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Clinical trials examining neuroprotective strategies after brain injury, including those targeting cell death mechanisms, have been

underwhelming. This may be in part due to an incomplete understanding of the signalling mechanisms that induce cell death after

traumatic brain injury. The recent identification of a new family of death receptors that initiate pro-cell death signals in the absence

of their ligand, called dependence receptors, provides new insight into the factors that contribute to brain injury. Here, we show

that blocking the dependence receptor signalling of EphB3 improves oligodendrocyte cell survival in a murine controlled cortical

impact injury model, which leads to improved myelin sparing, axonal conductance and behavioural recovery. EphB3 also functions

as a cysteine-aspartic protease substrate, where the recruitment of injury-dependent adaptor protein Dral/FHL-2 together with cap-

sase-8 or -9 leads to EphB3 cleavage to initiate cell death signals in murine and human traumatic brain-injured patients, supporting

a conserved mechanism of cell death. These pro-apoptotic responses can be blocked via exogenous ephrinB3 ligand administration

leading to improved oligodendrocyte survival. In short, our findings identify a novel mechanism of oligodendrocyte cell death in

the traumatically injured brain that may reflect an important neuroprotective strategy in patients.
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Introduction
According to the World Health Organization, by the year

2020 traumatic brain injury (TBI) will surpass many dis-

eases to become the leading cause of patient death and

disability worldwide (World Health Organization, 2018).

Patients at risk for prolonged neurological deficits have

significant underlying pathology that results from both

the initial insult and progressive secondary damage.

Cellular apoptosis, axonal damage and demyelination,

synaptic damage and inflammation all contribute to the

secondary injury and represent therapeutic targets for

minimizing injury progression.

The tumour necrosis factor receptor superfamily com-

prising the tumour necrosis factor receptor 1, death

receptors 3–6 and CD95 (FAS) receptor are plasma mem-

brane proteins that contain death domains and are

believed to be key initiators of pro-apoptotic signals in

the injured brain (Ashkenazi and Dixit, 1998; Casha

et al., 2001). Upon ligand activation, these classical

‘death’ receptors activate downstream caspase signalling

pathways that can lead to cellular apoptosis.

Unfortunately, clinical trials targeting members of this

family have been largely unsuccessful (Shohami et al.,

1999; Narayan et al., 2002; Xiong et al., 2009; Loane

and Faden, 2010; Kabadi and Faden, 2014). One explan-

ation for this failure could be the existence of other

pro-apoptotic initiators in the injured brain. In cancer

biology, a new family of death receptors has emerged

where pro-apoptotic signalling occurs in the absence of

ligand stimulation (Mehlen et al., 1998; Mehlen and

Bredesen, 2004; Goldschneider and Mehlen, 2010). This

atypical receptor-mediated transduction response can be

blocked upon ligand interactions, thus creating a depend-

ence (or addiction) on its respective ligand. This new

family of death receptors has been classified as depend-

ence receptors, where alterations in ligand and/or receptor

expression levels or coupling are thought to have signifi-

cant implications on tumour formation and growth

(Mehlen and Bredesen, 2004; Tauszig-Delamasure et al.,

2007; Goldschneider and Mehlen, 2010). To date, there

are >20 identified dependence receptors that can be dif-

ferentially activated in the absence of their ligands that in

part include members of the ephrin, netrin-1, insulin,

semaphorin and neutrophin receptor families (Mehlen

et al., 1998; Llambi et al., 2001; Mehlen and Bredesen,

2004; Llambi et al., 2005; Bredesen et al., 2006; Tauszig-

Delamasure et al., 2007; Furne et al., 2009;
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Goldschneider and Mehlen, 2010; Theus et al., 2014;

Tsenkina et al., 2015). Recently, we have discovered that

a specific member of the dependence receptor family,

namely the EphB3 receptor, plays critical roles in cell

death after traumatic central nervous system (CNS) injury

(Theus et al., 2014; Tsenkina et al., 2015; Assis-

Nascimento et al., 2018).

EphB3 is activated by membrane-bound ephrin ligands

that can lead to bidirectional signalling, which emphasizes

the importance of cell–cell interactions in mediating lig-

and–receptor signalling (Himanen et al., 2007; Nikolov

et al., 2013). In TBI, acute cellular disruption leads to

cell dissociation and provides the framework for non-

ligated Ephs to initiate dependence-mediated cell death

mechanisms. We have recently begun to implicate EphB3

in TBI-induced cell death where improved cell survival is

observed in genetically ablated mice or following adminis-

tration of the ligand ephrinB3 (Theus et al., 2014; Assis-

Nascimento et al., 2018). Two highly susceptible cells to

TBI-mediated cell death are neurons and myelin-produc-

ing oligodendrocytes (OLs), where significant losses can

contribute to many of the observed functional deficits

(Clark et al., 2001; Knoblach et al., 2004; Slemmer

et al., 2008; Lotocki et al., 2011; Flygt et al., 2013;

Sullivan et al., 2013; Dent et al., 2015; Mierzwa et al.,

2015). Although there is a great deal known about neur-

onal cell death mechanisms, fewer studies have examined

OL cell death. OLs play a critical role in maintaining

axonal health and functional activity, where pathological

demylination and axonal degeneration underlie a majority

of the functional losses associated with TBI (Levin et al.,

1990; Bigler et al., 1994; Bramlett and Dietrich, 2002).

OL losses have been reported to occur as early as 4 h

post-injury (hpi) in human TBI patients (Flygt et al.,

2016), and have been associated with axonal damage

and other white matter pathologies in both human

patients (Johnson et al., 2013) and animal models of TBI

(Sullivan et al., 2013; Mierzwa et al., 2015). The present

study examines the temporospatial dynamics of EphB3-

mediated cell death in OLs, the mechanisms of action

and the cellular and functional responses to neutralizing

EphB3 pro-apoptotic signalling after brain injury in mice.

Materials and methods

Animals

Male C57Bl/6 wild type (WT), proteolipid protein (PLP)–

green fluorescent protein (GFP) (Fuss et al., 2000) and

EphB3 knockout (EphB3�/�) mice (Orioli et al., 1996)

between 2 and 4 months of age were used for this study.

The animals were kept under normal 12-h light/dark

cycle conditions, and food/water was provided ad libi-

tum. All animal procedures were approved by the

University of Miami Animal Use and Care Committee.

Controlled cortical impact injury
and ephrinB3 administration

Sham and controlled cortical impact (CCI)-injured animals

were anaesthetized by intraperitoneal injection of ketamine

(100 mg/kg) and xylazine (10 mg/kg). Following the craniot-

omy, the CCI injury was produced using a 3-mm bevelled

piston attached to an eCCI-6.3 device (Custom Design &

Fabrication, Virgina Commonwealth, VA, USA) at a vel-

ocity of 4 m/s, a depth of 0.55 mm and 150 ms impact

dwell duration. Sham controls underwent an identical surgi-

cal procedure in the absence of the craniotomy and injury.

Animals were caged in groups prior to surgery and caged

individually during the recovery period.

For intracortical infusion, micro-osmotic pumps (Alzet,

Durect Corp, Cupertino, CA, USA; model 1007D)

assembled according to the manufacturer’s recommenda-

tions were preloaded with purified ephrinB3 extracellular

domain protein (ephrinB3; Nelersa et al., 2012) at 100mg/

ml or vehicle [1� phosphate-buffered saline (PBS), pH 7.4].

For cell count studies, an infusion cannula was placed over

the injury epicentre at the time of injury. EphrinB3 or ve-

hicle compound were dispensed at a rate of 0.05mg per

hour over a 7-day infusion period (i.e. 1.2mg/day). For

cleavage studies, ephrinB3 and vehicle control were also

administered via a combined tail vein intravenous (0.43 mg/

kg) and intraperitoneal (2.17 mg/kg) injections 1 h after CCI

injury, and the animals were sacrificed at 6 hpi.

Histology and
immunohistochemistry

For in situ analysis, the animals were transcardially perfused

with 4�C PBS (pH 7.4) followed by 4% paraformaldehyde (pH

7.4), postfixed in 4% paraformaldehyde overnight at 4�C and

then transferred to 30% sucrose in PBS solution. The brains

were embedded in Tissue-Tek OCT solution (Sakura,

Torrance, CA, USA) and frozen with isopentane. Thirty-micron

thick sections were serially cut using a cryostat and immunor-

eacted as previously described (Perez et al., 2016; Assis-

Nascimento et al., 2018).

Stereology

Tissue samples were prepared as described above and

stereological counts were performed as previously

described using a motorized Olympus BX51TRF micro-

scope, Optronix cooled video camera and

MicroBrightField StereoInvestigator software package

(MBF Bioscience, Williston, VT, USA) (Tsenkina et al.,

2015). Nonbiased ‘blinded’ cell number evaluation was

performed by means of the optical fractionator method

and the optical dissector probe. White and grey matter

regions of interest in the ipsilateral hemisphere (depicted

in Fig. 1) were manually traced with contours using 5�
magnification. Subsequently, a grid of 200 � 200 mm2

was placed over the selected area and immunopositive
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cells were counted using an optical fractionator at 63�
(sampling box 50 � 50 mm2) at 2 hpi, 6 hpi, 24 hpi and/

or 7 days post-injury (dpi) (Supplementary Fig. 1A and B).

5-Ethynyl-20-deoxyuridine

administration and immunostaining

WT and EphB3�/� mice were administered 50 mg/kg of

5-ethynyl-20-deoxyuridine (EdU; Invitrogen) at 1 and

3 dpi. The animals were sacrificed at 7 dpi. Cryosectioned

tissues were stained with a Click-iT EdU Imaging Kits

(Invitrogen) following manufacturer’s instructions, and

cells were counted using a standard stereological ap-

proach (Assis-Nascimento et al., 2018).

Protein assay and

immunoprecipitation

The ipsilateral cortex and underlying white matter

around the injury epicentre were dissected at 2 hpi, 6

Figure 1 Temporospatial losses in OLs are region specific after CCI injury and are reduced in the absence of EphB3.

(A) Schematic representation of the cortical grey matter and white matter tracts being evaluated in CCI-injured and sham brain between 2 hpi

and 7 dpi. Colour mapping coordinates to panels (C)–(L), and sham tissue map to similar regions. (B) Representative images of PLP–GFP mice

where GFP-labeled OLs are observed in sham and 7 dpi brains. Bar represents 400mm. Stereological counts of GFP-labeled OLs in sham, 2 hpi, 6

hpi, 24 hpi and 7 dpi within the mCP (C), lCP (D), mCC (E) cEC (F) and lEC (G). Stereological counts of anti-Cc1-labeled OLs were examined in

the mCP (H), lCP (I), mCC (J), cEC (K) and lEC (L) in WTand EphB3�/� mice. n-Values were between 5 and 15/group. *,#P< 0.05; **P< 0.01;

***P< 0.001. Values are presented as mean 6 SEM. cEC ¼ central external capsule; lCP ¼ lateral cortical peri-lesion; lEC ¼ lateral external

capsule; mCC ¼ medial corpus callosum; mCP ¼ medial cortical peri-lesion.
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hpi, 24 hpi, 7 dpi and sham mice. Brain lysates (30 mg)

were prepared and resolved in 10% sodium dodecyl sul-

fate-polyacrylamide gels as previously described (Theus

et al., 2014). The primary mouse anti-EphB3 (Novus

Abnova, Littleton, CO, USA), anti-caspase-3 and cleaved

caspase-3 (Cell Signaling, Danvers, MA, USA), anti-cas-

pase-8 and cleaved caspase-8 (Cell Signaling), anti-cas-

pase-9 and cleaved caspase-9 (Abcam, Cambridge, MA,

USA) or anti-FHL-2 (Abcam) antibody were applied at

1:200 dilution in 5% bovine serum albumin solution

overnight at 4�C. Protein expression was normalized to

b-actin (Cell Signaling).

For IP, 150 mg of protein sample was incubated with

1.5 mg of anti-EphB3 IgG2a mouse antibody (Novus

Abnova) or a negative mouse mAb IgG2a isotype control

(Cell Signaling). The membrane was subsequently incu-

bated with the primary antibody of interest (anti-EphB3,

anti-caspase-3, -8 and -9 and anti-FHL-2).

Open field test

All mice were pre-handled and tested on an open field

task for 10-min interval starting at 5 or 12 dpi in a plexi-

glass box (43.2-cm width, 43.2-cm length, 30.5-cm

height) with transparent walls and a white floor. The ani-

mals’ behaviour was automatically recorded using an

Ultra 720þ Resolution DSP, True Day/Night Color cam-

era (Everfocus, Duarte, CA, USA) and analysed using

EthoVision XT Version 10.0 software (Noldus, Asheville,

NC, USA). The mouse’s movements (speed and distance

travelled) were automatically recorded blinded.

Electron microscopy

WT and EphB3�/� sham and injured animals were per-

fused with cold PBS followed by 2% glutaraldehyde–2%

paraformaldehyde fixative in 0.1 M phosphate buffer and

postfixed with 3% electron microscopy (EM) grade gluta-

raldehyde. Using a Philips CM-10, 15 non-overlapping

randomized images were taken at 7900 magnification per

sample throughout the area of interest. Myelin thickness

and axon diameter were measured in a blinded fashion

on five EM images for each animal using ImageJ soft-

ware and the G-ratio was calculated as a ratio (the axon/

axon þ myelin). In addition, compact myelinated, loosely

myelinated, collapsed axons/myelinated and unmyelinated

axons were evaluated on 15 EM images per animal.

Compound action potential
electrophysiology

At 7 dpi, corpus callosum compound action potential

(CAP) recordings were performed blinded as previously

described (Reeves et al., 2005; Crawford et al., 2009).

Under deep anaesthesia (3% isoflurane, 70% N2O, 30%

O2, 2 min), the animal was decapitated and the brain

was rapidly removed. Coronal slices (400 mm) were

prepared with a vibratome (Leica Biosystems, Buffalo

Grove, IL, USA) in ice-cold artificial cerebrospinal fluid:

124 mM NaCl, 5 mM KCl, 1.25 mM NaH2PO4, 26 mM

NaHCO3, 1.3 mM MgSO4, 2 mM CaCl2 and 10 mM glu-

cose, saturated with 95% O2/5% CO2. CAPs were

evoked by stimulating the CC with a platinum-iridium

concentric bipolar electrode and evoked CAPs were

recorded with a glass electrode filled with 2 M NaCl (1–3

MX) using a Multiclamp 700B amplifier and pClamp

10.4 software (Molecular Devices, Sunnyvale, CA, USA).

The stimulating electrode was placed 0.5-mm lateral to

midline on the contralateral side and the recording elec-

trode was placed 1.0 mm from the stimulating electrode

on the ipsilateral side. Recordings were low-pass filtered

at 2 kHz and digitized at 20 kHz (Digidata 1440A;

Molecular Devices). Input–output curves were obtained

by increasing the stimulus intensity at 0.2 mA steps (200

ms duration, delivered at 0.1 Hz) until the—CAP reached

asymptomatic maximum. The amplitude of the CAP

waveforms (N1 and N2) were measured. Conduction vel-

ocity was determined by altering the distance between the

stimulating and recording electrodes from 0.5 to 2 mm

and measuring the peak latency of the N1 and N2 CAP

components.

Human brain tissue collection

The collection of human TBI brain tissues was approved

by the University of Miami Institutional Review Board

(protocol # 20030154 and 20080609), and informed con-

sent was obtained for each patient.

HEK293T cell cultures

Human kidney embryonic cells (HEK293T) were cultured as

previously described (Theus et al., 2014). For transient transfec-

tion, we used 2mg pcDNA3.1-V5, pcDNA3.1-V5-EphB3FL,

pcDNA3.1-V5-EphB3D849N, pcDNA3.1-V5-EphB31-849,

pcDNA3.0 DH5a Caspase-9DN and/or 100 nM Dral/FHL-2

siRNA (Thermo Fischer) and Cy3-labeled negative control

siRNA (Thermo Fischer) following manufacturer’s recommen-

dations (Polyplus-transfection, New York, NY, USA). After

transfection, cellular stress was induced 1 day later through

serum deprivation. For some experiments, 1mg/ml ephrinB3 or

vehicle control was added every 12 h. Cell viability was assessed

24 h following serum deprivation by means of a trypan blue ex-

clusion assay (Sigma) and automated cell counting (Bio-Rad,

Hercules, CA, USA). For the western blot analysis of EphB3 re-

ceptor cleavage, cells were serum starved for 4 h and proteins

were extracted using standard procedures for the western blot

assay. IP of EphB3 receptor with caspase-9 in the absence or

presence of Dral/FHL-2, ephrinB3 and/or vehicle was examined

30 min after serum deprivation using the standard procedures.
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Oligodendrocyte progenitor cell
culturing, transfection and viability
assay

Primary oligodendrocyte progenitor cells (OPCs) were

grown from frozen stocks and cultured at a seeding dens-

ity of 2 � 106 cells/well as previously described

(Tsenkina et al., 2015). For transfection, OPCs were

plated in a six-well plate at a density of 5 � 104 cells/

well and grown for 24 h to reaching 70–80% confluency.

OPCs were then transfected with 50 nM of Cy3-labeled

scramble siRNA or 50 nM FHL-2 siRNA (Ambion) using

JetPrime Reagent (PolyPlus) according to the manufac-

turer’s recommendations and verified using Cy3 fluores-

cence and western blot analysis of FHL-2 expression. A

complete media change was performed after 24 h to halt

transfection and OPCs were cultured for 48 h. OPCs

were subjected to 10 nM staurosporine (Cell Signaling) or

vehicle for 48 h to induce cellular stress as previously

described (Tsenkina et al., 2015).

Statistical analysis

Statistical comparisons were performed using GraphPad

Prism software, Version 4 (GraphPad Software, Inc., San

Diego, CA, USA). Data meeting the normality assumption

were analysed using Student’s two-tailed t-test for the

comparison of two experimental groups, or a one-way or

two-way ANOVA for the comparison of more than two

groups with Tukey’s post hoc correction. Correlations

were performed using Pearson’s analysis.

Data availability

The authors confirm that all data within this article are

readily available upon request.

Results

Temporospatial loss of OL cells
after CCI injury

To examine the temporospatial pattern of surviving OLs

following murine CCI injury, we examined regional dam-

age in the cortical peri-lesion and underlying white matter

tracts between 2 hpi and 7 dpi (Fig. 1A). Colour coding

was used to facilitate differentiation between five regions,

including the medial cortical peri-lesion (brown) and lat-

eral cortical peri-lesion (green), medial corpus callosum

(blue), the central external capsule (red) that is under the

injury epicentre and the lateral external capsule (yellow)

(Fig. 1A). The number of surviving GFP-labeled cells in

the grey and white matter was counted in sham and

CCI-injured mice expressing GFP driven by the PLP pro-

moter (i.e. PLP–GFP mice), where Fig. 1B depicts a repre-

sentative sham and 7 dpi brain section. In the medial

cortical peri-lesion, significant losses in OLs were

observed at 7 dpi (�50%) as compared to sham mice

and 2 hpi, but not in the first day post-injury (Fig. 1C).

Alternatively, the lateral cortical peri-lesion showed sig-

nificant OL losses by 6 hpi that were maintained

throughout 7 dpi (Fig. 1D). In the underlying white mat-

ter tracts, the medial corpus callosum and central exter-

nal capsule showed rapid OL losses that were maximal

by 6–24 hpi as compared to sham mice (Fig. 1E and F).

In the lateral external capsule, OL losses were not signifi-

cant until 7 dpi (Fig. 1G).

Absence of EphB3 receptor
improves OL survival

We have previously implicated dependence receptors in

mediating cell death after CNS injury (Furne et al., 2009;

Theus et al., 2014; Tsenkina et al., 2015; Assis-

Nascimento et al., 2018) but have not examined the role

of EphB3 on OL survival after TBI. To evaluate whether

eliminating EphB3 is neuroprotective for OLs following

CCI injury, we quantified Cc1-labeled OLs in WT and

homozygous EphB3 deficient (EphB3�/�) mice at 7 dpi as

compared to sham controls (Fig. 1H–L). Significant defi-

ciencies observed in WT OLs at 7 dpi were not observed

in EphB3�/� OLs. These observations support a pro-cell

death role for EphB3 but also suggest that EphB3 func-

tions may have a generalized, although graded effect in

all regions tested. We also examined whether the num-

bers of mature OLs at 7 dpi represented surviving OLs or

an expansion of OPCs generating new OLs

(Supplementary Fig. 1B–D). Animals were injected with

EdU at 1 and 3 dpi and the number of EdU-/PLP–GFP-

labeled OLs was quantified in the medial corpus callosum

and central external capsule at 7 dpi. We observed no sig-

nificant difference in the numbers of EdU-labeled OLs be-

tween WT sham and CCI-injured mice at 7 dpi

(Supplementary Fig. 1B), suggesting that OPC differenti-

ation does not significantly impact the numbers of OLs

in the first week post-injury. We did observe a �3-fold

increase in the number of EdU-labeled cells in the CCI-

injured white matter as compared to sham controls, but

no differences were observed between WT and EphB3�/�

animals (Supplementary Fig. 1C and D).

EphrinB3 administration blocks OL
cell death after CCI injury

Dependence receptors are defined as receptors that acti-

vate pro-cell death signals in the absence of their respect-

ive ligand(s). To provide evidence that EphB3 functions

as a dependence receptor in OL after CCI injury, intra-

ventricular administration of 1.2 mg/day recombinant

ephrinB3 protein was delivered via osmotic pumps start-

ing at the time of injury to block Eph-mediated cell

death, and then OL cell numbers were examined at 7 dpi.

Stereological analysis of OLs in PLP–GFP mice showed
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greater numbers of surviving OLs in the white matter

tracts of ephrinB3-treated CCI-injured mice as compared

with vehicle (PBS)-treated CCI-injured mice (Fig. 2A).

Specifically, we observed a significant increase in OL sur-

vival in the central external capsule and lateral external

capsule regions.

TBI leads to EphB3 receptor
cleavage

To further evaluate the dependence receptor role of EphB3

in the traumatically injured brain, we examined EphB3

cleavage using a C-terminal anti-EphB3 antibody

(Supplementary Figs 1E and 2) in sham and CCI-injured

cortical tissues. We observed little change in 110-kDa full-

length EphB3 in the first 6 hpi; however, by 24 hpi EphB3

protein levels were reduced 25% as compared to sham con-

trols (Fig. 2B and D and Supplementary Fig. 2). Consistent

with previous findings, EphB3 protein levels in the injured

brain returned to baseline by 7 dpi (Tsenkina et al., 2015).

Conversely, the �23-kDa EphB3 cleavage product was

observed as early as 2 hpi, peaked by 6 hpi and remained

elevated for the entire 7 dpi as compared to sham controls

(Fig. 2C and D and Supplementary Fig. 2). These findings

Figure 2 EphB3 receptor cleavage coincides with peak OL cell death and ephrinB3 administration prevents receptor cleavage

and promotes cell survival. (A) Stereological counts of GFP-labeled OLs in the mCC, cEC and lEC at 7 dpi. n-Values were 10/group.

Densitometry of EphB3 (B and D) and EphB3 cleavage product (C and D) in sham and CCI-injured mouse cortex at 2 hpi to 7 dpi. (D)

Representative western blot. n-Values were between 5 and 17/group. Western blot (E) and densitometry (F) of EphB3 and cleaved EphB3 at 6

hpi following treatment with recombinant ephrinB3. (G) EphB3-transfected HEK293T cells undergo increased cell death as compared to control

vector-transfected cells following SW, where ephrinB3 treatment reversed cell death (G) and EphB3 cleavage (H and I). n-Values were six

biological replicates (16–21 technical replicates/group). (I) Representative western blot. *,#P< 0.05; **P< 0.01; ***P< 0.001. Values are

presented as mean 6 SEM. cEC ¼ central external capsule; lEC ¼ lateral external capsule; mCC ¼ medial corpus callosum; SW ¼ serum

withdraw.
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demonstrate that EphB3 cleavage directly precedes OL cell

death and further implicates EphB3 in dependence receptor-

mediated OL losses after TBI.

We next examined EphB3 cleavage following ephrinB3

administration, where an intravenous injection (0.4 mg/

kg-body weight) and an intraperitoneal injection (2.0 mg/

kg-body weight) of ephrinB3 (Nelersa et al., 2012) were

given to the same animals at 1 hpi, followed by tissue

analysis at 6 hpi. We observed a significant reduction

(83%) in EphB3 cleavage in the CCI-injured brain when

ephrinB3 was systemically administered (Fig. 2E and F

and Supplementary Fig. 2), supporting the possibility that

improved OL survival following ephrinB3 administration

is the direct result of blocking EphB3 cleavage. To fur-

ther support this conclusion, we examined EphB3-medi-

ated cell death in HEK293T cells overexpressing full-

length EphB3 receptor. Transfection of EphB3 led to a

significant reduction in HEK293T cell survival following

serum withdrawal-induced cellular stress, which was

reversed when cells were cultured in the presence of re-

combinant 1.0 mg/ml ephrinB3 (Fig. 2G). Examination of

EphB3 cleavage in EphB3-transfected HEK293T cells

showed a similar profile to cell death, where EphB3

cleavage was reduced in ephrinB3-treated cells (Fig. 2H

and I and Supplementary Fig. 2).

We then examined the expression of full-length and

cleaved EphB3 in cortical tissues from human TBI

patients. Although fresh human TBI tissue samples are

difficult to collect and have very little material to ana-

lyze, we obtained cortical samples from TBI patients

(n¼ 4) at acute post-injury periods between 3 and

17.5 h after admittance to the hospital and compared

them to non-injured control patients (n¼ 3)

(Supplementary Fig. 1F and G). Control cortical tissues

were obtained from patients who succumbed to heart

failure and did not have brain trauma. We observed

full-length EphB3 expression in all controls and 3 of 4

TBI patients, while cleavage fragments were observed

in 3 of 4 TBI patients (Supplementary Figs 1F and 2).

Although the small n-values and the limited protein

material from TBI patients preclude our ability to per-

form biological/technical replicates, these findings sup-

port the presence and cleavage of EphB3 in adult

human TBI cortical tissues.

EphB3 serves as a substrate for
caspase-8 and -9, but not caspase-3

To examine the mechanisms that regulate EphB3 cleav-

age, we evaluated whether EphB3 functions as a caspase

substrate using an IP approach at a time point prior to

peak cleavage. EphB3 was immunoprecipitated with an

anti-EphB3 antibody but not the IgG2a isotype control

from sham and CCI injured mice at 2 hpi (Fig. 3A). The

IP data showed that EphB3 associated with caspase-9

(Fig. 3B) and caspase-8 (Fig. 3C), but not caspase-3

(Fig. 3D). Analysis of total protein demonstrates that

levels of cleaved caspase-8 and -9 were greater in CCI-

injured tissues as compared to sham controls (Fig. 3B

and C), although caspase-3 levels are consistent between

the two groups at 2 hpi (Fig. 3D). It should be noted

that because a C-terminal EphB3 antibody was used for

IP, only the full-length, ‘non-cleaved’ EphB3 was detected

at the 110-kDa band.

To determine whether tissue levels of the cleaved forms

of caspase-8 and -9 paralleled the peak period for EphB3

cleavage after CCI injury, we examined pro- and cleaved-

caspases between 2 hpi and 7 dpi (Fig. 4). We observed

both pro- and cleaved-caspases in the injured cortex be-

tween 2 and 24 hpi (Fig. 4A–F and Supplementary Fig.

3). Conversely, caspase-3 levels remained constant

(Fig. 4G–I). To examine whether caspase levels are de-

pendent on the presence of EphB3 as a binding substrate,

we measured caspase levels in WT and EphB3�/� cortices

at 6 hpi (Fig. 4J–O). Significant increases were observed

in both cleaved caspase-8 (Fig. 4K and L and

Supplementary Fig. 3) and cleaved caspase-9 (Fig. 4M

and O and Supplementary Fig. 3) levels in WT CCI-

injured tissues but not in EphB3�/�-injured tissues. No

differences were observed between WT and EphB3�/�

sham mice.

Since EphB3 cleavage primarily occurs in the CCI-

injured brain, it suggests that other protein(s) may be

required for caspase-mediated cleavage. For this reason

we investigated whether the adaptor protein Dral/FHL-2

may be involved in EphB3-caspase-9 mediated cell death.

We observed increased Dral/FHL-2 levels in CCI-injured

cortices by 2 hpi, a time point prior to peak EphB3

cleavage (Fig. 5A and Supplementary Fig. 4).

Interestingly, examination of human TBI tissues showed

Dral/FHL-2 expression in 2 of the 4 TBI patients, but

not in control tissues (Supplementary Figs 5A and 6),

which corresponded to TBI patients with cleaved EphB3

(Supplementary Fig. 1F). We next examined whether

Dral/FHL-2 associated with EphB3 in stressed primary

OPCs and human embryonic kidney HEK293T cells.

Primary cultured OPCs express both EphB3 and Dral/

FHL-2 protein, and following 10 nM staurosporine stress,

we observed that both caspase-9 and Dral/FHL-2 immu-

noprecipitated with EphB3 (Fig. 5B and Supplementary

Fig. 4). We also performed siRNA knockdown experi-

ments to determine whether reducing Dral/FHL-2 levels

led to changes in OPC viability. OPCs were transfected

with either 50 nM scrambled or Dral/FHL-2 siRNA and

then stressed with 10 nM staurosporine. Dral/FHL-2

siRNA treatment led to a >60% reduction in Dral/FHL-

2 protein levels (Supplementary Figs 5B and C and 6).

Stress induced by transfection alone or both transfection

and staurosporine treatment led to reduced OPC viability,

which was significantly reversed in Dral/FHL-2 siRNA-

treated cultures as compared to scrambled siRNA con-

trols (Fig. 5C). In HEK293T cells, EphB3 over-expression

did not lead to association with endogenous Dral/FHL-2

at 30 min after stress (Fig. 5D and Supplementary Fig. 4);
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however, over-expression of both EphB3 and dominant-

negative-caspase-9 resulted in the Dral/FHL-2 complex

formation (Fig. 5E and Supplementary Fig. 4). It was im-

portant to employ a non-cleavable dominant-negative-cas-

pase-9 to reduce the possibility of premature cell death

from enhanced caspase activation that limited our ability

to observe these protein interactions. This was supported

by HEK293T IP studies at 2 h following stress where

Dral/FHL-2 association with EphB3 was no longer

observed, suggesting that competition of endogenous cas-

pase-9 and dominant-negative-caspase-9 eventually led to

cell death (not shown). We also transfected HEK293T

cells with a non-cleavable form of EphB3 (i.e.

EphB3D849N), where the aspartate residue at amino acid

849 is replaced with an asparagine (Theus et al., 2014),

and observed no association of Dral/FHL-2 with

EphB3D849N at 2 h following stress (Supplementary Figs

5D and 6). Finally, we examined whether silencing Dral/

FHL-2 would lead to reduced HEK293T cell death.

Administration of Dral/FHL-2 siRNA led to a 62% re-

duction in Dral/FHL-2 protein levels in HEK293T cells as

compared to scrambled siRNA controls (Supplementary

Figs 5E and F and 6). Following serum withdrawal, we

observed a �50% loss in HEK293T cell survival in con-

trol cultures transfected with scrambled siRNA that was

rescued in the presence of Dral/FHL-2 siRNA (Fig. 5F).

Figure 3 IP studies show that EphB3 associates with caspase-8 and -9 but not caspase-3. (A) EphB3 binds specifically to anti-EphB3

antibodies, but not an IgG2a control in both sham and 2 hpi tissues. (B) Caspase-9 immunoprecipitates with EphB3 in both sham and 2 hpi

tissues, but not with control IgG2a samples. Total lysates show the up-regulation of cleaved caspase-9 after CCI injury. (C) Caspase-8

immunoprecipitates with EphB3 in both sham and 2 hpi tissues, but not with control IgG2a samples. Total lysates show the up-regulation of

caspase-8 after CCI injury. (D) Caspase-3 does not immunoprecipitate with either EphB3 or IgG2a in sham and 2 hpi tissues. Total lysates show

the presence of caspase-3 in sham and CCI-injured tissues. n-Values were sham and CCI injury, n¼ 2/group in duplicate. ma ¼ mouse antibody;

ra ¼ rabbit antibody.
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Anatomical and functional
improvements are observed in the
absence of EphB3 after CCI injury

We next determined whether enhanced OL survival in

the absence of EphB3 resulted in improved myelin

structure, greater axonal conductance and increased be-

havioural functioning. The number of axons and myelin

structure were examined using transmission electron mi-

croscopy in WT and EphB3�/� mice at 7 dpi (Fig. 6A

and Supplementary Fig. 7A and B). We observed reduced

numbers of axons in the corpus callosum between sham

Figure 4 Temporal expression of caspase-8, -9 and -3 demonstrates that the initiator pro- and activated-caspases are

significantly increased hours after CCI injury in WT mice but not in EphB32/2 mice. Western blot analysis of pro-caspase-8 (A) and

cleaved caspase-8 (B) shows a significant increase in expression at 2, 6 and 24 hpi that return to baseline by 7 dpi (C). Western blot analysis of

pro-caspase-9 (D) and cleaved caspase-9 (E) shows a significant increase in expression at 2, 6 and 24 hpi that return to baseline by 7 dpi (F).

Western blot analysis of pro-caspase-3 (G and I) and cleaved caspase-3 (H and I) shows no significant changes at 2, 6 and 24 hpi as well as 7 dpi.

At 6 hpi, WT mice have increased pro- and cleaved caspase-8 (J–L) and caspase-9 (M–O), but only pro-caspase-8 was observed to be

significantly increased in EphB3�/� mice. n-Values were between 6 and 17/group. *P< 0.05; **P< 0.01; ***P< 0.01. Values are presented as mean

6 SEM.
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and CCI-injured mice, although no differences were

observed between WT and EphB3�/�-injured mice

(Fig. 6B and C). Interestingly, we did observe differences

in myelin structure between WT and EphB3�/� mice

(Fig. 6D). Specifically, WT mice showed increased num-

bers of collapsed axons/myelin and loosely formed myelin

after CCI injury as compared to sham controls, which

was not observed in EphB3�/� mice. Regression analysis

of G-ratio and axon diameter indicated that WT CCI-

injured mice had increased numbers of axons with diame-

ters >3mm and an increased correlation between reduced

myelin in larger diameter axons (r2 ¼ 0.53) as compared

to sham controls (r2 ¼ 0.03) (Fig. 6E and G).

Conversely, although increased numbers of larger diam-

eter axons were also observed in EphB3�/� mice, there

was no correlation between G-ratio and axon diameter in

sham and CCI-injured mice (Fig. 6F and H). This is sup-

ported by reduced levels of myelin basic protein in WT

CCI-injured mice at 7 and 14 dpi, but not in EphB3�/�-

injured mice (Supplementary Figs 6 and 7C and D).

Axon conductance of the corpus callosum between WT

and EphB3�/� mice was also evaluated by measuring

evoked CAPs in the corpus callosum at 7 dpi. The evoked

callosal CAP consists of biphasic waveforms from short-

latency, fast-conducting myelinated axons (N1) and long-

latency, slow-conducting unmyelinated axons (N2)

(Crawford et al., 2009; Reeves et al., 2012). Input–output

responses were generated by gradually increasing stimulus

intensity until the N1 response reached asymptotic max-

imum. The input–output response of both the N1 and

N2 components was significantly depressed in WT CCI-

injured animals as compared to WT sham animals

(Fig. 6I and K and Supplementary Fig. 7E). Analysis of

the mean peak amplitude for the N1 and N2 waveforms

was likewise decreased after CCI injury (Fig. 6J and L).

We further examined whether eliminating EphB3 would

Figure 5 Dral/FHL-2 is up-regulated after brain injury, associates with EphB3 and caspase-9 in primary OPCs and HEK293T

cells, and silencing Dral/FHL-2 leads to improved survival. (A) Western blot analysis of Dral/FHL-2 at 2 hpi. n-Values were 2/group in

duplicate. (B) IP of Dral/FHL-2 and caspase-9 with anti-EphB3 in primary OPCs. (C) Increased survival in Dral/FHL-2 siRNA-treated OPCs after

transfection-induced stress (vehicle treatment; TA) and 10 nM ST. (D) IP of Dral/FHL-2 is not observed in HEK293T cells transfected with only

EphB3. (E) IP of Dral/FHL-2 was observed in HEK293T cells transfected with EphB3 and DN-caspase-9. (F) Increased survival in Dral/FHL-2

siRNA-treated HEK293T cells after serum withdraw as compared to scrambled siRNA-treated controls and serum controls. *P< 0.05;

**P< 0.01; values are presented as mean 6 SEM. ma ¼ mouse antibody; ra ¼ rabbit antibody. DN ¼ dominant-negative; ST ¼ staurosporine

treatment; TA ¼ transfection alone.
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Figure 6 Deficiencies in EphB3 result in reduced myelin damage and improved axonal conductance following CCI injury. (A)

Transmission electron microscopy of the corpus callosum from WTand EphB3�/� mice at 7 dpi shows reduced numbers of myelinated (B) and

unmyelinated (C) axons in CCI-injured tissues compared to sham. (D) Quantification of collapsed axons/myelin, loose myelin and compact

myelin shows reduced damage in EphB3�/� mice. n-Values were 3/group. (E–H) Pearson’s correlation of the G-ratio to axon diameter suggests

that the larger axonal fibres are more susceptible to demyelination following CCI injury in both WTand EphB3�/� mice. Evoked callosal CAP

from short-latency, fast-conducting myelinated (N1) axons (I and J) and long-latency, slow-conducting unmyelinated (N2) axons (K and L) shows

deficits in WT CCI-injured mice. Peak amplitude was measured at 2 mA stimulation (J and L). n-Values were between 3 and 5/group. WT CCI-

injured mice exhibit increased hyperactivity responses as compared to WT sham and EphB3�/� mice when measuring speed (M) and distance

(N) in the open field. *P< 0.05; **P< 0.01. n-Values were between 12 and 22/group. Values are presented as mean 6 SEM. Bar in (A) is 1 mM.
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reverse this injury-induced suppression of the evoked

CAPs. Interestingly, EphB3�/� reversed the depression of

the N1 waveform, but not the N2 waveform (Fig. 6I and

K and Supplementary Fig. 7F). Conduction velocity of ei-

ther the N1 or N2 CAPs was unaltered after CCI injury

or in EphB3�/� mice (not shown). These physiological

responses are congruent with the EM morphological

results and indicate that the improvements in the N1

waveform observed in EphB3�/� mice after CCI injury

may be due to the preservation of myelin compaction ra-

ther than changes in the number of myelinated axons.

Behavioural testing of motor function is also an im-

portant assessment of tissue sparing. Previously, we had

shown that CCI-injured EphB3�/� mice and ephrinB3-

treated CCI-injured WT mice have improved locomotor

function as compared to WT and vehicle controls, re-

spectively, using an activity-based rotarod test (Theus

et al., 2014). To determine whether improvements would

be observed in a more passive motor test to evaluate

spontaneous locomotion, we examined WT and EphB3�/

� mice in the open field paradigm at 5 and 12 dpi. Mice,

like humans, are known to have a hyperactivity response

to TBI that is observable in the open field (Homsi et al.,

2010; Biederman et al., 2015). In CCI-injured WT mice,

we observed a graded increase in both the speed

(Fig. 6M) and distance (Fig. 6N) travelled as compared

to sham controls. In the absence of EphB3, this hyper-

activity response was not observed. Our findings in the

open field together with our previous findings using

rotarod analysis suggest that the impaired behavioural

motor responses observed after CCI injury can be amelio-

rated in the absence of EphB3 signalling.

Discussion
Many studies have examined neuron cell death after TBI

(Slemmer et al., 2008; Stoica and Faden, 2010); however,

fewer studies have aimed to elucidate the mechanisms

that regulate OL cell death. The present study implicates

a novel ‘dependence receptor’ mechanism of OL cell

death, whereby intracellular cleavage of EphB3 initiates

cell death signals in the absence of ligand binding. In the

CCI-injured mouse brain, the observed OL cell death was

initiated in the cortex and underlying white matter tracts

within the first hours after injury with a peak at 6 hpi.

The timing of OL loss directly correlated to peak EphB3

cleavage and increased the levels of initiator caspase-8

and -9 in the CCI-injured brain. Reactivation of EphB3

through ephrinB3 administration reversed EphB3 cleavage

and OL cell death after CCI injury, which was similar to

improved OL survival and functional recovery in

EphB3�/� mice. We demonstrated that caspase cleavage

of EphB3 requires a multiprotein complex that includes

caspase-8 or -9 and Dral/FHL-2, which is up-regulated at

2 hpi, a time period preceding peak EphB3 cleavage.

Finally, examination of protein samples from TBI patients

showed the presence of both cleaved EphB3 and Dral/

FHL-2 in some TBI patients but not in control brain tis-

sues from cardiac patients. Together, our studies define a

novel mechanism that regulates OL loss after TBI and

identifies potential therapeutic strategies to promote

recovery.

OL cell death has been observed in TBI patients as

early as 4 hpi, which is a similar time frame to our

observed 2–6 hpi OL loss in murine CCI injury. These

cellular losses vary depending on the TBI model, species

and/or degree of injury. Significant OL losses were

observed in rats following fluid percussion injury between

12 hpi and 21 dpi (Conti et al., 1998; Lotocki et al.,

2011), while Sullivan et al. (2013) reported significant

changes in cell density in the corpus callosum at 3 dpi in

a murine closed head injury model. In each of these stud-

ies, acute time points (<24 h) were not evaluated. Dent

et al. (2015) used a murine CCI injury model to examine

OL numbers between 2 dpi and 3 months post-injury;

however, this study primarily focused on the response of

immature OLs to differentiate into mature OL. Our stud-

ies examined the earliest responses of OL to CCI injury

as it relates to both timing of cell loss and differences be-

tween specific tissue compartments. Because the mechan-

ical force generated by the pneumatic piston of the CCI

injury device may have differential effects on cortical grey

matter versus the underlying white matter tracts, we

examined these areas separately. We observed differences

between OL loss in grey and white matter areas, where

tissues with greater tensile strength (i.e. corpus callosum

and external capsule) showed peak cell death by 6 hpi,

whereas less stiff cortical grey matter areas showed peak

losses by 7 dpi. It is also reasonable to consider the possi-

bility that this may reflect differences in energy demands

between OLs that reside in white versus grey matter

tracts as a result of temporospatial differences in axon

myelination, as well as differences in the number and het-

erogeneity of supporting glial and/or progenitor cells in

white and grey matter tissues. Interestingly, white matter

regions showed increased OL numbers by 7 dpi, which

presumably reflects enhanced OL progenitor differenti-

ation (Dent et al., 2015). OPCs are evident in both white

and grey matter areas of the adult CNS where they make

up to 5–7% of the glial population (Levine et al., 2001).

In the injured or diseased CNS, OPCs become activated

to divide and differentiate into mature OLs, contributing

to the myelination of demyelinated axons (Dent et al.,

2015; Fernandez-Castaneda and Gaultier, 2016; Flygt

et al., 2016). Our findings confirm that TBI leads to sig-

nificant increases in EdU-positive OLs by 7 dpi; however,

there were no differences between WT and EphB3�/�

mice. This confirms that the greater PLP–GFP counts

observed in EphB3�/� tissues as compared to WT tissues

result from enhanced OL survival rather than activated

oligodendrogenesis.

Our findings demonstrate that the EphB3 receptor

plays an important role in regulating OL numbers after
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CCI injury through a novel dependence receptor mechan-

ism. Activation of dependence receptors can result from

ligand uncoupling leading to intracellular cleavage, expos-

ure of a death domain and activation of downstream

pro-apoptotic signals (Mehlen and Bredesen, 2004;

Tauszig-Delamasure et al., 2007; Goldschneider and

Mehlen, 2010; Theus et al., 2014). Tissue disruption that

occurs at the onset of injury can trigger EphB3 cleavage

that peaks in OLs by 6 hpi, which coincides with the

peak expression of activated initiator caspase-8 and -9.

Association of EphB3 with caspase-8 and -9 in brain tis-

sue and primary OPCs strongly supports the role of initi-

ator caspases in receptor cleavage. It is important to note

that EphB3-mediated cell death occurring in the traumat-

ically injured CNS may not be limited to OLs, because

neural progenitor cells and endothelial cells have also

been implicated (Theus et al., 2014; Assis-Nascimento

et al., 2018). However, this report is the first to demon-

strate a caspase-EphB3 association, in vivo receptor cleav-

age and the requirements of the adaptor protein Dral/

FHL-2 to induce cell death. We cannot exclude the possi-

bility that other dependence receptors, including EphA4

receptors (Furne et al., 2009), might also regulate CNS

cell survival after brain injury. In fact, EphA4 and

EphA7 have been shown to complex with caspase-8 to

induce apoptotic cell death (Lee et al., 2015). In short,

there are over a dozen known dependence receptors that

may represent a novel class of pro-apoptotic molecules in

the traumatically injured CNS.

EphB3 cleavage is mediated by a TBI-regulated protein

complex that includes the critical adaptor protein Dral/

FHL-2. The adaptor protein Dral/FHL-2 and caspase-9

are required for pro-apoptotic activities associated with

another dependence receptor (i.e. Patched), where Patched

serves as a substrate for a protein complex that includes

Dral/FHL-2, TUCAN or NALP1 and caspase-9 (Mille

et al., 2009). The murine EphB3 receptor has a single

cleavage site at amino acid residue 849, which results in

an �23-kDa fragment that can be detected using a C-ter-

minal anti-EphB3 antibody (Theus et al., 2014). EphB3

may function as a caspase-8 and -9 substrate in both

pathological and non-pathological conditions, where the

recruitment of other proteins is required to initiate EphB3

cleavage. Dral is a four and a half LIM domain protein

2 (FHL-2) that is thought to regulate protein–protein

interactions including the assembly of membrane proteins

(Johannessen et al., 2006; Verset et al., 2016). Our stud-

ies suggest that EphB3 serves as a substrate for initiator

caspases, such as caspase-9, in pathological and non-

pathological conditions, but TBI is required for Dral/

FHL-2 up-regulation. Dral/FHL-2 associates with EphB3/

capase-9 protein complex and leads to casaspe-9-mediated

EphB3 cleavage and subsequent initiation of OL cell

death. It is reasonable to suggest that Dral/FHL-2 binding

in this protein complex is essential for EphB3 cleavage

and may provide caspase-9 positional accessibility to en-

able cleavage to occur. Additional studies are needed to

fully characterize this protein cleavage activity associated

with dependence receptor actions; however, this protein

complex may serve as an important therapeutic target for

mitigating cell loss after TBI. Other investigators have

implicated the E3 ubiquitin ligase NEDD4 in caspase-9

activation in Patched-mediated apoptosis (Fombonne

et al., 2012), which remains to be determined in EphB3-

mediated cell death.

There are a number of functional benefits for blocking

EphB3 signalling after CNS injury, including improved

motor function (Theus et al., 2014; Tsenkina et al.,
2015), improved learning and memory (Perez et al.,

2016) and reduced TBI-induced hyperactivity. A hyper-

activity phenotype has been identified in both experimen-

tal TBI models and human TBI patients (Homsi et al.,

2010; Adeyemo et al., 2014; Biederman et al., 2015).

Hyperactivity is a pathophysiological response primarily

due to circuitry disconnection between the cortical and

subcortical motor regions that leads to an absence of in-

hibitory activity (Swanson et al., 1998; Kieling et al.,
2008). In the CCI mouse model, the most severely

injured tissues include the parietal sensory-motor cortex

and the underlying white matter tracts (i.e. corpus cal-

losum and external capsule). More distal tissues, such as

the hippocampus and striatum, are also affected but to a

lesser extent. It is likely that EphB3-mediated OL cell

death plays a major role in the observed functional defi-

cits associated with CCI injury; however, we cannot rule

out the possibility that multiple cell types may contribute

to the improved behavioural functions associated with

EphB3 deletion or ephrinB3 administration. In particular,

improved survival of neural progenitor cells and endothe-

lial cells may stabilize the blood–brain barrier and injury

microenvironment (Dixon et al., 2016; Assis-Nascimento

et al., 2018). We have also shown that EphB3 signalling

may have deleterious effects on synaptic stability after

TBI, suggesting that decreased EphB3 activity may reduce

the global dysfunction of networks in the injured brain

(Perez et al., 2016).

Myelination and axonal defects have been associated

with all severity levels of TBI, where human post-mortem

analysis revealed significant damage years after the initial

insult (Flygt et al., 2013; Johnson et al., 2013; Mierzwa

et al., 2015). We demonstrate that improved OL survival

after CCI injury can also have an important influence on

saltatory axonal conduction through stabilization of the

myelin sheaths. The deficits observed in the short-latency,

fast-conducting N1-evoked CAP at 7 dpi likely reflect the

observed differences in collapsed axons and loose myelin

associated with CCI-injured WT mice. It is less clear

whether these axonal and myelin defects at 7 dpi result

from continued EphB3 signalling in surviving OLs or in-

directly as a result of acute OL cell loss. Regression ana-

lysis of the G-ratio and axon diameter suggests that

larger diameter axons are more susceptible to demyelin-

ation after CCI injury. In this study, we did observe a

significant decrease in the evoked CAP from N2 during
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the first week post-injury, but this was not rescued by

EphB3 deficiency in mice. This supports previous reports

in rat fluid percussion injury models where both myelin-

ated and unmyelinated fibres in the corpus callosum were

vulnerable to injury (Reeves et al., 2005; Crawford et al.,

2009; Reeves et al., 2012). Taken together, our findings

support a molecular machinery for dependence receptor-

induced OL cell death after TBI, where EphB3 receptors

strongly participate in the pathophysiology of myelin loss

after brain injury.
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Supplementary material is available at Brain

Communications online.
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