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Abstract

Stroke is a leading cause of death around the 
world and results in a drastic reduction in the 
quality of life. Thus, molecular mechanisms 
underlying stroke-related neuronal cell death 
such as necrosis, necroptosis, apoptosis, and 
autophagy have been extensively investi-
gated in the past 30  years. In the ischemic 
stroke brain, depletion of ischemic energy 
leads to increased cytosolic Ca2+ through 
pump failure and cell depolarization, activat-
ing phospholipase A2. Phospholipases liber-
ate arachidonate, causing a burst of free 
radicals in the peri-infarcted lesion. Free 
radicals lead to apoptotic cell death, and play 
an important role in the pathological process 
of ischemic stroke. Concurrently, the free 
radical scavenger, edaravone, was developed 
from translational research, mainly using the 
animal stroke model, and was approved in 
April of 2001  in Japan for the treatment of 
acute cerebral infarction, as a neuro-brain 
protection drug.

In this chapter, we review the molecular 
mechanisms underlying neuronal cell death in 
strokes and the development of edaravone and 
its application to clinical settings, while incor-
porating our recent related findings.

16.1	 �General Principles of Cell 
Death Mechanisms: Necrosis, 
Necroptosis, Apoptosis, 
and Autophagy

Necrosis is the term currently used to describe 
non-programmed cell death or accidental cell 
death [1, 2], and is generally considered to be a 
passive process because it does not require new 
protein synthesis, with minimal energy require-
ments. This accidental and passive cell death, 
necrosis, is morphologically characterized by 
cell and organelle swelling, as well as membrane 
rupture, followed by the uncontrolled loss of 
intracellular contents (Table  16.1, Fig.  16.1). 
Necrosis is usually induced by noxious stimuli 
including infectious agents, hypoxia, and extreme 
environmental conditions, including heat and 
radiation. After exposure to noxious stimuli, the 
depletion of energy leads to an increase in cyto-
solic Ca2+ through pump failure and cell depolar-
ization. An acute increase in the intracellular 
calcium concentration activates a calcium-
dependent cysteine protease, calpain, that leads 
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to cleavage of the cytoskeletal protein. Finally, 
extracellular fluid enters into cells through the 
ruptured cell membrane, causing cell swelling 
and cell death [3].

As mentioned above, necrosis has historically 
been regarded as unregulated cell death that is 
induced by nonphysiological stress. However, 

accumulating evidence suggests that several 
types of programmed necrosis, including necrop-
tosis [2], ferroptosis [4], parthanatos [5], pyrop-
tosis [6], NETosis [7], and transcriptional 
repression-induced atypical death (TRIAD) [8], 
can be executed by a regulated mechanism. In 
TRIAD, general transcriptional repression 

Table 16.1  Characteristics of necrosis, necroptosis, and apoptosis

Necrosis Necroptosis Apoptosis
Morphological change Swelling of organelles + + −

Cell swelling + + −
Cell membrane rupture + + −
Release of cell content + + −
Membrane blebbing − − +
Cell shrinkage − − +
Nuclear fragmentation − − +
Chromatin condensation − − +

Molecular biological 
change

Phosphatidylserine (PS) exposure on the cell 
membrane

− − +

Caspase activation − − +
RIPK1/RIPK3 activation − + −

mitochondria

Golgi bodynuclei

apoptosisnecrosis/necroptosis

cell shrinkage

nuclear fragmentation

release of cell content
membrane rupture

nuclei swelling

Fig. 16.1  Comparison of morphological changes 
between necrosis/necroptosis and apoptosis. In necrosis/
necroptosis, the cell swells, becomes leaky and the cell 
membrane is disrupted. Finally, the cell releases its con-

tents into the surrounding tissue resulting in inflamma-
tion. On the other hand, apoptotic cells shrink, chromatin 
condenses and cells are phagocytosed without triggering 
inflammatory processes

T. Yamashita and K. Abe
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induces slowly progressive atypical cell death 
associated with a shift in the balance between 
YAPdeltaCs as prosurvival factors and activated 
p73, which promotes cell death. Our lab and 
other labs found that TRIAD occurs and takes 
part in pathological processes in neurodegenera-
tive diseases such as amyotrophic lateral sclero-
sis (ALS) and Huntington’s disease [8, 9]. As a 
type of programmed necrosis, necroptosis was 
originally defined as cell death by necrotic cell 
death morphology and dependency on the func-
tion of receptor-interacting serine/threonine-
protein kinase 1 (PIPK1) [2, 10] (Table  16.1). 
Necroptosis occurs following the activation of 
PIPK1, in response to the ligation of tumor necro-
sis factor-receptor (TNF-R). PIPK1 activates 
PIPK3, which gains the ability to phosphorylate 
and activates mixed lineage kinase domain-like 
protein (MLKL), leading to cell death 
(Table 16.1).

Apoptosis is currently considered as caspase-
mediated programmed cell death [11, 12] and is 
morphologically characterized by plasma mem-
brane blebbing, cell shrinkage, nuclear fragmen-
tation, chromatin condensation, and chromosomal 
DNA fragmentation (Table  16.1, Fig.  16.1). 
Apoptotic cells also exhibit biochemical changes 
such as the exposure of phosphatidyl-l-serine on 
the plasma membrane [13]. These apoptosis-
related morphologic features result from the acti-
vation of caspases by either death receptor 

ligation or the release of apoptotic mediators 
from the mitochondria. In other words, apoptosis 
involves a complex cascade of reactions that are 
regulated by specific protease termed caspases. 
Dying by apoptosis requires energy in the form 
of ATP. Finally, apoptotic bodies are recognized 
and removed by phagocytic cells, thus apoptosis 
basically does not induce inflammation around 
dying cells.

Autophagy is a self-degradative process in 
response to various stresses, especially nutrient 
deficiency. In other words, autophagy is 
regarded as the process by which a cell con-
sumes itself during periods of starvation. The 
process of autophagy involves four steps includ-
ing initiation, nucleation, fusion of the 
authophagosome and lysosome, and hydrolyza-
tion [14] (Fig. 16.2). Firstly, a double membrane 
vesicle forms in the cytosol encapsulating whole 
organelles and bulk cytoplasm, and these vesi-
cles are referred to as autophagosomes. 
Autophagosomes then fuse with the lysosome, 
where the contents are degraded to be recycled. 
The formation of an autophagosome is induced 
by class 3 phosphoinositide-3-kinase, Atg6 and 
ubiquitin or ubiquitin-like modifications of the 
target proteins. Autophagy plays a degradative 
role during which cells degrade dysfunctional 
and unnecessary cellular components for the 
turnover of both damaged organelles and long-
lived proteins.

membrane formation autophagosome fusion with lysosome

lysosome

lysosomal
degradation

Fig. 16.2  Schematic diagram of autophagy. Autophagy 
initially begins with the formation of an isolation mem-
brane. Secondly, expansion of the membrane forms an 

autophagosome. Thirdly, the outer membrane of the 
autophagosome fuses with a lysosome. Finally, the 
sequestered material is degraded and recycled

16  Pathophysiology of Neuronal Cell Death After Stroke
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16.2	 �Mechanism of Cell Death 
Caused by Ischemic Stroke 
Versus Hemorrhagic Stroke

In the ischemic stroke brain, depletion of isch-
emic energy leads to increased cytosolic Ca2+ 
through pump failure and cell depolarization, 
activating phospholipase A2. Phospholipases lib-
erate free fatty acids, particularly arachidonate, 
from cell membranes. This freed arachidonate 
causes a burst of free radicals in the ischemic 
penumbra, which is a therapeutic target area, and 
free radicals are drastically increased after reper-
fusion [15]. The free radicals directly or indi-
rectly lead to apoptotic cell death, and play an 
important role in the pathological process of 
ischemic stroke (Fig. 16.3a).

On the other hand, in a hemorrhagic stroke, 
the intracerebral hematoma is a key component 
of pathological processes. This parenchymal 
accumulation of blood causes tissue disruption 
causing a mass effect such as primary brain 

injury. With large hematomas, the mass effect 
may increase intracranial pressure, and decrease 
cerebral blood flow resulting in peri-hematomal 
ischemia. However, the extent to which the peri-
hematomal ischemia takes place remains contro-
versial [16]. In secondary brain injury of a 
hemorrhagic stroke, thrombin is the main player. 
Thrombin is essential for blood coagulation and 
becomes activated within 1 hour after intracere-
bral hemorrhage. The activated thrombin breaks 
down the blood–brain barrier (BBB), leading to 
brain edema, and directly induces neuronal dam-
age. The lysis of hematoma within the first day 
after intracerebral hemorrhage causes the release 
of hemoglobin, which is then converted into neu-
rotoxic components such as heme and iron. Heme 
and iron are major contributors to secondary 
brain injury as a result of abundant free radical 
production (Fig. 16.3b) [17]. Of note, free radi-
cals are a common key player and common thera-
peutic target both in ischemic and in hemorrhagic 
strokes.

a. ischemic stroke b. hemorrhagic stroke

cerebral ischemia intracerebral hemorrhage

hematoma expansion

mass effect

peri-hematomal
ischemia?

tissue
disruption

BBB
breakdown

inflammatory
response

heme and iron
release

free radicals

hematoma
lysis

thrombin

ATP depletion

ion pump failure

cell membrane depolarization

glutamate release

mitochondria dysfunction

caspase family
activation

cell death cell death

Ca2+ dependent
protein kinase

phospholipase A2

free radicals

edaravone

influx of Ca2+ into cells

intracellular Ca2+

Fig. 16.3  Comparison of pathological mechanism of cell 
death between ischemic stroke (a) and hemorrhagic stroke 
(b). Free radicals are a common key player and common 

therapeutic target both in ischemic stroke and in hemor-
rhagic stroke

T. Yamashita and K. Abe
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16.3	 �Excitotoxic Cell Death

Excitotoxic cell death is triggered by the release 
of glutamate or related excitatory amino acids 
under certain conditions, for example, cerebral 
ischemia. Glutamate is a major excitatory neu-
rotransmitter in the central nervous system, act-
ing through both 1) ligand gated ion channels 
such as the N-methyl-D-aspartate (NMDA) 
receptor, the α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor, and 
the kainate receptor, and 2) G-protein coupled 
(metabotropic) receptors. Cerebral ischemia 
increased the extracellular concentrations of glu-
tamate, which are mainly released from acidemic 
glial cells [18]. This results in widespread stimu-
lation of both synaptic and extra-synaptic NMDA 
receptors, causing a massive influx of calcium 
into cells, and activation of intracellular enzymes, 
causing cell death (Fig. 16.3a). Therefore, gluta-
mate receptor antagonists have attracted much 
attention as potential neuroprotective agents, but 
randomized clinical trials have failed to show any 
beneficial effect of those drugs in acute ischemic 
stroke patients [19].

16.4	 �Apoptosis Induced by Stroke

Neurons in the ischemic core die through necro-
sis whereas apoptosis is the main contributor to 
neuronal cell death in peri-infarct lesions called 
the penumbra. Numerous studies have shown that 
excessive intracellular calcium increases via the 
activation of the glutamate receptor, especially 
the NMDA receptor, and can cause alterations to 
the mitochondrial structure and calcium-
dependent opening of the mitochondrial permea-
bility transition (MPT) pore, allowing the release 
of soluble proteins such as apoptosis-inducing 
factor and cytochrome c [20, 21]. Cytochrome c 
combines with Apaf-1 to promote caspase-9 acti-
vation, which in turn activates effector caspase to 
trigger an ensuing cascade of proteolytic events, 
leading to cell death [22].

16.5	 �Free Radicals 
as a Therapeutic Target

As described above, arachidonate causes a burst 
of free radicals in the ischemic penumbra, and 
free radicals are drastically increased after reper-
fusion [15]. Many researchers have tried to dis-
cover a free radical scavenger without side-effects 
such as narcotizing or suppressing cerebral 
metabolism [23]. In the early stages of investiga-
tions, edaravone was found to have a promising 
effect by quenching the hydroxyl radical (OH) 
and by inhibiting both OH-dependent and 
OH-independent lipid peroxidation. To evaluate 
the effect of edaravone on brain edema in the 
post-stroke brain, we administered edaravone in 
the transient middle cerebral artery occlusion 
(tMCAO) rat model. In this model, water content, 
which reflects disruption of the BBB, signifi-
cantly increased after 3 and 6 hours of ischemia, 
and a further increase was found after 3 hours of 
ischemia following 3  hours of reperfusion. 
Therefore, we concluded that edaravone mark-
edly suppressed ischemic and post-ischemic 
brain swelling [24] (Fig. 16.4). In addition, post-
ischemic treatment with edaravone significantly 
decreased the size of cerebral infarcts and 
improved neurological deficits 1 day after 
tMCAO [25]. Another research group reported 
that edaravone markedly suppressed the accumu-
lation of a product of nucleic acid oxidation, 
8-oxo-2′-deoxyguanosine (8-oxodG), and 
sequential inflammatory responses at the peri-
infarct lesion in the mouse stroke model [26]. In 
addition, we recently reported that edaravone 
showed strong neuroprotection after cerebral 
ischemia, which was confirmed by in  vivo and 
ex vivo optical imaging for the apoptosis marker, 
annexin V, while also reducing cerebral infarct 
(Fig.  16.5) [27]. In a clinical trial, edaravone 
attenuated the resulting disability in humans 
90 days after acute ischemic stroke without seri-
ous adverse effects [28] and it has been used 
clinically in Japan as a neuroprotective agent for 
acute stroke patients since 2001.

16  Pathophysiology of Neuronal Cell Death After Stroke
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Fig. 16.4  Effects on 
brain edema in the rat 
MCA occlusion or 
occlusion–recirculation 
model (revised from Abe 
et al. 1988). Rat MCA 
occlusion or 
recirculation was 
obtained by insertion or 
removal of a nylon 
thread, respectively. 
MCA: middle cerebral 
artery. ∗p<0.05 vs. 
control (by Dunn’s 
multiple comparison 
test) [24]

Sham MCAO+vehicle MCAO+Edaravone

A
nn

ex
in

 V
-C

y5
.5

a

b

c

Fig. 16.5  In vivo imaging of Annexin V-Cy5.5 (a) with 
removal of head skin, (b) removal of the scull bone, and 
(c) ex vivo imaging of the brain (revised from Liu et al. 

2011). This optical imaging method successfully demon-
strated that edaravone treatment suppressed apoptosis in 
post-stroke mice brains 48 hours after tMCAO [27]

T. Yamashita and K. Abe
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16.6	 �Conclusion

In this chapter, we briefly highlighted the patho-
physiological mechanism of neuronal cell death 
in the ischemic and hemorrhagic strokes. From 
the results of basic research, free radicals are 
regarded as a key regulator of disease progression 
in not only the ischemic stroke but also in the 
hemorrhagic stroke. Therefore, in the near future, 
the free radical scavenger edaravone may be 
widely applied to the therapy of various kinds of 
diseases.

References

	 1.	Majno G, Joris I. Apoptosis, oncosis, and necrosis. An 
overview of cell death. Am J Pathol. 1995;146:3–15.

	 2.	Kroemer G, Galluzzi L, Vandenabeele P, et  al. 
Classification of cell death: recommendations of the 
nomenclature committee on cell death 2009. Cell 
Death Differ. 2009;16:3–11.

	 3.	Edinger AL, Thompson CB. Death by design: apop-
tosis, necrosis and autophagy. Curr Opin Cell Biol. 
2004;16:663–9.

	 4.	Dixon SJ, Lemberg KM, Lamprecht MR, et  al. 
Ferroptosis: an iron-dependent form of nonapoptotic 
cell death. Cell. 2012;149:1060–72.

	 5.	Wang Y, Kim NS, Haince JF, et al. Poly (ADP-ribose) 
(PAR) binding to apoptosis-inducing factor is critical 
for PAR polymerase-1-dependent cell death (parthan-
atos). Sci Signal. 2011;4:ra20.

	 6.	Shi J, Zhao Y, Wang K, et al. Cleavage of GSDMD 
by inflammatory caspases determines pyroptotic cell 
death. Nature. 2015;526:660–5.

	 7.	Dwivedi N, Radic M.  Citrullination of autoantigens 
implicates NETosis in the induction of autoimmunity. 
Ann Rheum Dis. 2014;73:483–91.

	 8.	Yamanishi E, Hasegawa K, Fujita K, et  al. A 
novel form of necrosis, TRIAD, occurs in human 
Huntington’s disease. Acta Neuropathol Commun. 
2017;5:19.

	 9.	Morimoto N, Nagai M, Miyazaki K, et al. Progressive 
decrease in the level of YAPdeltaCs, prosurvival iso-
forms of YAP, in the spinal cord of transgenic mouse 
carrying a mutant SOD1 gene. J Neurosci Res. 
2009;87:928–36.

	10.	Degterev A, Hitomi J, Germscheid M, et  al. 
Identification of RIP1 kinase as a specific cellular tar-
get of necrostatins. Nat Chem Biol. 2008;4:313–21.

	11.	Ellis HM, Horvitz HR.  Genetic control of pro-
grammed cell death in the nematode C. elegans. Cell. 
1986;44:817–29.

	12.	Miura M, Zhu H, Rotello R, et al. Induction of apop-
tosis in fibroblasts by IL-1 beta-converting enzyme, a 
mammalian homolog of the C. elegans cell death gene 
ced-3. Cell. 1993;75:653–60.

	13.	Danial NN, Korsmeyer SJ. Cell death: critical control 
points. Cell. 2004;116:205–19.

	14.	Levine B, Klionsky DJ.  Development by self-
digestion: molecular mechanisms and biological 
functions of autophagy. Dev Cell. 2004;6:463–77.

	15.	White BC, Sullivan JM, DJ DG, et al. Brain ischemia 
and reperfusion: molecular mechanisms of neuronal 
injury. J Neurol Sci. 2000;179:1–33.

	16.	Mracsko E, Veltkamp R.  Neuroinflammation after 
intracerebral hemorrhage. Front Cell Neurosci. 
2014;8:388.

	17.	Keep RF, Hua Y, Xi G.  Intracerebral haemorrhage: 
mechanisms of injury and therapeutic targets. Lancet 
Neurol. 2012;11:720–31.

	18.	Beppu K, Sasaki T, Tanaka KF, et  al. Optogenetic 
countering of glial acidosis suppresses glial gluta-
mate release and ischemic brain damage. Neuron. 
2014;81:314–20.

	19.	Savitz SI, Fisher M.  Future of neuroprotection for 
acute stroke: in the aftermath of the SAINT trials. Ann 
Neurol. 2007;61:396–402.

	20.	Castilho RF, Hansson O, Ward MW, et  al. 
Mitochondrial control of acute glutamate 
excitotoxicity in cultured cerebellar granule cells. J 
Neurosci. 1998;18:10277–86.

	21.	Szydlowska K, Tymianski M. Calcium, ischemia and 
excitotoxicity. Cell Calcium. 2010;47:122–9.

	22.	Yuan S, Akey CW. Apoptosome structure, assembly, 
and procaspase activation. Structure. 2013;21:501–15.

	23.	Asano T, Sano K.  Cerebral protection by pharma-
cological agents (author’s transl). No Shinkei Geka. 
1979;7:549–54.

	24.	Abe K, Yuki S, Kogure K. Strong attenuation of isch-
emic and postischemic brain edema in rats by a novel 
free radical scavenger. Stroke. 1988;19:480–5.

	25.	Kawai H, Nakai H, Suga M, et al. Effects of a novel 
free radical scavenger, MCl-186, on ischemic brain 
damage in the rat distal middle cerebral artery occlu-
sion model. J Pharmacol Exp Ther. 1997;281:921–7.

	26.	Zhang N, Komine-Kobayashi M, Tanaka R, et  al. 
Edaravone reduces early accumulation of oxida-
tive products and sequential inflammatory responses 
after transient focal ischemia in mice brain. Stroke. 
2005;36:2220–5.

	27.	Liu N, Shang J, Tian F, et  al. In vivo optical imag-
ing for evaluating the efficacy of edaravone after 
transient cerebral ischemia in mice. Brain Res. 
2011;1397:66–75.

	28.	Group EAIS.  Effect of a novel free radical scaven-
ger, edaravone (MCI-186), on acute brain infarc-
tion. Randomized, placebo-controlled, double-blind 
study at multicenters. Cerebrovasc Dis. 2003;15: 
222–9.

16  Pathophysiology of Neuronal Cell Death After Stroke


