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Abstract

The primary forms of cell death seen in ischemic stroke are of two major types: a necrotic/necroptotic form, and an apop-
totic form that is frequently seen in penumbral regions of injury. Typically apoptotic versus necroptotic programmed cell
death is described as competitive in nature, where necroptosis is often described as playing a backup role to apoptosis. In
the present study, we examined the relationship between these two forms of cell death in a murine endothelin-1 model of
ischemia—reperfusion injury in wildtype and caspase-3 null mice with and without addition of the pharmacologic RIPK1
phosphorylation inhibitor necrostatin-1. Analyses of ischemic brain injury were performed via both cellular and volumetric
assessments, electron microscopy, TUNEL staining, activated caspase-3 and caspase-7 staining, as well as CD11b and F4/80
staining. Inhibition of caspase-3 or RIPK1 phosphorylation demonstrates significant neural protective effects which are non-
additive and exhibit significant overlap in protected regions. Interestingly, morphologic analysis of the cortex demonstrates
reduced apoptosis following RIPK1 inhibition. Consistent with this, RIPK1 inhibition reduces the levels of both caspase-3
and caspase-7 activation. Additionally, this protection appears independent of secondary inflammatory mediators. Together,
these observations demonstrate that the necroptotic protein RIPK1 modifies caspase-3/-7 activity, ultimately resulting in
decreased neuronal apoptosis. These findings thus modify the traditional exclusionary view of apoptotic/necroptotic signal-
ing, revealing a new form of interaction between these dominant forms of cell death.
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Introduction

Stroke affects more than fifteen million people worldwide
every year and is the third leading cause of death in North
America. The nature of stroke makes it a major source of
serious long-term disability, with direct and indirect costs in
the U.S.A. alone estimated at > $75 billion annually (World
Health Organization 2004). Strokes can be broadly divided
into two major categories: hemorrhagic and ischemic.
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Hemorrhagic strokes arise due to damage to endothelia
ultimately resulting in leakage or rupture of cerebral vas-
culature. Despite being significantly more lethal on a per
case basis, hemorrhagic strokes represent a minority of clini-
cally observed strokes, with > 85% being embolic/ischemic
in nature (Albers et al. 2016; Simonetti et al. 2013). Most
often these arise as an ultimate consequence of progressive
narrowing of cerebral vasculature which leads to blockage,
vascular inflammation, or as a result of spontaneous embolic
occlusion (Albers et al. 2016; Simonetti et al. 2013; World
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Health Organization 2004). Although numerous candidate
neuroprotective drugs have been examined in animal stroke
models over the last few decades, only a minority have suc-
cessfully progressed through stage III clinical trials (Cheng
et al. 2004; Ford 2008; Ginsberg 2009). Indeed, current
standards of care for ischemic stroke primarily focus on
supportive measures aimed at vascular reperfusion—such
as surgical intervention (endovascular thrombectomy) or
administration of thrombolytics like tissue plasminogen acti-
vator—rather than approaches aimed at direct inhibition of
neuronal death due to gaps in our understanding of ischemic
programmed cell death (Del Zoppo et al. 2009).

The first 24-h period of ischemic stroke frequently
involves two phases: the ischemic event and vascular rep-
erfusion. These events trigger two morphologically dis-
tinct forms of neuronal cell death: a necrotic form, which
is thought to occur in areas exposed to more prolonged
and severe metabolic stress, and an apoptotic form, which
can be found in interdigitating penumbral regions that are
less severely affected (Broughton et al. 2009; Radak et al.
2017; Yuan 2009). Historically apoptosis was accepted to
be the major form of programmed cell death in ischemia
while necrosis was considered unregulated (Jun-Long et al.
2018; Vanlangenakker et al. 2008). More recent studies
however have demonstrated that much of the necrotic cell
death within the core of ischemic cortical injuries may be
programmed—a form of cell death which has come to be
known as necroptosis (Jun-Long et al. 2018; Vanlangenak-
ker et al. 2008). Though necroptotic cells share many of the
characteristics seen in those exhibiting necrosis, lysosomal
rupture, organelle and cellular swelling, loss of membrane
integrity (Alberts et al. 2008; Hitomi et al. 2008), necropto-
sis has been demonstrated to be a highly regulated process
which is ATP-dependent, unlike necrosis (Jun-Long et al.
2018; Liu et al. 2018).

Necroptosis is typically induced by stimuli external to the
cell which activate one or more members of the so-called
Death Receptor (DRs) family which includes TNFR1, Fas,
DR3, DR4/TRAILR1, DR5/TRAILR2, and DR6 (Han et al.
2011; Takahashi et al. 2012). Depending upon the nature
of ligand binding, activation of these receptors ultimately
promotes stable formation of either the Death-Inducing
Signaling Complex (DISC, also known as complex II) or
necrosome (complex IIb), which promotes the execution
of apoptosis or necroptosis, respectively. Formation of the
DISC promotes apoptosis through induction of activated
caspase-8, which subsequently inhibits necroptosis via
cleavage of RIPK1 and RIPK3 and activates downstream
apoptotic executioners such as caspase-3 and caspase-7 by
mechanism which typically involve Bid cleavage (tBid)
(Feng et al. 2007; Galluzzi et al. 2018; Kruidering and Evan
2000; Lin et al. 1999; Nair et al. 2014; Schug et al. 2011).
Alternatively in cases where levels of caspase-8 activity are
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reduced, the serine/threonine kinase RIPK1 will recruit and
promote the activation of RIPK3 through formation of the
necrosome. This in turn initiates RIPK3-mediated phospho-
rylation of MLKL at several sites to promote the formation
of MLKL oligomers which translocate to the plasma mem-
brane, resulting in membrane permeabilization (Cai et al.
2014; Han et al. 2011). As such, the interaction between
necroptosis and apoptosis typically involves cross-pathway
inhibition and mutual exclusivity.

In the present study, we sought to examine the nature
of this interaction in a murine model of stroke. Previously,
necroptosis has been shown to be involved in the mechanism
of stroke injury in middle cerebral artery and bilateral com-
mon carotid artery stenosis models in which RIPK1 phos-
phorylation was inhibited using the small molecule inhibitor
necrostatin-1 (Chen et al. 2018; Degterev et al. 2005; Zhang
et al. 2016). However, a number of prior neuroprotective
studies utilizing these models have failed to reproduce such
findings in subsequent human clinical evaluations, and this
has been attributed to a number of underlying deficiencies
in the models used (Carmichael 2005; Ford 2008). Murine
models that involve occlusion of large vascular territories
often suffer from complications due to the stochastic nature
of individual cerebral architecture (even in genetically iden-
tical mice), which contributes to its significant variability
(Ghanavati et al. 2014). These models also typically dem-
onstrate substantial injury size (21-45% of the affected
hemisphere in MCAO) and result in significant subcortical
injury, which are features not present for the great majority
of human cortical strokes (for example, injury size typically
spans 2-14% of the affected cortex) (Albers et al. 2016;
Bacigaluppi et al. 2010; Carmichael 2005; Dulli et al. 1998;
Pulli et al. 2012). These factors thus significantly complicate
benefit analysis of any potential neuroprotective agent of
human clinical stroke.

An alternative model that addresses many of the above
problems involves the focal intracortical application of
endothelin-1 (ET-1), a vasoactive peptide normally released
during ischemic stroke which induces ischemic hypofusion
for periods greater than 1 h (Macrae et al. 1993; Sapira et al.
2010; Soylu et al. 2012). While this approach has success-
fully been used to induce cortical ischemia in rats (Fuxe
et al. 1992; Gilmour et al. 2004; Windle et al. 2006), results
in murine strains have been mixed, generally demonstrating
less cortical injury than that seen in rats (Horie et al. 2008;
Roome et al. 2014; Soylu et al. 2012; Tennant and Jones
2009). In part this may be due to increases in the relative
proportion of endothelin-B versus endothelin-A receptors
in murine cerebral endothelial cells; thus promoting greater
vasodilation versus vasoconstrictive effects, respectively,
upon endothelin-1 stimulation compared to that seen in rats
(Wiley and Davenport 2004). Previously, we have performed
a detailed cellular and molecular characterization of this
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model in mice and detailed the role of apoptosis in resulting
injuries (Dojo Soeandy et al. 2019). In our current study, we
build upon these findings characterizing the role of necrop-
tosis in ischemia and its interaction with apoptotic signal-
ing during the critical first 24-h period following ischemic
induction. Work from prior CNS injury studies suggests that
the execution of apoptosis versus necroptosis in the CNS
operates via competitive mechanisms. However, analysis of
the expression of apoptotic versus necroptotic markers in the
CNS following injury have recently caused us to question
this in stroke, leading us to hypothesize that there may exist
cooperative interaction between these signaling pathways for
this form of CNS injury in contrast to other forms of CNS
injury. Analysis of genetic and pharmacologic inhibitors of
these pathways during induction of endothelin-1-mediated
end-arteriolar stroke reveals a surprising and previously
uncharacterized cooperative regulatory interaction between
necroptotic and apoptotic execution in CNS neurons. Con-
sistent with this, inhibition of RIPK1 phosphorylation con-
ferred similar levels of CNS protection to that seen follow-
ing genetic loss of caspase-3 expression, with combinatorial
necroptotic/apoptotic inhibition failing to yield additional
significant neuroprotective benefit. Mechanistically, we
demonstrate that inhibition of RIPK1 results in significant
functional reductions in levels of activated caspase-3 and
caspase-7 during the critical initial phase of programmed
cell death involved in cerebral ischemia.

Methods
Animal Care and Stereotactic Surgery

All experimental procedures were performed in accordance
with standards outlined by the Local Animal Care Commit-
tee and the University of Toronto, following the guidelines
set by Ontario’s Animal for Research Act and the federal
Canadian Council on Animal Care. Animals were housed
in a standard facility with twelve-hour light/dark cycle and
unrestricted access to chow and water. Caspase-3 mutant
mice were generated and maintained as described (Woo et al.
1998). Experiments were performed on 2- to 4-month-old
wildtype (WT) CD1, C57B1/6 J or caspase-3 null (C3KO)
mice. Both male and female mice within each of the defined
treatment groups were injected with vehicle or necrostatin-1
(35 ng/10 g, 1.p.) twenty minutes prior to the administration
of 2.5% Avertin (0.11-0.13 mL/10 g, i.p.) and administra-
tion of the analgesic Ketoprofen (0.05 mg/10 g, subcutane-
ous) at the start of surgery. Cortical area was prepared by
removing a one-centimeter section of hair from the dorsal
skull, sterilizing, and cutting a 0.8-cm incision along the
midline between the lambda and bregma sutures. Surgery
was performed as previously described (Dojo Soeandy et al.

2019). Briefly, surgeries were done on a standard Cunning-
ham mouse stereotaxic instrument with temperature control
over a period of 30 min. A 400 nl volume of 1 pg/pl endothe-
lin-1 (R and D systems 1160) or vehicle was infused through
a 100 pm O.D. pulled borosilicate glass capillary through
250 pm diameter holes at 3 cortical stereotactic sites:
2.0 mm lateral to the midline at 0.0, + 1.0, and +2.0 mm
relative to the bregma (anteroposterior-AP) at a depth of
+ 1.2 mm relative to the brain surface (dorsoventral-DV),
targeting primary motor cortex and primary somatosensory
areas of the lower limb and trunk. Upon closure of the over-
lying dermis using 6.0 polyurethane sutures, animals were
placed in a recovery cage and maintained at 37 °C for 15 min
prior to being moved to a monitored 25 °C recovery cage.

Electron Microscopy, Tissue preparation,
and Histology

Electron Microscopy

At the indicated time-points, animals were perfused with
4% para-formaldehyde (PFA) and 0.1% glutaraldehyde in
100 mM cacodylate buffer at pH 7.4, at which time tissues
were harvested and post-fixed with the same fixative over-
night at 4 °C. As previously described (Dojo Soeandy et al.
2019; Sakai et al. 2000), dissected tissue elements were
subsequently post-fixed in 1% osmium tetroxide for 2 h
and embedded in Spurr resin. Subsequently, as described
in (Dojo Soeandy et al. 2019; Pan et al. 2014, 2015; Sakai
et al. 2000), samples were sectioned at 70 nm onto Formvar-
coated 200 mesh copper grids, and stained with 2% uranyl
acetate and 0.1% lead citrate. Imaging was performed using
a Phillips CM 100 electron microscope.

Histology

Following tissue harvest, samples for histology and immuno-
histochemistry were fixed in 4% PFA in phosphate-buffered
saline (PBS) at pH 7.4 for 15 min at room temperature fol-
lowed by fixation at 4 °C overnight with agitation. Tissues
were then dehydrated using an automated Tissue Tek VIP
3000 processor using a standard ethanol/xylene/wax incu-
bation series and embedded in paraffin in the horizontal
orientation. Tissues were sectioned through a minimum of
2 mm of tissue surrounding the primary region of interest at
intervals of 147 um (7 pm thickness) and subsequently fixed
onto charged slides and bound to slides at 55 °C for a mini-
mum of 3 h. For thionin staining, sections were dewaxed and
rehydrated through a standard xylene/ethanol/water series
and stained with 0.1% acidified thionin for 10 s followed
by serial dehydration in ethanol/xylene and mounted with
Permount (Fisher SP15-500).
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Immunohistochemistry, Inmunofluorescence,
and TUNEL Assay

Peroxidase Immunohistochemistry

Sections were dewaxed and rehydrated as above, then
incubated in 3% hydrogen peroxide for 15 min at room
temperature with agitation to destroy endogenous per-
oxidase activity. Samples were then washed with PBS
2 x5 min. Antigen retrieval was subsequently performed
in 10 mM sodium citrate, pH 6.0 using a pressure cooker
where a temperature of 100 °C was maintained for
10 min. Sections were then incubated in primary antisera
(cleaved caspase-3, Cell signaling 9661s; cleaved cas-
pase-7, Cell signaling 9491s; CD11b, Abcam ab133357;
F4/80, Bio-Rad MCA497GAR) in histoblock solution
containing 3% BSA, 20 mM MgCl,, and 0.3% tween 20
in 10 mM PBS, pH 7.4, with additional 0.2% Triton-
X-100 and 5% goat serum overnight at 4 °C. The next
day, sections were washed for 5 min in 0.3% PBS-Tween
20, then 3 X5 min in PBS. Sections were then incubated
with appropriate biotinylated secondary antibody in PBS
containing 0.2% Triton-X-100 for 1 h at room temperature
with gentle agitation. Sections were then washed once in
0.3% PBS-T for 5 min, then PBS 3 X 5 min. Sections were
incubated in avidin-HRP (ABC Vectastain Elite kit, Vec-
tor labs) according to the manufacturer’s instructions for
1 h at room temperature with gentle agitation. Sections
were then washed once in 0.3% PBS-T for 5 min and PBS
3 x5 min, then developed using 3,3-diaminobenzidine
(DAB peroxidase substrate kit, Vector labs) according to
the manufacturer’s instructions. Sections were counter-
stained with hematoxylin for 2 min and differentiated in
acidic alcohol (70% ethanol, 1% HCI) before neutraliza-
tion in ammonium hydroxide, followed by dehydration
and mounting in Permount as previously described (Dojo
Soeandy et al. 2019).

Immunofluorescence

Following section rehydration and antigen retrieval as
given above, sections were incubated with RIPK1 (BD
Bioscience 610458) and cleaved caspase-3 (Cell Sign-
aling 9661s) at a 1:250 dilution in 0.3% tween-20 PBS
and 5% goat serum overnight at 4 °C. The following day
sections were washed 3 X5 min in 0.3% PBS-T/5% goat
serum and incubated in anti-mouse Alexa 594/anti-rabbit
Alexa 488 (Invitrogen A11032 and A11008, respectively)
in 0.3% PBS-T for 2 h at 4 °C at a dilution of 1:400. Sec-
tions were then washed 3 X5 min in PBS, PBS-T, PBS,
followed by mounting and imaging.
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TUNEL Staining

As previously described (Dojo Soeandy et al. 2019), stain-
ing was performed following rehydration of tissues and
subsequent permeabilization with 20 pg/ml Proteinase K
(Bioshop PRK403.100) in 10 mM Tris pH 7.5 at 37 °C
for 17 min. Slides were then washed 3 X5 min in PBS
and stained with FITC-labeled TUNEL reagent accord-
ing to the manufacturer’s instructions (Roche Diagnos-
tics 11684795910) for 1.5 h at 37 °C. Sections were then
washed in PBS 3 X5 min with a final wash in 10 mM
Tris—HCI, pH 7.5 for 5 min. Sections were wet-mounted
and imaged.

Image Analysis and Statistics

Thionin and immunohistochemical slides were digitally
scanned using Hamamatsu NanoZoomer 2.0 HT scan-
ner. Region of interest (ROI) measurements and cellular
quantitation of thionin and peroxidase-stained sections
were performed using NanoZoomer’s Digital Pathology
software. Total lesion volumes were determined from a
sum of thionin-stained sections obtained at intervals of
147 um multiplied by the lesion area observed for each
slide. Cellular quantitation of thionin and peroxidase-
stained sections were done within a 500 um radius from
ET-1 infusion site. Specifically, intact cellular profiles
were determined using thionin-stained samples based on
neural cell diameter of 10-20 um. Analyses of data were
blinded with respect to treatment groups. No significant
differences in the distribution and extent of neuroprotec-
tion were observed between male and female specimens
within specified genotype or pharmacologic treatment
classes. As such results are reported for aggregate male
and female data. Fluorescent imaging of stained sections
was done using a Nikon E1000R motorized microscope
equipped with appropriate DAPI, FITC, TRITC, and Cy5/
DiD excitation/emission filters. Statistical comparison of
2 groups was performed using standard student’s ¢ test
(unpaired, two tailed with assumption of equal variance)
with significance between groups determined at a mini-
mum level of p <0.05. Statistical analyses of greater than
2 groups with one independent variable were performed
using one-way ANOVA and Tukey’s post hoc with sig-
nificance defined at a minimum level of p < 0.05. Statisti-
cal measures were performed using Microsoft Excel and
Graphpad Prism 6 software.
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Results

Inhibition of RIPK1 Kinase Activity is Protective
Against Acute Cell Death Induced by Endothelin-1
and is Non-additive to Protective Effects Observed
by Loss of Caspase-3

Previously, we have detailed properties of an end-arte-
riolar ischemic/reperfusion model through stereotactic

infusion of endothelin-1 (ET-1), demonstrating the pres-
ence of caspase-3-dependent apoptosis in this model (Dojo
Soeandy et al. 2019). Similar to what we observed previ-
ously, stereotactic application of ET-1 in wildtype (WT)
mice resulted in a substantial increase in the region of
cortical injury compared to that seen following infusion
of vehicle alone (Fig. 1a). By contrast, application of the
RIPK1 inhibitor necrostatin-1 (Nec-1) results in a reduc-
tion in the degree of cortical injury compared to that seen
with ET-1 alone as observed by both thionin staining and
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Fig. 1 Effect of RIP1 and caspase-3 inhibition on endothelin-1-in-
duced ischemic injury 24 h post treatment. a Quantitative analy-
sis demonstrating average percent injury size normalized to ET-1
WT+S.EM. (n=6, 8, 6#, 8, 8, respectively). # Represents volu-
metric results from experimental set previously published (Dojo
Soeandy et al. 2019), i.e., ET-1 C3KO. Demonstrated are repre-
sentative horizontal overviews of dorsal cortices at the level of cor-
tical layer III stained with thionin (b) and TUNEL (¢) for endothe-
lin-1 (ET-1)-treated wildtype (WT), wildtypes additionally exposed
to necrostatin-1 (Nec-1), and Nec-1-exposed caspase-3 null (C3KO)

mice. Relative position of injection sites are noted by the circles. d
Average counts of intact cellular profiles (with 10-20 um cell diam-
eter) <500 pm from ET-1 infusion site as per thionin staining. Data
represented as mean+S.EM. (n=9, 18, 12, 12). Significance was
determined using a one-way ANOVA with Tukey’s Post hoc for both
a and d; F (4, 31)=7.121, p<0.0005 for a and F (3, 47)=11.28,
p<0.0001 for d. *Represents statistically significant difference at
p<0.05, **represents statistically significant difference at p<0.01.
N.S. no statistical significance
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«Fig. 2 Electron microscopy of cortical (layer V) neuron morphology
24 h following ET-1 treatment into the cortex and the effect of RIP1
inhibition and loss of caspase-3. Few dying neurons are observed in
contralateral cortices not exposed to ET-1 (a, b) Blue arrowheads
highlight healthy neurons with intact nuclear membrane (white
arrowhead) and mitochondria (orange). c—f ET-1 treatment in WT
mice induces neurons with apoptotic morphology (yellow arrow-
heads) or necrotic/necroptotic morphology (red arrowheads) with
few healthy neurons (blue arrowheads); ¢, d Regions proximal to site
of endothelin-1 infusion; e, f Regions more distal to ET-1 infusion.
g Higher magnification view of apoptotic cells demonstrating chro-
matin condensation with intact nuclear membrane (peach arrowhead)
and mitochondrial dissolution (purple arrowhead). h Higher mag-
nification view of necrotic/necroptotic cell showing loss of nuclear
integrity (peach arrowhead) and mitochondrial swelling (purple
arrowhead). i, j Dying neurons in Nec-1-treated wildtype mice. k, 1
Affected cortical neurons in Nec-1-treated caspase-3 null mice. For
i-1 blue arrowhead denotes intact neurons, yellow—apoptotic and
red—necroptotic cells. Scale bars as indicated. m Percent aggregate
cell counts demonstrating healthy vs. injured cellular morphologies
(n=>54, 49, 73). n Frequency of apoptotic vs. necroptotic/necrotic
phenotypes as a function of treatment group

TUNEL DNA end-labeling (Fig. 1a—c). In order to bet-
ter understand the mechanism of these effects, we first
determined the relative volume of cortical injury, observ-
ing that application of Nec-1 resulted in approximately a
50% decrease in the volume of injury compared to ET-1
alone. Given that this reduction is similar in magnitude
to that seen following ablation of the executioner caspase
caspase-3 (Fig. 1a C3KO), we examined the effect of com-
binatorial inhibition through the application of necrosta-
tin-1 in caspase-3 null mice. As shown in Fig. 1a, b, the
volume of injury observed in the combinatorial treatment
group (Nec-1-treated caspase-3 null mice) was compara-
ble to that seen in caspase-3 KO alone and Nec-1-treated
wildtypes, demonstrating that during the immediate (24 h)
period following injury combinatorial inhibition of cas-
pase-3 and RIPK1 does not provide further significant
protection to the ischemic cortex. To further investigate
this, TUNEL staining was performed on cortical sections.
As shown in Fig. 1b, application of necrostatin-1 notably
reduces tissue loss within secondary regions of injury.
As shown in Fig. 1c, Nec-1 application also substantially
reduced numbers of TUNEL-positive cells, an effect which
is not further diminished upon ablation of caspase-3. To
further confirm this at the cellular level, we ascertained
numbers of intact neuronal profiles based on cell diameter
within 500 microns of the epicenters of endothelin-1 infu-
sion in layer V of affected cortices. As shown in Fig. 1d,
24 h post infusion ET-1-treated wildtype animals exhibited
an approximately 70% loss of neurons compared with a
~22% reduction seen in caspase-3 null and necrostatin-
1-treated animals. The similarity of the neuronal loss and
reduction in TUNEL-positive cells seen in caspase-3 null
and Nec-1-treated animals suggests that, in contrast to the
current competitive model of apoptotic versus necroptotic

activation, RIPK1 and caspase-3 programmed cell death
may be linked.

RIPK1 Inhibition Reduces the Appearance
of Neurons with Apoptotic Morphology

In order to gain greater insight into the relationship between
RIPK1 and caspase-3-mediated cell death, we examined
the ultrastructure of dying neurons within layer V of the
ischemic cortex by electron microscopy (EM) (Fig. 2a—n).
Consistent with our previous observations, exposure of cor-
tical neurons to endothelin-1 results in a significant rise in
cell death compared to that seen in comparable regions of
the contralateral cortex (viable neurons-blue arrowheads,
Fig. 2a-h). In wildtype animals, infusion of endothelin-1
resulted in cell death for more than 70% of cells examined
(Fig. c—h, m). The phenotype observed in dying cells was
approximately equally divided between those displaying
an apoptotic phenotype (Fig. 2c, f, g, n; yellow) and those
displaying necrotic features (Fig. 2d—f, h, n; red). Though
total numbers of cell death observed between these pheno-
types were approximately equal within the zone examined
(0-500 um from ET-1 infusion site), the distribution of cells
displaying necrotic features was elevated in regions more
proximal to the site of ET-1 infusion (Fig. 2c, d), while more
distal regions commonly exhibited a greater occurrence of
apoptotic cells (Fig. 2e, f). Treatment with necrostatin-1 in
ET-1-treated animals resulted in a reduction in total cell
death within cortical layer V compared to endothelin-1 alone
(Fig. 2i, j, m), affecting both apoptotic and necroptotic cell
death with somewhat greater effects on necroptotic popula-
tions (Fig. 2i, j, n). By contrast ET-1 treatment in caspase-3
null mice also resulted in a reduction in overall cell death
(Fig. 2k—m) in which the distribution of death was compara-
ble between apoptotic and necroptotic phenotypes (Fig. 2k,
1, n).

Inhibition of RIPK1 Phosphorylation Reduces
Numbers of Neurons Expressing Activated
Caspase-3 and Activated Caspase-7 24 h Following
Endothelin-1 Infusion

To further characterize the link between RIPK1-mediated
cell death and apoptosis in ischemic—reperfusion injury,
the state of the two principle executioner caspases (cas-
pase-3 and caspase-7) was examined. As shown in Fig. 3a,
active (cleaved) caspase-3 is not detected in the healthy
(contralateral) cortex, whereas exposure to endothelin-1
results in a significant increase in the number of neurons
expressing active caspase-3 (Fig. 3b). Consistent with
TUNEL, volumetric and cellular ultrastructural findings
described above, application of Nec-1 lead to a substan-
tial reduction in the numbers of neurons expressing active
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Fig.3 RIPKI effect on cas-
pase-3/-7 activation in cortex
24 h following endothelin-1
infusion. Shown are horizon-
tal (layer III) sections. a—d
Caspase-3 activation 24 h

after necrostatin-1 treatment

in wildtype and caspase-3 null
mice. a Activated caspase-3
staining in contralateral cortex
without endothelin-1 treat-
ment. b Activated caspase-3
staining in the cortex of WT
mice exposed to ET-1. ¢
Activated caspase-3 stain-

ing in ET-1+ Nec-1-treated
wildtype mice. Peroxidase-
stained caspase-3-positive
cells are indicated by orange
arrowheads in each case. Scale
bars as indicated. d Analysis
of activated caspase-3-positive
cells/mm?. Data represented

as mean + S.E.M. (n=6) with
significance determined by
standard student ¢ test (unpaired,
two tailed ¢ test, assumption
of equal variance). **Repre-
sents statistical significance at
p<0.01. e-i Caspase-7 activa-
tion 24 h after necrostatin-1
treatment in wildtype and cas-
pase-3 null mice. e Caspase-7
staining in contralateral cortex
without endothelin-1 treatment.
f-h Caspase-7 activation in
endothelin-1-treated wildtype
(f), Nec-1-treated wildtypes (g),
and Nec-1-treated caspase-3
null mice (h). Black arrowheads
highlight site of endothelin-1
infusion. Activated caspase-
7-positive cells are indicated
by orange arrowheads. Scale
bars as indicated. i Analysis

of cleaved caspase-7-positive
cells/mm?. Data represented

as mean+S.E.M. (n=6),
significance determined using a
one-way ANOVA with Tukey’s
Post hoc (F (2, 15)=75.96,
p<0.0001). **Statistically
significant at p <0.01
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caspase-3 (Fig. 3c, d). Similar to caspase-3, examination
of cortices for their expression of caspase-7 revealed an
absence of active caspase-7 in unlesioned cortex (Fig. 3e),
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with significant increases in activated caspase-7 follow-
ing endothelin-1 treatment (Fig. 3f). Analogous to the
findings observed for activated caspase-3, treatment with
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necrostatin-1 (in both the presence and absence of func-
tional caspase-3) led to a decrease in number of neurons
expressing activated caspase-7 (Fig. 3g—i). Thus, inhi-
bition of RIPK1 kinase activity appears to functionally
inhibit activation of both caspase-3 and caspase-7 in the
ischemic cortex.

To further investigate the mechanism of this effect, we
examined cellular expression of RIPK1 and activated cas-
pase-3 in ischemic cortical injury. As shown in Fig. 4a,
RIPK 1" neurons exhibit a strong gradient of diffusion
proximal to sites of ET-1 infusion. Analysis of caspase-3*/
RIPK 1% double-positive cells demonstrates that this popula-
tion represents 27 + 5% of total RIPK17 cells for the time
examined in wildtypes as shown in Fig. 4b, c (yellow cells).
The greater abundance of RIPK1* cells compared to acti-
vated caspase-3 may indicate a downstream role for cas-
pase-3 activation. Nec-1 treatment reduces the frequency
of RIPK17 cells, resulting in apparent enhancement of the
frequency of double-positive cells (Fig. 4b, d). Genetic abla-
tion of caspase-3 on the other hand does not prevent the
appearance of RIPK 1% cells (Fig. 4e), consistent with the
role of RIPK1 upstream of caspase-3.

Inhibition of RIPK1 Kinase Activity Does not Alter
Levels of Granulocyte Infiltration or Microglia
Activation

To determine if the effects observed following inhibition of
RIPK1 kinase activity might arise as a result of secondary
cellular changes such as granulocyte infiltration or microglia
activation during the first 24 h following the induction of
ischemia, these measures were examined. To screen broadly,
sections were stained for CD11b to identify populations of
granulocytes, monocyte/macrophages and microglia, and
stained for F4/80 to further demarcate macrophages and
microglia. As shown in Fig. 5a, b, though generalized stain-
ing of microglial processes can be observed even within the
hemisphere contralateral to injury, a noted increase in granu-
lar non-process-bearing CD11b staining is observed proxi-
mal to sites of ET-1 infusion (black arrowhead) consistent
with granulocyte infiltration. Treatment with necrostatin-1
in either wildtype or caspase-3 knockouts demonstrated no
significant alteration in the extent or distribution of granu-
locytes compared to ET-1 alone (Fig. S5b—e).

Staining with F4/80 demonstrated a diffuse presence of
microglia and monocyte/macrophages in the region sur-
rounding ET-1 infusion site at 24 h following injury com-
pared to comparable sites in the contralateral cortex (Fig. 6a,
b). Similar to results obtained with CD11b, no significant
difference was observed following necrostatin-1 treatment
in wildtype or caspase-3 null mice compared to that seen in
ET-1-treated wildtypes (Fig. 6b—e).

Discussion

As noted in previous studies, early signaling events criti-
cally regulate the ultimate nature and extent of neuronal
cell death observed in the CNS during stroke (Heiss 2010;
McCabe et al. 2009; Meng et al. 2004; Raghupathi 2004;
Raghupathi et al. 2000; Symon 1987). Thus, a key consid-
eration in the development of therapeutic strategies aimed
at protecting at-risk ischemic tissue is to identify and tar-
get those mechanisms regulating the downstream progres-
sion of cell death at the affected neural loci. Numerous
studies have demonstrated that both apoptosis and necrop-
tosis play major roles in the early ischemic cell death
observed (Degterev et al. 2005; Deng et al. 2019; Le et al.
2002; Sun et al. 2015; Zgavc et al. 2012). Using an end-
arteriolar ischemic—reperfusion model involving stereo-
tactic intracortical infusion of endothelin-1 as previously
described (Dojo Soeandy et al. 2019), we examined those
cell signaling events occurring during the critical initial
24-h period following ischemia due to its dominant role
in neuronal death and the initiation of secondary events
such as tissue inflammation and phagocytosis (Heiss 2010;
McCabe et al. 2009; Meng et al. 2004; Raghupathi 2004;
Raghupathi et al. 2000; Symon 1987). Having previously
examined the role of apoptosis in this model, we sought
to further determine the role of necroptosis in this model
and the relationship between apoptosis and necroptosis in
ischemic-reperfusion injury (Dojo Soeandy et al. 2019).
Similar to previous observations following middle cer-
ebral artery occlusion, we observe that treatment with
necrostatin-1 results in a significant protective effect
within the ischemic cortex (Degterev et al. 2005; Deng
et al. 2019; Xu et al. 2010). Previously, these findings
have been interpreted on the cellular level as arising from
a mutually suppressive competitive interaction between
the execution of apoptosis versus necroptosis, in which
one signaling system or the other ultimately dominates,
resulting in suppression of the alternative pathway in each
cell. According to this view, the protective effects seen in
ischemic neurons following inhibition of RIPK1 serine/
threonine kinase activity arise solely through inhibition of
the process of necroptosis. Thus, combinatorial inhibition
of both apoptosis and necroptosis under these conditions
should result in the rescue of two distinct populations of
ischemic neural cells (Degterev et al. 2005; Deng et al.
2019; Xu et al. 2010). By contrast, our detailed molecu-
lar and ultrastructure examination of neuronal cell death
response following endothelin-1 induced ischemia does
not support this population response. This is understand-
able in retrospect given that these studies either have
not directly examined levels of apoptotic versus necrop-
totic execution in parallel, or have relied upon the use
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«Fig. 4 RIPKl1/activated caspase-3 co-distribution within the cortex
24 h following endothelin-1 treatment. a Distribution of RIPK1-posi-
tive cells within ET-1-treated cortex. Black arrow indicates the site of
endothelin-1 infusion. b Percent double-positive activated caspase-3/
RIPK1 cells as a function of treatment group. Data represented
as mean+S.EM. (n=9). c—e Examples of cell staining observed
<500 pm from ET-1 infusion site; RIPK1 (red), and RIPK1/activated
caspase-3 (yellow) cells are shown. ¢ Immunofluorescent staining of
WT mice treated with ET-1; d WT mice treated with ET-1 and Nec-
1; ¢ C3KO mice treated with ET-1 and Nec-1. Scale bars as indicated

of peptidic inhibitors such as the pan-caspase inhibitor
such as z-VAD-fmk or anti-apoptotic polypeptides such as
Gly(14)-humanin (HNG) to determine apoptotic contribu-
tions to injury (Degterev et al. 2005; Deng et al. 2019; Xu
et al. 2010). This has been observed to be problematic,
as we and others have shown using both gene knockouts
and biochemical approaches that such inhibitors suffer
from several limitations including a lack of absolute tar-
get fidelity and incomplete inhibition of enzymatic targets
at achievable pharmacologic doses in vivo due to half-
life, blood-brain barrier and cell permeation, resulting
in incomplete and/or heterogeneous access of inhibitors
to target populations within the region of injury (An and
Fu 2018; Moécsai et al. 2014). As such caution must be
utilized when interpreting cell death rate obtained using
such reagents. To avoid such complications, we have uti-
lized wildtype and genetic null mutants for caspase-3 and
the permeant small molecule inhibitor necrostatin-1 in the
current studies.

Through this method, in contrast to the above studies,
we observe linked apoptotic-necroptotic neural ischemic
cell death response. Specifically, we observe that inhibition
of apoptotic and necroptotic response following the induc-
tion of cortical ischemic—reperfusion injury is not additive
with respect to its protective effects. Rather such blockade
was observed to provide comparable levels of neuroprotec-
tion to that seen with apoptotic or necroptotic inhibition
alone. Importantly, the magnitude of these effects suggests
that within the ischemic cortex a substantial population of
neurons die through a process of programmed cell death
in which the execution of necroptosis and apoptosis within
neurons are linked and may operate cooperatively. Consist-
ent with this, we observe that inhibition of RIPK1 phospho-
rylation results in a marked reduction in TUNEL labeling,
a widely utilized marker of apoptosis. Given that TUNEL
end-labeling may occur through conditions other than those
of classical apoptosis, we utilized several additional cellular
and molecular apoptotic markers to identify this form of
cell death including activation of the apoptotic executioner
caspase-3, -7, and analysis of cellular ultrastructure via elec-
tron microscopy. Consistent with the observed RIPK1-medi-
ated diminution of TUNEL labeling, inhibition of RIPK1
also resulted in a substantial reduction in the numbers of

ischemic neurons expressing activated caspase-3 and -7 and
in the total number of both necroptotic and apoptotic cells
as determined by electron microscopy. To subsequently dis-
tinguish between cell extrinsic mechanisms in which injury
promotes (necroptotic) cellular destruction, which results in
the release of danger signals triggering subsequent apoptotic
cell death, and a cell-intrinsic mechanism in which necrop-
totic/apoptotic signaling occur within a given cell, we exam-
ined the co-expression of RIPK1 and activated caspase-3
in ischemic neurons. Examination of stroke loci revealed
marked gradients of RIPK1* dying neurons confined to
zones within several hundred microns of endothelin-1 infu-
sion sites. Analysis of this population reveals the presence of
significant numbers of RIPK1*/activated caspase-3* double-
positive neurons within this ischemic core, consistent with
a cell-intrinsic mechanism. These findings thus suggest that
the observed effects do not arise as a result of protection
of independent populations of necroptotic and apoptotic
cells, but rather represent a form of intracellular coopera-
tivity between apoptotic and necroptotic PCD signaling in
which RIPK1 activation influence levels of downstream cas-
pase-3/-7 activity.

While reducing overall numbers of dying neurons within
the cortex, combinatorial inhibition of caspase-3 and RIPK1
was observed to alter the relative percentage of apoptotic
versus necroptotic/necrotic neurons within ischemic sites to
values seen in wildtypes, suggesting the presence of alter-
native or ‘sneak’ PCD circuits within regions of the injured
cortex capable of executing (at least apoptotic) cell death in
a RIPK1-independent manner. Based upon the observed pat-
tern of RIPK1% expression, such regions are likely to exist
within more distal (penumbral) regions of cortical injury
relative to the site of endothelin-1 infusion. Notably, this
RIPK1-independent ‘sneak’ signaling does not appear to be
accessible to wide enough populations of ischemic cortical
neurons to provide a functional compensation to PCD levels
seen in RIPK1-inhibited versus wildtype animals.

Taken together, these results suggest that RIPK1 activ-
ity directly influences the activation of downstream execu-
tioner caspases for significant numbers of ischemic neu-
rons. Though such effects may seem surprising, outside
the realm of stroke, inhibition of RIPK1 phosphorylation
has previously been reported to reduce levels of caspase-3
activation in a model of traumatic brain injury; albeit
within tissue extracts for which the nature or location of
cells affected could not be definitively established (Wang
et al. 2012). Additionally, we have observed similar RIPK1
effects on caspase-3 activation for PCD-activated popula-
tions of embryonic stem cells (unpublished data). While
the observed cooperative interaction between two tradi-
tionally competitive PCD signaling pathways minimally
exists within a substantial percentage (~50%) of affected
ischemic neurons, why such cooperative PCD regulation
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Fig.5 Distribution of CDI11b-positive cells in the brain 24
h post endothelin-1 treatment in wildtype and caspase-3 null
mice +necrostatin-1. Horizontal sections are shown. Black arrow-
heads indicate relative position of endothelin-1 infusion. a Pattern
of CD11b staining observed in comparable region and layer of con-
tralateral hemisphere (no endothelin-1 treatment). b, d Representa-

is not uniformly observed in all affected ischemic neurons
is presently unknown; however, it may reflect adaptive
changes in PCD execution arising as a result of the initial
level of ischemic insult.
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tive examples of distribution of CD11b-positive cells in wildtype (b),
wildtype exposed to Nec-1 (c), and caspase-3 null exposed to nec-1
(d) mice. Scale bars as indicated. e Counts of CD11b-positive cells/
mm?. Data are represented as mean+S.E.M. (n=12). Significance
determined using a one-way ANOVA with Tukey’s Post hoc (F (2,
33)=0.9076, p=0.4133). N.S. not statistically significant at p <0.05

To gain further insight into the nature of potential inflam-
matory mediators which may influence the process of PCD
execution during the critical first 24 h post ischemia, mark-
ers of innate immune response were examined delineating



Cellular and Molecular Neurobiology (2021) 41:1727-1742 1739
b
.- O L . B ST e BRI nll WY
H 25um i © i Pl ol 25um 1
i ———I1T" O [ i
[ : 3 1 . i
: : - > b y‘: >\‘ - :
1 : ELLLLLLE B : < 3 ' . } > -9 ‘I
: I e 3 G i LY. - H
L_._'____._____,_____! Tenenand . ..’._ > L_____T_«_ _____ ,;_I
: .\-.‘ 5 < : 7 ST ; : - ~
c d
a8 g N . R
\ o« .'. ....'_....: <, -. -" 5.
s N5 )_.,' ] E"-”’f‘-i 3 1% ; i
; : Teeeeaat ; e o o
> . e e X <. %
by A < . p i \> -
_________________ - I Sl A pmmmmmmmmmde—meeen
i ") pmi. - -;.,..;;..._A i o s v25um i
i - | e "'t,.‘in' > A S - i
E ey e E.> 0 < gi TR s SRR TR x E \ n"b i
i - L 100pm - 100pm T P
T e e s o ————— - - - i . e e o e I
© 90 N.S.
80
o 70
S
§ 60
2 50
8
+ 40
o
E 30
20
10
0
ET-1WT ET-1 + Nec-1 WT ET-1 + Nec-1 C3KO

Treatments

Fig.6 F4/80 activation in wildtype and caspase-3 null mice exposed
to ET-1 with and without necrostatin-1. a Representative staining of
F4/80 in comparable region and layer of contralateral hemisphere
with no endothelin-1 treatment. b—d Examples of F4/80-positive
cells 24 h post treatment in wildtype (b), Nec-1-exposed wildtypes
(c), and Nec-1-exposed caspase-3 null (d) mice. Horizontal sections
are shown. Black arrow heads indicate relative position of endothe-

lin-1 infusion. Peroxidase-stained F4/80-positive cells are indicated in
each panel by orange arrowheads. Scale for all photomicrographs are
as indicated. e Counts of F4/80-positive cells/mm?. Data represented
as mean+S.E.M. (n=6), significance determined using a one-way
ANOVA with Tukey’s Post hoc (F (2, 15)=0.2927, p=0.7539). N.S.
not statistically significant at p <0.05
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Fig.7 Schematic cooperative Canonical model:
cell death pathway vs. canoni-
cal pathway in stroke injury.

Traditional/canonical model of

PCD activated cells

ischemic PCD highlights the Hypoxia Ca*? influx
competitive nature of apoptotic

versus necroptotic PCD execu-

tion in cells, resulting in inde- Inflam.
pendent populations dying by

either an apoptotic or necrop- ROS DAMPs

totic mechanism. By com-
parison the cooperative model
proposes a role for RIPK1
phosphorylation in enhancing
the efficacy of apoptosis via
effects on caspase-3/-7 activa-
tion (dotted red line). This effect
is of sufficient enough strength
that it functionally alters the
magnitude of isotype-specific
cell death (dotted black lines)

Cooperative model:

PCD activated cells

Hypoxia Ca*? influx
Inflam.
ROS DAMPs

populations of granulocytes, monocytes/macrophages, and
microglia. Differential staining of CD11b (granulocytes,
monocyte/macrophages, microglia marker) (Alliot et al.
1999; Greter et al. 2015; Jeong et al. 2013; Leenen et al.
1994; Prinz et al. 2011) and F4/80 (macrophage/microglial
marker) (Alliot et al. 1999; Greter et al. 2015; Prinz et al.
2011) were examined for their distribution. Despite observ-
ing differential localization of CD11b and F4/80-positive
cells 24 h following endothelin-1 treatment, no significant
differences in their distribution or extent were observed
between wildtype, Nec-1-treated and Nec-1/caspase-3
knockout groups, further supporting the notion that the
effect observed for RIPK1 on executioner caspase activity
arises as a result of a direct cell autonomous process.

In summary, the findings observed in this endothelin-1
model of ischemic-reperfusion injury highlight a novel
and unexpected relationship between necroptotic and
apoptotic signaling in which RIPK1 phosphorylation func-
tionally influences levels of caspase-3/-7 activity based
upon the analysis of volumetric, morphologic, cellular,
and molecular markers as summarized in Fig. 7. In terms
of stroke, these findings suggest that a substantial percent-
age of ischemic cortical neurons are under the influence of
this cooperative signaling during the early stages of CNS
injury. This unique necroptotic/apoptotic PCD signaling
mode stands in contrast to that observed for many other
forms of cellular injury (Han et al. 2011; Lin et al. 1999).
Our findings suggest that these effects do not arise as a
result of changes in cell-extrinsic inflammatory mediators,
but rather as a result of cell-intrinsic signaling. However,
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the precise molecular mechanisms governing cooperative
linkage of RIPK1 phosphorylation to caspase-3/-7 activa-
tion are currently unknown and remain to be definitively
established in this system.
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