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ARTICLE INFO ABSTRACT

Spinal cord injury (SCI) is a serious central nervous system (CNS) trauma that results in permanent and severe
disability. The extracellular matrix (ECM) can affect the activation of extracellular signal-regulated kinase 1/2
ERK (ERK; ) by interacting with the ERK integrin subunits. In this study, we built a model of SCI with glial fibrillary
Extracellular matrix acidic protein-green fluorescent protein (GFAP-GFP) and thymus cell antigen 1-yellow fluorescent protein-H
Is\/iitrlx metalloproteinases (Thy1-YFPH) in mice that express specific transgenes in their astrocytes or neurons. Then, we collected spinal

cord neurons or astrocytes by fluorescence-activated cell sorting (FACS). In this way, we investigated the SCI-
induced phosphorylation of ERK; » and epidermal growth factor receptor (EGFR) in neurons and astrocytes, and
we discovered that the SCI-induced EGFR signaling pathways differed between neurons and astrocytes. In the
present study, we found that the Src-dependent phosphorylation of EGFR induced by SCI occurred only in
neurons, not in astrocytes. This phenomenon may be due to the involvement of Thy-1, which promoted the
binding between Src and EGFR in neurons after SCI. In addition, the expression of the integrin subunits after SCI
differed between neurons and astrocytes. Our present study shows that the EGFR signaling pathway triggered by
SCI in neurons differed from the EGFR signaling pathway triggered in astrocytes, a finding that may help to pave
the way for clinical trials of therapies that inhibit EGFR signaling pathways after SCI.
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1. Introduction for regulating crucial functions, such as neuronal and glial cell motility,

proliferation, and differentiation, by interacting with integrins (Novak

Spinal cord injury (SCI) is a serious central nervous system (CNS)
trauma that results in permanent and severe disability (Profyris et al.,
2004). Crushing injury to the spinal cord is a commonly seen in the
clinic and can occur subsequent to traumatic vertebral fracture, inter-
vertebral disk herniation, hematoma, or neoplasia (Sheng et al., 2004).
The extracellular matrix (ECM) environment of the CNS is responsible

and Kaye, 2000; Kearns et al., 2003; Flanagan et al., 2006; Andressen
et al., 2005; Kopp et al., 2010). SCI initiates reactive tissue remodeling,
including glial scarring, which results from ECM deposition that in-
cludes collagen types I, III, and IV; laminin; and fibronectin (Kaneko
et al., 2006; Niclou et al., 2006; Schwab et al., 2005a,b). Schachtrup
et al. found that the fibrinogen deposited in the spinal cord after

Abbreviations: SCI, spinal cord injury; CNS, central nervous system; ECM, extracellular matrix; ERK; », extracellular signal-regulated kinases 1/2; FACS, fluores-
cence-activated cell sorting; EGFR, epidermal growth factor receptor; MMPs, matrix metalloproteinases; BSA, bovine serum albumin; PAGE, polyacrylamide gel
electrophoresis; ANOVA, analysis of variance; HB-EGF, heparin-binding EGF; FAK, focal adhesion kinase; MAPK, mitogen-activated protein kinase; CSPGs, chon-
droitin sulfate proteoglycans; Thy-1, thymus cell antigen 1; DNQX, 6,7-dinitroquinoxaline-2,3(1H,4H)-dione; APV, DL-2-amino-5-phosphonopentanoic acid; PP1, 4-
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traumatic injury blocked neurite outgrowth in neurons (Schachtrup
et al., 2007). Fibrinogen, an acute-phase reactant, is secreted by he-
patocytes in the liver, is present in the blood and can be leaked into the
CNS after traumatic injury accompanied by vascular damage or in
conjunction with a compromised blood-brain barrier (BBB)
(Schachtrup et al., 2007).

Integrins constitute a class of cell adhesion molecules that regulate
interactions between a cell and its surrounding matrix (Hynes, 1992). In
many cell types, integrins participate in signaling events (Hynes, 2002;
Delon and Brown, 2007; Robles and Gomez, 2006), thus controlling
gene expression (Hynes, 1992; Ekstrom et al., 2003), the cell cycle
(Watt, 2002), and apoptosis (Matter and Ruoslahti, 2001). The presence
of al, a2, a3, a4, a5, a6, a7, f1, and B3 integrin subunits has been
documented in neurons (Perez-Martinez and Jaworski, 2005; Dana
et al., 2004; Leclere et al., 2007; Gardiner et al., 2005, 2007). Different
combinations of a and 3 subunits give rise to multiple ECM receptors,
whose expression is considerably cell type specific (Hynes, 1992). Some
of the functions of these subunits have also been proven, and the in-
tegrin subunits are critical for interactions with collagens (integrin
alPl subunit), fibronectin (integrin a5B1 subunit), laminin-10/11
(integrin a3B1 subunit) and laminin-1 (integrin a6l subunit)
(Mruthyunjaya et al., 2010; Gilchrist et al., 2007). The release of the
ECM after stimulation by SCI affects glial scar formation (Okuda et al.,
2017) and neurite growth (Duchossoy et al., 2001). Thymus cell antigen
1 (Thy-1), which is a cellular marker for identifying neurons, can bind
laminin and fibronectin (Liési et al., 1990).

Recently, various studies have clearly shown that SCI can induce the
phosphorylation or expression of extracellular signal-regulated kinase
1/2 (ERKj /5) in neurons or glial cells (Lu et al., 2010; Gao and Ji, 2009;
Esposito et al., 2009; Xia et al., 2010). Moreover, some components of
the ECM (such as fibronectin and laminin-1) can regulate the activation
of the ERK signaling pathways by interacting with integrins (Cui et al.,
2006; Lee et al., 2006; Jin et al., 2011; Mendes et al.,, 2010;
Mruthyunjaya et al., 2010; Woods et al., 2001). We previously reported
that fibronectin stimulates the activation of ERK;,, and triggers the
proliferation of spinal cord astrocytes via integrin a531 in vitro (Xia and
Zhu, 2014). Our previous research and other studies have demonstrated
that the ERK signaling pathway can control the specific expression of
individual integrin subunits in a variety of cell lines (Xia and Zhu,
2011a,b; Woods et al., 2001; Villa-Garcia et al., 1994; Kang et al.,
1999). However, whether the stimulation from the SCI could further
regulate the expression of integrin subunits remains unknown. The in
vivo effects of spinal cord injuries on separated neurons and astrocytes
also remain unclear, particularly with respect to cell signaling path-
ways. Analyzing the respective effects of fibronectin induced by SCI on
neurons and astrocytes is beneficial for discussing the therapeutic po-
tential for spinal cord repair.

In this study, after building models of SCI in FVB/NTg(GFAP-GFP)
14Mes/J or B6.Cg-Tg(Thyl-YFPH)2Jrs/J mice, we separated the as-
trocytes or the neurons by fluorescence-activated cell sorting (FACS)
and tested the different signaling pathways induced by the SCI in the
neurons and astrocytes. First, we investigated whether the SCI-induced
activation of ERKj ,, and epidermal growth factor receptor (EGFR) de-
pended on different signaling pathways in the neurons and astrocytes.
Then, we showed that the increased expression of integrin subunits
differs between neurons and astrocytes. In addition, the phosphoryla-
tion of ERK;,, affected the SCI-induced upregulation of integrin sub-
units.

2. Materials and methods
2.1. Materials
The chemicals used for preparing media and most other chemicals

were purchased from Sigma (St. Louis, MO, USA). PP1 (4-amino-5-(4-
methylphenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine), U0126 (1,4-
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Fig. 1. SCI induced ERK phosphorylation in the separated neurons and astro-
cytes. The Thyl-YFPH or GFAP-GFP mice were pretreated with or without the
SCI operation for 3 days, and neurons and astrocytes were separated by FACS.
(A) Immunoblot from a representative experiment. Similar results were ob-
tained from six independent experiments (cells from 3 mice were mixed as one
sample, and six samples were collected independently for each group). The
average ERK phosphorylation was quantitated as the ratio between p-ERK; and
ERK; as well as between p-ERK, and ERK, and plotted as a function of SCI (B).
The S.E.M. values are indicated by vertical bars, n = 6. *Indicates a statistically
significant (P < 0.05) difference compared with the sham group for ERK; and
ERK..

diamino-2,3-dicyano- 1,4-bis[2- aminophenylthio]butadiene), FN-439
(4-aminobenzoyl-Gly-Pro-D-Leu-D-Ala-NH- OH), and PD168393 (4-[(3-
bromophenyl)amino]-6-acrylamidoquinazoline) were from Calbiochem
(Darmstadt, Germany). For western blotting, the primary antibodies
used against integrin al, a2, a3, a5, a6, 1, and (3; B-actin; and
phosphorylated ERK; » and ERK; » and the secondary goat anti-rabbit
or goat anti-mouse IgG HRP-conjugated antibodies were all purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). For im-
munoprecipitation, the primary antibodies against integrin al, a2, a3,
a5, a6, B1, and B1, as well as the protein G agarose bead slurry, were
all purchased from Upstate Biotechnology (Lake Placid, NY, USA). The
primary antibodies against EGFR and Src were purchased from Cell
Signaling Technology (Danvers, MA, USA), and Thy-1 was purchased
from Abcam (Cambridge, MA, USA).

2.2. Animals

As described previously (Xia et al., 2017, 2018), B6.Cg-Tg(Thy1l-
YFP)HJrs/J and FVB/N-Tg(GFAP-GFP)14Mes/J mice were all pur-
chased from the Jackson Laboratory (Bar Harbor, ME, USA). The male
mice were selected at an age of approximately 3 months (~25g) and
were kept in standard housing conditions (22 + 1°C with a light/dark
cycle of 12h/12h) with food and water available ad libitum. All op-
erations were performed in accordance with the US National Institutes
of Health Guide for the Care and Use of Laboratory Animals (NIH
Publication No. 8023) and its 1978 revision, and all experimental
protocols were approved by the Institutional Animal Care and Use
Committee of China Medical University, No. [2019]059.

2.3. Spinal cord injury

As described previously (Kuhn and Wrathall, 1998; Erschbamer
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et al., 2007; Lytle and Wrathall, 2007), surgery was performed on
transgenic mice that were 10-12 weeks of age. The mice were an-
esthetized by inhalation of halothane, and a laminectomy was per-
formed at thoracic level 8-9 to expose the dura. The spinal column was
stabilized on the lateral processes at T7 and T10. A contusion was
produced by dropping a 10 g weight (rod diameter of 2 mm) on the
exposed dura from a height of 1.25 cm. The muscle was sutured, and
the skin was closed with wound clips. Sham animals underwent the
same surgical procedures except for the SCI, and the surgical incision
was sutured. The animals were subsequently injected subcutaneously
with 2mL of saline in the hip area. The animals were placed under a
heat lamp during recovery and kept in standard housing conditions.
The mouse bladders were manually voided twice a day until the mice
recovered normal bladder function. The food and water were arranged
near the mice to food and water available ad libitum. After 3 days, the
mice were executed and the tissues of spinal cord from T1 to L5 section
were collected for the subsequent measurements.

2.4. Intrathecal injection

All intrathecal injections with 5pl of drugs were performed in the
L5-L6 intervertebral space via a modified direct lumbar puncture under
halothane anesthesia as described previously (Kim et al., 2010). To test
the phosphorylation of ERK;,», 0.5 ng/mouse PD168393 (a selective
inhibitor of EGFR tyrosine kinase), 20 pg/mouse FN-439 (a broad-
spectrum matrix metalloproteinase [MMP] inhibitor) (Brown et al.,
2007), 0.001 pg/mouse PP1 (a Src family tyrosine kinase inhibitor) (Lee
et al., 2003) or 10 ug/mouse echistatin (an integrin avp1 inhibitor) was

Astrocyte

administered 1h before the SCI procedures. To determine the expres-
sion of the integrin subunits, 2 pg/mouse U0126 (a specific inhibitor of
MEK; ;) was injected 1h before the injury-inducing procedures and
every day post-injury.

2.5. Fluorescence-activated cell sorting (FACS)

After the injury operation (3 days), the spinal cord tissues of the
FVB/NTg(GFAP-GFP)14Mes/J or B6.Cg-Tg(Thyl-YFPH)2Jrs/J mice
were collected from the T1 section to the L5 section. These purification
procedures are based on our previously described dissociation (Li et al.,
2012; Lundgaard et al., 2015). Three spinal cords from mice under-
going the same treatment were mixed together to create one sample,
which was immediately moved to cold Hanks buffer solution containing
3 uM 6,7-dinitroquinoxaline-2,3(1H,4H)-dione (DNQX) and 100 uM DL-
2-amino-5-phosphonopentanoic acid (APV). The spinal cord was di-
gested with 8 U/ml papain in Ca®*/Mg>"-free PIPES/cysteine buffer,
pH 7.4, for 1hat 37°C and 5% CO,. After one wash, the tissue was
further digested with 40 U/ml DNase I in Mg>*-containing MEM with
1% bovine serum albumin (BSA) for 15 min at 37 °C and 5% CO,. The
tissue was then carefully titrated in cold MEM with 1% BSA and cen-
trifuged over a 90% Percoll gradient (GE Healthcare, Piscataway, NJ) to
collect all cells below and including the lipid layer. This cell solution
was then further diluted five times with MEM containing 1% BSA and
centrifuged to create the pellet. GFP and YFP were excited by a 488 nm
laser, and the emissions were measured by 530 nm discrimination fil-
ters. The cells were sorted into cold MEM with 1% BSA. The number of
neurons or astrocytes obtained in from one sample was 5-10 X 10°.
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Fig. 3. PP1 was not required for the phosphorylation
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astrocytes were separated by FACS. (A) Immunoblot
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samples were collected independently for every
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The mRNA expression of cell-specific markers of neurons (Gabra-1,
KCC2 and Snap25), astrocytes (connexin-30, Glt-1 and Fgfr3) or oli-
godendrocytes (Mag, Mog and Mbp) was evaluated by real-time PCR in
the collected neuronal or astrocytic samples. The relative mRNA ex-
pression ratios of neuronal markers in the sorted neurons and the po-
sitive expression of astrocytic markers in the sorted astrocytes were
dramatically higher than the expression ratios of the contaminating cell
markers by approximately 30-400 times (please see Supplementary
Fig. 1).

2.6. Immunoprecipitation and western blotting

After homogenization, the protein content was determined by the
Bradford method (Bradford, 1976) using bovine serum albumin as the
standard. As described previously (Xia and Zhu, 2011a,b; Xia and Zhu,
2008; Xia and Zhu, 2011a,b), whole cell lysates (500 pug) were in-
cubated with 8 g of anti-integrin subunits, anti-EGFR or anti-Thy-1
antibody for 12 h at 4 °C. Thereafter, 200 pl of washed protein G agarose
bead slurry was added, and the mixture was incubated for another
2hat 4 °C. The agarose beads were collected by pulsing centrifugation
(5s in the microcentrifuge at 14,000 g), the supernatant was removed,
and the beads were boiled for 5 min. Thereafter, the supernatant was
collected by pulsing centrifugation, and the entire immunoprecipitate
was subjected to 10% SDS-polyacrylamide gel electrophoresis (PAGE).
After transfer to nitrocellulose membranes, the samples were blocked

with 5% skimmed milk powder in TBS-T (30 mM Tris-HCl, 125 mM
NaCl, and 0.1% Tween 20) for 1 h. The nitrocellulose membranes were
incubated with the primary antibody specific to the rabbit anti-integrin
subunits, EGFR, Thy-1 or Src at a 1:1000 dilution for 2hat room
temperature. After the membranes were washed, the specific binding
was detected by a goat anti-rabbit or goat anti-mouse horseradish
peroxidase-conjugated secondary antibody at a 1:1000 dilution.

To test the phosphorylation of ERK;,,, only western blotting was
used. After cell homogenization, the protein content was determined by
the Bradford method, and the proteins in the whole cell lysates (50 pg)
were separated via SDS-PAGE and then transferred to nitrocellulose
membranes. After blocking with 5% skimmed milk, the membrane was
incubated with primary anti-pERK;,, or anti-ERK;,, antibody at a
1:1000 dilution, and then, it was incubated with a goat anti-rabbit or
goat anti-mouse horseradish peroxidase-conjugated secondary antibody
at a 1:1000 dilution.

Staining was visualized by ECL detection reagents, followed by ex-
posure to film (Fuji Photo Film Co., Ltd., Tokyo, Japan). The results
were captured by a FluorChem imaging system (Alpha Innotech
Corporation, San Leandro, CA, USA). The band density was measured
with Windows AlphaEase™ FC 32-bit software.

2.7. Statistical analysis

The differences among multiple groups were analyzed by one-way



X. Zhao, et al.

A Neuron

Astrocyte

Neurochemistry International 129 (2019) 104500

Fig. 4. The effect of FN-439 on the phosphorylation
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cytes. FN-439 (a broad-spectrum MMP inhibitor) was
intrathecally injected into the mice of the FN-439
group and the FN-439 with injury group. The Thyl-
YFPH or GFAP-GFP mice were then pretreated with
or without SCI operation, and after 3 days, the neu-
rons and astrocytes were separated by FACS. (A)
Immunoblot from a representative experiment.
Similar results were obtained from six independent
experiments (cells from 3 mice were mixed as one
sample, and six samples were collected in-
dependently for every group). The average phos-
phorylation of EGFR and ERK was quantitated as the
following ratios: p-EGFR to EGFR (B), p-ERK; to
ERK; and p-ERK, to ERKj, and each was plotted as a
function of SCI (C). S.E.M. values are indicated by
vertical bars, n = 6. *Indicates a statistically sig-
nificant (P < 0.05) difference compared with the
control and FN-439 groups for EGFR, ERK; and
ERK,, and **indicates a statistically significant
(P < 0.05) difference compared with the sham, FN-
439 and FN-439 with SCI groups for EGFR, ERK; and
ERKo,.
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analysis of variance (ANOVA) followed by a Tukey-Kramer post hoc
multiple comparison test for unequal replications using GraphPad
Prism 5 software (GraphPad Software Inc., La Jolla, CA). All statistical
data in the text are expressed as the mean + S.E.M.; the level of sig-
nificance was set at p < 0.05.

3. Results

3.1. The SCI induced the phosphorylation of ERKj ,, in both the neurons
and astrocytes

Fig. 1 shows that the phosphorylation of ERK; > could have been
triggered by the SCI operation as determined in the neurons and as-
trocytes separated by FACS. Three days after the SCI, the levels of p-
ERK; and p-ERK, were increased by 1725 * 5.1% (n =6,
p < 0.0001) and 186.7 = 5.7% (n = 6, p < 0.0001), respectively, in
the neurons, and they were also increased by 75.9 = 4.3% (n = 6,
p < 0.0001) and 78.1 = 6.2% (n = 6, p < 0.0001), respectively, in
the astrocytes. Between 6 h and 3 days after the SCI treatment, we
measured the phosphorylation levels of ERK; /, in the sorted neurons
and astrocytes. The increased phosphorylation of ERK; ,, was triggered
starting 6 h after the SCI, and there were no significant differences in

Asfrocyte

the measurements taken at different time points (Supplementary
Fig. 2).

3.2. The activation of EGFR and ERK was induced by the integrin subunits
triggered by the SCI

In the neurons and astrocytes, the phosphorylation of both EGFR
and ERK; » was activated after stimulation by the SCI (Fig. 2). Echis-
tatin, an integrin avf1 inhibitor, significantly decreased the levels of p-
EGFR and p-ERKj ». In the neurons, the phosphorylation of EGFR in the
SCI group was 215.6% = 11.0% (n =6, p < 0.0001) of that of the
sham group, but that level was decreased to 131.1% * 7.2% (n = 6,
p = 0.0027) of that of the sham group after treatment with echistatin
(Fig. 2B). In addition, the levels of p-ERK; and p-ERK, in the echistatin-
treated group were decreased to 201.4% * 7.5% (n = 6, p < 0.0001)
and 161.3% + 8.7% (n =6, p < 0.0001) of the levels in the sham
group, respectively (Fig. 2C). Similar results were obtained in the as-
trocytes, as echistatin suppressed the SCI-induced phosphorylation of
EGFR from 217.4% + 7.7% (n = 6, p < 0.0001) to 150.2% =+ 7.3%
(n =6, p =0.0003) of the EGFR phosphorylation levels of the sham
group (Fig. 2B). Echistatin also dramatically decreased the levels of p-
ERK; and p-ERK, to 149.4% =+ 5.6% (n =6, p = 0.0005) and
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Fig. 5. The effect of PD168393 on the phosphoryla-

Sham SCI PD 168393 PD+SCI Sham SCI

p-EGFR —>» - - — | — S —

EGFR —>

p-ERK, —> o —
p-ERK, —>» ——
-
—->

ERK,
ERK,

iy
A
UB|
AN\

-

B

i
1

-
—
*

*

OSham WSCI

IS
T

Ratio of p-EGFR/EGFR
(3]

OPD 168393 m@PD+SCI

Neuron Astrocyte

a
w

OSham MSCI @PD 168393 BPD+SCI

p-ERK,/ERK, p-ERK,/ERK,

tion of EGFR and ERK in separated neurons and as-
trocytes. PD168393 (a selective inhibitor of EGFR
tyrosine kinase) was intrathecally injected into mice
of the PD168393 group and the PD168393 with in-
jury group. The Thyl-YFPH or GFAP-GFP mice were
pretreated with or without SCI operation, and after 3
days, neurons and astrocytes were separated by
FACS. (A) Immunoblot from a representative ex-
periment. Similar results were obtained from six in-
dependent experiments (cells from 3 mice were
mixed as one sample, and six samples were collected
independently for every group). The average phos-
phorylation of EGFR and ERK was quantitated as the
following ratios: p-EGFR to EGFR (B), p-ERK; to
ERK; and p-ERK, to ERKj, and each was plotted as a
function of SCI (C). The S.E.M. values are indicated
by vertical bars, n = 6. *Indicates a statistically
significant (P < 0.05) difference compared with the
control and PD168393 groups for EGFR, ERK; and
ERK,, and **indicates a statistically significant
(P < 0.05) difference compared with the sham,
PD168393 and PD168393 with SCI groups for EGFR,
ERK; and ERK,.

PD 168393 PD+SCI

Ratio of p-ERK/ERK

Neuron

Astrocyte Neuron

144.4% * 6.2% (n = 6, p = 0.0069) of those in the sham group, re-
spectively (Fig. 2C).

3.3. The signaling pathway associated with SCI-induced ERK; />
phosphorylation differed between neurons and astrocytes

In both neurons and astrocytes, the phosphorylation of EGFR could
be stimulated by the SCI (Fig. 3, Fig. 4 and Fig. 5). However, when we
injected PP1 (an inhibitor of Src family tyrosine kinases), FN-439 (an
inhibitor of MMPs) or PD168393 (an inhibitor of EGFR tyrosine kinase)
before the SCI operation, the reduction in EGFR and ERK,,, phos-
phorylation levels induced by these inhibitors differed between neurons
and astrocytes. Fig. 3A shows that PP1 partly decreased the phos-
phorylation of EGFR by 17.4 = 1.2% (n = 6, p < 0.0001) in the in-
jury group and reduced the levels of p-ERK; and p-ERK, by
36.9 £ 1.1% (m=6, p < 0.0001) and p-ERK, by 36.1 * 3.3%
(n =6, p < 0.0001) in the injury group, respectively, in neurons, but
PP1 had no significant effect on the phosphorylation of EGFR or ERK; /»
in astrocytes. We also checked the effects of PP1 on the phosphorylation
of EGFR and ERKj /; at higher concentrations (0.1 pg/mouse) and found
that it did not modulate the increased phosphorylation of EGFR and
ERK; 5 induced by the SCI in astrocytes (Supplementary Fig. 3). In
neurons, FN-439 decreased the phosphorylation of EGFR, ERK; and
ERK, by 58.3 + 2.2% (n=6, p < 0.0001), 29.2 = 1.2% (n =6,
p < 0.0001) and 31.9 = 3.1% (mn =6, p < 0.0001), respectively,

Astrocyte

compared with the phosphorylation levels in the injury group (Fig. 4).
However, FN-439 almost completely abolished the activation of EGFR
and ERK; /, in astrocytes (Fig. 4). Similar results are presented in Fig. 5
for the phosphorylation of EGFR, which was reduced to 60.6 + 1.7%
(n = 6,p < 0.0001) of EGFR phosphorylation level in the injury group
by PD168393, and the phosphorylation levels of p-ERK; and p-ERKj,
were decreased to 28.3 * 0.7% (n=6, p < 0.0001) and
32.2 £ 29% (n=6, p < 0.0001) of the phosphorylation level of
ERK; and ERK, in the injury group, respectively, in neurons; however,
PD168393 completely eliminated the phosphorylation of EGFR and
ERK; /» in astrocytes.

3.4. The formation of the Thy1-Src-EGFR complex was activated in neurons
after SCI

In the sorted neurons, we measured the level of Thy-1 linked with
Src and EGFR via immunoprecipitation. As shown in Fig. 6, the ex-
pression of Thy-1 was not dramatically changed in neurons after SCI.
However, the level of Src linked with Thy-1 was clearly increased by
68.1 + 9.1% (n = 6, p = 0.0008) after SCI compared with the sham
procedure, and the level of EGFR linked with Thy-1 or Src was elevated
by 658.3 = 7.2% (n=6, p < 0.0001) or 266.7 = 5.4% (n =6,
p < 0.0001), respectively, after SCI.
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A Neuron Fig. 6. The SCI induced the binding between Src and
Sh s EGFR via Thy-1 in sorted neurons. The Thyl-YFPH
am mice were pretreated with or without SCI operation,
and after 3 days, neurons were separated by FACS.
Thy-1 —3 S - (A) Immunoprecipitation assay was performed with
anti-Thy-1, and the western blots for Thy-1, Src,
EGFR and B-actin are shown. Immunoblot from a
Src  —3 e — representative experiment. The average level of Thy-
1 was quantitated as the ratio of Thy-1 to B-actin (B),
the average Src was calculated as the ratio of Src to
EGFR —» | — Thy-1 (C), and the average EGFR was separately
compared with Thy-1 (D) and Src (E). The S.E.M.
values are indicated by vertical bars, n = 6.
B-actin —> W S *Indicates a statistically significant (P < 0.05) dif-
ference compared with the sham group.
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3.5. The increase in the expression levels of integrin subunits after
stimulation by SCI differed between neurons and astrocytes

Fig. 7A shows that integrin subunits al, a3, a5, a6, 31 and 33 were
all increased 3 days after SCI in neurons, but only integrin a3, a6 and
B1 were elevated in astrocytes. SCI had no effect on the expression of
integrin al, a5 or B3 in astrocytes. We injected U0126 (an inhibitor of
MEKj; /») 1 h before SCI, as Fig. 7B shows, which elevated expression of
integrin a5 and completely abolished 1 expression. In addition, the
expression of integrin al, a6 and Bl was decreased by 32.9 = 3.9%
(n=6, p=0.0169), 704 * 41% ®m=6, p < 0.0001) and
63.2 + 2.8% (n = 6,p < 0.0001) in the injury group, respectively, by
U0126, but this inhibitor had no effect on the SCI-induced upregulation
of integrin a3 in neurons. In astrocytes, the expression of integrin a3
and B1 was completely eliminated by U0126, but U0126 decreased the
expression of integrin a6 by 24.8 + 4.7% (n = 6, p = 0.0345) in the
injury group.

4. Discussion

A crushing SCI causes devastating consequences, including lifelong
disability and significant economic costs (Profyris et al., 2004). The
ECM has been found to be increased in association with secondary
damage after a SCI (Koeppen, 2004; Majumdar et al., 2003). Different
ECM components, such as laminin-1 and fibronectin, can stimulate the
mitogen-activated protein kinase (MAPK)/ERK signaling pathways via
their respective integrin subunits (Schachtrup et al, 2007;
Mruthyunjaya et al., 2010; Lauro et al., 2006). Because different ECM
components have different receptors, there is no inhibitor or antagonist

that can block all ECM receptors. We used echistatin (an inhibitor of the
integrin avpl receptor) to determine whether fibronectin, a main
component of the ECM, is involved in the neuronal stimulation induced
by the SCL. The results demonstrate that the integrin av31 receptor was
a partial requirement for the phosphorylation of EGFR and ERKj ,, as
shown in Fig. 2. However, other ECM substrates have specific integrin
subunits in their receptors, and the functions of these integrin subunits
may differ because the regulatory signaling pathways through which
they function in neurons may differ from the pathways through which
they function in astrocytes.

In this study, we found that the signaling pathway of the transac-
tivated EGFR and ERK;,, as mediated by Src differed between the
neurons and astrocytes after SCI. This specific signaling pathway in the
neurons may be attributed to the effects induced by Thy-1, which
makes Thy-1 useful for identifying neurons. The activated ECM proteins
induced by the SCI, such as laminin and fibronectin, may stimulate Thy-
1 in neurons (Liési et al., 1990). Thy-1 can activate Src by associating
with the C-terminal Src kinase (Csk)-binding protein (CBP) in neurons
(Maldonado et al., 2017). Src activates the phosphorylation of EGFR in
the company of Src/EGFR (Du et al., 2010). In this study, treatment
with SCI promoted the binding between Src and EGFR through Thy-1 in
neurons. After SCI, the members of the Src kinase family, which in-
cludes c-Src, Lck, Fgr, Yes, Fyn, Hck and Lyn, PP1 effectively blocked
Src kinase activity in vitro and in vivo, and it did not discriminate be-
tween different members of this family (Bartscht et al., 2017). After SCI,
the exact members of the Src family involved in the effects of the ECM
still awaiting further determination. Furthermore, whether these other
signaling pathways or molecules that are induced by SCI have different
or completely converse functions requires further investigation, even in
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A Neuron Astrocyte Fig. 7. The protein expression of the integrin sub-
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*Indicates a statistically significant (P < 0.05) dif-
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different neuronal cells, because the activation of ERK has also been
reported in microglia after SCI, with specific involvement in in-
flammatory response (Fu et al., 2018).

In this study, individual inhibitors, e.g., PP1, FN-439 and
PD168393, did not have the same effects on neurons as they did on
astrocytes. We injected the inhibitors intrathecally, as described pre-
viously (Kim et al., 2010; Lee et al., 2007). For each inhibitor, the in-
jected dose and protocol were identical for the Thyl-YFP and GFAP-
GFP mice. After 1 h, the distribution of the inhibitors in the spinal cord
was balanced. Therefore, the different functions as observed in neurons
and astrocytes were not attributed to experimental error.

The MAPK pathway in mammals consists of ERKj /5, c-Jun N-term-
inal kinase (JNK), p38, and ERKs (Wang et al., 2019). Inflammation
stimulates the activation of the MAPK signaling system, and the phos-
phorylation levels of ERK and p38 is different in neurons than in as-
trocytes. The phosphorylation of ERK is induced in both neurons and

Integrin B1

Integrin 1

@mU0126+SCI

Integrin 33

BU0126+SCI

Integrin B3

astrocytes, but the phosphorylation of p38 is present only in neurons
(Worsley et al., 2014). However, as we previously reported, because
fibronectin promotes the proliferation of the spinal cord astrocytes by
enhancing the activation of ERKj /, in the primarily culture astrocytes of
spinal cord (Xia and Zhu, 2014), we mainly investigated the effects of
the ECM on the regulation of ERK;,, in neurons and astrocytes after
SCI. Our study also discovered differences in the transactivation of
EGFR and downstream ERK signaling pathways. We speculate that
these differences may be attributed to the effect of Thy-1, which could
promote the linkage between Src and EGFR to increase the activation of
EGFR in neurons.

The present observations also revealed the differential expression of
the integrin subunits in neurons and astrocytes. Schachtrup et al. re-
ported that fibrinogen acts as a ligand for integrin 33 and induces the
transactivation of EGFR in spinal cord neurons (Schachtrup et al.,
2007). In human cancer cells, the activation of ERK induces the
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expression of integrin a6 and (33 (Woods et al., 2001). Elevated levels of
surface integrins are associated with increased neurite outgrowth
(Condic, 2001; Wallquist et al., 2004), and increased integrin expres-
sion following neuronal injury is correlated with the successful re-
generation of peripheral neurons (Previtali et al., 2001) and with lim-
ited regeneration of central neurons after neurotrophin treatment
(Plantman et al., 2005). In this study, integrin a5p1, which was in-
hibited by echistatin, was partly involved in the effects of the ECM on
the transactivation of EGFR and ERK; ,» both in neurons and astrocytes.
In human umbilical vein endothelial cells, fibronectin induces the ex-
pression of MMP-9 by stimulating Src-mediated ERK, thereby pro-
moting the degradation of collagen and leading to a change in the ECM
structure and to angiogenesis (Jin et al., 2011).

After adhesion to the ECM, the integrin subunits in the plane of the
plasma membrane activate various protein tyrosine kinases (such as
focal adhesion kinase [FAK], Src and Abl) and serine-threonine kinases
(such as MAPK and protein kinase C) (Clark and Brugge, 1995;
Schwartz, 1997; Howe et al., 1998). The various signaling pathways of
EGFR that are induced by SCI may produce the different effects ob-
served in neurons and astrocytes. In the spinal cord, the activation of
EGFR triggers astrocytes to become reactive astrocytes (Liu et al.,
2006), and EGFR ligands stimulate the secretion of chondroitin sulfate
proteoglycans (CSPGs) (Smith and Strunz, 2005), as well as the for-
mation of cribriform astrocyte arrangements that might contribute to
the formation of glial scars (Liu and Neufeld, 2004). In our previous
study, fibronectin enhanced the spinal cord astrocyte proliferation that
was mediated by the EGFR-ERK signaling pathway via the integrin
a5B1 receptor (Xia and Zhu, 2014). Autocrine fibronectin from me-
senchymal stem cells triggers neurite growth and promotes nerve fiber
regeneration after SCI (Zeng et al., 2016). Moreover, the increased in-
tegrin subunits in neurons and/or astrocytes may further promote the
functions of the ECM triggered by SCI.

In this study, the transactivation of EGFR-ERK contributed to the
growth of neurons and astrocytes, but astrocyte overgrowth facilitated
the formation of glial scars after SCI. After blocking the classical
transactivation of EGFR induced by SCI in vivo, the only remaining
pathway existed in neurons: Src-activated EGFR transactivation may
enable fibronectin or other elements of the ECM to promote neurite
outgrowth; thus, the formation of glial scars could be suppressed to
improve the injury recovery of patients. The observed differences in the
EGFR signaling pathways induced by SCI between neurons and astro-
cytes may help pave the way for clinical trials of agonists or inhibitors
of the EGFR signaling pathway in the treatment of SCL
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