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Slit1 is one of the known signaling factors of the slit family and can promote neurite
growth by binding to its receptor, Robo2. Upregulation of Slit1 expression in dorsal root
ganglia (DRG) after peripheral nerve injury plays an important role in nerve regeneration.
Each sensory neuronal soma in the DRG is encapsulated by several surrounding satellite
glial cells (SGCs) to form a neural structural unit. However, the temporal and spatial
patterns of Slit1 upregulation in SGCs in DRG and its molecular mechanisms are
not well understood. This study examined the spatial and temporal patterns of Slit1
expression in DRG after sciatic nerve crush by immunohistochemistry and western
blotting. The effect of neuronal damage signaling on the expression of Slit1 in SGCs was
studied in vivo by fluorescent gold retrograde tracing and double immunofluorescence
staining. The relationship between the expression of Slit1 in SGCs and neuronal somas
was also observed by culturing DRG cells and double immunofluorescence labeling.
The molecular mechanism of Slit1 was further explored by immunohistochemistry and
western blotting after intraperitoneal injection of Bright Blue G (BBG, P2X7R inhibitor).
The results showed that after peripheral nerve injury, the expression of Slit1 in the
neurons and SGCs of DRG increased. The expression of Slit1 was presented with
a time lag in SGCs than in neurons. The expression of Slit1 in SGCs was induced
by contact with surrounding neuronal somas. Through injured cell localization, it was
found that the expression of Slit1 was stronger in SGCs surrounding injured neurons
than in SGCs surrounding non-injured neurons. The expression of vesicular nucleotide
transporter (VNUT) in DRG neurons was increased by injury signaling. After the inhibition
of P2X7R, the expression of Slit1 in SGCs was downregulated, and the expression of
VNUT in DRG neurons was upregulated. These results indicate that the ATP-P2X7R
pathway is involved in signal transduction from peripheral nerve injury to SGCs, leading
to the upregulation of Slit1 expression.
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INTRODUCTION

It is well established that peripheral nerves can be regenerated
(Stoll, 1999; Vogelaar et al., 2004; Scheib and Hoke, 2013;
Cattin and Lloyd, 2016; Sanna et al., 2017; Mahar and Cavalli,
2018; Tajdaran et al., 2018; Duraikannu et al., 2019). However,
the factors affecting neuron generation are very complicated.
In addition to endogenous gene regulation, external factors
such as nerve regeneration chambers (Cattin and Lloyd,
2016), neurotrophic factors (Duraikannu et al., 2019), cytokines
(Fitzgerald and McKelvey, 2016) and inflammation responses
(Cattin and Lloyd, 2016) should also be taken into account.
Intensive previous studies have focused on Schwann cells (SCs)
(Court et al., 2008; Nave and Trapp, 2008; Parrinello et al., 2010;
Arthur-Farraj et al., 2012; Fontana et al., 2012; Beirowski et al.,
2014; Kang et al.,, 2014; Painter et al., 2014; Rosenberg et al,,
2014; Gomez-Sanchez et al., 2015; Isaacman-Beck et al., 2015;
Jessen et al., 2015), while little research has been conducted on
satellite glial cells (SGCs), a type of glial cells in the ganglion,
to study their involvement in nerve regeneration (Hanani,
2005). SGCs are flattened glial cells in the peripheral nervous
system that encircle the neuronal bodies in sensory ganglia, thus
supporting and protecting sensory neurons (Hanani, 2005). SGCs
are laminar and have no true processes (Hanani, 2005). Each
sensory neuronal soma is encapsulated by several SGCs to form
a unique SGCs health; thus, the neuron and its surrounding
SGCs form a structural unit (Hanani et al., 2002; Hanani, 2005,
2015; Wang et al., 2016). Inside the dorsal root ganglion (DRG),
SGCs provide support for neurons by mediating the response
against inflammation (Hanani, 2005) and synthesizing multiple
neurotrophic factors to support the survival of the neurons
(Hanani, 2010, 2012; Hanani et al.,, 2014). Slitl is one of the
known signaling factors of the slit family and can guide both
axon projection and neuronal migration (Blockus and Chedotal,
2016). Slit can guide axon projection by mediating the branching
of the sensory axon growth cone (Ma and Tessier-Lavigne,
2007). In a previous study (Yi et al., 2006), we observed that
Slitl expression was increased in the SGCs of damaged DRG.
However, SGCs express specific patterns of Slitl, and the signal
transduction mechanism between neurons and SGCs was not
identified. Signal communication between neurons and SGCs is
bidirectional (Christie et al., 2015). The interacting molecules
include adenosine triphosphate (ATP) (Zhang et al., 2007), nitric
oxide (NO) (Bradman et al., 2010), endothelin 1 (Giaid et al.,
1989; Milner and Burnstock, 2000; Hanani, 2012), glutamic acid
(Kung et al, 2013) and calcium ions (Suadicani et al., 2010;
Castillo et al., 2011). ATP is a neurotransmitter secreted by many
cell types including sensory neurons (Chaudhari, 2014), and it
participates in signal transduction between neurons and SGCs
(Zhang et al., 2007). ATP is stored in many types of neurons
and is released not only at synapses but also in axons and cell
bodies (Zhang et al., 2007). ATP is an important extracellular
signaling molecule that communicates through complex purine
energy signaling pathways (Burnstock, 2006). This signaling
pathway consists of many membrane receptors and extracellular
enzymes including the P2X7 receptor (P2X7R), which belongs
to the P2X family (Yegutkin, 2008). P2X7R, an important

member of the purine receptor family, is a trimer ATP-gated
cation channel encoded by the P2X7R gene (Coddou et al,
2011). P2X7R can be activated by extracellular ATP, and it
participates in the regulation of cell biological functions such
as cell signaling pathways, cytokine secretion, and the growth
and apoptosis of cells (Sluyter, 2017). P2X7R expressed in the
SGCs is involved in DRG neuron - SGC communication in
adult rats (Chen et al., 2012a). P2X7R is the main receptor in
SGCs (Zhang et al., 2007; Kushnir et al., 2011; Song et al., 2018).
Similar to the closely related dorsal root ganglion neurons, the
membrane capacitance of cultured trigeminal ganglion neurons
increased significantly after electrical stimulation, which resulted
in the release of vesicles content in the extracellular space of
the ganglion (Sforna et al, 2019). The increase of membrane
capacitance is an indicator of somatic exocytosis. Sforna et al.
(2019) identified Ca®* -dependent and Ca?* -independent
somatic vesicular release from trigeminal neurons and the Ca?™
channel types involved in the process. The vesicular nucleotide
transporter (VNUT) is a key molecule for the vesicular storage
and nucleotide release of ATP from neutrophils (Sawada et al.,
2008). Injured DRG neurons increase the secretion of ATP and
VNUT (Goto et al., 2017). After the cell is stimulated, ATP is
secreted from the cell body to become an extracellular signaling
molecule that binds to purinoreceptors at the surface of SGCs.
It triggers intracellular signal transduction (Zhang et al., 2007).
ATP is used as the signaling molecule for signal transmission
between neurons and SGCs, and SGCs receive signaling stimuli,
leading to the production of a series of reactions (Zhang et al.,
2007).The molecular mechanisms of the protective effect of SGCs
on DRG neurons and the promotion of the regeneration of
DRG neurons have not been clarified. In this study, we further
clarified the effect of damage signals on the expression of Slitl
in DRG neurons and their SGCs and clarified the role of ATP
and its receptors.

RESULTS

Expression of Slit1 in Intact DRG

Neurons and SGCs in vivo and in vitro
Preliminary analyses were performed to verify the specificity
of the Slitl, microtubule-associated protein 2 (MAP2),
glutamine synthetase (GS), activating transcription factor 3
(ATF3) and VNUT and P2X7R antibodies used in this study
(Supplementary Figure S1). The expression of MAP2 and
Slitl co-localized in DRG cells subjected to double labeling of
Slit] and MAP2 [neuron biomarker (Pellegrino et al.,, 2011)],
(Supplementary Figures S2A-C). Expression of Slitl was
not observed in the SGCs of intact DRG double labeled for
Slitl and GS [biomarker for SGCs (Donegan et al,, 2013)],
(Supplementary Figures S2D-F). To observe the expression of
Slitl in cultured neurons and SGCs, double immunofluorescence
labeling of Slitl and MAP2 or GS in cultured DRG cells was
performed. The results showed that Slitl was expressed in the
cultured sensory neuronal soma of DRG but not in neurites and
weakly in SGCs (Supplementary Figures S2G-L).
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Neural Trunk Injury Can Up-Regulate the
Expression of Slit1 in DRG Neurons and
SGCs

To observe the effect of nerve injury on the expression of Slitl
in DRG neurons and SGCs, we used a unilateral rat sciatic
nerve crush model (SNC). The immunohistochemistry results
revealed that Slitl was expressed in the sensory neurons on
the DRG of both sides. However, the expression of Slitl in
the SNC DRG was higher than that in the contralateral DRG
(Figures 1A-J). At days 1, 3, and 7 after SNC, the numbers of
strongly Slitl-positive neurons were 24.4 £ 2, 32.5 &+ 5, and
21.2 £ 3.8, respectively, and a significant difference was observed
compared with the contralateral side (P < 0.05, Figure 1K).
The number of Slitl-positive neurons was increased at day
1 and peaked at day 3, followed by a gradual decrease and
a return to normal levels at day 14 after SNC (Figure 1K).
The results of Slitl western blotting after SNC (Figures 1K,L)
were basically consistent with the immunohistochemistry results
(Figure 1L). Slitl expression was not observed in SGCs in
intact DRG (Figure 2A) and was observed occasionally in
SGCs at day 1, then increased between day 3 and day 14
after SNC according to double immunofluorescence labeling
of Slitl and GS (Figures 2C-F and Supplementary Figure
S4). Although the level of Slitl expression was decreased at
day 28 after SNC, it was still higher than in the contralateral
DRG (Figures 2C-F). At each time point after injury, the
Slitl relative fluorescence intensity (RFI) in SGCs on the
ipsilateral side was higher than that on the opposite side, and
the difference was statistically significant according to one-way
ANOVA (P < 0.001) (Figure 2I). Interestingly, following SNC,
the peak expression of Slitl in SGCs appeared later than in the
neuronal somas (Figure 2J).

A Neuronal Damage Signal Can Induce
Up-Regulation of Slit1 Expression in
SGCs in the Structural Unit

Because the nerve crush model only causes partial damage
to DRG neurons, it is convenient to observe the effect of
neuron damage signals on SGCs in the anatomical unit of
neurons. Fluor-Gold (FG) is a slow retrograde axonal tracer,
a volume of 0.1 pl of 4% FG solution was inserted into the
epineurium 2 mm from the distal to the injured site of the
sciatic nerve and the neurons that are reached by retrograde
FG transport can be considered uninjured neurons. Additionally,
ATF3 was used as an immunofluorescence marker for injured
neuronal somas (Donegan et al., 2013). The combination of Slit1
immunofluorescence and the FG retrograde labeling method
with Slitl and ATF3 double immunofluorescence labeling was
used to show the expression of Slitl in SGCs around normal or
injured neurons. 7 days after SNC, L5-6 DRG from the injured
side were subjected to Slitl immunofluorescence staining. The
results showed that the expression of Slitl in SGCs around ATF3-
positive neurons was significantly higher than that around ATF3-
negative neurons (Figures 3A-C). Conversely, the expression
of Slitl in SGCs around FG-positive neurons was significantly

lower than that around FG-negative neurons (Figures 3D-F).
According to analysis of the RFI with the paired t-test at a
significance level of P < 0.01 (Figures 3G,H).

Contact of Neuronal Soma With SGCs

Induces the Expression of Slit1

In the process of DRG cell culture, an interesting phenomenon
was found. When cultured for 2-7 h, some glial cells detached
from the neuronal soma, while others remained in contact
with the neuronal soma (Figures 4A,D). Significantly, glial
cells that maintained contact with neuronal somas exhibited
a strong expression of Slitl, while those located far from
neurons presented very weak expression of Slitl (Figures 4A,D).
Immunofluorescence showed that both populations of glial
cells expressed GS. RFI analysis showed that the expression
of Slitl in SGCs in contact with neurons was stronger
than that in SGCs located far from neurons (Figure 4E)
(2.51 4 0.19 folds, P < 0.01).

Damage Signaling Induces an Increase

in VNUT in DRG Neurons

It has been reported that the changes in the contents of VNUT
and ATP are positively associated (Yuri et al., 2013; Menéndez-
Méndez et al., 2015; Pérez de Lara et al., 2015; Harada et al., 2018).
To observe the effect of an injury signal on ATP production
in DRG neurons, we chose to evaluate the changes in VNUT.
Double-labeling of ATF3 and VNUT showed that both were
co-expressed after SNC (Figures 5A-G). Compared to the RFI
of VNUT in ATF3-negative neurons, VNUT expression in
ATF3-positive neurons was stronger than that in ATF3-negative
neurons (Figure 5H) (P < 0.01).

After Inhibiting the P2X7 Receptor, the
Expression of VNUT Increased, While the

Expression of Slit1 in SGCs Decreased

It has been reported that ATP can interact with the P2X7
receptor on SGC membranes, thus activating a series of molecular
events in SGCs (Zhang et al., 2005, 2007; Ryu and McLarnon,
2008; Chen et al,, 2012a; Song et al., 2018). BBG is a P2X7
receptor inhibitor (Jiang et al., 2000; Remy et al., 2008; Ryu
and McLarnon, 2008). BBG was injected intraperitoneally after
unilateral SNC in rats. VNUT immunofluorescence and western
blotting showed that the expression of VNUT in DRG neurons
on the ipsilateral side increased significantly (Figure 6). After
BBG injection, the expression of VNUT in the neurons of both
sides was significantly up-regulated (P < 0.01) (Figure 6F).
Double immunofluorescence labeling was performed by using
Slitl and GS antibodies. The results showed that the expression
of Slitl in DRG neurons and SGCs was increased at 7 days after
SNC (Figures 7B,F). After BBG treatment, the expression of
Slitl in neurons and SGCs was downregulated (Figures 7D,H).
The results of western blotting detection were similar to those
of immunofluorescence (Figure 7I). After BBG injection, the
expression of Slitl on the operated side was significantly lower
than that on the contralateral side (Figure 7J) according to a
paired t-test (p < 0.01). Double immunofluorescence labeling was
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FIGURE 1 | Dynamic changes in Slit1 expression in DRG after sciatic nerve injury. The expression of Slit1 in DRG was detected by immunofluorescence
histochemistry and western blotting at different time points after SNC. (A-E) Contralateral DRG sections. (F-J) Ipsilateral DRG sections. The white arrows indicate
strongly Slit1-positive neurons, and the green arrow indicates weakly Slit1-positive neurons. Scale bar = 100 pm. (K) At different time points, the numbers of strongly
Slit1-positive DRG neurons on both sides were compared, and one-way repeated measures ANOVA and paired t-tests were used for statistical analysis. “*” in
comparison with the control side, the difference is statistically significant at P < 0.05; “#” in comparisons of the groups at 1, 3 or 7 days after injury with the group at
14 days after injury, the difference is statistically at 2 < 0.01. (L) Detection of DRG Slit1 protein expression at different time points by western blotting (N = 3). The
level of B-actin was detected as loading control. (M) At different time points, the relative gray values of DRG Slit1 expression on the two sides were compared. N = 3,
and one-way repeated measures ANOVA and paired t-tests were used for statistical analysis, “*” compared to the contralateral side, P < 0.01. CON: contralateral

DRG, IPS: ipsilateral (crush side) DRG.

performed with the P2X7R and GS antibodies, and the results
showed that the P2X7R and GS antibodies were co-expressed
in the SGCs of the DRG of both sides. After BBG injection, no
expression of P2X7R was found in DRG on the operated side
(Supplementary Figure S3).

DISCUSSION

This study shows that after peripheral nerve injury, the
expression of Slitl in the neurons and SGCs of DRG increased.
The expression of Slitl was presented with a time lag in SGCs
than in neurons. The expression in SGCs of Slitl was induced
by contacting neuronal somas. Through injured cell localization,
it was found that the expression of Slitl was stronger in SGCs
surrounding injured neurons than in SGCs surrounding healthy
neurons. This result indicates that the damage signal could induce
upregulation of Slitl expression in the SGCs of the DRG neural
unit. The expression of VNUT in DRG neurons was increased by
the injury signal. After the inhibition of P2X7R, the expression
of Slitl in SGCs was downregulated, and the expression of VNU
in DRG neurons was upregulated. These results indicate that
the ATP-P2X7R pathway is involved in signal transduction from
peripheral nerve injury to SGCs, leading to the upregulation

of Slitl expression. These findings suggest that maintaining the
integrity of DRG neurons is beneficial to nerve regeneration
and that the ATP-P2X7 pathway between neurons and SGCs
plays an important role in the regeneration of peripheral nerves
following injury.

Slit, which is generated in glial cells during the development
phase, is the guidance molecule for the growth of neurites.
There are 4 subtypes of the Slit family: Slitl, Slit2, Slit3 and
Slit 4. Slitl, Slit2 and Slit3 all bind to the Robo receptor,
which is present in the neuronal cell membrane, to participate
in the guidance of axons (Ma and Tessier-Lavigne, 2007;
Blockus and Chedotal, 2016; Carr et al., 2017). Previous
studies on Slit focusing on SCs suggested that peripheral nerve
injury could lead to the expression of various neurotrophic
factors in SCs, including NGE BDNE neurotrophin 4/5,
insulin growth factor 1 and 2 (Scheib and Hoke, 2013),
and Slit2 and Slit3 (Carr et al,, 2017). Temporarily increased
expression of these neurotrophic factors can promote the
regeneration of sensory neurons (Scheib and Hoke, 2013).
However, we used a mouse polyclonal primary antibody against
Slitl (ab115892, immunogen: Synthetic peptide corresponding
to mouse Slitl aa 497-504 conjugated to keyhole limpet
hemocyanin), which was predicted to be able to react with
rat Slitl. The results from three repeated experiments were

Frontiers in Cellular Neuroscience | www.frontiersin.org

September 2019 | Volume 13 | Article 420


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

Zhang et al.

Slit1 Expression Mechanism in SGCs

£ 35 432.5 A
2 30 TN 29,0 32
s 25§44 ¥
- 20 o 1.2
o 1.961 -~ LN 14
2 15 . “y14.--415
E 10 093.-
2 w
e 5
JF 0 —— . . .
1d 3d 7d 14d 28d

different time points after injury are shown. Scale bar = 100 pm.

FIGURE 2 | Slit1 expression in SGCs of injured DRG. Slit1 expression in the SGCs of injured DRG was detected by immunofluorescence histochemistry. (A) Slit1
(red) immunofluorescence staining of contralateral DRG sections randomly selected from the different groups. (B-F) Slit1 immunofluorescence staining of ipsilateral
DRG at different time points after operation. The arrow indicates Slit1-positive SGCs. (G) GS (green) immunofluorescence staining of DRG sections on the 7th day
after sciatic nerve crush. (H) Merged images from panels (D,E). (I) Summary histograms depicting the changes in the Slit1 RFI in SGCs (one-way repeated measures
ANOVA, * P < 0.01); RFI, relative fluorescence intensity. (J) Changes in the number of strongly Slit1-positive DRG neurons and the RFI of Slit1 expression in SGCs at
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consistent (Supplementary Figures S1, S2), indicating the
reliability of the Slitl primary antibody (ab115892). Through
double labeling of Slitl and MAP2 (neuron biomarker) and
Slitl and GS (biomarker for SGCs), it was found that Slitl
was strongly expressed in the DRG neuronal soma in vivo and
in vitro, but not expressed in SGCs in vivo and weakly in vitro
(Supplementary Figure S2). These results are consistent with the
literature (Carr et al., 2017).

In this study, an improved SNC model (Gordon and Borschel,
2017) was used to achieve partial DRG neuron injury, allowing
effective evaluation of the regeneration and repair of DRG
after neuron injury (Wood et al, 2011; Faroni et al., 2015;
Cattin and Lloyd, 2016; Gordon and Borschel, 2017; Mahar and
Cavalli, 2018). This model resulted in successful injury of some
neurons in the DRG and retention of the integrity of others,

which is helpful for observing and comparing Slitl expression
in SGCs located in damaged and undamaged neuron units. In
the rat SNC model, DRG neurons are partially injured, that is
to say, there are two types of neuron subpopulations in DRG:
injured neurons (ATF3 positive, which is a marker of injured
neurons) and uninjured neurons (ATF3 negative) (Figure 3
and Supplementary Figure S5). Combining the fluorescence
double-label staining data of Slitl and ATF3, VNUT and ATEF3
in this study, we found that there were two mainly types of
neuron subpopulations in 7 days post-SNC DRG with using
the analytical method of Luigi Catacuzzeno (Catacuzzeno et al.,
2014) (Supplementary Table S1). There must be existence of
the subpopulations Slit1”VNUTTATE3" on injured neurons,
it is suggested that VNUT is mainly expressed in injured
neurons. Other subpopulations such as SlitlTVNUTTATF3™,
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FIGURE 3 | Effects of DRG-injured neuronal soma on Slit1 expression in SGCs. The Slit1 and ATF3 double immunofluorescence labeling method and the Slit1 and
FG retrograde labeling method were used to show the expression of Slit1 in SGCs around normal and injured neurons. (A-C) Double immunofluorescence labeling
of Slit1 and ATF3 was carried out on DRG sections from 7 days after sciatic nerve crush. (A) Slit1 (red) immunofluorescence staining. (B) ATF3 (green)
immunofluorescence staining. (C) Merged images of panels (A,B). The thick arrow indicates ATF3-positive neurons, and the thin arrow indicates ATF3-negative
neurons, scale bar = 25 um. (D-F) Slit1 immunofluorescence staining and FG retrograde labeling. (D) DRG Slit1 immunofluorescence on the 7th day after the
operation. (E) FG (white)-traced positive neurons. (F) Merged images of panels (D,E). Scale bar = 200 um. The large framed image is an enlargement of the small
frame, and thin arrows indicate FG-negative neurons in panels (F). (G) Summary histograms depict the changes in the RFI of Slit1 in SGCs surrounding
ATF3-positive and negative neurons determined with paired t-tests, * P < 0.001; bars represent the standard error of the mean; RFI, relative fluorescence intensity.
(H) Summary histograms depict the changes in the RFI of Slit1 expression in SGCs surrounding FG-negative and FG-positive neurons determined with paired
t-tests, *P < 0.001; bars represent the standard error of the mean; RFl, relative fluorescence intensity.
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Sliti"VNUT~ATF3" and Slit1” VNUT~ATF3" on injured
neurons may also exist. Among the uninjured neurons (ATF3
negative), there is only one subpopulation Slit1- VNUT~ATF3~,
and no other subpopulations exists. Slitl or VNUT expression
was observed in the uninjured neurons on the control side,
which indicated that their expression was not related to the
injury signal. It was reported from another study (Seijfters
et al., 2006; Carriel et al, 2017) that only a few hours after
peripheral nerve injury, neurons exhibit changes in gene and
protein expression. Most of the affected genes are associated
with neuronal growth factors such as GAP43 and ATF3. ATF3

is used as a marker of injured neurons, and the uninjured
neurons do not express ATF3 (Donegan et al, 2013). FG
is a slow retrograde axonal tracer with a retrograde tracing
speed of approximately 1-12 mm/day. On average, the distance
between the sites of SNC and DRG is 35 £ 3 mm in adult
rats. Therefore, it was estimated that it would take at least
3 days to reach the DRG, which was in agreement with our
experimental results (Figure 3). In this study, FG was injected
into the distal point of the injured site to label uninjured
neuronal somas through retrograde tracing. ATF3 was used as
an immunofluorescence marker for injured neuronal somas.
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FIGURE 4 | Expression of Slit1 in SGCs directly in contact with the neuronal soma in vitro (A-C) Primary cultured DRG cells were double labeled with Slit1 and
MAP2 immunochemistry, nuclear staining by DAPI. (A) Slit1 (red) and DAPI (blue) merged image. The box 1 shows SGCs in contact with neuron bodies, Panel (A1)
is its enlarged image, with arrows indicating SGCs in contact with neuronal soma (white asterisks); and the box 2 shows SGCs located far from neuron bodies as
showed in its enlarged image (A2). (B) MAP2 (green) image. (C) Slit1 (red), MAP2 (green) and DAPI (blue) merged image. (D) Slit1 and GS double immunostaining
were performed on cultured DRG cells, nuclear staining by DAPI. The box 1 shows SGCs in contact with Slit1-positive neuronal soma (white asterisks). The box 2
shows SGCs located far from neuron bodies. Panels (D1,D2) lines of pictures were local enlarged images of the box 1 and box 2 showed in panel (D), respectively.
The white asterisk indicates the neuronal soma. Slit1 (red), MAP2 (green) and DAPI (blue) were showed in panels (D,D1,D2). (E) Summary histograms depict the
changes in Slit1 expression in two different populations of SGCs, * shows the expression of Slit1 in SGCs of population 1 compared with that in SGCs of population
2 analyzed with paired t-tests, * P < 0.001; bars represent the standard error of the mean; RFI, relative fluorescence intensity. Scale bar = 50 wm was showed in

Thus, we could compare the difference in Slitl expression in
the SGCs between the injured neuron units and the undamaged
neuron units. We found that the expression of Slitl was
higher in the SGCs that were in contact with injured DRG
neuronal somas than in those in contact with uninjured DRG
neurons. Many studies (Sebert and Shooter, 1993; Kim et al,,
2011) simply include contralateral comparisons, which would
not meet our experimental requirements. The experimental
animal model and the markers of damaged and undamaged

neurons that we chose ensure that we could achieve the goal
of the experiment.

The expression of Slitl in SGCs lags behind that in neurons
(Figures 1, 2). One possible explanation is that there is no
direct link between DRG glial cells and the peripheral nerve
trunk (Arkhipova et al., 2010). The peripheral nerve injury
signal must reach the neuronal soma first and is subsequently
transmitted to SGCs. In respond to nerve injury, SGCs are
activated, and upregulate GFAP protein expression, undergo
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FIGURE 5 | Upregulation of VNUT expression in injured neurons. At 7 days after right sciatic nerve crush, double labeling of VNUT and ATF3 was performed in DRG
sections. (A-C) Contralateral DRG images, (D-F) ipsilateral DRG images following sciatic nerve crush. Panels (B,E) immunofluorescence staining for ATF3 (red);
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scale bar = 20 wm. (G) Summary histograms depicting the changes in VNUT expression in ATF3-positive neurons and ATF3-negative neurons on the crush side with
the paired t-test, « and B, * P < 0.001; bars represent the standard error of the mean; RFI, relative fluorescence intensity.
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cell division, activated SGCs generate and release inflammatory
cytokines and neurotransmitters such as bradykinin, interleukin-
1B (IL-1B), tumor necrosis factor-a (TNF-a), neurotrophins, and
ATP into its surroundings (Elson et al., 2004; Zhang et al,
2009). Wu et al. (2017) reported that SGCs were activated
and NGF was up-regulated after sciatic nerve injury, the
increase was significant on day 7 and 14. This also suggests
that it takes a time for SGCs to receive damage signals to
be activated and express GFAP and NGF. Therefore, this
signal transmission process delays the effect of the injury
signal on SGCs. The continuous increase in Slitl in SGCs
coincides with the regeneration of damaged sensory neurons
induced by nerve crush injury (Kovacic et al, 2004). Our
previous research (Zhang et al., 2010; Chen et al., 2012b) found
that Slitl promotes neuronal neurite outgrowth by binding
with Robo2, Slitl- Robo2-srGAP3 pathway plays an important
regulatory role in DRG neuron regeneration. In this study, we
observed that the expression of Slitl in SGCs was up-regulated
after neuronal injury, which may promote the outgrowth of
neuronal processes.

Neurons within the DRG are pseudounipolar neurons, and
each sensory neuronal soma is encapsulated by several SGCs to

form a unique anatomic unit (Hanani, 2005). Therefore, Hanani
(2005) proposed that the unique structure and relationship of
SGCs and neuronal somas might have special physiological
and pharmacological effects. Thus, we hypothesized that the
continuous increase in Slitl expression observed in the SGCs
of DRG is closely associated with this unique anatomical
structure. Our experiments showed that 7 days after SNC,
Slitl expression in SGCs was significantly lower in the FG-
positive neuron unit than in the FG-negative neuron unit
(in which the axon was injured, and axoplasmic transport
was blocked); in comparison, Slitl expression in SGCs was
significantly stronger in the ATF3-positive neuron unit than
in the ATF3-negative neuron unit (ATF3-negative neuronal
somas may indicate uninjured neurons) (Figure 3). This
result indicated that upon neuronal injury, Slitl expression
is increased not only in the injured neurons but also in the
SGCs of the unit.

Using cultured primary DRG neurons and glial cells and
applying double immunofluorescence labeling of Slitl and GS,
we found that the expression of Slitl in SGCs that accumulated
around the neuronal soma was much stronger than that in SGCs
located at distal sites in the neuronal somas (Figure 4). This
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FIGURE 6 | Upregulation of VNUT expression after inhibition of the P2X7
receptor with BBG. After right sciatic nerve crush, BBG (P2X7 receptor
inhibitor) was injected intraperitoneally. VNUT immunofluorescence in DRG
was detected on the 7th day. (A-D) VNUT immunofluorescence staining
(green), scale bar = 20 pum. (E) The level of VNUT protein was detected by
western blotting (N = 3). The level of GAPDH was detected as loading control.
(F) The expression of VNUT before and after BBG treatment on the 7th day
after SNC was analyzed with the paired t-test, “*” compared with the control
side, P < 0.001; “#” compared with the contralateral side and the ipsilateral
side before BBG treatment, P < 0.001. CON: contralateral DRG, IPS:
ipsilateral DRG.

result suggests that direct contact between neuronal somas and
SGCs could induce the upregulation of SGC Slitl expression
(Figure 4). SGCs express a series of receptors which can
respond to the neurotransmitters released by neurons (Elson
et al, 2004; Zhangetal., 2009). Therefore, in the process of
cell culture, SGCs contact with neuronal soma, making SGCs
more easily activated by signal molecules released by neuron,
while SGCs that are not in contact with neuron bodies are
less likely to be activated, possibly because the signal molecules
are diluted by the culture medium. It was shown that signal
transmission between the neuronal soma and SGCs depends
on the physical distance, which indirectly indicates that it is
very important to maintain the functional relationship between
neurons and SGC anatomical units in vivo. These results suggest
that the transmission of injury signals from the neuronal soma
to SGCs is closely associated with the anatomic unit. The
molecular mechanisms underlying the transmission of neuronal
injury signals to SGCs, which subsequently show increased Slit1
expression, remain unknown.
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FIGURE 7 | Slit1 expression in SGCs decreased after inhibition of the P2X7
receptor with BBG. After right sciatic nerve crush, BBG (P2X7 receptor
inhibitor) was injected intraperitoneally. The expression of Slit1 on the 7th day
DRG was detected by double immunofluorescence staining and western
blotting. (A-D) Slit1 immunofluorescence staining (red). (E-H) Merged images
of Slit1 (red) and GS (green) immunofluorescence staining. Scale

bar = 200 wm. (1) the level of Slit1 protein was detected by western blotting
(N = 3), the level of B-actin was detected as loading control. (J) The level of
Slit1 before and after BBG treatment on the 7th day post-SNC DRG was
analyzed with the paired t-test. “*” compared with the control side, the level of
Slit1 in IPS side was upregulated, P < 0.001; “#” compared with the control
side and the ipsilateral side before BBG treatment respectively, the level of
Slit1 in “IPS + BBG” was downregulated, P < 0.001; The change was not
significant in “CON + BBG”, P > 0.05. “**” compared with “CON + BBG”
group, the level of Slit1 in “IPS + BBG” was much lower than that in

“CON + BBG” group, P < 0.001. CON: contralateral DRG, IPS: ipsilateral
DRG.

Signal transmission between neurons and SGCs is
bidirectional (Zhang et al., 2007; Kung et al., 2013; Christie
et al., 2015). The interacting molecules between neurons and
SGCs identified to date include ATP (Zhang et al, 2007),
NO (Bradman et al., 2010), glutamic acid (Kung et al., 2013)
and calcium ions (Suadicani et al., 2010; Castillo et al., 2011).
Additionally, Christie et al. (2015) found that SGCs can sense
the injury signal from the distal axons of adjacent neurons
via cell enlargement and cell proliferation, and neurons can
also transmit some small molecules to the surrounding SGCs.
Under pathological and physiological conditions, activation of
the receptors of glial cells can promote the interaction between
neurons and glial cells (Karadottir et al., 2005; Salter and Fern,
2005; Micu et al, 2006; Castillo et al, 2011). Zhang et al.
(2007) reported that ATP released from the neuronal soma
activates P2X7 receptors in perineuronal SGCs and triggers
communication between neuronal somas and glial cells. They
further showed that activation of P2X7 receptors can lead to
the release of tumor necrosis factor-o. (TNF-a) from SGCs.
TNF-a in turn potentiates P2X3 receptor-mediated responses
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and increases the excitability of DRG neurons. Therefore,
we hypothesized that the transmission of damage signals
to SGCs may have been achieved through the ATP-P2X7R
pathway. The VNUT, which is stored in neurons and releases
ATP, was selected as the experimental indicator of changes
in the P2X7R pathway. We found that a damage signal could
increase the expression of VNUT in DRG neurons. The double
immunofluorescence staining of VNUT and ATF3 showed that
the expression of VNUT in injured neurons was stronger than
that in uninjured neurons (Figure 5, P < 0.01). These results
indirectly suggest that injured neurons release more ATP than
uninjured neurons.

Brilliant blue G (BBG) has been reported to be a P2X7-
selective antagonist (Jiang et al., 2000); BBG also shows a
neuroprotective effect and no toxicity (Gourine et al., 2005).
Furthermore, BBG can be used for intraperitoneal injection
in vivo, which is simple and convenient (Ryu and McLarnon,
2008; Coddou et al, 2011). Based on these advantages,
intraperitoneal injection of BBG, a specific inhibitor of P2X7R,
was used as an intervention method. GS and P2X7R double
immunofluorescence labeling showed that P2X7R was expressed
in SGCs, but P2X7R was not expressed in SGCs after BBG
injection (Supplementary Figure S3). Brilliant blue G produced
a non-competitive inhibition of rat P2X7 receptors with IC50
values of 10 nM and it exerts a specific inhibitory effect on
P2X7 receptor by allosteric modulation (Jiang et al., 2000).
The specific antibody of P2X7 receptor could not recognize
and bind to the allosteric P2X7 receptor, so the expression of
P2X7 receptor could not be detected by immunofluorescence
staining after BBG injection. This result illustrates that the
peritoneal injection of BBG was effective, and after inhibition
of P2X7R, the expression of Slitl in SGCs was downregulated
(Figure 7), and the expression of VNUT in DRG neurons
was upregulated (Figure 6). This result may be explained
by the increased feedback secretion of the ATP ligand after
the receptor is inhibited. It is necessary to further validate
this feedback regulation phenomenon using the P2X7 gene
knockout method.

CONCLUSION

Our experiments have demonstrated that an injury signal from
DRG neurons can activate P2X7R on the SGC membrane and
upregulate the expression of Slitl in SGCs. These results show
that the ATP-P2X7 pathway is involved in signal transduction
from peripheral nerve injury to SGCs, leading to upregulation
of Slitl expression. Combined with our previous research
(Zhang et al., 2010; Chen et al., 2012b), these findings indicate
that Slitl expressed in perineuronal SGCs can bind to Robo2
receptors on neuronal membranes and mediate neuronal process
outgrowth through the Robo2-stGAP3 pathway. Our study
complements the molecular mechanism of bidirectional signal
transmission between neurons and SGCs in the anatomical
unit of DRG neurons and clarifies the role of SGCs in
nerve injury and regeneration, as shown in the schematic
diagram (Figure 8).

* slitl SRS # VNUT
@ Robo2 Cb A P2x7R
9 srGAP3 x ® ATP
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Damaged

FIGURE 8 | Schematic diagram of the role of Slit1 in the communication
between neurons and SGCs. After peripheral nerve injury, neurons activate
perineuronal SGCs, leading to upregulation of Slit1 expression through the
VNUT-ATP-P2X7R pathway, and SGCs then promote the regeneration of
injured neurons through the Slit1-Robo2-srGAP3 pathway (Zhang et al., 2010;
Chen et al., 2012Db).

MATERIALS AND METHODS

Animals

Adult Sprague-Dawley (SD) rats of 250-300 g were purchased
from the Experimental Animal Department of Hunan
Agricultural University (Changsha, Hunan, China) and
housed in a standard rat cage with unlimited access to water
and food under 12 h of continuous light every 24 h. Animal
scarification and tissue collection were approved by the animal
ethics committee of Hainan Medical University (Haikou, China)
and were performed according to the guidelines of the Chinese
Care and Use legislation. All efforts were made to minimize
animal suffering and the number of animals used.

Surgeries, FG Injection, Brilliant Blue G
(BBG) Intraperitoneal Injection, Tissue

Preparation and Sectioning
SD rats were used to generate the SNC model as previously
described (Zou et al., 2016). The rats were anesthetized
using 2% sodium pentobarbital (40 mg/kg, intraperitoneal).
The crush lesion was induced by non-serrated forceps
with a smoothed surface. The forceps were instrumented
with strain gauges and calibrated by a force-sensing
resistor (FSR400, Interlink Electronics, CA, United States)
linked to an Avometer. The applied force was 1000 g;
the duration of the crush was 1 min; and the left sciatic
nerve was subjected to a sham control surgery without
crush injury. The wounds were sutured after surgery with
nylon 5-0 sutures.

Three SD rats were used for retrograde tracing of Fluor-
Gold (FG; Fluorochrome; 80014; Sigma-Aldrich, St. Louis,
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MO) as previously described (Li et al., 2016). The modified
procedure was as follows: A glass micropipette (tip diameter 40—
60 wm) connected to a microsyringe (1 pl, Hamilton, Reno, NV,
United States) was inserted into the epineurium 2 mm from the
distal point of the injured site of the sciatic nerve. A volume
of 0.1 nl of 4% FG solution dissolved in normal saline was
gradually pressure injected (continuously for over 1 min) into the
target site. The needle tip was kept at the target site for another
10 min to avoid FG leakage. Three rats were kept alive for 7 days
after FG injection.

The preparation and administration of BBG (P2X7R
antagonist) followed the procedures used in a previous study
(Ryu and McLarnon, 2008). To prepare a 10 mg/ml BBG
solution, 0.3 g of BBG powder (Sigma-Aldrich, 27815-25-f) was
dissolved in 30 ml of 0.9% saline. After SNC, the BBG solution
(30 mg/kg) was used for intraperitoneal injection at a dose of
50 mg/kg, and the animals that survived for 7 days were subjected
to daily injection of this dose for 7 days. Control animals were
injected with an equivalent amount of saline.

Following the operation, 30 rats were divided into five
groups (n = 6) and kept alive for 1, 3, 7, 14 or 28 days.
These rats were used for Slitl western blotting (n = 3) and
immunohistochemistry (n = 3) experiments. Six rats were used
for VNUT and Slitl western blotting at 7 days post-SNC
with BBG injection. The remaining rats that were not used
for western blotting were anesthetized with an overdose of
sodium pentobarbital solution (100 mg/kg, i.p.) and perfused
through the ascending aorta with 100 ml of 0.9% (w/v)
saline, followed by 500 ml of 4% (w/v) paraformaldehyde
and 30% (v/v) saturated picric acid in 0.1 M phosphate
bufter (PB, pH 7.4).

L5-L6 DRG from both sides were removed and incubated
in 4% paraformaldehyde for 3 h. The tissues were then
dehydrated with sucrose density gradient buffer. DRG were
embedded with optimum cutting temperature medium (O.C.T.
Compound 4583, Tissue-Tek, SAKURA, CA United States),
subjected to cryosectioning and kept at 4°C. Sections of
the DRG were cut at a 10 pum thickness on a freezing
microtome (Shandon Cryotome E, Thermo Electron Corp.,
United States). The sections were mounted on gelatine-
coated glass slides, air dried, and kept at 4°C in the
freezer for later use.

DRG Cell Culture

Dorsal Root Ganglia cell culture was performed as described
previously (Castillo et al., 2011). Following the administration
of anesthesia through intraperitoneal injection with 2%
pentobarbital solution (40 mg/kg), L5-L6 DRG were isolated
from 3- to 4-week-old SD rats of both sexes. To minimize the
interference caused by SCs, nerve roots at both ends of the
ganglion were removed as much as possible. Additionally, to
avoid interference from fibroblasts, the outer membrane of the
ganglion should be removed completely. DRG neurons and
glial cells were cultured in Dulbecco’s modified Eagle’s medium
(Sigma, St. Louis, MO, United States) supplemented with 10%
FBS (Sigma, St. Louis, MO, United States). After 4 h of culturing,
cultured cells were fixed with 4% paraformaldehyde.

Western Blotting
Rat dorsal root ganglia (DRG) (L5-L6) were homogenized
with homogenization buffer (20 mM Tris, pH 8, 137 mM
NaCl, 1% NP-40, 1 mM sodium orthovanadate, and protease
inhibitor cocktail). The supernatant was removed and subjected
to protein quantification with a Pierce BCA reagent kit (Thermo
Fisher Scientific, 23227). Then, 50 pg of the protein lysate
was loaded onto a 10% SDS-PAGE gel for electrophoresis and
subsequently transferred to a polyvinylidene-fluoride (PVDF)
membrane. After 4 h of blocking with a 5% milk-PBS solution,
the membrane was incubated with the primary antibody at 4°C
overnight. Thereafter, the membrane was washed three times
and incubated with an HRP-conjugated secondary antibody.
Membranes developed by incubation with f-actin, GAPDH and
rabbit HRP-conjugated secondary antibodies (Table 1) were used
as controls. Protein was visualized using the Pierce ECL reagent
kit (Thermo Fisher Scientific, 32132). Quantitative analysis of
proteins was carried out on the protein bands with Image]J
(National Institutes of Health) and Microsoft Excel (Microsoft
Corp.). The amount of the Slitl protein was normalized to the
amount of the B-actin protein. The amount of the VNUT protein
was normalized to the amount of the GAPDH protein. All the
western blot experiments were repeated three times.

Primary and  secondary  antibodies used  for
immunohistochemistry, immunocytochemistry and western
blotting in this study (Table 1).

Immunohistochemistry

Dorsal Root Ganglia sections were incubated with 5% donkey
serum for 1 h at room temperature before being incubated
with the primary antibodies in the refrigerator overnight.
Subsequently, in a dark chamber, the sections were incubated
with the secondary antibodies for 2 h at room temperature.
Sections incubated with 2% donkey serum without a primary
antibody were used as a negative control.

Slitl, MAP2, GS, ATF3, VNUT and P2X7 was used for single
labeling of DRG sections, and Slitl was used for single labeling
of sections of 7-day DRG subjected to retrograde tracing with
FG. VNUT was used for single labeling in sections of DRG at
7 days post-SNC, and dual labeling of GS and Slit1 was performed
in sections from the intact DRG and injured DRG. MAP2 and
Slitl dual labeling was performed in sections from intact DRG.
Dual labeling with ATF3 (Santa Cruz, sc-188) and Slitl or ATF3
(Abcam, ab58668) and VNUT was performed in sections of
DRG at 7 days post-SNC. Dual labeling of GS and P2X7 or GS
and Slitl was performed sections of DRG at 7 days post-SNC
with BBG injection.

Immunocytochemistry

Staining for immunocytochemistry was carried out as described
previously (Castillo et al., 2011). In brief, slides with fixed cells
were blocked with 5% donkey serum and permeabilized in 0.1%
Triton-X-100 PBS buffer. Then, the slides were incubated with
primary antibodies at 4°C overnight and subsequently incubated
with secondary antibodies for 2 h at room temperature. DAPI (4,
6-diamidino-2-phenylindole, Boster, AR1176, China) was used to
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TABLE 1 | Primary and secondary antibodies used in this study.

Category Antibody Manufacturer Catalog number Dilution
Primary antibody Polyclonal mouse anti-Slit1 Abcam Ab115892 1:200 IF 1:1000
WB
Polyclonal rabbit anti-GS Abcam ab16802 1:400 IF
Chicken polyclonal anti-MAP2 Abcam ab5392 1:2000 IF
Rabbit anti-ATF3 Santa Cruz sc-188 1:800 IF
Mouse monoclonal anti-ATF3 Abcam Ab58668 1:100 IF
Goat polyclonal anti-P2RX7 Abcam Ab93354 1:100 IF
Guinea pig polyclonal anti-VNUT Millipore ABN83 1:1000 IF 1:500
WB

Rabbit polyclonal anti-B-actin-loading control Abcam Ab1801 1:2000 WB
Rabbit polyclonal anti-GAPDH-loading control Abcam Ab9485 1:2500 WB

Secondary antibody Alexa Fluor 594-donkey anti-mouse IgG Jackson 715-585-1 1:200 IF
FITC-rabbit anti-chicken Millipore AP162F 1:100 IF
Alexa Fluor 488-donkey anti-rabbit IgG Jackson 711-546-1 1:200 IF
Cy3-donkey polyclonal Anti Chicken IgY Millipore 703-175-155 1:200 IF
Alexa Fluor 488-donkey anti-goat IgG(H + L) Jackson 705-545-147 1:200 IF
Alexa Fluor 594-donkey anti-rabbit IgG(H + L) Jackson 711-585-152 1:200 IF
Alexa Fluor 488-donkey anti-guinea pig Jackson 706-545-148 1:200 IF
IgGH + L)
Goat anti-mouse IgGH + L) (HRP) Abcam Ab205719 1:10000 WB
HRP-conjugated AffiniPure goat anti-guinea pig Proteintech SA00001-12 1:5000 WB
lgGH + L)
Goat anti-rabbit IgG(H + L) (HRP) Abcam Ab205718 1:10000 WB

stain nuclei. Slides incubated with 2% donkey serum without a
primary antibody were used as a negative control.

GS and Slitl, MAP2 and Slitl were dual labeled in the
cultured DRG cells.

Semi-Quantitative Analysis of the

Immunofluorescence Images
All the sections were first used for quantitative analysis and
determination of the relative changes in the immunofluorescence
intensity in each group. The same slide was used to avoid
bias regarding slide-to-slide variations in labeling intensity.
Similar trends in Slitl expression were observed between the
five experimental groups for all animals in each experimental
group. The fluorescence images of DRG sections (Slitl and GS
double-labeled) subjected to BBG treatment were captured by
laser scanning confocal microscopy (FV1000, Olympus, Japan),
and fluorescence images of the other groups were captured
with a fluorescence microscope (Olympus IX51 and Olympus
BX51, Japan) by photographing each DRG slide under the same
conditions with the same exposure. Semi-quantification of the
fluorescence intensity was performed on images captured with
20x or 40x objective lenses using CellSens Dimension software
(Olympus, Japan) integrated with the fluorescence microscope.
The method for the quantification of the fluorescence signal
referred to a previous publication (Nadeau et al., 2014). For the
profiling of Slitl expression levels in SGCs, the processing and
analysis of fluorescence signals from the cytoplasm of the SGCs
were performed as follows: fifteen L5 DRG from different time
points and three DRG (randomly chosen from the contralateral

side of the experimental condition) were analyzed to determine
the Slitl relative fluorescence intensity (RFI) in SGCs. Using
Image] (National Institutes of Health), fluorescence images with
similar numbers of neurons obtained with a 20-fold objective lens
were converted into 8-bit gray-scale images, and the background
was subtracted (50 pixels selected). Neurons were individually
selected with the “Free Selection Tool” in Photoshop software
(Adobe Systems Inc.), and the images were deleted and saved,
then inverted with Image]J. The relative fluorescence intensity of
the processed images was analyzed with Image] software. The
obtained data are expressed as the mean and standard error of
the mean (SEM). The data of each group were normalized to the
data of the corresponding control group, and the obtained data
were mapped by Excel software (Microsoft Corp.).

For the profiling of Slitl protein expression levels in SGCs
surrounding FG-positive and FG-negative neurons, a total of
1453 neurons from L5 to L7 days post-SNC DRG (n = 3)
were used. The immunofluorescence signals in the cytoplasm
of the SGCs surrounding the 688 FG-positive and 765 FG-
negative neurons were traced separately, with the obtained values
representing the average SGC labeling intensity around each
respective neuron. The semi-quantified Slitl protein levels in
SGCs surrounding 723 AFT3-positive and 751 AFT3-negative
neurons and the levels of VNUT protein on 955 AFT3-
positive neurons and 896 AFT3-negative neurons were analyzed
using the same method. The obtained data were expressed as
the mean 4 SEM.

For confocal fluorescence images of cultured cells, 100 40-
fold objective fluorescence images were taken for analysis. SGCs
contacted with neuronal soma were grouped into population 1
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and non-contacted into population 2. A total of 347 SGCs of
population 1 and 702 SGCs of population 2 were used to measure
the average RFI of Slitl in each satellite cell. The Slitl RFI was
expressed as the mean + SEM. Slitl RFI of population 1 SGCs
was normalized by population 2 SGCs.

The processing of images and data analysis were performed
with Photoshop CS5.1 (Adobe Systems Inc.), Image] (National
Institutes of Health) and Microsoft Excel (Microsoft Corp.).

Neuron Counting

For Slitl, similar qualitative trends were observed between the
five experimental groups for all animals in each experimental
group (n = 3). Three slides from five different groups of animals
were selected for the experimental analysis of Slitl such that
similar numbers of neurons were present in the DRG sections
representing each of the five experimental groups (n = 3). The
numbers of neurons were counted in the fluorescence images
of DRG slices from different time points, and the image pixels
of SGCs around the intact neuronal soma were defined as
the background. Neurons with a fluorescence intensity three
times stronger than the background were defined as strongly
positive neurons, and their numbers were counted with CellSens
Dimension software. The number of neurons is expressed as
the mean 4 SEM.

Statistical Analysis

Statistical analysis was performed with SPSS18.0 software
(Statistical Product and Service Solutions 18.0, Al Monk, NY,
United States). Paired ¢ tests were used for comparisons between
paired data. All the other data were analyzed using one-way
repeated measures ANOVA. P-values of less than 0.05 were
considered statistically significant.

DATA AVAILABILITY

The datasets generated for this study are available on request to
the corresponding author.

REFERENCES

Arkhipova, S. S., Raginov, I. S., Mukhitov, A. R,, and Chelyshev, Y. A. (2010).
Satellite cells of sensory neurons after various types of sciatic nerve trauma in
the rat. Neurosci. Behav. Physiol. 40, 609-614. doi: 10.1007/s11055-010-9303-7

Arthur-Farraj, J.-P., Latouche, M., Wilton, D. K., Quintes, S., Chabrol, E., Banerjee,
A, etal. (2012). c-Jun reprograms Schwann cells of injured nerves to generate
a repair cell essential for regeneration. Neuron 75, 633-647. doi: 10.1016/].
neuron.2012.06.021

Beirowski, B., Babetto, E., Golden, J. P., Chen, Y. J., Yang, K., Gross, R. W, et al.
(2014). Metabolic regulator LKB1 is crucial for Schwann cell-mediated axon
maintenance. Nat. Neurosci. 17, 1351-1361. doi: 10.1038/nn.3809

Blockus, H., and Chedotal, A. (2016). Slit-Robo signaling. Development 143,
3037-3044. doi: 10.1242/dev.132829

Bradman, M. ], Arora, D. K., Morris, R., and Thippeswamy, T. (2010). How do the
satellite glia cells of the dorsal root ganglia respond to stressed neurons?-nitric
oxide saga from embryonic development to axonal injury in adulthood. Neuron
Glia Biol. 6, 11-17. doi: 10.1017/S1740925X09990494

Burnstock, G. (2006). Pathophysiology and therapeutic potential of purinergic
signaling. Pharmacol. Rev. 58, 58-86. doi: 10.1124/pr.58.1.5

ETHICS STATEMENT

The animal study was reviewed and approved by Animal
scarification and tissue collection were approved by the animal
ethics committee of Hainan Medical University (Haikou, China)
and were performed according to the guidelines of the Chinese
Care and Use legislation.

AUTHOR CONTRIBUTIONS

QP Z and XN Y designed the experiment, carried out data
analysis, and wrote the manuscript. QP Z, JH Z, ] Sh, XF Z, R R,
Z] M, YBH, QK, YSW, XD, J Su, and ZZ L performed the
experiment. XN Y provided the experimental reagents and access
to the data analysis software.

FUNDING

This work was supported by the National Natural Science
Foundation of China (grant numbers 81660217 to QP Z; 8116015
and 81100246 to XN Y). This work was also supported by the
Hainan Key Research and Development Program of China (grant
number ZDYF2016110 to Z] M).

ACKNOWLEDGMENTS

We would like to thank Prof. YunQing Li and Dr. Le Xiao
for his meticulous guidance concerning this research and
manuscript writing.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fncel.
2019.00420/full#supplementary- material

Carr, L., Parkinson, D. B., and Dun, X. P. (2017). Expression patterns of Slit
and Robo family members in adult mouse spinal cord and peripheral nervous
system. PLoS One 12:¢0172736. doi: 10.1371/journal.pone.0172736

Carriel, V., Garzon, I., Campos, A., Cornelissen, M., and Alaminos, M. (2017).
Differential expression of GAP-43 and neurofilament during peripheral nerve
regeneration through bio-artificial conduits. J. Tissue Eng. Regen. Med. 11,
553-563. doi: 10.1002/term.1949

Castillo, C., Norcini, M., Baquero-Buitrago, J., Levacic, D., Medina, R., Montoya-
Gacharna, J. V., et al. (2011). The N-methyl-D-aspartate-evoked cytoplasmic
calcium increase in adult rat dorsal root ganglion neuronal somata was
potentiated by substance P pretreatment in a protein kinase C-dependent
manner. Neuroscience 177, 308-320. doi: 10.1016/j.neuroscience.2010.12.040

Catacuzzeno, L., Sforna, L., D’Adamo, M. C., Pessia, M., and Franciolini, F. (2014).
A method to identify tissue cell subpopulations with distinct multi-molecular
profiles from data on co-localization of two markers at a time: the case of
sensory ganglia. J. Neurosci. Methods 224, 88-95. doi: 10.1016/j.jneumeth.2013.
12.015

Cattin, A. L., and Lloyd, A. C. (2016). The multicellular complexity of peripheral
nerve regeneration. Curr. Opin. Neurobiol. 39, 38-46. doi: 10.1016/j.conb.2016.
04.005

Frontiers in Cellular Neuroscience | www.frontiersin.org

September 2019 | Volume 13 | Article 420


https://www.frontiersin.org/articles/10.3389/fncel.2019.00420/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fncel.2019.00420/full#supplementary-material
https://doi.org/10.1007/s11055-010-9303-7
https://doi.org/10.1016/j.neuron.2012.06.021
https://doi.org/10.1016/j.neuron.2012.06.021
https://doi.org/10.1038/nn.3809
https://doi.org/10.1242/dev.132829
https://doi.org/10.1017/S1740925X09990494
https://doi.org/10.1124/pr.58.1.5
https://doi.org/10.1371/journal.pone.0172736
https://doi.org/10.1002/term.1949
https://doi.org/10.1016/j.neuroscience.2010.12.040
https://doi.org/10.1016/j.jneumeth.2013.12.015
https://doi.org/10.1016/j.jneumeth.2013.12.015
https://doi.org/10.1016/j.conb.2016.04.005
https://doi.org/10.1016/j.conb.2016.04.005
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Zhang et al.

Slit1 Expression Mechanism in SGCs

Chaudhari, N. (2014). Synaptic communication and signal processing among
sensory cells in taste buds. J. Physiol. 592, 3387-3392. doi: 10.1113/jphysiol.
2013.269837

Chen, Y., Li, G., and Huang, L. Y. (2012a). P2X7 receptors in satellite glial cells
mediate high functional expression of P2X3 receptors in immature dorsal root
ganglion neurons. Mol. Pain 8:9. doi: 10.1186/1744-8069-8-9

Chen, Z. B., Zhang, H. Y., Zhao, J. H., Zhao, W., Zhao, D., Zheng, L. F,, et al.
(2012b). Slit-Robo GTPase-activating proteins are differentially expressed in
murine dorsal root ganglia: modulation by peripheral nerve injury. Anat. Rec.
295, 652-660. doi: 10.1002/ar.22419

Christie, K., Koshy, D., Cheng, C., Guo, G., Martinez, J. A., Duraikannu, A., et al.
(2015). Intraganglionic interactions between satellite cells and adult sensory
neurons. Mol. Cell. Neurosci. 67, 1-12. doi: 10.1016/j.mcn.2015.05.001

Coddou, C., Yan, Z., Obsil, T., Huidobro-Toro, J. P., and Stojilkovic, S. S. (2011).
Activation and regulation of purinergic P2X receptor channels. Pharmacol. Rev.
63, 641-683. doi: 10.1124/pr.110.003129

Court, F. A., Hendriks, W. T., MacGillavry, H. D., Alvarez, J., and van Minnen,
J. (2008). Schwann cell to axon transfer of ribosomes: toward a novel
understanding of the role of glia in the nervous system. J. Neurosci. 28,
11024-11029. doi: 10.1523/JNEUROSCI.2429-08.2008

Donegan, M., Kernisant, M., Cua, C., Jasmin, L., and Ohara, P. T. (2013). Satellite
glial cell proliferation in the trigeminal ganglia after chronic constriction injury
of the infraorbital nerve. Glia 61, 2000-2008. doi: 10.1002/glia.22571

Duraikannu, A., Krishnan, A., Chandrasekhar, A., and Zochodne, D. W. (2019).
Beyond trophic factors: exploiting the intrinsic regenerative properties of adult
neurons. Front. Cell. Neurosci. 13:128. doi: 10.3389/fncel.2019.00128

Elson, K., Simmons, A., and Speck, P. (2004). Satellite cell proliferation in murine
sensory ganglia in response to scarification of the skin. Glia 45, 105-109. doi:
10.1002/glia.10294

Faroni, A., Mobasseri, S. A., Kingham, P. J., and Reid, A. J. (2015). Peripheral nerve
regeneration: experimental strategies and future perspectives. Adv. Drug Deliv.
Rev. 82-83, 160-167. doi: 10.1016/j.addr.2014.11.010

Fitzgerald, M., and McKelvey, R. (2016). Nerve injury and neuropathic pain - a
question of age. Exp. Neurol. 275(Pt 2), 296-302. doi: 10.1016/j.expneurol.2015.
07.013

Fontana, X., Hristova, M., Da Costa, C., Patodia, S., Thei, L., Spencer-Dene, B., et al.
(2012). c-Jun in Schwann cells promotes axonal regeneration and motoneuron
survival via paracrine signaling. J. Cell Biol. 198, 127-141. doi: 10.1083/jcb.
201205025

Giaid, A., Gibson, S.J., Ibrahim, B. N., Legon, S., Bloom, S. R., Yanagisawa, M., et al.
(1989). Endothelin 1, an endothelium-derived peptide, is expressed in neurons
of the human spinal cord and dorsal root ganglia. Proc. Natl. Acad. Sci. U.S.A.
86, 7634-7638. doi: 10.1073/pnas.86.19.7634

Gomez-Sanchez, A.-J., Carty, L., Iruarrizaga-Lejarreta, M., Palomo-Irigoyen,
M., Varela-Rey, M., Griffith, M., et al. (2015). Schwann cell autophagy,
myelinophagy, initiates myelin clearance from injured nerves. J. Cell Biol. 210,
153-168. doi: 10.1083/jcb.201503019

Gordon, T., and Borschel, G. H. (2017). The use of the rat as a model for studying
peripheral nerve regeneration and sprouting after complete and partial nerve
injuries. Exp. Neurol. 287, 331-347. doi: 10.1016/j.expneurol.2016.01.014

Goto, T., Iwai, H., Kuramoto, E., and Yamanaka, A. (2017). Neuropeptides and
ATP signaling in the trigeminal ganglion. Jpn. Dent. Sci. Rev. 53, 117-124.
doi: 10.1016/j.jdsr.2017.01.003

Gourine, A. V., Poputnikov, D. M., Zhernosek, N., Melenchuk, E. V., Gerstberger,
R., Spyer, K. M, et al. (2005). P2 receptor blockade attenuates fever and cytokine
responses induced by lipopolysaccharide in rats. Br. J. Pharmacol. 146, 139-145.
doi: 10.1038/s].bjp.0706287

Hanani, H. T. M., Cherkas, P. S., Ledda, M., and Pannese, E. (2002). Glial cell
plasticity in sensory ganglia induced by nerve damage. Neuroscience 114,
279-283. doi: 10.1016/50306-4522(02)00279-8

Hanani, M. (2005). Satellite glial cells in sensory ganglia: from form to function.
Brain Res. Brain Res. Rev. 48, 457-476. doi: 10.1016/j.brainresrev.2004.09.001

Hanani, M. (2010). Satellite glial cells: more than just 'rings around the neuron’.
Neuron Glia Biol. 6, 1-2. doi: 10.1017/s1740925x10000104

Hanani, M. (2012). Intercellular communication in sensory ganglia by purinergic
receptors and gap junctions: implications for chronic pain. Brain Res. 1487,
183-191. doi: 10.1016/j.brainres.2012.03.070

Hanani, M. (2015). Role of satellite glial cells in gastrointestinal pain. Front. Cell.
Neurosci. 9:412. doi: 10.3389/fncel.2015.00412

Hanani, M., Blum, E., Liu, S., Peng, L., and Liang, S. (2014). Satellite glial cells in
dorsal root ganglia are activated in streptozotocin-treated rodents. J. Cell Mol.
Med. 18, 2367-2371. doi: 10.1111/jcmm.12406

Harada, Y., Kato, Y., Miyaji, T., Omote, H., Moriyama, Y., and Hiasa, M.
(2018). Vesicular nucleotide transporter mediates ATP release and migration
in neutrophils. J. Biol. Chem. 293, 3770-3779. doi: 10.1074/jbc.M117.81
0168

Isaacman-Beck, J., Schneider, V., Franzini-Armstrong, C., and Granato, M.
(2015). The 1h3 glycosyltransferase directs target-selective peripheral nerve
regeneration. Neuron 88, 691-703. doi: 10.1016/j.neuron.2015.10.004

Jessen, K. R., Mirsky, R., and Lloyd, A. C. (2015). Schwann cells: development and
role in nerve repair. Cold Spring Harb. Perspect. Biol. 7:a020487. doi: 10.1101/
cshperspect.a020487

Jiang, L. H., Mackenzie, A. B., North, R. A, and Surprenant, A. (2000). Brilliant
Blue G selectively blocks ATP-Gated rat P2X7 receptors. Mol. Pharmacol. 58,
82-88. doi: 10.1124/mol.58.1.82

Kang, H., Tian, L., Mikesh, M., Lichtman, J. W., and Thompson, W. J. (2014).
Terminal Schwann cells participate in neuromuscular synapse remodeling
during reinnervation following nerve injury. J. Neurosci. 34, 6323-6333. doi:
10.1523/JNEUROSCI.4673-13.2014

Karadottir, R., Cavelier, P., Bergersen, L. H., and Attwell, D. (2005). NMDA
receptors are expressed in oligodendrocytes and activated in ischaemia. Nature
438, 1162-1166. doi: 10.1038/nature04302

Kim, S. H., Nam, J. S., Choi, D. K., Koh, W. W,, Suh, J. H,, Song, J. G, et al.
(2011). Tumor necrosis factor-alpha and apoptosis following spinal nerve
ligation injury in rats. Korean J. Pain 24, 185-190. doi: 10.3344/kjp.2011.24.
4.185

Kovacic, U., Zele, T., Osredkar, J., Sketelj, J., and Bajrovic, F. F. (2004). Sex-related
differences in the regeneration of sensory axons and recovery of nociception
after peripheral nerve crush in the rat. Exp. Neurol. 189, 94-104. doi: 10.1016/
j.expneurol.2004.05.015

Kung, L. H., Gong, K., Adedoyin, M., Ng, J., Bhargava, A., Ohara, P. T., et al. (2013).
Evidence for glutamate as a neuroglial transmitter within sensory ganglia. PLoS
One 8:¢68312. doi: 10.1371/journal.pone.0068312

Kushnir, R., Cherkas, P. S., and Hanani, M. (2011). Peripheral inflammation
upregulates P2X receptor expression in satellite glial cells of mouse trigeminal
ganglia: a calcium imaging study. Neuropharmacology 61, 739-746. doi: 10.
1016/j.neuropharm.2011.05.019

Li, Q., Chen, J., Chen, Y., Cong, X., and Chen, Z. (2016). Chronic sciatic nerve
compression induces fibrosis in dorsal root ganglia. Mol. Med. Rep. 13, 2393
2400. doi: 10.3892/mmr.2016.4810

Ma, L., and Tessier-Lavigne, M. (2007). Dual branch-promoting and branch-
repelling actions of Slit/Robo signaling on peripheral and central branches of
developing sensory axons. J. Neurosci. 27, 6843-6851. doi: 10.1523/jneurosci.
1479-07.2007

Mahar, M., and Cavalli, V. (2018). Intrinsic mechanisms of neuronal axon
regeneration. Nat. Rev. Neurosci. 19, 323-337. doi: 10.1038/s41583-018-0001-8

Menéndez-Méndez, A., Diaz-Hernandez, J. I, and Miras-Portugal, M. T. (2015).
The vesicular nucleotide transporter (VNUT) is involved in the extracellular
ATP effect on neuronal differentiation. Purinergic Signal. 11, 239-249. doi:
10.1007/s11302-015-9449-4

Micu, L, Jiang, Q., Coderre, E., Ridsdale, A., Zhang, L., Woulfe, J., et al. (2006).
NMDA receptors mediate calcium accumulation in myelin during chemical
ischaemia. Nature 439, 988-992. doi: 10.1038/nature04474

Milner, L. A., and Burnstock, G. P. (2000). Endothelin immunoreactivity and
mRNA expression in sensory and sympathetic neurones following selective
denervation. Int. J. Dev. Neurosci. 18, 727-734. doi: 10.1016/s0736-5748(00)
00054-x

Nadeau, J. R., Wilson-Gerwing, T. D., and Verge, V. M. (2014). Induction of a
reactive state in perineuronal satellite glial cells akin to that produced by nerve
injury is linked to the level of p75NTR expression in adult sensory neurons. Glia
62, 763-777. doi: 10.1002/glia.22640

Nave, K. A,, and Trapp, B. D. (2008). Axon-glial signaling and the glial support of
axon function. Annu. Rev. Neurosci. 31, 535-561. doi: 10.1146/annurev.neuro.
30.051606.094309

Frontiers in Cellular Neuroscience | www.frontiersin.org

September 2019 | Volume 13 | Article 420


https://doi.org/10.1113/jphysiol.2013.269837
https://doi.org/10.1113/jphysiol.2013.269837
https://doi.org/10.1186/1744-8069-8-9
https://doi.org/10.1002/ar.22419
https://doi.org/10.1016/j.mcn.2015.05.001
https://doi.org/10.1124/pr.110.003129
https://doi.org/10.1523/JNEUROSCI.2429-08.2008
https://doi.org/10.1002/glia.22571
https://doi.org/10.3389/fncel.2019.00128
https://doi.org/10.1002/glia.10294
https://doi.org/10.1002/glia.10294
https://doi.org/10.1016/j.addr.2014.11.010
https://doi.org/10.1016/j.expneurol.2015.07.013
https://doi.org/10.1016/j.expneurol.2015.07.013
https://doi.org/10.1083/jcb.201205025
https://doi.org/10.1083/jcb.201205025
https://doi.org/10.1073/pnas.86.19.7634
https://doi.org/10.1083/jcb.201503019
https://doi.org/10.1016/j.expneurol.2016.01.014
https://doi.org/10.1016/j.jdsr.2017.01.003
https://doi.org/10.1038/sj.bjp.0706287
https://doi.org/10.1016/s0306-4522(02)00279-8
https://doi.org/10.1016/j.brainresrev.2004.09.001
https://doi.org/10.1017/s1740925x10000104
https://doi.org/10.1016/j.brainres.2012.03.070
https://doi.org/10.3389/fncel.2015.00412
https://doi.org/10.1111/jcmm.12406
https://doi.org/10.1074/jbc.M117.810168
https://doi.org/10.1074/jbc.M117.810168
https://doi.org/10.1016/j.neuron.2015.10.004
https://doi.org/10.1101/cshperspect.a020487
https://doi.org/10.1101/cshperspect.a020487
https://doi.org/10.1124/mol.58.1.82
https://doi.org/10.1523/JNEUROSCI.4673-13.2014
https://doi.org/10.1523/JNEUROSCI.4673-13.2014
https://doi.org/10.1038/nature04302
https://doi.org/10.3344/kjp.2011.24.4.185
https://doi.org/10.3344/kjp.2011.24.4.185
https://doi.org/10.1016/j.expneurol.2004.05.015
https://doi.org/10.1016/j.expneurol.2004.05.015
https://doi.org/10.1371/journal.pone.0068312
https://doi.org/10.1016/j.neuropharm.2011.05.019
https://doi.org/10.1016/j.neuropharm.2011.05.019
https://doi.org/10.3892/mmr.2016.4810
https://doi.org/10.1523/jneurosci.1479-07.2007
https://doi.org/10.1523/jneurosci.1479-07.2007
https://doi.org/10.1038/s41583-018-0001-8
https://doi.org/10.1007/s11302-015-9449-4
https://doi.org/10.1007/s11302-015-9449-4
https://doi.org/10.1038/nature04474
https://doi.org/10.1016/s0736-5748(00)00054-x
https://doi.org/10.1016/s0736-5748(00)00054-x
https://doi.org/10.1002/glia.22640
https://doi.org/10.1146/annurev.neuro.30.051606.094309
https://doi.org/10.1146/annurev.neuro.30.051606.094309
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Zhang et al.

Slit1 Expression Mechanism in SGCs

Painter, M. W, Brosius Lutz, A., Cheng, Y. C., Latremoliere, A., Duong, K., Miller,
C. M,, et al. (2014). Diminished Schwann cell repair responses underlie age-
associated impaired axonal regeneration. Neuron 83, 331-343. doi: 10.1016/j.
neuron.2014.06.016

Parrinello, S., Napoli, I, Ribeiro, S., Wingfield Digby, P., Fedorova, M., Parkinson,
D. B, et al. (2010). EphB signaling directs peripheral nerve regeneration
through Sox2-dependent Schwann cell sorting. Cell 143, 145-155. doi: 10.1016/
j.cell.2010.08.039

Pellegrino, C., Gubkina, O., Schaefer, M., Becq, H., Ludwig, A., Mukhtarov,
M., et al. (2011). Knocking down of the KCC2 in rat hippocampal neurons
increases intracellular chloride concentration and compromises neuronal
survival. . Physiol. 589, 2475-2496. doi: 10.1113/jphysiol.2010.203703

Pérez de Lara, M. J., Guzmén-Aranguez, A., de la Villa, P., Diaz-Hernandez, J. I,
Miras-Portugal, M. T., and Pintor, J. (2015). Increased levels of extracellular
ATP in glaucomatous retinas: possible role of the vesicular nucleotide
transporter during the development of the pathology. Mol. Vis. 21, 1060-1070.

Remy, M., Thaler, S., Schumann, R. G., May, C. A., Fiedorowicz, M., Schuettauf, F.,
et al. (2008). An in vivo evaluation of Brilliant Blue G in animals and humans.
Br. J. Ophthalmol. 92, 1142-1147. doi: 10.1136/bjo.2008.138164

Rosenberg, A. F., Isaacman-Beck, J., Franzini-Armstrong, C., and Granato, M.
(2014). Schwann cells and deleted in colorectal carcinoma direct regenerating
motor axons towards their original path. J. Neurosci. 34, 14668-14681. doi:
10.1523/J]NEUROSCI.2007-14.2014

Ryu, J. K., and McLarnon, J. G. (2008). Block of purinergic P2X(7) receptor is
neuroprotective in an animal model of Alzheimer’s disease. Neuroreport 19,
1715-1719. doi: 10.1097/WNR.0b013e3283179333

Salter, M. G., and Fern, R. (2005). NMDA receptors are expressed in developing
oligodendrocyte processes and mediate injury. Nature 438, 1167-1171. doi:
10.1038/nature04301

Sanna, M. D., Ghelardini, C., and Galeotti, N. (2017). HuD-mediated distinct
BDNF regulatory pathways promote regeneration after nerve injury. Brain Res.
1659, 55-63. doi: 10.1016/j.brainres.2017.01.019

Sawada, K., Echigo, N., Juge, N., Miyaji, T., Otsuka, M., Omote, H., et al. (2008).
Identification of a vesicular nucleotide transporter. Proc. Natl. Acad. Sci. U.S.A.
105, 5683-5686.

Scheib, J., and Hoke, A. (2013). Advances in peripheral nerve regeneration. Nat.
Rev. Neurol. 9, 668-676. doi: 10.1038/nrneurol.2013.227

Sebert, M. E., and Shooter, E. M. (1993). Expression of mRNA for neurotrophic
factors and their receptors in the rat dorsal root ganglion and sciatic nerve
following nerve injury. J. Neurosci. Res. 36, 357-367. doi: 10.1002/jnr.
490360402

Seijffers, R., Allchorne, A. J., and Woolf, C. J. (2006). The transcription factor
ATF-3 promotes neurite outgrowth. Mol. Cell. Neurosci. 32, 143-154. doi:
10.1016/j.mcn.2006.03.005

Sforna, L., Franciolini, F., and Catacuzzeno, L. (2019). Ca(2+) -dependent and
Ca(2+) -independent somatic release from trigeminal neurons. J. Cell. Physiol.
234, 10977-10989. doi: 10.1002/jcp.27901

Sluyter, R. (2017). The P2X7 receptor. Adv. Exp. Med. Biol. 1051, 17-53.

Song, J., Ying, Y., Wang, W., Liu, X,, Xu, X., Wei, X,, et al. (2018). The role
of P2X7R/ERK signaling in dorsal root ganglia satellite glial cells in the
development of chronic postsurgical pain induced by skin/muscle incision and
retraction (SMIR). Brain Behav. Immun. 69, 180-189. doi: 10.1016/j.bbi.2017.
11.011

Stoll, M. H. G. (1999). Nerve injury, axonal degeneration, and neural regeneration:
basic insights. Brain Pathol. 9, 313-325. doi: 10.1111/j.1750-3639.1999.tb00
229.x

Suadicani, S. O., Cherkas, P. S., Zuckerman, J., Smith, D. N., Spray, D. C., and
Hanani, M. (2010). Bidirectional calcium signaling between satellite glial cells
and neurons in cultured mouse trigeminal ganglia. Neuron Glia Biol. 6, 43-51.
doi: 10.1017/51740925X09990408

Tajdaran, K., Chan, K., Gordon, T., and Borschel, G. H. (2018). Matrices, scaffolds,
and carriers for protein and molecule delivery in peripheral nerve regeneration.
Exp. Neurol. 319:112817. doi: 10.1016/j.expneurol.2018.08.014

Vogelaar, C. F., Vrinten, D. H., Hoekman, M. F., Brakkee, J. H., Burbach,
J. P., and Hamers, F. P. (2004). Sciatic nerve regeneration in mice and rats:
recovery of sensory innervation is followed by a slowly retreating neuropathic
pain-like syndrome. Brain Res. 1027, 67-72. doi: 10.1016/j.brainres.2004.
08.036

Wang, F., Xiang, H., Fischer, G., Liu, Z., Dupont, M. J., Hogan, Q. H., et al. (2016).
HMG-CoA synthase isoenzymes 1 and 2 localize to satellite glial cells in dorsal
root ganglia and are differentially regulated by peripheral nerve injury. Brain
Res. 1652, 62-70. doi: 10.1016/j.brainres.2016.09.032

Wood, M. D., Kemp, S. W., Weber, C., Borschel, G. H., and Gordon, T. (2011).
Outcome measures of peripheral nerve regeneration. Ann. Anat. 193, 321-333.
doi: 10.1016/j.aanat.2011.04.008

Wu, J. R,, Chen, H,, Yao, Y. Y., Zhang, M. M., Jiang, K., Zhou, B., et al. (2017). Local
injection to sciatic nerve of dexmedetomidine reduces pain behaviors, SGCs
activation, NGF expression and sympathetic sprouting in CCI rats. Brain Res.
Bull. 132, 118-128. doi: 10.1016/j.brainresbull.2017.04.016

Yegutkin, G. G. (2008). Nucleotide- and nucleoside-converting ectoenzymes:
important modulators of purinergic signalling cascade. Biochim. Biophys. Acta
1783, 673-694. doi: 10.1016/j.bbamcr.2008.01.024

Yi, X. N, Zheng, L. F,, Zhang, ]. W., Zhang, L. Z., Xu, Y. Z,, Luo, G., et al. (2006).
Dynamic changes in Robo2 and Slit1 expression in adult rat dorsal root ganglion
and sciatic nerve after peripheral and central axonal injury. Neurosci. Res. 56,
314-321. doi: 10.1016/j.neures.2006.07.014

Yuri, H., Kato, O., and Miyaji, T. (2013). Inhibitors of ATP release inhibit vesicular
nucleotide transporter. Biol. Pharm. Bull. 36, 1688-1691. doi: 10.1248/bpb.b13-
00544

Zhang, H., Mei, X., Zhang, P., Ma, C., White, F. A, Donnelly, D. F,, et al. (2009).
Altered functional properties of satellite glial cells in compressed spinal ganglia.
Glia 57, 1588-1599. doi: 10.1002/glia.20872

Zhang, H. Y., Zheng, L. F., Yi, X. N, Chen, Z. B., He, Z. P, Zhao, D., et al. (2010).
Slit] promotes regenerative neurite outgrowth of adult dorsal root ganglion
neurons in vitro via binding to the Robo receptor. J. Chem. Neuroanat. 39,
256-261. doi: 10.1016/j.jchemneu.2010.02.001

Zhang, X., Chen, Y., Wang, C., and Huang, L. Y. (2007). Neuronal somatic
ATP release triggers neuron-satellite glial cell communication in dorsal root
ganglia. Proc. Natl. Acad. Sci. U.S.A. 104, 9864-9869. doi: 10.1073/pnas.061104
8104

Zhang, X. F., Han, P., Faltynek, C. R, Jarvis, M. F., and Shieh, C. C. (2005).
Functional expression of P2X7 receptors in non-neuronal cells of rat dorsal root
ganglia. Brain Res. 1052, 63-70. doi: 10.1016/j.brainres.2005.06.022

Zou, Y., Xu, F., Tang, Z., Zhong, T., Cao, J., Guo, Q., et al. (2016). Distinct calcitonin
gene-related peptide expression pattern in primary afferents contribute to
different neuropathic symptoms following chronic constriction or crush
injuries to the rat sciatic nerve. Mol. Pain 12:1744806916681566. doi: 10.1177/
1744806916681566

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Zhang, Zhao, Shen, Zhang, Ren, Ma, He, Kang, Wang, Dong, Sun,
Liu and Yi. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org

September 2019 | Volume 13 | Article 420


https://doi.org/10.1016/j.neuron.2014.06.016
https://doi.org/10.1016/j.neuron.2014.06.016
https://doi.org/10.1016/j.cell.2010.08.039
https://doi.org/10.1016/j.cell.2010.08.039
https://doi.org/10.1113/jphysiol.2010.203703
https://doi.org/10.1136/bjo.2008.138164
https://doi.org/10.1523/JNEUROSCI.2007-14.2014
https://doi.org/10.1523/JNEUROSCI.2007-14.2014
https://doi.org/10.1097/WNR.0b013e3283179333
https://doi.org/10.1038/nature04301
https://doi.org/10.1038/nature04301
https://doi.org/10.1016/j.brainres.2017.01.019
https://doi.org/10.1038/nrneurol.2013.227
https://doi.org/10.1002/jnr.490360402
https://doi.org/10.1002/jnr.490360402
https://doi.org/10.1016/j.mcn.2006.03.005
https://doi.org/10.1016/j.mcn.2006.03.005
https://doi.org/10.1002/jcp.27901
https://doi.org/10.1016/j.bbi.2017.11.011
https://doi.org/10.1016/j.bbi.2017.11.011
https://doi.org/10.1111/j.1750-3639.1999.tb00229.x
https://doi.org/10.1111/j.1750-3639.1999.tb00229.x
https://doi.org/10.1017/S1740925X09990408
https://doi.org/10.1016/j.expneurol.2018.08.014
https://doi.org/10.1016/j.brainres.2004.08.036
https://doi.org/10.1016/j.brainres.2004.08.036
https://doi.org/10.1016/j.brainres.2016.09.032
https://doi.org/10.1016/j.aanat.2011.04.008
https://doi.org/10.1016/j.brainresbull.2017.04.016
https://doi.org/10.1016/j.bbamcr.2008.01.024
https://doi.org/10.1016/j.neures.2006.07.014
https://doi.org/10.1248/bpb.b13-00544
https://doi.org/10.1248/bpb.b13-00544
https://doi.org/10.1002/glia.20872
https://doi.org/10.1016/j.jchemneu.2010.02.001
https://doi.org/10.1073/pnas.0611048104
https://doi.org/10.1073/pnas.0611048104
https://doi.org/10.1016/j.brainres.2005.06.022
https://doi.org/10.1177/1744806916681566
https://doi.org/10.1177/1744806916681566
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	The ATP-P2X7 Signaling Pathway Participates in the Regulation of Slit1 Expression in Satellite Glial Cells
	Introduction
	Results
	Expression of Slit1 in Intact DRG Neurons and SGCs in vivo and in vitro
	Neural Trunk Injury Can Up-Regulate the Expression of Slit1 in DRG Neurons and SGCs
	A Neuronal Damage Signal Can Induce Up-Regulation of Slit1 Expression in SGCs in the Structural Unit
	Contact of Neuronal Soma With SGCs Induces the Expression of Slit1
	Damage Signaling Induces an Increase in VNUT in DRG Neurons
	After Inhibiting the P2X7 Receptor, the Expression of VNUT Increased, While the Expression of Slit1 in SGCs Decreased

	Discussion
	Conclusion
	Materials and Methods
	Animals
	Surgeries, FG Injection, Brilliant Blue G (BBG) Intraperitoneal Injection, Tissue Preparation and Sectioning
	DRG Cell Culture
	Western Blotting
	Immunohistochemistry
	Immunocytochemistry
	Semi-Quantitative Analysis of the Immunofluorescence Images
	Neuron Counting
	Statistical Analysis

	Data Availability
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


