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A B S T R A C T

The clinical trials employing neuroprotectants targeting single, early pathogenic mechanisms in stroke have so
far been barely successful. We found in human postmortem stroke brains that in addition to apoptosis, necroptosis
also contributed to neuronal damage. Thus, a new strategy targeting both mechanisms might be necessary. While
brain-derived neurotrophic factor (BDNF) is a potent survival factor for neurons, its poor bioavailability in-
cluding low diffusion rate and short half-life makes it unlikely a therapeutic agent. We recently developed a TrkB
agonistic antibody (Ab4B19) that mimicked BDNF functionally but exhibited better physicochemical and
pharmacological features. We showed that Ab4B19 halted neuronal death in vitro under multiple conditions that
simulate ischemia/reperfusion injury, including oxygen-glucose deprivation (OGD), glutamate toxicity, oxida-
tive stress and nutrient deprivation. In a rat model of ischemia/reperfusion, Ab4B19 suppressed both apoptosis
and necroptosis, leading to a reduction in infarct volume and acceleration of functional recovery from sensor-
imotor impairments. In neurons derived from human embryonic stem cells (hESCs), Ab4B19 activated TrkB and
its downstream signaling, and rescued neuronal death from OGD at a similar level as that in mouse neurons.
Together, our study revealed necroptosis in human stroke brain, and demonstrated a BDNF-based strategy
targeting both apoptosis and necroptosis for ischemic stroke treatment.

1. Introduction

As the second biggest killer of all human illnesses, stroke affects
almost 25.7 million people while taking 6.5 million lives each year,
with more than half being attributed to ischemic stroke (Feigin et al.,
2015). The only FDA-approved drug for ischemic stroke is tissue plas-
minogen activator (tPA) which dissolves clots in brain vasculature
through thrombolysis (Sandercock et al., 2012). However, the utility of
tPA is very limited due to its requirement for treatment within 4.5 h of
stroke attack. Neuronal damage continues after ischemic stroke
(Onwuekwe and Ezeala-Adikaibe, 2012), and till now, no drug tar-
geting neuronal damages after the attack has been developed.

Various cytotoxic stimuli, such as oxygen-glucose deprivation, glu-
tamate excitotoxicity and oxidative stress, contribute to ischemia/re-
perfusion injury (Onwuekwe and Ezeala-Adikaibe, 2012). Thus, neu-
roprotectants, which block these deleterious downstream cascades
evoked by ischemia/reperfusion, were tested with the hope to slow
down neuronal death. Unfortunately, nearly all neuroprotective drug
candidates with positive effects in animal stroke models have so far
been unsuccessful in human clinical trials (Onwuekwe and Ezeala-

Adikaibe, 2012), and the neuroprotection strategy has now been chal-
lenged (Feuerstein and Chavez, 2009). There could be two major lim-
itations in this strategy. First, the cytotoxic signaling pathways are in-
itiated immediately after stroke while it generally takes hours or even
days for stroke patients to receive proper treatments, and brain da-
mages have already taken place when patients arrive at hospitals
(Ginsberg, 2009). Second, the pathogenesis of stroke may involve
multiple mechanisms, and blocking one particular mechanism might
not be sufficient to stop pathological progression. Thus, a reasonable
approach for stroke therapy could be to focus on later events in the
pathologic cascade and halt brain damages rather than preventing the
damages from occurring in the first place. Here, we propose BDNF-
based neurorepair as a novel strategy to supplement neuroprotection in
ischemic stroke treatment, focusing primarily on cell death and aiming
to confer persistent neurotrophic support after the initial events of
ischemia.

BDNF is a well-characterized member of the neurotrophin family
(Nagahara and Tuszynski, 2011). BDNF binds its high affinity receptor
TrkB (Squinto et al., 1991; Kaplan and Stephens, 1994), and activates
its downstream MAPK, PI3K, and phosphoinositide phospholipase C-γ
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(PLCγ) pathways (Kaplan and Miller, 2000; Huang and Reichardt,
2001), leading to multiple cellular functions including neuronal sur-
vival, dendritic growth and synapse formation. Extensive studies have
shown a strong neurotrophic effect of BDNF in a variety of models for
neurological disorders (Zuccato and Cattaneo, 2009; Nagahara and
Tuszynski, 2011; Lu et al., 2013). In patients after ischemic stroke, it
has been reported that low circulating concentration of BDNF is asso-
ciated with poor functional outcome (Stanne et al., 2016; Wang et al.,
2016), suggesting a role of BDNF in stroke pathogenesis and prognosis.
Moreover, a number of studies have reported that intravenous admin-
istration of BDNF prior to stroke onset reduced infarct volume and
improved functional recovery in animal models of stroke, partially
through apoptosis suppression (Schabitz et al., 2000; Zhang and
Pardridge, 2001a,b; Schäbitz et al., 2004; Zhang and Pardridge, 2006;
Schäbitz et al., 2007; Lu et al., 2016). Despite all the positive mod-
ulatory and repair activities of BDNF, its short half-life, minimal tissue
penetration (Dittrich et al., 1996), and non-specific activation of p75
neurotrophin receptor (p75NTR) (Kraemer et al., 2014) hinder the de-
velopment of BDNF as a therapeutic agent against ischemic stroke.

Neuronal cell death could be mediated by multiple mechanisms. In
addition to apoptosis, necroptosis has now been recognized as a new
player in stroke pathogenesis. Degterev et al. defined necroptosis as a
type of necrotic cell death in the absence of apoptotic signaling
(Degterev et al., 2005a). After the pathway is initiated, receptor-inter-
acting protein 1 (RIP1) and RIP3 are activated to build necrosome, the
core machinery of necroptosis. The executor in this necrosome, mixed-
lineage kinase domain-like protein (MLKL), is then phosphorylated and
oligomerized to form membrane-rupturing pores, leading to organelle
swelling and eventually cell death (Hanson, 2016). Recent evidence
from animal studies suggests that necroptosis also contributes to the
brain infarct in ischemic strokes and necroptosis inhibitors could reduce
the ischemic damage (Degterev et al., 2005a; Rami et al., 2008; Fayaz
et al., 2016; Yang et al., 2017a; Cruz et al., 2018; Li et al., 2018).
Moreover, combined treatments suppressing both apoptosis and ne-
croptosis exhibited even higher levels of neuronal protection than
single treatments (Xu et al., 2010b; Tian et al., 2018a). While the anti-
apoptotic effect of BDNF has been well documented, whether BDNF also
suppresses necroptosis has not been investigated.

To bridge the gap between animal research and human clinical
studies and to develop new therapies for stroke, the present study is
designed to address a number of questions: 1) whether necroptosis also
exists in human stroke brain; 2) whether a BDNF-based therapy could
ameliorate necroptotic cell death in vitro and in vivo; 3) whether a TrkB
agonistic antibody with properties superior to BDNF could be used as a
therapeutic agent in ischemic stroke. We have recently developed a
TrkB agonistic antibody (Ab4B19, see the submitted accompanying
article by Guo et al.) and, in this study, tested both in vitro and in an
animal model of stroke for its therapeutic efficacy under a number of
mechanisms involved in neuronal death in ischemic brains. We have
also validated the mechanisms in postmortem human brain tissues and
in human neurons derived from embryonic stem cells. Our findings may
provide new insights into the mechanisms of stroke as well as the
BDNF-based therapy, and pave the way for a new strategy for ischemic
stroke treatment.

2. Materials and methods

2.1. Cell culture and survival assays

Primary cortical cultures were prepared from E17.5-E18.5 mouse or
E18-E19 rat embryonic cortices. After dissection, the cortical tissues
were digested in 0.125% trypsin at 37 °C for 20min. Cell suspension
was filtered through a 40 μm cell strainer, diluted and added to poly-D-
lysine-coated plates. Cells were maintained in DMEM supplemented
with 10% fetal bovine serum, 1% GlutaMax and 1% penicillin/strep-
tomycin. 4 to 6 h post plating, the medium was replaced by

maintenance medium, namely Neurobasal Medium supplemented with
2% B27, 1% GlutaMax and 1% penicillin/streptomycin (all reagents
were from Gibco). Half of the medium was changed every 3 to 4 days.
The cultures were used at DIV7 to DIV10 and were confirmed to
have> 90% Tuj1-positive cells (Fig. S2A).

The hESC-derived neurons were kindly provided by S. Ding lab
(Tsinghua University) following the previously reported protocol (Li
et al., 2011). After 14 days of spontaneous differentiation, the cells were
used for experiments.

For OGD and re-oxygenation, cells were exposed to glucose-de-
prived buffer (prepared as described previously (Liu et al., 2010)) in a
chamber infused with 95% nitrogen and 5% carbon hydroxide for
30min. The plate was then sealed for another 3.5 h to maintain the
OGD condition. At re-oxygenation, the OGD buffer was replaced with
maintenance medium containing BDNF, Ab4B19 (both 3 nM) or 0.1%
bovine serum albumin (BSA) and the cells were transferred to an in-
cubator with normal oxygen supply for another 24 h before cell viabi-
lity measurement. The normal group of cells were treated identically
without oxygen or glucose deprivation. To block TrkB, K252a (200 nM)
was maintained in the medium throughout the experiment. To test the
effect of BDNF on necroptosis, 100 μM Z-VAD-FMK (Selleck) and 50 μM
BV6 (MCE) were added 30min before OGD and throughout the ex-
periment in hESC-derived cultures.

In B27-deprivation test, B27 was removed from the maintenance
medium for 3 days to simulate a nutrient-deficient environment for
primary neurons. BDNF, Ab4B19 (both 3 nM) or 0.1% BSA was applied
to the culture at the same time of B27-deprivation. Cell viability was
measured 72 h after treatment.

In glutamate-induced excitotoxicity test, a final concentration of
30 μM glutamate was maintained in the culture for 3 h to induce ex-
citotoxicity. To rescue cell death, the glutamate-containing medium
was replaced with maintenance medium containing BDNF, Ab4B19
(both 3 nM) or 0.1% BSA. Cell survival was measured 24 h afterwards.

In hydrogen peroxide-induced toxicity test, a final concentration of
500 μM hydrogen peroxide was applied to the culture together with
BDNF, Ab4B19 (both 3 nM) or 0.1% BSA for 24 h before cell survival
was measured.

For OGD and B27-deprivation assays, relative cell survival was
quantified using the CellTiter-Glo Luminescent Cell Viability Assay kit
(Promega) according to the manufacturer's instructions. Hoechst33342
(Thermo Scientific) and propidium iodide (PI, P4170, Sigma) were used
to label nuclei and non-viable cells and images were capture by Opera
Phenix™ High Content Screening System (Perkin Elmer). For glutamate
and hydrogen peroxide-induced toxicity assays, relative cell survival
was measured using CCK8 reagents (Beyotime) according to the man-
ufacturer's instructions.

2.2. Surgical procedure and drug administration

Male Sprague-Dawley rats (200–300 g) were used for in vivo ex-
periments. All animal protocols were approved by Tsinghua University
Animal Care and Use Committee. The MCAO surgery was performed as
previously described (Longa et al., 1989). Briefly, animals were an-
aesthetized by isoflurane. A scission was made on the front skin of the
neck and muscles were bluntly dissected to expose the right carotid
artery. A suture with silica gel covering the tip (Jialing Biotech,
Guangzhou) was inserted through a scission on the external carotid
artery toward the internal carotid artery. The suture stopped pro-
ceeding when the middle cerebral artery was reached, about 20mm
from the scission. 2 h after occlusion, the suture was retracted to
achieve reperfusion. At the initiation of reperfusion, Ab4B19 (1 or
0.2 mg/kg) or normal rabbit IgG (1mg/kg) was injected through the
tail vein. Animals of sham operation underwent the same surgery only
with the suture retracted immediately after reaching MCA. These ani-
mals were injected with 1mg/kg normal rabbit IgG except for the
quantification analysis of Ab4B19 in the brain tissue, where 1mg/kg
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Ab4B19 was injected for both MCAO and sham-operated animals. For
Fig. S4B and Fig. S5A, B and C, animals underwent MCAO but were not
treated with any antibody so as to avoid detecting exogenous antibody
in immunostaining.

2.3. Adhesive-removal test

This behavioral test was carried out as previously described with
modifications (Komotar et al., 2007). Before testing, the animals were
given 15min to habituate in the testing cage. In each trial, adhesives of
7mm×7mm were stick to the palms of the forelimbs, one on each
side. The animal was then immediately transferred to the testing cage.
Time-to-contact and time-to-remove were recorded by experimenters to
whom the information of the animal was unknown. Four trials were
given per test day and the average of time from the four trials were
calculated as the outcome for each animal. Before MCAO, the animals
were trained for 3 consecutive days.

2.4. Cylinder test

Following the previously described protocol (Hua et al., 2002), each

animal was placed in a clear acrylic cylinder (diameter: 20 cm, height:
30 cm) on top of a clear plate. A mirror under the plate was used to
reflect the movement of the animal when not facing the camera. A
camera was used to record the rearing behaviors of the animals. The
counts of contacts onto the cylinder wall with the ipsilateral forelimb
(I), contralateral forelimb (C) or both forelimbs (B) were recorded by an
experimenter blind to the assignment of the animal. Score (%)= (I - C)/
(I+ C+B) *100%.

2.5. TTC (triphenyltetrazolium chloride) assay

At 14 days post MCAO, the animals were sacrificed for infarct vo-
lume measurements. Each brain was sectioned into 2mm slices using a
brain mold. The slices were immersed in 0.2% TTC (Sigma) and in-
cubated for 15min in 37 °C water bath. All brain sections were scanned
and analyzed using Image-Pro Plus. Infarct volume (%)= total infarct
area/(2 * sum of contralateral hemisphere area) * 100%.

2.6. Ab4B19 measurement in the brain

After a thorough PBS perfusion, brain slices and striatal tissues of

Fig. 1. Both apoptosis and necroptosis were
prominent in human stroke tissues，and
BDNF potentially suppressed necroptosis.
(A) A representative coronal section of
postmortem brain tissues (core, solid line;
peri-infarct, dashed line) and a schematic
diagram of the contralateral hemisphere
(right). (B) Western blots (upper) and quan-
titative analyses (lower) of cleaved CASP3,
total CASP3, BAX, Bcl-2, pMLKL and MLKL
(n=3). Note that normal control samples
were either obtained from non-stroke do-
nors (donor 014 and 149) or the non-stroke
hemisphere of the stroke patient (donor
012). Core and peri-infarct tissues were
from stroke donors 019, 121, 183. (C)
Immunohistochemical staining of pMLKL in
normal control and stroke brain tissues.
Green arrowheads indicate cells with brown
dotted pMLKL signal, which were observed
in stroke brain samples but rare in control
samples. Labels associate with each sample
correspond to information in Table S1. (D)
Effect of BDNF on MLKL phosphorylation.
Neurons derived from human embryonic
stem cell (hESC) were cultured under
normal or oxygen-glucose deprivation
(OGD) conditions for 4 h in the presence of
Z-VAD-FMK (100 μM) and BV6 (50 μM).
0.1% BSA or BDNF (3 nM) was applied to
the culture at re-oxygenation, and cell ly-
sate was collected 16 h thereafter for MLKL
phosphorylation measurement. Note that
BDNF reduced MLKL phosphorylation in-
duced by OGD and Z-VAD-FMK and BV6
treatment. Cell data were pooled from 4
independent experiments. One-way ANOVA
followed by the Dunnett's multiple com-
parisons test was used for statistical ana-
lyses. For this and all other figures, data
were presented as mean ± SEM. *P < .05,
**P < .01, ***P < .001, ****P < .0001.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)
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both hemispheres were collected separately for immunostaining and
protein extraction, respectively. For immunostaining, Alexa Fluor 488
goat anti-rabbit IgG was used to probe Ab4B19 and images were cap-
tured by Axio Scan.Z1 (Zeiss). For ELISA, human TrkB ectodomain was
used to coat 96-well plates. Goat anti-rabbit antibody conjugated with
HRP was used as the secondary antibody. After development using
TMB, signals were measured by Cytation BioTeK plate reader. The
amount of Ab4B19 was extrapolated from a standard curve prepared in
the same plate. All samples were tested in duplicates. Values were
calculated by the amount of Ab4B19 divided by the protein con-
centration measured using the Pierce BCA Protein Assay Kit (Thermo
Fisher).

2.7. Human postmortem samples

Human postmortem brain samples were obtained with permission
from the Chinese Academy of Medical Sciences and Peking Union
Medical College Human Brain Bank (Zhang et al., 2018). The present
study was approved by the Institutional Review Board of the Institute of
Basic Medical Sciences, Chinese Academy of Medical Sciences (Ap-
proval Number: 009–2014). For Western blotting analysis, normal
controls were from tissues of 2 non-stroke brain donors (PTB014 and
PTB149) and the non-stroke hemisphere of donor PTB012, and stroke
tissues were obtained from 3 stroke donors, PTB019, PTB121 and
PTB183. For the stroke tissues, the infarct core and peri-infarct tissues
were collected separately under guidance of experienced physicians.
For immunohistochemistry analysis, formalin-fixed tissues were ob-
tained from 2 non-stroke donors PTB154 and PTB190, and the stroke
tissues were obtained from the infarct region of donors PTB012 and
PTB106. Further information of donors can be found in Table S1. The
schematic diagram of human brain coronal section (Fig. 1A, right) was
modified from http://www.thehumanbrain.info.

2.8. Immunofluorescence and immunohistochemistry

Tissue sections were blocked with blocking buffer (5% goat serum,
0.3% Triton ™ X-100 in 0.1 M PBS) for 1 h at room temperature fol-
lowed by sequential incubation of primary and secondary antibodies
overnight at 4 °C. Antibodies used for immunostaining were Tuj-1
(AT809, Beyotime) and pMLKL (ab187091). Hoechst33342 was used to
indicate nuclei. The slices were mounted in mounting medium (H-1400,
Vector Laboratories, InC.) for imaging. Axio Scan.Z1 (Zeiss) and Zeiss
LSM780 were used for widefield and confocal imaging respectively.

2.9. Western blotting

Proteins were separated by electrophoresis in 10% or 15% SDS-
PAGE gel and transferred onto PVDF membranes (BIO-RAD).
Membranes were blocked for 1 h at room temperature, incubated at 4° C
overnight in the primary antibody solution and incubated at room
temperature for another hour in the secondary antibody solution.
SuperSignal™ West Pico Chemiluminescent Substrate (Thermo
Scientific) was used for blot development and signals were detected by
Tanon 5200. The bands were analyzed using ImageJ. The primary an-
tibodies used for immunoblotting were TrkB (Rabbit, CST), pTrkB
(Rabbit, CST), Akt (Rabbit, Easybio), pAkt (Rabbit, CST), PLCγ (Rabbit,
CST), pPLCγ (Rabbit, CST), ERK (Rabbit, CST), pERK (Rabbit, CST),
GAPDH (Mouse, Easybio), BAX (ab32503, Abcam), Bcl-2 (sc-7382,
Santa Cruz), MLKL (E2A7412-1-2-3, EnoGene), pMLKL (ab196436 for
mouse and rat antigen and ab187091 for human antigen, Abcam),
cleaved CASP3 (9664, CST), RIP1 (610,459, BD Transduction
Laboratories), GFAP (ab134436, Abcam), TrkB (sc-377,218, Santa
Cruz) and Actin (AA128, Beyotime).

2.10. Statistical analysis

All data were expressed as mean ± SEM. Statistical analysis were
performed with GraphPad Prism using one-way ANOVA followed by
the Dunnett's post hoc multiple comparisons test, or two-way ANOVA
followed by the Holm-Sidak's post hoc multiple comparisons test.
Asterisks were used to indicate significance of difference (*P < .05,
**P < .01, ***P < .001, ****P < .0001).

3. Results

3.1. Human stroke tissues exhibited both apoptosis and necroptosis

Although recent studies have suggested apoptosis as well as ne-
croptosis are involved in neurodegenerative diseases such as
Alzheimer's disease (Caccamo et al., 2017), few studies have validated
in human disease samples that necroptosis also occurred in stroke. To
identify cell death mechanisms involved in human stroke, we have
obtained postmortem specimens of stroke and non-stroke brain tissues
and examined cell death markers using immunohistochemistry and
Western blotting analyses. We found that apoptosis and necroptosis
were highly prevalent in the core regions (darkened focal area on the
postmortem sample) of the stroke brain tissues (Fig. 1A to C). A marker
for apoptosis, namely the ratio of cleaved CASP3 to total CASP3 was
significantly increased in the core area, but not in the peri-infarct re-
gions, comparing to the normal control (3.0-fold, Fig. 1B). There was
also a change in another apoptosis marker - the ratio between Bcl-2 (B-
cell lymphoma 2) and BAX (Bcl-2-associated X protein), although it did
not reach the statistically significant level due possibly to the small
sample size and the variability in the disease conditions of the samples
(Fig. 1B).

The protein level of MLKL, the executor of necroptosis, was also
increased in the core regions of stroke (2.2-fold, Fig. 1B). Unlike the
apoptosis marker, the level of MLKL was higher in the peri-infarct re-
gions as well, suggesting the existence of necroptosis in both regions
(2.3-fold, Fig. 1B). The pMLKL/MLKL ratio, another way of revealing
necroptosis, was also higher in the core and penumbra regions
(Fig. 1B), although not statistically significant possibly due to the
aforementioned reasons. In addition, we found that many cells in the
core region of stroke brain tissues were positively stained with pMLKL
(Fig. 1C). Additionally, we discovered that RIP1, an upstream regulator
of both apoptosis and necroptosis (Degterev et al., 2008), was sig-
nificantly upregulated in the core region of tissues derived from stroke
patients (Fig. S1). Thus, our data support the notion that necroptosis
may contribute to neuronal damages in the infarct region. These results
have provided, to our knowledge, the first direct evidence for a role of
necroptosis in human stroke.

3.2. BDNF elicited necroptosis-suppressing effects in human ESC-derived
neurons

BDNF has previously been shown to be anti-apoptotic under is-
chemic conditions (Van Kanegan et al., 2014). As a first step toward
identifying means that could ameliorate necroptosis during ischemic
stroke, we determined whether BDNF could also be anti-necroptotic. In
human embryonic stem cell (hESC)-derived neurons with mesence-
phalic regional identity (Li et al., 2011), necroptosis was significantly
induced by oxygen-glucose deprivation (OGD) together with the
treatment of BV6, a mitochondria-derived activator of caspase (smac)
mimetic (Laukens et al., 2011), when apoptosis was completely in-
hibited by the caspase inhibitor Z-VAD-FMK. BDNF (3 nM) or bovine
serum albumin (BSA, 0.1%) was applied to the culture at the time of re-
oxygenation, and the level of necroptosis, indicated by MLKL phos-
phorylation was measured 16 h thereafter. Under these conditions, the
ratio of pMLKL/MLKL was significantly elevated in the BSA control
group (1.4-fold vs normal, Fig. 1D). In contrast, in cells treated with
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BDNF, the same OGD treatment failed to induce the elevation of
pMLKL/MLKL (0.8-fold vs normal, Fig. 1D), suggesting that BDNF po-
tentially suppressed necroptotic signaling under this ischemia/re-oxy-
genation condition.

3.3. Ab4B19 protected primary neurons from ischemia/reperfusion-relevant
cytotoxic challenges

BDNF is not an ideal molecule for therapeutic use given its highly
basic nature, poor pharmacokinetic properties, and its activation of the
death receptor p75NTR (Hempstead, 2002). Using the ectodomain of
human TrkB protein, we have developed a number of highly specific
and potent agonistic monoclonal antibodies that could mimic BDNF and
activate TrkB without affecting p75NTR (Guo et al., submitted). A series
of experiments were performed to determine whether these TrkB ago-
nistic antibodies have the potential to be therapeutic agents for stroke.
Among the antibodies, TrkB agonist Ab4B19 was a highly specific and
potent agonistic antibody with good drug-like properties (Guo et al.,
submitted). Ab4B19 binds exclusively to TrkB and not to any other
neurotrophin receptors (Guo et al. submitted). Application of Ab4B19
to primary cortical neurons elicited a marked activation of TrkB in a
manner very similar to BDNF, as revealed by the Western blots showing
phosphorylation of TrkB on tyrosine 516 (Fig. 2A). Dose-response ex-
periment revealed that Ab4B19 and BDNF stimulated the peak of TrkB

phosphorylation at around 10 nM and 3 nM, respectively (4.7- and 6.8-
fold vs BSA control, Fig. 2A). Ab4B19 also achieved comparable acti-
vation of TrkB downstream molecules, including PLC-γ, protein kinase
B (Akt) and extracellular signal–regulated kinase (ERK) (Fig. S2B, C and
D, respectively), as BDNF.

To investigate the effects of Ab4B19 on neuronal survival under
stroke conditions, we challenged mouse cortical neurons in culture with
multiple cytotoxic conditions including OGD (Fig. 2B and C), excessive
glutamate- (Fig. 2D) and hydrogen peroxide-induced toxicity (Fig. 2E)
and nutrient-deprivation (Fig. 2F) that mimic the multiple mechanisms
contributing to ischemia/reperfusion brain injury. Ab4B19 effectively
attenuated neuronal damages under all these challenges (Fig. 1B to F)
when added 3 or 4 h after (glutamate toxicity and OGD) or at initiation
of the insult (hydrogen peroxide toxicity and B27-deprivation). In ad-
dition, the pro-survival effects elicited by BDNF and Ab4B19 were
completely abolished by the pan Trk inhibitor, K252a (200 nM), which
suggested that the effects were mediated by the activation of TrkB (Fig.
S2E). These results demonstrated the capacity of Ab4B19 to efficiently
activate TrkB signaling, and revealed its potential in rescuing neuronal
survival under multiple cytotoxic mechanisms contributing to
ischemia/reperfusion injury.

Fig. 2. Ab4B19 activated TrkB and rescued
neuronal death under various cytotoxic
conditions. (A) Dose-response curve for
TrkB activation by BDNF or Ab4B19. In
cultured cortical neurons, Ab4B19 (filled
circles) induced dose-dependent activation
of TrkB in a similar manner as BDNF (grey
squares). BDNF or Ab4B19 (both 3 nM in
this and all other panels) was applied to the
culture (DIV10) and cells were harvested
and processed 30min later for Western
blotting (WB) using anti-phospho-TrkB and
anti-TrkB antibodies. (B-C) Ab4B19 sup-
pressed neuronal death induced by OGD.
After 4 h of OGD, Ab4B19 or BDNF was
applied to the cultured cortical neurons
(DIV 7–10) and cell viability was measure
by both ATP-based (B) and plasma mem-
brane integrity-based assays (C). (D-F)
Ab4B19 improved neuronal survival under
various insults, including (D) glutamate
toxicity (30 μM), (E) hydrogen peroxide
(500 nM) and (F) nutrient (B27) removal.
BDNF or Ab4B19 was applied to the cul-
tures 3 h after (D) or at the onset (E and F)
of the insult. Data were from at least tri-
plicates and were representative of at least
three independent experiments. One-way
ANOVA followed by the Dunnett's multiple
comparisons test was used.
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3.4. Ab4B19 penetrated into ischemic brain tissues and activated TrkB

While it is generally difficult for large molecules such as antibodies
to pass the blood-brain barrier (BBB), it is reported that BBB is com-
promised after ischemia/reperfusion (Shi et al., 2016). Therefore, it was
crucial to determine whether Ab4B19 can reach the brain parenchyma
under ischemia/reperfusion. We used rat middle cerebral artery oc-
clusion (MCAO) as a stroke model to examine the CNS (central nervous
system) delivery of Ab4B19. After a 2-h ischemia, the suture was re-
tracted from the MCA to achieve blood reperfusion. Ab4B19 (1mg/kg
body weight) was administered intravenously at the same time through
tail-vein (Fig. 3A). Indeed, BBB was significantly compromised on the
side of MCAO. After a thorough cardiac perfusion to remove circulating
Ab4B19, immunostaining with a goat anti-rabbit IgG antibody was
applied to visualized the diffusion of the therapeutic IgG (Ab4B19) into
the parenchyma from the occluded arteries, which showed drug de-
livery in the focal area (dashed lines in Fig. 3B). In contrast, neither the
sham operated brain nor the self-controlled contralateral side of the
ischemic brain showed any notable fluorescent signal, indicating that
the amount of residual Ab4B19 attached to the capillary was negligible
compared to that diffused into the parenchyma. We also discovered that
Ab4B19 diffused into the ischemic area overlapped with the elevated
TrkB signal (Fig. S4A), suggesting successful target binding. These
TrkB-upregulated cells were not labeled by either the microglial cell
marker Iba1 or the astrocyte marker GFAP (Fig. S4B). Rather, these cell
exhibited morphologic features of neurons, which implies that Ab4B19
acted primarily on neurons in the ischemic region, and was ‘engaged’
with its target, TrkB. To quantify the Ab4B19 penetration, we collected
ipsilateral and contralateral striatal tissues of sham-operated and MCAO
animals at 6 h post reperfusion. MCAO significantly damaged the BBB
and increased Ab4B19 retention (0.2 and 1.4 ng Ab4B19/g protein for
sham and MCAO operation, respectively) in the ipsilateral striatum
after 6 h of reperfusion (Fig. 3C). In addition, MCAO specifically opened
up BBB of the focal area on the ipsilateral side but not the contralateral
side (1.4 and 0.1 ng Ab4B19/g protein for the ipsilateral and con-
tralateral side, respectively), as measured by ELISA using a standard
curve of Ab4B19 (Fig. 3C).

To examine whether peripheral administration of Ab4B19 indeed
induced TrkB signaling in the brain in vivo, we measured the expression
level of EGR1, a downstream gene often used as a biomarker for TrkB
activation and TrkB target engagement (Merkouris et al., 2018), in the
ipsilateral cortices of the animals 24 h after surgery. As previously re-
ported, EGR1 expression was slightly elevated in MCAO groups due to
ischemia (Honkaniemi and Sharp, 1996) (Fig. 3D, first two columns in
the bar graph). In contrast, the EGR1 levels were dramatically increased
after Ab4B19 treatment (Fig. 3D), suggesting that TrkB activation was
markedly induced by Ab4B19.

3.5. Ab4B19 accelerated sensorimotor recovery in the rat stroke model

To evaluate the therapeutic potential of Ab4B19 for functional re-
covery after stroke, the effects of Ab4B19 at two intravenous injection
doses (0.2 and 1mg/kg) were evaluated in the MCAO model. Sham-
operated animals injected with normal IgG (1mg/kg) served as the
healthy controls. 24 h after reperfusion, all animals were scored using
the Bederson scale to validate the successful model establishment
(Bederson et al., 1986). A higher score indicates a more severe neuro-
logic deficit. At 24 h post operation, the Bederson score of animals
underwent MCAO jumped to 2 while remained 0 among animals of
sham operation. No statistically significant difference was observed
between MCAO animals treated with IgG and Ab4B19 at this time point
(Fig. S3A).

We assessed sensorimotor functions and spontaneous forelimb use
by the adhesive-removal test and the cylinder test (Komotar et al.,
2007; Wang et al., 2010). In the adhesive-removal test, sensory and
motor functions were measured respectively by the time an animal used

to sense and remove adhesives placed on each of its forelimb palms. For
the ipsilateral forelimbs (relative to the injured brain), the sensory and
motor functions were slightly affected at day 3 post surgery, but re-
covered quickly at day 5 (Fig. S3B and S3C). In contrast, the sensor-
imotor function of the contralateral forelimbs (controlled by the da-
maged brain) was severely impaired, as was shown by the increased
time used to sense and remove the adhesives (Fig. 4A and B). Treatment
with Ab4B19 at both 0.2 and 1mg/kg doses significantly reduced
“time-to-contact”, suggesting the recovery of sensory function (Fig. 4A).
Ab4B19 treatment at 1mg/kg but not 0.2 mg/kg also elicited better
motor function on day 3 and 5 post surgery (Fig. 4B). Similarly, in the
cylinder test, animals after MCAO preferably used the forelimbs con-
trolled by the unlesioned brain. We observed on day 5 that 1mg/kg but
not 0.2 mg/kg Ab4B19 treatment ameliorated the preferred use of the
unimpaired forelimb (reduced cylinder test score), suggesting a better
recovery of the impaired motor cortex (Fig. 4C). Thus, adequate
Ab4B19 treatment was able to accelerate functional recovery in animals
after ischemia/reperfusion.

3.6. Ab4B19 suppressed both apoptotic and necroptotic cell death induced
by ischemia/reperfusion

The loss of sensory motor function is directly associated with infarct
volume in the ischemic brain. We thus measured the infarct volumes
after surgery by TTC staining. TTC is a redox indicator that turns red
when reduced by dehydrogenase in living tissues. While the brain
sections turned red in the sham group of animals, the infarcts in MCAO
animals remained as white areas or liquefactive tissue loss (Fig. 5A).
Quantification of the infarct volume over total volume of brain sections
showed that 1mg/kg Ab4B19 conferred a significant infarct reduction
of 11.7%, comparing to the normal IgG-treated animals (21.4% vs.
33.1%, P= .035). Treatment with 0.2mg/kg Ab4B19 also reduced the
infarct ratio by 8% (25.1% vs. 33.1%), although the reduction did not
reach a statistically significant level (Fig. 5A).

To investigate the molecular mechanisms of Ab4B19 rescuing cell
death, we firstly examined apoptosis pathways by measuring protein
expression and activation of apoptosis markers. Bcl-2 and BAX are
crucial mediators of apoptosis and the ratio of BAX/Bcl-2 is often used
as an indicator of the level of apoptosis (Liu et al., 2013). In this case,
only the ipsilateral cortical tissues from MCAO animals treated with IgG
control exhibited a significant 4.2-fold elevation in the ratio of BAX/
Bcl-2 comparing to the sham group (P= .002). Ab4B19 treatment
significantly suppressed this increase to a level of 1.2-fold (Fig. 5B,
P= .001). Similarly, activation level of the apoptosis executor, CASP3,
was significantly elevated (1.6-fold, P= .005 comparing to the sham
group) in the ipsilateral tissues of IgG-treated animals as was delineated
by the ratio of cleaved CASP3 over total CASP3 (Fig. 5B). This ratio was
dramatically reduced in the tissues of Ab4B19-treated stroke animals,
compared with the IgG-treated animals, reaching a level similar to the
sham group (Fig. 5B). These results indicate that Ab4B19 suppressed
apoptosis after brain ischemia/reperfusion injury.

To determine whether Ab4B19 also suppressed necroptotic cell
death, we measured the level of necroptosis signaling in the ipsilateral
cortices of animals with or without Ab4B19 treatment. In line with our
results in human postmortem samples, RIP1 was upregulated in cortical
tissues subjected to ischemia/reperfusion injury (Fig. S5D).
Interestingly, Ab4B19 treatment had no effect on this elevation of ex-
pression (Fig. S5D). Similar to previous reports (Yang et al., 2017a;
Chen et al., 2018), MLKL phosphorylation was significantly increased in
the IgG-treated MCAO animals (1.8-fold comparing to the sham group,
P= .002). Consistent with our data acquired in cultured neurons
treated with BDNF, MLKL phosphorylation was significantly suppressed
by Ab4B19 treatment (P= .0004, Fig. 5C) in stroke animals. Thus, it is
possible that TrkB activation by Ab4B19 suppressed necroptosis in the
downstream execution stage rather than the early stages of necroptosis.

To determine the cell types that underwent apoptosis and
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necroptosis, we planned to perform double-staining experiments using
both the cell death and cell type markers in MCAO animals after
treatment with Ab4B19 which is a rabbit monoclonal antibody.
Unfortunately, the only commercially-available primary antibody for
cleaved CASP3 and pMLKL were also of the rabbit origin. Signal cross-
interference made it impossible to directly perform such experiments in
Ab4B19-treated animals. We therefore took an indirect approach: to
detect cell death markers in stroke animals without Ab4B19 treatment.
In terms of necroptosis, notable pMLKL signal was detected 6 h post
reperfusion in the cortex and hippocampus of stroke brains (Fig. S5A
and S5B). The signal was more intense in the ipsilateral side of injury,
where the signal intensity of NeuN-labeled neurons decreased due to
cell death (Fig. S5A, third column, compare left and right). Through co-
labeling analysis, we found that only a small proportion of pMLKL-
positive cells (11.6%) were GFAP positive while 72% of pMLKL-positive
cells were co-labeled by NeuN, indicating that neurons are more prone
to necroptosis than astrocytes under this condition (Fig. S5C). We have
also noticed that the pMLKL signal was mainly restricted to the nucleus,
which is consistent with previous reports that MLKL was activated in
the nucleus before exported for oligomerization (Yoon et al., 2016;
Weber et al., 2018).

Given the extensive literatures reporting that neurons are suscep-
tible to apoptosis after ischemia/reperfusion injury, it could be simi-
larly concluded that majority of apoptotic cells in the stroke brain were
neurons as well. Taken together, these results suggest that it is primarily

neurons, rather than glia, that undergo apoptosis and necroptosis after
stroke attack.

3.7. Ab4B19 activated TrkB signaling and rescued OGD-induced cell death
in cultured human neurons

To determine whether the pro-survival effects of Ab4B19 found in
our animal studies have any relevance in human ischemia, we further
employed hESC-derived neuronal cultures to validate the functionality
of Ab4B19 in human cells. These hESC-derived neurons expressed the
neuronal marker Tuj-1 (Fig. 6A), and exhibited neuronal morphologies
after 2 weeks of differentiation under the previously reported protocol
(Li et al., 2011). We found that application of Ab4B19 to the human
neurons activated TrkB at 3 nM (Fig. 6B). Moreover, the PLC-γ, Akt and
ERK pathways were also activated by Ab4B19 in levels close to BDNF
(Fig. 6B). We then assessed the potency of Ab4B19 in rescuing hESC-
derived neurons under a condition relevant to human ischemia. As
described in Fig. 2B, these human neurons were incubated in OGD
buffer for 4 h before returning to the normal culture condition. Treat-
ment of this culture with Ab4B19 or BDNF at the onset of re-oxyge-
nation significantly increased neuronal survival, achieving a similar
level of rescue in these human neurons as in mouse cultures (Fig. 6C
comparing to Fig. 2B). With the aforementioned functional and pa-
thological results in animal stroke models, the results obtained from
cells of human origin indicate that Ab4B19 is capable of rescuing

Fig. 3. Experimental design and target engagement in ani-
mals underwent ischemia/reperfusion. (A) Experimental de-
sign. Animals underwent MCAO (or sham operation) for 2 h
before reperfusion and drug administration. Behavioral and
pathological experiments were carried out at indicated time
points. (B) Penetration of Ab4B19 (white dashed area) into
the brain parenchyma. Left, schematic diagram of MCAO
(modified from Zhang et al.. (Zhang et al., 2015)). Right, im-
munostaining of Ab4B19 detected by a fluorophore-con-
jugated secondary antibody. (C) Quantification of Ab4B19
penetration in both sides of striatal tissues from sham (the
open bar) and ischemia/reperfusion animals (filled grey bars)
by ELISA. (n=3) (D) Western blots (left) and quantitative
analysis (right) of Ab4B19-induced EGR1 expression in injured
cortical tissues (n=3 to 5 rats). Statistical analyses were
carried out using two-way ANOVA followed by the Holm-Si-
dak's multiple comparisons test and one-way ANOVA fol-
lowed by the Dunnett's multiple comparisons test for (C) and
(D), respectively.
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neuronal death and activating TrkB of both species, suggesting a po-
tential of Ab4B19 as a therapeutic agent for ischemic stroke in human.

4. Discussion

The treatments of stroke based on neuroprotection strategy have
nearly all failed to be translated in the clinic (Neuhaus et al., 2017).
This is due at least in part to the fact that virtually all of these ap-
proaches focused on a single mechanism of neuroprotection, while is-
chemic stroke is a complex and evolving process that involves multiple
pathological mechanisms. In this study, we demonstrated that

necroptosis, besides apoptosis, may be one of the key mechanisms un-
derlying neuronal damages in stroke patients. An alternative strategy,
therefore, would be to focus on enhancing neuronal survival so that the
disease progression could be halted or slowed down regardless of its
causes. Mounting evidence suggests that the BDNF-TrkB signaling
pathway is an ideal candidate for this approach. However, attempts to
use BDNF as a pharmacological agent have been unsuccessful because
of the intrinsic problems of BDNF protein itself (Ochs et al., 2000; Kalra
et al., 2003; Beck et al., 2005). Here, we tested whether the BDNF-based
strategy as well as a newly discovered BDNF mimetic could be used to
treat ischemic stroke. Ab4B19 is a TrkB-activating therapeutic antibody
with pharmacological properties superior to BDNF. In the rat ischemia/
reperfusion model, Ab4B19 decreased infarct volumes, suppressed both
apoptotic and necroptotic signaling, and rescued behavioral deficits.
The effects of Ab4B19 on halting ischemic neuronal death were vali-
dated in cultured neurons derived from hESCs. Taken together, these
results pave the way for a new therapy for stroke using Ab4B19.

There were over 1000 neuroprotectants studied in clinical trials
(Xiong et al., 2018); besides tPA, none has been approved by FDA for
stroke treatment. A large portion of neuroprotectants target specific
toxic pathways effecting in the early stages of stroke (Wahlgren and
Ahmed, 2004). Among these, the most prominent ones in pre-clinical
studies include ion channel blockers (e.g. nimodipine), NMDA antago-
nists (e.g. dextrorphan), antioxidants (e.g. NXY-059) and immune re-
sponse-suppressing agents (e.g. enlimomab) (Wahlgren and Ahmed,
2004). Lack of clinical success calls for alternative strategies of com-
bination therapies targeting multiple pathways and different stages of
stroke progression. (Majid, 2014).

Apoptosis is one of the major cell death pathways and was believed
to be both a critical player in stroke pathogenesis and a potential stroke
therapy target (Sun et al., 2015). However, studies with apoptosis in-
hibitors have failed to reduce neuronal injury in global ischemia (Li
et al., 2000), indicating that mechanisms other than apoptosis may also
contribute significantly to neuronal death during stroke. Indeed, recent
studies have identified a new form of cell death known as necroptosis
that is mechanistically distinct from apoptosis (Degterev et al., 2005b).
During necroptosis, the intracellular signaling molecules RIP1, RIP3
and MLKL were activated through sequential phosphorylation (Sun
et al., 2012). As the mechanism of necroptosis and the executive
function of MLKL were revealed (Dondelinger et al., 2014; Wang et al.,
2014), the role of this form of cell death has been examined in several
neurological disorders, such as amyotrophic lateral sclerosis (ALS) (Ito
et al., 2016) and Alzheimer's disease (AD) (Caccamo et al., 2017). For
example, it was reported that the ratio of pMLKL over MLKL is elevated
in the 5xFAD AD mouse model and the expression level of necroptosis
markers was increased in AD patients (Caccamo et al., 2017). A number
of recent studies suggest that necroptosis may be involved in stroke.
The expression of RIP1, RIP3 and MLKL were elevated in primary
neurons under OGD (Vieira et al., 2014; Qu et al., 2016; Kong et al.,
2017; Yang et al., 2017b; Yang et al., 2017c). Ischemic stroke in rodents
also results in up-regulations of RIP1, RIP3(Vieira et al., 2014) and
MLKL as well as the activation of MLKL (Yang et al., 2017c; Chen et al.,
2018; Ryan et al., 2018). Most importantly, inhibition of necroptotic
signaling attenuated ischemia/reperfusion brain injury in animal
models of stroke (Degterev et al., 2005a; Qu et al., 2016; Kong et al.,
2017; Tian et al., 2018a). In addition, it was reported that the combi-
nation of anti-apoptosis and anti-necroptosis agents could elicit a better
treatment effect on ischemic injury (Xu et al., 2010b; Tian et al.,
2018b). However, there lacks evidence for sensorimotor function im-
provement in these studies. Further, evidence for necroptosis in human
stroke remains lacking. The present study demonstrated for the first
time using postmortem human brain samples that both apoptosis and
necroptosis signaling pathways were prominently activated in stroke
tissues from human patients. This result has laid foundation for a
strategy of stroke treatment targeting both pathways.

In stroke brains, neurons die at various stages due to multiple

Fig. 4. Ab4B19 treatment improved sensorimotor functions of ischemia/re-
perfusion animals. Animals underwent sham operation or ischemic injury re-
ceived intravenous injection of normal IgG (1mg/kg) or Ab4B19 (0.2 or 1mg/
kg) right at reperfusion, which is 2 h post MCAO. Behavioral tests were done on
day 3 and day 5 post surgery. Tactile response (A) and motor functions of the
forelimb (B) were assessed by time-to-contact and time-to-remove in the ad-
hesive-removal test. Spontaneous forelimb use was assessed by the score of
ipsilateral and contralateral limb using in the cylinder test (C). Animals not
treated with Ab4B19 were administered 1mg/kg normal IgG instead. n=9 to
16 for each group of animals. Two-way ANOVA followed by the Holm-Sidak's
multiple comparisons test was used for statistical analyses.
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mechanisms including lack of oxygen, glutamate toxicity, oxidative
stress, short of nutrients, etc. (Zhou et al., 2018). Instead of specifically
targeting these early events, our strategy is to halt neuronal deaths
(both apoptosis and necroptosis) regardless of the cytotoxic stimuli, by
activating the BDNF receptor TrkB, which is well known to be critical
for neuronal survival (Nagahara and Tuszynski, 2011). Activation of
TrkB has additional benefits of stimulating dendritic growth and pro-
moting synaptic connections, and thereby repairing damages of neural
circuits and restoring neuronal functions (Horch and Katz, 2002;
Nagahara et al., 2009). This rationale is supported by numerous pre-
vious studies showing that TrkB activation may have therapeutic po-
tential for many neurologic disorders including AD, ALS and Hunting-
ton's disease (HD) (Zuccato and Cattaneo, 2009; Nagahara and
Tuszynski, 2011). In this study, we took advantage of the anti-apoptotic
property of BDNF, and found for the first time that BDNF-based therapy
suppressed necroptosis in both in vitro and in vivo models of stroke. Our
results, together with previous findings of the beneficial effects of ele-
vating BDNF level in stroke brains (Schabitz et al., 2000; Zhang and
Pardridge, 2001a; Schäbitz et al., 2004; Zhang and Pardridge, 2006;
Schäbitz et al., 2007), support the treatment of stroke using BDNF-
based therapies.

Several means of enhancing BDNF/TrkB activities have been eval-
uated for their therapeutic efficacy in a number of disease models in-
cluding stroke. For example, expression of the BDNF gene in stroke
tissues using adeno-associated virus (AAV) has been shown to enhance
cell survival, facilitate migration of cells from the subventricular zone
(SVZ) and facilitate functional recovery (Andsberg et al., 2002; Yu
et al., 2013). It was also reported that multipotent cells such as me-
senchymal stem cells and human neural stem cells overexpressing
BDNF reduced infarct volume and improved sensorimotor functions

(Kurozumi et al., 2004; Kurozumi et al., 2005; Lee et al., 2010; Jeong
et al., 2014). Unfortunately, the field is still in its infancy and the
hurdles for safety and patient compliance for gene therapy using viral
vectors or stem cells remain high. BDNF protein itself has been proven
to be a non-viable drug candidate due to its short half-life and poor
distribution property in target tissues.

An alternative approach to elevating brain BDNF is to activate TrkB
directly by pharmacological means. While small molecule TrkB agonists
have been reported to bind and activate TrkB (Jang et al., 2010a; Jang
et al., 2010b; Schmid et al., 2012; Obianyo and Ye, 2013), more rig-
orous studies have failed to replicate these findings (Todd et al., 2014;
Boltaev et al., 2017). A promising strategy is to activate TrkB by ago-
nistic antibodies. A handful of studies have so far identified a number of
TrkB agonistic antibodies (Qian et al., 2006; Tsao et al., 2008; Sahenk
et al., 2010; Xu et al., 2010a; Traub et al., 2017), and some of them
have been employed in animal disease models (Lin et al., 2008; Tsao
et al., 2008; Bai et al., 2010; Kim et al., 2014; Todd et al., 2014). We
have now developed a TrkB agonistic antibody with several pharma-
cological features suitable for the treatment of ischemic stroke. In an-
other manuscript being submitted elsewhere, we extensively char-
acterized this antibody and confirmed its high binding affinity and
specificity to TrkB (Guo et al., submitted). In the OGD-induced cell
death experiment in vitro, we demonstrated that the pro-survival effects
of Ab4B19 could be abolished by a pan Trk inhibitor, which verified
that Ab4B19 elicited its therapeutic effect through TrkB. For a pro-
mising CNS drug, it is imperative to demonstrate adequate target en-
gagement and elicitation of appropriate functional modulation of the
target following drug administration (Blin et al., 2012). Indeed, we
showed that intravenously administered Ab4B19 effectively penetrated
into the brain, bound and activated the target TrkB in the stroke tissues

Fig. 5. Ab4B19 rescued cell death induced
by ischemia/reperfusion in vivo through
suppression of both apoptosis and ne-
croptosis. (A) Representative TTC staining
of brain coronal sections (left) and the
quantified relative infarct volumes (%)
(left). Animals were sacrificed 2weeks after
surgery for TTC (0.2%) staining of the brain
slices (2 mm). Note that treatment with
Ab4B19 at 1mg/kg significantly reduced
infarct volume. (B) Western blots (left) and
the quantified relative intensities (right) of
apoptotic markers, including cleaved
CASP3, total CASP3, BAX and Bcl-2. (n=3
to 5) (C) Western blots (left) and the quan-
tified relative intensities (right) of the ne-
croptotic markers, pMLKL and MLKL (n=3
to 5). One-way ANOVA followed by the
Dunnett's multiple comparisons test was
used for statistical analyses.
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by measuring the level of EGR-1. As a consequence, Ab4B19 was cap-
able of suppressing multiple neuronal damages relevant to stroke, im-
proving functional recovery and reducing the infarct volume in animals
underwent ischemic stroke. Taken together, our results support the use
of Ab4B19 as a BDNF mimetic with “drug-like” properties for stroke
therapy.

5. Conclusions

In conclusion, here we provided evidence from postmortem samples
that both apoptosis and necroptosis exist in human stroke, and explored
to suppress these two forms of cell death employing the BDNF-TrkB
signaling pathway using Ab4B19. We discovered that in both rodent
and human cultures, this antibody was able to rescue neuronal death
under ischemia/reperfusion-mimicking conditions. In a rat model of
stroke, Ab4B19 treatment significantly accelerated functional recovery
and reduced infarct volume, which could be attributed to the inhibition
of both apoptosis and necroptosis. These results suggested that thera-
pies targeting both forms of cell death hold great potential in stroke
treatment and that TrkB agonist antibodies could serve as a promising
candidate.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nbd.2019.04.009.
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Fig. 6. Ab4B19 activated TrkB signaling
and elicited pro-survival function in hESC-
derived neurons in culture. (A) Images of
hESC-derived neurons in culture. After
14 days of spontaneous differentiation,
hESC-derived neurons expressed Tuj-1, a
marker of mature neurons. (B) Western
blots (left) and quantitative analyses (right)
of Ab4B19 activating TrkB and its three
major downstream signaling pathways:
pPLC-γ, pAkt and pERK. (C) Ab4B19 eli-
cited a significant pro-survival effect in
human neurons under OGD/re-oxygena-
tion. hESC-derived neurons were subjected
to 4 h of OGD, and Ab4B19, BDNF (both
3 nM) or 0.1% BSA was applied to the cul-
ture at re-oxygenation.
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