPSC-derived neurons in terms of morphology, gene
expression, and electrophysiological properties (Hu et al., 2015).
Then, Wang et al. (2016) used small molecule compounds
(SB431542, Noggin, RA) and specific growth factors (SHH, bFGE,
EGF, GDNE, and FGF8b) to convert MEF cells into dopamine
neurons efficiently. Yang et al. (2019) used small-molecule
compound combinations to induce human skin fibroblasts into
neural cells efficiently. After transplantation, the induced neural
cells can form functional connections with host cells in immune-
deficient mice (Yang et al, 2019). Of note, by now studies
have reported the transdifferentiation of MEF cells into neurons
or dopamine neurons using only the small molecules, but no
adult fibroblasts have been converted to neurons only by small
molecules. Some of the small molecules used indirectly can
activate neuronal TFs, so this suggests that they do not do so
at expression levels high enough to drive reprogramming. The
small molecules, PD0325901, CHIR99021, and A83-01 were first
used to start the neural induction of MEFs and mouse tail-
tip fibroblasts (TTF) by regulating the fate of stem cells. Then,
the small molecules valproic acid, Bix01294, and RG108 were
added to the medium to improve the induction of NSC and
decrease the apoptosis of cells induced by vitamin C during the
induction. These direct induced cells expressed the NSC markers
of sex-determining region Y box-2 SRY-Box Transcription
Factor 2 (Sox2), glial fibrillary acidic protein (GFAP), and
oligodendrocyte transcription factor (Olig2), and they could be
differentiated further to 31% neurons expressing Map2 and glial
cells including 20% of GFAP-positive cells (astrocytes), 36%
of O4-positive cells (oligodendrocytes) (Han et al., 2016). Li
et al. reported that a seven-compound cocktail [VPA, TD114-
2 (CHIR99021), 616452, Tranylcypromine, Forskolin, AM580,
EPZ004777] induced MEFs into extra-embryonic endoderm
(XEN)-like cells. Then they used Dorsomorphin, LDN193189,
SB431542, and Ch55 to promote XEN-like cells into neurons
of which more than 50% expressed neuron-specific genes tau,
Tujl, and MAP2. By day 18, more than 80% of the tau-positive
cells were differentiated neurons expressing vGLUT1. This study
also showed that the XEN-like cells further differentiate to
mature neurons after transplantation into the adult mouse brains
(Lietal., 2017).

Physical factors also can be combined with transcription
factors to induce direct reprogramming. Junsang Yoo etal. (2015)
reprogrammed fibroblasts into dopamine neurons through
nanoscale biophysical stimulation. The fibroblasts were cultured
on flat microgrooved and nanogrooved substrates. After
biophysical stimulation, the expression of DA markers was
gradually detected in the induced fibroblasts. These neuron
conversions by physical stimulation may be attributed to specific
histone modifications and transcriptional changes associated
with mesenchymal-to-epithelial transition (Yoo et al, 2015).
Another study reported that the same transcription factors
(Ascll, Pitx3, Nurrl, and Lmx1a) with the use of electromagnetic
gold nanoparticles can directly reprogram mouse tail fibroblasts
and human fibroblasts into dopamine neurons with great
efficiency (Yoo et al., 2017). Chang et al. (2018) used mesoporous
silica nanoparticles as non-viral vectors to transduce three
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plasmids, pAscll, pBrn2, and pMytll, into mouse fibroblasts to
produce functional dopaminergic neuron-like cells with function
similar to fetal brain-derived dopamine neurons.

Protein-Mediated Reprogramming

In this approach, recombinant proteins are transferred to somatic
cells directly to induce their transdifferentiation into neurons.
Mirakhori et al. (2015) used trans-activator of transcription
(TAT)-mediated recombinant proteins of the transcription
factors SOX2 and LMXla, which were transfected into human
embryonic fibroblasts in combination with small-molecule
compounds, to generate dopaminergic precursor-like cells
(iDPCs). Then they directly differentiated them into dopamine
neurons (Mirakhori et al., 2015). This was the first report that
iDPCs could self-proliferate and were safe and that they might
become an option for cell replacement therapy in PD. Ryu
et al. (2020) used the fusion partner of 30Kcl9 protein and
transcription factor Ascll to induce fibroblasts directly into
neurons. Although its conversion efficiency was lower than
that of other methods, protein-based direct reprogramming
avoids the potential risk of gene mutation caused by foreign
genes, and it also shows good potential for clinical application
(Ryu et al., 2020).

Recently, human fibroblasts were converted into DA neuron-
like cells by a combination of proteins and small molecules. The
fibroblasts were first induced in the neural induction medium
with valproic acid (VPA), Repsox, kenpaullone, forskolin, L Y-
27632, and purmorphamine for 6-8 days. Then the induction
medium was replaced with neuronal maturation medium with
forskolin, kenpaullone, L-ascorbic acid, SHH, FGF-8b, bFGE
BDNE and GDNF for two more weeks. The fibroblasts were
converted into the induced DA neuron-like cells that expressed
DA markers, exhibited neuronal morphology, and showed
electrophysiological properties like that of fetal DA neurons.
Further analysis showed that about 87.9% of the cells were
converted into TUJ1T/TH" neurons, indicating high yields of
DA neuron-like cells were possible after induction by small
molecules and proteins (Qin et al., 2020).

In vivo Direct Reprogramming

The exogenous transplantation of directly converted neurons
from cultured fibroblasts faces the problem of rejection by the
immune system. However, direct reprogramming of glial cells
into neurons in vivo also has made significant progress for clinical
translation. Retroviral vectors infect dividing cells like progenitor
cells or reactive glial cells without infecting the neurons. When
retroviral vectors expressing transcription factor NeuroD1 were
injected directly into the adult mouse cortex, the astrocytes were
reprogrammed into functional neurons, such as glutamatergic
neurons in vivo (Guo et al, 2014). To produce the induced
dopamine neurons in vivo, the astrocytes of the mouse brain
were transfected with NEURODI1, Ascll, and LMX1A. The
miR218 (NeAL218) were converted into iDAs with an efficiency
of 16%. Importantly, this combination of NeAL218 successfully
converted the striatal astrocytes into iDAs in a mouse model of
Parkinson’s disease, and it improved some motor deficits in vivo.

TABLE 2 | Comparison of the PROS and CONS of different reprogramming

approaches.
Approaches PROS CONS
Transcription High transdifferentiation Lenti_viral transfection

factors-mediated
method

Combination of
transcription factors
and small
molecules

efficiency, More precisely
control the directions of
transdifferentiation

Improved the converted
efficiency of iNs to 80%,
Using the small molecules
to regulate the target genes
and reduce the number of
transcription factors

integrate the foreign genes
to the cell genome to
induce mutagenesis

May have genomic
integration of some
transcription factor genes,
May have the risk of
mutagenesis in directly
reprogrammed cells

required for direct

reprogramming
Chemical-mediated
method

No foreign gene integration
into the genome to reduce
the risk of mutagenesis,
suitable for clinical
application

Has lower reprogramming
efficiency and induced
neurons are not mature. No
adult fibroblasts have been
converted to neurons by
small molecules only.

mRNA-mediated
method

No foreign gene integration
into the genome to reduce
the risk of mutagenesis,
being extremely stable and
non-immunogenic, suitable
for clinical application

The safety and efficacy of
the induced neurons needs
further approval

Protein-mediated
method

No foreign gene integration
into the genome to reduce
the risk of mutagenesis, A
good potential for clinical
application

Has lower reprogramming
efficiency

This meant that this approach might be suitable for clinical
therapies in PD (Rivetti Di Val Cervo et al., 2017).

As it was discussed above, different approaches have their
advantages and shortages to directly reprogram one cell type to
another. Here the pros and cons of direct reprogramming were
summarized as Table 2.

THE MOLECULAR MECHANISMS OF
DIRECT REPROGRAMMING

To increase the efficiency of directly reprogramming fibroblasts
into neurons or dopamine neurons, it is necessary to understand
the molecular and cellular mechanisms of cell fate conversion.
This includes the roles of transcription factors, the regulatory
networks of the transcriptome, and epigenetic modification
during different stages of cell transitions. These mechanisms
are mainly involved in the direct conversion of fibroblasts to
neural stem cells, neurons, and dopamine neurons as noted in
the following subsections.

Transcription Factors Induce Direct
Reprogramming of Fibroblasts to

Neurons and Dopamine Neurons
As noted above, most studies used three transcription factors,
namely, Ascll, Brn2, and Mytl1l or Ascll, Nurrl, and Lmxla to
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induce converted neurons and dopamine neurons. Ascll seems
to play a pivotal role in the direct reprogramming of fibroblasts
into neurons. It might be that Ascll enters the nuclei of the cells
and binds its neuronal target genes across the genome of the
fibroblasts. Structural analysis showed that bHLH transcription
factors like Ascll bind to the two neighboring major groves
of target DNA sequences with its a-helical basic domains as a
heterodimer to induce the epigenetic modification and neuronal
conversion (Ma et al, 1994; Kim et al, 2009). One study
investigated this mechanism by characterizing the Ascll binding
sites in MEF cells. ChIP-seq analysis showed that after Ascll
was transfected into MEF cells, the Ascll binding pattern of
MEFs was identical to that for all three transcription factors
(Ascll, Brn2, and Mytl1l). This suggests that Ascll binds the same
critical sites in the promoter regions of the regulatory genes as
the other two factors, Brn2 and Mytll, to start the conversion
of fibroblasts to neurons. This showed that exogenous Ascll
binds to the specific DNA sequence sites in fibroblasts without
association with Brn2 or Myt1l (Wapinski et al., 2013). To further
characterize the binding sites of Ascll, a genome-wide analysis
found that different binding sites had an affinity comparable to
that of Ascll in MEFs. Furthermore, the CAGCTG sequence
was identified as the key motif in the binding site of Ascll.
Several target genes also were bound by Ascll. Some of them are
members of the notch and JAK/STAT signaling pathways such as
Zfp238, Hes6, DIl1, and Mfng. Others are genes such as NeuroD4
that are associated with neural development.

The binding sites of Brn2 were also analyzed in different cells
by ChIP-seq. The results showed that there was little overlap in
the binding sites of Brn2 between fibroblasts and neural precursor
cells (NPCs). However, an E-box motif was significantly enriched
in a large fraction of these binding sites. A comparison of Brn2
and Ascll targets in MEFs infected by Ascll, Brn2, and Mytll
found a high overlap between the target sites of Ascll alone
and of both Brn2 and Ascll. This suggests that Ascll actively
recruits Brn2 to its targets, and it was further confirmed by the
co-localization of Brn2 and Ascll. Ascll binding sites are similar
in MEFs and NPCs. However, a small fraction of sites was bound
by Ascll in NPCs that are not bound in MEFs. This suggests
that Ascll binds to specific sites of MEFs to induce neuronal
conversion. That study also explored more than 25 predicted
target genes, and it identified the transcription factor Zfp238
as the critical target of Ascll to mediate the reprogramming
of fibroblasts to iN, together with other unidentified critical
downstream factors (Wapinski et al., 2013).

Interestingly, another study reported that ASCL1 alone is
able to induce functional iN cells from mouse and human
fibroblasts and embryonic stem cells, further indicating that
ASCL1 is playing the key role for iN and that MYTIL and
BRN2 is primarily to promote the neuronal maturation
(Chanda et al., 2014).

To explore the epigenetic methylation in the
transdifferentiation of fibroblasts, an epigenetic model of
ChromHMM was used to define chromatin methylation
and acylation in entire genomes of MEFs (Ernst and Kellis,
2012). That analysis identified a specific MEF chromatin
state (ChromHMM state 5) that is enriched at Ascll binding

sites. ChromHMM state 5 represents the combination of
high enrichment values for H3K4mel and H3K27ac and
low-to-intermediate enrichment levels of H3K9me3 in MEFs.
Among MEFs, NPCs, human fibroblasts, and keratinocytes, this
trivalent chromatin state, composed of H3K4mel, H3K27ac, and
H3K9me3, was confirmed to be the key histone modification
in the genome. Of all chromatin hidden Markov model
(ChromHMM) states, state 5 had the highest enrichment
at Ascll targets. Sequential immunoprecipitation of mono-
nucleosomes isolated from MEFs revealed the co-occurrence of
the three chromatin states (H3K27ac, H3K4mel, and H3K9me3)
on single nucleosomes. This validated the existence of this
trivalent state in the MEFs.

Several studies showed that small-molecule compounds
increase transdifferentiation by inhibiting several cell fate
signaling pathways. They include TGF-b/SMAD signaling, GSK-
3b signaling (Ladewig et al., 2012), adenylyl cyclase activation
(Gascon et al., 2016), and the REl-silencing transcription
factor (REST) pathway (Masserdotti et al, 2015). Herdy
et al. (2019) have converted the fibroblasts to neurons by
expressing the two transcription factors of NGN2 and Ascll
and including small molecules in the induction medium to get
more than 90% induced neurons (iN) over the starting fibroblasts
(Wendt et al.,, 2014).

Transcriptome analysis was performed at different time points
of direct iN. It found that more than 500 pathways were
significantly modified in the transdifferentiation process. The
10 most important pathways were characterized through 20
small molecules to activate or inhibit each of the pathways
during conversion. As a result, four compounds were found
to increase the conversion of positive iNs significantly. Each
of these compounds promoted the conversion of young and
old fibroblasts into iNs through different mechanisms. They
were Pyrintegrin as integrin activator, AZ960 as Jak2 inhibitor,
ZM336372 as Raf-1 activator, and KC7F2 as HIFla inhibitor.
Importantly, the combination of all four compounds (ZPAK)
produced a higher yield of iN than any of the four compounds
separately. This helped these compounds act through different
pathways to induce conversion of fibroblasts to iN synergistically
(Herdy et al., 2019).

The JAK/STAT signaling is involved in the reversible
process of cell proliferation and differentiation. Inhibiting
JAK2 was shown to force fibroblasts from the cell cycle
and promote mesenchymal-to-epithelial transition (MET) and
neuronal reprogramming of the fibroblasts. Fibroblasts exiting
the cell cycle have been reported to improve the MET process.
Moreover, adding AZ960 to inhibit Jak2, significantly decreased
STATS3. This induced a more rapid switch to promote the MET in
converted neurons (Wendt et al., 2014).

Characterizing the Regulatory Genes

and Signaling Pathways in Direct
Reprogramming by Transcriptome
Analysis (Rna-Seq)

To identify the transcriptional networks during direct conversion
of fibroblasts into neurons, Treutlein et al. used single-cell
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RNA-seq to analyze multiple time points during the 22 day-
process of reprogramming MEFs into induced neurons (iN)
(Trapnell et al., 2014). They explored how individual fibroblasts
responded to overexpression of Ascll during the initial phase
of reprogramming and found that an expression threshold is
required for Ascll to start direct reprogramming. Ascll is
responsible for starting the expression of target genes to induce
direct neural conversion. It was observed that over-expression
of Ascll in MEFs upregulates neuronal target genes of Z{p238,
Hes6, Atoh8 and downregulates cell cycle genes such as Birc5,
Ube2c, and Hmga2. Most fibroblasts are found to be partially
reprogrammed at the early phase, and later events are responsible
for the complete reprogramming. Further analysis of the single
MEF cells showed that in the first 5 days forced expression of
Ascll is associated with increased expression of neuronal genes
in reprogrammed MEF cells. Detailed time-lapse track of GFP-
labeled single cells showed that some MEF cells with low or no
Ascll expression in the converting process might never have been
started for direct reprogramming (Treutlein et al., 2016).

During the 22-day process of converting MEFs into iN cells, a
continuous intermediate process was observed at each time point
through Monocle analysis of single converting cells (Trapnell
et al.,, 2014). Principal component analysis (PCA) of all single
cells in the early, intermediate, and late stages of neuronal
transdifferentiation identified two genetic regulatory events
during reprogramming. First, there is an initiation stage where
MEFs exit the cell cycle upon Ascll induction, and regulating
genes such as Birc5, Ube2c, Hmga2 involved in mitosis are
turned down or off. Concomitantly, the expression of some genes
associated with cytoskeletal reorganization (Sept3/4, Coro2b,
Ank2, Mtapla, Homer2, and Akap9), synaptic transmission
(Snca, Stxbp1, Vamp2, Dmpk, and Ppp3ca), and neural projection
[Cadm]l, Dner, Klhi24, Tubb3, and Mapt (Tau)] were all up
regulated. This showed that Ascll induces the expression of
genes involved in defining neuronal conversion during early
reprogramming. This initiation phase is followed by a maturation
stage in which extracellular matrix genes are turned off and
the genes involved in synaptic maturation (Syp, Rab3c, Gria2,
Sytd, Nrxn3, Snap25, and Sv2a) are turned on in converted MEF
cells. These findings are consistent with the previous finding that
Tujl + cells with immature neuron-like morphology could be
found as early as the third day after Ascll is expressed, while
functional synapses are not formed until 2 to 3 weeks after
reprogramming begins (Xu et al., 2020).

Retrotransposon-Mediated Conversion

of Fibroblasts Into Dopamine Neurons

In mammalian cells, LINE-1 (L1) retrotransposons make up
about 15 to 20% of the genomic DNA sequence. The mouse
genome contains about a half-million L1 copies, but only 3,000
L1 copies can drive their expansion in the genome with a
copy-paste mechanism. In the adult brain, L1 retrotransposons
are preferentially expressed in some neural genes. Some L1
copies inserted in these genes induce deletions and replications
of large genomic DNA fragments, and this inactivates some
neural genes and induces the neural conversion of somatic

cells (Upton et al, 2015; Erwin et al, 2016). Recently, Della
Valle et al. (2020) reported that L1 reactivation mediated
neuronal conversion through a conserved de novo insertion
site in the expressed gene loci of iDANs. Through RNA-seq
and transposase-accessible chromatin sequencing (ATAC-seq),
they identified that, near L1 insertion sites, more non-coding
RNAs (ncRNAs) are produced. This shows there is a correlation
between L1 reactivation and cell lineage conversion (Caiazzo
et al., 2011; Della Valle et al., 2020). In the direct conversion
of MEF cells to iDANs through overexpression of three specific
transcription factors, namely, Nurrl, Ascll, and Lmxla, L1
reactivation was confirmed by the production of full-length
LINE-1 RNA in iDANSs (Caiazzo et al., 2011). At the same time,
the L1 copy number variation (CNV) was significantly increased
in TH + iDANs. However, other retrotransposable elements,
such as active and autonomous intracisternal A-type particle
(IAP) elements and non-autonomous SINE B1 and B2 elements,
were not induced in iDANs. That study provided evidence for
the mechanism of L1 reactivation and CNV increase when mouse
embryonic fibroblasts are converted into dopaminergic neurons.

miRna-Mediated Mechanisms to Convert

Fibroblasts to Neurons or DA Neurons
miRNAs are important for promoting the conversion of
fibroblasts by regulating Wnt signaling and other pathways.
Thus, regulating Wnt signaling has promoted the conversion
of fibroblasts to mDA neurons in vitro (Nouri et al., 2015).
Studies have shown that two miRNAs, miR-9/9* and miR-124,
can convert fibroblasts into neurons. A further study reported
that miR-9* and miR-124 induced the transdifferentiation of
mouse fibroblasts to neurons by repressing the BAF53a subunit of
the neural-progenitor (np) BAF chromatin-remodeling complex.
This means that miR-9/9* and miR-124 (miR-9/9*-124) are
involved in regulating neuronal differentiation and miR-9/9*-
124 combined with NEUROD?2 converted the human fibroblasts
into neurons. It also showed that adding transcription factors,
Ascll and Mytll, increased the conversion rate and the
maturation of the converted neurons, but expression of these
transcription factors alone without miR-9/9*-124 was relatively
ineffective (Yoo et al., 2011). In addition, without miR-9/9*-
124, the same transcription factors hardly induce neuronal
conversion. This means that miRNA might initiate neuronal
states, and that transcription factors promote the maturation of
converted neurons.

Further study showed that co-expression of miR-9/9*-
124 with the transcription factors BCL11B, DLX1, DLX2,
and Mytll enriched in the developing striatum, can convert
human postnatal and adult fibroblasts into specific neurons
analogous to striatal spiny neurons (MSNs) (Victor et al,
2014). Transcriptome analysis of starting fibroblasts and induced
neurons showed the loss of fibroblast gene expressions such as
S100A4, VIM, and COL13Al, and the gain of a pan-neuronal
identity (MAP2, NEFL, SNAP25, and SCN1A) 35 days after the
expression of miR-9/9*-124 in fibroblasts. A time-lapse analysis
of the transcriptome of cells undergoing a conversion induced by
miR-9/9*-124 showed that molecular pathways were potentially
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targeted by REST through the transcript regulation of REST
(Abernathy et al., 2017).

Systematic analyses of the transcriptome, genome-wide DNA-
methylation, and chromatin modification revealed that miR-
9/9*-124 can induce extensive modification of the epigenome
and activate a neuronal lineage and the reconfiguration of
chromatin accessibilities simultaneously. The miR-9/9*-124 were
shown to open the genomic loci for multiple subtype-specific
genes, including established motor neuron markers. Therefore,
it was postulated that specific neuron-enriched transcription
factors would cooperate with miR-9/9*-124 to specify a neuron
subtype conversion of fibroblasts. To explore how miR-9/9*-
124 are involved in controlling REST expression to activate
neuronal genes during neuronal reprogramming, it was found
that repressing REST-activated chromatin opened regions that
contained neuronal genes that encompassed binding sites of
REST in the regulatory regions. Moreover, BAF53b was found to
be a transcriptional target of REST and EZH2 repression, leading
to REST destabilization to induce neuronal conversion. This is a
conserved mechanism during neuronal differentiation of neural
stem cells and developing mouse brain. This result showed that
the activity of miRNAs represses EZH2-REST to promote the
neuronal conversion of fibroblasts (Lee et al., 2018).

In a recent study, the miR-34b/c (miR-34b-5p/miR-34c-5p)
were found to be involved in regulating the Wnt signaling
pathway to increases in vitro differentiation of DA neurons
significantly (De Gregorio et al.,, 2018). Thus, miR-34b/c was
found to bind the Wntl 3°UTR to reduce Wntl directly in
DA-differentiated mouse embryonic stem cells (mESCs). It was
clearly shown that co-expression with Ascll and NURR1, miR-
34b/c significantly increased the transdifferentiation efficiency
of fibroblasts to iDANs with upregulated expression of DA
markers such as Th, Nurrl, Pitx3, Dmrt5, Foxa2a, and Lmxla.
These iDANs were found to have specific electrophysiological
properties as striatum DA neurons. In addition, microarray
analysis of the iDANs revealed that five Wnt genes (Wntl1, Wnt5a,
Wnt5b, Wnt7a, and Wnt9a) are downregulated in miR-34b/c-
induced DA neurons from day 9 and day 14. This further suggests
that miR-34b/c induced the transdifferentiation of fibroblasts to
DA neurons through Wnt signaling. By transfecting plasmids
expressing miR-34b/c and miR-148a-3p with a pmiR-luciferase
reporter containing Wntl 3-UTR, both miR-34b/c and miR-
148a-3p could reduce luciferase activity significantly. This effect
was repressed after mutation of the predicted binding site for
miR-34b/c but not for miR-148a-3p. This suggests that only
miR-34b/c effectively binds to its predicted site at 3’-UTR of
Wntl. To validate this result, the MEF cells derived from TH-
GFP mice were infected with Ascll, Nurrl, and miR-34b/c in
the presence of CHIR99021, which can inhibit GSK3f to mimic
Wnt activation. The result further confirmed that miR-34b/c
induced transdifferentiation of fibroblasts to DA neurons by
regulating Wnt signaling.

The mechanisms for in vivo direct reprogramming to convert
glial cells to DA neurons are similar to that for direct conversion
of the fibroblast cells to neurons or dopamine neurons in vitro.
The commonly used cell source for brain repair is the astrocytes
for direct reprogramming in vivo to generate DA neurons due to

their wide distribution throughout the CNS. These mechanisms
are mainly involved in the transcription factors, mRNAs, RNA
interfere (RNAi) or miRNAs to regulate the specific genes such
as for neuronal development and maturation (Rivetti Di Val
Cervo et al,, 2017; Wang et al., 2021) or to knockdown the
specific genes such as the single RNA bing protein (Ptbpl) to
directly reprogramming astrocytes to neurons in vivo (Zhou
et al., 2020). A recent study has also systemically reviewed the
progress and mechanisms of direct reprogramming in vivo
(Qian C. et al., 2020).

CONCLUSION

Direct reprogramming induces somatic cells to convert into
functional neurons and dopamine neurons, which has great
potential for drug screening and transplantation treatment of
neurodegenerative diseases. The directly converted cells do not
need to go through the state of pluripotent stem cells, avoiding
the formation of tumors after being transplanted to the brain
or other organs. Now iNs or iDANs can be easily achieved
by forced expression of specific sets of transcription factors,
miRNAs, or a combination with chemical compounds to activate
or inhibit developmental lineages by regulating the Wnt, Notch,
and JAK/STAT signal pathways.

Since the exogenous transcription factor genes may integrate
into the host cell genome to induce genomic mutations in the
directly reprogrammed cells (Pereira et al., 2019), future direct
reprogramming can take advantage of the episomal plasmids to
replace the viral vectors to express lineage-specific transcription
factors without transgene integration. In addition, the use of
RNA, miRNA, proteins, or small-molecule compounds is another
safe way to generate clinically applicable neurons or dopamine
neurons converted from fibroblasts.

When the induced neurons or dopamine neurons in vitro
are transplanted to the brains, only a few percentage of these
cells can survive for a long term to form synaptic connections
with the host cells even though some studies reported that some
levels of functional integration of the transplanted cells have been
observed in host brains (Kim et al., 2011; Dell’anno et al., 2014).
Thus in vivo transdifferentiation provides a significant advantage
to induce the local glial cells of the brain to convert to the required
neurons for treatment of neurodegenerative diseases such as PD
or AD. A challenge for in vivo direct reprogramming is to know
that the converted neurons are derived from local glial cells. One
way to resolve this issue is to assess the functional improvement
in neurological behavior abnormalities. Most recently, Qian H.
et al. (2020) used a chemogenetic approach to improve the
chemical-induced motor dysfunction of the mouse model of PD.
This provided evidence for restoring neurological function by
in vivo transdifferentiation. Another approach is to label the
converted neuronal cells for in vivo tracking genetically (Rivetti
Di Val Cervo et al., 2017; Qian H. et al., 2020).

Another problem facing direct reprogramming is the low
efficiency of conversion and the poor survival of directly
reprogrammed cells after transplantation. With increased
understanding of the molecular mechanism and signaling
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pathways in the process of direct reprogramming, more efficient
direct reprogramming methods will be developed to generate a
large scale of induced neurons or dopamine neurons for clinical
and research uses. In addition, efficient cell sorting technology
will continue to be developed to purify the directly converted
cells. In the future, skin fibroblasts will be directly reprogrammed
to specific neurons, such as dopamine neurons, that are closer
to their natural state, and they will provide sufficient cell sources
for the treatment of PD and other neurodegenerative diseases by
clinical transplantation.
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Background: Gamma-aminobutyric acid (GABA) type A receptors are positively
allosterically modulated by benzodiazepine binding, leading to a potentiated response
to GABA. Diazepam (DZP, a benzodiazepine) is widely prescribed for anxiety, epileptic
discharge, and insomnia, and is also used as a muscle relaxant and anti-convulsant.
However, some adverse effects — such as tolerance, dependence, withdrawal effects,
and impairments in cognition and learning — are elicited by the long-term use of
DZP. Clinical studies have reported that chronic DZP treatment increases the risk of
dementia in older adults. Furthermore, several studies have reported that chronic DZP
administration may affect neuronal activity in the hippocampus, dendritic spine structure,
and cognitive performance. However, the effects of chronic DZP administration on
cognitive function in aged mice is not yet completely understood.

Methods: A behavioral test, immunohistochemical analysis of neurogenic and apoptotic
markers, dendritic spine density analysis, and long-term potentiation (LTP) assay of the
hippocampal CA1 and CA3 were performed in both young (8 weeks old) and middle-
aged (12 months old) mice to investigate the effects of chronic DZP administration on
cognitive function. The chronic intraperitoneal administration of DZP was performed by
implanting an osmotic minipump. To assess spatial learning and memory ability, the
Morris water maze test was performed. Dendritic spines were visualized using Lucifer
yellow injection into the soma of hippocampal neurons, and spine density was analyzed.
Moreover, the effects of exercise on DZP-induced changes in spine density and LTP in
the hippocampus were assessed.

Results: Learning performance was impaired by chronic DZP administration in middle-
aged mice but not in young mice. LTP was attenuated by DZP administration in the CA1
of young mice and the CA3 of middle-aged mice. The spine density of hippocampal
neurons was decreased by chronic DZP administration in the CA1 of both young and
middle-aged mice as well as in the CA3 of middle-aged mice. Neither neurogenesis nor
apoptosis in the hippocampus was affected by chronic DZP administration.
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Conclusion: The results of this study suggest that the effects of chronic DZP are
different between young and middle-aged mice. The chronic DZP-induced memory
retrieval performance impairment in middle-aged mice can likely be attributed to
decreased LTP and dendritic spine density in hippocampal neurons in the CA3. Notably,
prophylactic exercise suppressed the adverse effects of chronic DZP on LTP and spine
maintenance in middle-aged mice.

Keywords: benzodiazepine, chronic diazepam, middle-aged, cognitive function, exercise, LTP (long-term

potentiation), spine

INTRODUCTION

Benzodiazepines (BZDs) are positive allosteric modulators of
gamma-aminobutyric acid type A receptors (GABAA-R) and
potentiate GABAA-R activities, which results in the suppression
of neural activity in the brain and spinal cord. Because this
effect reduces anxiety, seizures, convulsions, muscle tone, and
insomnia, BZDs have been widely prescribed as a medicine with
high efficacy and low toxicity. However, the long-term use of
BZDs is limited because of adverse effects such as tolerance,
dependence, and withdrawal effects (Lader, 1991; Michelini et al.,
1996; O’Brien, 2005). Additionally, it has been reported that
long-term BZD administration induces cognitive decline in older
adults, which provides evidence for another type of toxicity
(Paterniti et al., 2002; Picton et al., 2018; Liu et al., 2020).
Moreover, some clinical studies have reported that long-term
BZD exposure increases the risk of incident Alzheimer’s disease
in older adults (Yaffe and Boustani, 2014; Rosenberg, 2015).
However, although guidelines generally recommend that BZDs
are limited to short-term use, long-term use still often occurs.

The chronic administration of diazepam (DZP) or other
BZDs elicits alterations at the molecular level, such as the
downregulation of GABAA-R subunit gene expression (Pratt
et al., 1998; Foitzick et al., 2020), internalization of GABAA-R
(Ali and Olsen, 2001; Lorenz-Guertin et al., 2019), expression
of glutamate receptor subunit genes (Allison and Pratt, 2003;
Van Sickle et al., 2004), and expression of proteins associated
with synaptic plasticity in the hippocampus (Monti et al., 2010,
2012). These findings are considered a probable mechanism
for the tolerance, dependence, and withdrawal effects of BZDs.
Additionally, structural changes involving decreased dendritic
spine density have been described in the cortical pyramidal cells
of chronic DZP-administered mice (Curto et al., 2016). Although
the effects of BZDs have been extensively studied (del Cerro et al.,
1992; McNamara et al., 1993; Joksimovic et al., 2013), the precise
vulnerability of older adults to chronic BZD-induced cognitive
decline is not yet fully understood.

In the aging process of mammals, defects in synaptic
transmission and plasticity occur in different brain regions
that are associated with cognitive function (Foster and Norris,
1997; Barnes, 2003; Disterhoft et al, 2004). The cognitive
function involved in learning and memory is affected by
several factors, such as neurogenesis, synaptic plasticity,
and dendritic spine density (Drapeau et al, 2003; Bruel-
Jungerman et al., 2005; Walker and Herskowitz, 2020); these
factors decline with aging. For example, in aged rodents,

the levels of neurogenesis are lower than in younger rodents
(Kuhn et al,, 1996; Kempermann et al., 1998; McDonald and
Wojtowicz, 2005). In addition, aging-induced attenuation of
hippocampal long-term potentiation (LTP) and dendritic spine
density has also been observed (Nunzi et al., 1987; Arias-Cavieres
et al., 2017). However, the effects of chronic BZD administration
on such age-related changes remain unknown.

It has been reported that regular exercise prevents stress-
induced neurotoxic effects such as dendritic retraction, spine
loss in the hippocampus, and memory consolidation (Leem
et al., 2019). In aged animals, exercise enhances brain health
and cognitive performance (Larson et al., 2006; Ahlskog et al.,
2011), and longitudinal studies have suggested that exercise
enhances cognitive function in older adults (Kramer et al., 1999;
Laurin et al, 2001; Barnes et al., 2003). In addition, it has
been reported that exercise increases synaptic plasticity and
LTP (van Praag et al., 1999), reverses dendritic spine loss (Toy
et al,, 2014), enhances hippocampal neurogenesis (van Praag
et al., 2005), and upregulates brain-derived neurotrophic factor
(BDNF) expression (Garza et al., 2004). These findings raise the
possibility that exercise may have a preventive effect on chronic
BZD-induced cognitive decline.

The present study was designed to investigate whether chronic
DZP administration induces cognitive decline by modulating
synaptic function and neurogenesis in the hippocampus. To
examine the specific vulnerability of cognitive function in older
adults to chronic DZP administration, both young and middle-
aged mice were included. Furthermore, we investigated whether
exercise has a protective effect in the hippocampus against the
adverse consequences of chronic DZP administration.

MATERIALS AND METHODS

Animals

Adult male C57BL/6] mice were used in this study. Eight-week-
old mice were studied as the young group, while 12-month-old
mice were used for the middle-aged group. Animals were group
housed at 24 + 2°C under a 12-h light/dark cycle (lights on at
8:00 a.m.), and food and water were available ad libitum. All
experiments were performed in accordance with the guidelines
for animal research issued by the Physiological Society of Japan
and the Hirosaki University School of Medicine (approval
number M12007), and all efforts were made to minimize the
number of animals used and their suffering.
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Chronic Administration of Diazepam
Diazepam was chronically administered using ALZET osmotic
pumps (Model 2004, 0.25 pL/h, 28-day duration; DURECT
Corporation, Cupertino, CA, United States). Under isoflurane
anesthesia, the ALZET osmotic pumps filled with either DZP
or vehicle were intraperitoneally implanted. DZP was dissolved
in 35% dimethyl sulfoxide (DMSO), 55% polyethylene glycol
400 (PEG 400), and 10% alcohol (70% volume/volume) (Vinkers
et al, 2012). DZP concentrations were adjusted to deliver
5 mg/kg/day (Allison and Pratt, 2006).

Morris Water Maze

Spatial memory was assessed using the Morris water maze
(MWM) task in a circular pool (diameter: 95 cm, depth: 30 cm)
filled with water at 23 £ 2°C (Bromley-Brits et al., 2011). During
each trial, swimming trajectories of the mice were recorded using
the CaptureStar video recording system (CleverSys Inc., Reston,
VA, United States). An invisible escape platform (diameter,
10 cm) was placed 1 cm below the water surface. The visible
platform task (60 s/trial x 5) was conducted using the flagged
platform on Day 10. Mice that did not swim or reach the
platform throughout this task were excluded for the following
task. From days 11 to 14, the animals were then subjected
to the hidden platform task (60 s/trial x 5/day x 4 days)
to assess spatial acquisition. The latency to find the platform
(escape latency, s), time spent swimming in the quadrant with the
platform (target quadrant), and total swimming path length (m)
were quantified in each trial using TopScan behavioral analysis
software (CleverSys Inc.). On days 15 and 30, a probe test
(60 s/test) was performed to estimate short- and long-term spatial
memory formation. Escape latency and the percentage time spent
in the target quadrant were analyzed. In this study, to define the
duration of chronic DZP administration, the mice which was
used in MWM were not used in other experiments.

Histology and Immunohistochemistry

Neurogenesis and apoptosis in the hippocampus were studied
histologically. The mice (N = 5/group) were transcardially
perfused with 4% paraformaldehyde in 0.1 M phosphate buffer
(PB), and the brains were then removed and postfixed in the
same solution for 48 h. After postfixation, the brains were
transferred to 20% sucrose in PB for 3 days. Tissue was cut
coronally with a cryostat into 30 wm thick sections and rinsed
in phosphate-buffered saline (PBS). To analyze neurogenesis,
neurogenic differentiation factor 1 (NeuroD1; a marker of early
neuronal differentiation) was stained immunohistochemically
(Gao et al., 2009). Briefly, sections were rinsed in PBS-T buffer
(0.1 M PBS, 1% Triton X-100) and incubated for 18 h at 4°C
with antibodies against NeuroD1 (1:200, ab213725, monoclonal
rabbit IgG; Abcam, Cambridge, United Kingdom). After rinsing
in PBS, sections were incubated for 1 h with secondary antibodies
against rabbit IgG (1:250, anti-rabbit biotinylated BA1000; Vector
Laboratories, Burlingame, CA, United States). Visualization was
performed using DyLight 488 streptavidin (1:500, SA-5488;
Vector Laboratories). Primary and secondary antibodies were
diluted in PBS containing 5% normal goat serum albumin

and 0.1% Triton X-100. Apoptotic cell death was qualified by
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining using an in situ cell death detection kit
(Sigma-Aldrich, San Diego, CA, United States) as per the
manufacturer’s instructions. As a positive control, PBS-T-rinsed
sections were incubated with DNase I (10 U/mL: Sigma-Aldrich)
in PBS for 60 min at 37°C. After immunohistochemical or
TUNEL staining, sections were stained with 4',6-diamidino-
2-phenylindole (DAPI), mounted on slides, coverslipped, and
observed under a microscope (BZX-700; Keyence, Osaka, Japan).
The numbers of stained cells in the hippocampus were counted
using Image]J software (National Institutes of Health, Bethesda,
MD, United States) and presented as the density. The area
in which positive cells were counted was also measured using
Image]J software.

Electrophysiology

Mice (sedentary groups: N = 6 per group, exercise groups:
N =5 per group) were deeply anesthetized before their brains
were rapidly removed and placed in cold (4°C), oxygenated,
modified cutting artificial cerebrospinal fluid (ACSF) containing
(in mM): 92 NaCl, 2.5 KCl, 1.2 NaH, POy, 10.0 MgSOy, 2.0 CaCl,,
30.0 NaHCOs3, 5.0 sodium ascorbate, 2.0 thiourea, 3.0 sodium
pyruvate, 20.0 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), and 25.0 glucose. Transverse 350 pum sections
that included the hippocampus were cut using a microslicer
(Vibratome 3000; Vibratome, St Louis, MO, United States).
Sections were incubated for 12 min in choline chloride-based
recovery ACSF containing (in mM): 92 ChCl, 2.5 KCl, 1.2
NaH;POy, 10.0 MgSOy, 2.0 CaCly, 30.0 NaHCOs3, 5.0 sodium
ascorbate, 2.0 thiourea, 3.0 sodium pyruvate, 20.0 HEPES, and
25.0 glucose. After the incubation in recovery ACSF at 32°C,
sections were maintained in recording ACSF containing (in mM):
126 NaCl, 2.5 KCl, 1.25 NaH,;POy, 1.2 MgSOy, 2.0 CaCl,, 26.0
NaHCOs3, and 20.0 glucose. All solutions used in the experiment
were gassed with 95% O3/5% CO; prior to use. Next, individual
sections were transferred to a chamber of the recording system
(MED Probe; Alpha MED Scientific, Osaka, Japan), perfused
with recording ACSF (2 mL/min), and maintained at 30°C. The
field excitatory postsynaptic potentials (fEPSPs) of the CAl or
CA3 region of the hippocampus were recorded using a multi-
electrode array system (MED64; Alpha MED Scientific). The
fEPSPs were evoked (at 0.05 Hz) using stimulation strengths that
were sufficient to elicit fEPSPs that were approximately 30% of
the maximal fEPSP slope (10-90%). LTP was induced at 15 min of
recording using a theta burst stimulation (TBS) paradigm. Offline
analysis was performed using Mobius software (Alpha MED
Scientific). LTP magnitude was measured as a percentage of the
baseline fEPSP slope during the 15-min period just prior to TBS.

Exercise Protocol

In the current study, forced running wheel (FRW) exercise
was used. Before the chronic DZP administration, exercise was
performed using a motor-driven running wheel (FWS-1505;
Melquest Ltd., Toyama, Japan) for 20-50 min/day, 5 days/week
for 12 weeks. As the FWS-1505 is programmable motorized
wheel to control wheel speed, running time, and acceleration
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speed, the amount of exercise was equal for all exercise group
mice. During the first week, the running speed and time
were started at 2 m/min for 10 min, and then increased to
5 m/min for 10 min. The exercise was gradually increased
for 5 weeks (week 2: 3 m/min for 10 min + increased to
5 m/min for 10 min + 5 m/min for 10 min, week 3: 3 m/min
for 10 min + increased to 6 m/min for 10 min + 6 m/min
for 10 min, week 4: 4 m/min for 10 min + increased to
7 m/min for 10 min + 7 m/min for 20 min, weeks 5-
12: Initially 4 m/min, immediately increased to 7 m/min for
20 min + 7 m/min for 30 min).

Spine Density Analysis

The protocol for spine density analysis was as previously
described (Nishijima et al., 2014). Briefly, 4 weeks after the DZP
administration, mice (N = 4 per group) were deeply anesthetized
and intracardially perfused with 4% paraformaldehyde, and
their brains were extracted and placed in PB. Coronal sections
(250 pm) that included the hippocampus were prepared using
a microslicer (VT-1000; Leica, Wetzlar, Germany). Neuronal
spines were visualized using Lucifer yellow injection into
pyramidal neurons of the CA1/3 by iontophoresis pump (BAB-
600; Kation Scientific, Minneapolis, MN, United States) under
a fluorescence microscope (BX51; Olympus, Tokyo, Japan).
The sections were then mounted onto slides and coverslipped
with Permount and SlowFade Gold Antifade Reagent (S36937;
Invitrogen, Tokyo, Japan). Images of the Lucifer yellow-injected
neurons were acquired using a laser confocal microscope (Clsi;
Nikon, Tokyo, Japan) with a 60 x oil-immersion lens. We
then measured the density of spines on apical branches that
were observed to be 100-200 pm from the cell body in the
pyramidal cell layer of CA1 or CA3. Images (2-4 images/neuron)
were acquired with zoom and were taken at 0.25 pwm focal
steps. Images were analyzed offline using NIS-Elements software
(Nikon). The average number of spines per 20 pm of dendritic
length was expressed as the spine density.

Chemicals
The following drugs were used: DZP (FUJIFILM Wako Pure
Chemical Industries, Osaka, Japan), PEG 400 (FUJIFILM Wako
Pure Chemical), DMSO (Sigma-Aldrich), and Lucifer yellow
(Sigma-Aldrich).

Statistics

All values are presented as the mean + SEM. Chi-squared
tests were used to confirm the effects of DZP on MWM
exclusion criteria. The unpaired t-test, one-way analysis of
variance (ANOVA), or two-way ANOVA with repeated measures
were performed to compare behavioral data. For the NeuroD1-
positive cell counts, one-way ANOVA was performed. Simple
comparisons of two groups (TUNEL-positive cell counts, spine
density analysis, and LTP analysis) were performed using
the Student’s t-test. For the LTP analysis, fEPSP slopes were
constructed using the average of the last 15 min. Differences were
considered statistically significant at P < 0.05.

RESULTS

Effects of Chronic Diazepam

Administration on Cognitive Function

To evaluate the effects of chronic DZP treatment on spatial
memory formation, the MWM was performed on four groups
of mice: young control (CON, # = 11), young DZP-administered
(DZP, n = 8), middle-aged CON (n = 14), and middle-aged
DZP (n = 12). All mice were implanted with ALZET osmotic
pumps filled with DZP or vehicle at day 0 (Figure 1A). After
the osmotic pump implantation, young mice showed daily body
weight gain during the MWM period independently of chronic
DZP treatment [two-way ANOVA with repeated measures:
“Treatment,” F(1,17) = 0.13, P > 0.05; “Day,” F(6,102) = 54.0,
P < 0.05; “Treatment x Day,” F(6,102) = 3.71, P < 0.05;
Figure 1Ba]. There were no significant effects of DZP on
changes in body weight in middle-aged animals during the
MWM period [F(1,24) = 2.87, P > 0.05; “Day;” F(6,144) = 1.02,
P > 0.05; “Treatment x Day,” F(6,144) = 1.10, P > 0.05;
Figure 1Bb]. Ten days after surgery, the visible platform task
was performed. Four mice from the young CON group, one
mouse from the young DZP group, six mice from the middle-
aged CON group, and five mice from the middle-aged DZP
group were excluded because they met the exclusion criteria for
the visible platform task. Therefore, seven mice in the young
CON group, seven in the young DZP group, eight in the
middle-aged CON group, and seven in the middle-aged DZP
group were included in the following behavioral analysis. The
effects of DZP on the escape latency of young and middle-
aged mice in the visible platform task were then examined.
Chronic DZP treatment did not influence exclusion in either
experimental set (young: x> = 1.36, P > 0.05; middle-aged:
x> = 0.004, P > 0.05). There were no significant differences
in escape latency and path length in the visible platform task
[escape latency: young: #(12) = 1.36, P > 0.05; middle-aged:
£(13) = 1.29, P > 0.05; path length: young: #(12) = 1.08, P > 0.05;
middle-aged: #(13) = 0.59, P > 0.05; Figure 1C]. From days 11
to 14, the hidden platform task was performed, and the escape
latencies and path lengths were plotted (Figure 1D). Young CON
and DZP animals showed a stable learning performance in the
hidden platform task (escape latency: “Treatment,” F(1,12) = 0.26,
P > 0.05; “Day;” F(3,36) = 13.0, P < 0.05; “Treatment x Day,
F(3,36) = 0.81, P > 0.05; path length: “Treatment,” F(1,12) = 0.03,
P > 0.05; “Day,” F(3,36) = 4.18, P < 0.05; “Treatment x Day,
F(3,36) = 1.91, P > 0.05; Figures 1Da,b]. The young mice also
showed comparable spatial memory retrieval in the probe tests
on days 15 and 30 (P > 0.05, CON vs. DZP; Figures 1Ea—c). In
the middle-aged mice, escape latencies in the hidden platform
task were significantly higher in the DZP group than in the
CON group [“Treatment, F(1,13) = 18.6, P < 0.05; “Day,
F(3,39) = 1.34, P > 0.05; “Treatment x Day,” F(3,39) = 4.39,
P < 0.05; Figure 1Dc]. There were no significant differences
in the path lengths between the CON and DZP groups
[“Treatment,” F(1,12) = 0.03, P > 0.05; “Day,” F(3,36) = 4.18,
P < 0.05; “Treatment x Day, F(3,36) = 191, P > 0.05;
Figure 1Dd]. In the subsequent probe tests on days 15 and
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30, the middle-aged DZP mice showed impairment of spatial
memory retrieval (P < 0.05, CON vs. DZP; Figures 1Ed,e).
Their motor performance was reduced on day 15 (P > 0.05,
CON vs. DZP; Figure 1Ef) but not day 30. These results indicate
that chronic DZP treatment impairs spatial learning in middle-
aged mice but not in young mice. Chronic DZP treatment did
not influence motor performance in both age groups except
for the short-term probe test. Additionally, to evaluate the
effects of aging, behavioral performance was compared between
the young and middle-aged groups. There were no significant
differences in escape latency in the hidden platform task between
the young CON and middle-aged CON groups [“Treatment,’
F(1,13) = 2.26, P > 0.05; “Day,” F(3,39) = 10.5, P < 0.05;
“Treatment x Day;” F(3,39) = 2.23, P > 0.05; Figures 1Da,c].
In the probe tests, there was a slight but significant difference
in escape latency on day 15 only (P < 0.05), but mice in
the CON group of both ages had equivalent memory retrieval
performances (Figures 1Ea,b,d,e). Unlike the results from the
CON groups, the middle-aged DZP group had significantly worse
performances in both the hidden platform task [“Treatment)
F(1,12) = 5.18, P < 0.05; “Day,” F(3,36) = 1.43, P > 0.05;
“Treatment x Day,” F(3,36) = 6.20, P < 0.05; Figures 1Da,c]
and the probe test (P < 0.05, young DZP vs. middle-aged DZP;
Figures 1Ea,b,d,e) compared with the young DZP group. These
results suggest that the effects of chronic DZP treatment on
behavioral performance in the MWM were stronger in middle-
aged mice than in young mice.

Effects of Chronic Diazepam
Administration on Hippocampal

Neurogenesis and Apoptosis

Neurogenesis in the adult dentate gyrus of the hippocampus
occurs constitutively throughout postnatal life, and the rate
of neurogenesis alters cognitive functions (Ansorg et al,
2012). In addition, apoptosis in the hippocampus is associated
with cognitive deficits (Sima and Li, 2005). To examine the
effects of chronic DZP administration on neurogenesis and
apoptosis, TUNEL and NeuroD1 staining were performed in the
hippocampus. There were very few TUNEL-positive cells in the
hippocampus (<5 cells/section) among all groups (Figure 2A;
young CON: n = 40, young DZP: n = 41, middle-aged
CON: n = 41, middle-aged DZP: n = 39 sections). NeuroD1-
positive cells were detected in the dentate gyrus in all groups
(Figures 2B,C; young CON: n = 42, young DZP: n = 42, middle-
aged CON: n = 44, middle-aged DZP: n = 40 sections). There
was a significant reduction in the number of NeuroD1-positive
cells with age (Figure 2C and Supplementary Figure 1Aa;
young vs. middle-aged: P < 0.01, one-way ANOVA, Tukey’s
test) but no significant differences between the CON and DZP
groups (Figure 2C; young CON vs. young DZP: P = 0.97;
middle-aged CON vs. middle-aged DZP: P = 1.00; one-way
ANOVA, Tukey’s test). These results suggest that neurogenesis
is reduced with aging, and that the regulation of apoptosis and
neurogenesis in the hippocampus is not affected by chronic
DZP administration.

Hippocampal Long-Term Potentiation in

Chronic Diazepam-Administered Mice

Many studies have suggested that synaptic plasticity of the
hippocampus is related to spatial memory abilities (Morris et al.,
1982; Baez et al., 2018). LTP was induced in the hippocampal
CA1l and CA3 to evaluate synaptic plasticity in chronic DZP-
administered mice. The magnitude of LTP was assessed at
45 min after TBS. Hippocampal LTP was impaired by chronic
DZP administration in both the CAl and CA3 in young mice
[CAL: CON (n = 10) vs. DZP (n = 9), P = 0.01; CA3:
CON (n = 15) vs. DZP (n = 14), P < 0.01; Figure 3A].
In middle-aged mice, a significant reduction of LTP was also
observed in the CA3 of the DZP-administered group [CA1: CON
(n = 10) vs. DZP (n = 9), P = 0.70; CA3: CON (n = 14) vs.
DZP (n = 15), P = 0.04; Figure 3B]. Additionally, the LTP
magnitude was significantly reduced by aging in the CAl and
CA3 (Supplementary Figure 1Ab: CAl: young vs. middle-aged
CON, P < 0.01; CA3: young vs. middle-aged CON, P < 0.05).
These results indicate that LTP, which is impaired in aging, is
further attenuated by chronic DZP administration in the CA3 of
middle-aged mice.

Spine Density of Hippocampal Neurons

in Chronic Diazepam-Administered Mice
There is wide agreement that the integrity of the hippocampal
neural network contributes to spatial memory behavior. To
investigate the effects of DZP on synaptic connections in
the hippocampal neural network, dendritic spine density was
analyzed in both the CAl and CA3 of the hippocampus
(Figure 4A). Pyramidal neuron spines in the hippocampus were
visualized using intracellular injections of Lucifer yellow into the
soma in fixed sections, and spine density was then examined. In
young mice, chronic DZP administration reduced spine density
in the CAl but not the CA3 [CAl: CON (n = 7) vs. DZP
(n=6), P < 0.01; CA3: CON (n = 5) vs. DZP (n = 6), P = 0.85;
Figure 4Ba]. In middle-aged mice, spine density was reduced by
DZP in both the CA1 and CA3 [CAl: CON (n = 10) vs. DZP
(n=17), P <0.01; CA3: CON (n = 8) vs. DZP (n =8), P < 0.01;
Figure 4Bb]. In the CAl of the hippocampus, there was also a
significant reduction in spine density with aging (Supplementary
Figure 1Ac: P < 0.01). These results suggest that dendritic
spine maintenance is impaired by chronic DZP administration,
especially in middle-aged mice.

Exercise Improves Diazepam-Induced
Impairments in Spine Density and
Long-Term Potentiation in Hippocampal

Neurons

The facilitation or improvement of hippocampal LTP has been
attempted using various approaches, including exercise. In the
present study, we examined whether FRW exercise was able to
attenuate the chronic DZP-induced effects on the hippocampus.
After 12 weeks of FRW exercise, hippocampal LTP and spine
density were investigated in chronic DZP-administered mice.
In both the CAl and CA3 of young mice and the CA3 of
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FIGURE 2 | Effects of chronic diazepam administration on apoptosis and
neurogenesis in the hippocampus. (A) Fluorescence microscopic image of
TUNEL (red) and DAPI (blue) staining. Scale bar, 500 wm.

(B) Immunofluorescence image of NeuroD1 (green) and DAPI (blue) staining in
the hippocampus of young and middle-aged mice. Scale bar, 50 wm.

(C) Density of NeuroD1-positive cells in the dentate gyrus. The number in bar
graph indicate the number of sections (N = 5 animal, 7-9 sections/animal).
Error bar: mean + SEM. CON, control group; DAPI,

4’ ,6-diamidino-2-phenylindole; DZP, diazepam group; NeuroD1, neurogenic
differentiation factor 1; TUNEL, terminal deoxynucleotidyl transferase dUTP
nick end labeling.

middle-aged mice (all of which were significantly affected by
DZP administration in sedentary mice; Figure 3), there was
no significant reduction in LTP magnitude with chronic DZP
administration [young CA1l: exercise (Ex) (n = 8) vs. Ex + DZP
(n=10), P =0.69; young CA3: Ex (n=9) vs. Ex + DZP (n = 12),
P = 0.58; middle-aged CA3: Ex (n = 14) vs. Ex + DZP (n = 15),
P = 0.12; Figures 5A,B]. Likewise, in the analysis of dendritic

spine density in middle-aged mice, a significant difference
remained in the CA1 but not in the CA3 [CA1l: Ex (n = 14) vs.
Ex + DZP (n = 15), P < 0.01; CA3: Ex (n = 15) vs. Ex + DZP
(n =14), P = 0.20; Figures 6A,B]. Furthermore, when comparing
between the DZP and Ex + DZP groups, dendritic spine density
in the CA1 of the exercise group was significantly higher than
that of the sedentary group (Supplementary Figure 1B). These
results indicate that the chronic DZP-induced reductions in
dendritic spine density and LTP magnitude are preventable by
FRW exercise before the DZP administration.

DISCUSSION

In the present study, we investigated the effects of chronic DZP
administration on hippocampal function in both young and
middle-aged mice. In the MWM test, cognitive performance was
impaired by chronic DZP administration in middle-aged mice
but not in young mice. This result suggests that the cognitive
performance of middle-aged mice is more vulnerable to chronic
DZP administration than that of young mice. Partially consistent
with the results of the behavioral test, both hippocampal LTP
in the CA3 and spine density were reduced in middle-aged
mice by chronic DZP, although there was no modulation of
neurogenesis or apoptosis. Consistent with this finding, previous
studies have reported that DZP administration does not alter
neurogenesis or apoptosis (Sarnowska et al, 2009; Wu and
Castren, 2009; Nochi et al., 2013). In chronic DZP-administered
young mice, although a reduction in cognitive performance was
not observed in the MWM test, there was reduced hippocampal
LTP and spine density in these animals. These results suggest
that, regardless of behavioral cognitive performance, chronic
DZP administration induces impairments in synaptic plasticity
and spine maintenance in hippocampal neurons. In contrast,
NeuroD1- and TUNEL-positive signals were not affected by
chronic DZP administration in young or middle-aged mice.
Together, our results suggest that chronic DZP-induced cognitive
decline in middle-aged mice is not caused by changes in
neurogenesis or apoptosis. In addition to the effects of DZP, there
were aging-related effects on hippocampal neurons. Both LTP
magnitude and neurogenesis were significantly lower in middle-
aged mice than in young mice (Supplementary Figures 1Aa,b).
In DZP administered mice, LTP magnitude of young mice
was higher than that of aged mice. Especially in CA1l, LTP
magnitude of DZP treated young mice was higher than middle-
aged control mice. Taking these findings into account, the
vulnerability of middle-aged mice to chronic DZP administration
may be attributed to aging. The effects of aging and chronic DZP
administration on hippocampal neurons were similar, and the
cognitive impairment that was observed in middle-aged mice in
the MWM test might be induced by a synergistic effect of aging
and chronic DZP administration. This synergistic effect could
explain the fact that there was contrasting data between MWM
and LTP with regards to both young and aged mice.

The effects of chronic DZP administration on spine loss and
LTP suppression were observed in the hippocampal neurons of
both young and middle-aged mice. We have previously reported
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that chronic DZP administration increases lipocalin 2 expression
(Furukawa et al., 2017), and another recent study revealed that
chronic BZD administration to aged mice upregulates amyloid
beta 42 expression and downregulates neprilysin expression
(Jung et al., 2020). The expression of such molecules at normal
levels is essential for neural excitability, spine maintenance,
and synaptic plasticity (Huang et al., 2006; Lauren et al., 2009;
Mucha et al., 2011). Thus, the chronic DZP-induced adverse
effects of the present study might be associated with these
molecules. Additionally, the chronic DZP-induced adverse effects
might trigger activation of those molecules by modulating
GABAA-R activity. If so, treatment of flumazenil, a competitive
benzodiazepine receptor antagonist, would prevent or attenuate
the chronic DZP effects. It was reported that there are both
beneficial and adverse effect of flumazenil treatment for cognitive
function (Neave et al., 2000; Colas et al., 2017). Further research
will be needed to clarify the effect of flumazenil on cognitive
impairment induced by chronic DZP.

Meanwhile, numerous studies suggested correlation between
spine density and LTP in hippocampus (Zhai et al., 2020).

However, our results were not completely consistent between
LTP and spine density. In young mice, although LTP of CA3
was significantly reduced, spine density of CA3 were not
decreased. Occasionally, it was reported that LTP was impaired
without affecting spine density in the hippocampus of drebrin
A knock out mice (Kojima et al., 2016). Additionally, the LTP
of middle-aged mice were significantly or tend to reduce by
chronic DZP, however the magnitude of decrease in LTP was
smaller than that of young mice, even though magnitudes of
decrease by DZP in spine density were not so remarkable.
Our study could not explain these unexpected results, and
the maintenance mechanism of spine density in aged animal
was not fully elucidated. It was assumed that responses and
function of molecules associated with LTP induction and spine
maintenance might be modified by aging and different in regions.
Further investigation is necessary to clarify the underlying
molecular mechanisms.

Age-related declines in cognitive function have been explored
in numerous studies. Several reports have revealed that cognitive
function in mice aged 18 months or older is lower than that in
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FIGURE 4 | Effects of chronic diazepam administration on the spine density of
hippocampal neurons. (A) Representative images of visualized spines in the
CA1 and CAS regions of young and middle-aged mice. (B) Spines were
counted and the results are summarized in bar graphs. The number in bar
graph indicate the number of analyzed neurons (N = 4 animals, 1-3
neurons/animal). Scale bar, 5 um. Error bar: mean 4+ SEM. *P < 0.01, t-test,
vs. CON. CON, control group; DZP, diazepam group.

young mice (van Praag et al., 2005; Oliveira et al., 2012). However,
our data revealed that the cognitive performance of middle-aged
control mice in the MWM test was nearly identical to that of
young control mice. This discrepancy might be attributed to the
differences in mouse ages. The 12-month-old mice used in the
present study might not have been sufficiently old enough to
exhibit age-related cognitive decline in this behavioral test (Tsai
et al., 2018). However, we did observe age-related reductions
in hippocampal LTP and neurogenesis in these mice. Together,
these findings suggest that middle-aged mice might be vulnerable
to chronic DZP administration even though they do not show
cognitive impairment in behavioral tests.

The preventive effects of regular physical exercise against
cognitive deterioration and dementia risk have been reported
(Paillard, 2015). In the current study, we examined whether the
adverse effects of chronic DZP administration were prevented by
physical exercise. The chronic DZP-induced reductions in LTP
magnitude and spine density were attenuated by FRW exercise
for 12 weeks. These results suggest that physical exercise may
be a potential treatment to protect against cognitive decline
caused by chronic DZP. However, our data were unable to
elucidate the molecular mechanisms of these exercise-induced
beneficial effects on hippocampal neurons. Previous studies have
demonstrated that exercise increases BDNF and tropomyosin
receptor kinase B mRNA expression levels in the brains of
rodents (Gomez-Pinilla et al., 2002; Garza et al., 2004; Jin et al.,
2017). BDNF is a protein that promotes neural survival and
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FIGURE 5 | Effects of exercise on hippocampal long-term potentiation in
chronic diazepam- or vehicle-administered young and middle-aged mice.
(A) Averages of every 1 min of normalized fEPSP slopes were plotted. Theta
burst stimulation was delivered at 15 min of recording to induce long-term
potentiation. (B) To compare the magnitudes of long-term potentiation, the
normalized fEPSP slopes of 60- to 75-min recordings were averaged and are
summarized as a bar graph. The number in bar graph indicate the number of
recorded slices (N = 5 animal, 1-3 slices/animal). Error bar: mean £+ SEM. Ex,
exercise group; Ex + DZP, exercise + diazepam group; fEPSP, field excitatory
postsynaptic potentials.

the differentiation of new neurons and synapses. BDNF is
thought to be a major contributor toward enhancing memory
and increasing spine density (Leem et al, 2019). In addition
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to BDNE the expression of other growth factors - such as
fibroblast growth factor (Gomez-Pinilla et al, 1997, 1998),
insulin-like growth factor I (Stein et al, 2018), and nerve
growth factor (Chae and Kim, 2009) - are elevated by exercise.
These factors play an important role in neural function in the
adult brain (van Praag, 2008). It is therefore likely that the
expression of growth factors was upregulated by exercise even
in the hippocampus of chronic DZP-administered mice in the
present study, thus leading to the observed beneficial effects in
hippocampal neurons. Furthermore, a recent study identified
exercise-responsive peripheral molecules that are associated
with protective effects against cognitive decline (McGee and
Hargreaves, 2020). For example, the peripheral overexpression of
fibronectin type IIT domain-containing protein 5 rescues synaptic
plasticity and memory in Alzheimer’s disease model mice
(Lourenco etal., 2019). In addition, glycosylphosphatidylinositol-
specific phospholipase D1 in plasma is increased by exercise, and
is related to improved cognitive function in middle-aged mice
(Horowitz et al., 2020). Such molecules may have been functional
even in our model mice, but further research is needed to reveal
the detailed mechanisms of exercise-induced protective effects in
chronic DZP-administered mice.

Exercise enhances cognitive function and prevents age-related
memory decline (Gomes da Silva et al., 2012). However, in the
current study, although we observed age-related reductions in
dendritic spine density and impairments in LTP, FRW exercise

did not improve the effects of aging in the control group. It
is possible that the intensity of FRW exercise that was used in
this study was not sufficient to improve these effects of aging.
Additionally, our mice may not have been old enough to be
able to observe any FRW exercise-induced improvements of
age-related effects in the hippocampus.

It is well known that sedation was produced by BZDs. The
injection of BZD induces sedative effects after the acute injection.
However, tolerance is induced by chronic BZD administrations,
and sedation is progressively decreased through 7 days (Griffiths
et al, 1992). In this study, MWM experiments were started
at 10 days after the osmotic pump implantation. On the day
performing visible platform task, body weight and path length,
indicating motor performance, were not significantly different
between control and DZP groups of both young and middle-
aged mice. These results indicated that sedative effects of DZP
have disappeared by day 10 in the MWM experiment. Meanwhile,
there was a possibility that DZP-induced sedation and home cage
behaviors might be affected by aging and/or exercise. However,
as our data were confined to chronic DZP effects, the effects
of aging and exercise on DZP-induced sedation and home cage
behaviors could not be defined. In future, further studies about
home cage behaviors and physiological parameters of exercised
mice before and following DZP administration would reveal
detail mechanism and availability of exercise against to the effect
of aging and DZP administration.

In conclusion, we demonstrated that synaptic plasticity and
dendritic spine density were reduced in the hippocampus by
chronic DZP administration. In middle-aged mice, although
no behavioral signs of cognitive decline were observed, there
were several age-related alterations in the hippocampus. These
alterations were likely contributing factors to the vulnerability of
cognitive function to chronic DZP administration in the middle-
aged mice. Furthermore, our findings provide evidence that FRW
exercise may reduce the effects of chronic DZP administration on
the hippocampus; however, further research is needed to identify
the underlying molecular mechanisms.
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Age-related hearing loss (ARHL) is a common, increasing problem for older adults,
affecting about 1 billion people by 2050. We aim to correlate the different reductions
of hearing from cochlear hair cells (HCs), spiral ganglion neurons (SGNs), cochlear nuclei
(CN), and superior olivary complex (SOC) with the analysis of various reasons for each
one on the sensory deficit profiles. Outer HCs show a progressive loss in a basal-to-
apical gradient, and inner HCs show a loss in a apex-to-base progression that results in
ARHL at high frequencies after 70 years of age. In early neonates, SGNs innervation of
cochlear HCs is maintained. Loss of SGNs results in a considerable decrease (~50% or
more) of cochlear nuclei in neonates, though the loss is milder in older mice and humans.
The dorsal cochlear nuclei (fusiform neurons) project directly to the inferior colliculi while
most anterior cochlear nuclei reach the SOC. Reducing the number of neurons in the
medial nucleus of the trapezoid body (MNTB) affects the interactions with the lateral
superior olive to fine-tune ipsi- and contralateral projections that may remain normal in
mice, possibly humans. The inferior colliculi receive direct cochlear fibers and second-
order fibers from the superior olivary complex. Loss of the second-order fibers leads to
hearing loss in mice and humans. Although ARHL may arise from many complex causes,
HC degeneration remains the more significant problem of hearing restoration that would
replace the cochlear implant. The review presents recent findings of older humans and
mice with hearing loss.

Keywords: OHC, IHC, SGN, cochlear nuclei, SOC

INTRODUCTION

Age-related hearing loss (ARHL) is a significant issue that leads to a reduced hearing perception
in older humans. Half of the adult men over the age of 70 have ARHL (Roccio et al., 2020;
Yamoah et al., 2020; Wu et al, 2021), which makes it a significant public health concern.
The World Health Organization (WHO) predicts that there will be approximately 1 billion
people over the age of 65 by the year 2050. Thus, ARHL is poised to be a substantial
problem. ARHL involves a combination of conductive hearing loss (middle ear defects)
and/or neurosensory hearing loss (loss of hair cells or neurons). It may also involve
second-order neuron functional decline in the cochlear nuclei (CN) and associated superior
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olivary complex (SOC) (Makary et al., 2011; Lang, 2016; Caspary
and Llano, 2018; Fattal et al., 2018; Dubno, 2019; Syka, 2020).
Roughly 30% of women and men older than 65 have a reduced
hearing sensitivity (Homans et al., 2017; Eggermont, 2019)
affecting approximately 600 million people worldwide who may
develop a progressive neurosensory hearing loss. Overall, one
can imply that about 90% of people aged 90 years and older will
eventually suffer from overt hearing loss unilaterally, affecting at
least one ear (Sheffield and Smith, 2019). Aging also decreases
sound localization accuracy and the ability to detect weak signals
in noise.

Additionally, the repeated noise exposure begets noise-
induced hearing loss (NIHL), which may exacerbate ARHL.
These deficits may also indirectly affect cognition through
decreased social activities and communication (Dubno, 2019;
Eckert et al., 2019; Syka, 2020). A better understanding of the
aging auditory system mechanisms and eventually replacing lost
hair cells and sensory neurons to maintain hearing is required
to help those with hearing replacement, including cochlear
implants.

Currently, mouse models are the most common model of
ARHL. The model appears to have limited transformation of
supporting cells into HCs (Walters et al., 2017; Yamashita
et al., 2018; Roccio et al., 2020; Li et al., 2020). In contrast,
age-related hearing loss is understudied compared to earliest
hair cell replacements (Zine et al., 2014, 2021; Devare et al,,
2018; Yamoah et al., 2020). Notably, we realize that the stages
of mouse development are different compared to humans (Lim
and Brichta, 2016; Wang et al, 2018): a 2-year-old mouse
is equivalent to a ~70-year-old human (Figure 1A). The
corresponding human age to which hair cells are lost, leading to
a particularly profound hearing loss in a mouse (Rauch et al.,
2001; Kusunoki et al., 2004; Eggermont, 2019; Sheffield and
Smith, 2019) depends upon the specific mouse strain (Zheng
et al,, 1999). Age-related hearing loss and changes in hearing
of aged people have been identified at many levels across
the entire auditory system, from the cochlear hair cells to
the CN to the SOC. Reviews have reported central auditory
dysfunction, including the downregulation of synaptic inhibition
due to peripheral deafferentation and maladaptive plasticity.
Aging-related decreases in synaptic inhibition (Stebbings et al.,
2016; Caspary and Llano, 2018) may be triggered by high
metabolic demands that lead to inhibitory neurons that being
affected, while the relative to the decline of their excitatory
counterparts (Kann etal., 2014), yielding an inhibitory-excitatory
imbalance. Metabolic demands may be higher in the auditory
brainstem, including the SOC, due to having high firing rates
of neurons (Sanes and Rubel, 1988; Kujawa and Liberman,
2009), potentially making them more vulnerable to aging-related
declines. Recent data suggest that lateral superior olivary neurons
(LSON) are more resistant to metabolic stress than SOC overall
(Brosel et al., 2018).

Hair cell loss is one of the early signs leading to the
progressive worsening of the organ of Corti (Pauley et al., 2008;
Taylor et al., 2012; Kersigo and Fritzsch, 2015; Herranen et al.,
2020; Wu et al, 2021). The loss of spiral ganglion neurons
(SGN), cochlear nuclei (AVCN, PVCN, DCN), and superior

olivary complex (SOC) may follow or may occur in tandem.
A common consequence of hair-cell loss is a flat epithelium
(Shibata et al., 2010), which constitutes a predominated clinical
situation of hearing loss that requires a future cure (Yamasoba
et al,, 2013; Yang et al., 2015; Homans et al., 2017; Revuelta
et al, 2017; Dawson and Bowl, 2019; Dubno, 2019; Lopez-
Juarez et al.,, 2019). Several studies have focused on various
aspects of age-related hearing loss prevention, while others
work toward the therapy (Schilder et al, 2019; Eshraghi
et al, 2020; Roccio et al, 2020; Sekiya and Holley, 2021).
For instance, cochlear implants (CI) are effectively used to
functionally replace hair cells (Gantz et al, 2018, 2005). In
addition, current approaches are attempting to define in detail
the genetic basis of ARHL (Lewis M. A. et al., 2018). Improved
hearing loss measurement (Simpson et al., 2019; Cassarly et al.,
2020) will guide the restoration of hair cells to ameliorate
hearing loss.

The presented review will describe mouse mutants to
endorse a genetic model with a flat auditory epithelium
and associated loss of sensory neurons of the ear and the
brainstem. We aim through this approach to inspire innovative
research and novel interventions by framing the hallmarks
of aging (Campisi, 2013; Lépez-Otin et al, 2013; Sekiya
and Holley, 2021) to improve the upcoming translatability
of present restoration challenges. Developing those leads
to novel mouse models to deal with the strengths and
weaknesses. It would be helpful to develop restoration strategies
that are temporally mountable from postnatal to old age.
Age-dependent dysregulation of the cochlear duct endolymph
composition is a problem (Dubno, 2019) that aggravates
neuronal loss (Lang, 2016; Elliott et al., 2021b) and are
other avenues of investigation. Their possible restoration for
hearing perfection is being explored (Gantz et al, 2018;
Yamoah et al., 2020). We focus on hair cells, sensory neurons,
cochlear nuclei, and the MOC innervation as late-age-related
restoration targets.

HAIR CELL LOSSES BEGIN IN THE OUTER
HAIR CELLS FOLLOWED BY INNER HAIR
CELL LOSS

Hair cells and supporting cells form the functional cellular
assembly in the organ of Corti in the inner ear (Fritzsch et al,
2006; Groves and Fekete, 2017). In mice, hair-cells exit the
cell cycle around embryonic days E12-14 in an apex to base
progression (Ruben, 1967; Matei et al., 2005). In humans, this
happens around gestational weeks GW12 (Locher et al., 2013).
Many transcription factors and other genes are involved in
cochlear hair cell development. For instance, Eyal/SixI early
gene expression (Zou et al, 2004; Ahmed et al., 2012; Li
et al, 2020; Xu et al, 2021) is followed by Sox2 (Kiernan
et al., 2005; Dvorakova et al, 2016, 2020). Other genes are
needed such as Gata3 (Karis et al., 2001; Duncan and Fritzsch,
2013; Walters et al., 2017), Pax2 (Bouchard et al., 2010;
Kempfle and Edge, 2014), Shh (Riccomagno et al., 2005; Muthu
etal., 2019), and miR-183 (Pierce et al., 2008; Kersigo et al., 2011).
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FIGURE 1 | Panel (A) provides an overview of a 70-year-old human comparable to a 2-year-old mouse. The age group in humans displays profound hearing decay,
shown as percent (%) of hearing loss (A, in red) follow-on hearing loss of 90-year-old humans. Limited restoration is attempted that has focused on 2-year or mostly
younger mice, that is driven by the cost of keeping animals to old age and is providing a lack of decent models. Audiograms (B) and histology (C,D) demonstrated
the loss of IHC (C), OHC (D), and the progressive threshold reduction in older people shown with the audiogram (B). Note that people exposed to noise have an
additional loss in hair cells (C,D) and show a threshold reduction in the audiogram (B) in the middle age of 50-74 years old. In newborn mice, we demonstrate the
phenotype of Atoh1 LacZ in control mice (E) Atoh1LacZ/LacZ null mice (F) is comparable (i.e., a single row of undifferentiated IHCs). Compared to Neurog1 null
mice, a shorter cochlea has outliers in the GER area (G). Data were taken from the Jackson lab, WHF, and Fritzsch et al. (2005), Matei et al. (2005), Sheffield and
Smith (2019), and Wu et al. (2021). Scale bars: 100 wm (E-G).
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In addition, we know of several Lim domain factors such as IslI
(Huang et al,, 2008; Chumak et al., 2016) and Lhx3 (Hertzano
et al., 2007) that are needed for normal development of the
cochlear hair cells. A unique loss of LmxIa (Huang et al., 2008,
2018; Nichols et al., 2008, 2020) and its interaction with LmxI1b
(Chizhikov et al., 2021) regulates the development of all cochlear
hair cells, comparable to deletions of either Pax2 (Bouchard
et al.,, 2010) or Shh (Muthu et al., 2019). Another subset of early
transcription factors is known for proliferation, such as p275%
(Lowenheim et al., 1999; Zine et al., 2014), n-Myc (Kopecky et al.,
2011), and ProxI (Fritzsch et al., 2010).

Atohl expression is an essential early step of all inner
ear hair cell differentiation (Bermingham et al., 1999; Fritzsch
et al,, 2005; Pan et al.,, 2012; Figures 1E-G). It is required for
healthy sensory hair cell development in a cyclical sequential
fashion (Fritzsch et al., 2006; Kageyama et al., 2019; Tateya
et al., 2019). Atohl can induce the naive epithelial cells into
hair cells, but the viability of those cells is limited (Jahan
et al, 2018; Atkinson et al., 2019). Beyond neonatal cell
conversion (Mantela et al., 2005; Kelly et al., 2012; Koehler
et al,, 2017; McGovern et al., 2019) using pluripotent stem cells
(van der Valk et al., 2021; Zine et al., 2021) to make novel
cochlear hair cells that are inner- and outer hair cell-specific
is beyond our current ability. Cellular deviations are regularly
observed in aged materials and almost all aspects of the
cell, including nuclear structure, cellular state, mitochondria,
genetic material, and protein function that reduce the outer
and inner hair cells with time (Kersigo and Fritzsch, 2015;
Chessum et al., 2018; Wiwatpanit et al., 2018; Driver and
Kelley, 2020; Filova et al, 2020; Herranen et al, 2020).
Notably, several later transcription factors interact to maximize
the generation of cochlear hair cells (Chen et al, 2021).
Approximately 300 genes are identified and associated with
ARHL (Bowl et al., 2017). TMCI/2 is vital for the normal
formation of hearing function (Yoshimura et al., 2019; Erives
and Fritzsch, 2020), as well as Cdh23 and Pcdhl5, which
together form the tip links of stereocilia (Elliott et al., 2018;
Qiu and Miiller, 2018).

Outer hair cells degenerate before inner hair cells in older
humans and mice (Spongr et al., 1997; Kane et al, 2012).
Specifically, early loss of OHC is pronounced in specific
mutations, such as inactivated Manf or loss of Atg7 (Herranen
et al., 2020; Perkins et al., 2020; Zhou et al., 2020). Loss of
OHCs occurs at different degrees depending on mouse strains.
For example, ~80% of OHCs are lost by 26 months of age in
C57bl6 mice. In contrast, only ~50% are lost in CBA mice by
26 months. Indeed, in CBA strains, ~100% of hair cells are
intact until 18 months. Among the first early loss that affects
IHCs, are specific mutants such as Srrm3/4 (Nakano et al,
2012, 2020) followed by loss of Cdc42 (Ueyama et al., 2014)
and Arhgef6 (Zhu et al., 2018). Loss of OHC, followed by IHC
using a novel diphtheria toxin, was shown in postnatal mice
(Tong et al., 2015).

In humans, aloss of OHCs is followed by IHCs that progresses
around 65 years of age (Nadol Jr and Xu, 1992; Rauch et al,
2001; Liu et al., 2021). A most detailed description was recently
provided that shows a comparable loss of OHCs and IHCs

(Wu et al., 2021) that reduces IHCs ~50% in the base of ~75-
year-old humans, compared to ~40% in the same region of
OHC:s (Figures 1C,D). Interestingly enough, in older people with
noise-induced hearing loss (NIHL) and/or age-related hearing
loss (ARHL), there is a progressive loss of OHC in the base. In
contrast, the nearby IHCs remain near normal. Compared to the
high-frequency loss, progressive ~50 dB SPL at about 75-year-
old to ~60 dB SPL affects nearly 85-year-old or older humans
(Figure 1B). Unfortunately, much of the current biological
restorative strategies focus on the earliest induction of new hair
cells, knowing well that the delayed loss of cochlear hair cells
happens about 60 years later (Figure 1A).

Generating vestibular and cochlear hair cells from human
pluripotent stem cells have begun the earliest major steps, as
mentioned above (Koehler et al., 2017; Lahlou et al., 2018;
Patel et al., 2018; Romano et al., 2021; van der Valk et al,
2021; Zine et al,, 2021). To date, no one has succeeded in
producing both types of the organ of Corti sensory hair cells
in vitro in the correct proportion and disparity distribution
needed for the restoration of hair cells within the organ of
Corti. Many issues remain open, but we have no solution
at hand, turning the feasibility of producing hair cells with
following repopulation of the damaged organ of Corti into a
future option (Liu et al., 2021). Restoration of the flat auditory
non-sensory epithelium between the lingering patches of hair
cells (Pirvola et al., 2002; Kiernan et al., 2005; Soukup et al.,
2009; Pan et al,, 2012; Duncan and Fritzsch, 2013; Herranen
et al, 2020) also requires restoration of innervation to the
newly molded hair cells. Concentrating on the proliferation
and transdifferentiating of undistinguishable epithelial cells
of the flat epithelium requires several steps that need to
be taken before precursor cells can respond with genes like
Sox2 and Atohl (Dabdoub et al., 2008; Nyberg et al, 2019;
Dvorakova et al., 2020; Yamoah et al., 2020). Appropriate
hair cell differentiation in the aging cochlea is the prime
objective of hair cell regeneration. Artificial gene governing
networks (Ausldnder et al., 2012; Sedlmayer et al., 2018; Xie
and Fussenegger, 2018; Krawczyk et al, 2020) can be used
to drive Sox2 and Atohl in an oscillatory dynamic manner
in BMP4-positive cells. We predict a cargo load of 25 kb is
required for this oscillatory gene regulation, well within the
choice of the helper-dependent adenovirus (HdAd; 37 kb).
It assumes that BMP4 expressing cells can activate and the
generation of the LuxR protein will enable the activation of
the LuxI, AiiA, and Sox2 proteins. Oscillation will initiate the
level of Sox2 gene expression, activating Atohl gene (Neves
et al, 2012; Alonso et al, 2018). The expression of the
Atohl protein can act as positive feedback on its enhancer
(Pan et al, 2012) and can provide a negative feedback loop
back onto Sox2 (Dabdoub et al., 2008; Kempfle et al., 2016;
Yamoah et al., 2020). Once hair cell differentiation has initiated,
BMP4 expression can be reduced using a negative feedback
loop (Lewis R. M. et al.,, 2018). Eventually, the gene regulation
system will shut down after time, leaving feedback loops in
the differentiating hair cells to complete the process. Hair cell
formation is required to be induced in all age and classes of
mice, from young to adult, requiring a scalable expression to
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take advantage of using synthetic biology to directly repopulate
the flat epithelium from undifferentiated supporting cells into
cochlear hair cells.

In summary, the progressive loss of cochlear hair cells
depends on a large number of genes (Liu et al., 2021) that results
in the flat auditory epithelium and requires a re-establishment of
normal hair cells for hearing restoration. Alternative approaches,
such as incorporating induced hair cells into the cochlea, are
challenging. In this case, the hair cells would die once they are
exposed to the endolymphatic fluid containing high potassium
levels (~140 mM). Early development of hair cells is possible, but
the induction of novel hair cells to replace lost hair cells in old
mice and humans remains a future biological treatment option.

SPIRAL GANGLION NEURONS DEVELOP
INDEPENDENT OF HAIR CELLS AND
COCHLEAR NUCLEI

The sensory neurons of the cochlea, the spiral ganglion neurons
(SGNs), depend on Neurogl (Ma et al., 1998, 2000; Elliott et al.,
2021b) and are myelinated by Schwann cells (Mao et al., 2014;
Kersigo et al., 2021). Neurons begin proliferation in a base-
to-apex progression around embryonic days E10-12 in mice
(Ruben, 1967; Matei et al, 2005), equivalent to gestational
week (GW10) in humans (Locher et al., 2013). Central fibers
reach the cochlear nuclei at about E12.5, followed by peripheral
innervation of hair cells at E14.5 (Yang et al., 2011; Schmidt and
Fritzsch, 2019).

The genes, Eyal (Xu et al.,, 2021), Sox2 (Dvorakova et al,
2020), Shh (Muthu et al., 2019), Pax2 (Bouchard et al., 2010),
Lmxla/b (Chizhikov et al., 2021), Dicer/miR-183 (Kersigo et al.,
2011), Fgf7/10 (Pauley et al., 2003; Urness et al,, 2018), and
Neurogl (Ma et al., 1998, 2000; Elliott et al., 2021b), among
others, are required to induce the formation of spiral ganglion
neurons, as well as cochlear nuclei. Downstream of Neurogl, a
subset of transcription factors are upregulated to promote SGN
differentiation, including Neurodl (Jahan et al., 2010a; Macova
et al., 2019), Poudfl (Huang et al, 2001), Gfil (Matern et al.,
2020), Isl1 (Radde-Gallwitz et al., 2004; Chumak et al., 2016),
and others. Additional factors are also required to maintain
spiral ganglion neurons as they project to the cochlear nuclei
(Brooks et al., 2020). Expression of the neurotrophins, Bdnf
and Ntf3, are needed for maintaining SGNs (Yang et al., 2011;
Fritzsch et al., 2016), and in their absence, no SGNs survive. In
the absence of SGNS, the ear initially develops near normally;
however, after approximately 2 months, cochlear hair cells
degenerate (Kersigo and Fritzsch, 2015). In addition, an early
loss of SGNs results in a reduced number of cochlear nuclei
neurons (Figures 2B,C) (Dvorakova et al., 2020; Filova et al.,
2020), consistent with an early loss in chicken (Levi-Montalcini,
1949). However, unlike in neonates, loss of the ear has less of
an effect on cochlear nuclei survival in older mice, suggesting
a critical window (Rubel and Fritzsch, 2002; Harris and Rubel,
2006). Our recent data show that vestibular afferents from
transplanted mouse ears can innervate the vestibular nuclei of
chickens, thus providing a novel approach to eventually replace

ears (Elliott and Fritzsch, 2018). Currently, though, cochlear
implants are the only means to restore hearing following a
sensorineural hearing loss, so long as enough SGNs survive in
humans to transmit the sound stimulation from the ear to the
cochlear nucleus (Gantz et al., 2005, 2018). In cats, stimulating
the ears will reform the cochlear nuclei and develop large
endbulbs of Held (Ryugo et al., 2005) and this likely also happens
in humans (Kral et al., 2013). Interestingly enough, a set of
miR’s show a progressive reduction in cochlear nuclei (Krohs
et al.,, 2021) that acts in parallel to Dicer dependent mutations
(Kersigo et al., 2011).

The development of SGNs is independent of both cochlear
nuclei and cochlear hair cells (Rask-Andersen et al., 2005).
Studying the growth and differentiation of SGNs could inform
the steps needed to induce otic progenitors to replace lost
neurons (Song et al., 2017, 2019; Karlsson et al., 2019).
SGN projections follow a simple tonotopic organization
(Figures 2G,H,H’): basal projection of the cochlea reaches the
most dorsal part of the cochlear nuclei, whereas the apex reaches
the ventral aspect of the cochlear nuclei (Muniak et al., 2016;
Fritzsch et al., 2019). Following the loss of Neurodl, there is
a reduction in the number of SGNs and a reorganization of
these neurons that result in mixed innervation of auditory and
vestibular targets and also a loss of tonotopic organization in
the cochlear nuclei (Macova et al., 2019; Filova et al., 2020). A
somewhat similar reorganization results from the loss of Nrp2
that shows a disorganized central cochlear projection (Lu et al.,
2014; Schmidt and Fritzsch, 2019). Interestingly, SGNs project
to the cochlear nuclei in the absence of Atohl (Fritzsch et al.,
2005) where they maintain their tonotopic representation of
the periphery (Elliott et al., 2017). In addition, SGNs project
peripherally in the absence of Atohl and Pou4fl (Xiang et al.,
2003) to reach the flat epithelium in the absence of cochlear
hair cells (Pauley et al., 2008). The latter demonstrates that
SGNs form in the absence of hair cells, suggesting long-term
retention of the ’de-innervated’ neurons (Figure 2A) in humans
(Nadol Jr, 1990; Nadol Jr and Xu, 1992), cats (Stakhovskaya et al.,
2008), and mice (White et al., 2000) whereas neurons of rats
degenerate faster within months after the loss of all hair cells
(Alam et al., 2007).

Two types of SGNs neurons are known, type I and type II,
to innervate the inner hair cells (Petitpré et al., 2018; Shrestha
etal., 2018; Sun et al., 2021) and the outer hair cells (Shrestha and
Goodrich, 2019; Elliott et al., 2021a), respectively. Innervation of
the hair cells occurs in a progression, starting at E18 (Fritzsch
et al, 1997) and finishing at about P14 (Petitpré et al., 2018;
Shrestha and Goodrich, 2019). In the absence of cochlear hair
cells, projecting peripheral neurites of SGNs reach out (Xiang
et al, 2003; Fritzsch et al., 2005; Pauley et al, 2008; Pan
et al,, 2012; Tong et al.,, 2015), but do not expand beyond the
flat auditory epithelium (Shibata et al., 2010). As mentioned
above, there is a reduced number of neurons after Neurodl
deletion and an effect on hair cells in the cochlear apex (Jahan
et al., 2010b; Macova et al., 2019). In addition, loss of Neurodl
results in the conversion of some neurons into hair cells after
upregulation of Atohl (Elliott et al., 2021b). Furthermore, in
Neurodl mutant mice, some OHC are converted into IHC-like
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cells (Figure 2F) and are innervated by putative type I SGNs
(Jahan et al., 2018; Filova et al, 2020). Reorganization of
innervation has been shown in Srrm4 mutant mice. In these
mice, IHCs are primarily absent (Figure 2D), and type I SGNs
innervate the OHCs instead can enforce some of the type I to
innervate IHC instead of OHC (Figures 2B,C) (Nakano et al.,
2012; Jahan et al., 2018). Replacement of one allele of Atohl
with Neurogl, in which the other Atohl allele is conditionally
knocked out, can lead to the formation of near-normal hair
cells (Figure 2E) that also receive innervation (Jahan et al,
2015). A unique defect of SGNs is observed at a certain
reduction level of specific stimulation in mice (Kujawa and
Liberman, 2009) that requires additional information in humans
(Wu et al., 2021).

In summary, SGNs project centrally to the cochlear nucleus
and peripherally to the hair cells. SGNs show a tonotopic
organization to the cochlear nuclei even in the absence of
hair cells, which is beneficial for cochlear implants. Likewise,
in the absence of hair cells, long-term retention of SGNs is
demonstrated and ramified within the “flat auditory epithelium”
that could possibly be re-connected with novel hair cells in the
near future.

COCHLEAR NUCLEI DEPEND ON
TRANSCRIPTION FACTORS THAT MAY
CHANGE WITH AGE

The cochlear nucleus is the first information processing
center for auditory information within the central nervous
system and provides output to the superior olivary cells
(SOC) and the inferior colliculi (IC) (Malmierca and Ryugo,
2011; Oertel and Cao, 2020). It comprises three subnuclei:
anteroventral cochlear nucleus (AVCN) from rhombomere
2 and 3 (r2, 3), posteroventral cochlear nucleus (PVCN;
r4), and dorsal cochlear nucleus (DCN, r5). Most cochlear
nuclei neurons exit the cell cycle around E10-14 except
for the delayed formation of granule cells that finish at
E18 in mice (Pierce, 1967). Atohl is a major bHLH gene
that defines the cochlear nuclei. It is expressed in regions
of the rhombic lip of the hindbrain that contribute cells
to the cochlear nucleus. Conditional deletion of Atohl in
r3/5 impaired cochlear nucleus formation in those regions
(Maricich et al., 2009)., without Atohl, there is no formation
of cochlear nuclei (Wang et al., 2005; Fritzsch et al., 2006;
Ray and Dymecki, 2009). However, as mentioned -earlier,
in the absence of Atohl, a near-normal central projection
develops (Figures 3E,F) of SGNs (Elliott et al, 2017).
Notably, a delayed loss of Afohl can be driven by Pax2
(Figures 3C,D). Upstream of AtohlI is the expression of Lmx1a/b
(Chizhikov et al, 2021). Without expression of Lmxla/b,
there is a loss of Gdf7 (Lee et al., 2000), Atohl, and Wnt3a
expression, and there is no formation of the choroid plexus
(Chizhikov et al.,, 2021; Elliott et al., 2021b). In addition,
without LmxIa/b, all aspects of the cochlea are eliminated
beyond an undifferentiated sac, including no differentiation
of cochlear hair cells or SGNs (Figures 3A,B). Additional
transcription factors have been identified for cochlear nuclei

formation (Milinkeviciute and Cramer, 2020). For instance,
Hoxbl is expressed in r4 in the PVCN and parts of the DCN
(Di Bonito et al., 2017).

The cochlear nuclei have defined numerous cell types based
on morphological and physiological criteria (Oertel and Cao,
2020). Synapses from type I SGNs onto bushy cells in the
AVCN have structural adaptations that receive the endbulbs
of Held; the endbulb of Held permits highly secure signaling
between the auditory periphery of SGN and bushy cells (Manis
et al,, 2012; Caspary and Llano, 2018; Syka, 2020; Wang et al,,
2021). Losing proper auditory innervation that leads to a
simplification of the endbulb termination (Muniak et al., 2016).
Local inhibitory cells in the cochlear nucleus are known as
either glycinergic (e.g., D-multipolar, vertical, and cartwheel)
or as GABAergic [stellate and Golgi; (Young and Oertel, 1998;
Oertel and Cao, 2020)] that receive the SGN projections.
Genomically are clustered as miR-183 and miR-96 that reduces
the volumes of auditory hindbrain nuclei. Electrophysiological
analysis shows that the calyx of Held synapses on the
medial nucleus of the trapezoid body (MNTB) demonstrated
strongly altered synaptic transmission in young-adult mice
(Krohs et al., 2021).

Aging-related changes are known to a certain extent, followed
in neuronal morphology and biochemistry in the cochlear
nucleus and SOC. The size of the AVCN remains constant with
aging, whereas its cell density decreases with age. Moreover,
cellular density correlates with aging-related loss of cochlear
sensory neuron input. In addition, the cellular density diminishes
by about 15% at 7 months of age in certain mice (C57BL/6).
Still, it does not show a reduction of cellular density until the
2nd year of life in CBA/Ca] mice (Willott et al., 1987). The
reduction of cellular density is complemented by a drop in the
size of synaptic terminals by AVCN neurons (Briner and Willott,
1989; Helfert et al., 2003). The volume of the DCN and cell
number and size of aging-related decreases have been detected
in C57BL/], suggesting that the losses are related to hearing
loss. Changes have been detected in the octopus cell area of the
PVCN. Interestingly enough, changes seen in both C57BL/] and
CBA/CaJ mice indicate a different aging-related effect (Willott
and Bross, 1990; Jalenques et al., 1995). The morphology of
the cochlear nucleus in humans with presbycusis suggests an
increase in the total cell number and number of multipolar and
granule neurons in the cochlear nucleus with aging (Hinojosa
and Nelson, 2011), a contradictory result that requires additional
work (Syka, 2020).

The calcium-binding proteins parvalbumin, calbindin, and
calretinin play a leading role in buffering intracellular calcium
during cellular stress in all cochlear nuclei (Lohmann and Friauf,
1996). For example, calretinin-, calbindin-, and parvalbumin-
positive cells are perceived in the DCN and PVCN of aged mice;
this increase of the three proteins is correlated with hair cell loss
(Idrizbegovic et al., 2003; Caspary and Llano, 2018). Recent data
suggest the total number of neurons in the DCN and PVCN is
decreasing while the proportion of parvalbumin- and calretinin-
positive neurons (Figure 3G) is increasing (Idrizbegovic et al.,
2006; Syka, 2020). Hearing loss goes beyond the three proteins
that are the only factor in these increases. Moreover, induced

Frontiers in Aging Neuroscience | www.frontiersin.org

February 2022 | Volume 14 | Article 814528


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Elliott et al. Age-Induced Hearing Loss

Bme1a/b DKO

Roof plate

no Choroid plexus
no Wnt1/3a
no Atoh1

no Gdf7
no Lmx1a/b

oor plate

[

P7 Pax2-cre; P7 Pax2-cre;
Atoh1 +/+ Atoh1 f/f

E18.5 Atoh1-/-

Parvalbumin Calbindin Calretinin_—

G
o
100 . -] 1month I -
» B 24 months
c - - b= ] o o
s T
S
D | Rk 1L AL |
2 50
=
25 | 1t 1t -
0 ml |

DCN PVCN DCN PVCN DCN PVCN

FIGURE 3 | Cochlear nuclei depend on Lmx7a/b, upstream of Gdf7, Atoh1, and Wnt3a (A). In the absence of Lmx7a/b neither cochlear hair cells, spiral ganglion
neurons, nor cochlear nuclei develop (B). The choroid plexus is replaced by a roof plate that allows fibers to cross to the contralateral side (A,B). Cochlear nuclei are
smaller in a conditional deletion of Atoh7 using Pax2-cre (C,D). In Atoh7-null mice, there is a normal central projection of SGNs without either peripheral hair cells or
cochlear nuclei (E,F). Expression of Parvalbumin, Calbindin and Calretinin showing upregulation in the cochlear nuclei at the level of DCN and PVCN areas that
increase in some but not all neurons (G). Modified after Idrizbegovic et al. (2006), Elliott et al. (2017, 2021b), and Chizhikov et al. (2021). Scale bars: 100 pm (C-F).

*** indicates significance.

Frontiers in Aging Neuroscience | www.frontiersin.org 109 February 2022 | Volume 14 | Article 814528


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Elliott et al.

Age-Induced Hearing Loss

»

e
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hearing loss may cause a lessened effect of calretinin-positive
neurons in layer III of the aged DCN, innervating the fusiform
neurons (Zettel et al., 2003; Syka, 2020) in the human cochlear
nucleus. Note that all three calcium-binding proteins decrease
progressively from adult to old age (Sharma et al., 2014). The
differences in intracellular calcium mobilization may play a

role to confirm the differences between the human and mouse
data (Ibrahim and Llano, 2019).

Changes with aging in the cochlear nucleus are known
to degrade the spiking activity in opposition to temporally
patterned impetuses. The Fischer 344 rat showed aging-related
decreases in glycine binding sites. In addition, receptor subunits
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in the cochlear nucleus are declining (Wang et al., 2009; Caspary
and Llano, 2018). Reduction and loss of inhibition are most
likely mirrored in cochlear nucleus neurons’ firing possessions.
Thus, cartwheel and fusiform cells show increased acoustically
driven responses in the aging cochlear nucleus. This activity
will reflect the loss of inhibition (Caspary et al., 2006; Caspary
and Llano, 2018). Physiologically, numerous studies show the
temporal fidelity that breaks down at the synapse between
cochlear nerve fibers and bushy cells in old mice (Xie, 2016;
Xie and Manis, 2017; Wang et al., 2021). These data suggest
multiple instruments may be responsible for the aging-related
temporal spreading of cochlear nucleus neuronal responses from
temporally patterned sounds. Moreover, the first longitudinal
investigation of different type Ia is positive for calretinin and
innervates the bushy neurons.

In summary, we show that cochlear nuclei depend
on Lmxla/b and Atohl and require further studies with
heterozygotes to identify the long-term defects in mice.
Preliminary data suggest a distinct effect of upregulation of
parvalbumin and calretinin that could upregulate the relative
calbindin expression and suggest a long-term reduction of
calretinin that innervates the bushy cells. No new cochlear nuclei
are needed as they survive in the absence of SGNs.

SUPERIOR OLIVE COMPLEX IS AFFECTED
BY VARIOUS AUDITORY SYSTEM LOSSES

The superior olivary complex (SOC) is the second major station
in the ascending auditory pathway, which consists of the first
input at which information from the two ears is combined
for binaural information in the central auditory system. The
SOC nuclei involved in processing ascending information are
the medial superior olive (MSO), lateral superior olive (LSO),
and medial nucleus of the trapezoid body (MNTB; Marrs et al.,
2013). These three major SOC nuclei play a critical role in
sound localization ability, which is known to diminish with age
(Caspary and Llano, 2018; Syka, 2020). In mice, neurons are
born between embryonic days E9-14 with the latest differentiated
neurons in the LSO (Pierce, 1973).

Recent data suggest that the SOC complex is generated in
part by dorsal neurons from AtohI-positive cells that identify
their contribution to distinct migrating SOC cells (Maricich
et al., 2009; Marrs et al., 2013; Di Bonito et al., 2017; Lipovsek
and Wingate, 2018). In addition to Atohl, there is a combined
expression of Wnt3a and Enl (Jalabi et al., 2013; Altieri et al.,
2015; Chizhikov et al., 2021) that are important for the SOC.
A noticeable difference is in the SOC of the chicken that
generates more caudal nuclei (Lipovsek and Wingate, 2018).
A clear progression in Calbindin, Calretinin, and Parvalbumin
expression that require a generation of SOCs is demonstrated
by tracing and immunological data (Lohmann and Friauf, 1996;
Kandler et al., 2020).

Very few studies have investigated variations in the MSO,
LSO, and MNTB, particularly with aging. For example, Godfrey
et al. found that there were no changes in the dry weight
of the superior olive complex, but that was significantly
reduced in glutamate, glycine, and GABA (Godfrey et al,

2017). Moreover, there is a reduction of about 25% in the
level of neurotransmitters with aging in the auditory system.
The size of glycinergic and GABAergic cell size has become
smaller in the LSO of gerbils of aging (Gleich et al.,, 2004).
Furthermore, decreases in synaptic terminals have been reduced
in MNTB in Sprague-Dawley rat with age (Casey and Feldman,
1982, 1985, 1988). An increase in parvalbumin staining in
the MSO, but not LSO or MNTB, is reported in primates
with aging (Gray et al., 2013). Changes seem to correlate with
deviations in peripheral hearing, implying that parvalbumin
upregulation may be a part of the mechanism to compensate for
the loss of peripheral input from neurons. Beyond significant
changes in the synaptic organization in superior olives that
have provided few aging-related physiological changes in vivo
compared with changes in the ABR threshold (Ibrahim
and Llano, 2019; Syka, 2020). Older miR-183/96 require
studying in much older mice to study the long-term defects
(Krohs et al., 2021).

Our initial set of calretinin and calbindin data suggests
a slight reduction in the number of MNTB cells (Figure 4)
consistent with data in rats (Casey and Feldman, 1988). Using
a gene regulation of two distinct nuclei showing a fast up-
and down-regulation for three nuclei that are all positive for
calbindin (Figures 4A-C). Whereas the MNTB is calbindin-
positive early and keeps this expression, the SPN and LSO
show a strong early up-regulation of calbindin followed by
near regular expression of calbindin at 1 year of age. An
interesting size of MNTB differs between 1 year-old mice: more
significant more lateral neurons are becoming more smaller in
the medial MNTB (Figures 4C,C””). Individual neurons can
be traced by calretinin to form a calyx of Held (Figure 4C”)
that resembles the endbulb of Held of bushy cells (Wang et al.,
2021). While all calyx receives innervation from the contralateral
cochlea, the size of innervation suggests that smaller MNTB
neurons have fewer calyces (Figures 4C”,C™”). Further work
is needed to detail the loss in mice using calretinin, calbindin,
and parvalbumin to investigate the effects in mice 24 months
or older.

In summary, we know that the migrated SOC nuclei are
derived from the dorsal rhombomere. Our preliminary set of
calretinin and calbindin data suggest that different complexity
and size of MN'TB neurons correlate with the size of neurons with

aging.
CONCLUSIONS

Our overview shows the earliest loss of cochlear hair cells,
spiral ganglion neurons, cochlear nuclei, and associated superior
olivary complex: Nearly all four auditory systems depend on
Lmxla/b, Atohl, and Neurogl expression. Later, a progressive
loss of hair cells occurs with aging, followed by a spiral ganglion
neuron reduction to ~40% in humans and mice. In contrast,
early losses of cochlear nuclei have been well described, showing
changes in different proteins for survival. How much of the
changes are related to compensation for peripheral hearing loss
remains an open question, and the impact of adaptation on sound
perception remains a subject for future investigations. Auditory
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brainstem neurons may be less vulnerable to oxidative stress,
which may have high metabolic demands based on neurons’
high firing rates. Thus, different mechanisms may interpret
for aging declines, in particular, inhibition that affects the
auditory pathway. We suggest that the loss of inhibition may,
in part, be responsible for temporal fidelity or may be affected
by sound localization or may produce dysregulated plasticity.
Future work will be of help to explain the causes of changes
of aging that ultimately affect the central auditory system that
will lead to novel therapeutic objectives to perfect such changes
by adding new hair cells and connecting them with remaining
SGNs to connect the cochlear nuclei. How much cochlear
nuclei and SOC and IC neurons can plastically revert in sizes
and complexity of innervation remains to be seen. Additional
investigations to uncover the complex reasons for changes
in the central auditory system will contribute to developing
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Stroke’s secondary damage, such as inflammation, oxidative stress, and mitochondrial
dysfunction, are thought to be crucial factors in the disease’s progression. Despite
the fact that there are numerous treatments for secondary damage following stroke,
such as antiplatelet therapy, anticoagulant therapy, surgery, and so on, the results are
disappointing and the side effects are numerous. It is critical to develop novel and
effective strategies for improving patient prognosis. The ubiquitin proteasome system
(UPS) is the hub for the processing and metabolism of a wide range of functional
regulatory proteins in cells. It is critical for the maintenance of cell homeostasis. With
the advancement of UPS research in recent years, it has been discovered that UPS is
engaged in a variety of physiological and pathological processes in the human body.
UPS is expected to play a role in the onset and progression of stroke via multiple targets
and pathways. This paper explores the method by which UPS participates in the linked
pathogenic process following stroke, in order to give a theoretical foundation for further
research into UPS and stroke treatment.

Keywords: UPS, stroke, ubiquitination, mitochondrial dysfunction, oxidative stress, inflammation

INTRODUCTION

Stroke is a potentially fatal cerebrovascular event defined by brain tissue damage produced by a
sudden rupture of cerebral vessels or cessation of cerebral blood supply, resulting in neurological
dysfunction, including ischemic and hemorrhagic stroke (Landowski et al., 2020). Stroke has
overtaken ischemic heart disease as the second largest cause of death worldwide (Benjamin et al.,
2017; Li et al.,, 2021). According to a comprehensive analysis of Chinese population’s health, stroke
has become the leading cause of mortality in the country (Zhou et al., 2019). According to current
research, the ubiquitin proteasome system (UPS) plays a role in the molecular processes that lead
to the occurrence and progression of stroke. UPS is also linked to a number of signaling pathways
that cause injuries after stroke.

UBIQUITIN PROTEASOME SYSTEM

In cells, UPS is the primary non-lysosomal route for protein breakdown. This system destroys
proteins with basic functions in addition to misfolded or oxidized proteins. Under physiological
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and pathological situations, it is a critical mechanism for
maintaining protein homeostasis (Kramer et al, 2021). In
addition, the system is participated in a variety of cellular
functions, including DNA repair (Uckelmann and Sixma, 2017),
endocytic trafficking (Hicke, 2001), and immunological response
(Bednash and Mallampalli, 2016). UPS is vital in central
nervous system disorders because it can clean up aberrant
proteins in neurodegenerative diseases including Alzheimer’s and
Parkinson’s disease (Graham and Liu, 2017). At the same time,
the system controls the primary risk factors for cerebrovascular
disease, such as atherosclerosis (Wilck and Ludwig, 2014),
hypertension (Li et al., 2013), hyperlipidemia (Sharpe et al., 2020),
type 2 diabetes (Sun-Wang et al., 2021), and so on.

Ubiquitination Process

Ubiquitination is usually mediated by UPS. Ubiquitin, ubiquitin-
activating enzyme (E1), ubiquitin-conjugating enzyme (E2),
ubiquitin protein ligase (E3), deubiquitinase (DUB), and
the proteasome are all important components of the UPS
(Kane et al, 2021). Ubiquitin is a tiny peptide with a
molecular weight of about 8.5 kDa that consists of 76 amino
acids. It has a highly conserved sequence and is found in
eukaryotic cells in large quantities. Ubiquitin molecule contains
seven lysine residues (K6, K11, K27, K29, K33, K48, K63)
and an N-terminal methionine residue (M1), which allow
ubiquitin molecules to connect to one another (Kwon and
Ciechanover, 2017). Homotypic polyubiquitination modification
and heterotypic polyubiquitination modification are two types
of ubiquitin-ubiquitination modification (Komander and Rape,
2012). Furthermore, ubiquitin can undergo post-translational
modifications such as phosphorylation or acetylation (Yau and
Rape, 2016; Ohtake and Tsuchiya, 2017). This complicates
the ubiquitination process. Generally, E1 forms a high-energy
thiohydroxyester bond between the carboxyl group of ubiquitin’s
C-terminal glycine and the sulfhydryl side chain of El’s active
cysteine under the action of ATP (Ciechanover, 2015). E2
is an intermediate enzyme in ubiquitination reaction, which
can bind El1 and E3. E2 enzyme has a highly conserved
ubiquitin-conjugating enzyme domain (UBC). On the UBC
sequence, there is a cysteine site with symbolic activity,
which can accept ubiquitin molecules activated by E1 and
form a thioester bond with ubiquitin (Zheng and Shabek,
2017). Subsequently, E2 with activated ubiquitin binds to E3;
Finally, E2 transfers the ubiquitin molecule to the substrate
by inducing the formation of an isopeptide bond between the
C-terminus of ubiquitin and a target lysine of the substrate.
E3 specifically recognizes target proteins during ubiquitination
(Buetow and Huang, 2016).

E3s function reflects selectivity and efficiency of
ubiquitination. Single subunit proteins and multisubunit
complexes are two types of E3. There are four families of E3 single
subunit proteins that have been identified: the HECT domain
family, the RING domain family, the U-box domain family,
and the N-recognition family. Cullin-RING and APC/C are the
most common multisubunit complexes found in E3 (Zheng
and Shabek, 2017). The human genome encodes approximately
more than 600 ubiquitin ligases E3. Different E3 enzymes

can specifically mediate the formation of different ubiquitin
chain types. According to the different types of ubiquitin chain
modification, it shows different functions. Polyubiquitination
modification mediated by K48 or K11 ubiquitin chain is involved
in proteasome degradation. Many E3 enzymes, such as SCF,
gp78 and E6AP, can form K48 ubiquitin chains on substrate
proteins, thus mediating the degradation of substrate proteins
through proteasome (Wang and Pickart, 2005; Gao et al., 2016;
Thacker et al., 2020). K11 ubiquitin chain was first considered as
a regulator of cell fission, and its abundance increased with the
increase of APC/C activity. APC/C, as an E3 enzyme, mediates
the substrate Cyclin B1 to form K11 ubiquitin chain, which is
finally degraded by proteasome, so as to promote the normal
progress of cell mitosis (Song and Rape, 2010). In addition,
studies have shown that K11 ubiquitin chain is often difficult to
bind to 26S proteasome, but its degradation efficiency will be
significantly enhanced when it forms a composite chain with
K48 (Grice et al., 2015). Previous studies have shown that linear
ubiquitination assembly complex (LUBAC) can modify NEMO
by M1 ubiquitin chain to activate NF-kB pathway (Rahighi
et al., 2009). This indicates that M1 ubiquitin chain is involved
in activation of NF-kB pathway. ITCH and SMURF1 of the
HECT family are members of the K29 ubiquitin chain’s ubiquitin
ligases. SMURF1 has been found to add K29 ubiquitin chain
to AXIN in WNT pathway. AXIN modified by K29 ubiquitin
chain will not be degraded, but will lose the ability to interact
with receptor LRP5/6 of WNT pathway (Fei et al., 2013). ITCH
has been reported to catalyze Deltex in the NOTCH pathway
to form K29 ubiquitin chain, which enables Deltex to enter the
lysosomal pathway (Chastagner et al., 2006). In the process of
DNA damage repair, RNF168 will form K27 polyubiquitin chain
on histone, and then recruit 53BP1 and BRCA1 to DNA damage
site to start the DNA damage repair (Brown and Jackson, 2015;
Gatti et al., 2015).

Proteasome

The proteasome is a multi-subunit protease complex that is found
in both the cytoplasm and the nucleus. In mammalian cells, it is
the primary neutral protein hydrolase. It is ubiquitin-dependent
and possesses a variety of protein hydrolase functions. In UPS,
the term “proteasome” usually refers to the 26S proteasome.
The 20S proteasome and the 19S subcomplex make up the 26S
proteasome (Gillette et al., 2008). Before the target proteins enter
the 20S proteasome, each 19S sub complex comprises several
ATPase active sites and ubiquitin binding sites that can recognize
ubiquitinated target proteins, deubiquitinate the target proteins,
and open the structural folding of the target proteins (Matyskiela
etal., 2013). The 20S proteasome of eukaryotic cells contains two
a rings and two P rings, these o rings and f rings together form
a cylindrical structure, both a rings or p rings are composed of
seven subunits. o rings are found in the outer layer of the 20S
protease and are mostly employed for substrate identification; 8
rings are found in the inner layer and are primarily responsible
for substrate degradation (Fricker, 2020). The p1, p2, and B5
of the seven B subunits have proteolytic activities, which are
referred to as caspase-like activity, trypsin-like activity, and
chymotrypsin-like activity, respectively, enzymolysis of acidic,
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FIGURE 1 | Degradation pathway of the ubiquitin proteasome system (UPS). Under the action of ATP, the ubiquitin activating enzyme E1 forms a high-energy
thiohydroxyester bond between the carboxyl group of ubiquitin’s C-terminal glycine and the sulfhydryl side chain of E1’s active cysteine. Then, ubiquitin-conjugating
enzyme E2 receives ubiquitin activated by E1 through a cystine site on its ubiquitin-conjugating enzyme domain (UBC) and forms a thioester bond. Depending on
the type of ubiquitin protein ligase E3, E2 can transfer ubiquitin to the substrate directly (RING E3s) or indirectly (HECT E3s) and form an isopeptide between the
substrate and ubiquitin. In addition, ubiquitin can itself be the target of the ubiquitination cascade. Finally, the ubiquitinated substrate is degraded by the 26S
proteasome. The ubiquitin separated from the substrate will re-enter the ubiquitination cycle.
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alkaline, hydrophobic, or aromatic amino acid residues at the
carboxyl end (Unno et al., 2002; Figure 1).

OCCURRENCE AND DEVELOPMENT OF
STROKE

According to the causes, stroke can be classified as hemorrhagic
or ischemic, with ischemic stroke accounting for around 87%
of all cases (Virani et al., 2021). Due to cerebral ischemia or
hemorrhage, the normal blood supply of neurons is destroyed,
which leads to a series of pathophysiological reactions and finally
to the death of nerve cells. The mechanisms involved in nerve
injury include excitotoxicity, mitochondrial dysfunction, free
radical disorder, inflammation, apoptosis, necrosis, autophagy
and so on. According to analyses based on data from the
Global Burden of Disease (GBD) study, modifiable risk factors
such as hypertension, obesity, hyperglycemia, hyperlipidemia,
atrial fibrillation and renal dysfunction account for 87% of
stroke risk, while behavioral risk factors such as smoking,
sedentary behavior, and an unhealthy diet account for 47%.
Air pollution was found to be responsible for 30% of the
global risk of stroke (Collaborators, 2020). In addition, age,
gender and race are also associated with stroke (Diseases and
Injuries, 2020). The combined action of multiple risk factors leads
to pathological changes of cardiovascular and cerebrovascular
system, including but not limited to atherosclerosis, arteriolar fat
hyalinization and fibrin like necrosis, coronary artery disease, and
myocardial injury. These pathological changes provide clues for
the occurrence, recurrence, and secondary prevention of stroke.
Although brain tissue makes up only 2% of total body
weight, cerebral blood flow accounts for 15% of cardiac output.

The aerobic oxidation of glucose provides the majority of the
energy required by brain tissue, although the glucose reserve
is limited. Though brain oxygen use contributes for 23% of
total body oxygen consumption, the oxygen reserve is small
(Hyder et al., 2013). For these factors, the brain is extremely
vulnerable to ischemia and hypoxia. Following a stroke, brain
ischemia, and hypoxia are major concerns. In the ischemic core
the major mechanism of cell death is energy failure. Neurons
cannot create the ATP needed to supply the ionic pumps that
maintain the ionic gradient across the neuronal membrane,
primarily the Nat/Kt ATPase, without oxygen or glucose. As
a result, a substantial amount of Na® and Ca’* accumulate
in the cytoplasm, causing organelles swelling and degeneration,
loss of cell membrane integrity, and ultimately cell necrosis
(Lipton, 1999). In the ischemic penumbra, the decrease in
blood flow due to collateral blood supply is not enough to lead
to rapid energy failure, and neurons still survive for a long
time after ischemia and hypoxia. The excessive accumulation of
extracellular glutamate is an important factor leading to ischemic
penumbra injury (Mazzocchetti et al., 2020). Due to the excessive
accumulation of glutamate, the overactivation of subtypes of
N-methyl-D-aspartate receptors (NMDARs) leads to cellular
calcium overload. Therefore, calcium-dependent proteases are
activated, such as calpains, resulting in nerve cell damage (Rami
et al., 2000). In addition, some studies have shown that calpains
are involved in the activation of Caspase-3, which may be
an important mechanism of neuronal apoptosis after stroke
(Blomgren et al., 2001). Meanwhile, mitochondrial dysfunction
is caused by Ca?" overload which leads to mitochondrial
permeability transition pore (mPTP) opening (Zhu et al., 2018).
Of note, mitochondrial dysfunction leads to insufficient ATP
production, which will further lead to Ca?" accumulation

Frontiers in Aging Neuroscience | www.frontiersin.org

April 2022 | Volume 14 | Article 814463


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Lietal

Ubiquitin System in Cerebral Stroke

and form a vicious circle. Nerve cell survival is aided by the
removal of defective mitochondria. Mitochondrial autophagy is
an important regulatory process for the quality and quantity of
mitochondria. According to a report, UPS plays a key function in
the regulation of mitochondrial autophagy (Alsayyah et al., 2020).
Mitochondria are organelles that operate as oxidative energy
centers and are required for cell survival, but aging or damaged
mitochondria produce deadly reactive oxygen species (ROS; Liu
et al,, 2018). ROS are important signaling molecules in oxidative
stress. In the pathological manifestations of stroke, relatively
excessive ROS will destroy the homeostasis of intracellular
environment, resulting in oxidative stress and mitochondrial
damage (Sims and Muyderman, 2010). The main defensive
response to oxidative and electrophilic stressors is the Keapl-
Nrf2 pathway. UPS can strictly regulate the transcription of
nuclear factor erythroid2-related factor (Nrf2) through this
pathway, thereby affecting the antioxidant process (Baird and
Yamamoto, 2020). Whether it is mitochondrial dysfunction or
oxidative stress, it will eventually lead to neuronal damage.
Inflammation is one of the most prevalent pathological signs
following a stroke, and it is induced by a range of factors,
including microglia activation (Koh et al., 2018) and cytokine
involvement (Xu et al., 2018). Inflammation has the potential to
be neurotoxic., which can lead to neuronal death (Liddelow et al.,
2017). Hypoxia-inducible factor-1 (HIF-1) comprised by o and
subunits is a protein that regulates the expression of genes that
code for erythropoietin (EPO) and vascular endothelial growth
factor (VEGF), as well as genes involved in glucose transport
and glycolysis, such as glucose transporter-1 (GLUT1), pyruvate
dehydrogenase kinase 1 (PDK1), and lactate dehydrogenase A
(LDHA; Leu et al., 2019). In the hypoxic state caused by stroke,
the oxygen-dependent HIF prolyl hydroxylase domain (PHD) is
inactivated, leading to the stabilization of HIF-1a, followed by its
translocation into the nucleus, where it forms a heterodimeric
complex with HIF-18. This complex, called HIF-1, interacts
with DNA and activates the expression of multiple target genes
encoding proteins that help increase the tissue’s oxygen supply by
boosting erythropoiesis and angiogenesis (Semenza, 2004, 2009).
UPS has been implicated in the control of HIF in recent research
(Delpeso et al., 2003). Therefore, regulating related pathways and
their key proteins through UPS may be an effective solution to
protect neurons and prevent cell death during stroke.

REGULATORY MECHANISM OF
UBIQUITIN PROTEASOME SYSTEM

NF-kB Pathway and Ubiquitin

Proteasome System

NF-kB is a transcription factor family that includes NF-kB1
(P50/p105), NF-kB2 (p52/P100), and three RelA (p65), RelB,
and c-Rel (REL) proteins (Caamano and Hunter, 2002). As a
hub in signal transduction pathway, NF-kB can regulate the
expression of many genes involved in cell inflammation, immune
response, cell growth and development (DiDonato et al., 2012).
IkB protein is a family of constitutive inhibitors of NF-kB,

including IkBa, IkBf, IkBy, IkBg, IkBe, Bcl-3, p100 and pl05
(Yamazaki et al., 2001; Chiba et al., 2013). IKK complex consists
of IKKa, IKKp and Nemo, which is the kinase of I« B (Durand and
Baldwin, 2017). Under normal conditions, NF-kB and inhibitor
IkB binding exists in the cytoplasm in an inactive potential state
(Wang et al., 2019).

NF-kB signaling pathway mainly includes classical and
non-classical activation pathways (Figure 2). In the classical
one, IKK complex is activated when cells are stimulated
by proinflammatory factors, growth factors, immune receptor
ligands and stress response (Fricker, 2020), in which IKKp
(ser177 and ser181) and IKKa (ser176 and ser180) sites in the
amino terminal kinase domain are phosphorylated. Due to their
activation, serine residues of IkB are phosphorylated (Ling et al.,
1998; Delhase et al., 1999). The polyubiquitination mode of IkxBa
depends on the phosphorylation of two serine residues (ser32
and ser36), while the phosphorylation sites of IkBf are serl9
and ser23 (Chen, 2012). The phosphorylation of IkB leads to
the covalent binding of lysine residues at positions 21 and 22
of its amino terminal to multiple ubiquitin molecules through
SCF type E3 ubiquitin ligase complex. This binding changes
the spatial conformation of IkB, resulting in its recognition
and degradation by ATP dependent 26S proteasome (Chen
et al., 1995; Karin and Ben-Neriah, 2000; Caamano and Hunter,
2002). Following depolymerization, the liberated NF-kB dimer
is activated by several post-translational modifications before
being transported to the nucleus and combining with particular
DNA sequences to increase target gene transcription (Zhang
et al, 2017). Inflammatory cytokines like TNF-a, IL-2, IL-6,
and INF-y are then produced, reactivating NF-kB and causing
inflammatory damage to cell tissues (Mitchell and Carmody,
2018). The activation of non-classical NF-k B pathway depends on
receptor activated kinase NIK, which can activate IKKa (Cildir
et al,, 2016). The phosphorylation of NF-kB2 p100 mediated
by activated IKKa leads to its own ubiquitination, which is
recognized by proteasome and partially degraded to p52. Finally,
p52-RelB heterodimer enters the nucleus to start transcription
(Xiao et al., 2001; Sun, 2011). Therefore, NF-kB plays a crucial
role in acute and chronic inflammatory illnesses as the center
regulating the expression of pro-inflammatory genes in the
inflammatory process (Baker et al., 2011).

PINK1/Parkin Pathway and Ubiquitin

Proteasome System

The PTEN-induced putative kinase 1(PINK1)/Parkin pathway
is one of the most prevalent mechanisms for controlling
mitochondrial quality and abundance (Shen et al., 2021). PINK1
is a mitochondrial serine (Ser)/threonine (Thr) kinase with
a mitochondrial targeting sequence (MTS), a transmembrane
(TM) segment, and a Ser/Thr kinase domain that is nuclear
encoded (Eiyama and Okamoto, 2015). PINKI1, as a Parkin
upstream component, is required for Parkin activation and
recruitment to depolarized mitochondria (Miller and Mugit,
2019). Parkin has an N-terminal ubiquitin-like (UBL) domain,
three RING domains (RINGO, RINGI, and RING2), and an in-
between RING(IBR) domain that separates RING1 and RING2
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FIGURE 2 | UPS is involved in canonical and non-canonical NF-kB pathway. In the canonical way. After the inflammatory receptor is activated, the activated IKK
complex phosphorylates ser32 and ser36 of kB, which promotes the ubiquitination of IkB mediated by SCFB. Subsequently, kB is targeted to the 26S proteasome
for proteolysis. NF- kB dimer was released and transferred into the nucleus to start the transcription of target genes. In the non-canonical pattern. IKK is activated by
NIK, which leads to phosphorylation of p100. Then, Phosphorylated p100 is degraded by proteasome after ubiquitination, in which p52-RelB heterodimer is
produced. Finally, the p52-RelB heterodimer enters the nucleus to start transcription.

as an E3 ligase (Biswas et al., 2020). When the MTS and TM of
PINKI1 reach the inner mitochondrial membrane under healthy
conditions, the transmembrane segment is cleaved in the form
of protein hydrolysis by the presenilins-associated rhomboid-
like protein (PARL) found in the inner membrane. Cleaved
PINKI is released into the cytoplasm, exposing destabilizing
amino acid residues at its N-terminus. E3 ubiquitin ligases
(UBR1, UBR2, and UBR4) ubiquitinate them with N-terminal
rules and degrade fast by proteasome (Yamano and Youle, 2013;
Figure 3A). Therefore, the content of PINK1 in cytoplasm
is very low and Parkin is not activated (Pickrell and Youle,
2015). When the mitochondrial membrane potential is abnormal,
PINK1 avoids PARL-mediated processing and N-end rule-
dependent degradation by forming a stable association with the
translocase of the outer membrane (TOM) and accumulating
on the outer mitochondrial membrane (OMM; Lazarou et al.,
2012). PINK1 accumulates on the OMM can activate parkin
in two ways. On the one hand, Parkin is activated by PINK1
phosphorylating ser65 in the Parkin UBL domain (Bingol
and Sheng, 2016). On the other hand, PINKI phosphorylates

ser65 in ubiquitin, which is coupled with OMM proteins at
basic levels. Parkin’s affinity for phosphorylated ubiquitin is
what causes it to be found in mitochondria. The activated
Parkin further binds ubiquitin to the OMM protein, and
then ubiquitin is phosphorylated by PINK1 (Bragoszewski
et al., 2017; Figure 3B). On mitochondria, phospho-ubiquitin
produced by PINK1 serves as an autophagy signal, which Parkin
amplifies (Lazarou et al, 2015). Subsequently, ubiquitinated
OMM protein recruits autophagic adaptor protein SQSTM1/p62
to damaged mitochondria (Geisler et al., 2010), and promotes
its degradation through autophagy. There are some negative
regulatory mechanisms related to UPS in PINKI/Parkin
pathway, which are very important for the stability of
mitochondrial autophagy. Ubquitin-specific protease30 (USP30)
is an OMM localized DUB, which antagonizes PINK1/Parkin
mediated mitochondrial autophagy by deubiquitination of
OMM proteins. The presence of USP30 can maintain the
steady state of ubiquitination of OMM protein and prevent
excessive mitochondrial autophagy (Tanaka, 2020). Furthermore,
UBL exhibits a strong affinity for the Rpnl3 subunit of
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the 26S proteasome regulatory granules. The proteasome is
attracted to mitochondria by this affinity, which increases
proteasome degradation of ubiquitinated OMM protein and
Parkin (Aguileta et al., 2015).

Keap1-Nrf2 Pathway and Ubiquitin
Proteasome System

Nrf2 is the main regulator of redox and metabolic homeostasis.
It has seven Nrf2 ECH homologous domains (Nehl-Neh?7),
and each domain has different functions (Hayes and Dinkova-
Kostova, 2014). As the most important regulatory domain of
Nrf2, Neh2 includes two motifs, DLG and ETGE, which can
regulate the stability and ubiquitination of Nrf2 by binding
to other proteins such as Keapl (Tong et al,, 2006). Keapl
is a substrate adaptor protein of Cullin3 (Cul3)-dependent E3
ubiquitin ligase complex, which can be assembled with Cul3
and Rbx1 (ring-box1). Keapl serves as a substrate adapter,
whereas Rbx1 binds to ubiquitin-loaded E2 and Cul3 serves as
a scaffold between Keapl and Rbx1l, which can regulate Nrf2
(Tonelli et al., 2018). Keap1 contains three functional domains,
including a BTB domain, an IVR and a Kelch or DGR domain
(Sajadimajd and Khazaei, 2018). The N-terminal BTB domain of
Keapl can bind Cul3, which is necessary for Keapl dimerization
(Suzuki and Yamamoto, 2015). Under normal conditions, the
Neh2 domain of Nrf2 interacts with the Kelch/DGR domain in
Keapl through the mediation of DLG and ETGE motifs. Keap1-
Cul3-E3 ubiquitin ligase targets multiple lysine residues located
in the Neh2 domain at the N-terminal of Nrf2 and promotes
the ubiquitination of Nrf2. The ubiquitinated Nrf2 is transported
to the 26S proteasome, where it is degraded (Canning et al.,
2015; Karunatilleke et al., 2021; Figure 4A). Critical cysteine
residues in Keapl, particularly Cys151, operate as sensors of
these cellular damages under oxidative stress conditions and
become covalently changed by electrophilic molecules or ROS
(Zhang and Hannink, 2003). Such changes cause Keapl to
shift conformation, most likely by disrupting the low-affinity
link between the Kelch domain and the DLG-motif, resulting
in decreased ubiquitylation of Nrf2, inhibiting UPS-mediated
degradation and thereby boosting Nrf2 protein levels (Baird
et al., 2013). Then Nrf2 translocases to the nucleus and binds
to the ARE/EpRE of the target gene through heterodimerization
with sMAF protein to induce the expression of a series of cell
protective genes, such as NQO1, GST, HMOX1, GCL, GSH, etc.
(Kansanen et al., 2013; Fao et al., 2019; Figure 4B), so as to reduce
or eliminate oxygen free radicals and improve the antioxidant
capacity of cells and tissues.

HIF-1 Pathway and Ubiquitin
Proteasome System

Hypoxia inducible factor (HIF) is an important transcription
factor regulated by the change of oxygen concentration (Wang
et al, 1995). It is composed of a o subunit regulated by
oxygen concentration and a constitutively expressed p subunit,
in which a subunit has three functional forms: HIF-1a, HIF-
20 and HIF-3a. HIF is divided into HIF-1, HIF-2 and HIF-
3 according to different o subunits. o subunit and B subunit

have two important domains: the basic helix-loop-helix (bHLH)
and Per-Arnt-Sim (PAS). The bHLH and PAS are required for
dimerization between HIF-1a and HIF-18 (Zhang et al., 2011;
Shu et al,, 2019). HIF-1a is generally expressed in all cells, while
HIF-2a and HIF-3a are selectively expressed in some tissues
(Majmundar et al., 2010). HIF-1a which has two transactivation
domains, N-terminal transactivation domains (N-TAD) and
C-terminal transactivation domains (C-TAD), as well as an
oxygen-dependent degradation domain (ODDD) that mediates
oxygen-regulated stability, is not only the regulatory subunit of
HIF-1, but also its active subunit (Ruas et al., 2002). The stability
and activity of a subunit are regulated by post-translational
modifications such as hydroxylation, ubiquitination, acetylation
and phosphorylation. Among them, HIF-1a is mainly regulated
by the PHD (Ke and Costa, 2006). Under the normoxic state, the
prolyl residues at sites 402 and 564 of HIF-1a are hydroxylated
by PHD. Hydroxylated HIF-1a binds to Von Hippel-Lindau
(VHL), which together with Elongin C, Elongin B, Cullin-2, and
Rbx1, forms the VCB-Cul2 E3 ligase complex. Subsequently,
it is ubiquitinated, then recognized by 26S proteasome and
degraded (Ohh et al., 2000). Since PHD activity is suppressed
during hypoxia, VHL is unable to detect HIF-1a, and hence
HIF-1a is not degraded by UPS. Subsequently, accumulated
HIF-1o enters the nucleus from the cytoplasm, where it is
joined to create a dimer with HIF-1f (Tarhonskaya et al., 2015).
In the nucleus, p300/CBP associated factor (PCAF) combines
with the C-TAD of HIF-1a to form a complex. The complex
combines with the hypoxia response element (HRE) in the
promoter region of hypoxia response genes to promote the
transcription of hypoxia response gene and cause a series of
adaptive responses of cells to hypoxia (Dengler et al., 2014). In
addition, HIF-1a is also regulated by the factor inhibiting HIF
(FIH; Kaelin and Ratcliffe, 2008). In normoxic environment,
FIH hydroxylates the asparagine residue (N803) of HIF-la to
prevent the connection between p300/CBP and C-TAD, thereby
reducing the transcriptional activity of HIF-1a (Lando et al.,
2002b). Under hypoxia, the hydroxylation of FIH is inhibited,
which promotes the interaction between HIF-1a and p300/CBP
and leads to the transcription of target genes (Lando et al., 2002a;
Figure 5).

THE ROLE OF UPS IN SIGNAL PATHWAY
AFTER STROKE

UPS Participation in NF-kB Pathway and
Stroke

UPS is essential for maintaining protein homeostasis and
preventing damaging protein aggregation in cells (Budenholzer
et al, 2017). Inflammation is the result of a complicated
interplay between soluble substances and cells (Medzhitov, 2008).
Inflammatory cell infiltration and activity frequently result in
long-term tissue damage (Fechan and Gilroy, 2019). UPS can
play an important role in the inflammatory process by regulating
a variety of inflammatory regulatory proteins (Goetzke et al.,
2021). It was found that inflammatory response widely exists
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after cerebral ischemia and acute ischemic stroke (Chamorro
et al.,, 2016). It can be seen that inhibiting the activity of NF-
kB can reduce the nerve injury after intracerebral hemorrhage
or cerebral ischemia (Liu et al., 2019; Shang et al., 2019). In
recent years, many studies have reported that the effect of UPS
is related to the activation of NF-kB. Intervening UPS can
prevent the degradation of IkB and the activity of NF-kB and
combine them in cell solute. Ginsenoside Rd treatment can
restore IkB expression in the cytoplast after ischemia injury
by decreasing proteasome activity, therefore suppressing NF-kB
activity and protecting neurons, according to a study (Zhang
et al., 2020). Phillips et al. applied proteasome inhibitor PS519
to rats with focal cerebral ischemia and found that PS519
can reduce the inflammatory response by restraining NF-«kB
and improve the recovery of neurological function in rats
with brain injury (Phillips et al., 2000). According to another
study, the neuroprotective effect of PS519 may be related to
its involvement in the regulation of cell adhesion molecules
ICAM-1 and E-selectin, because these two adhesion molecules
play a key role in the adhesion and exudation of neutrophils
and macrophages across the blood-brain barrier (Berti et al,
2003). These suggest that the effect of proteasome inhibitors
on inflammatory response may be multi-channel. Moreover,
although early intervention of UPS has a neuroprotective effect
on inhibiting NF-kB overexpression at the transcriptional level,
the decrease of long-term proteasome activity is related to
intracellular protein aggregation, delayed neuronal degeneration,
and death (Meller, 2009). It suggested that UPS may played a dual
role in neurons after ischemia. Although proteasome inhibitors

have been shown to provide protection in cerebral ischemia,
other nerve injury problems caused by decreased proteasome
activity cannot be ignored (Caldeira et al., 2014). Due to the
non-selectivity of most proteasome inhibitors, the application
of proteasome inhibitors is limited (Wojcik and Di Napoli,
2004). Chen et al. suggested that selective immunoproteasome
inhibitors may be a promising strategy for stroke treatment. They
discovered that inhibiting the expression of p65 and reducing
infarction volumes in rats may be accomplished by inhibiting the
low molecular weight protein 2 (LMP2), a significant catalytic
subunit of immunoproteasome (Chen et al., 2015).

PINK1/Parkin and Cerebral Stroke

Regulated by UPS

PINK1/Parkin pathway is one of the classical pathways of
mitochondrial autophagy. Under normal conditions, UPS forms
a strict PINK1 and Parkin regulatory mechanism to maintain the
balance of mitochondrial autophagy and prevent mitochondrial
damage caused by excessive mitochondrial autophagy (Oshima
et al,, 2021). In the stroke induced by mitochondrial dysfunction
(Youn et al, 2021; Zhou et al., 2021), PINK1/Parkin pathway
mediates ubiquitination of dysfunctional mitochondrial OMM
protein, and then clears abnormal mitochondria through
crosstalk with autophagy (Geisler et al., 2010). In recent years,
there has been more and more studies on this mechanism,
which to some extent shows that UPS plays an important
role in PINKI/Parkin pathway in the process of brain injury
in stroke. At present, the researches on the pathway in
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stroke mainly focus on its relationship with autophagy, but
ignore the role of UPS. In fact, mitochondrial ubiquitination
mediated by PINK1/Parkin pathway is the basis of mitochondrial
autophagy. Inactive PINK1 cannot activate or recruit Parkin
to mitochondria (Narendra et al., 2008; Matsuda et al., 2010).
The UPS mechanism can be inhibited to prevent PINK1/Parkin-
mediated ubiquitination of OMM proteins (Chan et al., 2011).
Furthermore, inhibiting Parkin mitochondrial translocation,
lowering Parkin phosphorylation, and lowering the quantity of
phosphorylated ubiquitin (pser65 Ub) can all be used to prevent
mitochondrial autophagy triggered by various mitochondrial
damage causes (Wang et al, 2018a). OMM proteins could
be destroyed through an autophagy-independent UPS route,
according to Rakovic et al. The bigger OMM proteins MFN2
and TOM70 were only partially ubiquitinated and primarily
destroyed by the lysosomal system, whereas the smaller OMM
proteins TOM40 and TOM20 were only slightly ubiquitinated
and mostly degraded by UPS (Rakovic et al., 2019). It showed
that depolarized mitochondrial membrane proteins could be
degraded by two different mechanisms: UPS or lysosomal
mediated protein hydrolysis. At the same time, the degradation
of larger OMM protein affected the stability of OMM, led to
its rupture, exposed mitochondrial inner membrane (IMM) to
the cytoplasmic environment, and caused drastic changes in
IMM structure and morphology, which might eventually lead to
the secondary degradation of IMM and matrix protein (Yoshii
et al,, 2011). In the oxygen-glucose deprivation (OGD) neuronal
model, PINK1 knockout mice (PINK1~/~) were more sensitive
to ischemic injury than control group (Imbriani et al., 2020).
Moreover, in traumatic brain injury (TBI), the loss of Parkin
would increase the production of ROS, promote oxidative stress
and further lead to neuronal death (Mukhida et al., 2005). In
a rat model of ischemia, PINK1/Parkin-mediated mitochondrial
autophagy may perform a neuroprotective role in hippocampus
neurons (Wu et al.,, 2018). The deletion of either the PINK1
or Parkin genes has been shown to cause aggregated neuronal
damage. Increasing the expression of PINK1 and Parkin, on the
other hand, could prevent a huge number of nerve cells from
dying. Therefore, it is necessary to pay attention to the role of
PINK1/Parkin/UPS mechanism in mitochondrial damage after
stroke, rather than autophagy.

UPS Control in Stroke and Keap1-Nrf2

Oxidative stress refers to the imbalance of redox balance caused
by the production of excessive ROS after the body is stimulated
by the outside world, resulting in the damage of cell tissue
(Hybertson et al., 2011). Because of its high oxygen consumption
and fat content, the brain is prone to oxidative injury. The
role of oxidative stress in ischemia-reperfusion brain injury
has long been recognized (Chamorro et al., 2016). Nrf2 is the
main regulator of endogenous and exogenous stress defense
mechanisms in cells and tissues. Its primary role is to activate
the antioxidant response and trigger the transcription of a
number of genes in order to protect cells from oxidative stress
and restore intracellular homeostasis (Villeneuve et al., 2010;
Chen and Maltagliati, 2018). That Nrf2 escape from Keapl
repression is the crucial event for Nrf2-mediated activation

(Kaspar et al., 2009). Oxidative stress caused by cerebral ischemia
or intracerebral hemorrhage affects the conformation of Keapl.
Then, Nrf2 dissociates and transfers to the nucleus, binds to
ARE, and stimulates the target gene expression of downstream
antioxidant enzymes and other cytoprotective proteins (Hu et al.,
2016; Jiang et al., 2017). The expression of Nrf2 is highly up-
regulated in ischemic brain tissue, according to studies, and a
range of Nrf2 inducers exhibit neuroprotective effects following
cerebral ischemia (Wang et al., 2018b). Monomethylfumarate,
the immediate metabolite of dimethylfumarate (DMF), causes
direct alteration of the cysteine 151 of Keapl, which increases
the dissociation of Nrf2 and has neuroprotective properties
(Linker et al., 2011; Bomprezzi, 2015). Furthermore, in the
human neuroblastoma cell line SH-SY5Y, miR-7 can target to
limit Keapl mRNA translation, preventing the degradation of
Nrf2 protein, resulting in Nrf2 activation and cytoprotection
(Kabaria et al., 2015). Although these reagents need to be further
studied in the stroke model, it is undeniable that preventing Nrf2
from being degraded by proteasome through modification or
inhibition of Keapl is a promising measure in the protection
of neurons after stroke. According to a report, p62 expression
reduced Nrf2 degradation and increased subsequent Nrf2 nuclear
accumulation by inactivating Keapl (Sun et al., 2016). Li et al.
found that sestrin2 stimulated angiogenesis to ameliorate brain
injury by activating Nrf2 and modulating the interaction between
p62 and Keapl, following photothrombotic stroke in rats (Li
et al., 2020). In addition, it has been reported that PINK1/Parkin
pathway can promote the release of Nrf2 by inhibiting Keapl
(Xiao et al., 2017). Zhang et al. found that mitophagy reduced
oxidative stress via Keapl/Nrf2/PHB2 (Prohibitin 2) pathway
after subarachnoid hemorrhage in rats (Zhang et al, 2019).
A study has shown that Britanin leading to the induction of
the Nrf2 pathway ameliorated cerebral ischemia-reperfusion
injury by selectively binding to cysteine 151 of Keapl and
inhibiting Keapl-mediated ubiquitylation of Nrf2 (Wu et al,
2017). Obviously, preventing the proteasome degradation of
Nrf2 through the regulation of Keapl is very important for
neuroprotection after stroke.

HIF-1 Pathway and Stroke Regulated by
UPS

Tissue oxygen content plays crucial roles in maintaining
the normal functioning of cells and regulation of their
development (Mohyeldin et al., 2010). HIF-1 is an important
transcriptional regulator of hypoxia and plays an important
role in cerebrovascular diseases (Correia and Moreira, 2010).
Accumulating evidence indicates that the induction of HIF-1
provides protection against cerebral ischemic damage (Zhang
etal, 2011). HIF-1a is widely expressed in the hypoxic/ischemic
brain (Chavez et al., 2000). Mice with neuron-specific reduction
of HIF-1la that were subjected to temporary focal cerebral
ischemia showed higher tissue damage and a lower survival
rate, indicating that HIF-1-mediated responses have an overall
positive impact in the ischemic brain (Baranova et al., 2007). HIF-
la has complex effects on the brain, which largely depends on the
time-point after hypoxic damage. At the earliest post-ischemic
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stage (i.e., within 24 h), HIF-la accumulation promotes cell
death. In contrast, during the later stage (i.e., >4 days), HIF-
la signaling has a pro-survival effect through limitation of
the infarct size (Mitroshina et al., 2021). HIF-1a. which is an
important regulator of hypoxia being regulated by proteasomal
degradation (Shi, 2009). There is now overwhelming data
suggesting that the UPS contributes to cerebral ischemic injury
and proteasome inhibition is a potential treatment option
for stroke (Wojcik and Di Napoli, 2004). Growing evidence
shows that proteasome inhibitors enhance angioneurogenesis
and induces a long-term neuroprotection after cerebral ischemia.
Inhibition of immunoproteasome LMP2 was able to enhance
angiogenesis and facilitate neurological functional recovery in
rats after focal cerebral ischemia/reperfusion. A study highlights
an important role for inhibition of LMP2 in promoting
angiogenesis events in ischemic stroke, and point to HIF-1a as
a key mediator of this response (Chen et al., 2018). The novel
proteasome inhibitor BSc2118 protects against cerebral ischemia
through HIF1A accumulation and enhanced angioneurogenesis
(Doeppner et al., 2012). Although the role of HIF-1a in cerebral
ischemia remains complex, the role of HIF-1a as mediator of
BSc2118-induced neuroprotection is appealing based on the data
present (Yan et al.,, 2011). Furthermore, a result indicates that
20S proteasomes are involved in HIF-1a degradation in ischemic
neurons and that proteasomal inhibition provides more HIF-
la stabilization and neuroprotection than PHD inhibition in
cerebral ischemia (Badawi and Shi, 2017).

CONCLUSION AND FUTURE
DIRECTIONS

UPS is the main pathway for the degradation of cytosolic, nuclear
and transmembrane proteins, and also the main regulator for
maintaining neural development, brain structure and function
(Park et al., 2020). Neuron is a highly differentiated terminal
cell. Various components of UPS widely exist in synapses and
participate in the regulation of synaptic function (Tsakiri and
Trougakos, 2015). After stroke, due to the destruction of the
internal environment of neuron survival, a series of neuron
injury events are caused, which eventually leads to the death of
nerve cells and the loss of nerve function. In recent years, there
have been more and more researches on UPS. It is found that
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Background: Adult neurogenesis is the process of generating new neurons to enter
neural circuits and differentiate into functional neurons. However, it is significantly
reduced in Parkinson’s disease (PD). Uric acid (UA), a natural antioxidant, has
neuroprotective properties in patients with PD. This study aimed to investigate whether
UA would enhance neurogenesis in PD.

Methods: We evaluated whether elevating serum UA levels in a 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-induced parkinsonian mouse model would restore
neurogenesis in the subventricular zone (SVZ). For a cellular model, we primary cultured
neural precursor cells (NPCs) from post-natal day 1 rat and evaluated whether UA
treatment promoted cell proliferation against 1-methyl-4-phenylpyridinium (MPP™).

Results: Uric acid enhanced neurogenesis in both in vivo and in vitro parkinsonian
model. UA-elevating therapy significantly increased the number of bromodeoxyuridine
(BrdU)-positive cells in the SVZ of PD animals as compared to PD mice with normal
UA levels. In a cellular model, UA treatment increased the expression of Ki-67. In
the process of modulating neurogenesis, UA elevation up-regulated the expression of
mitochondrial fusion markers.

Conclusion: In MPTP-induced parkinsonian model, UA probably enhanced
neurogenesis via regulating mitochondrial dynamics, promoting fusion machinery,
and inhibiting fission process.

Keywords: uric acid, neurogenesis, Parkinson’s disease, mitochondrial dynamics, neural precursor cell

INTRODUCTION

Neurogenesis is the ability of the brain to produce neurons and strengthen existing connections
between neuronal cells across the lifespan. Remarkably, the brain continually generates new
neurons even after embryonic development. Under normal physiology, new neurons are generated
from neural stem cells (NSCs) of the subventricular zone (SVZ) or subgranular zone, which then
migrate to the neurogenesis niche, enter neural circuits, and differentiate into functional neurons
(Berdugo-Vega et al., 2020). This process is known to be involved in various brain functions such as
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memory formation, motor control, neuronal plasticity, and
endogenous recovery. Ample evidence has demonstrated that
patients with neurodegenerative diseases such as Alzheimer’s
disease, Parkinson’s disease (PD), and Huntington’s disease
show deficient neurogenesis compared to healthy controls (Gil-
Mohapel et al., 2011; Winner and Winkler, 2015; Scopa et al,,
2020). Gradual loss of neuronal populations and diseased
neurons disrupt synaptic transmission, cell renewal, and putative
function in neurodegenerative diseases (Luo and O’Leary, 2005).
Specifically, SVZ is under control of dopaminergic afferents from
the substantia nigra (SN) (Hoglinger et al., 2004). In parkinsonian
environment, dopaminergic deafferentation results in decreased
proliferation in SVZ, reducing population of neural stem cell
which will differentiate into dopaminergic neurons (Marxreiter
et al,, 2013). Thus, restoring adult neurogenesis is considered to
be one of the important strategies for treating patients suffering
from neurodegenerative diseases (Geraerts et al., 2007).

Parkinson’s disease is characterized by the selective loss of
dopaminergic neurons in the (SN) and the degeneration of
projecting nerve fibers to the striatum, leading to parkinsonian
motor symptoms such as bradykinesia, rigidity, and tremor
(Jankovic, 2008). Among the multiple factors underlying PD
pathogenesis, oxidative stress plays a key role in PD pathology via
disrupting the electron transport chain and subsequent electron
leakage from donor redox to molecular oxygen (Hwang, 2013).
Moreover, oxidative stress is intertwined with other mechanisms
implicated in PD, including protein misfolding and aggregation,
mitochondrial dysfunction, and apoptosis (Picca et al., 2020).
Uric acid (UA), purine metabolite, is a powerful antioxidant,
present intracellularly and in all body fluids. It not only scavenges
reactive oxygen species (ROS) but also blocks the reaction of
superoxide anion with nitric oxide that can injure cells by
nitrosylating the tyrosine residues of proteins, and prevents
extracellular superoxide dismutase degradation (Squadrito et al.,
2000). Several epidemiological studies reported that UA has
neuroprotective properties against PD, showing that PD patients
with higher UA have reduced risk of PD incidence as well as
slower disease progression (Wen et al., 2017; Tana et al., 2018).
Additionally, the beneficial effects of UA have been observed in
other neurodegenerative diseases, such as amyotrophic lateral
sclerosis (Bakshi et al.,, 2018), Alzheimer’s disease (Scheepers
et al., 2019), Huntington’s disease (Auinger et al., 2010), or
other disorders (Li et al., 2018; Ya et al., 2018). These studies
imply that in addition to antioxidant properties, UA may have
another pathway to exerting neuroprotective effects against
neurodegenerative conditions.

Emerging evidence indicates that mitochondria are central
regulators of NSC fate decisions and are crucial for adult
neurogenesis (Beckervordersandforth, 2017). NSCs are not only
dependent on generation of mitochondrial metabolites (Zheng
etal., 2018), but are also dependent on changes in mitochondrial
morphology and metabolic properties across various stages of
differentiation (Khacho et al., 2016). Mitochondrial malfunction
makes stem cells vulnerable to oxidative stress, which in
turn accelerates NSC death, resulting in reduced neurogenesis
(Khacho et al., 2017). As mitochondria are dynamic organelles
that change their size and morphology actively, the processes

of fission and fusion oppose each other and allow the
mitochondria to constantly remodel themselves depending on
their environment (Hollenbeck and Saxton, 2005; Okamoto and
Shaw, 2005). A recent study found that adult neurogenesis
in the hippocampus is critically dependent on mitochondrial
complex function in mice and NSCs isolated from mice with
malfunctioning mitochondria (Beckervordersandforth et al,
2017). Indeed, mitochondrial dynamics may have an important
role in neurogenesis via maintaining a functional mitochondrial
network during biogenesis (Flippo and Strack, 2017; Khacho
and Slack, 2018; Arrdzola et al, 2019). In this study, we
hypothesized that UA would enhance neurogenesis by controlling
mitochondrial dynamics in PD. To do this, we evaluated whether
high levels of UA increase neurogenic activity in primary cultured
neural precursor cells (NPCs) and SVZ of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-treated animals. In addition,
we examined possible role of mitochondrial dynamics in UA-
mediated modulation of neurogenesis in PD models.

MATERIALS AND METHODS

Parkinsonian Animal Model and Drugs

Administration

All procedures were performed in accordance with the
Laboratory Animals Welfare Act, the Guide for the Care
and Use of Laboratory Animals and the Guidelines and
Policies. The rodent experiment was approved by IACUC
(Institutional Animal Care and Use Committee) in the Yonsei
University Health System. ARRIVE guidelines were followed.!
Male C57BL/6] mice (4 weeks old) were acclimated in a climate-
controlled room with a constant 12 h light/dark cycle (12 h on,
12 h off) for a week prior to the initiation of drug administration.
At 5 weeks of age, the mice were randomly divided into three
groups: control group, MPTP PD group, and MPTP PD + UA
treatment group. To elevate serum UA levels, the UA treatment
group received an i.p injection of KOx (Sigma, 500 mg/kg) and
IMP (Sigma, 500 mg/kg) daily for 2 weeks while others received
normal saline. To construct parkinsonian model, the mice (except
for those in the control group) received a sub-acute injection
of MPTP freshly dissolved in 20% DMSO/80% normal saline
(25 mg/kg) by i.p injection (Sigma, St. Louis, MO, United States)
for 5 days. After 72 h had passed since the last MPTP injection,
the UA groups received 4 weeks of UA injections. During
drug administration period, the control group mice received
same volume of saline i.p injection. Four days prior to last
UA injection, all animals received a bromodeoxyuridine (BrdU)
injection (Sigma, 100 mg/kg) daily on five consecutive days.

Preparation of Serum and Brain Tissue

At the end of the experimental period, mice were deeply
anesthetized with isoflurane and their blood and brains were
collected. Mouse blood was collected from the abdominal aorta.
To evaluate whether serum UA levels were elevated by injection
of KOx and IMP, mouse blood samples were collected in SST
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tubes (BD Diagnostic Systems, Sparks, MD, United States), and
serum and blood cells were separated by centrifugation (2000 x g
for 20 min). The isolated serum samples were rapidly frozen
and stored at —20°C until analyzed. For immunohistochemistry,
the mice were perfused with 4% paraformaldehyde. Brains
were harvested from the skulls, post-fixed overnight in 4%
paraformaldehyde, and stored in 30% sucrose solution for 1-
2 days at 4°C until they sank. Finally, 25-pm coronal sections
were obtained using cryostat. The sections were stored in tissue
storage solution (30% glycerol, 30% ethylene glycol, 30% distilled
water, 10% 0.2 M PB) at 4°C until required (Na Kim et al., 2017).

Neural Precursor Cell Primary Culture

and Identification

Neural precursor cells were isolated from a postnatal day-1
Sprague-Dawley rat. Offspring of rats were decapitated under
halothane anesthesia. Brain tissue was taken from the rat and a
wedge of tissue was microdissected from the portion of the lateral
ventricle that included the anterior part of the SVZ. The tissues
were incubated in Hank’s balanced salt solution (HBSS) for
10 min and trypsin for 3 min at room temperature. NPCs were
dissociated into single cells by pipetting, and Dulbecco’s modified
eagle medium (DMEM) supplementation with 10% fetal bovine
serum (FBS; Hyclone) and 1% penicillin/streptomycin (P/S;
Hyclone) was added to inhibit trypsin function. Cells were
plated in 100-mm plastic culture dishes and cultivated in low
glucose DMEM in a humidified incubator at 37°C under 5%
CO;. After 24 h, non-adherent cells were removed by changing
media. To identify characteristics of NPCs, total RNA was
extracted from the NPCs using Trizol reagent (Lugen Sci, Korea)
according to the manufacturer’s instructions. RNA concentration
was measured by absorption at 260 nm using NanoDrop
Lite Spectrophotometer (Thermo Scientific, Wilmington, DE,
United States) and an equal amount of RNA (approximately
1 ug) in each experiment was reverse transcribed. The PCR
reaction was performed using 10 pmol each of the primers
for NES (forward 5-GGCCACAGTGCCTAGTTCTT-3/,
reverse 5 -GTTCCCAGATTTGCCCCTCA), SOX2 (forward
5'-TAAGTACACGCTTCCCGGAG-3, reverse 5-CATCATGC
TGTAGCTGCCGT-3"), DCX (forward 5-TCACAGCATCT
CCACCCAAC-3, reverse 5-ATGCCTGCAAGGTTCTGGTT-
3), MSI1 (forward 5-CGGAGAGCACAGCCTAAGAT-3,
reverse 5 -TCGAACGTGACAAACCCGAA-3"), and GFAP
(forward 5-ACGAGGCTAATGACTATCGC-3/, reverse 5'-GTT
TCTCGGATCTGGAGGTT-3"). After an initial denaturation at
95°C for 10 min, 30 cycles of PCR were performed, consisting
of denaturation at 95°C for 20 s, annealing at 60°C for 30 s,
extension at 72°C for 60 s followed by a final extension at 72°C
for 5 min. The PCR products were separated by electrophoresis
on 1.5% agarose gel and stained with Noble View (Noble
Bio). Gels were examined under UV illumination Gel doc
(MiniBISpro, DNR).

Neural Precursor Cell Treatment
Identified NPCs (positive for NES, sox2, DCX, and MSI1, but
negative for GFAP and CD11b) were seeded in 96-well cell culture

plates (SPL) at a density of 0.5 x 10*/well. Plates were incubated
at 37°C for 72 h to allow cells to be attached. Solution of MPP*
and UA were prepared in advance. MPP™ (sigma) was dissolved
in distilled water to a final concentration of 100 mM stock.
After stabilization, each well was randomly divided into three
groups as follows: control group, MPP* group, MPPT/UA group.
MPP*/UA group cells were treated with 150 pM of UA while
others were just changed media. After 24 h, the MPP* group was
treated with 150 WM of MPP™ and the UA group was treated
with 150 pM of MPPT and UA mixture. Plates were incubated
in a cell incubator for 72 h. 150 WM of MPP™ was treated to the
MPP™ group cells and the MPPT and UA mixture were treated
to both UA groups. Plates were incubated in a cell incubator for
an additional 72 h.

Cell Viability Analysis

Cell viability was measured by MTS cell proliferation assay
(promega). According to the assay manufacturer’s instructions,
right before the measurement time, MTS and PMS were mixed in
a 1 ml:50 pl ratio and incubated for 10 min. Then, 20 pl of mix
was added to each well. The plates were incubated at 37°C for
1 h, and we measured the absorbance at 490 nm using a 96-well
plate reader. Cell viability values were expressed as experimental
group/average of control group x 100 = viability percentage. All
experiments were repeated at least three times.

Measurements of Serum Uric Acid Level
Serum UA levels were measured using an Amplex Red
Uric Acid/Uricase Assay Kit (Molecular Probes, Eugene, OR,
United States) according to the manufacturer’s instructions. Each
serum samples were 1/10 diluted for measurement. Briefly,
uricase catalyzes the conversion of UA to allantoin, H,O;, and
CO;. Under the presence of horseradish peroxidase, HO; reacts
stochiometrically with Amplex Red reagent to generate the red-
fluorescent oxidation product, resorufin, which is measured using
excitation at 540 nm and detection at 590 nm.

Measurements of Reactive Oxygen

Species Level

The level of intracellular ROS in NPCs was measured using 2',7'-
Dichlorofluorescin diacetate (DCFDA), DCFDA Cellular ROS
Detection Assay Kit (ab113851, Abcam, United Kingdom).
This reagent diffuses into the cell, which goes through
deacetylation and oxidization by cellular enzymes into 2/,7'-
dichlorofluorescein (DCF). According to manufacturer’s
protocol, cells were seeded at 1 x 10% cells/well in 96-well
plate. When chemical treatment was done, cells were washed
twice with 1X buffer. Washed cells were incubated with 25 uM
DCFDA solution for 45 min at 37°C. Then, DCFDA solution
was removed, cells were washed with buffer again, and the
level of ROS was measured using excitation at 485 nm and
detection at 535 nm.

Immunohistochemistry
When drug administration was done in the animal model, brain
tissue was immunostained with anti-BrdU and TH antibodies
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(1:500, Sigma, St. Louis, MO, United States) in SVZ and SN
respectively to investigate newborn neurons and dopaminergic
neurons, which we interpret as the degree of neurogenesis and
as confirmation of the MPTP parkinsonian model. First, brain
tissues were frozen with O.C.T. compound (Sakura Finetek) and
25-um coronal sections were obtained using cryostat. Sections
were immunostained using immunofluorescence analysis or
3,3-diaminobenzidine (DAB) method. For BrdU detection, the
slides were washed three times in PBS, incubated with 50%
formamide in 2X SSC DW (standard saline citrate distilled
water) for 2 h at 65°C for antigen retrieval, and rinsed three
times in 2X SSC DW. After rinsing, the slides were incubated
with 2 N HCI in DW for 30 min at 37°C to denature DNA
and rinsed three times in PBS. They were incubated in borate
buffer (0.1 M, pH-8.5) to neutralize the acidic medium and
then blocked in 3% H,O; to remove endogenous peroxidase
for 10 min. To reduce non-specific binding, slides were blocked
with 1% BSA in PBST for 2 h at room temperature and
incubated with primary antibody, mouse anti-BrdU (1:500,
Thermofisher Scientific, Waltham, MA, United States) for
overnight at 4°C. As secondary antibodies, 1:200 dilutions
of biotinylated in blocking solution which was visualized
with 0.05% diaminobenzidine (DAB, Dako, Carpinteria, CA,
United States). Immunofluorescence labeling was carried out by
incubating tissue slides in donkey anti-mouse IgG and goat anti-
rabbit IgG (both Alexa Fluor-488, green and Alexa Fluor-555,
red) secondary antibodies (1:200, invitrogen). The cell nuclei
were counterstained with 4’,6-diamidino-2-phenylindole (DAPI;
1:2000 dilution, invitrogen). The brain tissue was dried and
stained with Mayer’s hematoxylin (Muto Pure Chemicals Ltd.,
Tokyo, Japan). The immunostained tissues were analyzed using
bright-field microscopy and immunofluorescence images were
viewed with a Zeiss LSM 700 confocal microscope (Carl Zeiss,
Berlin, Germany) (Oh et al., 2015).

Quantitative Real-Time PCR

Total RNA was isolated from NPCs using Trizol reagent
(Lugen Scei, Korea) according to manufacturer’s instructions.
An equal amount of RNA (approximately 1 ug) in each
experiment was reverse transcribed using an cDNA synthesis
premix (Applied Biosystems, Promega, Madison, WI, United
States). A master mix of the following reaction components
was prepared to the indicated end-concentration: 12.5 pl
of 2X SYBR green buffer (Promega, United States), 2 nl of
forward and reverse primer (10 pM), and 2 pl DNA template
(100 ng). Amplification conditions were as follows: initial
denaturation at 95°C for 2 min, followed by 40 amplification
cycles of 95°C for 15 s and 60°C for 1 min to anneal and
extend, respectively. Quantitative PCR experiments were
performed using Applied Biosystems (Thermofisher Scientific,
Waltham, MA, United States). The quantitative real-time PCR
reaction was performed using 10 pmol each of the primers for
rat PGCl-a (forward 5-GGACATGTGCAGCCAAGACT-3/,
reverse 5 -TCGAATATGTTCGCGGGCTC), FIS1 (forward
5'-CGTGCTTTCTGTAACGCCTG-3/, reverse 5-CTACAGGCA
CTTTGGGGGTT-3'), MFN2 (forward 5-AAGAGCTCAG
GGGACGGTAT-3, reverse 5-GCAAGGTGAGCCTTACAG
GT-3'), and TFAM (forward 5-GTGATCTCATCCGTCG

CAGT-3/, reverse
(Kim et al., 2021).

5'-CATTCAGTGGGCAGAAGTCCA-3')

MitoTracker Staining

To visualize mitochondria, MitoTrackerRed CMXRos
(Invitrogen, Camarillo, CA, United States) was diluted in NPC
cell culture media to a final concentration of 50 nM according
to manufacturer’s instructions. The cells were incubated under
normal culture conditions for 30 min, fixed with 1:1 ratio of
methanol and acetone for 5 min at —20°C, and permeabilized
with 0.1% triton X-100 in PBS. All NPCs were counter stained
for nuclei using DAPI (blue), and then visualized by a Zeiss LSM
700 confocal microscope (Carl Zeiss, Berlin, Germany) and Zen
imaging software. All cells were imaged using identical exposure
times and laser power settings.

Electron Microscope Analysis

Primary cultured NPCs were fixed with 2% glutaraldehyde -
paraformaldehyde in 0.1 M PB (pH 7.4) for 12 h and then washed
twice for 30 min in 0.1 M PB. They were post-fixed with 1%
0Os04 dissolved in 0.1 M PB for 2 h and dehydrated in an
ascending gradual series (50-100%) of ethanol and infiltrated
with propylene oxide. Specimens were embedded using a
Poly/Bed 812 kit (Polysciences). After pure fresh resin embedding
and polymerization at 65°C in an electron microscope oven (TD-
700, DOSAKA) for 24 h, 200 nm-thick sections were initially
cut and stained with toluidine blue for light microscopy. Thin
sections (80 nm) were double stained with 3% uranyl acetate
and lead citrate for contrast staining. The sections were cut
using a Leica electron microscope (EM) UC7 Ultra-microtome
(Leica Microsystems). All of the thin sections were observed by
transmission electron microscopy (TEM) (JEM-1011, JEOL) at
an acceleration voltage of 80 kV.

Mitochondrial Morphology Assessment

To quantify mitochondrial morphology, mitochondrial tubule
length was measured. Mitochondrial tubule of 5 pum or more
was determined as tubular. Mitochondria tubule between 0.5 and
5 wm but none more than 5 um was determined as intermediate.
None of more than 0.5 pm determined as fragmented. If more
than 75% mitochondria were tubular a cell was judged to
have tubular form. If cells presented mitochondria with mixed
morphologies, they were classified as intermediate. If none of
mitochondria were more than 0.5 jLm, they were determined as
fragmented (Duvezin-Caubet et al., 2006). For the TEM analysis,
mitochondria with intact membrane and matrix were considered
as normal while mitochondria with broken membrane and
abnormal morphology with large vacuole area (over 20% of the
total organelle) were determined as swollen (Xiong et al., 2016).
We also analyzed mitochondrial network using Mitochondrial
Network Analysis (MiNA) toolset. Mitotracker images were pre-
processed using unsharp mask and skeletonized to visualize
mitochondrial wireframe using Image J. The skeletonized feature
was measured and analyzed by MiNA (Valente et al., 2017).

Western Blotting Analysis
When animal drug administration was over, five animals in each
group were fixed with paraformaldehyde while other five animals’
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brain tissue was dissected under a microscope. The portion of
the lateral ventricle that included the SVZ was dissected and
dissolved in ice-cold RIPA buffer (50 mM Tris-HCI, pH 7.5,
with 150 mM sodium chloride, 1% triton X-100, 1% sodium
deoxycholate, 0.1% SDS, 2 mM EDTA sterile solution; Lugen Sci,
Korea) plus protease inhibitor cocktail (Sigma). The lysates were
centrifuged at 4°C for 20 min (14,000 g), and supernatants were
transferred to fresh tubes. Briefly, 30 ug of protein was separated
by SDS-gel electrophoresis and transferred to hydrophobic
polyvinylidene difluoride (PVDF) membranes (GE Healthcare,
Little Chalfont, United Kingdom). DLP1 analysis was performed
in non-reducing condition. The membranes were blocked in
5% skim milk in PBST. Membranes were probed with the
following primary antibodies: mouse anti-MFN1 (Abcam), rabbit

anti-MFN2 (Epitomics), mouse anti-OPA1 (BD biosciences),
rabbit anti-FIS1 (Abnova), mouse anti-Dlpl (BD biosciences),
mouse anti-NES (Millipore), and mouse anti-Actin (santacruz).
As secondary antibodies, 1:5000 dilutions of horeseradish
peroxidase-conjugated goat anti-rabbit antibody (Solarbio) and
anti-mouse antibody (Solarbio) were used. Antigen-antibody
complexes were visualized with ECL solution (GenDEPOT).
For quantitative analysis, immunoblotting band densities were
measured by image J (Kim et al., 2021).

Stereological Cell Counts

To determine the number of BrdU- and TH-positive cells in the
granule cell layer of mouse brains, an average of five sections per
mouse were counted, and each experimental group consisted of
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five mice. BrdU-positive cells were counted in the lateral wall
of the SVZ and rostral migratory stream. TH-positive cells were
counted in the SN region. Unbiased stereological estimations
of the total number of stained cells in each region were made
using an optical fractionator. This sampling technique is not
affected by tissue volume changes and does not require reference
volume determinations. The sections used for counting covered
the entire SN from the rostral tip of the pars compacta back
to the caudal end of the pars reticulate and the lateral wall of
the SVZ including RMS. This generally yielded five sections in a
series. A counting frame (60%, 36,650 um?) was randomly placed
onto the first counting area and systematically moved through
all counting areas until the entire delineated area was complete.
Actual counting was performed using a 40 x object. The total
number of stained cells was calculated according to the optical
fractionator formula.

Statistical Analysis

After verification of normality distribution, mean differences
between experimental groups were determined by one-way
analysis of variance (ANOVA) followed by a Bonferroni post-
hoc test. Differences were considered statistically significant at
p < 0.05. Statistical analysis was performed using the software
SPSS v. 25 (Yonsei University, Seoul, Korea).

RESULTS

Uric Acid-Elevating Therapy Increased
Neurogenesis in the Subventricular Zone
of MPTP-Induced Parkinson’s Disease
Animal Model

To determine the effect UA elevation on neurogenesis in an
MPTP-induced parkinsonian model, the mice were treated with
mixture of KOx and IMP before MPTP treatment via the
intraperitoneal route. The in vivo study design is illustrated
in Figure 1A. Two weeks of KOx injection (500 mg/kg)
slightly but not significantly raised the level of serum UA
(88.3 g/L vs. 85.8 g/L). However, 2 weeks of co-treatment of
IMP (500 mg/kg) with KOx (500 mg/kg) led to a significant
increase in the level of UA (76.4 g/L) relative to baseline
(63.1 g/L, p = 0.006, Figure 1B). To investigate whether
UA-elevating therapy modulated neurogenesis, new born cells
in the SVZ of MPTP-treated mice received IMP with KOx
were immunostained with BrdU, a commonly used marker for
neurogenesis (Kuhn et al., 2016). Compared to the control group,
the number of BrdU-positive cells in ependymal and rostral
migratory stream (RMS) was significantly reduced in the MPTP-
treated mice by 46.2% (p = 0.001, Figures 1C,D). Compared to
MPTP-only-treated mice, PD mice received co-treatment of IMP
with KOx exhibited a significant increase in the number of BrdU-
positive cells, restoring up to 85.3% (p = 0.006, Figures 1C,D).
However, only post injection of IMP with KOx in MPTP-
treated mice did not increase the number of BrdU-positive
cells (Supplementary Figure 1). Next, as dopaminergic neurons
can modulate neurogenic activity via dopaminergic receptors

in the SVZ, we determined whether UA elevation in MPTP-
treated mice would lead to a difference in the density of nigral
dopaminergic neurons. As expected, the number of TH (tyrosine
hydroxylase)-positive cells in the SN was reduced to 51.5% in
MPTP-treated animals compared to the control group (p < 0.01,
Figures 1C,D). However, the number of TH-positive cells in PD
mice co-treated with IMP and KOx was not statistically different
from the MPTP-only-treated group. In addition, we investigated
neurogenesis in hippocampal dentate gyrus (DG). MPTP induced
PD mice showed decreased number of BrdU positive cells in
DG by 19.1% compared to the control group (p < 0.001).
Compared to MPTP-treated mice, PD mice received UA elevating
therapy showed significantly increased number of BrdU-positive
cells (p < 0.001, Supplementary Figures 2A,B). These data
indicate that UA-elevating therapy promotes neurogenic activity
in MPTP-induced parkinsonian animals without modulating the
nigrostriatal dopaminergic system.

Uric Acid Treatment Exerted a

Neuroprotective Effect and Enhanced
Proliferation Against MPP* in Primary
Cultured Neural Precursor Cells From

the Subventricular Zone

Primary cultured NPCs were positive for NES (nestin), SOX2
(SRY-box transcription factor2), DCX (doublecortin), and MSI1
(musashi RNA binding protein 1), but negative for GFAP
(glial fibrillary acidic protein) (Supplementary Figure 3A). To
determine the purity of cultured NPCs, cells were stained with
NES and GFAP. All DAPI positive cells were co-localized with
NES, but not GFAP and NeuN (Supplementary Figure 3B). To
examine the effect of UA on cell survival followed by MPP*
treatment, primary cultured NPCs were treated with MPP™
at various concentrations for 72 h. MPPT treatment with a
concentration of 150 pM or more markedly decreased cell
viability of NPCs in a dose-dependent manner (Figure 2A).
However, UA treatment at various concentrations did not
result in decreased viability of NPCs (Figure 2B). Next, we
examined if UA treatment exhibited a neuroprotective effect
against MPPT-induced cytotoxicity in NPCs. Similar to in vivo
data, UA treatment in MPP™ -treated NPCs exerted a prosurvival
effect, restoring cell viability up to 90.1% compared to the
MPP™ -treated group (p = 0.049, Figure 2C). On evaluating
proliferation of NPCs, the mRNA expression level of Ki-67
was significantly decreased in MPPT-treated NPCs, whereas
UA treatment markedly increased the level of Ki-67 relative to
the MPP™ treatment group (p = 0.026, Figure 2D). Similarly,
UA treatment significantly increased the protein level of Ki-
67 compared to the MPPT treatment group (Figures 2EG).
To determine that detected Ki-67 in western blot and real-
time PCR is solely from NPCs, we stained NPCs with NES
and Ki-67. The immunofluorescence staining data shows that
Ki-67 is co-localized with NES (Supplementary Figure 4). We
also measured intracellular ROS level in NPCs. As expected,
MPP* treatment increased ROS level compared to controls
(p = 0.023, Figure 2E). However, when UA was treated
prior to MPP™ treatment for 24 h, it significantly scavenged
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excessive ROS, restoring back to control level (p = 0.047,
Figure 2E). These data suggest that UA not only increased the
survival of NPCs against MPP" toxicity, but also enhanced
proliferation in vitro. Next, the modulatory mechanism of UA
on neurogenic activity was further studied in mitochondrial
dynamics. To analyze mitochondrial morphology, we performed
immunofluorescence staining using mitotracker. MPP*-treated
NPCs displayed many more fragmented mitochondria over
78% rather than tubular shape. On contrast, UA treated
NPCs exhibited more interconnected, elongated and filamentous
mitochondria similar to those of naive NPCs. About 18% of UA
treated NPCs showed fragmented mitochondria (Figure 2H).
We also confirmed the effect of UA on mitochondrial network
morphology using MiNA. UA treated NPCs showed lower
number of individuals (puncta), longer branch length, and lower
branch number per network compared to the MPP+ treatment
group (Figure 2I).

Uric Acid Treatment Rescued the
Abnormal Mitochondrial Phenotype
Observed in Primary Cultured Neural
Precursor Cells by Modulating

Mitochondrial Dynamics

To investigate the mitochondrial dynamics modulatory
mechanism in detail, mitochondrial dynamics-related genes
were measured with quantitative real-time PCR analysis.
The expression level of mitochondrial fusion marker, MFNI
(mitofusin 1), MFN2 (mitofusin 2), and OPA1 (mitochondrial
dynamin like GTPase) was significantly decreased in NPCs
following MPP™ treatment as compared to the control group
(p = 0.000, p = 0.046, p = 0.048), whereas UA treatment
restored them in MPPT-treated NPCs (p = 0.023, p = 0.01,
p = 0.002, Figures 3A-C). Conversely, expression level of FIS1
(mitochondrial fission 1) was markedly increased in NPCs
approximately two- and three-fold following MPP* treatment,
repectively (p = 0.021); however, UA treatment counteracted
them in MPPT-treated NPCs (Figure 3D). Under MPPT
treatment, mitochondrial master regulator, PGC-1la (PPARG
coactivator 1 alpha), tended to decrease in NPCs but did not
reach statistical significance (p = 0.406), whereas UA treatment
significantly upregulated the expression of PGC-1a compared to
the only-MPP " -treated group (p = 0.029, Figure 3E). In addition,
UA treatment in MPP*-treated NPCs significantly increased
the expression of mitochondrial transcription factor, TFAM
(transcription factor A, mitochondrial) (p = 0.001) relative to
the MPP™ -treated group (p = 0.001, Figure 3F). Additionally,
we measured protein level of DLP1 (GTPase Dynamin-related
protein 1) tetramer and monomer form to investigate whether
Dlpl was hyperactivated. Both tetramer and monomer form
of DLP1 was increased in MPPT treated NPCs (p = 0.007,
p = 0.006), while UA treatment counteracted it (p = 0.043,
p = 0.019, Figures 3G,H). These data indicate that UA has
scavenged MPP™ toxins by modulating mitochondrial dynamics.
Next, we evaluated the changes of actual mitochondrial
morphology using TEM analysis. Mitochondrial morphology
was preserved in control NPCs, with well-formed cristae and

undisrupted mitochondria membranes. However, mitochondria
following MPP treatment were filled with discontinuous cristae,
electron-dense structures, and damaged double-membranes.
Additionally, mitochondria in MPP*-treated NPCs exhibited
swollen bodies (Figure 3I). The number of normal and swollen
mitochondria was counted in restricted area and presented
in graph (Figure 3J). These data suggest that treatment of
MPP* leads to mitochondrial damage, possibly triggering
fission process and/or inhibiting fusion process. However, UA
treatment successfully returned mitochondrial morphology to a
healthy form, similar to those of naive NPCs, through a possible
rescue of mitochondrial dynamics balance of fusion and fission
processes.

Parkinson’s Disease Mice With Elevated
Serum Uric Acid Levels Showed
Increased BrdU-Positive Cell Numbers
Through Modulation of Mitochondrial
Dynamics Key Actors

Next, mitochondrial dynamics-related proteins were analyzed to
investigate whether UA elevation could modulate mitochondrial
dynamics in the SVZ of MPTP-treated animals. The protein
expression of mitochondrial fusion marker, MFN1 (mitofusin
1), was significantly decreased in MPTP-treated animals as
compared to control mice (p = 0.001, Figure 4A), and another
marker, MFN2, was slightly decreased in the parkinsonian model
as compared to healthy mice (p = 0.054, Figure 4B). The
expression of the OPA1 (OPAIl mitochondrial dynamin like
GTPase) tended to decrease in MPTP-treated mice relative to
control mice (p = 0.031, Figure 4C). However, UA elevation in
MPTP-treated animals led to an increase in the expression of
MENI (p = 0.001), MEN2 (p = 0.005), and OPA1 (p = 0.000)
as compared to the MPTP-only-treated group (Figures 4A-
C). To determine whether DLP1 (GTPase Dynamin-related
protein 1), mitochondrial fission-related protein, was activated,
we measured the expression level of DLP1 tetramer form. The
level of DLP1 tetramer form was significantly increased in MPTP-
treated animals compared to control animals, which was down-
regulated after UA elevating therapy (p = 0.000, Figure 4D).
However, there was no significant difference in monomer form
among three groups. Another fission regulator, FIS1, was down-
regulated with UA-elevating therapy compared to the control and
MPTP groups (p = 0.000, Figure 4E). Meanwhile, UA elevation in
MPTP-treated animals led to a significant increase in expression
of DIpl and FIS1 (p = 0.029 and 0.000, respectively) compared
to the MPTP-only-treated group (Figures 4D,E). Finally, UA
elevation led to a significant increase in expression of NES in the
SVZ of MPTP-treated animals (p = 0.021, Figure 4F).

DISCUSSION

This study aimed to investigate whether elevation of serum UA
levels modulate neurogenic activity in a parkinsonian model.
The major findings of present study are (1) UA elevation
in MPTP-induced PD mice led to an increased number
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FIGURE 2 | UA treatment exerted neuroprotective effect and promoted proliferation in primary cultured NPCs. (A) MTS analysis in MPP*-treated NPCs with a
concentration of 100, 150, 200, 400, and 800 uM. 150 uM of MPP* treatment induced about 56% of viability on NPCs (n = 4 per group). (B) MTS analysis in
UA-treated NPCs with a concentration of 50, 100, 200, and 400 wM. UA treatment did not induce statistically significant cell death up to 400 uM (n = 4 per group).
(C) MTS analysis in MPP* treated or MPP* with UA-treated NPCs at a 150 uM concentration of UA for 24 h and MPP* for 72 h with UA co-treatment. UA exerted
a neuroprotective effect on NPCs by restoring cell viability up to 90% compared to control (n = 4 per group). (D) Quantitative RT-PCR for proliferation marker, Ki-67.
The expression level of Ki-67 was reduced to 41.6%; however, UA restored it to 92.2% compared to control. (E) Intracellular ROS as measured by DCFDA assay
after MPP* and UA treatment. MPP* -induced ROS was scavenged by UA pre-treatment. (F) Western blot for proliferation marker, Ki67 in MPP* and UA-treated
NPCs. (G) Quantification graph of Ki-67 western blot analysis. (H) Immunofluorescent labeling for mitotracker. MPP* -treated NPCs showed fragmented
mitochondrial morphology, whereas UA treatment restored them similar to those of controls. (I) Mitochondrial network analysis using MiNA. UA treated NPCs
showed lower number of individuals (puncta), longer branch length, and lower branch number per network compared to the MPP* treatment group. Each five
images per group were analyzed. Scale bar: 10 um. Differences among the conditions were evaluated by ANOVA with a Bonferroni correction for multiple
comparison. The data are presented as the mean + SE. *p < 0.05, **p < 0.01, and ***p < 0.001.
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FIGURE 3 | UA treatment rescued the mitochondrial phenotype via modulating mitochondrial dynamics in NPCs. (A) Quantitative RT-PCR for mitochondrial fusion
marker, MFN1. (B) Quantitative RT-PCR for mitochondrial fusion marker, MFN2. (C) Quantitative RT-PCR for mitochondrial fission marker, OPA1. (D) Quantitative
RT-PCR for mitochondrial fission marker, FIS1. (E) Quantitative RT-PCR for mitochondria master regulator, PGC-1a. (F) Quantitative RT-PCR for mitochondrial
transcription factor TFAM. MPP* treatment led to a significant decrease in the expression level of MFN1, MFN2, PGC-1a, and TFAM and UA treatment has restored
it. On the contrary, the expression level of FIS1 and OPA1 was increased when exposed to MPP -, and UA treatment restored it (0 = 5 per group). (G,H) Western
blot for mitochondrial fission regulator Dip1 tetramer and monomer form. Both tetramer and monomer form were increased with MPP™ treatment, which was
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rescued by UA (n = 3 for CTRL group, n = 4 for MPP* and MPP*/UA group). (I) TEM analysis revealed that MPP* treatment induced severe abnormal morphology
of mitochondria with a swollen body and fragmented phenotype. However, UA treatment returned mitochondria morphology to a similar state as control NPCs. The
arrows indicate mitochondria. (J) MPP* treated NPCs showed reduced normal mitochondria and increased swollen mitochondria, however, UA treatment rescued

*p < 0.05, *p < 0.01, and **p < 0.001.

it. Differences among the conditions were evaluated by ANOVA with a Bonferroni correction for multiple comparison. The data are presented as mean + SE.

of BrdU-positive cells in the SVZ including RMS and DG
compared to MPTP-only-treated mice. (2) UA treatment exerted
a prosurvival effect, restoring viability and proliferation of NPCs
against MPPT treatment. (3) In the process of modulating
neurogenesis, our in vitro and in vivo data demonstrated that
UA elevation regulated mitochondrial dynamics via promoting
fusion machinery. The results suggest that UA enhances
neurogenic activity in the SVZ of a parkinsonian model by
modulating mitochondrial dynamics.

Although the underlying molecular mechanisms of the altered
neurogenesis in PD remain unknown, neurochemical deficits of
dopamine (Mishra et al., 2019b), indirect effects of growth factor
release, and a-synuclein accumulation in NPCs of the SVZ via the
disease process may influence neurogenic activity (Winner et al.,
2012). Several studies have demonstrated the effect of a-synuclein
in the hippocampus and SVZ of transgenic animal models and
murine embryonic stem cells (Winner et al., 2004, 2008; Crews
et al., 2008; Kohl et al.,, 2012). In addition, recent evidence has
demonstrated that mitochondrial dysfunction and inappropriate

regulation of mitochondrial dynamics have detrimental effects
on neurogenesis in the embryonic as well as adult brain.
During neurogenesis, mitochondrial dysfunction resulting from
deletion of the mitochondrial oxidoreductase protein AIF
within the early NSC population disrupted the neurogenic
pathway completely, including self-renewal capacity of NSC and
proliferation and differentiation of NPCs (Khacho et al., 2017).
Likewise, disruption of mitochondrial function by loss of the
mitochondrial transcription factor, TFAM, when restricted to the
adult NSC population, leads to impairment in adult neurogenesis.
During embryonic neurogenesis, mitochondrial dynamics seem
to play an important role in the stem cell decision-making process
enhanced mitochondrial fusion promotes NSC self-renewal,
while mitochondrial fragmentation initiates the commitment
of NSC to neuronal differentiation and neuronal maturation
(Khacho and Slack, 2018). A recent study reported that inhibition
of mitochondrial fission improved mitochondrial dynamics and
stimulated hippocampal neurogenesis in Down syndrome animal
model (Valenti et al., 2017). Therefore, maintenance of proper
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FIGURE 4 | PD mice with high serum UA level showed modulated mitochondrial dynamics. (A) Western blot for mitochondrial fusion marker, MFN1. (B) Western
blot for mitochondrial fusion marker, MFN2. (C) Western blot for mitochondrial fusion marker, OPA1. The expression levels of MFN1, MFN2, and OPA1 were
decreased in PD mice and upregulated in UA-elevated PD mice (n = 5 per group). (D) Western blot for mitochondrial fission regulator DIp1 tetramer and monomer
form. (E) Western blot for mitochondrial fission marker, FIS1. The expression level of Dlp1 tetramer form and FIS1 were increased in PD mice and significantly
suppressed in PD mice with high serum UA levels (n = 5 per group). (F) Western blot for neural stem cell marker, NES. The expression levels of NES were
significantly increased in UA-elevated PD mice compared to control or PD mice with normal UA levels (n = 5 per group). Differences among the conditions were
evaluated by ANOVA with a Bonferroni correction for multiple comparison. The data are presented as mean + SE. “p < 0.05, “*p < 0.01, and **p < 0.001.
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mitochondrial dynamics would be an important strategy to
modulate neurogenic activity in PD.

The present study has demonstrated that UA elevation in
MPTP-induced PD mice led to an increased number of BrdU-
positive cells in the SVZ compared to MPTP- only-treated
mice, restoring up to 85% of neurogenic activity compared to

the control mice. In a cellular model using primary culture of
NPCs, UA treatment exerted a prosurvival effect, restoring cell
viability of NPCs against MPP™ treatment and led to increased
proliferation markers. As impairment in neurogenesis is known
to be a critical factor in neurodegenerative diseases including PD,
modulating it could be an effective strategy in disease-modifying
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treatment. Accumulating clinical data have also reported an
association between high serum UA levels and lower likelihood
of developing PD (de Lau et al., 2005). Furthermore, we found
that the hippocampal neurogenesis was also enhanced with UA-
elevating therapy. Previous studies have demonstrated that UA
decreases the risk of dementia in general population mice (Euser
et al, 2009) and improves cognitive performance in PD mice
through the Nrf2-ARE signaling pathway (Huang et al., 2017).
Hence, it is possible that UA could improve cognitive function
through modulation of hippocampal neurogenesis. A further
research is warranted to investigate whether UA would be
helpful in AD models by modulating hippocampal neurogenic
activity.

Interestingly, we have demonstrated that UA may modulate
neurogenesis by remodeling mitochondria. Mitochondria
are dynamic organelles that constantly change their size and
morphology in response to the environment in the machinery
of fission and fusion. In mammals, MFN1, MEN2, and OPA1
are responsible for mitochondrial fusion, while DIpl and
FIS1 are required for mitochondrial fission. Fission is a
process of breaking apart into smaller fragments, which is
important for segregating dysfunctional mitochondria from
healthy counterparts (Ni et al., 2015). Therefore, this process
plays an important role in quality control of maintaining
healthy mitochondria, further sustaining healthy neurons that
require considerable energy. In the process of neurogenesis,
a critical amount of ATP is required to facilitate cytoskeletal
rearrangement, neuronal sprouting, and organelle transport.
Being a primary source of cellular ATP, healthy mitochondrial
function is necessary for the brain to perform neurogenesis
effectively. We also demonstrated that UA up-regulated
mitochondrial biogenesis-related genes including PGC-1a and
TFAM. According to previous study, PGC-la guarantees the
production of healthy mitochondria and a correct equilibrium
between mitophagy and mitochondrial biogenesis, thus blocking
excessive ROS (Baldelli et al., 2014). In terms of the association
between oxidative stress and neurogenesis, several studies
have highlighted the fact that oxidative stress load directly
affects cellular states by modulating the redox state of NSCs
or NPCs, given that adult neurogenesis is a high-energy-
consuming process, and thus, leads to ROS accumulation
(Yuan et al, 2015). MPTP, the neurotoxin widely known to
induce PD models, is highly lipophilic, and so it can rapidly
cross the blood brain barrier after systemic administration.
MPTP is metabolized within the brain to active toxin MPP™
by monoamine oxidase, resulting in mitochondrial complex I
dysfunction and impaired mitochondrial homeostasis (Kopin,
1987). Mitochondrial malfunction, already problematic in
the process of PD, makes stem cells vulnerable to oxidative
stress, which in turn accelerates impairment of neurogenesis.
Moreover, emerging data from human and animal models
of PD have reported that a-synuclein has an important role
in the control of neuronal mitochondrial dynamic processes
(Banerjee et al., 2010; Melo et al., 2018), suggesting a strong
candidate for a pathogenic mechanism underpinning PD
pathogenesis beyond mitochondrial biogenesis, a well-known
factor. Therefore, UA, having potent antioxidant properties,

would defend mitochondrial homeostasis and dynamics against
MPTP-induced oxidative stress, which can lead to maintenance
of neurogenic activity in the SVZ of PD models. There are
several other neurotoxins inducing PD experimental model.
Rotenone is reported to cause excessive mitochondrial fission,
resulting disrupted mitochondrial dynamics (Peng et al., 2016)
and 6-hydroxydopamine (6-OHDA) promoted mitochondrial
fission process, elevating Drp-1 level (Galindo et al., 2012). Also
rats who received surgical injection of human alpha-synuclein
showed increased mitochondrial fission (Park et al., 2020). As
our study described mitochondrial dynamics regulation as a
mechanism underlying enhanced neurogenesis, it is plausible
that UA could work in other PD models as well. Given that the
precise mechanism of mitochondrial dynamics by UA is still
elusive, future study focusing on down signaling pathways of UA-
associated mitochondrial remodeling is warranted. Accordingly,
our data provide additional evidence that modulation of
neurogenic activity via modulating mitochondrial dynamics by
a UA-elevating strategy may be an intriguing mechanism in the
development of disease modifying treatment of PD.

Recent studies have suggested the important role of
dopaminergic modulation in the neurogenic activity of
the SVZ by demonstrating that NPCs in the SVZ express
dopaminergic receptors and dopaminergic innervation from the
SN in a 6-OHDA-induced PD rat model (Hoglinger et al., 2004;
Mishra et al., 2019a). Specifically, dopamine agonists augment
neurogenesis in animal models of PD (Winner et al., 2009), and
chronic use of levodopa has a positive effect on the number of
NSCs in the SVZ of patients with PD (O’Sullivan et al., 2011).
Based on these previous data, the present study evaluated the
density of nigral dopaminergic neurons between MPTP-induced
PD animals with and without UA-elevating therapy to exclude
the direct effect of nigral dopamine on neurogenesis in the SVZ.
However, there was no significant change in nigral dopaminergic
density between groups, suggesting that the modulating effect
of UA on neurogenesis in NPCs of the SVZ may reflect a
primary effect of UA itself rather than an indirect effect of
dopaminergic medication.

This study has several limitations to extend clinical
implications. First, although neuroprotective effect of UA
in PD incidence and progression seems to be sex-dependent
(O'Reilly et al., 2010), the present study examined effect of
UA elevation on neurogenic activity only in male PD mice.
Further study of UA-mediated neurogenic activity in female
animals is also necessary. Second, although serum UA levels
increased following injection of IMP with KOx, post-treatment
after MPTP induction without pre-treatment prior to MPTP
induction did not lead to a significant increase in neurogenesis.
In both an animal and cellular model, pre-treatment of UA
enhanced neurogenesis and exerted prosurvival effect of NPCs.
Regarding these data, neurogenic modulation of UA seems to be
effective in the premotor stage of PD; however, this issue should
be investigated in future studies. Third, we could not provide
mitochondrial morphology in animal tissue, which may limit
the role of UA in mitochondrial dynamics. Finally, when UA
is elevated beyond the normal range, it increases risk of gout
and cardiovascular diseases. This issue requires further study to
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determine the appropriate UA level exerting beneficial effects in
parkinsonian disorder.

CONCLUSION

In summary, this study demonstrates that UA elevation
can enhance neurogenic activity in the NPCs of the SVZ
in parkinsonian animal and cellular models by modulating
mitochondrial dynamics.
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