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Summary. Peripheral nerve injury can cause changes in
microglial cells on the spinal dorsal and ventral horns.
This region-specific response implies that central
microglial cells could be activated through both sensory
and motor pathways. In order to further determine how
peripheral nerve injury activates central microglial cells
through neural pathways, the sciatic nerve was selected
as the target for neural tract tracing and demyelination.
Firstly, we used cholera toxin subunit B (CTB) to map
the central sensory and motor territories of the sciatic
nerve. Secondly, we applied lysophosphatidylcholine to
establish the model of sciatic nerve demyelination and
examined the distribution of activated microglial cells
via immunofluorescence with ionized calcium-binding
adapter molecule 1. It was shown that CTB labeling
included the transganglionically labeled sensory
afferents and retrogradely labeled somata of motor
neurons along the sensory and motor pathways of the
sciatic nerve ipsilateral to the injection, in which sensory
afferents terminated on the gracile nucleus, Clarke’s
nucleus, and spinal dorsal horn, while motor neurons
located on the spinal ventral horn. Consistently, after
sciatic nerve demyelination, the activated microglial
cells were observed in the same territories as CTB-
labeling, showing shortened processes and enlarged cell
bodies. These results support the idea that central
microglia might be activated by signals from the
demyelinated sciatic nerve through both sensory and
motor pathways.
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Introduction

Peripheral nerve injury can cause the activation of
microglial cells in the central nervous system (Eriksson
et al., 1993; Rotterman et al., 2019; Pottorf et al., 2022).
A great number of researchers have focused their
observations on the central microglial activation induced
by peripheral nerve injury, which may be closely related
to colony-stimulating factor 1 (CSF1) (Koébbert and
Thanos, 2000; Beggs and Salter, 2007; Rotterman et al.,
2019; Nishihara et al., 2020). Considering that activated
microglial cells are distributed on both spinal dorsal and
ventral horns in a region-specific pattern (Eriksson et al.,
1993; Rotterman et al., 2019; Pottorf et al., 2022), this
implies that central microglial cells might be activated
through both sensory and motor pathways (Kdbbert and
Thanos, 2000; Beggs and Salter, 2007; Nishihara et al.,
2020).

To provide detailed information for determining how
peripheral nerve demyelination activates microglia
through sensory or motor pathways, the rat sciatic nerve
was selected for neural tract tracing and demyelination.
On the one hand, cholera toxin subunit B (CTB) was
used to map the central sensory and motor territories of
the sciatic nerve. After peripheral application, CTB can
transganglionically label the central sensory terminals
and retrogradely label the motor neurons in the central
nervous system (Rivero-Melian et al., 1992; Beggs and
Salter, 2007; Xu et al., 2021). On the other hand,
lysophosphatidylcholine (LPC) was applied to establish
the experimental model of sciatic nerve demyelination
(Inoue et al., 2008; Nishimoto et al., 2015; Matsuoka et
al., 2018). Using this model, we aimed to figure out the
distribution of activated microglial cells after modeling

Abbreviations. CTB, cholera toxin subunit B; Iba1, ionized calcium-
binding adapter molecule 1; LPC, lysophosphatidylcholine; PB,
phosphate buffer.
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by using immunofluorescence with ionized calcium-
binding adapter molecule 1 (Ibal) and CSF1 (Kobbert
and Thanos, 2000; Beggs and Salter, 2007; Rotterman et
al., 2019; Nishihara et al., 2020), further demonstrating
the spatial correlation of activated microglial cells and
neurons in detail.

By comparing the central sensory and motor
territories of the sciatic nerve mapped with CTB, we
determined whether central microglial cells were
activated by sciatic nerve demyelination through both
sensory and motor pathways. This study gives further
insight into the central mechanisms of peripheral nerve
demyelination and the possible neural elements involved
in activating microglia.

Materials and methods
Animals

Fifteen young adult male Sprague Dawley rats (8-10
weeks, weight 220+30 g) were used in this study.
Animals (license No. SCXK (JING) 2019-0010) were
provided by the National Institutes for Food and Drug
Control. All animals were allowed free access to food
and water and housed in a 12h light/dark cycle with
controlled temperature and humidity. This study was
approved by the ethics committee of the Institute of
Acupuncture and Moxibustion, China Academy of
Chinese Medical Sciences, and carried out in accordance
with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals (National Academy
Press, Washington DC, USA).

Microinjection, transection or crush injury of the sciatic
nerve

The neural tracer CTB was used in this study to map
the distribution of sciatic sensory afferents and motor
neurons (n=3) (Wu et al., 2021). In surgical approaches,
anesthesia was induced using isoflurane. The surgical
site was sterilized and opened, and the sciatic nerve on
the left side was exposed between the gluteus
superficialis and the biceps femoris muscles through
blunt dissection of the connective tissue. Then, a total of
0.5 pul of 1% CTB (#104, List Biological Labs,
Campbell, CA, USA, dissolved with sterile double
distilled water) solution was slowly injected under the
epineurium of the sciatic nerve with a 30-gauge
Hamilton syringe into the proximal part of the sciatic
nerve. The incision was closed by suture.

Similar to the CTB injection procedure, the model of
chemical demyelination was established following
injection of LPC into the rat sciatic nerve (n=6). The
difference was that a total of 5 ul of 2% LPC (L4128,
Sigma, USA, dissolved with sterile saline) was injected.
Besides, for the model of mechanical damage was
established with either transecting the sciatic nerve or
manually clamping it between the smooth-surfaced tips
of forceps (F31023-12, RWD, China) for 30 seconds

twice (n=3). Here, all efforts were made to minimize the
number of animals used in this study.

Perfusions

The rats with CTB injection were sacrificed after a
survival period of three days, while those with LPC
injection, transection and crush injury were allowed to
survive for seven days. Following deep anesthesia with
an overdose of tribromoethanol solution (250 mg/kg) via
intraperitoneal injection, the rats were transcardially
perfused with 0.9% sodium chloride solution (100 mL)
followed by 4% paraformaldehyde in 0.1 mol/L (M)
phosphate buffer (PB, pH 7.4, 300 mL). After perfusion,
the brain, spinal cord and sciatic nerve were carefully
dissected out and post-fixed for 2h, then cryopreserved
in 0.1 M PB containing 25% sucrose at 4°C overnight.

Sectioned tissue preparations

Serial coronal sections of the brain and transverse
sections of the spinal cord were cut at a thickness of 40
pm on a sliding microtome system (Yamato, REM-710,
Japan) and collected in order in a six-hole Petri dish with
0.1 M PB (pH 7.4). Meanwhile, serial horizontal
sections of the sciatic nerve were cut at a thickness of 60
pm. The sites of neural labeling and glial labeling in the
brain and spinal cord were judged according to The rat
brain in stereotaxic coordinates (Paxinos and Watson,
2007).

Immunohistofluorescence staining

Immunohistofluorescence staining was carried out to
demonstrate the CTB labeling. The sections were
incubated in blocking solution (3% normal donkey
serum and 0.5% Triton X-100 in 0.1 M PB) for 1 hour at
room temperature and then changed into the solution
containing primary antibody of goat anti-CTB (1:1000,
#703, List Biological Labs, Campbell, USA) with 1%
normal donkey serum and 0.5% Triton X-100 in 0.1 M
PB for overnight at 4°C. After washing three times (5
min each) with 0.1 M PB (pH 7.4), the sections were
incubated with the solution containing the second
antibody of Alexa Fluor (AF) 594 donkey anti-goat IgG
(1:500, A11058, Thermo Fisher, Waltham, USA) and
NeuroTrace 500/525 Green Fluorescent Nissl Stain
(1:1000, N21480, Thermo Fisher, Waltham, USA) with
1% normal donkey serum and 0.5% Triton X-100 in 0.1
M PB for 2 hours at room temperature. Finally, the
sections were rinsed with 0.1 M PB, mounted onto slides
(Superfrost), air-dried, and cover slipped with 50%
glycerin.

A similar staining process was performed on the
experimental models to certify the sciatic nerve
demyelination and to label microglia activation. The
difference being that the primary antibodies of mouse
anti-myelin basic protein (MBP, 1:500, 83683S, Cell
Signaling Technology, MA, USA), rabbit anti-
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neurofilament 200 (NF200, 1:5000, N4142, Sigma, Administrative Region, China) were used and followed
USA), mouse anti-Ibal (1:1000, ab283319, Abcam, with the second antibody of AF594 donkey anti-mouse
Hong Kong Administrative Region, China), and rabbit IgG (1:500, A21203, Thermo Fisher, Waltham, USA),
anti-CSF1 (1:100, ab233387, Abcam, Hong Kong AF488/594 donkey anti-rabbit IgG (1:500, A21206/

Ipsilateral-Gr 200 um

Brainstem

L2

Spinal cord

Fig. 1. The central sensory and motor territories of the sciatic nerve to be labeled with cholera toxin subunit B (CTB). A. A series of representative
images through the brain stem and six levels of the spinal cord showing the distribution of transganglionically labeled axon terminals in the gracile
nucleus (Gr), Clarke’s nucleus (Cl), and spinal dorsal horn from lumbar (L) 2 to L6 segments, as well as retrogradely labeled motor neuronal somata in
the spinal ventral horn from L3 to sacral (S) 1 segments. All CTB labeling is located on the ipsilateral side of injection. B. Figure A with the background
of fluorescent Nissl staining. C-F. Magnified images from the corresponding regions of ¢, d, e, and f in Figure B separately showing the labeled axon
terminals and neurons in detail. Same scale for A and B, for C-F.
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A21207, Thermo Fisher, Waltham, USA) and Neuro-
Trace 500/525 Green Fluorescent Nissl Stain (1:1000,
N21480, Thermo Fisher, Waltham, USA) in 1% normal
donkey serum and 0.5% Triton X-100 in 0.1 M PB
correspondingly.

Microscopy and statistical analysis

Microscopy and images. The samples were scanned
with the VS120 Virtual Slide System (Olympus, Japan).
Accordingly, the representative regions of the gracile
nucleus, Clarke’s nucleus, and spinal dorsal and ventral
horns were selected to further view and record with a
confocal imaging system (FV1200, Olympus, Japan).
All images were analyzed using Olympus Image
Processing Software and processed using Adobe
Photoshop CS5 and Adobe Illustration CS5 (Adobe
Systems, San Jose, CA, USA). Three-dimensional
reconstruction of the microglia was performed using
Imaris 7.7.1 software (www.bitplane.com) as previously
described (Wright and Horn, 2016; Wang et al., 2020,
2022). Care was taken so as not to remove any data from
the images.

Statistical analysis. Three low-power images of
every sixth section from the brainstem (8-10 sections)
and spinal cord (40-45 sections) of three rats were used
to calculate the area ratio of Ibal labeling by using
Image J (National Institutes of Health developed
imaging processing program, Bethesda, Maryland,

Normal

USA), respectively. All data were expressed as mean =+
standard error (SEM) and processed with GraphPad
Prism version 8.2.1 (La Jolla, CA, USA). The two-
tailed t-test was applied for the comparison between
two groups. P<0.05 was considered statistically
significant.

Results
Distribution of neural labeling with CTB

Following the injection of CTB into the sciatic
nerve, neural labeling was observed on the brain stem
and spinal cord ipsilateral to the injection side. Among
this labeling, the transganglionically labeled sensory
terminals distributed on the gracile nucleus, Clarke’s
nucleus, and spinal dorsal horn from lumbar (L) 2 to L6
segments, while the retrogradely labeled motor neuronal
somata were detected in the spinal ventral horn from L3
to sacral (S) 1 segments (Fig. 1). It was clear that the
distribution of central sensory terminals and motor
neurons associated with the sciatic nerve was in a
region-specific pattern.

Distribution of activated microglial cells
The distribution of activated microglial cells was

examined seven days after sciatic nerve demyelination
(Fig. 2). Compared to normal rats, the injured rats with

Fig. 2. Distribution characteristics of myelin sheath and nerve fibers in the normal and lysophosphatidylcholine injured sciatic nerve on the 7th day. A,
B. Representative images from normal (A) and lysophosphatidylcholine injured (B) sciatic nerve of MBP+ myelin sheath and NF200+ nerve fiber on the
7th day. A1, B1. Magnified photographs from panels A-B (arrow-indicated regions). A2-B2, A3-B3. The images separated from Figures A-B show the

MBP+ myelin sheath (A2-B2) and NF200+ nerve fiber (A3-B3) independently.
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LPC had decreased MBP+ myelin sheath on the sciatic
nerve (Fig. 2). All activated microglial cells were found
on the ipsilateral side of the LPC injury (Fig. 3).
Consistent with the topographic map of neural labeling
with CTB, the activated microglial cells were also
observed on the gracile nucleus, Clarke’s nucleus, and
spinal dorsal and ventral horns within similar regions
and spinal segments but were less detected outside these
regions (Fig. 3).

In addition, the morphological characteristics of
activated and resident microglial cells were compared
between both sides of the gracile nucleus, Clarke’s
nucleus, and spinal dorsal and ventral horns with images
at higher magnification (Fig. 4). On the uninjured side, the

Brainstem
L2

Spinal cord

resident microglial cells were in “resting” state with small
cell bodies and fine processes, which appeared to be
spatially independent of neurons (Fig. 4). In contrast, on
the LPC injured side, numerous activated microglial cells
gathered together within injured territories and displayed
shortened processes and enlarged somata (Fig. 4). Within
the involved sensory regions, the activated microglial
cells located close to local neurons (speculated secondary
sensory neurons or local interneurons) but only attached
neurons with their processes (Fig. 4). However, within the
involved motor regions, the activated microglial cells
intimately adhered to the injured motor neurons with
faded Nissl labeling (Fig. 4).

Statistical analysis showed that the area ratio of

‘Contra-Cl -
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Fig. 3. Region-specific response of central microglial cells to sciatic nerve demyelination with lysophosphatidylcholine. A. A series of representative
images through the brain stem and six levels of the spinal cord showing the distribution of activated and resident microglial cells on both sides of the
gracile nucleus (Gr), Clarke’s nucleus (Cl), and spinal dorsal horn (SP-dh) and spinal ventral horn (SP-vh), respectively. All activated microglial cells are
located on the ipsilateral (ipsi) side of injection. B. Figure A with the background of fluorescent Nissl staining. C-F, C1-F1. Magnified images from the
corresponding regions of c-f and c1-f1 in Figure B separately show the activated microglial cells on the ipsilateral side (C-F) and resident microglial
cells on the contralateral side (C1-F1) respectively. Iba1: ionized calcium-binding adapter molecule 1. Same scale for A and B, for C-F and C1-F1.
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Fig. 4. Regional differences in microglial cells
between the bilateral central sensory and motor
territories of the lysophosphatidylcholine injured
sciatic nerve. A-H. Representative images from
bilateral sides of the gracile nucleus (A, B), Clarke’s
nucleus (C, D), spinal dorsal horn (E, F), and spinal
ventral horn (G, H) showing activated microglial cells
on the ipsilateral side of lysophosphatidylcholine injury
(A, C, E, G) and resident microglial cells on the
contralateral side of injury (B, D, F, H). A1-H1. Images
separated from Figures A-H show the microglial cells
independently. I. Quantitative analysis of the area
ratio of Iba1+ microglial cells (n=3 rats, ****P<0.0001,
***P<0.001). Iba1: ionized calcium-binding adapter
molecule 1. Same scale for all images.
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Ibal+ microglia cells on the LPC injured side of the
gracile nucleus, Clarke’s nucleus, and spinal dorsal and
ventral horns was significantly higher than those of the
corresponding regions on the contralateral side

(P<0.0001 and P<0.001, respectively, Fig. 4I). In
parallel to the areas of microglial activation, as above
mentioned, the expression of CSF1 was also
simultaneously upregulated (Fig. 5).

Contra-Gr

Contra-Cl

Contra—SP—dh

Contra-SP-vh

Fig. 5. Regional differences in CSF1 between the bilateral central sensory and motor territories of the lysophosphatidylcholine injured sciatic nerve. A-
H. Representative images from bilateral sides of the gracile nucleus (A, B), Clarke’s nucleus (C, D), spinal dorsal horn (E, F), and spinal ventral horn
(G, H) showing CSF1 on the ipsilateral (A, C, E, G) and contralateral side (B, D, F, H) of lysophosphatidylcholine injury. A1-H1. Images separated from
Figures A-H show CSF1 expression independently. CSF1: colony-stimulating factor 1. Same scale for all images.
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Spatial correlation of activated microglial cells and
neurons

On the basis of the above observations, the spatial
correlations of activated microglial cells and neurons
were further examined with three-dimensional
reconstruction (Fig. 6). On the spinal dorsal horn,
although some activated microglial cell processes
attached local neurons, most were separated between
each other (Fig. 6A). Comparatively, on the spinal
ventral horn, activated microglial cells located more
closely to injured motor neurons, several activated
microglial cells even simultaneously enwrapped a single
injured motor neuron (Fig. 6B).

In addition, in contrast to crush injury, the sciatic
nerve injuried with LPC and transection led to microglial
activation more obviously on the central sensory and
motor territories of the sciatic nerve (Fig. 7).

Discussion

With neural tract tracing and immunofluorescence
staining techniques, we have mapped the central sensory
and motor territories of the sciatic nerve, the region-
specific response of central microglial cells to sciatic
nerve demyelination, and the spatial correlation of
activated microglial cells and neurons. Our results
indicate that central microglial cells can be activated by
sciatic nerve demyelination through both sensory and

motor pathways.

The neural tract tracing technique has been used for
several decades to investigate neuronal connections
(Kobbert and Thanos, 2000; Vercelli et al., 2000;
Lanciego and Wouterlood, 2011). As an important
member of the tracer family, CTB is a sensitive tracer
that specifically binds to the GM1 ganglioside on the
surface of myelinated nerve fibers (Robertson and Grant,
1989). When applied peripherally, CTB is taken up by
myelinated nerve fibers and retrogradely transported to
motor neurons in the spinal ventral horn and sensory
neurons in dorsal root ganglia. It can even be transported
transganglionically to their central terminals in the
gracile nucleus, Clarke’s nucleus, and spinal dorsal horn
(Rivero-Melian et al., 1992; Bosco and Poppele, 2001;
Beggs and Salter, 2007; Xu et al., 2021). Along with the
previous studies, here, we successfully labeled the
central sensory and motor territories of the sciatic nerve
with CTB, providing a topographic map that allowed us
to evaluate whether microglial cells were activated by
sciatic nerve demyelination through the neural pathway.
This technique can also be potentially used for insights
into the mechanisms underlying nerve injury and repair.

Since LPC was synthesized following nerve injury
and converted to lysophosphatidic acid by autotaxin,
subsequently leading to demyelination, the injection of
LPC under the epineurium of the sciatic nerve has been
widely used to establish a model of peripheral nerve
demyelination (Inoue et al., 2008). Previous studies

20 pm

Fig. 6. Spatial correlation of activated microglial cells and neurons within the central sensory and motor territories of the lysophosphatidylcholine injured
sciatic nerve. A, B. Representative adjusted images showing the three-dimensional views of activated microglial cells and neurons in the spinal dorsal
horn (A) and spinal ventral horn (B) on the ipsilateral side of sciatic nerve demyelination. Iba1: ionized calcium-binding adapter molecule 1. Same scale

for A and B.
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primarily focused on using this model to investigate
peripheral nerve remyelination and neuropathic pain
(Inoue et al., 2008; Nagai et al., 2010; Nishimoto et al.,
2015; Matsuoka et al., 2018). By this study, we further
prove that LPC can also induce central microglial
activation around injured motor neurons. In parallel with
the various kinds of models of sciatic nerve injury, such
as chronic constriction, transection and crush (Casals-
Diaz et al., 2009; Geuna, 2015; Campos et al., 2021;
Siwei et al., 2022), LPC-induced peripheral nerve
demyelination can also be a valuable candidate for
investigating central microglial activation in response to
injured sensory afferents and motor neurons following
peripheral nerve injury.

Microglial cells, the immune cells of the central
nervous system, are capable of monitoring the
microenvironment and responding to peripheral insults
by transitioning from a resting to an activated state,
accompanied by noticeable morphological changes
(Svensson et al., 1993; Aldskogius, 2011; Pottorf et al.,
2022). In the context of sciatic nerve demyelination, we
observed that the distribution of activated microglial
cells and upregulated CSF1 expression within the central
sensory and motor territories was highly consistent with
that of CTB labeling. This consistently supports the idea
that central microglial cells were activated by sciatic
nerve demyelination through both sensory and motor
pathways transganglionically and retrogradely. Most
studies on peripheral nerve injury have suggested that

Trans-Gr
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central microglial activation may be associated with
neuronal protection, degeneration, regeneration, synaptic
plasticity, and spinal circuit reorganization (Svensson et
al., 1993; Rotterman et al., 2019; Alvarez et al., 2020;
Molnar et al., 2022; Pottorf et al., 2022). However,
whether this activation plays detrimental or beneficial
roles is still a subject to be further investigated (Hanisch
and Kettenmann, 2007; Kettenmann et al., 2011; Posfai
et al., 2019; Pottorf et al., 2022).

As the incidence of peripheral demyelinating diseases
is much higher in men, such as Guillain-Barre Syndrome,
chronic inflammatory demyelinating polyneuropathy
(Leonhard et al., 2019; Rodriguez et al., 2019; Shahrizaila
et al., 2021), male SD rats were selected in this study. It
should be emphasized that the central microglial
activation observed in this preliminary study was limited
to a single time-point following sciatic nerve
demyelination. Therefore, our results do not provide a
comprehensive understanding of the temporal kinetics of
central microglial activation following this injury (Kohno
et al., 2018). Further research is necessary to fully
elucidate the dynamic changes sequentially (Kohno et al.,
2018; Rotterman and Alvarez, 2020; Andoh and Koyama,
2021). In addition, due to the limited number of animals
used in this study, our observations mainly focused on the
morphological alterations of microglial cells. It is worth
mentioning that, while injured motor neurons can be
visualized using Nissl staining, central sensory terminals
cannot be labeled with this method. Therefore, it limited

-

B

Trans-SP-vh

Fig. 7. Regional distribution of microglial cells in the central sensory and motor territories of the sciatic nerve under conditions of transection or crush
injury. A-H. Representative images from the gracile nucleus (A, E), Clarke’s nucleus (B, F), spinal dorsal horn (C, G), and spinal ventral horn (D, H)
showing activated microglial cells on the ipsilateral side of transection (Trans) (A-D) and crush injury (E-H). Same scale for all images.



780

Microglial activation to nerve injury

our observation of the potential “cross-talk” between
activated microglial cells and central sensory terminals
within the gracile nucleus, Clarke’s nucleus, and spinal
dorsal horn.
Conclusions

With the aid of neural tract tracing, immuno-
fluorescence staining, and image reconstruction
techniques, we provide a detailed morphological view of
microglial activation in response to sciatic nerve
demyelination through both sensory and motor
pathways, which will facilitate the development of more
effective treatment strategies for peripheral nerve
demyelination from the perspective of central
microglial-neuronal interactions.
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