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EphB3 receptors function as dependence receptors to
mediate oligodendrocyte cell death following contusive
spinal cord injury

Y Tsenkina'®, J Ricard"?3, E Runko', MM Quiala- Acosta', J Mier' and DJ Liebl*'

We demonstrate that EphB3 receptors mediate oligodendrocyte (OL) cell death in the injured spinal cord through dependence
receptor mechanism. OLs in the adult spinal cord express EphB3 as well as other members of the Eph receptor family. Spinal cord
injury (SCI) is associated with tissue damage, cellular loss and disturbances in EphB3-ephrinB3 protein balance acutely (days)
after the initial impact creating an environment for a dependence receptor-mediated cell death to occur. Genetic ablation of EphB3
promotes OL survival associated with increased expression of myelin basic protein and improved locomotor function in mice after
SCI. Moreover, administration of its ephrinB3 ligand to the spinal cord after injury also promotes OL survival. Our in vivo findings
are supported by in vitro studies showing that ephrinB3 administration promotes the survival of both oligodendroglial progenitor
cells and mature OLs cultured under pro-apoptotic conditions. In conclusion, the present study demonstrates a novel dependence
receptor role of EphB3 in OL cell death after SCI, and supports further development of ephrinB3-based therapies to promote

recovery.
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Spinal cord injury (SCI) leads to a severe functional disability
affecting approximately 10000 new people every year
in the United States." The associated functional impairment
in SCI patients is largely due to regional cell death and
interruption of cerebrospinal axonal pathways. The initial
mechanical tissue damage is accompanied by an acute
necrotic and apoptotic cell loss followed by progressive
degenerative events that include apoptosis (i.e., pro-
grammed cell death), demyelination, axonal injury, inflam-
mation, edema, hemorrhage, excitotoxicity and oxidative
stress.2™® In mammals, SCl-induced apoptosis can last for
days to weeks after the initial insult, where myelin-producing
oligodendrocytes (OLs) are highly susceptible. OL loss
underlies progressive demyelination and axonal degenera-
tion that severely impact sensorimotor functions following
SCI.277'2 |n human patients, OL apoptosis is observed as
early as 3 h after SCI and persists for weeks,'® providing a
strong rationale for examining the mechanisms leading to OL
death in the injured spinal cord.

OL apoptosis can result from a number of injury-induced
environmental influences where cell survival depends
on the balance between pro-survival and pro-apoptotic
signals.*'>'*1% |n central nervous system (CNS) injury,

membrane-bound death receptors are key players in tipping
the balance toward cell death through activation of executioner
caspases. The classic death receptor family is part of the
tumor necrosis factor (TNF) receptor gene superfamily
comprises tumor necrosis factor receptor 1 (TNFR1), CD95
(also called FasR), DR3, DR4, DR5 and DR6."%1572° We have
recently identified new pro-apoptotic receptors in the adult
CNS, belonging to the dependence receptors family, that also
activate terminal caspases but in the absence of their cognate
ligand(s).?"22

Dependence receptors were initially identified in cancer
biology as important modulators of cancer progression.?®2°
These receptors fulfill dual functions depending on their
ligand availability. During normal development and tissue
homeostasis, they interact with their respective ligand(s) to
promote positive signals such as cell survival, migration
and differentiation. However, when deprived from their
ligand(s), dependence receptors can trigger and/or amplify
apoptosis.?*2® Dependence receptors function as caspase
substrates leading to proteolytic cleavage, conformational
change, exposure/release of an addiction/dependence
domain (ADD) and executioner caspases amplification. There
are currently more than a dozen identified members of the
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dependence receptors family known to play critical roles in
regulating embryonic development, neurodegeneration and
cancer progression.?22427 \We previously identified Eph
receptors as new members of the dependence receptor
family.2"22

Ephrins and Eph receptors are membrane-bound proteins
that require cell—cell interactions to activate bi-directional
signaling and are known regulators of axonal pathfinding, cell
migration and positioning, dendritic spine modeling and
angiogenesis during development.?®*=' In the adult CNS,
EphB3 receptors regulate neural progenitors and cortical
neuron survival following traumatic brain injury (TBI),2%27
supporting a dependence receptor role for EphB3. These
studies also revealed that EphB3 could have a broader pro-
apoptotic role enhancing the survival of multiple cell types in
the injured adult CNS.

Here, we examined whether EphB3 mediates OL apoptosis
during the acute and chronic phase of contusive SCI through
dependence receptor mechanism, and whether administra-
tion of ephrinB3 could block EphB3-mediated cell death. Our
findings provide further evidence that EphB3 functions as a
dependence receptor in the injured CNS and support a
potentially important and novel therapeutic strategy to
promote recovery.
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Figure 1 H&E stained longitudinal sections from the spinal cords of sham (a
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Results

EphB3 is expressed in OLs and is altered after SCI. To
examine the role of EphB3 in OL survival following SCI, we
took advantage of genetically modified mice expressing
green fluorescent protein (GFP) under the control of the
proteolipid protein (PLP) promoter.32 Co-labeling studies
demonstrated that GFP was restricted to MBP-labeled OLs
and not present in GFAP-positive astrocytes or NeuN-positive
neurons (Supplementary Figure S1). PLP-GFP mice were
examined at 7 days post injury (dpi) for OL survival and tissue
morphology. At this post-surgery time point, haematoxylin
and eosin stained sections from SCI animals showed cellular
disorganization, but little overt tissue loss at the injury
epicenter as compared with sham controls (Figures 1a and
b). GFP-positive OLs were abundant throughout the spinal
cord under normal physiological conditions (sham controls)
(Figure 1c); however, OLs were not observed at the injury site
(Figure 1d) suggesting that most OLs in and around the injury
epicenter have likely undergone cell death by 7 dpi.

To begin implicating Eph receptors in mediating cell death,
we first examined whether GFP-positive OLs express Eph
receptors in the adult spinal cord. EphB receptors and
specifically EphB3 were expressed in GFP-positive OLs
using pan-EphB (Figures 1e—h) and anti-EphB3 antibodies

SCI (7 dpi)

Hoechst Merged

) mice showing mild atrophy and morphological tissue disorganization without

significant cavitation 1 week after SCI. Conversely, there is an overt loss of PLP- GFP positive OLs atthe injury epicenter (d) as compared with sham (¢) mice 7 days after surgery.
High-magnification images show double PLP-GFP and EphB positive OLs with Hoechst stained nuclei using a pan-EphB1,2,3 antibodies (e-h) and specifically EphB3 using anti-
EphB3 antibodies (i-l) in the adult naive spinal cord. Scale bars equal 250 um (x5 magnification) (a-d) and 50 zm (x63 magnification) (e-I)
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Figure 2 EphB3 and ephrinB3 levels are altered after SCI. Western blot analysis for EphB3 and ephrinB3 at 1 (a), 3 (b) and 7 (c) day(s) post-injury (dpi) as compared with
sham surgery. Significant reductions in EphB3 (d) and ephrinB3 (e) protein levels are observed at 1 dpi with a subsequent trends back to pre-injury levels of the EphB3 receptor,
but not the ephrinB3 ligand by 7 dpi. Protein levels are normalized to g-actin controls. *P<0.05

(Figures 1i-l), respectively. Furthermore, Eph expression
was maintained in both naive and injured tissues. We next
determined the temporal protein level profiles of EphB3 and its
ligand ephrinB3 in a 2-mm spinal cord segment flanking the
injury epicenter at 1, 3 and 7 dpi in WT sham and SClI tissues
(Figure 2). We observed a significant reduction in overall
EphB3 and ephrinB3 levels at 1 dpi (P<0.05) (Figures 2a and
d). By 3-7 dpi, EphB3 levels gradually returned to baseline
(sham controls) whereas ephrinB3 remained suppressed at
the same post-injury time point (Figures 2b, c and e). Together,
these findings demonstrate that EphB3 is expressed in spinal
cord OLs and may participate in Eph-mediated cell death. This
could result from suppression in injury-induced ephrinB3
protein levels, tissue disruption associated with SCI and/or
alterations in cell-cell contacts important for the interactions of
membrane-bound ephrins with their Eph receptors.

Improved survival of OLs after SCI in the absence of
EphB3 and following ephrinB3 infusion. To determine
whether ephrinB3-EphB3 signaling has a role in cell survival
following SCI, OL numbers were analyzed by stereologically
counting GFP-positive cells at 7 dpi. We first examined OL
numbers in naive PLP-GFP-WT and PLP-GFP-EphB3~/~
mice to rule out potential developmental deficits associated
with the germ-line mutation, and observed no significant
differences in OL numbers between PLP-GFP-WT
(10313+905, n=8) and PLP-GFP-EphB3~/~ (8851 + 1312,
n=9) mice (P>0.05) (Figure 3a). This suggests that the
absence of EphB3 does not affect OL differentiation,
maturation and overall numbers in the adult spinal cord. We
next examined the effects of SCI on OL survival within the
first week after SCI by evaluating the number of surviving
GFP-positive cells in a 2-mm segment surrounding the injury

epicenter. At 7 dpi, we observed an ~50% reduction in
GFP-positive OLs in PLP-GFP-WT SCI (4903 +710, n=12)
as compared with naive (10313+905) and sham
(12138 +271, n=3) controls (P<0.01) (Figures 3a and b).
Interestingly, analysis of injured PLP-GFP-EphB3~/~ mice
(6871 £509, n=3) showed no significant differences from
their non-injured PLP-GFP-EphB3~/~ controls (P> 0.05), but
demonstrated significant differences from PLP-GFP-WT SCI
mice at 7 dpi (P<0.01) (Figure 1a).

To examine whether activation of EphB3 following
SCI could reverse cell losses, we administered recombi-
nant ephrinB3%® at a concentration of 50 ng/h through
intrathecal infusion into the injury epicenter for a week after
the initial insult. Following ephrinB3 infusion, we observed a
significantly higher number of GFP-positive OLs (5870 + 742,
n=6) as compared with vehicle controls (3547 + 510, n=14)
(P<0.05) (Figure 3c). These findings support the dependence
receptor role of EphB3 in mediating OL death following SCI
and demonstrate that these negative effects can be reversed
by administration of its ligand ephrinB3.

Absence of EphB3 leads to improved functional recovery
following SCI. We next examined whether increased OL
survival resulted in improved hindlimb locomotion and
myelination following SCI. To examine hindlimb function,
we performed an open field basso mouse scale (BMS)
analysis on WT and EphB3~/~ mice for a period of 7 weeks
after SCI. Both WT and EphB3~/~ naive and sham mice
showed normal locomotion before surgery with an average
BMS score of 9 (not shown). Following SCI, both genotypes
developed severe motor deficits that showed improvements
by 3 dpi and plateaued at 14 dpi, which is a standard
response for moderate-contusion injury in mice.®* Significant
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Figure 3 Stereological analysis of PLP-GFP-positive OLs demonstrates that the significant losses observed in WT SCI are not observed in EphB3~/~ injured mice as
compared with naive controls with significantly greater EphB3~/~ than WT OL numbers at 7dpi (a). Sham surgery does not affect overall OL numbers as compared with naive
animals; however, SCI is associated with significant reductions in GFP-positive OLs when compared with sham and naive controls (b). EphrinB3 administration significantly
promotes OL survival 1 week after SCl as compared with PBS infusion in SCI tissues (c). *P< 0.05; **P<0.01; *P<0.01. *compared with WT naive (a) or sham (b); *compared

with WT SCI

differences were observed between WT (average BMS score
of ~4) and EphB3~/~ (average BMS score of ~5.8) mice
between 14 and 49 dpi with the earliest significant improve-
ments occurring by 7 dpi (P<0.05) (Figure 4a). It is likely that
the motor deficits observed at 1 and 3 dpi represent spinal
shock from the surgery, while genotype differences in injury
progression occur at 7 dpi and beyond.

To provide additional support for the sparing of mature OLs
in the presence and absence of EphB3 following SCI, we
examined MBP protein levels at 7 dpi (Figures 4b and c).
Western blot analysis showed a significant loss of MBP in WT
injured mice at 7 dpi as compared with WT sham controls
(P<0.05); however, MBP levels in EphB3~/~ injured tissues
were not significantly different from WT or EphB3~/~ sham
controls (P>0.05). Furthermore, significant differences in
MBP levels were observed between WT and EphB3~/~ SCI
tissues (P<0.05) (Figures 4b and c), suggesting that losses of
EphB3 expressing OLs may lead to reduced myelin content
after SCI.

EphrinB3 rescues cell death of cultured OPCs and
mature OLs. To determine whether ephrinB3 can block
Eph-mediated cell death in a cell autonomous manner, we
used in vitro cultured OPCs and mature OLs isolated from the
adult spinal cord of naive WT and EphB3~/~ mice. Western
blot analysis for EphB3 confirmed the absence of EphB3
protein in cultured OPCs derived from EphB3~/~ animals
(Supplementary Figure S3D). Cells were maintained as
A2B5-positive, O1-/O4-negative progenitor cells before
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inducing differentiation to O1-/0O4-/GalC-positive mature
OLs (Supplementary Figure S2). Immunostaining showed
that Eph receptors were expressed by all cultured OL
subtypes (i.e., progenitor, pro-OLs and mature OLs)
using anti-pan-EphB (Figures 5d and f) and anti-EphB3
(Figures 5g—i) antibodies. mMRNA analysis demonstrated that
multiple Eph transcripts were expressed by mature OLs
(Figures 5j—0), including EphB3 (Figure 5I).

To begin to determine whether ephrinB3 can block OL cell
death in stressed-related conditions, we developed a cell
death assay using staurosporine as previously described.?'
Although the mechanism of staurosporine actions is not well
understood, stauroporine has been shown to partially function
through caspase-dependent mechanisms,®®>¢ which is a
prerequisite initiation step for inducing dependence receptor
cleavage in the absence of ligand binding. Administration
of 4-20 nM staurosporine to cultured OLs and OPCs showed
a dose-dependent decrease in cell survival (Supplementary
Figures S3A and B), where 20 and 10nM represented the
optimal minimal concentration of staurosporine to induce a
significant ~50% reduction in OL and OPC survival, respec-
tively. To examine whether application of ephrinB3 could
reverse staurosporine-induced cell death, we applied
0.063-1.0 ug/ml ephrinB3 with 20 nM staurosporine to OL
cultures (Figure 6a). We observed a dose-dependent increase
in OL survival following ephrinB3 administration, where
1.0ug/ml  ephrinB3 significantly blocked staurosporine-
induced cell death. To examine whether ephrinB3 regulates
OL survival through EphB3, we evaluated the effects of
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Figure 4  Significant improvements in hindlimb locomotor behavior are observed
in EphB3~/~ as compared with WT mice by 7 dpi that is maintained for 7 weeks (a).
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ephrinB3 treatment on WT and EphB3~/~ OL derived from
adult spinal cords. We observed a significant 2-fold survival in
OL cultures treated with 1.0 ug/ml ephrinB3 as compared with
vehicle (Figure 6b), where ephrinB3/staurosporine-treated
OLs did not differ significantly from controls (P>0.05).
Conversely, ephrinB3 administration had no effect on
staurosporine-treated EphB3~/~ OLs (Figure 6b), suggesting
that EphB3 signaling is important in ephrinB3-mediated
survival.

We also examined the influence of ephrinB3 on OPCs and
observed similar effects to OLs, where 1.0 ug/ml ephrinB3
improved WT, but had no effect on EphB3~/~ OPC survival
when grown in the presence of 10nM staurosporine
(Figure 6c). No significant differences were observed in
staurosporine-induced cell death between WT or EphBS’/ -
OPCs (Supplementary Figure S3C). To exclude potential
developmental deficiencies in OPC associated with germ-line
EphB3 deletion, we examined whether EphB3~/~ OPCs are
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responsive to alternative trophic signals after staurosporine
treatment. Administration of brain-derived neurotrophic factor
(BDNF) using a single bolus of 1.0ug/ml BDNF or 4
applications of 100 ng/ml every 12h over 2 days, together
with 10 nM staurosporine, showed significant improvement in
EphB3~/~ OPC survival (Figure 6d). We also examined
whether ephrinB3 could improve cell survival in non-caspase,
glutamate-induced excitotoxicity model of cell death. Applica-
tion of 100 mM glutamate induced ~50% cell death in cultured
OPCs that was not significantly reversed following 1.0 ug/mi
ephrinB3 administration in the presence or absence of 20 uM
pan-caspase inhibitor zZVAD-fmk. Together, these findings
support a cell autonomous role for ephrinB3 in blocking
EphB3-mediated cell death in both OLs and OPCs.

Discussion

Progressive loss of OLs following SCI contributes to prolonged
demyelination, axonal degeneration, functional impairment,
and represents an important cellular target for new neuro-
protective therapies. The present study describes a novel role
for EphB3 in the contused spinal cord, where it functions as a
pro-apoptotic dependence receptor to induce OL loss. In
general, dependence receptors initiate cell death signals
under stress conditions and reduced interactions of a ligand
with its cognate receptor(s).2"2?? In the adult spinal cord,
EphB3 is localized to several cell types including OLs
throughout the rostro-caudal extent. Following SCI, alterations
in the EphB3 to ephrinB3 protein ratio along with tissue
disruptions and reduced cell—cell interactions support an
environment for EphB3 dependence receptor-mediated cell
death to occur. In the absence of EphB3 receptors, fewer OLs
undergo cell death leading to improved locomotor behavior in
EphB3~/~ as compared with WT mice following SCI. Similarly,
EphB3-mediated OL cell death can be blocked following
administration of ephrinB3 to the injured spinal cord. These
results are supported by our in vitro studies suggesting a cell
autonomous role for EphB3 signaling. In short, these findings
demonstrate a novel dependence receptor mechanism for OL
cell death following SCI, and implicate a ligand-based
therapeutic strategy for blocking progressive spinal cord
damage.

The dependence receptors family is best known for its roles
in development?®=2137 and cancer biology.2>2* Many depen-
dence receptors regulate critical processes during neurode-
velopment such as axonal chemoattraction/repulsion and
outgrowth as well as cell migration. In fact, some of the first
functions associated with Eph receptors had been midline
axonal chemorepulsion and neural crest cell sorting.?®=" The
developing nervous system is also refined by a period of
naturally occurring cell death mediated partially by some
members of the dependence receptors family such as the
netrin-1 binding receptors, Deleted in Colorectal Cancer
(DCC) and uncoordinated-5 homolog (UNC5).3” In these
studies, netrin-1 knockout mice exhibited apoptosis of DCC-
and UNC5-expressing cells in the embryonic brainstem. Eph
receptors are also highly expressed in the developing CNS,
but have not been associated with cell death. In the adult CNS,
many important developmentally regulated proteins are still
present, although expression levels and pattern may have

o
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Figure5 Cultured OLs express Eph receptors in progenitor, pro-OL and mature OL stages. Bipolar progenitors show an elongated soma (a), pro-OLs have a larger soma with
shorter, more complex branching (b), and mature OLs have multiple processes containing membrane sheets (arrows in ¢). High-magnification images show EphB expression at
all stages of OLs maturation in vitro using anti-pan-EphB1,2,3 (d—f) and anti-EphB3 antibodies (g-i). RT-PCR analysis reveals mRNA expression of EphB1 (j), EphB2 (k), EphB3
(1), EphB4 (m), EphB6 (n) and EphA4 (o) in cultured mature OLs derived from the adult spinal cord. mRNA from neonatal brain (Br) was used as a positive control and RT- served

as a negative control

changed. In particular, membrane-bound ephrins and their
Eph receptors are maintained at low homeostatic levels in
multiple cell types in adult tissues, but expression patterns and
levels can change after CNS injury. Studies have shown that
several A- and B-class Ephs are upregulated following SCI in
rats, while ephrins are maintained or reduced.3®*? Qur
findings suggest that overall levels of both ephrins and Eph
receptors are reduced in the acute stage following SCI in mice,
but only Eph receptors return to pre-injury levels after a week,
supporting an environment where non-ligated Eph receptors
may persist and mediate cell death through dependence
receptor mechanisms. More importantly, since ephrins and
Eph receptors are membrane bound, reductions in cell—cell
contact after CNS trauma will likely perpetuate a dependence
receptor-mediated cell death environment. Basically, tissue
damage after trauma leads to cell losses that progressively
reduce tissue integrity and destabilize cell—cell contacts. We
demonstrate that saturation of spinal cord tissues with
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ephrinB3 can block OL cell death, likely through inhibition of
receptors cleavage by ligand binding. We observed similar
roles in TBI, where residential cortical neurons®® or neural
progenitor cells in the subventricular zone®” showed differ-
ential EphB3 to ephrinB3 expression associated with EphB3-
mediated cell death that could be reversed by ephrinB3
administration. Furthermore, cell death results from cell
autonomous EphBS3 signaling since we can model cell death
and ephrinB3 reversal in purified adult OL and OPC cultures. It
is less clear whether blocking OL and/or OPC apoptosis in the
injured spinal cord also leads to paracrine influences on each
other or other cell types. We did observe a BDNF rescuing
effect on EphB3~/~ OPCs following staurosporine treatment.
BDNF is known to induce trophic signals in developing OPCs
and OLs*® as well as to promote cell survival under
pathological conditions such as SCI.'*444® BDNF-induced
OPC survival originating from EphB3~/~ adult mouse spinal
cord demonstrates a lack of developmental defects associated
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Figure 6 EphrinB3 administration blocks EphB3-mediated cell death in OLs and OPCs. Dose-response curve of 0.063; 0.25; 1.0 ug/ml ephrinB3 blocked 20 nM
staurosporine-mediated cell death of WT OLs at 1.0 ug/ml (a). Application of 1.0 ;.g/ml ephrinB3 blocked 20 M staurosporine-mediated cell death in WT but not EphB3~/~ OLs
cultures (b). Application of 1.0 ug/ml ephrinB3 blocked 10 nM staurosporine-mediated cell death in WT but not EphB3~'~ OPCs (c). BDNF administration at both 100 ng/ml
supplemented every 12 h over 2 days and 1.0 x.g/ml applied once over 48 h significantly increased cell survival of staurosporine-treated EphB3~/~ OPCs (d). 100 mM Glutamate
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P <0.001; *P<0.05; #P<0.01. *Compared with control; “Compared with vehicle

with the germ-line mutation and continued responsiveness of
these cells to trophic signals. Interestingly, BDNF can also
bind to p75NTR, which is expressed by OLs and has been
described as a dependence receptor.2>*® However, unlike
TrkA and TrkC, TrkB has not been shown to exert dependence
receptor functions.26:4774°

In addition, endogenous oligodendrogensis and remyelina-
tion may also influence our observations, since these events
have been observed in the injured spinal cord®*=>% and we
have previously shown that ephrinB3 can stimulate other
neural progenitor cell populations in the adult subventricular
zone.?”%* Qur in vitro findings would support the possibility
that ephrinB3-EphB83 signaling may improve the survival and
possibly expansion of OPCs under pathological conditions.
Thus, we cannot rule out that OPCs may have also contributed
to the observed functional improvements associated with
EphB3~/~ injured mice.

Other membrane receptors have also been implicated in
early apoptotic responses following CNS trauma, such as the
classic death receptor machinery (e.g., TNFR-alpha, FASR,
CD95 and p75N™"). Classic death receptors require ligand
activation to induce cell death signals that involve terminal
activation of caspases, unlike dependence receptors that
initiate cell death in the absence of their respective ligands.
SCl studies have shown that OL apoptosis along degenerating
axons is associated with increased FAS, p75N™" and TNF

ligand/receptor expression'®'® while CD95 ligand/receptor

are upregulated at the injury epicenter.'® Although, both CD95
and TNF have essential roles in inducing programmed cell
death, therapeutic neutralization of only CD95 has been
shown to significantly decrease apoptosis and promote
functional recovery after SCI in mice.'® FAS receptor activa-
tion is also an important player in apoptosis, and has been
linked to neuroinflammatory responses and Wallerian
degeneration.'®2° Neutralization of FAS ligand as well as
genetic mutation of FAS lead to reduced cell death and
enhanced functional recovery after SCI.'® Interestingly,
soluble FAS receptor administration in the injured spinal cord
promotes neuronal and OL survival and improves functional
outcome.2° Similarly, inhibition of EphA7 upregulation limits
the extent of apoptosis and improves recovery after SCI;
however, its mechanism(s) of action remain(s) unclear.®® In
addition, to EphB3, we have also implicated EphA4 as a
dependence receptor in the CNS;2" while most other A- or
B-class receptors have not been evaluated.

Activation of pro-apoptotic signals by ligand-dependent
death receptors or ligand-independent dependence receptors
have signaling cascades that both involve terminal
caspases.'®2426 EphB3 is known to require intracellular
caspase cleavage at amino acid position 849 to induce cell
death, where C-terminal cleavage of an ~20-kDa fragment
releases an ADD upstream of this cleavage site.?> Both
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EphB3 and EphA4 have been shown to be caspase targets,
where D849N mutation of EphB3 or D773/774N mutation of
EphA4 can block Eph-mediated cell death.?'?2 Detection of
the 20kDa fragment in the injured spinal cord has proven
challenging considering highly specific antibodies are cur-
rently not available and difficult to develop and Eph receptor
cleavage is an early diffuse event where C-terminal fragments
can be quickly degraded. Future studies will need to develop
an inducible and cell-specific non-cleavable D849N knock-in
mouse to examine dependence receptor mechanisms
following SCI.

The spatiotemporal profile of cell death following SCI
involves numerous cell types and likely reflects multiple
mechanisms of initiation. In fact, it is difficult to address one
cell type without considering the influence of other cells in the
spinal cord. OL has an intimate relationship with the axons
they wrap, therefore injury-induced axonal degeneration could
lead to decreased axonal trophic support contributing to OL
loss.'®'2 It is difficult to determine whether axonal degenera-
tion precedes or proceeds OL loss, but it is clear that
supporting the survival of OLs may have beneficial effect on
neurons. In EphB3~/~ mice, we observed significant func-
tional improvement in hindlimb movement following SCI as
compared with WT-injured mice, which included significantly
higher levels of MBP in the cord. However, assessing the
effects of OL sparing on functional improvement are challen-
ging, considering these mechanisms are specific to apoptosis
and there remains a necrotic epicenter and significant tract
damage. This was most evident in the ephrinB3 infused mice
where improved hindlimb locomotion was not observed (not
shown), which likely reflects a partial protective effect,
compared with the absence of EphB3, and a remaining
necrotic core. This would suggest that a therapeutic treatment
would need to include both anti-apoptotic and anti-necrotic
strategies. Our in vitro glutamate-induced excitotoxicity study
supports the pro-apoptotic role of ephrinB3 and provides an
OPC modeling system to evaluate anti-necrotic compounds.
In summary, pro-apoptotic receptors may reflect several
families with multiple members, suggesting that a complex
multi-treatment may be required. However, significant OL
survival can be achieved by eliminating or blocking just one
member of the dependence receptor family, suggesting that
cell survival in the injured CNS depends on the balance
between trophic and anti-trophic signals and therefore, tipping
the balance to pro-survival may have important beneficial
effects.

Materials and Methods

Animals. Female wild type (WT), EphB3 knockout (EphB3~/~%%), PLP-GFP-WT
(a kind gift of Dr. Wendy Macklin, University of Colorado, Denver CO, USA®) and
PLP-GFP-EphB3~/~ mice (2-3 months of age, weighing 26 + 6 g) were used for
this study. All mice were maintained on a CD1 background, and genotyped using a
standard PCR analysis as previously described.®® All animal procedures were
approved by the University of Miami Animal Use and Care Committee (IACUC).

SCI and osmotic pump implantation. Mice were randomly allocated to a
naive, sham or SCI group. Before surgery, sham and SCI mice were anesthetized
by intraperitoneal (IP) injection of ketamine (100 mg/kg) and xylazine (10 mg/kg).
A laminectomy was performed at vertebrate thoracic level 9 (T9) to expose and
moderately injure the dorsal surface of the spinal cord by the tip of a contusion
device (Infinite Horizon Impactor from Precision Systems and Instrumentation, LLC)
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at a predetermined impact force of 50 kDynes. Sham-operated animals underwent
an identical surgical procedure in the absence of laminectomy and injury. Naive
control mice were not subjected to any surgical intervention.

For intrathecal infusion, purified ephrinB3 extracellular domain proteins
(ephrinB3)® at 100 ug/ml or vehicle 1x phosphate buffer saline (PBS, pH7.4,
Gibco, Langley, OK, USA) was infused in the injury epicenter using a micro-osmotic
pump (Alzet, Durect Corp, Cupertino, CA, USA; model 1007D) assembled according
to the manufacturer's recommendations and connected to Brain Infusion kits #3
(Alzet). Briefly, pumps were filled with PBS or ephrinB3 aggregates (100 ug/ml) * and
primed overnight in PBS at 37 °C. Following the laminectomy, pre-loaded micro-
osmotic pumps were stereotaxically placed with the cannula just over the contusion
site: two points of glue were placed on the bottom spacer disc to attach the infusion
pumps on the vertebrae anteriorly and posteriorly to the laminectomy window. Three
spacer discs were added around the cannulas to prevent them from protruding
excessively and the removable tabs were cut. The placement of the infusion cannulas
was further secured using a Vicryl absorbable suture thread (Ethicon Inc.,
Piscataway, NJ, USA): the thread was passed through the lateral muscle and over the
catheter tube before being gently tied. The skin was then sutured to cover the pumps
and infusion cannulas. After surgery, mice were housed individually and received
daily subcutaneous injections of lactated Ringer's solution (Hospira Inc., Lake Forest,
IL, USA) to prevent fluid loss and gentamicin (40 mg/kg) (Sigma, St Louis, MO, USA)
to avoid urinary tract infections. Manual bladder expression was performed twice a
day until animals recovered their ability to spontaneously relieve their bladder. Food
and water were provided ad libitum throughout the entire experimental period.

Behavioral evaluation. Locomotor behavior was evaluated using the
BMS.%%7 Briefly, BMS is a 9-point scale providing a gross indication of locomotion
and its different features. Scores from 0 to 2 suggest no hindlimb ankle movement
and paralysis, score of 4 represents occasional plantar stepping and no forelimb—
hindlimb coordination, score of 6 is indicative of frequent or consistent plantar
stepping and some locomotor coordination, whereas a score of 9 indicates a normal
locomotion. Baseline level of performance was measured before surgery in all
animals and then locomotion was tested at 1, 3 and 7 dpi followed by a weekly
evaluation for a period of 7 weeks.

Histology. Mice were anesthetized via an IP injection of 0.1ml ketamine
(100 mg/kg) and xylazine (20 mg/kg) cocktail and intracardially perfused with PBS
(pH 7.4) followed by fresh cold 4% paraformaldehyde (PFA). One centimeter spinal
cord segments flanking the injury epicenter were carefully removed and tissue
samples were cryopreserved by an overnight incubation in 30% sucrose solution at
4°C before embedding in 30% sucrose Tissue-Tek OCT solution (Sakura, Torrance,
CA, USA) and isopentane freezing. Thirty micron longitudinal sections were serially
cryostat sectioned and stored at — 80 °C until used. A standard Hemotoxylin and
Eosin (H&E) histological staining was applied to visually examine the overall spinal
cord tissue morphology in sham-operated and SCI animals at 7 dpi.

Immunohistochemistry and microscopy. Tissue sections were rinsed
in PBS to remove OCT and post-fixed in fresh 4% PFA for 5 min. Following three
PBS washes for 10 min, the samples were permeabilized with 1% Triton X-100
solution in PBS for 30 min at room temperature and blocked in PBS-T (PBS with
0.1% Tween-20) containing 5% heat-inactivated goat serum and 5% bovine serum
albumin (BSA) for a period of 2 h. Following serum blocking, tissues were incubated
overnight in the respective primary antibody, including anti-GFAP (rabbit polyclonal,
Dako, Cambridge, UK, diluted 1:750), anti-NeuN (mouse monoclonal, Millipore,
Temecula, CA, USA, diluted 1:100), anti-pan-EphB (mouse monoclonal that
recognizes EphB(1,2,3) receptors, a gift from Dr. Zaven Kaprielian (Albert Einstein
College of Medicine, diluted 1:5)% and anti-EphB3 (mouse monoclonal, Abcam,
Cambridge, UK, diluted 1:100) antibodies. The samples were then washed three
times for 10 min in PBS-T followed by incubation with the respective Alexa-488- or
Alexa-594-conjugated secondary fluorescent antibodies (goat anti-mouse and goat
anti-rabbit, Invitrogen, Carlsbad, CA, USA, diluted 1: 1000 in blocking buffer) for 2 h
at room temperature. Following three PBS-T washes for 5min, cell nuclei were
counterstained with Hoescht 33258 (Sigma) at 1.2 pg/ml for 5 min. Subsequently,
the samples were washed three times for 5 min with PBS-T and mounted on glass
coverslips with Fluoro-Gel (EMSciences, Hatfield, PA, USA). Immunostained
sections were visualized using a Zeiss Axiovert 200 M fluorescence microscope
(Carl Zeiss, Goettingen, Germany) and images were captured using AxioVision LE
V4.5 software (Carl Zeiss) and annotated with Adope Photoshop software.



Stereology. PLP-GFP-WT (naive n=8; SCl=14) and PLP-GFP-EphB3~'~
(naive n=9; SCI n=6) mice were killed at 7 dpi. An additional group of PLP-GFP-
WT SCI mice was subjected to either 100 pg/ml ephrinB3 (n=6) or vehicle PBS
(n=14) intrathecal administration. All tissue samples were prepared as described
above. Stereological counts of PLP-GFP positive cells were performed using a
motorized Olympus BX51TRF microscope (Olympus America, Center Valley, PA,
USA), Optronix cooled video camera, and MicroBrightField Stereolnvestigator
software package (MBF Bioscience, Williston, VT, USA). The optical fractionator
method and the optical dissector probe were applied to avoid biased cell number
estimation. The region of interest spanning around T8-T10 (1 mm rostral and 1 mm
caudal to injury epicenter) was manually overlaid with contours using x10
magnification. A grid of 100 x 100 zm was placed over the selected area and the
number of PLP-GFP positive cells was randomly counted using optical fractionator
at x 63 magnification (sampling box 50x50 xm).

Protein assay. EphB3 and ephrinB3 protein levels were measured in 2mm
spinal cord segment flanking the injury epicenter in WT sham (n=9) and SCI
animals at 1 (n=4), 3 (n=6) and 7 (n= 3) dpi. Myelin protein levels namely myelin
basic protein (MBP) were assayed using WT and EphB3~'~ sham (WT n=3;
EphB3~/~ n=3) and SCI (WT n=4; EphB3~/~ n=4) mice at 7 dpi. Spinal cords
were rapidly removed and placed in cold 500 x| RIPA buffer (pH 7.5, 1% NP-40, 1%
sodium-deoxycholate, 0.1% SDS, 0.15 M NaCl, 2mM EDTA and 0.01 M sodium
phosphate) supplemented with protease (Roche, Florence, SC, USA) and
phosphatase (Sigma) inhibitors. Protein lysates were centrifuged at 4 °C at 13
200 r.p.m. for 10 min and the supernatant was collected. Protein concentration was
determined by the Lowry assay (Pierce Biotechnology, Rockford, IL, USA) and
measured using Life Science UV/VIS DU 530 Spectrophotometer (Beckman Coulter
Inc., Miami, FL, USA). Protein samples were resolved on 10% (EphB3 and
ephrinB3 assays) and 12% (MBP assay) SDS-PAGE gels and transferred onto
nitrocellulose membranes that were subsequently blocked with 5% milk in TBS-T
buffer (20 mM Tris, 137 mM NaCl, 0.1% Tween) for 30 min. The primary antibodies
anti-EphB3 (mouse monoclonal; Abcam; diluted 1:1000), anti-ephrinB3 (goat
polyclonal; Santa Cruz Biotechnology Inc., Dallas, TX, USA; diluted 1:200), anti-
MBP (mouse monoclonal, Abcam, diluted 1:100) and anti-p-actin (mouse
monoclonal; Cell Signaling, Danvers, MA, USA; diluted 1:5000) were diluted in
5% milk in TBS-T for overnight incubation at 4 °C. Following this, the membranes
were washed three times in TBS-T (5 min/wash) and the corresponding secondary
HRP-conjugated antibody (Jackson ImmunoResearch Inc. Laboratories, West
Grove, PA, USA, diluted 1:5000) was applied for 1h at room temperature. Blots
were developed using SuperSignal West Pico Chemiluminescent Substrate (Pierce
Biotechnology) and densitometrically analyzed with One Quantity software (Bio-
Rad, Hercules, CA, USA). The level of protein expression was normalized to g-actin
and then represented as a percentage of sham control levels (for EphB3 and
ephrinB3) or as a fold protein change (for MBP).

Oligodendroglia isolation and in vitro cultures. This procedure was
modified from an existing protocol.*® Spinal cords were dissected from naive adult
WT and EphB3~/~ mice, the meninges and dorsal root ganglia removed, and the
spinal cord was then rinsed twice in ice-cold DMEM (Gibco). The tissue was
chopped with microscissors and digested in 10 ml volume of dissociation buffer
(10 U/ml papain (Sigma), 5.5 mM cysteine (Sigma), 2.5 mM EDTA (Sigma), 20 mM
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HEPES (Sigma), 0.01N NaOH in Hanks' Balanced Salt Solution (HBSS,
Invitrogen)), for 15min at 37 °C. Dissociated spinal cords were triturated with a
5-ml pipette, then with a 2-ml pipette after another 15 min. The dissociation was
stopped by adding an equal volume of stop buffer (250 U/ml DNAse | (Sigma), 0.2%
BSA (Sigma), 10 g/ml gentamicin (Sigma) and 20 mM HEPES (Sigma), pH 7.4 in
HBSS)) for 15 min at 37 °C. The dissociated spinal cords were then filtered through
a 100-um filter mesh (BD Biosciences, San Jose, CA, USA) followed by a 40-um
filter mesh (BD Biosciences). The cells were spun at 1500 r.p.m. for 5min,
resuspended in 10% Percoll (GE Healthcare, Pittsburgh, PA, USA) in DMEM,
applied on top of a discontinuous 15%/60% Percoll gradient, and spun at 30 000 g
for 30 min at 4 °C. The 15%/60% cloudy interface was removed and washed twice
with 10 ml of DMEM followed by a spin at 1500 r.p.m. for 5 min at 4 °C. The cells
were then resuspended in DMEM with 10% BSA and 10 xg/ml gentamicin (Sigma)
and cultured on 100 xg/ml poly-o-lysine (Sigma)-coated 12-well plates. After 2 days
of in vitro culture, cells were rinsed in 1x HBSS (Invitrogen) and cultured as
progenitors for 5 days on 100 xg/ml poly-p-lysine (Sigma)-coated glass coverslips at
a density of 10° cells per well in DMEM supplemented with 1% N2 supplement
(Invitrogen), 2% B-27 supplement (Gibco), 1% gentamicin (Sigma), 7.5% NaHCO3
(Sigmay), 0.01% BSA (Invitrogen), 10 ng/ml PDGF- AA (Peprotech, Rocky Hill, NJ,
USA), 10 ng/ml FGF2 (Peprotech). The expression levels of EphB3 were verified in
WT and mutant OPCs by a standard western blot analysis (Supplementary
materials; Supplementary Figure S3D). To produce mature OLs, the medium was
changed to DMEM supplemented with 1% gentamicin (Sigma), 20 nM thyroid
hormone (T3) (Millipore) and 10ng/ml ciliary neurotrophic factor (CNTF)
(Peprotech) for a period of 7-10 days.

For some experiments, OPCs and mature OLs from both genotypes (WT versus
EphB3~/~) were subjected to 48 h treatment with 4, 10 or 20 nM staurosporine (Cell
Signaling) to develop and optimize an in vitro pro-apoptotic assay (Supplementary
materials; Supplementary Figure S3). Subsequently, the optimal staurosporine dose
(10 nM for OPC and 20 nM for mature OLs) was applied and the cells were treated
with either the vehicle buffer or 0.0625, 0.25, 1 g/ml ephrinB3 or 100 ng/ml BDNF
every 12 h over 2 days. Alternatively, 1.0 .g/ml BDNF was administered as a signal
bolus. Glutamate excitoxicity study was performed by applying 100 mM glutamate
(Sigma) and evaluating cell death at 48h as compared with vehicle. The single
administration of pan-caspase inhibitor 20 M ZVAD-fmk (Kamiya Biomedical
Company, Seattle, WA, USA) was applied in combination with 1.0 xg/ml ephrinB3
every 12h for 2 days. Cell death assay was performed by means of a trypan blue
(Sigma) exclusion assay and cell counts were performed using an automatic cell
counter (Bio-Rad). All in vitro experiments were repeated in triplicates.
Immunostaining for primary OPC and OL cultures employed anti-A2B5 (Millipore,
diluted 1: 100), -O4, -O1, -GalC antibodies (Gift from Dr. Pat Wood) from hybridomas
grown in Iscove’s Modified Dulbecco’s Media (Gibco) containing 20% fetal clone |
serum (Hyclone), 15% hybridoma cloning factor (Fisher), anti-pan-EphB (Gift for Dr.
Zaven Kaprielian®®), and anti-EphB3 (mouse monoclonal, Abcam, diluted 1:100)
with respective Alexa-488 or Alexa-594 conjugated secondary fluorescent antibodies
as described above.

RT-PCR analysis. RNA was isolated from newborn mouse brains (postnatal
day 0) and adult mouse OL cultures (prepared as described above) using the TRIzol
reagent (Invitrogen) according to the manufacturers protocol. The cDNA was

Table 1 Primer pairs with their corresponding annealing temperature used for RT-PCR detection of EphB1, EphB2, EphB3, EphB4, EphB6, EphA4 mRNA levels

Gene Primers Annealing temperature (°C) Product length (bp)

EphB1 Sense: atccggaacccagctagtctcaag 55 102
Antisense: ggtggtaaaggccgtgaagtctg

EphB2 Sense: accaccggcccaagticg 55 142
Antisense: aagctggtgtagtccggtatcg

EphB3 Sense: gtttatattgacccttttaccta 55 242
Antisense: gtcgaccacggcacacttcc

EphB4 Sense: gaatcccgctagectcaaaa 57 328
Antisense: tcagaactgctgggctggtc

EphB6 Sense: gttccggetgeccccacctc 55 279
Antisense: gagaagttgtcctcctggtagcac

EphA4 Sense: aggaagtgagcattatggatga 55 643

Antisense: tgctcctcgtgeccagegtt

Ne}
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generated using the ImPromll RT Kit (Promega, Madison, WI, USA) and the PCR

amplifications were performed using the primer pairs presented in Table

1 .60

Statistical analysis. Data was analyzed using GraphPad Prism, version 4
(GraphPad Software Inc., San Diego, CA, USA). Unpaired Student’s two-tailed ttest
with Welch’s correction was applied for comparisons of two experimental groups.
Multiple group comparisons were done using one-way ANOVA followed by
Bonferroni post hoc test in the case of significance. The BMS behavioral data were
analyzed using two-way ANOVA with group (WT SCI versus EphB3~'~ SCI) x day
as factors. Significant group differences were reported for P<0.05.
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