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Ascorbic acid accelerates Wallerian degeneration after
peripheral nerve injury
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Abstract

Wallerian degeneration occurs after peripheral nerve injury and provides a beneficial microenvironment for nerve regeneration. Our previous
study demonstrated that ascorbic acid promotes peripheral nerve regeneration, possibly through promoting Schwann cell proliferation and
phagocytosis and enhancing macrophage proliferation, migration, and phagocytosis. Because Schwann cells and macrophages are the main
cells involved in Wallerian degeneration, we speculated that ascorbic acid may accelerate this degenerative process. To test this hypothesis,
400 mg/kg ascorbic acid was administered intragastrically immediately after sciatic nerve transection, and 200 mg/kg ascorbic acid was

then administered intragastrically every day. In addition, rat sciatic nerve explants were treated with 200 uM ascorbic acid. Ascorbic acid
significantly accelerated the degradation of myelin basic protein-positive myelin and neurofilament 200-positive axons in both the transected
nerves and nerve explants. Furthermore, ascorbic acid inhibited myelin-associated glycoprotein expression, increased c-Jun expression in
Schwann cells, and increased both the number of macrophages and the amount of myelin fragments in the macrophages. These findings
suggest that ascorbic acid accelerates Wallerian degeneration by accelerating the degeneration of axons and myelin in the injured nerve,
promoting the dedifferentiation of Schwann cells, and enhancing macrophage recruitment and phagocytosis. The study was approved by the
Southern Medical University Animal Care and Use Committee (approval No. SMU-L2015081) on October 15, 2015.
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Introduction

Wallerian degeneration refers to a progressive anterograde
disintegration of axons and accompanying demyelination,
and results from injury to nerve fibers in both the peripheral
and central nervous systems (Chang et al., 2017). In the first
stages of peripheral nerve injury, axonal and myelin debris are

produced as myelin ovoids in the cytoplasm and paranodal
loops (Tricaud and Park, 2017; Lin et al., 2019). In addition,
Schwann cells dedifferentiate into an immature state (Jessen
and Mirsky, 2008), which results in the downregulated
expression of myelin-associated proteins, such as myelin-
associated glycoprotein (MAG), peripheral myelin protein 22,
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and myelin protein zero (Parkinson et al., 2008). Schwann cell
dedifferentiation also leads to the upregulated expression of
c-Jun, sex determining region Y-box 2, and p75 neurotrophin
receptor, among other proteins (Wen et al., 2018; Nocera and
Jacob, 2020). In the later stages of peripheral nerve injury,
hematogenous macrophages are recruited to the injured
nerve (Tricaud and Park, 2017), where they collaborate
with Schwann cells to remove myelin and axon debris; this
produces an advantageous microenvironment for nerve
regeneration (Yu et al., 2016). Subsequently, Schwann cells
proliferate and migrate in line to form bands of Blngner,
secrete neurotrophins to promote axonal regrowth, and
remyelinate the regenerated axons (Arthur-Farraj et al., 2012;
Jessen et al.,, 2015; Nocera and Jacob, 2020). Many studies
have reported that accelerating Wallerian degeneration
can promote repair after peripheral nerve injury (Elberg et
al., 2019; Loring and Thompson, 2020); thus, accelerating
Wallerian degeneration is regarded as a promising strategy for
nerve regeneration.

Ascorbic acid is an essential dietary micronutrient (Granger
and Eck, 2018) that has long been used clinically for treating
colds, cancer, and many other diseases. Recent studies
have indicated that ascorbic acid has many unexpected
novel biological functions, including the promotion of
reprogramming and differentiation in stem cells (Wang et
al., 2011; Cimmino et al., 2018), the prevention of sperm
DNA damage and male infertility (lli¢ et al., 2018), and the
treatment of Charcot-Marie-Tooth disease type 1 (Verhamme
et al., 2009). We recently reported that ascorbic acid can
promote the functional repair of the injured peripheral nerve
(Li et al., 2019), mainly by promoting axonal regeneration and
remyelination, thus accelerating both nerve conduction and
motor and sensory function recovery, as well as alleviating
myoatrophy in the targeted muscles. Furthermore, ascorbic
acid treatment enhanced the proliferation and phagocytosis
capabilities of Schwann cells and macrophages in this previous
study. Considering that both Schwann cells (Ji et al., 2019; Gu
et al., 2020) and macrophages (Liu et al., 2019) play important
roles in Wallerian degeneration, we hypothesized that ascorbic
acid might accelerate Wallerian degeneration. Herein, we used
an in vivo rat model of sciatic nerve transection injury and an
in vitro model of sciatic nerve explants to obtain experimental
data to verify this hypothesis.

Materials and Methods

Animals

The study was approved by the Southern Medical University
Animal Care and Use Committee (approval No. SMU-L2015081)
on October 15, 2015. In this study, 32 specific-pathogen-free
female Sprague-Dawley rats, weighing 200-250 g and aged
7-8 weeks, were provided by the Animal Center of Southern
Medical University, China (license No. SCXK (Yue) 2016-0041).
The experimental animals were housed under a 12-hour light/
dark cycle and given free access to water and food. Of the 32
rats, 24 were used for the in vivo experiments of sciatic nerve
transection, while the other 8 rats were used for sciatic nerve
collection and nerve explant culture.

Sciatic nerve transection surgery and drug treatment

The 24 rats were randomly divided into the saline and
ascorbic acid groups (n = 12/group). All rats underwent sciatic
nerve transection surgery based on previously published
protocols (Qian et al., 2018; Zhou et al., 2018). Briefly,
the rats were intraperitoneally injected with 12 mg/mL
tribromoethanol (180 mg/kg; Sigma-Aldrich, St. Louis, MO,
USA) as an anesthetic. The sciatic nerve was exposed and
then cut at 5 mm below the piriformis muscle. Immediately
after surgery, the rats in the ascorbic acid group were
intragastrically administered a solution of ascorbic acid (400
mg/kg suspended in saline at a concentration of 20 mg/mL;

Baiyunshan Pharmaceuticals Company, Guangzhou, China).
They were then administered ascorbic acid at a dose of 200
mg/kg per day for 5 or 8 days. The animals in the saline group
were administered the same volume (2 mL) of saline as a
control. The drug administration method strictly complied
with previous protocols (Liu et al., 2016; Li et al., 2019). At
5 or 8 days post-injury (dpi), the rats were sacrificed and
the distal trunks of the injured nerves were collected for
immunohistochemistry and western blot assay experiments.

In vitro culture of nerve explants

The in vitro cultures of nerve explants were performed
according to previous publications (Shin et al., 2013; Park
et al., 2015), with minor modifications. Briefly, after rats
were anesthetized with tribromoethanol (180 mg/kg by
intraperitoneal injection), the sciatic nerves were collected
under aseptic conditions and cut into segments with lengths of
5 mm. Next, the nerve segments were explanted in a culture
dish and incubated with basic medium, which consisted of
Dulbecco’s modified Eagle’s medium/F12 (Corning, New York,
NY, USA) containing 3% fetal bovine serum (Corning), 10 ng/mL
heregulin (PeproTech, Rocky Hill, NJ, USA), 3 mM forskolin
(Sigma-Aldrich), and 100 mg/mL penicillin-streptomycin
(Gibco, Grand Island, NY, USA). The explant cultures were
divided into the ascorbic acid group and the control group. In
the ascorbic acid group, ascorbic acid was added to the basic
culture medium with a final concentration of 200 uM. The
same volume of solvent used for the ascorbic acid solution
was added into the basic medium of the control group. After
being cultured for 5 or 8 days in vitro (div), the explants were
collected for immunohistochemistry, western blot assay, and
transmission electron microscopy experiments.

Transmission electron microscopy

Sciatic nerve explants cultured for 5 or 8 div (n = 3 per
group) were selected for assessment using transmission
electron microscopy as previously described (Pan et al., 2017;
Wen et al., 2017). Briefly, the sciatic nerve explants were
immersed in 2.5% glutaraldehyde for 24 hours, postfixed
in 1% osmium tetroxide for 2 hours at 4°C, dehydrated in a
graded acetone series, and embedded in Spurr’s resin (Sigma-
Aldrich). After ultrathin sectioning (70 nm), the sections were
stained with 2% uranyl acetate and lead citrate, and images
were captured under a transmission electron microscope
(H-7500; Hitachi, Tokyo, Japan). Based on the protocol
described by Jang et al. (2016), the numbers of primary ovoid
(P)-type nerve fibers and demyelination (D)-type fibers in each
image were counted.

Western blot assay

Both the sciatic nerves (with length 1 cm), dissected from the
distal trunk of the transected nerves (n = 3 for each group and
each time point), and the cultured sciatic nerve explants (n
=5 for each group and each time point) were quickly frozen
in liquid nitrogen for 30 seconds before being pulverized
and lysed in radioimmunoprecipitation assay buffer (Sigma-
Aldrich) with 1% protease inhibitor cocktail (Cell Signaling,
Danvers, MA, USA). The proteins were resolved using sodium
dodecyl sulfate-polyacrylamide gels (10%) and transferred to
polyvinylidene difluoride membranes (Bio-Rad, Hercules, CA,
USA). After being blocked with 5% bovine serum albumin for
1 hour, the membranes were incubated with the following
primary antibodies at 4°C overnight: mouse anti-myelin basic
protein (MBP; a marker for myelin; 1:2000; Cat# SMI-99P;
BiolLegend, San Diego, CA, USA), rabbit anti-neurofilament
200 (NF200; a marker for axon 1:1000; Cat# N4142; Sigma-
Aldrich), mouse anti-MAG (a marker for mature Schwann cell;
1:2000; Cat# ab89780; Abcam, Cambridge, MA, USA), mouse
anti-c-Jun (a marker for immature Schwann cell; 1:1000; Cat#
630126; BD Biosciences, San Jose, CA, USA), and rabbit anti-
glyceraldehyde 3-phosphate dehydrogenase (1:1000; Cat#
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CWO0101M; Cwbiotech, Beijing, China). Next, the blots were
incubated with horseradish peroxidase-conjugated anti-rabbit
IgG (1:2000; Cat# 31460; Molecular Probes, Eugene, OR, USA)
or anti-mouse IgG (1:2000; Cat# 31430; Molecular Probes)
at room temperature for 2 hours, and were then visualized
using enhanced chemiluminescence. Finally, the images were
captured and the band densities were calculated using Image-
Pro Plus software (Media Cybernetics, Silver Springs, MD,
USA).

Immunofluorescent staining

The nerve explants after 5 or 8 div (n = 10/group at each
time point) or the collected distal trunk of the injured nerves
from the perfused animals (n = 6/group at each time point)
were fixed in 4% paraformaldehyde for 24 hours and treated
with 30% sucrose overnight. They were then sectioned into
10 um slices with a cryostat (Leica, Wetzlar, Germany). Every
tenth section was selected for routine immunohistochemistry.
First, the sections were permeabilized with 0.5% Triton X-100
(Sigma-Aldrich) for 30 minutes and then blocked with 5%
bovine serum albumin (Sigma-Aldrich) for 1 hour at room
temperature. Next, the sections were incubated at 4°C
overnight with primary antibodies, and then incubated at
room temperature for 2 hours with secondary antibodies (goat
anti-mouse secondary antibody conjugated to Alexa Fluor®
488, 1:500, Cat# A-11001, Molecular Probes; goat anti-mouse
secondary antibody conjugated to Alexa Fluor® 568, 1:500,
Cat# A-11004, Molecular Probes; goat anti-rabbit secondary
antibody conjugated to Alexa Fluor® 568, 1:500, Cat# A-11011,
Molecular Probes). The nuclei were then counterstained
with 4',6-diamidino-2-phenylindole (1:5000; Sigma-Aldrich)
for 2 minutes. The following primary antibodies were used:
mouse anti-MBP (1:200; Cat# SMI-99P; BiolLegend), rabbit
anti-NF200 (1:500; Cat# N4142; Sigma), mouse anti-ED1
(CD68; a marker for macrophage; 1:200; Cat# MAC341GA,
AbD Serotec, Kidlington, UK), mouse anti-MAG (1:200; Cat#
ab89780; Abcam), and rabbit anti-c-Jun (1:400; Cat#630126;
BD Biosciences). To investigate macrophage phagocytosis
in the injured nerve, ED1-immunostained sections were
counterstained with oil red O (ORO; Sigma-Aldrich) solution
at room temperature for 15 minutes, followed by routine
mounting. The ORO solution was a mixture of three volumes
of 0.3% ORO (dissolved in 60% 2-propanol) and two volumes
of deionized water (Martella et al., 2014).

Image analysis

After the immunostaining, images of each section were
captured under a fluorescence microscope (Leica). Different
quantification methods were then performed on the images,
as follows. The myelin segment length was taken as the
distance between the beginning and the end of the myelin
ovoid, discriminated using the MBP immunofluorescence
staining. The axonal segment length was labeled with NF200.
For quantification, the myelin segment lengths and axonal
segment lengths were measured in five visual fields (100 pm
x 100 um) from each section (the center and four quadrants)
(Catenaccio et al., 2017). All measurements were performed
using ImagelJ software (National Institutes of Health, Bethesda,
MD, USA) and calibrated microscope images. The numbers
of P-type and D-type fibers in degenerating nerves at 5 and 8
div were counted from 10-12 randomly selected transmission
electron microscopy images (3000x, 55 um x 30 um, n = 3) as
previously described (Jang et al., 2016). The numbers of MAG-
and c-Jun-positive cells were counted in transverse sections
from each sample, 0.5 mm distal to the injury site, from
10-15 photomicrographs per animal; these micrographs were
obtained with a light microscope (Nikon, Tokyo, Japan) using
a 10x objective (Taniguchi et al., 2009). The numbers of ED1-
positive cells in each section were counted at the transection
site using Imagel software. The density of macrophages was
defined as the mean number of ED1-positive cells per 0.315

1080

mm? area (Ito et al., 2014). The number of engulfed myelin
debris (ORO-positive) droplets per macrophage (ED1-positive)
was also counted (Brosius Lutz et al., 2017). Immunoreactive
cells were counted in a blinded manner by two investigators.

Statistical analysis

All obtained data were statistically analyzed using SPSS 23.0
(IBM, Armonk, NY, USA). The data are stated as the mean *
the standard error of the mean (SEM). Independent samples
t-tests were used to analyze differences between the two
groups. Differences were considered statistically significant
when P < 0.05.

Results

Ascorbic acid treatment accelerates axonal and myelin
fragmentation in the injured nerve

To investigate the fragmentation of axons and myelin—the
two main structures of nerve fibers—in the injured nerve,
double immunofluorescence staining for NF200 (a specific
marker for axons) (Bombeiro et al., 2020) and MBP (a specific
marker for myelin) (Liu et al., 2019) was performed on the
distal trunk of transected nerves. Under normal conditions,
the axon structure of the peripheral nerve is well distributed,
and the myelin sheath structure is complete and tightly
surrounds the axon (Figure 1A=C). In contrast, both NF200-
positive axons and MBP-positive myelin in the injured nerve
had disintegrated into discontinuous segments. Moreover,
the axonal and myelin fragments in the 8 dpi sections
were significantly shorter than in the 5 dpi sections, and
the amount of remaining axons and myelin was markedly
decreased at 8 dpi compared with 5 dpi (P < 0.05; Figure 1D-
0). Compared with the saline group, the ascorbic acid group
exhibited much more severe degradation. To quantify the
differences between the saline and ascorbic acid groups, the
distributions of the axonal and myelin segment lengths were
measured as described previously (Catenaccio et al., 2017).
These quantification data demonstrated that the lengths of
the axonal and myelin segments in the ascorbic acid group
showed a significant shift toward lower values compared with
the saline group (i.e., the axonal and myelin segments in the
ascorbic acid group were significantly shorter) at both 5 and
8 dpi (P < 0.05; Figure 1P-S & P’-S’). These data indicated
that ascorbic acid treatment accelerated the fragmentation of
axons and myelin in injured nerves. Western blotting was also
used to detect the protein levels of NF200 and MBP (Figure
1T-W), revealing that ascorbic acid treatment enhanced the
disintegration of NF200 and MBP proteins (P < 0.05).

Ascorbic acid promotes Schwann cell dedifferentiation in
the injured nerve

Because the dedifferentiation of Schwann cells plays an
important role in Wallerian degeneration after nerve injury
(Park et al., 2019), we wanted to investigate whether
ascorbic acid treatment was able to alter Schwann cell
dedifferentiation in the injured nerve. We therefore performed
immunohistochemistry for MAG (a marker of mature Schwann
cells) (Elazar et al., 2019) and c-Jun (a marker of immature
Schwann cells) (Elazar et al., 2019) on transverse sections of
injured nerves from 5 mm distal to the lesion site. As shown in
Figure 2A-J, ascorbic acid treatment significantly decreased
the density of MAG-positive cells and increased the density of
c-Jun-positive cells at both 5 and 8 dpi (P < 0.05). The protein
level results from the western blot assays confirmed these
findings. Both the blots and statistical analysis revealed that
ascorbic acid suppressed MAG expression and promoted c-Jun
expression in the injured nerve (P < 0.05; Figure 2K—N).

Ascorbic acid promotes axonal and myelin fragmentation in
cultured nerve explants
Recently, nerve explant cultures have been demonstrated
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Figure 1 | Ascorbic acid (AA) enhances the fragmentation of axons and myelin in the injured nerve.

Immediately after sciatic nerve transection surgery, rats were intragastrically administered 400 mg/kg AA, which was followed by 200 mg/kg AA per day for 5 or
8 days. (A—C) Immunohistochemistry showing the axons (NF200, red, Alexa Fluor 568) and myelin sheaths (MBP, green, Alexa Fluor 488) in longitudinal sections
of the normal sciatic nerve. (D—-0) Immunohistochemistry showing the fragmented axons (NF200, red, Alexa Fluor 568) and myelin sheaths (MBP, green, Alexa
Fluor 488) (white arrows) in longitudinal sections of the distal trunk of transected sciatic nerves at 5 or 8 dpi. The lengths of axonal and myelin fragments in the
AA group were significantly shorter than in the saline group. (a-o) Higher magnification images of the boxes in A-O. Scale bars: 100 um in A-O, 40 pm in a—o. (P-S,
P’—S’) Quantification data of the length distributions of axons and myelin segments at 5 or 8 dpi. (T-W) Western blot illustrating the relative expression of MBP
and NF200 protein at 5 or 8 dpi. The relative expression levels of NF200 and MBP were normalized to GAPDH expression. Data are expressed as the mean + SEM (n
=3 per group). *P < 0.05 (independent samples t-tests). dpi: Days post-injury; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; MBP: myelin basic protein;
NF200: neurofilament 200.
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Figure 2 | Ascorbic acid (AA) enhances Schwann cell dedifferentiation in the injured nerve.

Immediately after sciatic nerve transection surgery, rats were intragastrically administered 400 mg/kg AA, which was followed by 200 mg/kg AA per day for 5
or 8 days. (A—H) Immunochemistry images showing MAG- (white arrows) or c-Jun (yellow arrows)-positive Schwann cells (red, Alexa Fluor 568) in the injured
nerves at 5 or 8 dpi. The number of MAG-positive Schwann cells in the AA group was markedly lower than in the saline group, while the number of c-Jun-
positive Schwann cells in the AA group was significantly higher than in the saline group. (a-h) Higher magnification images of the boxes in A-H. Scale bars: 200
um in A=H, 10 um in a—h. (I, J) Quantification of MAG- or c-Jun-positive cells in sciatic nerve cross sections from each group at 5 or 8 dpi. (K-N) Western blot
analysis illustrating MAG and c-Jun protein levels at 5 or 8 dpi. The relative expression levels of MAG and c-Jun were normalized to GAPDH expression. Data are
expressed as the mean + SEM (n = 3 per group). *P < 0.05 (independent samples t-tests). DAPI: 4',6-Diamidino-2-phenylindole; dpi: days post-injury; GAPDH:
glyceraldehyde 3-phosphate dehydrogenase; MAG: myelin-associated glycoprotein.
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to be a reliable in vitro model for Wallerian degeneration
research, because this model can eliminate unpredictable
influences in in vivo experiments (Shin et al., 2013; Park et
al., 2015). We therefore tested the outcomes of ascorbic acid
treatment on axonal and myelin fragmentation in cultured
nerve explants to confirm the results obtained in vivo. Based
on the immunofluorescence staining results (Figure 3A-—
L), the distributions of axon and myelin fragments in the
ascorbic acid-treated nerve explants also shifted toward
significantly lower values compared with the control group
(P < 0.05; Figure 3M-P & M’-P’). Furthermore, western
blotting revealed that the levels of MBP and NF200 protein
were significantly lower in the ascorbic acid group than in the
control group (P < 0.05; Figure 3Q-T). These data confirmed
that ascorbic acid can speed up the disintegration of axons
and myelin not only in vivo, but also in vitro.

Previous reports have suggested that primary ovoid formation
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may occur after nerve injury (Jang et al., 2016). First, primary
ovoids with deformed myelin sheaths occur in nerve fibers,
which are termed P-type fibers. As Wallerian degeneration
proceeds, the myelin is severely folded or densely packed and
enlarged. Fibers in this deteriorated stage are termed D-type
fibers (Jang et al., 2016) (Figure 4A, B, E, and F). In the present
study, the number of P- and D-type nerve fibers were counted
and statistically analyzed between the two groups (Figure
4C, D, G, and H). There were fewer P-type nerve fibers (P <
0.05; Figure 4C) and more D-type nerve fibers in the ascorbic
acid group than in the control group at 5 div (P < 0.05; Figure
4D). Moreover, at 8 div, there were also fewer P-type nerve
fibers (P < 0.05; Figure 4G) and more D-type nerve fibers (P <
0.05; Figure 4H) in the ascorbic acid group than in the control
group. These results further suggest that ascorbic acid can
accelerate the fragmentation of myelin during the progression
of Wallerian degeneration.
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Figure 3 | Ascorbic acid (AA) enhances myelin and axonal fragmentation in cultured nerve explants.

The nerve explants were cultured with 200 uM AA for 5 or 8 days. (A-L) Immunohistochemistry showing fragmented axons (NF200, red, Alexa Fluor 568) and
myelin sheaths (MBP, green, Alexa Fluor 488) (white arrows) in longitudinal sections of the distal trunk of transected sciatic nerves at 5 or 8 div. The lengths of
axonal and myelin fragments were significantly shorter in the AA group than in the control (Con) group. (a-1) Higher magnification images of the boxes in A-L.
Scale bars: 100 pm in A-L, 40 um in a—l. (M—P, M’=P’) Quantification data showing the length distributions of axons and myelin at 5 or 8 div. (Q—T) Western blot
analysis illustrating the MBP and NF200 protein levels at 5 or 8 div. The relative expression levels of NF200 and MBP were normalized to GAPDH expression.
Data are expressed as the mean + SEM (n = 3 per group). *P < 0.05 (independent samples t-tests). div: Days in vitro; GAPDH: glyceraldehyde 3-phosphate
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Figure 4 | Effects of ascorbic acid (AA) on the
primary ovoid (P)- and demyelinating (D)-types of
5 div degenerating nerve fibers in cultured nerve explants,
X detected using transmission electron microscopy.
The nerve explants were cultured with 200 uM AA for
5 or 8 days. (A, B) Transmission electron microscopy
images of the nerve explants at 5 div. The number of
5 P-type nerve fibers in the AA group was observably
lower than in the control (Con) group, while the number
of D-type nerve fibers in the AA group was markedly
higher than in the Con group. (C, D) The number of
P-type nerve fibers (C) and D-type nerve fibers (D) in
sciatic nerve explants at 5 div in a single field at 3000x
magnification. (E, F) Transmission electron microscopy
images of the sciatic nerve at 8 div. The number of
P-type nerve fibers (white arrows) in the AA group
was observably lower than in the Con group, while
the numbers of D-type nerve fibers (black arrows) in
5 the AA group were markedly higher than in the Con
group. Scale bars: 5 um. (G, H) Statistical analysis of the
numbers of P-type nerve fibers (G) and D-type nerve
fibers (H) in the sciatic nerve explants at 8 div in each
image. Data are expressed as the mean + SEM (n =3
per group).*P < 0.05 (independent samples t-tests). div:
Days in vitro.
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Ascorbic acid promotes Schwann cell dedifferentiation in
cultured nerve explants

Schwann cell dedifferentiation in the cultured nerve explants
was also detected by immunohistochemistry and western blot
(Figure 5). Immunofluorescence staining illustrated that MAG-
positive cells were significantly decreased and c-Jun-positive
cells were significantly increased in the ascorbic acid group
compared with the control group (P < 0.05; Figure 5A-J). In
addition, western blot assays demonstrated that MAG protein
levels were markedly lower in the nerve explants of the
ascorbic acid group compared with the control group, while
c-Jun protein levels were significantly higher compared with
the control group (P < 0.05; Figure 5K-N).

Ascorbic acid promotes the infiltration and phagocytosis of
macrophages in the injured nerve

In addition to Schwann cells, macrophages also participate
in Wallerian degeneration (Martini et al., 2008; Stratton and
Shah, 2016; Zigmond and Echevarria, 2019). Following nerve
injury, the dedifferentiated Schwann cells release multiple
chemoattractants, including leukemia inhibitory factor,
chemokine (C—C motif) ligand 2, pancreatitis-associated
protein Ill, and interleukin-1a and-1B. These factors can
recruit macrophages to injured nerves to remove the debris
of degenerated axons and myelin (Chen et al., 2015). To
detect whether ascorbic acid can affect the infiltration and
phagocytosis capabilities of macrophages, sections of injured
sciatic nerves were immunostained with anti-ED1 antibodies
to illustrate macrophages and were counterstained with ORO
to visualize denatured myelin. We were thus able to observe
many ED1-positive macrophages scattered throughout the
injured nerve; most of these macrophages engulfed ORO-
positive myelin debris (Figure 6A-P). With quantification,
which was performed based on the protocol by Ito et al. (Ito
et al., 2014), we revealed that the numbers of macrophages
in the ascorbic acid group were significantly higher than in
the saline group, both at 5 and 8 dpi (P < 0.05; Figure 6Q).
Meanwhile, macrophage phagocytosis was assessed by the
number of ORO-positive myelin debris droplets in each ED1-
positive macrophage (Brosius Lutz et al., 2017), and was also
higher in the ascorbic acid group than in the saline group at
both 5 and 8 dpi (P < 0.05; Figure 6R).

Discussion

We have recently reported that ascorbic acid treatment
promotes the morphological and functional recovery of
injured peripheral nerves (Li et al., 2019). Because Wallerian
degeneration is essential for nerve regeneration after
peripheral nerve injury, we hypothesized that ascorbic acid
might play a role in Wallerian degeneration to enhance nerve
regeneration. In the present study, the fragmentation of axon
and myelin, via the expression of MBP, NF200, c-Jun, and
MAG, was used to indicate the level of Wallerian degeneration.
We know that axonal regeneration occurs in the crush-injured
nerve as early as 3 dpi, even though Wallerian degeneration
is still occurring. Regenerating axons and myelin result in the
upregulation of NF200, MBP, and MAG, which mean that it
is difficult to analyze Wallerian degeneration based on the
degradation of these proteins. Therefore, we did not use a
nerve crush injury model in the present study, but instead
used an in vivo peripheral nerve injury model of sciatic nerve
transection and an in vitro model of nerve explant culture.
Based on preliminary experiments, we selected 5 and 8 dpi for
the assessment of morphological and protein level changes
in the in vivo and in vitro samples. Overall, the present data
illustrated that ascorbic acid promotes the fragmentation of
axons and myelin and the degradation of key axon and myelin
proteins (NF200 and MBP).

Following nerve injury, Wallerian degeneration can trigger
Schwann cell dedifferentiation (Park et al., 2019). The

dedifferentiated Schwann cells can then facilitate Wallerian
degeneration by initiating phagocytosis to clear the debris of
fragmented axons and myelin (Gomez-Sanchez et al., 2015),
and by secreting chemoattractants to recruit macrophages
to enhance debris clearance (Chen et al., 2015). The results
from the present study demonstrated that ascorbic acid
administration increased c-Jun-positive cells and c-Jun
protein levels in the injured nerve, whereas MAG levels were
decreased. It is well known that c-Jun is highly expressed
both in immature Schwann cells during development and in
dedifferentiated Schwann cells after nerve injury; however,
it is hardly detectable in adult myelinated Schwann cells
(Jessen and Mirsky, 2016). In contrast, MAG is a key protein
in compact myelin and is widely used as a specific marker
for mature Schwann cells. In nerve degeneration and
demyelination, MAG is downregulated in dedifferentiated
Schwann cells (Nocera and Jacob, 2020). Therefore, the
present results from the c-Jun and MAG assessments indicate
that ascorbic acid facilitates Schwann cell dedifferentiation in
the injured nerve.

Wallerian degeneration is a progressive process in the
breakdown of the distal portion of injured nerves. The
clearance of axonal and myelin debris is a prerequisite for the
subsequent axonal regeneration and remyelination (Namgung,
2014). In the early stage of peripheral nerve injury, removal
of axonal and myelin debris is mainly performed by Schwann
cells. However, in the later stage, macrophages are the major
cells that remove the debris as well as myelin-derived fat
(Gaudet et al., 2011; Chen et al., 2015). Because resident
macrophages in adult nerves rarely proliferate, the majority of
macrophages in injured nerves are recruited from circulating
monocytes (Chen et al., 2019). In the present study, ED1
immunostaining revealed that there were more macrophages
in the injured nerves with ascorbic acid administration than in
the controls, which indicates that ascorbic acid can enhance
the migration and infiltration abilities of macrophages. This
view is consistent with our previous findings, that adding
ascorbic acid to culture medium results in more macrophages
migrating through the Transwells (Li et al., 2019). In this
previous study, we also detected the phagocytotic capacity
of cultured macrophages using a microsphere assay, which
indicated that ascorbic acid-treated macrophages can engulf
many more microspheres than control-treated cells (Li et al.,
2019). In the current study, to investigate whether ascorbic
acid can also promote macrophages to clear debris in the
injured nerve, we used ORO staining to label degraded and
denatured myelin-derived fat. We thus revealed that ED1-
positive macrophages in the ascorbic acid group engulfed
many more ORO-positive droplets. Interestingly, the present
data indicated that degeneration of the injured peripheral
nervous system is more rapid in vivo than in explants in vitro
when comparing the lengths of segments. We believe that this
may be because no exogenous macrophages can be recruited
into the in vitro cultured nerve explants to accelerate the
Wallerian degeneration.

The methods used were generally appropriate, although
relatively superficial. This was particularly true for the
guantification of axon and myelin degeneration and for
the quantification of macrophage phagocytosis, where
more in-depth methods could have been used (such as
3D reconstruction and volume-based techniques, or even
stereological methods).

Together, the overall results of the present study indicate
that ascorbic acid administration can accelerate Wallerian
degeneration in the injured peripheral nerve. This might
be attributed to the enhancement by ascorbic acid of the
dedifferentiation of Schwann cells and of the infiltration and
phagocytosis capabilities of macrophages. The data from the
current study can partially explain the mechanisms by which
ascorbic acid promotes morphological and functional recovery
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Figure 5 | Ascorbic acid (AA) enhances Schwann cell dedifferentiation in nerve explants.

The nerve explants were cultured with 200 uM AA for 5 or 8 days. (A—H) Immunochemistry images showing MAG- (white arrows) or c-Jun (yellow arrows)-
positive Schwann cells (red, Alexa Fluor 568) in the cultured nerve explants at 5 or 8 div. The numbers of MAG-positive Schwann cells in the AA group were
markedly lower than in the control (Con) group, while the numbers of c-Jun-positive Schwann cells in the AA group were significantly higher than in the Con
group. (a-h) Higher magnification images of the boxes in A-H. Scale bars: 200 um in A—H, 10 um in a—h. (I, J) Quantification of MAG- or c-Jun-positive cells

in sciatic nerve cross sections from each group at 5 and 8 div. (K-N) Western blot analysis of MAG and c-Jun protein expression at 5 and 8 div. The relative
expression levels of MAG and c-Jun were normalized to GAPDH expression. Data are expressed as the mean + SEM (n = 3 per group). *P < 0.05 (independent
samples t-tests). DAPI: 4',6-Diamidino-2-phenylindole; div: days in vitro; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; MAG: myelin-associated
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Figure 6 | Ascorbic acid (AA) enhances the infiltration and phagocytosis of macrophages in the injured nerve.

Immediately after sciatic nerve transection surgery, rats were intragastrically administered 400 mg/kg AA, which was followed by 200 mg/kg AA per day for 5 or
8 days. (A—P) ED1 immunofluorescence and ORO counterstaining show macrophages (white arrows) and denatured myelin (white arrows) in the injured nerves
at 5 and 8 dpi. The numbers of ED1-positive cells and droplets of denatured myelin per macrophage in the AA group were significantly higher than in the saline
group. (a-p) Higher magnification images of the boxes in A-P. Scale bars: 100 pm in A-P, 20 um in a—p. (Q, R) The numbers of macrophages and droplets of
denatured myelin per macrophage at 5 and 8 dpi. Data are expressed as the mean + SEM (n = 3 per group). *P < 0.05 (independent samples t-tests). dpi: Days

post-injury; ED1: CD68; ORO: oil red O.

after sciatic nerve injury in rats. However, a major limitation
of this study is that the present data do not thoroughly
reveal the underlying mechanisms by which ascorbic acid can
accelerate Wallerian degeneration. Further studies need to
be carried out in primates to investigate the prospect of using
ascorbic acid to treat peripheral nerve injuries in the clinic.
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