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ABSTRACT

Transplantationof neural stem cells (NSCsjs one of the most promisingtreatments for spinal cord injury (SCI
However, the limited survival of transplanted NSCgseducestheir therapeutic effects. The aim of the present
study was to examine whether a co-transplantation of olfactory ensheathingcells (OECs)nay enhancethe
survival of NSCsand improve the beneficial effects of NSCsn rats with SClaswell asto investigate potential
mechanismsunderlying such efficacies.Cotransplantation of OECsand NSCswas usedto treat rats with SCI
Sympatheticnerve function was determined by measuringsympatheticskinresponsesTheresults showedthat
OEC/NSQotransplantation improved motor function and autonomic nerve function in rats with SCI.Co
transplantation of OECgromoted NSGinduced neuroprotection and inhibited programmednecrosisof NSC¢
which was mediated by receptor-interacting protein kinase 3 (RIP3)and mixed lineage kinase domain-like
protein (MLKL). Furthermore, OECsincreased the proliferation and differentiation of NSCsin vitro, and
improved the survivalrate of NSCsn vivo. Takentogether, we concludethat transplantation of OECsnhibited
programmed necrosis of cotransplanted NSCsto promote therapeutic effects on SCI. Therefore, co-
transplantation of OECs&nd NSCsnayrepresenta promisingstrategyfor treating patients with SCI.

INTRODUCTION transplantation, among which neural
(NSCs) and olfactory ensheathirnglls (OECs) are
Recently, the incidence of spinal cord injury (SCI) two of the most promising cell types [4].

has beenincreasing each year. Currently, there are

stem cells

more than three million patients with SCI in the
United States, and the rate is currently increasing by
17,000 individuals per yeafl]. In recent years,

emerging data have suggested that -cell
transplantation theapies represent a potentially
effective therapeutic intervention for SCI by

repairing and regenerating injured neuror 8].
There are currently many candidate cell types for

Despite recent progress in promoting regeneration of the
spinal cord through transplantation of different NSC types
after SCI[5], the degree of functional recovery has been
limited. There are Bt many factors that influence the
effects of NSC transplantation. One of these parameters is
the hostile microenvironment of the injured spinal cord,
which is not permissive for grafted NSCs [6]. After SCI,
ischemia, hypoxia, and accumulation of inflantoma
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factors in the local microenvironment lead to the death of
transplanted cells. Programmed necrosis, also known as
necroptosis, has recently been identified as another type of
programmed cell death. In particular, necroptosis is
involved in the pathopisiology of diseases and trauma
within the central nervous system and can occur in
various cells within damaged neural tissue after SCI,
including neurons, astrocytes, and oligodendrocytes [7].
In the current study, we demonstrated that receptor
interactig protein kinase 3RIP3 and mixed lineage
kinase domaitike protein (MLKL), which are critical
mediators of necroptosis [8], were upregulated in the SCI
microenvironment and reduced the survival rate of
transplanted cells. In order to solve this probland
improve the therapeutic effects of transplanted NSCs, a
feasible strategy may be to select a neuroprotective cell
and transplant it in combination with NSCs.

Our previous studies have shown that transplantation of
OECs can promote sensorimotor andoaomic nerve
recovery and reduce neuropathic pain after SC1()].
OECs, a special type of glial cell, exhibit characteristics
of both astrocytes and Schwann cells and are capable of
secreting large amounts of neurotrophic facttis 12].
These charderistics have been shown to help establish
an amenable microenvironmert3[ 15] for the growth

of injured axons and for promoting axons to reach their
targets 16, 17]. Multiple studies have suggested that
cotransplantation of NSCs and OEQway exert
synergistic effedin promoting neural regeneration and
improving recovery of locomot function [18, 19].
Since this strategy has potential to improve the SCI
microenvironment and vyield improved therapeutic
effects, we hypothesized that OECs may support the
survival of NSCs and enhance the efficacy of NSC
transplantation in the treatment of SCI.

In the present study, we investigated the effects of co
transplantation of NSCs and OECs on sympathetic
function folloving SCI and used sympathetic skin
responses (SSRs) to assess sympathetic neural function
in SpragueDawley rats. Collectively, our findings
reveal novel strategies for tmnsplantation of NSCs
and OECs to ameliorate SCI and elucidate its under
lying medanisms.

RESULTS
Culturing and identification of OECs and NSCs

After 24 h in culture, single cells were round,
transparent, and adherent; proliferating cells were
observed after 48 h in culture. The cells were mainly
bipolar and multipolar, with largeeti bodies and
oblong nuclei. After 57 days in culture, the number of
OECs was increased and the cell bodies had many

protuberances. Additionally, their protuberances
became longer and all cells assumed cldweegrowth,
during which they spread to theeniphery. After 12
days in culture, the cell density continued to increase
and was arranged in a palisade (e 1A, 1E).
Immunofluorescent staining showed that the OECs were
doublepositive for nerve growth factor receptor p75
(P75) FigurelBi 1D) andS100 betaFigurelFi 1H).

Primary NSCs were cultured for seven days, after which
the cells were aggregated into suspended spheres for
growth. These cells had a regular spherical shape with a
dark center and bright edgefFigure 11, 1M).
Immunofluorescent taining of these cells was then
performed using a nestin antibody. The neurospheres
were positive for nestin, suggesting that they were
NSCs FigurelJdi 1L, INi 1P).
NSC in the SCI

OECs promote survival

microenvironment

First, to investigate the effect oOECs on NSC
proliferation, we cultured NSCs with OEC sernee
conditioned medium (OECM) or OEC suspensions to
observe their growth; for the vehicle group, complete
culture medium of NSCs was used. Proliferation levels
were measured by MTT assays. Theults showed that
either OEC suspensions or OBM significantly
promoted increased NSC proliferation compared with that
of the vehicle groupR < 0.01). Moreover, the effect of
OEC suspensions on NSC proliferation was significantly
greater than that of OECM (P < 0.01) Figure2A, 2B).

Next, we investigated the effects of the SCI
microenvironment on the survival of NSCs and whether
OECs could mprove NSC survival in this micro
environment. NSC cultures were treated with
homogenate (100 ¢eg/ mh)or fr
naive (naivenh) spinal cord and OECs (SG+OECs or
naiveh+OECs) were also added to these cultures for
seven days. The morploglies of the cells were observed
under an inverted microscope every other daigure
2C). We found that NSCs -cultured with nalve
homogenate aggregated into suspended cellular spheres
for growth. After seven days in culture, both the number
and volume bcellular spheres increased, but the cells did
not differentiate. However, the proliferation of NSCs in
the SCth group was slowed compared to that in the
naiveh group, and the number and diameter of clone
pellets were not significantly increased afigefdays of
culture. After ceculturing with OECs for one day, all the
cells adhered to the wall and formed a network with long
protuberances, and this continued until the fifth day.
MTT assays showed that NSC proliferation in the-BCI
group was significatly inhibited compared with that in
the naiveh group; in contrast, the number of cells in the
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SCHh+OEC group was increased significantly compared NSCs with SCih or ndve-h, as well as with OECs, for
with that of the other grougEigure2D). seven daysProtein levels of nestin, MLKL, anRIP3
were assessed via Western blotting. As showFigure
Furthermorewe observed and quantified the survival of ~ 3A, compared with those in the naiwegroup, RIP3
transpanted NSCsn vivo. We infected NSCs with a and MLKL levels were increased while nestin was
lentivirus labeled with red fluorescent protein (RFP)  reduced in the S@& group, which indicated activation
and transplanted them into the spinal cord of T10 SCI  of necroptosis in the SCI microenvironment and death
rats. The results showed that the number of -RFP  of NSCs. Moreover, the expressionéésy of RIP3 and
positive cells in the OEC+NSC group was increased and MLKL were significantly downregulated when NSCs

the average area of RH®sitive cells was larger than were treated with OECs (Figure 3A). To further
that in the NSC groufFigure2E, 2F). elucidate changes in NSCs within the spinal cord
following SCI, we transplanted OECs and/or NSCs into
OECs inhibit RIP3/MLKL -mediated necroptosis of SCI rats and subsequently measured pratels of
NSCs RIP3 MLKL, and neurofilament 200 (NF200) via

Western blotting (Figure 3B). Two weeks after
To determine whether OECs can inhibit necroptosis of transplantationRIP3 and MLKL protein levels in the
NSCs induced by the SCI microenvironment, we treated c ont r ol group (i .e., i ncub

nestin

nestin

Figure 1.dentification of OECs and NS@AgH): Phenotypic characterization of OECs: The appearance of OECs observed faypptiase
YAONR&O2LR oY &a0FtS o6FNY wmnn >Y3I SY &Oipdsifve cellsBEO Yo na GFYE03D oLl YNOYdzywesi
S100positive cellskgH):a OF € S 6 N mnn >Y0I ¢gKAOK RS XR: PheioNpidckaRicteiizatiotof NSCS ahd O St
appearance of NSCs observed by praey i NI ai YA ONR&O2LR oO0AY &ao0rtS o0FNY man >YI YY
using nestin antibodyRgHO Y & O €S 6FNXY wmMan >YO0O®d ¢KS ySdNPaLIKSNBa ¢ SNEellllaidi;
immunofluorescent staining of NSCs expressing nelsfif Y & Ol £ S 6 NY wmnan >Y0® ¢ KS epddadhdagegof 2 F b {
nestin-positive cells and DAPDsitive cells.
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Figure 2. OECs promote NSC survival in the SCI microenvironi@#gnt.vitro, the morphologies of the cells were observed under an
AYDBSNISR YA ONER & O2 BSIHe plolierafiod ratésoNNSCsvassassed WaTMT® assays (mean = Sty aNOVA, error

bar: 95% CI)J Effects of OECs on NSC proliferation under SCRcb i A 2 Y& 20 &aSNIBSR dzy RSNI Iy A D)@NI SR )
proliferation rates of NSCs assessed via MTT assays (mean + SEX&yt&DIOVA, error bar: 95% CB). Io vivg the survival of NSCs in

different groups: AcQ) NSC transplantatioalone, where RFRJ2 & A G A @S OSt t & ¢ S NIcPbTfansplabtatiprOof NSEs and: N 1
ho/ ad { Ol f SPH Quartification nfrthe suiidal od R&Rlls at two weeks after transplantation (means + SEM, n=6; P<0.05, one

way ANOVA).
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Figure 3. Westeriblot analysis reveals that OECs downregulate the expressiofRiff3and MLKL and inhibit S@iduced
increases oRIP3and MLKL(A) In-vitro Westernblotting analysis showed that SCI induced upregulated expression of RIP3 and MLKL, and
that OECs counteracted these changes to protect N8CEh¢é protein expression level evaluated via Western blottimgd)(Data presented

are expressed asthé Sy 5 { 9 a-way ¥NOVApasthoctst: HunnBonferroni; error bar: 95% CGP>0.05 and except for # in the

figure; P values were all less than 0.08). Two weeks after transplantation, protein levels of NF200, RIP3, and MLKL showed that OECs
suppressed RIP3/MLKhediated necroptosis and protected NSG3. The expression levels of NF200, RIP3, and MLKL were detected by
Western blotting. locd0 5 G LINB&aSYydSR | NB S E LINBusASIQVAposthoditdstSDuNhBdnfgrrom; erprdaa: oy T
95% CI*P>0.05, except for the # in the figure; P values were all less than 0.05).
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modified eagle medium [DMEM)]) were still increased,
indicating that necroptosis continued beyond two weeks
after injury. Compared with tlse in the DMEM group
and NSC group, the expression levels RiP3 and
MLKL were significantly lower in the OEC group
and OEC+NSC group, which showed that OEC
transplantation inhibited S@hduced necroptosis.
Compared with that in the NSC group, NF200
expression was significantly increased in the OEC+NSC
group, suggesting that OECs played a neuroprotective
role by inhibitingRIPIMLKL -mediated necroptosis.

Morphological changes in SCI rats after cell
transplantation

Hematoxylin and eosin (HE) stainingasted that the
morphological structure of the sham group was intact,
with  well-demarcated gray and white matter,
homogeneous neuronal distributions, walanged
nerve fibers and intercellular structures, and well
defined nuclei (via Nissl staining). At erweek after
SCI, the structure of gray and white matter was not
integrated, vacuoles and vesicles were found in the
injured area, axons were disordered, and neurons were
missing. Nissl staining showed a decrease in the number
of neurons within gray matte the OEC+NSC group,

HE staining showed reduced syringomyelia and Nissl
staining showed an increased number of neurons
compared to these parameters in the DMEM group
(Figure 4). Collectively, these results indicate that
OEC/NSC cetransplantation redudethe formation of
scar tissue and loss of neurons, and protected against
tissue damage.

Locomotor function in SCI rats after cell
transplantation

To determine the therapeutic effects of cell transplantation,
we used scores from the Bas8gattie, and Bresnahan
(BBB) 21-point opedfield locomotor rating scale to
evaluate motor function (Téb 1, Figure 5). All rats
attained a BBB score of 21 before the injury was induced,
and no significant differences were observed between the
five groupsat this time. In contrast, BBB scores were
reduced to 01 immediately after induction of SCI in the
four groups receiving SCI, whereas BBB scores in the
sham group remained stable. After cell transplantation, the
BBB scores of each treatment SCI groupéased over
time, and the OEC+NSC group showed the most
significant improvement among these groups. Compared
with those of the DMEM group (0.7+0.73), BBB scores in
all cell-transplantation groups were significantly improved
at one week after transplantao(P=0.000). Compared
with those in the NSC group (1.9+0.69), BBB scores were
significantly improved the OEC group (2.85+0.93,
P=0.000) and OEC+NSC group (2.95+1.10, P=0.000); in

contrast, there was no significant difference in this
parameter between theEQ group and the OEC+NSC
group (P=1.000). Atz weeks after transplantation, the
BBB scores of each group continued to improve.
Compared with those of the NSC group (14.5+2.44), the
BBB scores of the OEC group showed no statistical
difference they were 1ot significantly different
(14.55+2.70, P=0.000). However, the BBB scores of the
OEC+NSC group (17.1+1.39) were significantly improved
compared with those of the NSC group and OEC group
(vs NSC group, P=0.006; vs OEC group, P=0.043).

SSRs in rats

Rats ekibit SSRs that can be determined by
electromyography. The resulting SSR waveforms are
similar to those observed in humans, consisting of a
biphasic or triphasic wave (although the biphasic wave
occurs most frequently). Generally, an SSR consists of a
low-amplitude negative wave followed by a high
amplitude positive wave. In our present study, when the
median nerve was stimulated, SSRs were elicited from
both the upper and lower limbs. There was no
significant difference in the amplitudes or latencies
betwesn the two upper or lower limbs. However, there
were significant differences in the latencies and
amplitudes between the upper and lower limbs, which
were similar when the tibial nerve was stimulated
(Figure®).

Changes in SSRs in SCI rats after cell
tran splantation

After SCI, the SSR ejection rate decreased (DMEM group:
8/20, OEC group: 13/20, NSC group: 12/20, OEC+NSC
group: 18/20). When SSRs were induced, their amplitudes
were reduced and their latencies were prolonged following
SCI (Figure 7). As canbe seen from Table 2, changes
caused by SCI in all the cethnsplantation groups were
reduced after two weeks of treatment. There were no
statistically significant differences in SSR parameters
between the OEC (latency: 1810.72+942.96 ms;
amplitude: 4125 N164. 82 &V) and
groups (latency: 1755.58+987.95 ms; amplitude:
682.8N367.84 eV), but
in both the SSR latencies and amplitudes between the
OEC+NSC group (latency: 651.62+108.08 ms, P=0.000;
amplitude2 077. 66 N778. 04 ¢V,
transplantation groups (TableR2gure8).

DISCUSSION

The present study elucidated the following. First, the
SCI microenvironment led to necroptosis of grafted
NSCs viaRIPIMLKL, thus inhibiting their survival

and therapeutic efficacy in the spinal cord. Second,
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Figure 4.(A) Morphological changes at one week after $&lj) HE staining in each group. Scale bairs:100 um, fi j 50 um. i t) Nissl
staining in each group. Scale bafso 100 um, pit 50 um; B) Quantitative analysis showed that the number of neurons in the OEC+NSC
group was significantly increased in comparison with that in the DMEM group or NSC group+(8E&h onevay ANYA, posthoctest:
DunnBonferroni; error bar: 95% CIP%0.05, pairwise comparisons of other groups: 0.01).
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Table 1 BBB scores

sham DMEM OEC NSC OEC+NSC
1w 21+0.00 0.7+0.73 2.85:0.93 1.95+0.69 2.951.10
2W 21+0.00 1.4+0.50 5.4+1.73 4.9+1.80 7.05+1.96
3w 21+0.00 4.2+1.64 9.8+3.12 10.1+2.94 15.252.57
AW 21+0.00 6.85+2.41 14.55:2.70 14.5+2.44 17.1+1.39

Oneweek after surgery, there was no statistically

significant difference in BBB score between OEC

group OEC+NSC group (P2Wy, there was no significant difference between the OEC group and the
NSC group and the OEC+NSC gréu@BW and 4w, the difference betwaethe OEC group and the

NSC group was not statistically significant, and pai

rwise comparison between the other grallpt at

time points was statistically significafg value < 0.01)

transplanted OECs  counteracted SCFinduced
necroptosis, protecting doansplanted NSCs and
prolonging their intramedullary survival to promote
nerve regeneration. Third, intraspinal transplantation of
NSCs and OECs after SCI effectively mitigated
autonomic neurological dysfunction. Rty we
demonstrated that SSRs of SCI rats were elicitability
decreased, and that remaining SSRs exhibited
prolonged latencies and decreased amplitudes. Finally,
we revealed that OEC/NSC -t@ansplantation not only
improved motor function but also effeatly alleviated
autonomic nerve dysfunction.

Previous studies have shown tMRatP3 and MLKL
levels are upeegulated within 24 hours after SCI, reach
a peak within three days, and remainragulated for
21 days T1]. Interestingly, the time course of this
process is similar to that of secondary injury after SCI
[20]. In the present study, we found tHRIPIMLKL

levels and necroptosis were increased at two weeks after
SCI. At this time after SCI, apoptosis has been shown to
be rare [2], as it usually peakat three days and nearly
disappears by seven days after SCI. Hence, necrosis
may play a more important role in secondary injury
after SCI.

Many studies have suggested that necroptosis can occur
in various cells within the nervousystem, including
neurons, astrocytes, and oligodendrocytes?2].[2
However, little attention has been paid to whether
necroptosis affects transplanted cells. Thus, in in the
present study, we used SCI homogenates to simulate the
SCI microenvironmentin vitro. We found that SCI
homogenates upegulated the expression levels of RIP3
and MLKL in naive NSCs. This result suggests that the
SCI microenvironment can cause necroptosis of
uninjured cells. We also found that RIP3/MLKL
mediated necroptosis not only oced in intrinsic cells

Figure 5. Comparison of BBB scor@$.BBB scores for each group varied over time. Error bar: 958) BBB scores at four weeks after
cell transplantations. (meah SEM; tweway ANOVAposthoctest: DunnBonferroni; errorbar: 95% ClI; *#<0.01).
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