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Abstract
Ephrins and Eph receptor(s) have recently been implicated in regulating neurogenesis in the adult
subventricular zone (SVZ) and rostral migratory stream (RMS). Here, we examined the role of
ephrinB3-EphB3 signaling in mediating the SVZ response to traumatic brain injury (TBI).
Analysis of EphB3 expression showed co-localization with glial fibrillary acidic protein (GFAP)-
positive neural stem progenitor cells (NSPCs) and doublecortin-positive neuroblasts, while
ephrinB3 was expressed outside the neurogenic region. TBI resulted in a significant reduction in
EphB3 expression, which coincided with enhanced NSPC survival and proliferation at 3 and 7
days post-injury. Analysis of mice lacking either ephrinB3 (ephrinB3−/−) or EphB3 (EphB3−/−)
showed a significant increase in bromodeoxyuridine (BrdU) incorporation and Ki67
immunoreactivity in the SVZ. Interestingly, cell death was dissimilar between knockout mice,
where cell death was reduced in EphB3−/− but increased in ephrinB3−/− mice. Lateral ventricle
infusion of soluble pre-clustered ephrinB3-Fc reversed the proliferative and cell death defects in
ephrinB3−/− but not EphB3−/− mice and prevented TBI-induced proliferation in wild type NSPCs.
Coincidently, tumor suppressor p53 expression was increased following EphB3 stimulation and is
reduced in the absence of either EphB3 or ephrinB3. Furthermore, pharmacological inhibition and
siRNA knockdown of p53 attenuated ephrinB3-Fc mediated growth suppression while having no
effect on cell death in cultured NSPCs. These data demonstrate that EphB3 signaling suppresses
NSPC proliferation in a p53-dependent manner, induces cell death in the absence of ligand
stimulation and is transiently reduced in the SVZ to initiate the expansion and survival of
endogenous adult NSPCs following TBI.
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Introduction
The discovery of resident adult neural stem/progenitor cells (NSPCs) [1-5] and subsequent
observations of increased survival, proliferation and migration in the subventricular zone
(SVZ) following CNS damage [6-10] suggest that endogenous neural progenitor cells could
be recruited to replace or support the recovery of damaged tissue. The adult SVZ is a highly
vascularized [11,12] and heterogeneous microenvironment occupied by multiciliated
ependymal cells [13], astrocyte-like stem cells, transit-amplifying progenitor cells and
immature migrating neuroblasts [14-18]. The SVZ niche represents an area of active
neurogenesis that persists in both the adult rodent and human brain [19-23]. Under normal
physiological conditions, the slowly proliferating neural stem cells (glial fibrillary acidic
protein (GFAP)-positive; type B cells) can give rise to more rapidly dividing transit-
amplifying progenitor cells (type C cells), which differentiate into neuroblasts (type A cells)
[16] and undergo long-distance, tangential chain migration through the rostral migratory
pathway (RMS) to the olfactory bulb (OB) [24-28].

Recent studies have begun to evaluate the mechanisms involved in the maintenance of the
adult SVZ niche as a means to delineate the functional potential of NSPCs following CNS
injury. In fact, many studies have now shown changes in the proliferative capacity and
migration routes of cells residing in the SVZ and RMS after traumatic brain injury (TBI) and
stroke [2,8,29-31]. For example, ischemia-induced CA1 pyramidal neuron death has been
shown to mobilize and recruit caudal SVZ cells to the CA1 region of the hippocampus
where they generated new neurons that altered learning and memory functions [10]. These
and other studies demonstrate that SVZ-derived progenitor cells undergo increased
proliferation, long-distance migration and multipotential differentiation. However, the exact
mechanisms that initiate or promote this potentially therapeutic response to brain trauma are
not well understood. Studies implicating factors that regulate the SVZ response to TBI are
limited [32-35]; however, studies performed in ischemic rodent models suggest that many
diffusible mitogens may be involved, including epidermal growth factors (EGF), basic
fibroblastic growth factors (bFGF), brain-derived neurotrophic factor (BDNF), glial-derived
neurotrophic factor (GDNF), stem cell factor (SCF), as well as nitric oxide and
inflammatory cytokines [36-46]. Multiple growth promoting pathways may synergistically
activate proliferation following ischemia, but it is still unclear whether they play a
pathophysiological role through direct or indirect actions on NSPC functions. Alternatively,
the activation of endogenous NSPCs may be influenced by local growth inhibitory
molecules both in and around the SVZ.

The SVZ retains many developmental features including survival, proliferation and
migration of NSPCs. The regulation of such events following brain injury may therefore
require factors important during development. One family of membrane-bound growth and
guidance molecules, that are especially important in diverse areas of the developing brain,
are ephrins and their erythropoietin-producing hepatocellular (Eph) receptors [47-53]. We
and others have recently described a novel role for ephrin-Eph signaling in the regulation of
NSPCs in the adult SVZ [51,52,54,55]. In particular, we have shown that ephrinB3
maintains proper adult NSPC numbers by reducing cell death through EphA4 dependence-
receptor mechanisms [51,56]. Immunohistochemical and RT-PCR analysis demonstrated
that ephrinB3 is not expressed within the SVZ but lies outside the neurogenic region in the
neighboring striatum and corpus callosum, while EphB1, B2, B3, B4, B6 and A4 as well as
ephrin-B1 and B2 have been detected within the adult SVZ [51,52,57]. Therefore, Eph
receptor-bearing NSPCs may be tightly regulated by the expression of ephrinB3 in the adult
brain.
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Here we examined the role of ephrinB3-EphB3 interactions in regulating proliferation and
survival in the SVZ following unilateral controlled cortical impact (CCI) injury [58,59]. We
show that proliferation is augmented in mice deficient in either ephrinB3 or EphB3
following both sham and CCI injury and that ephrinB3-Fc infusion can reverse this effect in
ephrinB3−/− but not EphB3−/− mice. EphB3 stimulation using ephrinB3-Fc infusion in wild
type mice suppressed proliferation while inducing tumor suppressor p53 activation.
Conversely, cell death is increased in ephrinB3−/− but decreased in EphB3−/− compared to
wild type mice, suggesting that Eph receptors may also function as pro-apoptotic
dependence receptors to regulate cell survival in the brains largest neurogenic region.

Materials and Methods
Animals

The generation of the mutant CD1 mice and genotyping using PCR analysis has been
previously described [50,60-62]. Animals were sacrificed by decapitation under anesthesia;
the brain was immediately removed and frozen in OCT (Tissue Tek) then preserved at
−80°C until further processing. Bromodeoxyuridine (BrdU) (Sigma) was administered as
previously described [51]. Animal procedures were approved by the University of Miami
Animal Use and Care Committee.

Controlled Cortical Impact and infusion
Male mice ages 2-4 months were anesthetized with ketamine and xylazine by i.p. injection
and positioned in a stereotaxic frame. Body temperature was monitored with a rectal probe
and maintained at 37°C with a controlled heating pad set. A 5mm craniotomy was made
using a portable drill over the right parieto-temporal cortex (−2.5 mm A/P and 2.0 mm
lateral from bregma). Injury was induced by moderate CCI using the eCCI-6.3 device
(Custom Design & Fabrication) at a velocity of 6 m/s, depth of 0.5 mm, and 150 ms impact
duration. Sham controls received craniotomy only. Infusions were performed as previously
described [51]. Briefly, ephrinB3-Fc or control human Fc fragments (R&D Systems; 140 μg/
ml in PBS) were pre-clustered with goat anti-human-Fc (ratio 1:5; Jackson Research
Laboratories) for 2 hrs at RT and loaded into osmotic pumps (Alzet). Immediately after CCI
or sham operation each infusion device was attached to the stereotactic holder and lowered
3mm into the contralateral ventricle at the following coordinates (from bregma: A/P −0.5
mm; lateral 0.7 mm) and infused over a 3 day period (100 μl volume, rate 0.5 μl/hr).

Tissue Culture
Adult NSPCs were isolated from the SVZ of adult wild type and EphB3−/− CD1 mice (2-4
months old) and grown as described by Scheffler and colleagues [63]. Cells were plated at
2000 cells/well and grown for 3 days in the presence of pre-clustered ephrinB3-Fc or Fc-
control then assessed for cell proliferation and cell death. Cell death of NSPCs in culture
was assessed by the addition of Sytox orange and Hoechst (LIVE/DEAD assay, Invitrogen)
for staining dead and total nuclei. Proliferation was tested using BrdU (10 μM) added to
each well for 1 hr, cells were fixed and stained with anti-BrdU (1:100 Roche). For
quantification of BrdU and LIVE/DEAD assays, six images per well were acquired by using
the Cellomics kinetic scan HCS reader and quantified as percentage of cell death by VHCS
scan software. For p53 inhibition studies, pifithrin-α (10 μM; BIOMOL) was added 30 min
prior and siRNA p53 (Cell Signaling; siRNA scramble, Dharmacon 25nM) used 24 hr prior
to ephrinB3-Fc and Fc-control stimulations.
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Immunohistochemistry and Western blot Analysis
Fresh frozen tissue sections were fixed with either 10% buffered formalin or cold acetone,
permeabilized and incubated in primary antibodies (anti-GFAP, Dako; anti-p53, Novocastra;
anti-EphB3, Abcam; anti-DCX, Santa Cruz; anti-PSA-NCAM, Chemicon, anti-BrdU,
Chemicon) overnight at 4°C as previously described [51]. For BrdU staining, sections were
first incubated in 2N HCl for 1 hr as previously described [64]. For Western blot analysis,
tissue from the ipsilateral and contralateral wall of the ventricle was carefully dissected out
and lysed in modified RIPA buffer as previously described [64]. Equal amounts (25 μg) of
protein were resolved on 8% SDS-PAGE gels, transferred and probed using mouse anti-
phospho (p)-p53 and anti-p53 (1:2000 Cell Signaling); mouse anti-β-actin (1:8000 Sigma);
mouse anti-p-AKT and anti-AKT (1:4000 Cell Signaling); goat anti-EphB3 (1:4000 Abcam)
and rabbit anti-ephrinB3 (1:500 Zymed) in 5% milk overnight at 4°C.

Stereology
Fresh frozen coronal, 30 μm-thick cryostat brain serial sections were collected beginning at
the rostral extent of the lateral ventricle (total thickness of the examined tissue was 1500
μm). Cell death was assessed using TUNEL staining kit as previously described [64]. The
total number of BrdU and TdT-mediated dUTP Nick-End Labeling (TUNEL)-positive cells
within 1500 μm of SVZ tissue was analyzed using a motorized Axiophot (Zeiss)
microscope, Optronix cooled video camera, and MicroBrightField StereoInvestigator
software package. To perform non-biased cell number estimation, the optical fractionator
method and optical dissector probe were used. The ipsilateral and contralateral SVZ
contours were individually outlined at 20X magnifications using Hoechst to visualize/
identify the cells lining the wall of the lateral ventricle in every fifth tissue section (30 μM).
Next, a grid of 50 × 50 μm was placed over this area, and the number of TUNEL or BrdU-
immunopositive cells with an identifiable nucleus was randomly counted using the optical
fractionator function at 63X magnification (sampling box: 20 × 20 μm).

Statistical analysis
Student’s two-tailed t-test was used for comparison of two experimental groups. Multiple
comparisons were done using one-way ANOVA followed by Tukey test for multiple
pairwise examinations. Data was expressed as mean ± SEM.

Results
EphB3 expression is down-regulated in the adult SVZ after brain injury

To evaluate the role of ephrinB3-EphB3 signaling in the adult SVZ, we first determined the
cellular localization and relative expression levels of EphB3 receptor using
immunohistochemistry and Western blot analysis. Previously we showed ephrinB3 staining
to be localized outside the SVZ [51]. Here, we demonstrate using confocal image analysis
co-localization of EphB3 receptor (red) with doublecortin (DCX; green)-positive neuroblasts
(Fig. 1A-D) and glial fibrillary acidic protein (GFAP; green)-expressing NSPCs (Fig. 1E-
H) in the SVZ. EphB3 immunostaining from the SVZ of EphB3−/− mice is shown as a
staining control (Fig. 1I-L). EphB3 is also highly expressed within the rostral migratory
stream (RMS) (Suppl. Fig. 1A) on GFAP-expressing cells (Suppl. Fig. 1B) and DCX-
positive neuroblasts (Suppl. Fig. 1C). Next, we examined whether there were quantitative
changes in ephrinB3 or EphB3 expression levels in the lateral wall of the lateral ventricle in
response to moderate cortical damage. Tissue was dissected from both ipsilateral (i) and
contralateral (c) sham- and CCI-injured wild type mice at 1, 3 and 7 days and evaluated for
ephrinB3 and EphB3 protein expression using Western blot analysis. Our findings
demonstrate a significant reduction in the ipsilateral and contralateral expression of EphB3
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at 3 days and 7 days following CCI injury (Fig. 2A, 2B). No significant difference was
observed in the level of ephrinB3 expression (Fig. 2A, 2C). This suggests that down-
regulation of EphB3 on adult NSPCs and neuroblasts may play a role in the SVZ response to
brain injury.

Cell proliferation is enhanced following CCI injury and in the absence of ephrinB3 and
EphB3

To examine whether changes in EphB3 expression correlate with proliferation in the SVZ
after cortical damage, we initially measured the extent of Ki67 immunoreactivity, a marker
for all cell cycle phases, at 1, 3 and 7 days after CCI injury in wild type, ephrinB3−/− and
EphB3−/− mice. As previously reported in other mouse strains [35,65,66], stereological
analysis of nuclear Ki67 staining showed proliferation in the SVZ to be increased in CCI-
injured wild type mice at 3 days (29,858 ± 785) and 7 days (34,474 ± 2,813) compared to
sham-injured (20,126 ± 1,126) or 1 day CCI-injured (20,455 ± 511) mice (Fig. 3A). Gene-
targeted deletion of either ephrinB3 or EphB3 enhanced proliferation in sham-injured mice
(40,078 ± 4,355 and 36,320 ± 4,146, respectively) which was not further augmented after
CCI injury (Fig. 3A). Stereological analysis of BrdU incorporation performed at 3 days post-
injury, the earliest significant increase in proliferation by Ki67 staining in CCI-injured wild
type mice, showed a similar 33% increase in the number of BrdU-positive cells (Fig. 3B).
This change was accompanied by decreased expression of EphB3 in Figure 2. EphB3−/−

mice have a 232% increase in BrdU-positive cells, similar to Ki67, (43,551 ± 1,656) in the
SVZ as compared to sham-injured wild type mice (18,750 ± 3,124). EphrinB3−/− mice also
show a 184% increase (38,659 ± 2,083) in BrdU-positive cells (Fig. 3B). However unlike
wild type mice, increased BrdU incorporation was not observed in the SVZ of CCI-injured
ephrinB3−/− or EphB3−/− mice as compared to their sham-injured controls. The failure to
induce further proliferation after CCI-injury in the absence of either ephrinB3 or EphB3
suggests that down-regulation of ephrinB3-EphB3 signaling may be an early event that
stimulates a growth response in the SVZ following cortical damage.

To confirm the role of EphB3 receptor in CCI-induced proliferation, we stimulated EphB3
in vivo by infusing soluble pre-clustered ephrinB3-Fc molecules (eB3-Fc) into the lateral
ventricle of sham- and CCI-injured wild type, ephrinB3−/− and EphB3−/− mice for 3 days
using ALZET osmotic pumps. Human-Fc fragments were used as a control (Fc control).
Although EphB3 expression is significantly reduced in the SVZ of CCI-injured wild type
mice (Fig. 2), EphB3 stimulation following infusion of eB3-Fc attenuated CCI-induced
proliferation (35,659 ± 3,395 Fc control vs. 22,483 ± 2,705 eB3-Fc), and restored the
number of BrdU-positive cells to sham-injured levels in wild type mice (23,097 ± 3,821
eB3-Fc sham) (Fig. 3C). It is unclear whether this effect is the result of an excessive
presence of ephrinB3 or its promiscuous binding to other Eph receptors (i.e. EphA4). It is
most likely the former, since eB3-Fc infusion had no effect on modifying proliferation in the
SVZ of EphB3−/− mice (44,557 ± 1,051 CCI-injured Fc control vs. 38,097 ± 4,297 CCI-
injured eB3-Fc). EphrinB3-Fc infusion did restore the number of proliferating cells in
ephrinB3−/− to levels found in wild type mice (43,977 ± 3,589 CCI-injured Fc control vs.
27,869 ± 3,482 CCI-injured eB3-Fc) (Fig. 3B). Furthermore, this phenotypic rescue supports
a direct effect on proliferation and not an indirect developmental defect in knockout cells
that reside in the adult SVZ.

Previously, we showed that greater numbers of neuroblasts were present in the SVZ of naïve
ephrinB3−/− compared to wild type mice [51]. Here, double immunofluorescence labeling of
BrdU-positive cells also revealed enhanced PSA-NCAM expression in the lateral wall of
both ephrinB3−/− (Fig. 3E) and EphB3−/− (Fig. 3F) mice following CCI injury as compared
to wild type mice (Fig. 3D). These data confirm our previous findings in the naïve non-
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injured ephrinB3−/− mice [51], and further support a role for EphB3 in suppressing
proliferation in the SVZ in response to CCI injury.

Cell death is reduced in the SVZ following CCI injury and in EphB3−/− mice
Neurogenesis and maintenance of proper NSPC numbers in the SVZ can also be regulated
by cell death mechanisms [51]. To address whether ephrinB3-EphB3 interactions mediate
CCI-induced proliferation by modulating cell death in the SVZ, we examined TUNEL
labeling in the presence and absence of ephrinB3 and EphB3 at 3 days post-injury, when a
significant effect on proliferation is initially observed. Coinciding with enhanced BrdU-
incorporation, we observed a 28% reduction in the number of TUNEL-positive cells in the
SVZ of wild type mice (1,800 ± 546) 3 days after CCI injury as compared to sham-injured
mice (3,891 ± 375) (Fig. 4A). Analysis of EphB3−/− mice showed that the number of
TUNEL-positive cells in sham-injured mice is significantly lower (1,909 ± 142) than wild
type sham animals and is not further reduced after CCI injury (1,713 ± 242). Conversely, a
34% increase in cell death was observed in the absence of ephrinB3 (8,092 ± 1,586 in sham)
as previously shown [51] but reduced by 40% following CCI injury (3,477 ± 477) (Fig. 4A).
Infusion of pre-clustered eB3-Fc molecules into the lateral ventricles could attenuate cell
death in sham-injured wild type (2,032 ± 188.1 vs. 2,764 ± 127 Fc control) and ephrinB3−/−

(2,745 ± 398 vs. 3,845 ± 245 Fc control) but not EphB3−/− mice (1, 664 ± 81 vs. 1,527 ±
363 Fc control) (Fig. 4B). These data suggest that reduced cell death may account for greater
numbers of proliferating cells in the SVZ after CCI injury and that down regulation of
EphB3 may initiate this response. Interestingly, ephrinB3-Fc infusion did not further reduce
the number of TUNEL-positive cells in the SVZ following CCI injury in wild type,
ephrinB3−/− or EphB3−/− mice, suggesting that ephrin-independent mechanisms might also
exist.

p53 expression is reduced in the SVZ of ephrinB3−/− and EphB3−/− mice
It is well established that p53 plays a pivotal role in regulating anti-proliferative and pro-
apoptotic functions [67,68]. Previous studies have demonstrated that p53 suppresses
proliferation in the adult SVZ [69-71]. Here, we show co-localization by
immunofluorescence of p53 with EphB3-expressing cells in the SVZ (Fig. 5A-D). p53 is
expressed in both the NSPC processes (yellow arrows) and nuclei (white arrowheads) of
EphB3-bearing cells (Fig. 5A’-5D’), which is absent in tissue isolated from p53−/− mice
(Fig. 5E-H). Quantification by Western blot analysis showed that CCI injury resulted in a
significant decrease in the total amount of p53 in the SVZ as compared to sham-injured wild
type mice (Fig. 5I, 5J). This was in contrast to its expression in the cortex, which was
robustly increased 3 days after injury (not shown). Down regulation of p53 expression in the
SVZ may account for the enhanced proliferation and survival observed early in response to
CCI injury. Our findings also indicate that in the absence of EphB3 there is a dramatic
reduction in the basal level of p53 compared to sham-injured wild type mice and is
unchanged in the SVZ following CCI injury. This strongly suggests that EphB3 may
suppress proliferation in the SVZ by regulating p53 activity. Interestingly, ephrinB3−/− mice
also display reduced p53 expression (Fig. 5I, 5J) combined with greater cell death (Fig. 4A),
suggesting that both p53-dependent and p53-independent pathways could mediate EphB3
constraints on proliferation and survival.

Stimulation of EphB3 inversely regulates p53 and p-AKT levels in the adult SVZ
To examine whether p53 is directly regulated by EphB3 in the adult SVZ, we stimulated
EphB3 directly by infusing soluble pre-clustered ephrinB3-Fc molecules into the lateral
ventricle of naive wild type and EphB3−/− mice for 3 days. EphrinB3-Fc (eB3-Fc) infusion
significantly enhanced the expression of total p53 (1.00 ± 0.09 eB3-Fc compared to 0.53 ±
0.07 Fc control (Fc)) (Fig. 6A, 6B) as well as phosphorylated (p)-p53Ser15 (Fig. 6C) in wild
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type mice; however, no significant increase was observed in EphB3−/− mice (0.32 ± 0.1
eB3-Fc compared to 0.2 ± 0.04 Fc) (Fig. 6A, 6B). We also examined the levels of
phosphorylated AKT (p-AKT), since its activity has been shown to promote p53 degradation
and is known to be suppressed downstream of Eph receptor activation [51, 72-75]. In the
presence of pre-clustered eB3-Fc molecules, the level of p-AKT was significantly reduced
(0.20 ± 0.05 eB3-Fc compared to 0.52 ± 0.08 Fc) (Fig. 6C, 6D). This effect was not
observed following infusion in EphB3−/− mice (0.56 ± 0.12 eB3-Fc compared to 0.52 ± 0.04
Fc) suggesting that EphB3 may directly regulate p53 stability by limiting AKT activity in
the adult SVZ.

EphB3 suppresses neural stem/progenitor cell proliferation by regulating p53
To determine whether the effects on adult NSPCs shown in vivo were not indirectly related
to the overall loss of EphB3 receptor, we examined proliferation and survival in NSPC
cultures harvested from the adult wild type and EphB3−/− SVZ (Fig. 7). When grown in
vitro, primary NSPCs cultured from wild type (Fig. 7B) and EphB3−/− (Fig. 7F) mice retain
an undifferentiated phenotype as defined by neural progenitor marker anti-nestin (green).
Analysis of proliferation showed a significant 35% increase in the percentage of BrdU-
positive cells in EphB3−/− NSPCs (Fig. 7E, 7I) compared to wild type (Fig. 7A, 6I).
Interestingly, there are greater numbers of BrdU-positive cells expressing both nestin and
GFAP in EphB3−/− cultures (Fig. 7E-H) compared to wild type (Fig. 7A-D). This confirmed
our in vivo data and suggests that EphB3 suppresses proliferation of GFAP-expressing
NSPCs and that expansion of the neural stem cell pool and subsequent neuroblast progeny
occurs in the absence of EphB3. Direct stimulation of EphB3 in vitro, with soluble pre-
clustered eB3-Fc at 5 μg/ml, could suppress proliferation (11.5 ± 0.6% eB3-Fc compared to
16.2 ± 0.6% Fc control) in wild type but not EphB3−/− NSPCs (21 ± 2% eB3-Fc compared
to 24.5 ± 0.8% Fc control) (Fig. 7I).

Similar to the in vivo observations shown in Figure 4, cell death of cultured NSPCs was also
reduced after exposure to eB3-Fc ligand and in the absence of EphB3 (Fig. 7J). Exposure to
1 and 5 μg/ml soluble pre-clustered eB3-Fc molecules attenuated the percentage of cell
death in wild type NSPCs (5.6 ± 0.6% for 1 μg/ml and 5.5 ± 0.6% for 5 μg/ml) compared to
Fc control (10 ± 0.5% for 1 μg/ml and 12.6 ± 1.2% for 5 μg/ml), while having no effect on
EphB3−/− cells (7.8 ± 0.9% Fc control and 6.5 ± 0.7% eB3-Fc). These data show that cell
death is reduced either in the presence of ephrinB3 or in the absence of EphB3, suggesting
Eph receptors may function as pro-apoptotic dependence receptors [56].

Our in vivo data also suggests that EphB3 may exert its anti-proliferative effects on NSPCs
by regulating tumor suppressor p53 (Fig. 5). Similar to p53 levels in the wild type and
EphB3−/− SVZ, we found the basal level of p53 expression is also reduced in cultures of
NSPCs-derived from EphB3−/− mice as compared to wild type NSPCs (not shown), which
could explain the increase in the number of BrdU-positive cells. To examine the role of p53
in mediating EphB3 signaling, we initially stimulated NSPCs with either pre-clustered eB3-
Fc or Fc-control to show that both total p53 and phosphorylated (p)-p53Ser15 increased in
the nuclear fraction at 15 min, as total p53 is decreased in the cytoplasmic fraction (Fig.
7M). Next, we employed the pharmacological p53 inhibitor, Pifithrin, in combination with
eB3-Fc stimulation. We show that the percentage of BrdU-positive cells was reduced
following the addition of pre-clustered eB3-Fc (11.9 ± 0.9%) compared to Fc control (17.8 ±
0.6%), which was not observed when wild type NSPCs were first pre-treated with 10 μM
Pifithrin (17.1 ± 1.0%) (Fig. 7K). These findings were confirmed using p53 siRNA (si p53),
where NSPC cultures were pre-treated with si p53 24 hrs prior to eB3-Fc stimulation to
knockdown endogenous p53. We show that application of eB3-Fc had no effect on
proliferation when NSPCs were pre-treated with si p53 (11.3 ± 1.0%) in contrast to the
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reduction observed with scramble siRNA (5.1 ± 0.7%) (Fig. 7L). These data demonstrate
that EphB3 suppresses NSPC proliferation in a p53-dependent manner.

Tumor suppressor p53 has been well studied for its ability to exhibit pro-apoptotic functions
during times of cellular stress [68,76-78]. To examine whether the anti-apoptotic effects of
ephrinB3 function in a p53-dependent manner, we cultured NSPCs in the presence of
Pifithrin or si p53 followed by eB3-Fc stimulation. The percentage of cell death with 5 μg/
ml eB3-Fc (3.9 ± 0.4% compared to 9.2 ± 1.1% Fc control) was not augmented in the
presence of p53 inhibitor, Pifithrin-α (3.6 ± 0.8% eB3-Fc compared to 8.3 ± 0.6% Fc
control) (Fig. 7N) or following pre-exposure to si p53 (4.4 ± 0.6% eB3-Fc compared to 4.7
± 0.8% Fc control) (Fig. 7O). In summary, these findings support our in vivo conclusions
that EphB3 negatively regulates adult NSPC proliferation and survival in a cell autonomous
fashion by regulating both p53-dependent and p53-independent mechanisms, respectively.

Discussion
Although a number of soluble mitogenic factors have been shown to participate in
stimulating the SVZ response to brain injury, little is known about the regulation of local
inhibitory molecules that maintain homeostasis in the SVZ niche. The current study shows
that EphB3 immunoreactivity is prominent within GFAP-expressing NSPCs and neuroblasts
in the SVZ and RMS, where EphB3 signaling suppresses NSPC proliferation and is pro-
apoptotic in the absence of ephrinB3 ligand. Three days after CCI injury, the level of EphB3
expression was dramatically reduced in the ipsilateral SVZ and was partially restored at 7
days as proliferation and survival increased in wild type mice. Infusion of soluble pre-
clustered ephrinB3-Fc molecules could reverse the proliferative changes in CCI-injured wild
type and ephrinB3−/− but not EphB3−/− mice, demonstrating that ephrinB3 is required to
suppress proliferation by mediating EphB3-dependent forward signaling. We also show that
cell death is regulated by EphB3 and that its absence causes a reduction in the number of
TUNEL-positive cells present in the SVZ. On the other hand, perturbation of cell death is
observed in the absence of its primary ligand, which can be overcome by restoring
ephrinB3. These data provide strong support for the role of EphB3 as a pro-apoptotic
dependence receptor during adult neurogenesis in the SVZ. Finally, we show that EphB3
may exert its anti-proliferative actions on NSPCs by directly regulating the tumor suppressor
protein p53 in a cell autonomous manner.

Although ephrins and their receptors have recently been shown to tightly regulate
proliferation and migration in the SVZ [51,52,56,75,79], mechanisms controlling their
expression are not fully understood and have not been studied in the context of brain injury.
Removal of the inhibitory control on adult neurogenesis may be an early event that allows
simultaneous expansion and migration of the NSPC population in response to injury-induced
neurotrophic signals produced after trauma. Examination of the temporal change in EphB3
expression showed a dramatic yet transient decrease beginning at 3 days post-injury, which
correlated with CCI-induced proliferation and cell survival in the SVZ. This supports our
conclusion that changes in Eph expression may reflect the differences in NSPC proliferation.
Although EphB3 expression appeared to be partially restored at 7 days, the number of
proliferating cells remained high compared to sham-injured levels. This could reflect the
expansion of the pool of neural progenitor cells since Ki67 was used to detect all phases of
the cell cycle, and more than one week may be required for the restoration of homeostasis.
In addition, we cannot rule out the possibility that there may be additional alterations in cell
motility, differentiation, and other proliferative factors present after the first week following
injury. It remains unclear what prior signaling events are occurring to elicit changes in
EphB3 expression in the SVZ following TBI. Several pro-inflammatory cytokines have been
shown to affect the expression of Eph receptors and their ligands in vitro [80-84]. EphB3
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expression is modulated in vivo in response to mild febrigenic doses of LPS where EphB3
mRNA levels are significantly down-regulated. [84]. This suggests that Eph receptor
expression in the SVZ could be regulated by post-injury pro-inflammatory cytokine
production. It would be of interest to examine whether immediate application of anti-
inflammatory drugs following CCI-injury could prevent the down-regulation of EphB3
expression in the SVZ.

Regulating homeostatic levels of NSPCs is dependent upon the regional expression of
ephrinB3-EphB3 boundaries which control the level and activity of tumor suppressor protein
p53 in the SVZ. It is well established that p53 initiates various cellular stress responses
leading to cell-cycle arrest, cellular senescence, differentiation, and apoptosis [68,76]. The
presence of p53 in the naïve SVZ has been previously documented and is thought to thwart
uncontrolled cellular division [69,71,85]. Here, we report that p53 is expressed in both the
cytoplasmic and nuclear fractions of EphB3-bearing cells in the adult SVZ. Although p53 is
typically absent or maintained at a lower level in most tissues and activated only in response
to cellular stress, our data shows that p53 is active in the SVZ and highly responsive to
EphB3 stimulation. The adult SVZ is a unique neurogenic zone where cells undergo bursts
of proliferation, followed by cell cycle arrest, migration, differentiation and apoptosis. The
regulation of such events in response to local environmental changes may, therefore, require
strict control over p53. It is unclear what role either cytoplasmic or nuclear p53 plays in
regulating these functions. Recently, cytoplasmic p53 was shown to regulate neural
precursor cell apoptosis [86]. Although our studies do not implicate p53 in mediating EphB3
induced changes in cell survival, we observed a significant loss in the basal level of p53 in
the absence of EphB3-ephrinB3 signaling and robust activation upon EphB3 stimulation
which mediated growth suppression in SVZ-derived NSPCs.

Ephrins and their receptors have been well studied in the context of axon growth and
guidance [87-89]. Several axon-guidance molecules have been shown to be inactivated in a
number of human cancers [90] and are also thought to regulate cell survival by acting as
dependence receptors [91-94]. Dependence receptors depend on their ligand to play
supportive roles during development or homeostasis, but revert to pro-apoptotic functions in
the absence of ligand stimulation [95-99]. The observation that there is increased apoptosis
in the SVZ in the absence of ephrinB3 ligand, which could be reversed by replacing it back
in soluble form through ventricle infusion, has lead to the conclusion that EphB3 may also
function as a pro-apoptotic dependence receptor in the absence of ligand stimulation. This
may explain the discrepancy between EphB3−/− mice (greater cell survival) versus
ephrinB3−/− mice (greater cell death). A recent report by del Rio and colleagues implicate
EphB3 as a possible dependence receptor based on a unique dependence-associated receptor
transmembrane motif (DART) that is common to many described dependence receptors
[100]. We also have recently implicated EphA4 as a dependence receptor [56] which may
work in concert with EphB3 to regulate survival in the adult SVZ. Future studies will
examine the combined EphB3/EphA4 double knockout mice to evaluate whether there are
compensatory functions that regulate cell survival of adult NSPCs.

In conclusion, we demonstrate a novel mechanism controlling the SVZ response to TBI that
involves suppressing the anti-proliferative and pro-apoptotic activities of EphB3 receptor,
which is normally required for maintaining homeostasis in the SVZ. We also propose that
EphB3 may function in a p53-dependent manner to limit the number of NSPCs and
subsequent neuroblast progeny. Early expansion of the NSPC pool in response to brain
injury requires down-regulation of the EphB3-p53 signaling pathway in the adult SVZ.
Insights into the role of ephrins and their cognate receptors in regulating post-injury
neurogenesis may be important for devising strategies that target endogenous progenitor
cells for repair and regeneration in the injured CNS.
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Figure 1.
EphB3 is expressed on GFAP-positive NSPCs and DCX-positive neuroblasts in the adult
SVZ. (A-D) Confocal z-stack image analysis of EphB3 (red) using double-
immunofluorescence showed co-labeling with doublecortin (DCX)-positive cells (green) in
the lateral wall of the lateral ventricle. (E-H) GFAP-positive cells (green) also co-label with
anti-EphB3 (red) in cytoplasmic extension in the adult SVZ. (I-L) Sagittal tissue sections
from EphB3−/− mice do not show expression with anti-EphB3 antibody (red) and does not
co-label with GFAP-expressing cells. Scale bar = 20 μm. LV, lateral ventricle.
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Figure 2.
EphB3 expression is down-regulated in the SVZ following CCI injury. (A) Western blot
analysis of EphB3 and ephrinB3 from the ipsilateral (i) and contralateral (c) SVZ in sham
and CCI-injured wild type mice at 1, 3 and 7 days. EphB3 expression is significantly
reduced at both 3 and 7 days but not 1 day after CCI injury. EphrinB3 expression was
unchanged in the first 7 days after injury. Quantified (B) EphB3 and (C) ephrinB3
expression in the SVZ of CCI-injured mice (n=5) compared to sham-injured mice (n=5) at 1,
3 and 7 days. Quantified data was normalized to β-actin control levels then represented as
relative expression compared to sham-injury at each time point. *P<0.05; ***P<0.001
compared to ipsilateral sham-injured mice. #P<0.05; ##P<0.01 compared to contralateral
sham-injured mice. KO CTL=whole brain extract from EphB3−/− mice.
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Figure 3.
Proliferation in the adult SVZ after CCI injury in wild type, ephrinB3−/− and EphB3−/−

mice. (A) Stereological counts of Ki67-positive cells at 1, 3 and 7 days post-injury. CCI
increased proliferation at 3 and 7 days in wild type mice while having no effect in
ephrinB3−/− and EphB3−/− ipsilateral SVZ. Greater numbers of Ki67-positve cells are found
in sham- and CCI-injured (1 and 3 days) ephrinB3−/− and EphB3−/− mice as compared to
wild type mice. (B) BrdU-incorporation at 3 days confirms the increase in proliferation in
CCI-injured wild type ipsilateral SVZ, while loss of ephrinB3 and EphB3 enhances
proliferation in both sham and CCI-injured mice. (C) CCI-induced proliferation is reversed
in wild type and ephrinB3−/− but not EphB3−/− mice following 3 days infusion of pre-
clustered soluble ephrinB3-Fc (eB3-Fc) compared to Fc-control infusion. (D-F) Confocal
image analysis of BrdU (red) and PSA-NCAM (green) immunofluorescence from sagittal
sections through the SVZ and RMS of wild type (D1-D3), ephrinB3−/− (E1-E3) and
EphB3−/− (F1-F3). Co-expression of BrdU-positive cells is observed in PSA-NCAM-
positive neuroblasts in the SVZ and greater PSA-NCAM staining is observed in ephrinB3−/−

and EphB3−/− mice. (High-magnification images, scale bar = 20 μm; Low magnification:
Scale bar = 100 μm). *P<0.05, **P<0.01, ***P<0.001 compared to wild type sham.
#P<0.05, ###P<0.001 compared to corresponding wild type CCI. LV, lateral ventricle.
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Figure 4.
EphB3 regulates cell death in the SVZ of sham and CCI-injured mice. (A) Stereological
counts of TUNEL-positive cells in the adult SVZ of wild type, ephrinB3−/− and EphB3−/−

mice. The number of TUNEL-positive cells is reduced in the ipsilateral SVZ 3 days after
CCI injury in wild type and ephrinB3−/−; but remains significantly lower in both sham- and
CCI-injured EphB3−/− mice. Interestingly, there is greater cell death in the absence of
eprhinB3 but reduced cell death in the absence of EphB3 compared to wild type in sham-
injured animals. (B) Infusion of pre-clustered eB3-Fc can restore the level of cell death in
ephrinB3−/− mice to wild type levels and significantly reduce the basal level of cell death in
sham-injured wild type mice. The number of TUNEL-positive cells in the SVZ of EphB3−/−

mice is unaffected by eB3-Fc infusion nor is there any effect in CCI-injured SVZ tissue.
*P<0.05, ***P<0.001 compared to wild type sham; ###P<0.001 compared to ephrinB3−/−

sham in panel A and *P<0.05 compared to corresponding Fc-control in panel B.
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Figure 5.
Tumor suppressor p53 expression is down-regulated in the wild type adult SVZ following
brain injury and is expressed at lower levels in ephrinB3−/− and EphB3−/− mice. (A-D)
Confocal images of p53 immunofluorescence in the SVZ of sagittal wild type tissue
sections. (A’-D’) Confocal image analysis at 100X magnification. Co-localization of p53
(green) and EphB3 (red) is observed in cytoplasmic processes (yellow arrow). Nuclear
staining of p53 is also seen in EphB3-expressing cells in the SVZ (white arrowheads). (E-H)
Confocal images of p53 immunofluorescence in the SVZ of p53−/− mice. EphB3 (red) is
expressed in the SVZ, while p53 staining is not observed in p53-null mice. (I) Western blot
analysis of p53 expression 3 days after sham and CCI injury in wild type, EphB3−/− and
ephrinB3−/− mice. P53 is reduced in the ipsilateral (i) and contralateral (c) SVZ after CCI
injury, while lower levels of p53 remain in EphB3−/− and ephrinB3−/− mice. (J) Bar graph
represents quantified data of p53 in the ipsilateral SVZ in sham- and CCI-injured wild type
and knockout mice. Data represents relative p53 expression normalized to β-actin control
levels. (n=4). *P<0.05; **P<0.01 compared to wild type sham. LV, lateral ventricle. (A-D
and E-H) Scale bar = 20 μm, (A’-D’) Scale bar = 10 μm.
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Figure 6.
EphB3 directly regulates p53 and AKT phosphorylation in the SVZ. EphB3 was stimulated
in vivo by infusing pre-clustered ephirnB3-Fc (eB3-Fc) or Fc-control (Fc) molecules into the
lateral ventricle of wild type and EphB3−/− mice. (A) Western blot analysis of p53 protein
expression 3 days after eB3-Fc and Fc infusions show an increase in p53 expression in the
ipsilateral (i) and contralateral (c) SVZ of wild type but not EphB3−/− mice. (B) Bar graph
representing quantified data of p53 normalized to β-actin control levels in the SVZ of wild
type and EphB3−/− mice (n=4). (C) The level of phosphorylated AKT (p-AKT) is decreased
in the ipsilateral SVZ 3 days after eB3-Fc stimulation as total p53 and phosphoSer15-p53
are increased in wild type while having no effect in EphB3−/− mice. (D) Bar graph
representing quantified data of p-AKT levels normalized to total AKT levels in the SVZ of
wild type and EphB3−/− mice (n=4). *P<0.05 and **P<0.01 compared to wild type Fc-
control.
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Figure 7.
EphB3 regulates proliferation of cultured SVZ-derived adult NSPCs in a p53-dependent
manner. (A-D) Triple immunofluorescence labeling of BrdU-positive (red) wild type NSPCs
with nestin (green) NSPC marker and GFAP (purple). EphB3−/− NSPCs have more
proliferating nestin-expressing, GFAP-positive cells compared to wild type cultures. (I)
Proliferation of wild type and EphB3−/− NSPCs in the presence and absence of soluble pre-
clustered ephrinB3-Fc (eB3-Fc) and Fc-control (Fc). The percentage of BrdU-positive cells
is increased in EphB3−/− cultures. The addition of 5 μg/ml eB3-Fc molecules for 3 days
suppressed proliferation in wild type NSPCs compared to Fc-control, while having no effect
in EphB3−/− cells. (J) The percentage of basal level cell death is reduced in EphB3−/−

compared to wild type NSPCs. The addition of either 1 μg/ml or 5 μg/ml eB3-Fc reduced
the percentage of cell death in wild type NSPCs compared to Fc-control, while having no
effect in EphB3−/− cells. (K) EB3-Fc induced growth suppression (white bars) is attenuated
in the presence of 10μM p53 inhibitor, Pifithrin compared to PBS-vehicle control. (L) Pre-
treatment with si p53, 24 hours prior to stimulation also attenuated eB3-Fc induced growth
suppression compared to siRNA scramble control. (M) EphB3 stimulation induces nuclear
translocation of total p53 and phosphoSer15-p53 following 15 min eB3-Fc exposures
compared to Fc-control (c). Inhibiting p53 with 10 μM Pifithrin (N) or si p53 (O) had no
effect on altering the percentage of cell death in the presence of 5 μg/ml ephrinB3-Fc.
(**P<0.01, ***P<0.001 compared to corresponding wild type Fc-control; ###P<0.001
compared to wild type control in panel I and J), (*P<0.05 compared to Fc-control, ##P<0.01
compared to eB3-Fc plus vehicle in panel K, Scale bar = 200 μM).
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