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Abstract

Selective neuronal vulnerability is a hallmark of ischemic injury in the central nervous system (CNS), yet the mechanisms underlying
regional differences in neuronal survival and degeneration remain incompletely understood. Cerebral ischemia from ischemic stroke or
cardiac arrest triggers a complex cascade of metabolic failure, excitotoxic signaling, oxidative stress, and neuroinflammatory responses
that collectively determine neuronal fate. Notably, neuronal degeneration follows highly specific anatomical patterns rather than uni-
formly throughout the CNS. Classical experimental studies have shown that hippocampal cornu ammonis 1 (CA1) pyramidal neurons
undergo delayed neuronal death after transient global ischemia, whereas neighboring CA3 neurons remain relatively resistant. Simi-
lar heterogeneity is observed in other regions, including the olfactory bulb and spinal cord, where mitral cells and dorsal horn neurons
exhibit relative resistance to ischemic injury. Accumulating evidence indicates that selective vulnerability arises from the interplay of
multiple molecular and cellular mechanisms, including excitotoxic glutamatergic signaling, mitochondrial dysfunction, oxidative stress,
neurovascular unit dysfunction, and neuroinflammatory responses. In addition, structural and circuit-level determinants such as hip-
pocampal connectivity and regional neurovascular organization further influence neuronal susceptibility to ischemic stress. This review
integrates evidence from experimental and clinical studies to examine the mechanisms underlying neuronal vulnerability and resistance
across the CNS. Particular emphasis is placed on the interplay between neuronal metabolism, glial responses, and neurovascular reg-
ulation in shaping regional injury patterns. Understanding these mechanisms may provide important insights for the development of
mechanism-based neuroprotective strategies targeting selectively vulnerable neuronal populations.

Keywords: ischemia-reperfusion injury; reactive oxygen species; neuronal vulnerability; neuroprotection; hippocampus; astrocytes;
blood-brain barrier; oxidative stress

1. Introduction brain and spinal cord. Classical experimental studies have

demonstrated that brief episodes of global cerebral ischemia

Ischemic injury of the central nervous system (CNS)
represents a major cause of neurological morbidity and
mortality worldwide. Cerebral ischemia, most commonly
resulting from ischemic stroke or cardiac arrest, leads to
severe disturbances in cerebral blood flow and energy
metabolism that trigger a complex cascade of molecular and
cellular injury [1,2]. Despite extensive research over sev-
eral decades, effective neuroprotective strategies capable of
consistently improving neurological outcomes remain lim-
ited, highlighting the need for a more comprehensive under-
standing of the mechanisms that determine neuronal injury
and survival during ischemia-reperfusion (IR) injury [3].
One of the most characteristic features of ischemic CNS in-
jury is the phenomenon of selective neuronal vulnerability,
in which neuronal degeneration occurs in distinct regional
and cellular patterns rather than uniformly throughout the

produce delayed neuronal death selectively in hippocam-
pal cornu ammonis 1 (CAl) pyramidal neurons, whereas
neighboring CA3 neurons remain relatively preserved [4,5].
Similar patterns of selective vulnerability have been ob-
served in other CNS regions, including the cerebral cortex
and spinal cord, where certain neuronal populations exhibit
pronounced susceptibility while others display relative re-
sistance to ischemic stress [6,7].

Although selective neuronal vulnerability has long
been recognized as a hallmark of ischemic brain injury,
the mechanisms responsible for this regional heterogene-
ity remain incompletely understood. A growing body of
evidence suggests that neuronal susceptibility to ischemia
reflects the interaction of multiple molecular and cellu-
lar processes, including excitotoxic signaling, mitochon-
drial dysfunction, oxidative stress, neurovascular impair-
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ment, and neuroinflammatory responses [8,9]. These pro-
cesses operate within the framework of the neurovascu-
lar unit, which integrates neuronal activity with astrocytic
regulation, vascular function, and metabolic homeostasis.
Importantly, differences in synaptic organization, mito-
chondrial resilience, antioxidant defenses, and astrocyte—
vascular interactions may contribute to the distinct vulner-
ability profiles observed across CNS regions. Recent ad-
vances in experimental stroke research have further high-
lighted the importance of examining ischemic injury within
an integrated systems framework. Rather than represent-
ing isolated molecular events, ischemic injury arises from
dynamic interactions among neurons, glial cells, vascular
components, and systemic inflammatory responses [10]. In
this context, selective neuronal vulnerability reflects not
only intrinsic neuronal properties but also regional differ-
ences in neurovascular organization and glial activity. The
major molecular and cellular pathways that interact to de-
termine neuronal survival or degeneration during IR in-
jury are summarized schematically in Fig. 1. Despite sub-
stantial progress in elucidating the molecular pathways in-
volved in ischemic injury, several important gaps remain.
First, our literature survey indicates that previous studies
have focused primarily on vulnerable neuronal populations,
whereas relatively less attention has been given to under-
standing why certain neurons exhibit resistance to ischemic
injury. Second, most reviews have addressed either molec-
ular mechanisms of ischemic injury or clinical aspects of
stroke separately, without fully integrating cellular vulner-
ability with circuit-level organization and neurovascular in-
teractions.

The present review aims to address these gaps by pro-
viding an integrated analysis of the mechanisms underly-
ing neuronal vulnerability and resistance to IR injury across
the central nervous system. In particular, this review em-
phasizes the interplay among synaptic activity, mitochon-
drial metabolism, oxidative stress, astrocyte—vascular inter-
actions, and neuroinflammatory responses that collectively
shape regional patterns of neuronal survival and degenera-
tion. Furthermore, this review highlights the importance of
structural and network-level determinants of ischemic vul-
nerability, including hippocampal circuit organization, dif-
ferences between CA1 and CA3 neuronal populations, and
the relative resistance of specific neuronal types such as ol-
factory bulb mitral cells and spinal dorsal horn neurons. By
integrating molecular, cellular, and circuit-level perspec-
tives, this review seeks to provide a mechanistic frame-
work that explains how regional heterogeneity emerges in
ischemic CNS injury. Finally, the review discusses how
these mechanistic insights may inform the development of
more effective mechanism-based therapeutic strategies. In-
creasing evidence suggests that successful neuroprotective
approaches will likely require multi-target interventions ad-
dressing the complex interactions among neuronal, glial,
and vascular components of the neurovascular unit.

Taken together, understanding why some neurons de-
generate while others survive following ischemia represents
a central challenge in stroke and neuroprotection research.
Elucidating the mechanisms underlying selective neuronal
vulnerability and resistance may therefore provide impor-
tant insights for bridging the gap between experimental neu-
roscience and clinical therapy for ischemic CNS injury.

2. Literature Overview and Scope

This review is based on a structured narrative synthe-
sis of the literature addressing the mechanisms underlying
selective neuronal vulnerability and resistance to IR injury
in the CNS. Relevant studies were identified from major
biomedical databases, including PubMed, Web of Science,
and Scopus, covering publications published between 1990
and 2026. Both classical studies that established the con-
cept of selective neuronal vulnerability and more recent in-
vestigations examining molecular and neurovascular mech-
anisms of ischemic injury were considered. Earlier land-
mark studies published prior to 1990 were included when
necessary to provide historical context.

The literature survey focused on studies addressing
key mechanistic aspects of ischemic injury, including ex-
citotoxicity, mitochondrial dysfunction, oxidative stress,
neurovascular unit interactions, glial responses, and struc-
tural and circuit-level determinants of neuronal vulnerabil-
ity. Particular emphasis was placed on experimental studies
employing established models of cerebral and spinal cord
ischemia, including global and focal ischemia paradigms,
as well as studies providing mechanistically relevant clini-
cal insights.

Additional relevant publications were identified
through manual screening of reference lists from key
articles to ensure comprehensive coverage of both founda-
tional and emerging findings. Rather than applying rigid
inclusion or exclusion criteria, studies were selected based
on their relevance to the central themes of this review and
their contribution to elucidating region-specific patterns of
neuronal vulnerability and resistance.

Through this integrative approach, the present review
synthesizes current knowledge on the molecular, cellu-
lar, and network-level determinants of neuronal vulnerabil-
ity and resistance across different regions of the CNS. A
schematic overview of the literature survey is presented in
Fig. 2. All figures were prepared using Adobe Illustrator
22.1 (Adobe Systems Incorporated, San Jose, CA, USA).

3. Core Pathophysiological Cascades Shared
Across CNS Regions

Ischemic injury throughout the CNS is driven by a
series of conserved molecular and cellular events that oc-
cur largely irrespective of anatomical location. Whether
occurring in the brain or spinal cord, interruption of
blood flow rapidly disrupts energy metabolism, ionic
homeostasis, redox balance, and neurovascular integrity.
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Fig. 1. Conceptual framework illustrating major mechanisms underlying selective neuronal vulnerability and resistance dur-

ing ischemia-reperfusion injury. Cerebral ischemia initiates a cascade of interrelated pathological processes including excitotoxic

signaling, mitochondrial dysfunction and ROS generation, neurovascular impairment, and glial responses. These mechanisms interact

dynamically within the neurovascular unit and collectively influence neuronal survival or degeneration following ischemic injury. Re-

gional differences in synaptic organization, mitochondrial resilience, antioxidant capacity, and astrocyte—vascular interactions contribute

to the heterogeneous patterns of neuronal vulnerability observed across the central nervous system. ROS, reactive oxygen species.

These disturbances initiate a coordinated cascade of patho-
logical processes—including excitotoxic signaling, mito-
chondrial dysfunction, oxidative stress, and inflammatory
activation—that collectively characterize the ischemic re-
sponse in CNS tissues [1,2,11]. This shared pathophysio-
logical framework provides the basis upon which region-
specific vulnerability or resistance subsequently emerges

(Fig. 3).
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Importantly, although many core features of IR
injury—such as excitotoxicity, intracellular calcium over-
load, mitochondrial dysfunction, oxidative stress, and
neuroinflammation—are consistently observed across dif-
ferent experimental models, the manifestation of neuronal
vulnerability and resistance is influenced by the type of is-
chemia and experimental context. In global ischemia mod-
els, including four-vessel occlusion and two-vessel occlu-
sion in gerbils, selective delayed neuronal death in the hip-
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Fig. 2. Schematic overview of the literature survey and study selection process used in this review. Relevant publications were
identified from major biomedical databases, including PubMed, Web of Science, and Scopus, covering studies published between 1990
and 2026. The retrieved records were screened to identify studies relevant to mechanisms of ischemia-reperfusion injury and selective
neuronal vulnerability in the central nervous system. A subset of studies was selected for detailed evaluation based on their relevance to
the key themes of this review. The final selection of studies provided experimental and clinical evidence regarding molecular, cellular,

neurovascular, and circuit-level determinants of neuronal vulnerability and resistance to ischemic injury.
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Fig. 3. Shared and region-specific pathophysiological cascades underlying ischemic injury across the central nervous system

(CNS). (A) Brain-specific vulnerability patterns, including selective degeneration of hippocampal cornu ammonis 1 (CA1) neurons,

cortical laminar injury, and relative resistance of olfactory bulb mitral cells. These differences reflect region-specific patterns of neuronal

vulnerability associated with intrinsic cellular and microenvironmental properties. (B) Core shared mechanisms of CNS ischemic injury,

including energy failure, excitotoxicity, intracellular calcium overload, oxidative stress, neuroinflammation, and blood-brain barrier

disruption. These interconnected processes form a central hub linking region-specific responses to ischemic insults. (C) Spinal cord-

specific vulnerability patterns, highlighting regional differences along the cervical, thoracic, and lumbar segments, as well as preferential

vulnerability of gray matter and disruption of the blood—spinal cord barrier (BSCB). ATP, adenosine triphosphate.

pocampal CAl region is a well-established hallmark [12].
In contrast, focal ischemia models such as middle cere-
bral artery occlusion (MCAO) produce regionally heteroge-
neous infarction patterns involving cortical and subcortical
structures [13]. Furthermore, differences in species, vascu-
lar anatomy, ischemic duration, and reperfusion dynamics
contribute to variability in the spatial distribution and sever-
ity of injury. These observations indicate that selective neu-
ronal vulnerability reflects both conserved molecular mech-
anisms and model-dependent variations, highlighting the
importance of interpreting experimental findings within the
context of specific ischemia paradigms.

Notably, the extent and pattern of neuronal vulnerabil-
ity are highly time-dependent, with ischemic duration and
reperfusion dynamics critically influencing both the spatial
distribution of injury and the relative contribution of un-
derlying pathological mechanisms [14]. In focal ischemia
models such as MCAO, shorter occlusion periods typically
result in partially reversible injury with selective neuronal
damage, whereas prolonged or permanent occlusion leads
to more extensive infarction involving both cortical and
subcortical regions. Moreover, the temporal progression of
ischemic injury is characterized by an evolving sequence of
pathological events, in which early excitotoxicity and cal-
cium overload are followed by mitochondrial dysfunction,
oxidative stress, and neuroinflammatory responses.
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These temporal dynamics further modulate region-
specific vulnerability and contribute to the heterogeneity
of ischemic outcomes. Importantly, these mechanisms do
not contribute equally to neuronal injury but instead form
a hierarchical cascade. Excitotoxic glutamatergic signal-
ing and the resulting intracellular Ca>* overload represent
primary initiating events, whereas mitochondrial dysfunc-
tion and oxidative stress act as major downstream ampli-
fiers of cellular injury. Neuroinflammatory responses and
barrier disruption further contribute as secondary processes
that exacerbate and propagate tissue damage. This hierar-
chical organization provides a mechanistic framework for
understanding how shared pathological processes give rise
to region-specific patterns of neuronal vulnerability.

3.1 Energy Failure and Excitotoxicity

The earliest event following CNS ischemia is the rapid
depletion of adenosine triphosphate (ATP) due to impaired
oxidative phosphorylation. Energy failure compromises
Na*/K*-ATPase activity, leading to membrane depolariza-
tion and uncontrolled release of glutamate into the extra-
cellular space [2]. Excessive activation of ionotropic glu-
tamate receptors, particularly N-methyl-D-aspartate recep-
tor (NMDA) receptors and a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptors, results in sus-
tained depolarization and a massive influx of Ca?>" and
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Na* into neurons. This process, commonly referred to as
glutamate-mediated excitotoxicity, represents a fundamen-
tal mechanism of neuronal injury in ischemic conditions
and has been demonstrated in both cerebral and spinal cord
ischemia models [15,16]. Recent studies further demon-
strate that ischemia-induced glutamate accumulation is am-
plified by impaired astrocytic glutamate uptake and dys-
function of excitatory amino acid transporters (EAATS),
which normally maintain extracellular glutamate home-
ostasis [17,18]. Although excitotoxic signaling is broadly
shared across CNS regions, its downstream consequences
vary considerably among neuronal populations, depending
on neuronal subtype, synaptic organization, and intrinsic
buffering capacity [19,20]. Accordingly, the presence of
excitotoxic signaling alone does not necessarily determine
neuronal fate, as neurons in certain CNS regions can remain
viable despite substantial glutamate exposure. These obser-
vations underscore the importance of downstream modula-
tory mechanisms that influence the severity and progression
of ischemic injury [2,21].

3.2 Calcium Overload and Mitochondrial Dysfunction

Sustained Ca®* influx during ischemia and early reper-
fusion acts as a critical link between excitotoxic signaling
and irreversible cellular injury. Elevated intracellular Ca**
disrupts mitochondrial membrane potential, impairs ATP
synthesis, and promotes the opening of the mitochondrial
permeability transition pore, ultimately triggering apop-
totic or necrotic cell death pathways [20,22]. Mitochon-
drial Ca®>" overload also enhances the generation of reactive
oxygen species (ROS), further amplifying cellular damage
[23,24]. More recent investigations have highlighted the
role of mitochondrial dynamics—including excessive mi-
tochondrial fission and impaired mitophagy—in exacerbat-
ing neuronal vulnerability during IR injury [25,26]. Mi-
tochondrial dysfunction represents a critical convergence
point for multiple ischemic insults and is consistently ob-
served across CNS regions [2,11]. Experimental evidence
also indicates that neuronal populations differ substantially
in mitochondrial reserve capacity and metabolic flexibility,
factors that strongly influence susceptibility to ischemia-
induced bioenergetic collapse [27,28]. Such differences
in mitochondrial resilience are suggested to contribute to
region-specific thresholds for irreversible neuronal injury
during ischemia, based primarily on evidence from experi-
mental models.

3.3 Oxidative and Nitrosative Stress

Reperfusion of ischemic CNS tissue is accompanied
by a burst of oxidative and nitrosative stress resulting
from mitochondrial dysfunction, activation of nicotinamide
adenine dinucleotide phosphate oxidases, and uncoupling
of nitric oxide synthase [23,24]. Excess ROS and reac-
tive nitrogen species damage lipids, proteins, and nucleic
acids, exacerbating neuronal and glial injury [29,30]. Ad-

ditional sources of ROS during reperfusion include xan-
thine oxidase activation, leakage from the mitochondrial
electron transport chain, and inflammatory cell infiltration,
all of which amplify oxidative damage within the ischemic
penumbra [31,32]. Oxidative stress is a common patho-
logical feature in both brain and spinal cord ischemia and
is closely linked to mitochondrial failure and inflamma-
tory signaling [2,11]. Despite the universality of oxida-
tive stress, regional differences in endogenous antioxidant
systems—such as superoxide dismutase, glutathione perox-
idase, and catalase—critically influence the extent of ox-
idative damage [33,34]. Variability in antioxidant enzyme
expression and redox buffering capacity across neuronal
populations is thought to contribute to selective neuronal
vulnerability in ischemic brain injury, although much of
this evidence is derived primarily from experimental stud-
ies [33,35,36].

3.4 Neuroinflammation and Glial Activation

Ischemia rapidly activates resident glial cells, partic-
ularly microglia and astrocytes, thereby initiating a robust
neuroinflammatory response. Microglial activation leads to
the production of proinflammatory cytokines, chemokines,
and additional ROS, while reactive astrocytes undergo mor-
phological and functional changes that can be either pro-
tective or detrimental [37,38]. Recent studies have fur-
ther identified diverse reactive astrocyte states, suggesting
that astrocytic responses to ischemia are functionally het-
erogeneous and context-dependent [39,40]. In both brain
and spinal cord ischemia, neuroinflammation contributes to
secondary injury progression and delayed neuronal death
[37,41,42]. Although inflammatory signaling pathways are
largely conserved across CNS regions, the magnitude, tem-
poral dynamics, and phenotypic characteristics of glial re-
sponses can differ substantially between anatomical regions
[43,44]. Region-specific differences in microglial priming,
astrocytic support functions, and neuron—glia interactions
therefore are thought to play an important role in determin-
ing whether inflammatory responses exacerbate injury or
support tissue repair [44,45].

3.5 Barrier Disruption and Secondary Injury

Disruption of the blood-brain barrier (BBB) in cere-
bral ischemia and the blood—spinal cord barrier (BSCB)
in spinal cord ischemia represents another shared hallmark
of CNS ischemic injury [46,47]. Barrier breakdown per-
mits plasma protein extravasation, leukocyte infiltration,
and edema formation, thereby intensifying inflammatory
and oxidative damage [48,49]. Recent imaging and molec-
ular studies have demonstrated that BBB disruption after
IR follows a phased (often biphasic) time course, with an
early, potentially reversible increase in permeability fol-
lowed by a delayed phase associated with sustained barrier
injury and inflammatory amplification [50,51,52]. While
the BBB and BSCB share fundamental structural features,
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regional differences in vascular density, tight junction com-
position, and astrocytic endfeet organization can influence
the spatial and temporal patterns of barrier failure [53]. Im-
portantly, barrier dysfunction is not merely a consequence
of ischemic injury but also is thought to contribute actively
to secondary injury mechanisms, including leukocyte infil-
tration, cytokine amplification, and oxidative stress propa-
gation [47,54]. The extent and reversibility of barrier dis-
ruption are likely to significantly influence long-term neu-
rological outcomes across CNS regions.

3.6 Shared Cascades as a Framework for Regional
Divergence

Collectively, energy failure, excitotoxicity, Ca** over-
load, oxidative stress, neuroinflammation, and barrier dis-
ruption form a conserved pathological core that is com-
mon to CNS ischemia (Fig. 3). However, these cas-
cades do not operate in isolation. Instead, their integra-
tion with region-specific cellular properties, metabolic re-
serves, and microenvironmental contexts is thought to de-
termine whether neurons undergo delayed degeneration,
rapid necrosis, or sustained survival. Consequently, un-
derstanding these shared mechanisms provides an essen-
tial framework for interpreting the regional variability of is-
chemic vulnerability as discussed in the following sections.

4. Region-Specific Vulnerability in the Brain

Selective neuronal vulnerability is one of the most re-
producible yet conceptually challenging features of cere-
bral ischemia. Although ischemic cascades such as en-
ergy failure, excitotoxicity, oxidative stress, and inflam-
mation are broadly shared across brain regions, neuronal
survival varies markedly even within closely connected
structures [2,4,21]. To illustrate this phenomenon, three
representative brain regions were selected for comparison:
the hippocampus, the cerebral cortex, and the olfactory
bulb. These regions occupy distinct positions along the
spectrum of ischemic susceptibility and therefore provide
complementary models for examining mechanisms of neu-
ronal vulnerability and resistance. The hippocampus pro-
vides the canonical model of selective neuronal vulnera-
bility, particularly the well-characterized delayed neuronal
death of CA1 pyramidal neurons [4,5]. The cerebral cor-
tex exemplifies laminar and region-dependent injury pat-
terns shaped by neurovascular architecture and metabolic
demand [8,55]. In contrast, the olfactory bulb—specifically
its mitral cells—has been shown to exhibit remarkable re-
sistance to transient global ischemia and therefore serves as
a model of intrinsic neuronal resilience [56,57]. Examin-
ing these regions together provides a framework for under-
standing how intrinsic neuronal properties, local circuitry,
and microenvironmental factors interact to determine is-
chemic outcomes across different brain structures (Fig. 4).
These region-specific differences can be more clearly un-
derstood within an integrated mechanistic framework. In
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highly vulnerable regions such as the hippocampal CAl,
strong excitatory synaptic input and limited calcium buffer-
ing capacity are thought to promote excessive Ca>* influx,
which may trigger mitochondrial dysfunction and subse-
quent oxidative stress amplification. In contrast, resistant
neuronal populations such as mitral cells in the olfactory
bulb are suggested to exhibit enhanced mitochondrial re-
silience, greater antioxidant capacity, and more effective
astrocyte—vascular support, which may limit the propaga-
tion of downstream injury cascades, although much of the
supporting evidence is derived from experimental models.
Cortical neurons display intermediate vulnerability, reflect-
ing a balance between intrinsic neuronal susceptibility and
extrinsic factors such as vascular architecture and metabolic
demand. Thus, selective neuronal vulnerability emerges
not from isolated mechanisms but from the differential inte-
gration of shared injury pathways with region-specific cel-
lular and microenvironmental properties.

4.1 Hippocampus: Canonical Selective Vulnerability of
CAl Pyramidal Neurons

The hippocampus represents the most extensively
studied model of selective neuronal vulnerability following
transient global ischemia. Within this structure, pyramidal
neurons in the CA1 subfield undergo profound delayed neu-
ronal death, whereas adjacent CA3 pyramidal neurons ex-
hibit substantial resistance under comparable ischemic con-
ditions [4,21]. This striking contrast was first described in
gerbil models of forebrain ischemia and has since been con-
firmed across species and experimental paradigms [4,5,21].
Importantly, CA1 and CA3 neurons are exposed to sim-
ilar reductions in cerebral blood flow during global is-
chemia, indicating that differential vulnerability cannot be
attributed solely to perfusion deficits. Instead, CAl neu-
rons are characterized by exaggerated excitatory synaptic
activity, impaired calcium buffering, and pronounced mi-
tochondrial dysfunction during ischemia and early reper-
fusion [15,20]. For example, in rat models of focal cere-
bral ischemia and excitotoxic injury, disruption of NMDA
receptor—postsynaptic density protein 95 (PSD95) signal-
ing interactions markedly reduces ischemic neuronal death,
highlighting the central role of glutamate-mediated exci-
totoxicity in neuronal vulnerability [15]. Likewise, bio-
chemical and physiological study of isolated neuronal mito-
chondria and cultured neurons demonstrate that mitochon-
drial Ca?" overload and impaired oxidative phosphorylation
critically compromise neuronal survival during metabolic
stress [20]. These processes promote sustained oxidative
stress and activation of cell death pathways, which ulti-
mately manifest as delayed neuronal degeneration rather
than immediate necrosis [2,21]. Recent studies further
indicate that mitochondrial bioenergetic failure, impaired
antioxidant defenses, and altered synaptic metabolism are
likely to collectively contribute to CA1 vulnerability dur-
ing IR injury [31,33,35].
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Fig. 4. Region-specific vulnerability-resistance spectrum in the ischemic brain. (A) Highly vulnerable neuronal populations, ex-

emplified by hippocampal CA1 pyramidal neurons undergoing delayed neuronal death driven by mitochondrial dysfunction, calcium

overload, and oxidative stress. (B) Intermediate, context-dependent vulnerability of cortical neurons, characterized by laminar suscep-

tibility influenced by metabolic demand and microvascular architecture. (C) Intrinsic resistance of olfactory bulb mitral cells, thought

to be supported by enhanced antioxidant capacity, metabolic flexibility, and preserved astrocytic support. These patterns illustrate that

ischemic outcomes are determined by regionally encoded cellular and microenvironmental properties rather than uniform injury mecha-

nisms.

In contrast, CA3 pyramidal neurons are suggested to
exhibit greater tolerance to calcium overload and oxidative
stress, supported by more robust mitochondrial reserve ca-
pacity and intrinsic antioxidant defenses [27,33]. Exper-
imental studies using electrophysiological recordings and
metabolic analyses in hippocampal slice preparations have
shown that CA3 neurons maintain more stable mitochon-
drial membrane potential and ATP production during peri-
ods of intense synaptic activity, indicating a higher bioen-
ergetic reserve compared with CA1 neurons [27]. In addi-
tion, biochemical and molecular analyses in rodent models
of cerebral ischemia demonstrate that antioxidant defense
systems—including superoxide dismutase and glutathione-
related pathways—are more effectively maintained in resis-
tant neuronal populations, thereby limiting oxidative dam-
age [33]. Astrocytic support and preservation of gliovas-
cular coupling are thought to contribute to CA3 resistance,
although direct causal evidence remains limited [8,46]. Ul-
trastructural and imaging studies of the neurovascular unit
have shown that astrocyte endfeet maintain close inter-
actions with cerebral microvessels and regulate ion and

water homeostasis through channels such as aquaporin-
4 (AQP4), thereby stabilizing the local microenvironment
during metabolic stress [8,46].

Together, these observations illustrate how intrinsic
neuronal metabolism and neuron—glia interactions jointly
shape hippocampal vulnerability to ischemia.

4.2 Cerebral Cortex: Laminar and Region-Dependent
Vulnerability

While the hippocampus highlights vulnerability at the
level of discrete neuronal populations, ischemic injury in
the cerebral cortex is characterized by laminar rather than
uniform regional patterns. Cortical neurons exhibit layer-
specific susceptibility, with pyramidal neurons in layers
IIT and V being particularly vulnerable to ischemic insults
[55,58]. These layers contain long-range projection neu-
rons with high synaptic density and metabolic demand, ren-
dering them especially sensitive to disruptions in energy
supply and ionic homeostasis [27,59]. Physiological and
metabolic studies combining electrophysiological record-
ings with energy consumption measurements in cortical
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and hippocampal neurons have demonstrated that excita-
tory projection neurons exhibit exceptionally high ATP de-
mand during synaptic transmission, reflecting the energetic
cost of action potential generation and glutamatergic sig-
naling [59]. In addition, analyses of mitochondrial func-
tion and neuronal activity in brain slice preparations indi-
cate that neurons with sustained high firing rates require
substantial mitochondrial ATP production to maintain ionic
gradients and synaptic activity [27]. Recent experimental
and imaging studies further have demonstrated that cortical
vulnerability is strongly influenced by local microvascular
architecture and neurovascular coupling mechanisms [ 1,8].

Beyond laminar organization, cortical vulnerability is
further modulated by regional context. Experimental stud-
ies demonstrate that somatosensory and motor cortices can
exhibit differential susceptibility, depending on ischemic
duration, reperfusion dynamics, and systemic modifiers
such as temperature [2,55]. Recent neurovascular imag-
ing and experimental studies further indicate that regional
cortical injury patterns are closely linked to heterogeneity
in collateral circulation, capillary perfusion dynamics, and
local metabolic demand across cortical territories [1,8,60].
Notably, such regional differences are often conditional
rather than absolute, emphasizing that cortical vulnerability
reflects a context-dependent interaction between neuronal
phenotype and local vascular architecture. These findings
highlight the importance of vascular architecture and neu-
rovascular coupling in shaping cortical ischemic injury pat-
terns.

Compared with the hippocampus, where intrinsic
neuronal vulnerability dominates, cortical injury is more
strongly influenced by microvascular topology and collat-
eral circulation. Variations in penetrating arteriole den-
sity, capillary spacing, and astrocyte endfeet coverage are
thought to shape the spatial distribution of ischemic damage
[8,53]. High-resolution vascular imaging and anatomical
mapping studies have shown that penetrating arterioles sup-
ply discrete cortical columns, and occlusion or reduced per-
fusion in these vessels can lead to columnar patterns of cor-
tical ischemic injury, underscoring the importance of mi-
crovascular geometry in determining regional vulnerability
[61,62]. Thus, cortical ischemia represents an intermediate
model in which neuronal susceptibility is thought to emerge
from the interaction between cellular metabolic demand and
vascular supply constraints.

4.3 Olfactory Bulb: A Model of Intrinsic Ischemic
Resistance

In marked contrast to the hippocampus and cerebral
cortex, the olfactory bulb has been shown to exhibit a strik-
ing resistance to transient global ischemia. Mitral cells,
the principal projection neurons of the olfactory bulb, sur-
vive ischemic durations that reliably induce delayed neu-
ronal death in hippocampal CA1 neurons [4,21,56]. Exper-
imental studies using gerbil models of transient forebrain

&% IMR Press

ischemia induced by bilateral common carotid artery occlu-
sion have demonstrated that mitral cells remain morpho-
logically and functionally preserved despite ischemic du-
rations that produce extensive CA1 neuronal degeneration,
as assessed by histological staining and immunohistochem-
ical markers of neuronal survival [56]. This resistance has
been consistently observed in gerbil models of forebrain is-
chemia, even under conditions of severe metabolic stress
[56,57]. The survival of mitral cells is particularly note-
worthy because these neurons are glutamatergic and highly
active, features typically associated with ischemic vulnera-
bility. Their resistance therefore underscores that survival
is not simply a consequence of reduced excitatory signaling
[15,58]. Experimental work using in vitro neuronal cultures
and rodent ischemia models has shown that excessive gluta-
matergic signaling typically exacerbates Ca?" influx and ex-
citotoxic injury through NMDA receptor activation; there-
fore, the survival of glutamatergic mitral cells suggests the
presence of intrinsic protective mechanisms rather than re-
duced excitatory drive [15]. Instead, mitral cells are thought
to possess enhanced endogenous antioxidant capacity, more
effective mitochondrial stress handling, and sustained as-
trocytic support during ischemia and reperfusion [57].

Experimental work has further suggested that intrin-
sic antioxidant systems and mitochondrial resilience are
likely to contribute significantly to neuronal resistance to
ischemic stress across brain regions [33,36]. Studies us-
ing rodent models of focal and global cerebral ischemia, to-
gether with biochemical analyses of postischemic brain tis-
sue, have demonstrated increased oxidative damage mark-
ers and alterations in endogenous antioxidant enzymes such
as superoxide dismutase and glutathione peroxidase [33].
Complementary clinical investigations in patients with is-
chemic stroke, employing blood-based measurements of
oxidative stress biomarkers and antioxidant enzyme activ-
ity, further support the association between redox imbal-
ance and neuronal injury severity [36].

Taken together, the olfactory bulb provides a useful
experimental model for investigating mechanisms of intrin-
sic neuronal resistance to ischemic stress.

4.4 Integrative Perspective: Vulnerability and Resistance
as Regionally Encoded Outcomes

Collectively, these three brain regions delineate a
continuum of ischemic responses (Fig. 4). The hip-
pocampus exemplifies neuron-intrinsic vulnerability,
the cerebral cortex illustrates context-dependent lami-
nar susceptibility shaped by vascular architecture, and
the olfactory bulb has been shown to represent intrin-
sic resistance supported by metabolic and antioxidant
resilience.  This regional heterogeneity indicates that
neuronal fate following ischemia is not determined solely
by the severity of the insult but is also influenced by
region-specific cellular and microvascular properties.
Regional differences in neuronal susceptibility and resis-
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Table 1. Regional vulnerability and resistance of neuronal populations to ischemia across the CNS.

CNS region Neuronal population Vulnerability pattern ~ Representative experimental evidence References
Hippocampus  CA1 pyramidal neurons Highly vulnerable Delayed neuronal death after transient [4,5,21]
global ischemia demonstrated in experi-
mental models
Hippocampus ~ CA3 pyramidal neurons Relatively resistant Structural preservation following identical [4,5,21]

Cerebral cortex Cortical pyramidal neurons

Olfactory bulb  Mitral cells Highly resistant
Spinal cord Ventral horn motor neurons Highly vulnerable
Spinal cord Dorsal horn neurons Relatively resistant

Moderately vulnerable

ischemic insults in global ischemia models
Selective cortical neuronal degeneration [1,2,6,55,59,60,61,62]
in focal and global ischemia models; lam-
inar vulnerability influenced by metabolic
demand and vascular architecture
Preservation of mitral cell populations af- [56,57]
ter global cerebral ischemia despite hip-
pocampal degeneration

Early degeneration observed in experi- [63,64,65,66,67]
mental spinal cord ischemia models, par-
ticularly after aortic occlusion

Relative structural preservation following [64,65,68,69,70]
ischemic injury in spinal cord ischemia

models

Abbreviations: CNS, central nervous system.

tance across the brain are summarized in Table 1 (Ref.
[1,2,4,5,6,21,55,56,57,59,60,61,62,63,64,65,66,67,68,69,
70]). Understanding how these diverse responses arise
from common ischemic cascades provides a conceptual
foundation for the subsequent comparison with spinal cord
ischemia and for the development of region-tailored neuro-
protective strategies. Together, these regional comparisons
highlight that selective vulnerability in cerebral ischemia
is thought to emerge from the interaction between neuronal
metabolic demand, mitochondrial resilience, and local
neurovascular architecture.

5. Region-Specific Vulnerability in the Spinal
Cord

Spinal cord ischemia represents one of the most devas-
tating complications of aortic disease and thoracoabdomi-
nal aortic surgery, often resulting in severe and irreversible
neurological deficits such as paraplegia. Although selec-
tive neuronal vulnerability has been extensively investi-
gated in the brain, ischemic injury in the spinal cord also
demonstrates pronounced regional and cellular heterogene-
ity. Clinical and experimental studies indicate that disrup-
tion of segmental arterial supply—particularly during aor-
tic pathology or surgical repair—can critically compromise
spinal cord perfusion and thereby precipitate ischemic in-
jury [63,71]. Recent epidemiological analyses indicate that
spinal cord infarction represents approximately 0.3—1% of
all strokes, yet it produces substantial long-term disability
in affected patients [72]. Despite its relatively low inci-
dence, the clinical impact of spinal cord ischemia is consid-
erable because neurological recovery is often limited once
extensive neuronal injury has occurred.
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As in the brain, ischemic injury in the spinal cord re-
flects the interaction between metabolic demand, vascular
architecture, and intrinsic neuronal properties. However,
the spatial distribution of vulnerability differs substantially
because of the distinctive vascular organization and longitu-
dinal perfusion system of the spinal cord. Modern anatomi-
cal and imaging studies have highlighted the importance of
the anterior spinal artery and its collateral network in main-
taining spinal cord perfusion, and disruption of this vascu-
lar system frequently has been shown to produce ischemic
injury within ventral spinal cord territories [63,71]. Ex-
perimental models of spinal cord ischemia—including tran-
sient occlusion of the thoracic or abdominal aorta in rabbits
and rodents—have been widely used to investigate mech-
anisms of spinal ischemic injury and neuronal vulnerabil-
ity [64,65,73]. These models consistently demonstrate that
neuronal injury is most pronounced in the ventral horn of
the lumbar spinal cord, where motor neurons exhibit high
metabolic demand and limited tolerance to ischemia. These
experimental observations are consistent with clinical pat-
terns of spinal cord infarction, in which injury to the an-
terior spinal artery territory often results in preferential im-
pairment of motor pathways. Therefore, similar to selective
vulnerability observed in specific brain regions, spinal cord
ischemia is thought to exhibit region-dependent patterns of
neuronal injury. Understanding these patterns provides an
important framework for interpreting mechanisms of spinal
cord ischemia and for developing targeted neuroprotective
strategies.
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5.1 Ventral Horn Motor Neurons: Selective Vulnerability

Among spinal cord neurons, o-motor neurons in
the ventral horn are particularly vulnerable to IR injury.
Histopathological analyses of experimental spinal cord
ischemia consistently demonstrate early degeneration of
these neurons following transient interruption of spinal
cord blood flow [64,65,66]. In these classic studies, tran-
sient spinal cord ischemia was induced in animal models—
primarily rabbits and rodents—by temporary occlusion of
the thoracic or abdominal aorta, followed by histological
examination of lumbar spinal cord tissue using light mi-
croscopy and neuronal staining techniques to assess postis-
chemic neuronal survival. More recent experimental stud-
ies using rodent and rabbit models of thoracic aortic oc-
clusion combined with histological and behavioral analy-
ses have confirmed that ventral horn motor neurons repre-
sent the primary neuronal population affected during spinal
cord ischemia, with neuronal loss correlating strongly with
the severity of postischemic motor deficits [63,67]. In ex-
perimental models of transient spinal cord ischemia pro-
duced by temporary aortic occlusion, selective loss of ven-
tral horn motor neurons occurs within hours to days af-
ter reperfusion, leading to persistent motor deficits [63,67].
In these studies, spinal cord ischemia was typically in-
duced in rodent or rabbit models through temporary tho-
racic or abdominal aortic cross-clamping, followed by neu-
rological assessment of hindlimb motor function and his-
tological examination of lumbar spinal cord tissue. These
pathological changes include chromatolysis, mitochondrial
swelling, and eventual neuronal degeneration, indicating
severe metabolic disruption during ischemia [66]. Ultra-
structural analyses using electron microscopy in rabbit and
rat models of aortic cross-clamping have further demon-
strated mitochondrial swelling, disruption of endoplasmic
reticulum structure, and progressive cytoplasmic vacuoliza-
tion in degenerating motor neurons of the lumbar spinal
cord following IR [65,66]. Recent molecular investiga-
tions further have demonstrated that ischemia-induced exci-
totoxic signaling, mitochondrial dysfunction, and oxidative
stress contribute to progressive motor neuron degeneration
after reperfusion in experimental spinal cord ischemia mod-
els [67]. These findings derive primarily from rodent spinal
cord injury or ischemia models in which molecular mecha-
nisms were examined using immunohistochemistry, West-
ern blotting, quantitative polymerase chain reaction (PCR),
and assays of oxidative stress markers.

Mechanistically, the vulnerability of ventral horn neu-
rons is thought to be associated with high excitatory synap-
tic input, extensive dendritic arborization, and elevated
metabolic demand. Electrophysiological and metabolic
studies indicate that spinal motor neurons require substan-
tial ATP production to maintain membrane excitability and
neuromuscular transmission, rendering them particularly
sensitive to ischemia-induced energy failure [20,55]. These
conclusions are supported by electrophysiological record-

&% IMR Press

ings and metabolic analyses performed in neuronal cul-
tures, spinal cord slices, and experimental animal models,
demonstrating the high energetic demand associated with
sustained neuronal firing and synaptic transmission. Re-
cent molecular studies of spinal cord ischemia also have
shown that motor neurons exhibit pronounced susceptibility
to excitotoxic signaling, oxidative stress, and mitochondrial
dysfunction, mechanisms that resemble those observed in
vulnerable neuronal populations of the brain [67]. These
mechanistic insights are derived primarily from experimen-
tal rodent models, combined with molecular and histologi-
cal analyses of post-injury spinal cord tissue.

5.2 Dorsal Horn Neurons: Relative Resistance

In contrast to the pronounced vulnerability of ven-
tral horn motor neurons, neurons in the dorsal horn of the
spinal cord exhibit comparatively greater resistance to is-
chemic injury. Histological analyses in experimental mod-
els of spinal cord ischemia demonstrate that sensory in-
terneurons often remain structurally preserved under con-
ditions that produce substantial motor neuron loss [64,65].
In these experimental studies, spinal cord ischemia was in-
duced in rabbit models by transient abdominal aortic occlu-
sion, followed by neurological assessment and histopatho-
logical examination of spinal cord tissue using light mi-
croscopy to evaluate neuronal survival. Several factors
are thought to contribute to this relative resistance. Dor-
sal horn neurons generally display lower metabolic demand
and receive different patterns of synaptic input compared
with motor neurons [27,59]. These findings are supported
by electrophysiological recordings, metabolic analyses, and
computational energy-budget studies of neuronal signal-
ing performed in neuronal cultures, brain or spinal cord
slice preparations, and experimental animal models. More-
over, differences in local microvascular organization are
likely to influence oxygen and nutrient delivery during is-
chemia [63]. Anatomical and vascular imaging studies of
spinal cord perfusion have demonstrated that variations in
microvascular density and collateral circulation can influ-
ence the spatial distribution of ischemic injury within spinal
cord tissue. Recent clinical imaging and systematic re-
views of spontaneous spinal cord infarction further support
the concept of regional vulnerability within the spinal cord,
demonstrating that ventral gray matter and corticospinal
tracts are more frequently affected than dorsal sensory path-
ways [68,69,70]. These conclusions are derived primarily
from clinical studies in human patients, using magnetic res-
onance imaging (MRI), diffusion-weighted imaging, and
systematic analysis of clinical and neuroradiological find-
ings in spontaneous spinal cord infarction. These obser-
vations suggest that both vascular anatomy and neuronal
metabolic characteristics are likely to contribute to the het-
erogeneous distribution of ischemic injury within the spinal
cord.
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5.3 Neurovascular Architecture and Vulnerability

The vascular organization of the spinal cord differs
substantially from that of the brain and plays a critical
role in determining ischemic injury patterns. The spinal
cord is primarily supplied by the anterior spinal artery,
which provides blood flow to the ventral two-thirds of the
cord, including motor neuron-rich regions of the ventral
horn [63]. These observations are supported by anatomi-
cal and surgical studies of human spinal cord vasculature,
as well as experimental vascular mapping studies that ex-
amined segmental arterial contributions to spinal cord per-
fusion. Because the anterior spinal artery receives seg-
mental input from radicular arteries—including the artery
of Adamkiewicz—interruption of these vessels can lead to
profound reductions in perfusion of the ventral spinal cord
[63,71]. These observations are based primarily on clinical
anatomical studies and radiological analyses of patients un-
dergoing thoracoabdominal aortic surgery, in which angio-
graphic and intraoperative vascular imaging have demon-
strated the critical contribution of radicular arteries to ante-
rior spinal cord perfusion. Clinical studies indicate that oc-
clusion or hypoperfusion of this arterial network frequently
produces anterior spinal artery syndrome, characterized by
motor paralysis and loss of pain and temperature sensation
due to ischemia of corticospinal and spinothalamic path-
ways [71]. Recent advances in MRI and spinal vascular
imaging have improved the detection and characterization
of spinal cord ischemia and revealed that the distribution of
injury closely corresponds to the vascular territories of the
spinal arterial network [70]. These findings are derived pri-
marily from clinical imaging studies in human patients, in-
cluding diffusion-weighted imaging and vascular imaging
techniques that allow detailed visualization of spinal cord
infarction patterns and vascular territories.

5.4 Integrative Perspective: Parallels and Distinctions
Between Brain and Spinal Cord

Taken together, spinal cord ischemia demonstrates a
pattern of selective neuronal vulnerability that parallels, but
is not identical to, that observed in the brain. In both struc-
tures, neuronal survival is influenced by intrinsic metabolic
properties, excitotoxic signaling, mitochondrial resilience,
and oxidative stress. However, the spatial determinants
of injury differ. In the brain, vulnerability often reflects
cell-intrinsic susceptibility within complex cortical and hip-
pocampal circuits, whereas in the spinal cord, vascular sup-
ply patterns are thought to exert a stronger influence on
regional injury distribution. Recent clinical and experi-
mental research has increasingly emphasized that disrup-
tion of spinal cord perfusion networks—particularly the an-
terior spinal artery and its collateral branches—is a major
determinant of ischemic injury patterns [69,70]. Regional
differences in neuronal susceptibility and resistance across
the spinal cord are summarized in Table 1. Understand-
ing these similarities and differences provides important in-
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sights into the mechanisms underlying central nervous sys-
tem ischemia and highlights the need for region-specific
neuroprotective strategies.

6. Mechanisms Underlying Vulnerability and
Resistance

Selective neuronal vulnerability in CNS ischemia
arises from the interaction of multiple cellular and molec-
ular mechanisms that determine neuronal fate following IR
injury. Rather than reflecting a single pathological path-
way, neuronal survival or degeneration results from the in-
tegrated effects of synaptic activity, mitochondrial function,
oxidative stress, and vascular architecture within the neu-
rovascular unit [8,60]. These mechanisms can be broadly
organized into a functional hierarchy in which synaptic
activity and excitotoxic signaling act as primary drivers
of injury, mitochondrial dysfunction and oxidative stress
serve as key amplification processes, and neuroinflamma-
tion and vascular dysfunction contribute to secondary in-
jury progression. The relative contribution and interac-
tion of these mechanisms vary across neuronal populations,
thereby shaping region-specific vulnerability and resis-
tance. These determinants operate across multiple cellular
compartments and interact dynamically to shape regional
patterns of neuronal vulnerability and resistance through-
out the brain and spinal cord [1,2,3,6]. As illustrated in
Fig. 5, these mechanisms are thought to be organized into
a hierarchical and integrative framework in which primary
drivers, downstream amplifiers, and secondary processes
collectively determine neuronal vulnerability and resistance
across the CNS. While certain neuronal populations, such
as hippocampal CA1 pyramidal neurons, cortical neurons,
and spinal motor neurons exhibit pronounced vulnerability
to ischemia, other neurons—including CA3 pyramidal neu-
rons, olfactory bulb mitral cells, and dorsal horn neurons—
display greater resistance to ischemic stress. It should be
noted that the level of evidence supporting these mecha-
nisms varies, with some processes being directly demon-
strated in experimental models, whereas others are inferred
or remain hypothetical. These mechanistic insights have
important implications for the development of neuroprotec-
tive strategies (see Section 7.2).

6.1 Synaptic Activity and Excitotoxic Signaling

Synaptic activity is a critical determinant of neuronal
susceptibility to ischemic injury. Under physiological con-
ditions, glutamatergic neurotransmission is tightly regu-
lated by presynaptic release mechanisms and astrocytic up-
take via EAATs [74,75]. During ischemia, however, de-
pletion of ATP disrupts glutamate uptake and leads to ex-
cessive extracellular glutamate accumulation, resulting in
overstimulation of NMDA and AMPA receptors [58]. Acti-
vation of these receptors triggers a large influx of Ca®" into
neurons, initiating excitotoxic cascades that activate pro-
teases, phospholipases, and endonucleases, ultimately lead-
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Fig. 5. Determinants of neuronal vulnerability and resistance in central nervous system (CNS) ischemia. Ischemia affecting the

brain and spinal cord initiates a cascade of pathological processes that collectively determine neuronal fate. Key determinants include

(A) synaptic activity and excitotoxic signaling, (B) mitochondrial dysfunction and metabolic failure, (C) oxidative stress resulting from

excessive ROS production, and (D) vascular architecture and neurovascular unit integrity. These interacting mechanisms provide a mech-

anistic framework underlying region-specific neuronal vulnerability and resistance across the CNS. These processes result in selective

vulnerability of certain neuronal populations—such as hippocampal CA1 neurons, cortical neurons, and spinal motor neurons—while

other neurons, including hippocampal CA3 neurons, olfactory bulb mitral cells, and dorsal horn neurons, exhibit greater resistance to

ischemic stress. ROS, reactive oxygen species.

ing to neuronal death [76,77]. Electrophysiological studies
in rodent hippocampal preparations subjected to anoxic or
ischemic conditions have demonstrated profound ionic dis-
turbances, glutamate release, and neuronal depolarization
during ischemic stress, providing experimental evidence for
excitotoxic neuronal injury [78,79]. Regional differences
in synaptic organization and cell-type-specific injury re-
sponses are thought to significantly influence vulnerabil-
ity to excitotoxic damage [12]. For example, hippocampal
CA1 neurons receive strong excitatory input from CA3 neu-
rons through the Schaffer collateral pathway, which may
amplify excitatory signaling during ischemia [80,81]. Thus,
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excessive glutamatergic signaling and Ca®" influx during is-
chemia are likely to disproportionately affect neurons with
dense excitatory synaptic connectivity, thereby contribut-
ing to the well-known selective vulnerability of hippocam-
pal CA1 pyramidal neurons.

6.2 Mitochondrial Dysfunction and Metabolic Failure

Mitochondria are central regulators of neuronal sur-
vival during ischemia. Because neurons rely heavily on
oxidative phosphorylation for ATP production, interrup-
tions in oxygen and glucose supply rapidly compromise
energy metabolism. ATP depletion leads to failure of ion
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pumps such as Na*/K*-ATPase, resulting in membrane de-
polarization and intracellular ionic imbalance [2,8]. Exces-
sive intracellular Ca>" accumulation during ischemia and
early reperfusion further disrupts mitochondrial function
by impairing oxidative phosphorylation and inducing mito-
chondrial permeability transition. These processes promote
the release of pro-apoptotic factors such as cytochrome ¢
and trigger activation of programmed cell death pathways
[82,83]. Transmission electron microscopy in rodent mod-
els of transient global cerebral ischemia reveals mitochon-
drial swelling, cristae disruption, and matrix vacuolization
in vulnerable hippocampal neurons during the early reper-
fusion period [7]. Regional differences in mitochondrial re-
silience are thought to contribute significantly to selective
neuronal vulnerability. Classic studies using experimental
models of transient forebrain ischemia demonstrated that
brief ischemic episodes induce delayed neuronal death se-
lectively in hippocampal CA1 pyramidal neurons, whereas
neighboring CA3 neurons remain relatively preserved [4,5].
Experimental studies of transient forebrain ischemia have
consistently demonstrated delayed degeneration of CAl
pyramidal neurons several days after reperfusion, a hall-
mark of delayed neuronal death [4,5,84]. Recent studies
combining mitochondrial respiration assays and biochem-
ical analyses in rodent ischemia models have shown that
impaired mitochondrial respiratory capacity and increased
mitochondrial ROS production are closely associated with
neuronal vulnerability following IR injury [85]. Mitochon-
drial dysfunction is closely linked to ROS generation during
reperfusion, which is thought to further amplify neuronal
injury and contributes to the selective vulnerability of hip-
pocampal CA1 neurons.

6.3 Oxidative Stress and Antioxidant Defenses

Oxidative stress is a major contributor to neuronal in-
jury following reperfusion [24,86]. Restoration of oxygen
supply after ischemia promotes rapid production of ROS,
including superoxide anions, hydrogen peroxide, and hy-
droxyl radicals. These molecules damage cellular lipids,
proteins, and nucleic acids, thereby exacerbating neu-
ronal degeneration [24,85,87]. Multiple experimental ap-
proaches have demonstrated increased ROS production fol-
lowing cerebral ischemia. For example, biochemical assays
measuring lipid peroxidation products such as malondialde-
hyde, combined with immunohistochemical detection of
oxidative stress markers including 4-hydroxynonenal and
8-hydroxy-2'-deoxyguanosine in rodent models of transient
global ischemia, reveal pronounced oxidative damage in
vulnerable hippocampal CA1l neurons during the delayed
phase of neuronal degeneration [24,86]. The brain is partic-
ularly susceptible to oxidative damage because of its high
metabolic rate, abundant polyunsaturated fatty acids, and
relatively limited antioxidant capacity. In addition, mito-
chondria represent a major source of ROS during reperfu-
sion, as impaired electron transport chain function promotes
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electron leakage and superoxide generation [85,87]. How-
ever, regional differences in antioxidant defense systems
are thought to influence neuronal survival. Experimental
studies using enzymatic assays and immunoblot analyses
in rodent ischemia models demonstrate heterogeneous dis-
tribution of antioxidant enzymes across hippocampal sub-
regions [86]. Comparative analyses measuring the activ-
ity of superoxide dismutase, catalase, and glutathione per-
oxidase in hippocampal tissue samples from ischemic ro-
dents indicate lower antioxidant capacity in CA1 neurons
relative to more resistant regions such as CA3 and the
dentate gyrus, suggesting that reduced ROS detoxification
may contribute to selective neuronal vulnerability [86,87].
Additional studies indicate that activation of endogenous
antioxidant pathways, particularly the nuclear factor ery-
throid 2-related factor 2 (Nrf2)-dependent transcriptional
program, may limit oxidative injury following IR. Experi-
mental activation of Nrf2 signaling in rodent stroke models
increases expression of antioxidant enzymes and attenuates
neuronal damage, highlighting the importance of endoge-
nous redox defense mechanisms in determining neuronal
survival [85,88]. Taken together, excessive ROS produc-
tion combined with relatively limited antioxidant defenses
is likely to predispose vulnerable neuronal populations—
such as hippocampal CA1 pyramidal neurons—to oxidative
injury following IR.

6.4 Vascular Architecture and Astrocyte—Vascular
Interactions

The structural organization of the neurovascular unit
represents another critical determinant of neuronal vulner-
ability. The neurovascular unit consists of neurons, as-
trocytes, endothelial cells, pericytes, and extracellular ma-
trix components that collectively regulate cerebral blood
flow, metabolic exchange, and BBB integrity [8,9]. As-
trocytes play a particularly important role within this sys-
tem. Astrocytic endfeet form extensive contacts with cere-
bral microvessels and regulate ion homeostasis, water bal-
ance, and metabolic coupling between neurons and blood
vessels through mechanisms collectively referred to as neu-
rovascular coupling [8,89,90]. Channels such as AQP4 and
inwardly rectifying potassium channel Kir4.1 located in as-
trocytic endfeet contribute to potassium buffering and wa-
ter transport [91]. Experimental studies using immunoflu-
orescence labeling of AQP4 combined with confocal mi-
croscopy in rodent ischemia models demonstrate loss of po-
larized AQP4 distribution in astrocytic endfeet surrounding
cerebral microvessels following IR injury [91,92]. Ultra-
structural analyses using transmission electron microscopy
in rodent models of global cerebral ischemia further reveal
swelling and structural disorganization of astrocytic end-
feet adjacent to cerebral capillaries, often accompanied by
perivascular edema and BBB disruption in vulnerable brain
regions [9,91]. Recent evidence further suggests that dis-
ruption of astrocyte—vascular interactions and loss of AQP4
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polarization are likely to impair potassium and water home-
ostasis, thereby contributing to neuronal dysfunction dur-
ing IR. Thus, disruption of astrocyte—vascular interactions
within the neurovascular unit represents an important mech-
anism linking vascular dysfunction to neuronal vulnerabil-
ity during IR injury, and may contribute to regional differ-
ences in neuronal susceptibility.

6.5 Neuroinflammation and Glial Responses

Neuroinflammation represents a major secondary
component of IR injury and plays a critical role in deter-
mining neuronal survival or degeneration following cere-
bral ischemia. After ischemic injury, resident microglia
are rapidly activated and release a variety of inflammatory
mediators, including cytokines, chemokines, ROS, and ni-
tric oxide, which are likely to amplify neuronal damage
and contribute to secondary injury [37,93]. Evidence for
microglial activation following ischemia has been demon-
strated in both human and experimental studies. Experi-
mental studies of cerebral ischemia have demonstrated pro-
nounced microglial activation and morphological transfor-
mation in regions undergoing neuronal degeneration [93].
Similarly, postmortem analyses of human ischemic brain
tissue demonstrate accumulation of activated microglia
within infarcted and peri-infarct regions, supporting the
clinical relevance of experimental findings [37]. Astro-
cytes also undergo significant functional changes follow-
ing ischemia. Experimental studies using glial fibrillary
acidic protein (GFAP) immunohistochemistry in rodent is-
chemia models demonstrate reactive astrogliosis character-
ized by astrocyte hypertrophy and increased GFAP expres-
sion in affected brain regions [94]. While astrocyte ac-
tivation can contribute to inflammatory signaling, astro-
cytes also play protective roles by regulating extracellu-
lar ion homeostasis, limiting glutamate accumulation, and
supporting metabolic recovery of neurons. Recent single-
cell transcriptomic studies have demonstrated region- and
cell-type-specific glial responses following ischemia, high-
lighting the heterogeneity of neuroinflammatory responses
across different cellular and anatomical contexts [95]. Stud-
ies in experimental stroke models have revealed diverse
microglial activation states with both detrimental and pro-
tective functions, highlighting the complexity of glial re-
sponses following ischemia [93]. Thus, the balance be-
tween pro-inflammatory and protective glial responses is
likely to represent an important determinant of neuronal fate
during IR injury and may contribute to regional differences
in neuronal vulnerability across the central nervous system.

6.6 Structural and Network-Level Determinants

Beyond molecular and cellular mechanisms, the struc-
tural organization of neuronal circuits also plays an impor-
tant role in determining regional vulnerability to ischemic
injury. Differences in synaptic connectivity, excitatory—
inhibitory balance, and intrinsic electrophysiological prop-
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erties influence neuronal responses to metabolic stress
and are thought to contribute to the heterogeneous pat-
terns of neuronal degeneration observed following IR in-
jury [6,80]. The hippocampus provides one of the most
well-characterized examples of circuit-dependent vulnera-
bility. Within the classical trisynaptic circuit, excitatory in-
put from dentate gyrus granule cells is transmitted to CA3
pyramidal neurons via mossy fibers and subsequently re-
layed to CA1 pyramidal neurons through the Schaffer col-
lateral pathway [80]. Neuroanatomical tracing studies and
electrophysiological recordings in rodent hippocampal slice
preparations demonstrate that CA1 neurons receive dense
excitatory input from CA3 neurons, which may amplify
glutamatergic signaling during ischemia. This circuit orga-
nization may partly explain the striking difference in vul-
nerability between hippocampal subregions. Experimental
studies of transient forebrain ischemia consistently demon-
strate delayed neuronal death in CA1 pyramidal neurons
while neighboring CA3 neurons remain largely preserved
[4,5]. These findings suggest that differences in synap-
tic architecture and excitatory drive contribute to regional
susceptibility to excitotoxic injury. In contrast to the vul-
nerability of CA1 neurons, several neuronal populations
in other brain regions exhibit remarkable resistance to is-
chemic injury. One notable example is the mitral cell pop-
ulation of the olfactory bulb. Experimental studies using
rodent models of transient global cerebral ischemia com-
bined with histological and immunohistochemical analyses
demonstrate that olfactory bulb mitral cells remain largely
preserved even when vulnerable hippocampal neurons un-
dergo delayed degeneration, suggesting the presence of in-
trinsic protective mechanisms within this neuronal popu-
lation. Similarly, neurons within the dorsal horn of the
spinal cord display relatively high resistance to ischemic
injury compared with motor neurons located in the ven-
tral horn. Histopathological analyses in experimental spinal
cord ischemia models have shown that ventral horn mo-
tor neurons undergo early degeneration whereas dorsal horn
neurons often remain structurally preserved, indicating that
differences in neuronal phenotype and network organiza-
tion may influence susceptibility to ischemic stress. These
observations indicate that structural and network-level de-
terminants play an important role in shaping neuronal re-
sponses to ischemia. Differences in synaptic connectivity,
neuronal phenotype, and circuit architecture are likely to
interact with molecular mechanisms such as excitotoxicity,
mitochondrial dysfunction, oxidative stress, and neurovas-
cular alterations to determine whether neurons undergo de-
generation or survive following IR injury. Thus, integration
of cellular and circuit-level mechanisms helps explain the
striking regional differences in vulnerability and resistance
observed across the central nervous system, including the
susceptibility of hippocampal CA 1 neurons and the relative
resilience of CA3 neurons, olfactory bulb mitral cells, and
dorsal horn neurons.
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Table 2. Major mechanisms underlying selective neuronal vulnerability and resistance during IR injury.

Mechanism

Cellular processes

Representative experimental evidence

Contribution to neuronal vulnerability

Excitotoxic signaling

Mitochondrial dysfunc-

tion

Oxidative stress

Neurovascular dysfunc-

tion

Neuroinflammation

Network architecture

Excess glutamate accumulation leading to
NMDA and AMPA receptor activation
and Ca?" influx

ATP depletion, impaired oxidative phos-
phorylation, and mitochondrial perme-

ability transition

Reperfusion-induced generation of ROS
and oxidative damage to lipids, proteins,
and nucleic acids

BBB disruption, astrocyte endfoot dam-
age, impaired neurovascular coupling, and

edema formation

Activation of microglia and astrocytes
with cytokine and chemokine release

Differences in synaptic connectivity, exci-

atory drive, and circuit organization
tatory drive, and t t

Electrophysiological — recordings and
calcium imaging in hippocampal slice
models;

oxygen—glucose deprivation

ischemia-related glutamate transporter
dysfunction

Electron microscopy, mitochondrial phys-
iology studies, and mitochondrial respira-

tion assays in rodent ischemia models

Lipid peroxidation assays, oxidative stress
marker analyses, and antioxidant pathway
studies in experimental ischemia

Imaging and ultrastructural studies
demonstrating barrier disruption, AQP4

redistribution, and vascular alterations

Immunohistochemical detection of glial
activation markers and transcriptomic
analyses in experimental stroke models

Neuroanatomical tracing and electrophys-
iological studies of hippocampal circuits

and regional neuronal organization

Promotes intracellular Ca2" overload, activation
of proteases and endonucleases, and dispropor-
tionate injury in neurons with dense excitatory
synaptic connectivity, particularly hippocampal
CA1 pyramidal neurons

Leads to bioenergetic failure, membrane de-
polarization, and activation of apoptotic and
necrotic pathways; regional differences in mito-
chondrial resilience strongly influence neuronal
survival

Amplifies postischemic neuronal injury by dam-
aging cellular macromolecules; neurons with
lower endogenous antioxidant capacity, such as
CAL neurons, are especially susceptible
Reduces metabolic and ionic support to neurons,
promotes edema and inflammatory infiltration,
and worsens injury in regions with vulnerable
gliovascular organization

Contributes to secondary injury through in-
flammatory amplification, oxidative stress, and
cytokine-mediated toxicity, although context-
dependent glial responses may also support re-
pair

Determines region-specific excitatory burden
and metabolic demand; circuit properties help
explain why CA1 neurons are highly vulnerable
whereas CA3, mitral, and dorsal horn neurons
are relatively resistant

o)

2,

(i

4
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Abbreviations: AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; AQP4, aquaporin-4; ATP, adenosine triphosphate; BBB, blood—brain barrier; IR, ischemia-reperfusion; NMDA, N-methyl-D-

aspartate receptor; ROS, reactive oxygen species.

[15,16,17,18,19,58,74,75,76,77,78,79]

[20,22,25,26,27,28,82,83,84,85]

[23,24,29,30,31,32,33,34,35,36,85,86,87,88]

[8,9,46,47,48,49,50,51,52,53,54,89,90,91,92,96]

[37,38,39,41,42,43,44,45,93,94]

[6,21,27,55,56,57,59,66,68,80,81]
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Taken together, selective neuronal vulnerability

emerges from the interaction of molecular, cellular,
and circuit-level mechanisms.  Variations in synap-
tic organization, mitochondrial resilience, antioxidant

capacity, neurovascular coupling, and glial responses
collectively determine whether neurons undergo degen-
eration or survive following IR injury. The principal
molecular, cellular, and network-level mechanisms
contributing to selective neuronal vulnerability and resis-
tance during IR injury are summarized in Table 2 (Ref.
[6,8,9,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,
32,33,34,35,36,37,38,39,41,42,43,44,45,46,47,48,49,50,51,
52,53,54,55,56,57,58,59,66,68,74,75,76,77,78,79,80,81,82,
83,84,85,86,87,88,89,90,91,92,93,94,96])).

7. Therapeutic Implications, Limitations,
and Future Perspectives

Understanding the mechanisms underlying selective
neuronal vulnerability provides important insights into the
development of therapeutic strategies for ischemic brain
injury. Because neuronal degeneration following IR in-
jury results from complex interactions among excitotoxic-
ity, mitochondrial dysfunction, oxidative stress, neurovas-
cular impairment, and neuroinflammation, effective thera-
peutic approaches are likely to require multi-target strate-
gies rather than interventions directed at a single molecular
pathway [2,3]. Experimental and clinical research has in-
creasingly emphasized that ischemic brain injury should not
be viewed solely as a neuron-centered disorder but rather as
a complex neurovascular and systemic process involving
interactions among neurons, astrocytes, endothelial cells,
and immune responses. Accordingly, therapeutic strategies
targeting the neurovascular unit and systemic inflammatory
responses have emerged as promising approaches for im-
proving translational success in stroke therapy [1,8,10].

7.1 Mechanism-Based Therapeutic Strategies

Mechanistic insights into ischemic brain injury have
led to the investigation of several classes of neuroprotective
strategies. One of the earliest approaches has been inhibi-
tion of excitotoxic signaling. Excessive glutamate release
and activation of NMDA receptors contribute significantly
to calcium overload and neuronal death during ischemia.
Pharmacological NMDA receptor antagonists have demon-
strated neuroprotective effects in experimental stroke mod-
els, although clinical translation has been limited due to
adverse effects and narrow therapeutic windows [58,77].
Recent analyses suggest that excitotoxic signaling inter-
acts closely with mitochondrial dysfunction and oxidative
stress, indicating that therapies targeting glutamate toxicity
alone may be insufficient without simultaneous modulation
of downstream injury pathways [10].

Mitochondrial protection represents another promis-
ing therapeutic strategy. Because mitochondrial dysfunc-
tion plays a central role in ischemic neuronal injury, ap-
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proaches aimed at stabilizing mitochondrial bioenergetics
or preventing mitochondrial permeability transition have
been shown to exert protective effects in experimental mod-
els [82,84]. Preservation of mitochondrial integrity is there-
fore likely to represent an important strategy for maintain-
ing neuronal survival in selectively vulnerable brain re-
gions.

Oxidative stress also represents a major therapeutic
target. Antioxidant strategies aimed at scavenging ROS
or enhancing endogenous antioxidant systems have been
widely investigated in experimental stroke models. In par-
ticular, activation of the Nrf2 signaling pathway increases
the expression of antioxidant enzymes and has been shown
to reduce neuronal injury in experimental cerebral ischemia
[86,87].

In addition to neuronal mechanisms, preservation of
neurovascular unit integrity has emerged as an important
therapeutic objective. Disruption of astrocyte—vascular in-
teractions and BBB dysfunction contribute to secondary
neuronal injury after ischemia. Therapeutic strategies
aimed at stabilizing endothelial function and maintain-
ing BBB integrity are therefore considered promising ap-
proaches for improving neurological outcomes [8,9]. Re-
cent experimental studies further demonstrate that astro-
cytes actively participate in vascular repair and neurovas-
cular remodeling following ischemic injury [90]. In ad-
dition, modulation of astrocytic AQP4 dynamics has been
proposed as a potential therapeutic strategy for reducing
cytotoxic edema and stabilizing astrocyte—vascular interac-
tions during IR injury [92]. Further evidence suggests that
astrocytic signaling mechanisms contribute directly to BBB
regulation. A recent experimental study demonstrated that
astrocytic Slc4a4 regulates BBB integrity through a C-C
motif chemokine ligand 2/C-C motif chemokine receptor 2
signaling pathway and nitric oxide—dependent mechanisms,
highlighting the importance of astrocyte—vascular commu-
nication in ischemic brain injury [96]. Consistent with these
findings, recent reviews increasingly recognize astrocytes
as promising therapeutic targets for stroke because they reg-
ulate glutamate clearance, ion homeostasis, neurovascular
coupling, and post-ischemic tissue repair processes [97].

Combination neuroprotection strategies are also in-
creasingly recognized as a promising approach for ischemic
brain injury. Because multiple injury pathways—including
excitotoxicity, oxidative stress, mitochondrial dysfunction,
and inflammation—interact during IR injury, therapeutic
approaches that simultaneously target several mechanisms
are likely to be more effective than single-target interven-
tions. Recent advances in nanoparticle-based drug delivery
systems further support this concept by enabling simulta-
neous targeting of multiple ischemic injury pathways, in-
cluding oxidative stress, excitotoxicity, and inflammatory
signaling [98].

Another emerging strategy involves regenerative and
cell-free therapies. Recent studies suggest that extracellular
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vesicles derived from stem cells may promote neuronal sur-
vival and functional recovery following cerebral ischemia
by reducing inflammation, stabilizing BBB integrity, and
enhancing neurovascular remodeling [99].

7.2 Limitations and Future Directions in Neuroprotective
Therapy

Despite decades of experimental research, successful
translation of neuroprotective strategies into clinical stroke
therapies has remained limited. Many agents that demon-
strate robust efficacy in experimental models of cerebral is-
chemia have failed to show consistent benefits in clinical
trials [2,3]. In particular, it is now widely recognized that
strategies targeting single pathological mechanisms—such
as excitotoxicity or oxidative stress—have not consistently
achieved clinical efficacy, likely due to the complex and
multifactorial nature of ischemic injury [100]. Although
several region-specific vulnerability patterns have been ob-
served in human ischemic brain tissue, detailed mechanistic
validation in clinical settings remains limited.

Several factors contribute to this translational gap.
First, experimental stroke models often differ substantially
from human ischemic stroke in terms of age, comorbidities,
and vascular risk factors. Most preclinical studies are con-
ducted in young and otherwise healthy animals, whereas
patients with ischemic stroke frequently present with ad-
vanced age and multiple systemic conditions such as hyper-
tension, diabetes, and atherosclerosis [1]. Second, the tem-
poral dynamics of ischemic injury impose significant thera-
peutic constraints. Many neuroprotective interventions are
effective only when administered within a limited thera-
peutic window, whereas clinical treatment is often delayed
due to diagnostic and logistical factors [3]. Recent studies
further emphasize that different pathological mechanisms
dominate at different stages of ischemic injury, suggesting
that time-dependent therapeutic strategies aligned with the
progression of stroke pathology may improve treatment ef-
ficacy [101]. Third, ischemic brain injury involves complex
interactions among multiple molecular and cellular path-
ways, and the relative contribution of these mechanisms
varies across neuronal populations and brain regions. The
concept of selective neuronal vulnerability further implies
that therapeutic responses are likely to differ depending on
region-specific differences in metabolic demand, synaptic
activity, and neurovascular organization. Consequently, in-
terventions targeting a single molecular pathway are un-
likely to achieve robust and consistent neuroprotection.

Future research should therefore emphasize integra-
tive and multi-target therapeutic approaches that account
for both the multifactorial and region-specific nature of
ischemic brain injury. Promising strategies may include
modulation of neurovascular unit function, enhancement
of mitochondrial resilience and antioxidant capacity, and
approaches aimed at strengthening intrinsic neuronal resis-
tance mechanisms. In addition, advances in high-resolution
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neuroimaging, single-cell transcriptomics, and multi-omics
technologies are expected to provide deeper insights into
the cellular determinants of neuronal survival and degen-
eration, thereby facilitating the development of precision
neuroprotective strategies tailored to distinct neuronal pop-
ulations.

8. Conclusions

Selective neuronal vulnerability represents a defining
feature of ischemic injury in the CNS. Although ischemia
affects the brain and spinal cord globally, neuronal degen-
eration occurs in distinct regional patterns. Neuronal popu-
lations such as hippocampal CA1 pyramidal neurons, corti-
cal neurons, and spinal motor neurons exhibit marked sus-
ceptibility, whereas others—including CA3 pyramidal neu-
rons, olfactory bulb mitral cells, and dorsal horn neurons—
display relative resistance to ischemic stress. Accumu-
lating evidence indicates that this regional heterogeneity
arises from the interaction of multiple molecular and cellu-
lar mechanisms. Excitotoxic signaling, mitochondrial dys-
function, oxidative stress, neurovascular impairment, and
neuroinflammatory responses interact within the neurovas-
cular unit to determine neuronal fate during IR injury. In ad-
dition, differences in synaptic connectivity, mitochondrial
resilience, antioxidant defenses, and astrocyte—vascular in-
teractions are likely to shape regional vulnerability across
the CNS. These insights have important therapeutic im-
plications. Traditional neuroprotective strategies targeting
single molecular pathways have not consistently demon-
strated clinical efficacy, suggesting that effective therapies
will likely require integrative approaches addressing multi-
ple injury mechanisms. Preservation of neurovascular unit
integrity, modulation of glial responses, stabilization of mi-
tochondrial function, and regulation of oxidative stress are
considered complementary therapeutic strategies. Despite
substantial experimental progress, translation of neuropro-
tective therapies to clinical practice remains challenging
due to differences between experimental models and hu-
man stroke as well as the complex temporal dynamics of
ischemic injury. Future research should therefore empha-
size integrative and translational approaches that consider
regional neuronal vulnerability and cellular heterogeneity
within the CNS. A deeper understanding of the mechanisms
underlying neuronal vulnerability and resistance will be es-
sential for the development of more effective neuroprotec-
tive strategies for IR injury.
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