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Abstract The gradual deterioration following central nervous
system (CNS) injuries or neurodegenerative disorders is usu-
ally accompanied by infiltration of degenerated and apoptotic
neural tissue debris. A rapid and efficient clearance of these
deteriorated cell products is of pivotal importance in creating a
permissive environment for regeneration of those damaged
neurons. Our recent report revealed that the phagocytic activ-
ity of olfactory ensheathing cells (OECs) can make a substan-
tial contribution to neuronal growth in such a hostile environ-
ment. However, little is known about how to further increase
the ability of OECs in phagocytosing deleterious products.
Here, we used an in vitromodel of primary cells to investigate
the effects of lipopolysaccharide (LPS) and curcumin (CCM)

co-stimulation on phagocytic activity of OECs and the possi-
ble underlying mechanisms. Our results showed that co-
stimulation using LPS and CCM can significantly enhance
the activation of OECs, displaying a remarkable up-
regulation in chemokine (C-X-C motif) ligand 1, chemokine
(C-X-C motif) ligand 2, tumor necrosis factor-α, and Toll-like
receptor 4, increased OEC proliferative activity, and improved
phagocytic capacity compared with normal and LPS- or
CCM-treated OECs. More importantly, this potentiated
phagocytosis activity greatly facilitated neuronal growth un-
der hostile culture conditions. Moreover, the up-regulation of
transglutaminase-2 and phosphatidylserine receptor in OECs
activated by LPS and CCM co-stimulation are likely respon-
sible for mechanisms underlying the observed cellular events,
because cystamine (a specific inhibitor of transglutaminase-2)
and neutrophil elastase (a cleavage enzyme of phosphatidylserine
receptor) can effectively abrogate all the positive effects of
OECs, including phagocytic capacity and promotive effects on
neuronal growth. This study provides an alternative strategy for
the repair of traumatic nerve injury and neurologic diseases with
the application of OECs in combination with LPS and CCM.
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Introduction

Olfactory ensheathing cells (OECs) have hitherto been
regarded as a leading potential candidate in cell transplanta-
tion therapies for nerve repair. Compelling evidence indicates
that OECs exhibit a range of valuable cell attributes, including
1) active stimulation of neuronal survival and axon
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regeneration by secretion of numerous neurotrophic growth
factors, neurite-promoting guidance molecules, and physical
substrates; and 2) critical aspects of tissue repair by structural
remodeling and support, enhancement of antigenic stimuli,
immune phagocytosis, and penetration of astrocytic glial scar
tissue [1–11]. Based on these unique properties, OECs could
be a special cell type with a strong comprehensive potential
for proregeneration. Nevertheless, an increasing number of
controversial issues related to the proregeneration capabilities
of OECs are debated, as several studies were abortive by using
OEC transplantation therapy for central nervous system
(CNS) injuries [12, 13]. These studies revealed that the inabil-
ity of damaged neurons to regrow is likely to be attributed to
transplantedOECs that either did not support or failed to guide
neural regeneration [12]. With advances in regenerative med-
icine and neurobiology, this view is facing a great challenge. It
is well known that in CNS injuries or neurodegenerative dis-
orders, numerous neural cells hardly elude apoptotic fate to
distinct damages. Consequently, this results in formation of an
extrinsic inhibitory environment within CNS lesions, in which
various growth inhibitory factors, for example interleukin-1β,
chemokine (C-X-C motif) ligand (CXCL)8, Nogo,
oligodendrocyte-myelin glycoprotein, reactive oxygen spe-
cies, and repulsive guidance molecule α are present and seri-
ously inhibit neuronal survival and axonal regrowth [14–21].
Of note, the majority of these harmful molecules directly orig-
inate from degenerating or dying neurons and apoptotic neural
debris [8, 9, 22]. Thus, rapid and efficient clearance of these
deteriorated cell products is essential in creating a microenvi-
ronment beneficial for neuron survival and axonal regenera-
tion following CNS damages or degeneration. More impor-
tantly, efficient removal of these degenerated tissues/cells also
avoids the diffusion of damaging degradation products into
tissue surroundings within CNS lesions, which could further
exacerbate nerve damage or axonal degeneration [22].
Therefore, establishing an ideal, rapid, and effective strategy
for the removal of degenerated cell debris for neuron survival,
axonal regeneration, and subsequent neural function recovery
is crucial. Based on our recent studies and some previous
reports by other groups [8, 9, 23–26], increasing attention
has been paid to OEC-mediated phagocytosis in CNS injury
and degeneration, owing to their unique attributes. Thus, it is
likely that OECs are potential candidates for therapeutic
treatments.

Regardless of the phagocytic function of OECs in creating
a microenvironment suitable for axonal regeneration, it is still
unknown how to improve effectively OEC phagocytic activity
without triggering undesirable consequences. Therefore, it is
essential to develop an ideal, simple, and effective approach
for the activation of OECs that contributes to the clearance of
degenerated cell debris.

Lipopolysaccharide (LPS) is the major component of the
outer membrane of Gram-negative bacteria; it also increases

the negative charge of the cell membrane and helps stabilize
the overall membrane structure [27, 28]. Importantly, LPS
elicits a strong response from the normal animal immune sys-
tem and promotes the secretion of proinflammatory cytokines
by binding the CD14/Toll-like receptor 4 (TLR4)/Myeloid
differentiation factor 2 receptor complex in many cell types
[29, 30]. A growing body of evidence indicates that OECs can
be activated by LPS, resulting in cellular stress response, re-
lease of cytokines, production of reactive oxygen species, and
upregulation of phosphatidylserine receptor (PSR), which is
involved in mediating the engulfment of apoptotic cell debris
[9, 31, 32]. Curcumin (CCM) has been used as a traditional
medicine in far-eastern countries such as China and India for
centuries [33]. Several research groups have shown anti-
inflammatory effects of CCM in gastrointestinal diseases
and cognitive disorders, as well as beneficial outcomes in
psychiatric and anticancer settings [34–39]. Moreover, CCM
can also exert distinct beneficial effects in antiproliferation,
antioxidation, and antiapoptosis in a wide variety of cells
[40–42]. In addition to the reported benefits, CCM is also
known to possess neuroprotective properties [43, 44].
Strikingly, the biological effects of CCM are mainly dosage
dependent and cell-type specific [45–47]. For instance, at high
concentrations (>40 μM), CCM induces cell apoptosis in di-
verse cancer cells [48], whereas low doses of CCM (0.1–
0.5 μM) can stimulate cell proliferation in neural progenitor
cells [46]. Within the injured spinal cord, CCM has been
shown to exert anti-inflammatory and antioxidative effects at
concentrations of 40–60mg/kg [49]. Excitingly, several recent
reports have demonstrated that CCM can improve OEC pro-
liferation, migration, morphologic changes, and phagocytic
activity [45]. In spite of growing interest in the investigation
of the activation characteristics of OECs, particularly in the
engulfment of apoptotic or degenerated cell debris, caused by
CCM or other molecules, the strategies that further potentiate
the beneficial behavior of OECs in the rapid clearance of
degenerated cell debris is still unknown. However, whether
activated OECs with phagocytic capacity are able to promote
the growth of neurons in the CNS is unclear. More important-
ly, mechanisms underlying the cellular events are not entirely
understood.

In the current study, we present an efficient induction ap-
proach, together with molecular and cellular evidence demon-
strating that co-stimulation of OECs with LPS and CCM po-
tentiates the phagocytic activity of OECs by effectively trig-
gering their activation. Three significant breakthroughs were
observed. First, the combination of the 2 molecules can effec-
tively induce the activation of OECs without diminishing 1)
its beneficial attributes, and 2) elevation of undesirable effects.
Second, the activation of OECs by the combination of LPS
and CCM can efficiently promote neuronal growth under hos-
tile conditions. Third, transglutaminase-2 (TG2) and PSRmay
be involved in the cellular event. Importantly, OECs activated
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by LPS and CCM to clear degraded neural debris may open
new avenues towards a potential therapy to repair an injured
CNS or in the treatment of neurodegenerative diseases.

Materials and Methods

Main Reagents

Dulbecco's modified Eagle's medium (DMEM)/F12, fetal bo-
vine serum (FBS), trypsin, DMEM, G5 supplement, B27 sup-
plement, Neurabasal medium, Hanks’ balanced salt solution
(HBSS), collagenase, and normal goat serum were purchased
from Gibco (Carlsbad, CA, USA); LPS, BrdU, CCM,
forskolin, penicillin G, streptomycin, glutamine, poly-L-
lysine (PLL) , 3-(4,5)-dimethyl thiazol-2-yl) -2 ,5-
dihenyltetrazolium bromide (MTT), ethylenediaminetetraace-
tic acid, HEPES, cystamine (Cyst), and bovine serum albumin
were purchased from Sigma-Aldrich (St. Louis, MO, USA);
neutrophil elastase (NE) was from R&D (Minneapolis, MN,
USA); anti-γ-tubulin and anti-Tuj-1 antibody, antiglial fibril-
lary acidic protein (GFAP) antibody, anti-S100 antibody, and
anti-p75 antibody were purchased from Abcam (Cambridge,
MA, USA); anti-CXCL1, anti-CXCL2, antitumor necrosis
factor (TNF)-α, and anti-TLR4 antibodywere purchased from
Santa Cruz (Santa Cruz, CA, USA); TG2 and PSR antibodies
were from Cell Signaling (Danvers, MA, USA). The RNA
extract kit was purchased from Takara (Shiga, Japan); Revert
Aid First strand cDNA synthesis kit was purchased from
Thermo Scientific (Rockford, IL, USA); QPCR kit was pur-
chased from Invitrogen (Shanghai, China); 4’,6-diamidino-2-
phenylindole and a bicinchoninic acid kit was from Qiagen
(Hilden, Germany); a chemiluminescenceWestern blotting kit
was purchased from Plus (Roche, Mannheim, Germany);
Fluor488-conjugated goat anti-mouse IgG, and Fluor594-
conjugated donkey antirabbit were purchased from
Molecular Probes (Eugene, OR, USA). Thirty-five-
millimeter dishes, cell culture plates, plastic coverslips, and
flasks were all purchased from Corning (Corning, NY, USA).

Primary OEC and Neuron Culture

All procedures conducted on animals were approved by the
Animal Experimentation Ethics Committee of Xi’an Jiaotong
University and were consistent with the China Code of
Practice for the Care and Use of Animals for Scientific
Purposes. Primary OECs were prepared frommouse olfactory
bulbs at 2.5 months of age and further purified as described
previously [50], with minor modifications. Briefly, the outer
nerve fiber and granular layers of olfactory bulbs were dissect-
ed from male mice and rinsed twice in HBSS without Ca2+/
Mg2+. Then, tissues were minced using an iris scissor and
digested using a solution composed of 0.25 % trypsin and

0.2 % dispase II for 25 min at 37 °C. The digested tissue
was triturated, and filtered through an 80-μm metal mesh.
The cell suspension was resuspended in DMEM/F12 with
10 % FBS and plated on PLL-coated flasks and cultured at
37 °C in a humidified incubator at 5 % CO2. Half the media
were changed every 3 days. When confluence of OECs
reached 85 %, cell purification was conducted by differential
cell adhesiveness. The purified cell suspension was collected
and reseeded onto 25-cm2 PLL-coated culture flasks and in-
cubated with 10 % FBS-containing DMEM/F12 supplement-
ed with 2 μM forskolin for 2 days. Subsequently, cells were
maintained in DMEM/F12 media containing 1 % G5 supple-
ment for further experiments.

As for neuron cultures, primary cultures of spinal cord
neurons were prepared from embryonic 12- to 14-day-old
red fluorescent protein (RFP) transgenic or normal mice
pursuant to the procedure as previously described by Yang
et al. [8, 51]. Briefly, the spinal cords were dissected and
washed with ice-cold HBSS without Ca2+ and Mg2+.
Subsequently, tissues were trypsinized with 2 mL 0.125 %
(w/v) trypsin at 37 °C for 25 min before mechanical tritura-
tion. The dissociated cells were then collected by centrifuga-
tion and diluted to an approximate initial plating density of
2 × 105 cells/cm2 with Neurabasal medium supplemented
with 2 % B27, and plated into either 35-mm Petri dishes or
coverslips coated with PLL. Cultures were maintained in an
incubator at 37 °C in a humidified atmosphere of 5 % CO2.
The cultures were maintained and prepared for further
experiments.

Treatment of OECs

To examine if the combination of LPS and CCM contributes
to the beneficial activation of OECs, OECs were reseeded on
coverslips, 35-mm dishes, and 96-well plates, and subsequent-
ly divided into the following groups: 1) normal OECs; 2)
OECs treated with 1 μg/ml LPS; 3) OECs treated with
1 μM curcumin; 4) OECs treated with 1 μg/ml LPS and
1 μM curcumin; 4) OECs pretreated with Cyst (an inhibitor
of TG2) and NE (a cleavage enzyme of PSR) prior to constant
co-stimulation with 1 μg/ml LPS and 1 μMcurcumin. After 1,
2, and 3 days, cells were processed for the following
experiments.

Preparation of Degenerative Neuronal Debris

Neural debris was prepared from RFP mice. Apoptotic neuro-
nal bodies and axon debris was harvested by scratching with a
cell blade and further trituration, according to our previously
described methods [8], resulting in fragmented debris
consisting of microtubules and neurofilaments. Degenerative
neuronal debris was stored at −80 °C until required for use.
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MTTAssay

For determination of OEC activation, MTT assay was used to
assess the proliferative capacity of OECs. In brief, OECs were
plated in 96-well plates and treated for 1, 2, and 3 days. MTT,
5 mg/ml, was added directly to cultures. After 4 h incubation
at 37 °C, the medium from each well was gently removed by
aspiration and 200 μl dimethylsulfoxide was added to each
well followed by incubation and shaking for 10 s, to dissolve
the insoluble formazan. Subsequently, OD values were mea-
sured in a microplate reader at 490 nm to determine the num-
ber of viable cells at indicated time points. All data presented
herein were obtained from 3 independent experiments.

BrdU Incorporation Assay

The increase in the proliferative ability of OECs is an impor-
tant feature of their activation. To assess the proliferation of
OECs treated under different conditions, BrdU (5 μM) was
added to the culture medium for 18 h and cells were cultured
for 1, 2, and 3 days. After removal of the supernatant, cells
were fixed with 4 % paraformaldehyde, and treated with 2 N
hydrochloric acid for 30 min at 37 °C to denature DNA for
further immunostaining. Subsequently, immunostaining pro-
cedures were performed as previously described [52].

Real-Time Polymerase Chain Reaction

Total RNAwas extracted from OECs at 2 different treatment
time points (days 1 and 3) using RNAeasy (Qiagen), accord-
ing to manufacturer’s instructions. Glyceraldehyde 3-
phosphate dehydrogenase was used as the internal control
and levels of target mRNAs were normalized against glycer-
aldehyde 3-phosphate dehydrogenase mRNA. Two micro-
grams of each total RNA were reverse transcribed into
cDNA using PrimeScript RT reagent kit (Takara). The poly-
merase chain reaction (PCR) reaction conditions were as fol-
lows: 94 °C for 5 min, 40 cycles at 94 °C for 30 s, 58 °C for
30 s, and 72 °C for 1 min. PCRwas performed in triplicate and
repeated 3 times. Genes of interest were Cxcl1, Cxcl2, TLR4,
tnfa, tg2, and psr. The mRNA levels were quantified by
SYBR green-based quantitative real-time PCR (Takara) using
anABI Prism 7900HT (Applied Biosystems, Foster City, CA,
USA). Results were confirmed in at least 3 separate analyses.
Primers sequences are listed in Table 1.

Western Blots

Differently treated OECs were lysed in RIPA buffer for 30 min
on ice and crude extracts were sonicated to shear DNA. Protein
samples were harvested by centrifugation at 12,000 × g and
clarified lysates were measured using a bicinchoninic acid
protein assay. The supernatant was collected and Western blots

performed according to the protocol as described previously
[51]. The following antibodies were used: CXCL1, CXCL2,
p75, TLR4, TNF-α, TG2, and PSR. β-Actin was used as an
internal control. After washes in phosphate-buffered saline
(PBS), immunoblots were visualized using enhanced chemilu-
minescence. Densitometric analysis of bands was repeated 4
times and integrated densitometry value (IDV) was calculated.

Flow Cytometry

Cell-cycle evaluation was determined by flow cytometry
(ProfileII, Coulter, Brea, CA, USA) according to a previously
described protocol [52, 53]. Briefly, after OECs were treated
under different conditions for the 3 abovementioned time
points, cells were trypsinized with 0.125 % trypsin and
0.02 % ethylenediaminetetraacetic acid, collected, and
washed twice in ice-cold PBS. Single-cell suspension was
achieved by gentle trituration up and down, and filtra-
tion through an 80-μm nylon mesh before analysis. Cells were
then transferred to 1.5-ml Eppendorf tubes and fixed with
70 % ethanol at 4 °C overnight. Subsequently, cells were
incubated with 10 μl RNase A (5 mg/ml) at 37 °C for
30 min, and cellular DNAwas stained with propidium iodide
(100 mg/ml) for 30 min. Cells were washed in PFN (PBS
buffer supplemented with 10 % FCS and 0.02 % sodium
azide) 3 times and resuspended in PFN buffer prior to flow
cytometry analysis. The proliferation index (PI) was calculat-
ed using the following equation: PI (%) = (S + G2/M)/ (G0/G1
+ S + G2/M) 100 %.

Phagocytosis Assays

To determine if LPS and CCM synergistically strengthenOEC
phagocytic capacity, OECs were seeded in 35-mm culture
dishes prior to pretreatment with LPS at 1 μg/ml and 1 μM
CCM for 12 h, and incubated with the abovementioned de-
generation debris for 1, 3, and 5 days. In parallel, pretreatment
of OECs with 100 μM Cyst and 100 ng/ml NE prior to expo-
sure to LPS and CCM was conducted to further substantiate
the hypothesis. The volume of cell degeneration debris admin-
istrated into OEC cultures was measured, and the ability of

Table 1 Real-time polymerase chain reaction primers

Gene Forward primer Reverse primer

CXCL1 agaacatccagagtttgaaggtga gtggctatgacttcggtttgg

CXCL2 tggttcagaggatcgtccaaa caggagcccatgttcttcctt

TNFα gacgtggaagtggcagaagag tgccacaagcaggaatgaga

TLR4 atcatccaggaaggcttcca gctgcctcagcaaggacttct

TG2 tatggccagtgctgggtccttcgcc ggctccagggttaggttgagcagg

PSR gactctggagcgcctaaaaa ccctgaactaaggcattcca

GAPDH tgaggccggtgctgagtatgtcg ccacagtcttctgggtggcagtg
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OECs to engulf the degenerated cell debris was assessed by a
phagocytic index, according to our previously described pro-
tocol [8]. The results were obtained from 3 independent
experiments.

Distinct Treatment of Neurons

To determine if OECs treated with the combination of LPS
and CCM actively contribute to neuron growth under
degenerated neuron debris culture conditions, neurons cul-
tured on coverslips were divided as follows: 1) normal neu-
rons co-cultured with OECs; 2) normal neurons co-cultured
with OECs supplemented with degenerative neuronal debris;
3) normal neurons co-cultured with OECs exposed to LPS and
CCM supplemented with degenerative neuronal debris; 4)
normal neurons co-cultured with OECs exposed to LPS sup-
plemented with degenerative neuronal debris; 5) normal neu-
rons co-cultured with OECs exposed to CCM-supplemented
degenerative neural debris; 6) normal neurons treated with
LPS; 7) normal neurons treated with CCM; 8) normal neurons
pretreated with Cyst and NE prior to exposure to LPS and
CCM; 9) normal neurons treated with LPS and CCM in the
presence or absence of degenerated neural debris; 10) normal
neurons treated with degenerative neuronal debris alone. Cells
from all groups were maintained at 37 °C in a humidified 5 %
CO2 atmosphere for 3 days. Notably, OECs were pretreated
with the LPS + CCM, LPS alone, or CCM alone for 12 h prior
to co-culture with neurons. Concomitantly, cells were proc-
essed for following different examinations.

Cell Count

To determine the survival of neurons under the different treat-
ments mentioned in the previous section, all Tuj-1-positive
cells, regardless of their phenotypes, were counted as de-
scribed previously [8]. Cell count was performed by a person
blinded to the experimental setting. From each coverslip 15
randomly chosen fields were counted. In all analyses, data
represent the mean ± SEM of 4 independent experiments.
Each performed experiment was comprised of 4 coverslips
and the obtained result considered as the neuron survival
index.

Immunofluorescence

All cells of all groups and treatments were fixed with 4 %
paraformaldehyde for 15–20 min, treated with 0.01 % Triton
X-100 (for verification of OEC identity, not treated with
Triton X-100), and blocked with 3 % normal donkey serum
in 0.01 M PBS at room temperature (RT) for 30 min. The
following primary antibodies were used: rabbit anti-Tuj-1
(1:400); mouse anti-p75 (1:200); goat anti-GFAP (1:500);
mouse anti-S100 (1:300); mouse anti-OX42 (1:200); rabbit

anti-TG2 (1:400); rabbit anti-PSR (1:200). Incubation of pri-
mary antibodies was carried out at 4 °C overnight. After wash-
ing 3 times in PBS, cells were incubated with corresponding
fluorescence-conjugated secondary antibodies (Alexa Fluor
488 donkey antirabbit IgG antibody for Tuj-1, TG2 and
PSR, 1:400 dilution; Alexa Fluor 488-conjugated goat
antimouse IgG for p75, 1:400 dilution; Alexa Fluor 594 don-
key antigoat IgG antibody for GFAP, 1:800 dilution; Alexa
Fluor 594 donkey antimouse IgG antibody for S100 and
OX42, 1:500) for 1 h at RT. Thereafter, counter staining using
4,6-diamidino-2-phenylindole (2 μg/ml) at RT for 15 min was
performed and fluorescence evaluated using a confocal
epifluorescence microscope (Leica, Wetzlar, Germany).
Immunofluorescence was performed in triplicate and repre-
sentative images were captured.

Statistics

All data are expressed as mean ± SD or mean ± SEM.
Statistical significance between groups was determined by 1-
way analysis of variance, followed by Scheffe’s post hoc anal-
ysis. A p-value < 0.05 was considered statistically significant.

Results

Characterization and Identification of OECs and Neurons

To investigate whether synergistic LPS and CCM signaling
potentiates activation of OECs, we first cultured, character-
ized, and identified primary mouse OECs and spinal cord
neurons. The morphology of OECs at 5 days and 7 days after
purification was evaluated by phase-contrast microscopy
(Fig. 1a, b). Purified OECs were subsequently stained by im-
munofluorescence and were identified as positive for p75,
GFAP, and S100 (Fig. 1c–f), characteristic markers of
OECs. Of note, these cells did not express OX42, a specific
marker for microglial cells (Fig. 1g), suggesting that purified
OECs are not contaminated with microglia and that the isola-
tion procedure results in high purity. For primary neurons, we
found that after 7 days of culture these cells were of irregular
shape, showed very thin and long extensions, and eventually
formed a more intricate network (Fig. 1h). In addition, immu-
nofluorescence staining demonstrated that the cells were, in-
deed, neurons (Fig. 1i), and thus were used subsequently for
preparation of degenerated neuron debris and further
experiments.

Enhancement of OECActivation Through Co-stimulation
by LPS and CCM

To test whether LPS and CCM can synergistically enhance
OEC activation, we selected 4 characteristic molecules
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(CXCL1, CXCL2, TNF-α, and TLR4) crucial for OEC acti-
vation and compared their expression profiles in OECs after
each treatment. As shown in Fig. 2a–d, after 1 and 3 days of
treatment with LPS alone, CCM alone, or LPS + CCM,
mRNA levels of selectedmarkers were drastically upregulated
in OECs, although no significant difference was found in case
of CXCL2 and TLR4 expression after 1 day of treatment. In
contrast, the combination of LPS + CCM significantly upreg-
ulated the aforementioned molecules, displaying an approxi-
mately 4- to 500-fold increase compared with the control
group or the LPS alone and CCM alone groups.
Consistently, Western blot revealed a significant increase in
the expression of these molecules in OECs. Strikingly, expres-
sion of the selected molecules showed a time-dependent in-
crease, that is, they dramatically increased within 3 days when
compared with cells treated with LPS or CCM alone
(Fig. 2e, f). Overall, these data suggest that LPS and CCM
can promote OEC activation.

LPS and CCM Synergistically Potentiate the Proliferation
of OECs

In addition to the characteristic marker expression associated
with cell activation, elevated proliferation is also one of the
crucial hallmarks of activated OECs. Thus, cell proliferation
was assessed and quantitated using BrdU incorporation as-
says. After 3 days of treatment, the number of BrdU+ OECs
in the LPS + CCM group was significantly increased

compared with LPS alone, CCM alone, or the control group
(Fig. 3a). Also, quantification analysis revealed that there was
a significant difference in the percentage of BrdU+ OECs
among the 3 treatment groups (18.1 % ± 2.8 % for control;
25.0 % ± 3.8 % for CMM alone; 22.5 % ± 1.8 % for LPS
alone; and 38.2 % ± 5.2 % for LPS + CCM) (Fig. 3b)
(p < 0.01 and p < 0.001 vs the corresponding controls), sug-
gesting that LPS and CCM co-stimulation enhances OEC ac-
tivation (Fig. 3b). To further substantiate this claim, an MTT
assay was also used to evaluate cell proliferation.
Consistently, LPS and CCM significantly enhanced OEC pro-
liferation compared with the LPS alone and CCM alone
groups, and the untreated control group, although both LPS
and CCM alone slightly elevated OEC proliferation (Fig. 3c).
Furthermore, cell-cycle distribution was determined by flow
cytometric analysis of propidium iodide-stained cells. Flow
cytometry data showed the representative cell cycle changes
of OECs with the 3-day treatment (Fig. 3d). The changes in
cell cycle for OECs after the indicative treatments of 3 days
are shown in Fig. 3d. Notably, the percentage of OECs in the
G2/M phase was significantly enhanced when treated with the
combination of CCM and LPS compared with LPS alone,
CCM alone, and control (p < 0.01, p < 0.001). In contrast, cell
populations in the G1 phase were clearly reduced in OECs.
Collectively, these data suggest that the combination of LPS
and CCM can efficiently promote the transition from G1 to S
phase and G2/M phase, which represents cell proliferative
ability.

Fig. 1 Morphological and
biochemical characteristics of
primary olfactory ensheathing
cells (OECs) and neurons. (a, b,
h) Phase-contrast microscopy
showing morphology of primary
OECs after purification at 5 and
7 days of culture, as well as spinal
cord neurons at 7 days. (c, d, e, g)
Immunofluorescence revealed
expression of p75, glial fibrillary
acidic protein (GFAP), and S100,
but not OX-42, in purified OECs.
h More importantly, cells co-
expressed p75 and GFAP. i In
addition, immunofluorescence
demonstrated that all Tuj-1-
positive cells are neurons. Scale
bars = 100 μm
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The Effects of LPS and CCM on the Phagocytic Ability
of OECs Targeting Degenerated Neural Debris

To validate whether the combination of LPS and CCM effec-
tively strengthens activation of OECs, resulting in cellular
phagocytosis, we investigated ingestion of degenerated RFP
neural debris by OECs pretreated under the aforementioned
conditions in vitro. Phase-contrast microscopy revealed that
the degenerated neural debris was present inside the OEC
cytoplasm. In comparison, the amount of red cell debris within
OECs treated with LPS and CCMwas muchmore than within

those treated under other conditions (Fig. 4a). To verify the
uptake of cell debris, the images taken by a differential inter-
ference contrast microscopy were analyzed. Consistently, the
most abundant punctuate or granular debris was present in the
cytoplasm of OECs pretreated with the combination of LPS +
CCM. However, some debris was also present in the cell cy-
toplasm of the OECs in other treatment groups. The engulfed
debris showed punctuate attributes (Fig. 4b). To confirm that
LPS and CCM can enhance OEC activation, which conse-
quently results in an increase in OEC phagocytosis, the phago-
cytic capacity of OECs was further assayed according to

Fig. 2 Cooperative effects of
lipopolysaccharide (LPS) and
curcumin (CCM) on the
activation of olfactory
ensheathing cells (OECs). a–d
Real-time polymerase chain
reaction showed that mRNA
levels of chemokine (C-X-C
motif) ligand (CXCL)1, CXCL2,
tumor necrosis factor (TNF)-α,
and Toll-like receptor (TLR)4
increase in OECs stimulated with
LPS alone, CCM alone, or the
combination of both for 1 and
3 days, respectively. Notably, the
combination of LPS and CCM
significantly increased the
expression levels of these
molecules in OECs. All data are
reported as means ± SEM.
*p < 0.05 compared with the
relevant controls; **p < 0.01; and
***p < 0.001. e Western blots
further support expression of the 4
characteristic molecules in OECs
under the indicated conditions. f
β-Actin served as a loading
control of total proteins.
Strikingly, the expression levels
of the 4 molecules in OECs
stimulated with the combination
of LPS and CCM showed a time-
dependent upregulation
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residual debris in cultures. As shown in Fig. 4c, a small
amount of scattered cell debris was present in normal OEC
culture, whereas the amount of debris was relatively reduced
in OEC cultures treated with either LPS or CCM alone.
Moreover, quantitative analysis revealed that after 3 days of
culture, OECs treated with LPS + CCM removed more cell
debris than those treated with either LPS or CCM alone
(p < 0.05, p < 0.001; Fig. 4d). Moreover, the residual debris
area was significantly diminished in the co-stimulatory group
when compared with both single stimulation groups (p < 0.05
and p < 0.01, respectively; Fig. 4e). Thus, these results

demonstrated that LPS and CCM can efficiently strengthen
OEC phagocytosis of degenerated neuron debris.

The Effects of OEC Activation by LPS and CCM
on Neuron Growth

We next examined whether cell debris removal by LPS- and
CCM-treated OECs plays a role in promoting neuron growth.
Spinal cord neurons were cultured for up to 3 days after treat-
ment with degenerated neuron debris, and immunofluores-
cence was performed using Tuj-1 antiboy. As shown in

Fig. 3 Co-stimulatory effects of lipopolysaccharide (LPS) and curcumin
(CCM) on olfactory ensheathing cell (OEC) proliferation. a
Photomicrographs of BrdU incorporation into p75-positive cells, to
assess OEC proliferation after different treatments, as indicated. b
Quantification analysis of BrdU-positive OECs with the indicated
treatments. All data are reported means ± SEM, and representative of 3
independent experiments with similar findings. *p < 0.05 and **p < 0.01
vs controls (Con). c Quantification of the proliferation rate in 3-(4,5)-
dimethylthiazol-2-yl)-2,5-dihenyltetrazolium bromide assays revealed
that the combination of LPS and CCM significantly promoted OEC
proliferation compared with other treatment conditions. Enhancement of

cell proliferation was time-dependent. d OECs were treated under the
indicated conditions for 3 days and analyzed by flow cytometry. G0/
G1, G2/M, and S represent cell phase, and the corresponding data are
shown in each panel. Statistical analysis of the percentage of OECs in G2/
M phase shows significant difference when treated with the combination
of LPS + CCM compared with other treatments (lower bottom panel,
right). Each phase was calculated by using the cell ModiFIT program.
All data are reported as means ± SEM. *p < 0.05, **p < 0.01, and
***p < 0.001 vs its relevant controls. DAPI = 4,6-diamidino-2-
phenylindole. Scale bars = 20 μm
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Fig. 5a, almost all neurons exhibited poor morphology, with
short neurites and little arborizations. Concomitantly, an abun-
dant scattering of degenerated neuron debris resulting from
dying, cultured neuronal cells appeared. In contrast, no appar-
ent debris was observed around neurons under normal culture
conditions. Notably, neurons with extended considerable and
abundant branching and arborizations in neurites were pres-
ent. When switched to unstimulated OEC co-culture, surviv-
ing neurons exhibited relatively better growth, even though
degenerated cell debris was administered. Comparatively, it

seemed that more neurons and richer neurites were observable
in absence of cell debris. With the addition of LPS or CCM
alone, we also found moderate Tuj-1-positive cells and less
cell debris in cultures. Moreover, most Tuj-1-positive cells
exhibited longer process extension and richer arborizations
than the control group. Notably, both LPS alone and CCM
alone showed neither harmful nor promotive effects on neuron
survival and neurite outgrowth in the presence or absence of
degenerated cell debris (data not shown). Strikingly, when
neurons were co-cultured with OECs treated with the

Fig. 4 The effect of lipopolysaccharide (LPS) and curcumin (CCM) on
the phagocytic ability of olfactory ensheathing cells (OECs). a Phase-
contrast photographs of engulfed degenerated neural debris by OECs
treated with different conditions as indicated (red signals represent
neural debris generated from red fluorescent protein mouse). b
Differential interference contrast microscopy of engulfed degenerated
neural debris by OECs treated with indicated conditions. c
Representative photographs of phagocytic neural debris uptake by

OECs in cultures under the indicated treatments. d Quantitative analysis
of the relative number of engulfed debris by OECs under the indicated
treatments. e Quantitative analysis of phagocytic areas in OEC cultures.
**p < 0.05; **p < 0.01, and ***p < 0.001 compared with its
corresponding controls (Con). Of note, arrows indicate ingested neural
debris in cells. Arrowheads represent a progressive enlarged phagocytic
area. Scale bars = 50 μm
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combination of LPS and CCM, almost all Tuj-1-positive cells
exhibited longer and thicker processes, with an excessive de-
gree of branching, and there were many more neurons in each
visual field. Comparatively, no significant difference was de-
tected between the 2 groups with or without the degenerated
cells debris (lower panels in Fig. 5). Collectively, these data
indicate that LPS and CCM synergistically enhance neuron
survival and neurite outgrowth through enhancing activation
of OECs.

To validate directly the response of neurons to OECs
pretreated with the combination of CCM + LPS in the pres-
ence or absence of degenerated neural debris, we performed
co-culture of neuronal cells with OECs, and determined the
effects of the activated OECs on neuron outgrowth by means
of Tuj-1 and p75 immunostaining. As shown in Fig. 5b, the
combination of CCM + LPS remarkably promoted neuron
(green, Tuj-1-positive) survival in the presence of degenerated
neural debris, and almost all surviving cells were characteris-
tically exuberant with pronounced longer neurite extensions
compared with the corresponding control. Adversely, in the
absence of CCM and LPS, a relative decrease in Tuj-1-
positive cells was found in the visual field, and these cells

exhibited few processes with poor arborization. However, a
small amount of scattered residual debris around the positive
cells was seen. As for normal neurons co-cultured with OECs
exposed to CCM and LPS, there were no observable differ-
ences in neurite extension except for the number of surviving
neurons when compared with the group of degenerated neural
debris. Strikingly, there was a significant difference in neuron
survival and neurite outgrowth between normal neurons in the
presence and absence of CCM and LPS.

Furthermore, enhancement of neuronal survival and neurite
outgrowth by activated OECs (induced by the combination of
LPS + CMM) was quantitatively analyzed by cell count and
neurite assays. As shown in Fig. 5c, after culture for 3 days
under the aforementioned conditions, the presence of
degenerated cell debris suppressed neuron survival remark-
ably. This was evidenced by a significant decrease in living
cells compared with the normal cultured neurons (p < 0.01).
Unfortunately, the administration of LPS alone, CCM alone,
or their combination (without OECs) did not remarkably alle-
viate the suppression from the degenerated cell debris. When
co-cultured with OECs, neuron survival was significantly im-
proved compared with the corresponding controls. Notably,

Fig. 5 Clearance of degenerated
debris by olfactory ensheathing
cells (OECs) treated under
different conditions allows
neuron survival and neurite
outgrowth. a Representative
images of primary spinal cord
neuron at low density following
different treatments as indicated.
b The photographs of neurons
(green, Tuj-1 staining) co-
cultured with OECs (red, p75
staining) treated with the
combination of curcumin (CCM)
and lipopolysaccharide (LPS) in
the presence or absence of
degenerated neural debris. c, d
Quantitative assessment of
neuron survival and neurite
length, respectively, under
indicated treatments. **p < 0.01
and ***p < 0.001 vs their
respective control (Con), analysis
of variance post hoc test. Scale
bars = 200 μm
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the combination of LPS and CCMmarkedly enhanced neuron
survival. Statistical analysis revealed that there was a signifi-
cant difference when compared with the groups of LPS alone
and CCM alone in the presence or absence of the degenerated
neuron debris (p < 0.01 and p < 0.001, respectively).

Besides neuronal survival, neurite length was also mea-
sured. As shown in Fig. 5d, average neurite lengths (μm) from
the different groups were 520 ± 55 for the normal group; 310
± 64.3 for the debris group; 297 ± 64.8 for the debris + LPS
group; 320.5 ± 75.3 for the debris + CCM group; 350 ± 45.2
for the debris + LPS/CCM group; 590 ± 64.2 for the debris +
CCM/OEC group; 570.4 ± 35.3 for the debris + LPS/OEC
group; 698.3 ± 86.2 for the LPS/OEC group; 730.5 ± 183.2
for the CCM/OEC group; 955 ± 73.5 for the debris + LPS/
CCM/OEC group; and 1105.2 ± 45.8 for the LPS/CCM/
OEC group. Statistical analysis showed that degenerated neural
debris can significantly inhibit neurite outgrowth and
arborization, and the addition of LPS alone or CCM alone did
not attenuate the inhibitory effect. When LPS alone or CCM
alone was administered to the co-culture with OECs, it seemed
that the inhibitory effects on neurite outgrowth were amelio-
rated, displaying longer neurite extensions and more process
arborizations. As expected, a significant difference was found
when compared with the normal and control groups. As for
the combination of LPS and CCM in co-culture with OECs
groups, LPS and CCM alone can remarkably promote neurite
outgrowth and branching, and attenuate the inhibitory effects
caused by degraded cell debris. Statistically, there was a
significant difference compared with LPS-alone and CCM-
alone groups.

The Possible Mechanism Underlying the Enhancement
of Neuronal Growth Mediated by Activated OECs

Effect of CCM+ LPS on Expression of TG2 and PSR in OECs

Emerging evidence demonstrates that TG2 expression plays
an important role in mediating numerous cellular activities
such as binding extracellular matrix fibronectin, cell adhesion
and motility, morphologic changes, and activating intracellu-
lar signaling pathways like phosphoinositide 3-kinase/protein
kinase B, glycogen synthase kinase-3β, and nuclear factor
kappa B (NF-κB), which can regulate cell migration, cell pro-
liferation, and cell survival [54–61]. In addition, PSR, an im-
portant receptor in recognizing a surface marker on apoptotic
cells and initiating engulfment, can effectively mediate clear-
ance of apoptotic cells, maintain normal tissue homeostasis,
and play a role in regulation of the immune response [62–65].
Therefore, we examined the effects of LPS and CCM on TG2
and PSR expression in OECs using quantitative PCR, immu-
nostaining, and Western blots. First, TG2 and PSR mRNA
levels were examined in OECs treated under different condi-
tions. After 1 and 3 days of treatment, OECs showed an

increased level of TG2 (CCM alone) and a relatively higher
level of PSR (LPS alone) when compared with normal OECs
(Fig. 6a, b). Strikingly, the combination of LPS + CCM sig-
nificantly elevated TG2 and PSR gene expression; however,
there was no significant increase in TG2 mRNA at day 1.
Next, we examined the expression of both molecules, using
immunofluorescence. Representative photographs of TG2
staining are shown in Fig. 6c. No TG2 immunoreactivity
was detectable in normal OECs. Moderate-to-high TG2 im-
munoreactivity was noted in OECs treated with LPS alone or
CCM alone, and all remaining OECs had absent, weak, or
intense immunoreactivity for TG2. When OECs were treated
with the combination of LPS + CCM, almost all cells were
strongly TG2-positive. Moreover, most cell populations ex-
hibited more pronounced TG2 immunoreactivity when com-
pared with LPS- or CCM-treated cells. Similar to TG2 immu-
nofluorescence, PSR showed more pronounced immunoreac-
tivity in the OECs treated with LPS and CCM than in those
treated under other conditions (Fig. 6d). To further substanti-
ate our findings, Western blot analysis was used to determine
expression of both molecules. Consistent with the results of
quantitative PCR and immunostaining, the combination of
LPS + CCM led to a marked increase in either TG2 or PSR
protein levels. Moreover, the increase in TG2 or PSR expres-
sion levels was time-dependent within 3 days (Fig. 6e).

Disruption of TG2 and PSR Suppresses CCM-
and LPS-Mediated OEC Activation

To further substantiate if TG2 and PSR are predominantly
involved in the CCM- and LPS-mediated OEC activation re-
sponsible for the enhancement of neuron outgrowth, OECs
were pretreated with Cyst and NE prior to CCM and LPS
constant co-stimulation. After 3 days of treatment, Cyst and
NE significantly reduced CCM- and LPS-induced OEC pro-
liferation, as demonstrated by the decreased percentage of
BrdU+ cells from 35.5 % ± 6.7 % to 17.6 % ± 8.7 %
(p < 0.05). Strikingly, there was no significant difference in
cell proliferation between normal and Cyst- and NE-treated
in the presence or absence of CCM and LPS. Also, the per-
centage of OEC proliferation was much lower after Cyst and
NE pretreatment than after CCM + LPS treatment only
(p < 0.01) (Fig. 7a). Next, the assessment of phagocytic activ-
ity revealed that Cyst and NE significantly suppressed OEC
ingestion of degenerated neural debris in the presence or ab-
sence of CCM and LPS, displaying a dramatically reduced
amount of neural debris within OEC bodies (Fig. 7b).
Consistently, quantitative analysis of the amount of engulfed
debris by OECs also showed that Cyst and NE remarkably
attenuated OEC phagocytic activity (Fig. 7c). Nonetheless, it
is still not clear if the suppression of OEC properties by Cyst
and NE could affect neuron outgrowth in the presence of
degenerated neural debris. We further observed neuron
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survival and neurite outgrowth when co-cultured with OECs
pretreated with Cyst and NE prior to exposure of CCM and
LPS. No difference in the number of surviving neurons and
neurite extension was found between pretreatment Cyst and
NE in the presence or absence of CCM and LPS groups;
however, the number of surviving neurons in co-culture with
OECs pretreated with Cyst and NE was significantly lower
than those treated with CCM and LPS only. With regard to the
noOEC groups, the administration of Cyst and NE aggravated
the injury to neurons caused by degenerated neural debris,
displaying a decrease in surviving neurons and more scatter-
ing of the degenerated debris in culture (Fig. 7d). These results

implicated that TG2 and PSR strengthen CCM- and LPS-
mediated activation of OECs, which could contribute to neu-
ron growth. Moreover, we quantified neuronal survival and
neurite outgrowth. As shown in Fig. 7e, f, Cyst and NE dra-
matically suppressed the survival and neurite outgrowth of
neurons mediated by CCM and LPS when co-cultured with
OECs in the presence or absence of degenerated neural debris.
The number of surviving neurons significantly decreased
compared with the corresponding controls (p < 0.05 or
p < 0.01). For normal neurons exposed to Cyst and NE, no
remarkable change in the number of surviving neurons was
found. Consistent with neuron survival, neurite growth was

Fig. 6 Activation of signaling molecules is necessary for ingestion and
phagocytosis of OECs. a, b Quantitative real-time polymerase chain
reaction analysis of genes essential for olfactory ensheathing cell (OEC)
phagocytosis under indicated treatments at 1 and 3 days. c, d
Immunofluorescence revealed expression of transglutamase 2 (TG2)
and phosphatidylserine receptor (PSR), respectively, in p75-positive
cells treated under indicated conditions. e Western blot analysis of TG2

and PSR expression in OECs under indicated conditions for 1, 2, and
3 days. β-Actin served as loading controls. Notably, TG2 and PSR
expression levels in OEC cytoplasm increased with prolongation of
culture time. All data are reported as means ± SEM. *p < 0.05;
**p < 0.01, ***p < 0.01 vs corresponding controls (Con), analysis of
variance post-hoc test. CCM = curcumin; LPS = lipopolysaccharide.
Scale bars = 25 μm
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Fig. 7 Disruption of transglutamase 2 (TG2) and phosphatidylserine
receptor (PSR) suppresses olfactory ensheathing cell (OEC) activation
and phagocytic activity. a BrdU immunostaining revealed the
proliferative capacity of OECs pretreated with cystamine (Cyst;
inhibitor of TG2) and neutrophil elastase (NE; a cleavage enzyme of
PSR) prior to curcumin (CCM) and lipopolysaccharide (LPS) constant
co-stimulation. b Phase-contrast photographs of engulfed degenerated
neural debris by OECs treated under the indicated conditions (red
signals represent neural debris generated from red fluorescent protein

mouse). c Quantitative analysis of the relative amount of engulfed
debris by OECs under the indicated treatments. d Representative
images of primary spinal cord neuron at low density when co-cultured
with OECs treated under the indicated conditions. Of note, green
represents Tuj-1-positive staining. e, d Quantitative assessment of
neuron survival and neurite length under indicated treatments,
respectively. *p < 0.05; **P < 0.01 vs the corresponding controls,
analysis of variance post-hoc test. Scale bars = 200 μm
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also inhibited by the administration of Cyst and NE. As ex-
pected, a significant difference was found when compared
with the corresponding controls (p < 0.01 or p < 0.001;
Fig. 7f).

Discussion

Currently, OECs are considered as attractive candidates for
cell-based therapies for CNS injuries and neurodegenerative
diseases. However, their proregeneration remains controver-
sial. Some reports show no therapeutic efficacy for CNS in-
sults, while a tremendous body of research states that OECs
only mediate limited regeneration and functional recovery.
Different laboratories show disparate results, ranging from
little to extensive functional recovery [12, 13, 66].
Nonetheless, little is known about transplanted OECs in the
damaged CNS sites. This is based on the fact that severe
insults to CNS usually result in the presence of an unfavorable
or hostile microenvironment in the injured zone. This hostile
environment not only prevents neural regeneration, but also
has a direct impact on transplanted OEC bioactivities, includ-
ing survival, migration, proliferation, secretion, and phagocy-
tosis [67]. In general, different lesion models induce different
degrees of tissue damage and inflammation. The hostile and
inhibitory environment arising from certain acute CNS dam-
age may lead to the progressive death of numerous
transplanted OECs, finally resulting in abortive or unsatisfac-
tory neuroregeneration outcomes. Therefore, seeking an ideal
and effective strategy for strengthening and releasing the ther-
apeutic potential of OECs for eliciting neural regeneration by
cell-based transplantation is of pivotal importance. Until now,
little is known about enhancing the potential of OECs in cre-
ating a permissive environment as early as possible to repair
CNS injuries and disorders.

In this study, we present in vitro data emphasizing the po-
tential efficacy of a combination of LPS and CCM in inducing
activation of OECs. Our results demonstrated convincingly
that OECs can be significantly activated in conjunction with
LPS and CCM. These activated OECs express a set of relative
genes and proteins that define cell activation (CXCL1,
CXCL2, TLR4, and TNFα) [9, 31], and are endowed with
enhanced proliferation and phagocytic capacity. More impor-
tantly, activated OECs can efficiently promote neural survival
and neurite outgrowth in the presence of degenerated neuronal
debris. In comparison with other treatment conditions (LPS
alone, CCM alone), OECs treated with a combination of LPS
and the CCM acquired the most pronounced capacity to pro-
mote neuronal growth. Moreover, the elevated beneficial ac-
tivation of OECs may be intimately associated with upregula-
tion of TG2 and PSR. Therefore, the present therapeutic ap-
proach using activated OECs could be a promising option for

potential cell therapies targeting acute CNS injury and neuro-
degenerative diseases.

As CNS injuries or neurodegenerative disorders occur, a
significant proportion of neurons will undergo a complicated
degeneration process, resulting in large amounts of harmful
substances, for example cell debris and inhibitory molecules,
in the injury lesions [8, 9, 17]. Therefore, rapid and efficient
clearance of degenerated products is required for neuronal
survival and neurite growth. Our recent study has shown that
OECs have the capacity to ingest and engulf degenerated
nerve tissue debris, resulting in neuron growth [8]. Despite
this, formation of a local hostile environment after CNS dam-
age does not usually support the survival of OECs, even
though OECs have strong adaptability. Thus, they could not
be used to promote neural regeneration. Fortunately, the pro-
liferation and phagocytosis capacity of OECs can bemarkedly
strengthened after activation. This can be used to remedy pro-
gressive OEC death and further deterioration of the microen-
vironment within injured neural tissue, but is dependent on
continuous proliferation of endogenous OECs to further re-
plenish the loss of transplanted OECs without the need for
secondary transplantation. On the basis of these elucidations,
we wished to induce OEC activation with a combination of
LPS and CCM. Our data proved that the combined treatment
can effectively induce the activation of OECs, indicating that
this protocol is of particular interest for neural repair therapies.

It was reported previously that LPS can lead to functional
activation of OECs [9, 68], by improving their phagocytic
capacity. These findings are in line with our recent reports,
except that no distinct promotion of neuron survival and
neurite outgrowth in co-culture with LPS-treated OECs was
found in our experiments. Although rapid and efficient clear-
ance of degenerated cell debris is of importance for neural
regeneration, limited and slow removal of debris after CNS
injury seems less supportive. Retention of degenerated cell
debris can trigger a serious of inflammatory cascades, which
are harmful to cells as a result of the release of oxygen free
radicals and neurotoxic enzymes [21, 69, 70]. Therefore, OEC
proliferation, motility, and migration are crucial for creating a
favorable environment for both nerve regeneration and resto-
ration. CCM has been shown to stimulate the proliferation of
neural progenitors [46]. More recently, another report has
demonstrated that CCM selectively regulates the activation
of extracellular-regulated kinase and p38 mitogen-activated
protein kinase pathways to elicit OEC proliferation and mi-
gration [45]. In our study, we found that CCM effectively
improved OEC proliferation and phagocytic capacity in pres-
ence of LPS. Intriguingly, further exploration revealed that
OEC activation induced by the combination of LPS and
CCM remarkably promoted neuron survival and neurite out-
growth under hostile conditions (delivering a considerable
amount of degenerated cell debris). This positive effect may
associate with a combination of OEC proliferation, motility,
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and migration. First, OEC proliferation results in an increase
in cell numbers, which effectively decreases the amount of
debris in culture, replenishes the loss of OECs in the hostile
environment, and elevates total secretion of neurotrophic mol-
ecules. Second, motility and migration of OECs may be im-
proved [46], which further supports better phagocytosis.
Notwithstanding, LPS alone or CCM alone seems to weakly
promote OEC activation, resulting in moderate levels of pro-
liferation and phagocytosis. Of note, these promotive effects
are inferior to the combination of LPS and CCM, suggesting
that LPS and CCMmight exert a synergetic effect in inducing
OEC activation.

In the present study, LPS was used to enhance the activa-
tion of OECs, which may lead to some risks in future clinical
translation because LPS can cause neuroinflammation by trig-
gering activation of microglial cells in vivo. The neuroinflam-
mation may further exacerbate neuronal damage.
Nevertheless, the neuroinflammation arising from activating
microglial cells in vivo must be dependent on high-dose LPS
stimulation, while the low dose of LPS used in our study could
hardly evoke effective activation of microglial cells in vivo. In
comparison, the rapid removal of degenerated debris by acti-
vated OECs may be more important in improving the micro-
environment, reducing inflammatory injury and further pro-
moting neuronal survival and regeneration. Even though LPS
at 1 μM may cause slight activation of microglia in vivo and
further result in neuroinflammation at a low level, the inflam-
mation may only result in negligible negative effect on neu-
rons. In addition, CCM has a significant anti-inflammatory
effect [42, 43], which may offset the hazard caused by the
LPS-induced minor inflammatory reaction.

In order to further substantiate our hypothesis, TG2 and
PSR expression in OECs treated with LPS and CCM were
investigated in several assays. The results revealed that the
combination of LPS and CCM elevated TG2 and PSR remark-
ably, both in regard to gene transcription and protein expres-
sion levels, suggesting that the combination of LPS and CCM
truly elicits OEC activation because TG2 and PSR, as either
mediator or effector in their downstream signaling, were acti-
vated. In line with our results, it has been demonstrated that
TG2 plays an important role in activating an intracellular sig-
naling cascade and receptor signaling that are tightly associ-
ated with cell proliferation and motility [54, 58, 61].
Moreover, TG2 can mediate NF-κB activation, resulting in
Akt activation [57, 58]. It is well-known that NF-κB activa-
tion can facilitate cell survival and cell proliferation [44, 46,
61, 71]. Recent studies have demonstrated that upregulation of
TG2 in epithelial cells results in constructive activation of
focal adhesion kinase, Akt, NF-κB, RhoA, and mitogen-
activated protein kinase, contributing to cell adhesion, migra-
tion, and invasion [53, 54, 56, 72, 73]. Accordingly, the pos-
sible underlying mechanism of OEC activation and subse-
quent promotion of neuron growth is associated with

upregulation of TG2 caused by synergistic stimulation by
LPS and CCM. Meantime, TG2 upregulation is a likely ex-
planation of the abovementioned cellular events. Strikingly,
our data also revealed that PSR, a critical mediator in phago-
cytosis, was significantly upregulated at the mRNA and pro-
tein levels. Normally, PSR is displayed on the outer of mem-
brane leaflet as a so-called Beat-me^ signal [64]. When apo-
ptosis and necrosis occur, cell surface-exposed PSR usually
serves as a single and direct signal for recognition/uptake by
phagocytic cells [62, 63]. Increased PSR expression levels are
indicative of increased phagocytic activity [9, 65]. As expect-
ed, we also observed that LPS and CCM can significantly
increase the expression of PSR when compared with that in-
duced by LPS alone, CCM alone, or normal control, further
emphasizing the synergistic effects of LPS and CCM on OEC
activation and phagocytosis. On the basis of our present data,
as well as on several previous reports, upregulation of TG2
and PSR may be involved in LPS- and CCM-mediated acti-
vation of OECs and the promoting effects on neurons. Still, it
is unclear whether the signaling of TG2 and PSR is truly
responsible for possible mechanisms underlying the special
cell event. In order to elucidate the issue, Cyst (a specific
inhibitor of TG2) and NE (a cleavage enzyme of PSR [74])
were administered into OEC cultures/neuron and OEC co-
cultures pretreated with LPS and CCM. Our results revealed
that disruption of TG2 and PSR biofunctions effectively ab-
rogated OEC activation and the further promotive effects on
neurons, implying that the signaling of TG2 and PRS is in-
volved in LPS- and CCM-mediated cellular events. Although
the precise mechanisms responsible for the activation of OECs
induced by LPS and CCM and subsequent promotive effects
on neuron growth remain unclear, a possible mechanismmod-
ulated by LPS and CCM eliciting TG2 and PRS upregulation
by OECs could account for the intricate event.

Conclusions

We conclude that the combination of LPS and CCM can re-
markably potentiate activation of OECs, resulting in a strength-
ened phagocytic capacity of OECs with regard to degenerated
debris, which, in turn, efficiently promotes neuron survival and
neurite outgrowth. Furthermore, we also unravel the possible
molecular mechanisms responsible for the cascade event. This
study is likely to provide a novel strategy for autologous OEC-
based transplantation in CNS injury and a variety of neurolog-
ical disorders. Furthermore, we clarify controversial issues re-
garding OEC biofunctions in proregeneration.
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