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ABSTRACT: Stroke, a leading cause of death and disability, often results from ischemic events that cut off the brain 

blood flow, leading to neuron death. Despite treatment advancements, survivors frequently endure lasting 

impairments. A key focus is the ischemic penumbra, the area around the stroke that could potentially recover with 

prompt oxygenation; yet its monitoring is complex. Recent progress in bioluminescence-based oxygen sensing, 

particularly through the Green enhanced Nano-lantern (GeNL), offers unprecedented views of oxygen fluctuations in 

vivo. Utilized in awake mice, GeNL has uncovered hypoxic pockets within the cerebral cortex, revealing the brain's 

oxygen environment as a dynamic landscape influenced by physiological states and behaviors like locomotion and 

wakefulness. These findings illuminate the complexity of oxygen dynamics and suggest the potential impact of hypoxic 

pockets on ischemic injury and recovery, challenging existing paradigms and highlighting the importance of 

microenvironmental oxygen control in stroke resilience. This review examines the implications of these novel findings 

for stroke research, emphasizing the criticality of understanding pre-existing oxygen dynamics for addressing brain 

ischemia. The presence of hypoxic pockets in non-stroke conditions indicates a more intricate hypoxic scenario in 

ischemic brains, suggesting strategies to alleviate hypoxia could lead to more effective treatments and rehabilitation. 

By bridging gaps in our knowledge, especially concerning microenvironmental changes post-stroke, and leveraging 

new technologies like GeNL, we can pave the way for therapeutic innovations that significantly enhance outcomes for 

stroke survivors, promising a future where an understanding of cerebral oxygenation dynamics profoundly informs 

stroke therapy. 
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1. Introduction 

 

Stroke is a leading cause of death and chronic disability, 

with ischemic stroke comprising most cases. This 

condition abruptly halts blood flow to parts of the brain, 

triggering harmful events that lead to neuron death [1, 2]. 

Despite progress in treatment and rehabilitation, the 

outcomes for many survivors are significantly impaired, 

highlighting the need for better understanding and 

treatments [3-5]. Ischemic stroke, making up about 87% 

of strokes, leads to complex reactions that worsen brain 

damage [6, 7]. The key to addressing ischemic stroke 

damage is the ischemic penumbra, tissue around the 

infarct that could be saved if blood flow is restored 

promptly, and oxygen supply is maintained [8-11]. 

However, tracking oxygen dynamics in these critical areas 

has been difficult, limiting our grasp of stroke pathology. 

Recent advancements in bioluminescence-based oxygen 

sensing, particularly using the genetically encoded 

bioluminescent oxygen indicator GeNL, have opened new 
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pathways for directly observing dynamic oxygen 

processes in vivo [12]. The application of GeNL in awake, 

behaving mice has uncovered the presence of hypoxic 

pockets—localized areas of low oxygen—within the 

cerebral cortex, providing novel insights into the 

constantly fluctuating landscape of brain oxygenation 

[12]. These discoveries highlight the intricate complexity 

of oxygen dynamics in the brain under normal 

physiological conditions, and how these hypoxic pockets 

could significantly influence the process of ischemic 

injury and recovery. The identification of these hypoxic 

areas challenges previous understandings. It suggests that 

the microenvironmental control of oxygen levels may be 

crucial in mitigating ischemic damage and enhancing the 

brain's resilience to stroke. 

Understanding the nuanced interplay between 

neuronal activity, blood flow, and oxygen availability is 

crucial for developing more targeted and effective 

treatments for ischemic stroke [13-17]. As we delve 

deeper into the significance of these findings, it becomes 

evident that the presence of hypoxic pockets in a non-

stroke model provides a critical perspective on the 

cerebral microenvironment's vulnerability to ischemia 

[12]. This insight may not only illuminate the fundamental 

mechanisms potentially contributing to stroke-induced 

brain injury but also may open the door to novel 

therapeutic strategies aimed at mitigating ischemic 

damage and enhancing recovery. By identifying and 

understanding the factors that govern the formation and 

resolution of hypoxic pockets in healthy brain tissue, 

researchers can gain valuable clues on how to protect the 

brain against ischemic insult and promote recovery in 

stroke patients. 

This review article explores the potential implications 

of these groundbreaking findings for stroke research, 

highlighting the importance of considering the pre-

existing complexity of the brain's oxygen dynamics when 

addressing ischemic stroke-induced brain injury. The 

existence of hypoxic pockets in non-stroke conditions 

suggests that in the ischemic brain, the scenario of 

hypoxic stress and its impact on tissue viability and 

recovery is likely more complex. Therefore, strategies 

aimed at alleviating hypoxia and supporting oxygenation 

in the ischemic brain must account for this inherent 

complexity, potentially leading to more effective 

approaches for treatment and rehabilitation. 

 

2. The critical gap in understanding the 

microenvironmental changes in the brain following an 

ischemic event, especially regarding oxygen dynamics 

 

Building on the insights provided by recent advancements 

in bioluminescence-based oxygen sensing, particularly 

the GeNL technique, it is evident that traditional methods 

have not fully captured the complexity of brain oxygen 

dynamics. This sets the stage for addressing a crucial 

aspect of stroke pathology: the critical gap in 

understanding the microenvironmental changes in the 

brain following an ischemic event, especially regarding 

oxygen dynamics. 

One of the critical gaps in our current understanding 

of stroke pathology lies in comprehending the 

microenvironmental changes occurring within the brain 

post-ischemia/reperfusion, especially with oxygen 

dynamics [18, 2]. While the gross mechanisms of 

ischemic stroke - including the abrupt reduction in 

cerebral blood flow and subsequent depletion of oxygen 

and nutrients - are well-documented [19, 20], the nuanced 

interplay of these factors at the microscale level remains 

less explored [21-23]. This lack of detailed insight is 

significant; it is within these microenvironments that the 

fate of neuronal tissue post-stroke is determined. 

The concept of the ischemic penumbra highlights the 

importance of understanding these microenvironmental 

changes. The penumbra represents a threshold zone of 

injured yet viable brain tissue surrounding the infarct's 

core area [24, 25, 11]. The survival of this penumbral 

tissue is critically dependent on the restoration and 

regulation of oxygen supply. This balance is delicately 

maintained under normal physiological conditions but is 

severely disrupted during and after an ischemic stroke [26, 

27]. After reperfusion post-stroke, there are dynamic 

changes in blood flow within the reperfusion region, 

leading to the complex and not fully understood "no-

reflow" phenomenon [28]. This state, characterized by 

inadequate blood supply despite removing the occlusion, 

underscores the need for targeted strategies to enhance 

oxygen delivery and blood flow to the affected brain 

tissue, supporting recovery and minimizing further 

damage [29, 30]. The challenge has been to monitor and 

analyze these changes in real-time and with sufficient 

resolution to make meaningful observations that can 

inform treatment strategies. 

 

3. Limitations in previous techniques and methods 

for evaluating brain oxygen level  

 

Various techniques have been developed to monitor brain 

oxygen levels, each contributing uniquely to our 

understanding of cerebral oxygenation yet accompanied 

by specific limitations (Table 1). Traditional methods like 

Clark-type and oxygen microelectrodes provide direct 

measurements but are invasive and limited in spatial 

resolution, restricting their continuous application in vivo 

[31-33]. Laser-Doppler Flowmetry (LDF) and diffuse 

correlation spectroscopy offer insights into blood flow as 

a proxy for oxygenation. Yet, they lack the direct 

measurement of oxygen levels and have limited spatial 
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resolution [34, 35]. While valuable, techniques such as 

phosphorescence quenching, often face challenges in real-

time monitoring and can be invasive [36]. Advanced 

imaging modalities like Blood Oxygen Level Dependent 

(BOLD) MRI and Positron Emission Tomography (PET) 

bring the benefits of non-invasiveness and the ability to 

cover larger brain areas but rely on indirect measures of 

oxygenation, require expensive infrastructure, and offer 

limited temporal and spatial resolution [37, 38]. Near-

Infrared Spectroscopy (NIRS) and its functional 

counterpart (fNIRS), along with Photoacoustic Imaging 

(PAI), provide useful insights into hemodynamic changes 

related to oxygenation. Yet, they are constrained by 

penetration depth and, in the case of PAI, remain largely 

experimental for brain applications [39, 40]. Electron 

Paramagnetic Resonance (EPR) Oximetry, although 

offering direct oxygen measurements, necessitates the 

implantation of probes, making it invasive [41]. 

 

Table 1. Overview of techniques for monitoring brain oxygen levels. 

 
Techniques Principle Advantages Limitations References 

Clark-type Electrodes 
Direct measurement of oxygen 

through electrochemical reaction 

High spatial and 

temporal resolution 

Invasive, potential 

damage to tissue 
[31-33] 

 LDF 
Measures blood flow changes as a 

proxy for oxygenation 

Non-invasive, real-time 

monitoring 

Cannot directly measure 

oxygen levels, limited 

spatial resolution 

[35] 

Phosphorescence 

Quenching 

Uses phosphorescent probes that 

change luminescence in response 

to oxygen levels 

Can measure oxygen 

levels in tissue 

Invasive (requires probe 

implantation for deep 

tissue) 

[36] 

BOLD MRI 

Indirectly infers oxygenation 

through changes in blood flow 

and deoxyhemoglobin levels 

Non-invasive, applicable 

to whole brain, 

functional imaging 

Indirect measurement, 

susceptible to 

confounding factors 

[37] 

PET 

Detects metabolic activity related 

to oxygen consumption using 

radioactive tracers 

Quantitative, can image 

specific biochemical 

processes 

Involves radioactive 

tracers, limited temporal 

resolution 

[38] 

NIRS 

Optical method measuring 

changes in oxygenated and 

deoxygenated hemoglobin 

Non-invasive, suitable 

for continuous 

monitoring 

Limited penetration 

depth, semi-quantitative 
[39] 

PAI 

Combines ultrasound and optical 

imaging to assess oxygenation 

based on hemoglobin properties 

High spatial resolution, 

non-invasive 

Experimental and 

complex setup, limited 

penetration depth 

[40] 

EPR Oximetry 

Uses paramagnetic probes to 

measure oxygen levels through 

magnetic resonance changes 

Direct measurement of 

tissue oxygenation 

Requires implantation 

of probes, invasive 
[41] 

 

These traditional and advanced techniques 

collectively share overarching limitations, including 

indirect measurements of oxygen levels, invasiveness in 

certain cases, limited spatial and temporal resolutions, and 

the requirement for complex and expensive infrastructure. 

These constraints often prevent a comprehensive 

understanding of the oxygen distribution's dynamic and 

heterogeneous nature of oxygen distribution within the 

brain's microenvironments, particularly in real-time and 

in vivo contexts. In contrast, the GeNL technique emerges 

as a promising alternative, offering direct, non-invasive, 

real-time measurements of oxygen levels with high spatial 

resolution, thereby addressing many of the limitations 

inherent in previous methods and paving the way for 

novel insights into cerebral oxygenation dynamics [12]. 

 

4. The novel GeNL techniques to monitor oxygen 

changes in the brain  

 

Navigating the complexities of cerebral oxygen 

dynamics, recent research utilizing the innovative GeNL 

technology has shed light on the ephemeral phenomenon 

known as hypoxic pockets within the mouse cerebral 

cortex. This exploration delves into their formation, 

characteristics, and implications for understanding the 

brain's oxygen landscape. The study unveils a nuanced 

vista of cerebral microenvironmental variability by 

closely examining the onset, resolution, and spatial 

distribution of these transient oxygen-deprived zones, 

alongside meticulous validation against potential imaging 

artifacts. The findings challenge previous perceptions of 

uniform oxygen distribution and underscore the intricate 

interplay between vascular architecture, microcirculation, 

and neuronal activity in sustaining cerebral health and 

functionality [12]. 

 

4.1  The evolution and impact of nano-lantern 

technology in biomedical   research 

 

The Nano-lantern technology, innovated by Takeharu 

Nagai and his team, offers a solution to the limitations of 

traditional fluorescence imaging, such as the need for 
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external light and issues with phototoxicity [42]. By 

fusing a Renilla luciferase variant with a fluorescent 

protein, the Nano-lantern emits a strong fluorescent signal 

activated by a luciferase substrate like furimazine, 

through bioluminescence resonance energy transfer 

(BRET) [43]. Since its creation in 2012, the technology 

has expanded to include a variety of colors, enhancing its 

application range from optogenetics to biosensing [44-47, 

42]. Introducing diacetyl coelenterazine-h advanced the 

technology by preventing autooxidation and background 

fluorescence, thus enabling longer imaging durations 

[48].  

 
Figure 1. Schematic representation of the methodology for monitoring cerebral oxygenation and 

hemodynamic responses using GeNL. The process begins with AAV-mediated gene delivery for the 

astrocyte-targeted expression of the GeNL followed by the administration of furimazine that leads to a 

bioluminescent reaction in the presence of oxygen, producing furimamide. The enzymatic reaction produces a 

bioluminescent signal captured as bioluminescence intensity (BLI). The intensity correlates with the local 

partial oxygen tension (PO2), allowing for the visualization of oxygen dynamics. This process enables the 

detection of "hypoxic pockets," regions with transiently reduced PO2. The figure demonstrates the method's 

application in awake mice, highlighting its utility in monitoring cerebral oxygenation changes and 

understanding the physiological relevance of oxygen distribution in the brain. Key investigative techniques 

include: (1) In vivo oxygen calibration using Clark-type microelectrodes to measure partial oxygen tension 

(PO2); (2) pH monitoring to ensure that the observed bioluminescence changes are not due to pH fluctuations; 

and (3) intrinsic optical signal imaging (IOSI) to assess hemoglobin dynamics reflecting blood flow in the 

brain. The lower section demonstrates how changes in physiological states (awakening, exercise, whisker 

stimulation, and isoflurane administration) influence oxygenation, denoted by the appearance of hypoxic 

pockets, indicated by the blue dots. The network of vessels is depicted with arterioles in red and venules in 

blue, symbolizing the distribution of oxygen-rich and oxygen-poor blood, respectively, and illustrating the 

areas where hypoxic pockets are likely to form in response to various stimuli. This integrative approach enables 

the visualization and quantification of localized oxygen fluctuations and the understanding of their behavioral 

and physiological modifiers. 

Recent developments have led to enhanced Nano-

lanterns (eNLs) that use the bright luciferase NanoLuc 

and its substrate furimazine, boosting the brightness 

significantly and enabling multicolor imaging and even 

single-molecule visualization (Fig. 1). GeNL, a variant 

within the eNL spectrum, exemplifies the potential of this 

technology, which utilizes bioluminescence resonance 

energy transfer (BRET) for the real-time measurement of 

oxygen levels in biological tissues [12]. At its core, GeNL 

comprises two main components: NanoLuc Luciferase, 

derived from deep-sea shrimp and engineered for 

enhanced light output, and mNeongreen Fluorescent 
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Protein, which is genetically fused to NanoLuc [45, 49]. 

The interaction begins when NanoLuc catalyzes the 

oxidation of the substrate furimazine in the presence of 

oxygen, leading to light production. This light then 

transfers energy to mNeongreen through BRET, causing 

it to fluoresce brightly. This bioluminescence intensity 

correlates with oxygen levels, enabling the visualization 

of oxygen distribution within tissues [43, 49]. 

The GeNL technique monitors oxygen dynamics 

within the cerebral cortex, specifically focusing on 

hypoxic pockets [12]. This technique begins with the 

expression of GeNL in astrocytes, glial cells that 

extensively infiltrate the brain's neuropil, allowing for 

widespread oxygen monitoring. The genetic encoding of 

GeNL is achieved using adeno-associated viruses (AAVs) 

that carry the gene constructs for NanoLuc luciferase and 

mNeongreen fluorescent protein. These AAVs are 

delivered into the brain through precise stereotactic 

injections, ensuring targeted expression within astrocytes. 

Once the AAVs infect the astrocytes, the genetic 

material integrates into the host cells, leading to the 

expression of the bioluminescent components [12]. 

Further, furimazine, a substrate for NanoLuc luciferase, is 

administered systemically. When furimazine is 

metabolized by the NanoLuc enzyme, it produces a 

bioluminescent signal, the intensity of which is directly 

related to the local oxygen concentration due to the 

oxygen-dependent nature of the oxidation process. 

The bioluminescent signal is captured using 

bioluminescence imaging (BLI), which employs 

specialized cameras and imaging systems to detect low-

light signals [12]. These systems quantify the light 

intensity, correlating it with the local oxygen levels in 

real-time. This real-time monitoring allows researchers to 

observe dynamic changes in oxygen levels within the 

brain, providing immediate feedback on fluctuations such 

as those seen in hypoxic pockets. 

The procedure begins with the preparation of mice, 

including creating a cranial window for direct 

visualization of the brain's cortical surface and injecting 

AAVs carrying the GeNL construct [12]. After allowing 

time for expression, furimazine is administered, and the 

animals are placed under an imaging system equipped 

with a sensitive CCD camera. The emitted bioluminescent 

light is captured and translated into data reflecting oxygen 

levels. This data is then processed and analyzed to 

quantify the bioluminescent signal intensity and monitor 

changes over time, providing insights into the distribution 

and dynamics of oxygen within the brain's 

microenvironment. This method enables the visualization 

and quantification of oxygen levels in living, behaving 

animals, offering valuable information on the role of 

oxygen in brain function and pathology. 

 

4.2  The discovery and validation of hypoxic pockets 

 

The comprehensive study delves into the dynamic nature 

of oxygen tension within the cerebral cortex, elucidating 

the spontaneous emergence of localized transient 

reductions in oxygen levels, termed "hypoxic pockets." 

Utilizing the innovative GeNL technology, researchers 

have offered a window into the cerebral 

microenvironment's complexity under resting conditions, 

challenging prior assumptions of uniform oxygen 

distribution across the brain. 

Through continuous imaging, the study identified 

hypoxic pockets within the mouse cerebral cortex as 

localized, transient reductions in oxygen levels with 

sharply defined borders and rapid onset and resolution. 

These phenomena were recorded throughout 20-minute 

sessions, with an average of 200 occurrences in 

anesthetized mice. They affected roughly 2.43% of the 

visual field and exhibited a nearly circular shape. Notably, 

these hypoxic pockets often reemerged in the same 

cortical areas, indicating a predisposition of certain 

regions to transient hypoxic events. 

The research further compared these occurrences to 

induced hypoxia conditions (10% inhaled O2), finding 

comparable reductions in partial pressure of oxygen 

(PO2) levels, thus affirming the hypoxic character of these 

pockets. Efforts to exclude hemoglobin absorption 

artifacts confirmed that the mNeonGreen fluorescence of 

GeNL, though susceptible to hemoglobin absorption, did 

not display patterns mirroring hypoxic pockets, 

eliminating potential biases in imaging. 

Analysis revealed that hypoxic pockets formed nearer 

to venules than arterioles, suggesting a nuanced vascular 

influence on the emergence of these oxygen-deprived 

zones. The hemodynamic basis for hypoxic pocket 

formation was explored, revealing that changes in 

microcirculation, particularly around areas of low total 

hemoglobin concentration ([HbT]), paralleled the 

dynamics of hypoxic pockets as seen in intrinsic optical 

spectroscopy imaging (IOSI) [12]. This connection 

between capillary blood flow and tissue oxygenation 

lends significant insight into cerebral hypoxia 

mechanisms, highlighting the critical role of vascular 

architecture and microcirculatory patterns in developing 

and localizing of hypoxic pockets within the brain tissue. 

This detailed examination of hypoxic pockets, their 

hemodynamic origins, and the relationship with 

surrounding vascular structures offers profound insights 

into the cerebral microenvironment. It opens new avenues 

for exploring therapeutic strategies aimed at mitigating 

ischemic damage and enhancing recovery in stroke 

patients, emphasizing the necessity of maintaining 

optimal microcirculatory conditions to safeguard brain 

health. 
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4.3  Activity-induced modulation of hypoxic pockets: 

insights into cerebral oxygenation mechanisms 

 

The study explores the effects of vasodilation and 

capillary stalling on the formation and dynamics of 

hypoxic pockets within the brain's cortex, contributing 

significant insights into cerebral oxygenation and its 

regulatory mechanisms. Vasodilation, induced either by 

hypercapnia (increased CO2 levels) or isoflurane 

anesthesia, significantly reduces the number and size of 

hypoxic pockets. Hypercapnia, in particular, led to a 41% 

reduction in the number of hypoxic pockets and a 53% 

decrease in the area they covered, with the PO2 within 

these pockets being less reduced during hypercapnia and 

staying low after that [12]. This suggests that by 

increasing tissue oxygenation, vasodilation might 

counterbalance the formation of hypoxic areas, 

potentially through increased O2 diffusion. Interestingly, 

hyperoxia (elevated oxygen levels in inhaled air) had a 

less pronounced effect on the reduction of hypoxic 

pockets than vasodilation, indicating that vasodilation 

more effectively controls the prevalence of these pockets 

than mere blood oxygenation. 

Furthermore, the study investigates the phenomenon 

of capillary stalling—where circulating leukocytes halt 

capillary blood flow—by introducing microspheres to 

occlude capillaries [12]. This intervention led to a change 

in the dynamics of hypoxic pockets, with a decrease in 

their number but an increase in the total area affected, 

suggesting that hypoxic pockets near occluded areas may 

merge. This interaction between microsphere-induced 

blockages and local oxygen dynamics underscores the 

critical role of capillary circulation in maintaining tissue 

oxygenation and preventing hypoxic conditions. 

The study reveals that wakefulness and locomotion 

significantly affect the dynamics of hypoxic pockets 

within the mouse cerebral cortex. In awake mice, 

particularly those allowed to engage in locomotion (e.g., 

running on a polystyrene ball), the presence of hypoxic 

pockets—localized, transient reductions in oxygen 

tension—was markedly reduced compared to those in 

ketamine-xylazine (KX) anesthetized mice [12]. 

Specifically, the number of hypoxic pockets in awake, 

behaving mice decreased by 17% and further dropped by 

35% in those actively running, indicating a substantial 

reduction in the occurrence of these pockets with 

increased activity levels. 

Interestingly, while the number of hypoxic pockets 

decreased with wakefulness and locomotion, the surface 

area of these pockets increased by 41% in awake mice, 

suggesting a more extensive but less frequent oxygen 

deficit under these conditions [12] . Additionally, the 

duration of hypoxic pockets was shorter in awake mice by 

approximately 8 seconds. Yet, the amplitude of the 

pockets remained consistent, pointing towards a dynamic 

oxygen environment influenced by the state of 

consciousness and physical activity. 

In awake behaving mice, stimulating the whisker 

barrel cortex through contralateral whisker stimulation led 

to an increase in BLI, indicating a rise in local PO2 [12]. 

This finding illustrates that BLI can detect sensory-

induced changes in cortical oxygen levels, with a notable 

difference in the amplitude and timing of the BLI response 

between awake and anesthetized states, highlighting the 

dampening effect of anesthesia on tissue PO2 and 

functional hyperemia dynamics. 

The study further demonstrated that the reduction in 

hypoxic pockets during active locomotion was not simply 

due to a generalized increase in blood flow. Instead, these 

pockets’ highly structured spatial characteristics were 

preserved, underscoring a complex relationship between 

neuronal activity, blood flow, and oxygenation in the 

brain. This is supported by the finding that sensory 

stimulation, like whisker stimulation in anesthetized mice, 

also led to a decrease in hypoxic pockets, highlighting the 

role of functional hyperemia—increased blood flow to 

areas of the brain engaged in activity—in mitigating the 

formation of these pockets [12]. 

In summary, the research underscores the dynamic 

nature of cerebral oxygenation, which is significantly 

influenced by the behavioral state of the animal. 

Wakefulness and particularly locomotion decrease the 

frequency and duration of hypoxic pockets, potentially 

reflecting enhanced neuronal activity and blood flow in 

these states. These findings offer new insights into the 

mechanisms underlying cerebral oxygenation and its 

regulation by physiological behaviors, suggesting 

potential strategies for minimizing hypoxic conditions 

within the brain. 

 

4.4  Potential limitations of the GeNL technique 

 

Despite its significant advancements in real-

time, noninvasive monitoring of brain oxygen 

dynamics, the GeNL technique presents certain 

limitations and challenges [12]. One major limitation is its 

inability to provide absolute quantification of oxygen 

levels. GeNL primarily detects relative changes, which 

can be insufficient when precise oxygen measurements 

are necessary for understanding specific 

pathophysiological conditions. The technique excels at 

monitoring short-term oxygen fluctuations but may be 

less effective for long-term baseline comparisons across 

different experimental conditions or groups. 

Another limitation is the potential for imaging 

artifacts, such as those caused by hemoglobin absorption. 

However, studies have validated that these artifacts do not 

mimic the patterns of hypoxic pockets, ensuring the 
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reliability of the observed oxygen dynamics. The 

accuracy of GeNL in reflecting cerebral oxygen levels has 

been further reinforced through calibration with Clark-

type microelectrodes. 

The choice of astrocyte-specific expression for GeNL 

might overlook the impacts of other cellular or molecular 

structures on oxygen diffusion [12]. While it is presumed 

that oxygen diffuses freely across the neuropil, this 

assumption requires careful consideration when 

interpreting results. 

Applying GeNL necessitates a sophisticated imaging 

setup to capture bioluminescence signals, including 

precise gene delivery and substrate administration. The 

technique’s complexity demands rigorous control and 

calibration procedures to maintain accuracy and reliability 

during real-time monitoring [12]. 

Given the limitations of the GeNL technique, 

traditional methods can provide essential complementary 

data. Despite being invasive, Clark-type electrodes offer 

direct and absolute measurements of oxygen levels with 

high spatial and temporal resolution, making them 

invaluable for baseline comparisons and precise 

quantification [50]. Techniques such as BOLD MRI and 

PET provide non-invasive imaging capabilities over 

larger brain areas, offering a broader context for 

understanding cerebral oxygenation, albeit indirectly [51, 

52]. Additionally, although invasive and technically 

demanding, phosphorescence quenching and EPR 

oximetry, although invasive and technically demanding, 

deliver direct tissue oxygenation measurements [53, 54]. 

These methods can complement GeNL by quantifying 

and validating the observed oxygen dynamics, ensuring a 

comprehensive understanding of brain oxygenation. 

In essence, the GeNL technique represents a 

significant advancement in monitoring brain oxygen 

dynamics, providing valuable insights into the formation 

and modulation of hypoxic pockets. Despite its 

limitations, such as the inability to provide absolute 

oxygen measurements and the potential for imaging 

artifacts, the application of GeNL has illuminated critical 

aspects of cerebral oxygenation. Future improvements 

and complementary approaches could further enhance its 

utility, paving the way for a better understanding and 

treatment of conditions like ischemic stroke. 

 

5. Implications of hypoxic pockets for stroke 

research enhanced understanding of ischemic 

pathophysiology 

 

This novel study of GeNL about hypoxic pockets provides 

crucial clues for understanding what happens during a 

stroke. It sheds new light on the cerebral 

microenvironment's nuanced response to ischemia, 

significantly enriching our understanding of oxygen 

deprivation and the complexities of reperfusion injury. By 

revealing the existence and behavior of hypoxic pockets 

within the awake mouse cortex, the research illustrates 

how localized fluctuations in oxygen availability can 

impact neuronal health and function [12]. These insights 

emphasize the importance of microenvironmental 

conditions in determining the outcome of ischemic events, 

moving beyond the traditional focus on blood flow 

blockages to consider how oxygen is distributed and 

utilized at the tissue level. This enhanced understanding 

of ischemic pathophysiology could lead to more precise 

diagnostic and prognostic tools, allowing clinicians to 

better predict the extent of stroke damage and recovery 

potential. 

As demonstrated by the study, the ability to monitor 

and manipulate oxygen levels in real-time, provides a 

powerful platform for modeling ischemic stroke 

conditions [12, 55]. By artificially inducing hypoxic 

pockets or alleviating them through interventions such as 

induced locomotion, researchers can mimic the effects of 

ischemic stroke and reperfusion in a controlled manner. 

This approach offers invaluable insights into the localized 

and systemic effects of stroke, including the role of 

oxygen deprivation in neuronal injury and the potential 

for recovery through reoxygenation. Furthermore, it 

allows for exploring how behavioral and physiological 

changes—akin to rehabilitation exercises in humans—can 

influence the course of recovery, providing a more holistic 

view of stroke recovery mechanisms. 

Understanding the dynamics of hypoxic pockets and 

their susceptibility to modulation opens up new avenues 

for therapeutic intervention [12]. Specifically, it 

highlights the potential for targeting the microcirculatory 

and oxygenation processes within the brain to mitigate 

ischemic damage. Therapies that enhance tissue 

oxygenation, improve capillary blood flow, or prevent the 

formation of hypoxic pockets could significantly reduce 

the severity of ischemic injury. Additionally, 

interventions aimed at boosting the brain's intrinsic 

mechanisms for dispersing or compensating for hypoxic 

pockets—such as promoting physical activity or 

optimizing wakefulness—may offer non-invasive 

strategies for enhancing brain resilience to ischemia [56, 

57]. Identifying the molecular and cellular pathways that 

regulate hypoxic pocket dynamics could lead to 

developing novel pharmacological agents designed to 

protect the brain from ischemic damage and accelerate 

recovery. 

The role of brain oxygen dynamics in stroke 

outcomes becomes particularly significant with aging 

[58]. As the brain ages, its ability to maintain adequate 

oxygenation and respond to ischemic events diminishes. 

This is due to vascular changes such as reduced vessel 

elasticity, arteriosclerosis, and impaired blood flow 



 Zhou H., et al.                                                                          Role of Brain Oxygen Dynamics in Stroke Pathophysiology 

   

Aging and Disease • Volume 16, Number 4, August 2025                                                                              2350 

 

autoregulation, all of which exacerbate hypoxic 

conditions during a stroke [58]. These changes may 

increase the incidence of hypoxic pockets, worsening 

neuronal injury and delaying recovery. Moreover, the 

aged brain's reduced capacity for neuroplasticity and 

repair makes it more vulnerable to hypoxia and ischemia 

[59]. Understanding these age-related challenges can help 

develop targeted therapeutic strategies to mitigate the 

impact of hypoxic pockets and improve stroke outcomes. 

By incorporating age-specific considerations into 

research and treatment protocols, we can enhance 

intervention efficacy and provide better care for older 

stroke patients. This underscores the importance of 

personalized approaches in stroke therapy for an aging 

population [60]. 

The role of brain oxygen dynamics in stroke 

outcomes is particularly significant when considered in 

the context of aging. As the brain ages, its ability to 

maintain adequate oxygenation and respond to ischemic 

events diminishes due to vascular changes like reduced 

vessel elasticity, arteriosclerosis, and impaired blood flow 

autoregulation, exacerbating hypoxic conditions during a 

stroke [58]. These changes may increase the incidence of 

hypoxic pockets, worsening neuronal injury and delaying 

recovery. Additionally, the aged brain's reduced capacity 

for neuroplasticity and repair makes it more vulnerable to 

hypoxia and ischemia [59]. Understanding these age-

related challenges can help develop targeted therapeutic 

strategies to mitigate the impact of hypoxic pockets and 

improve stroke outcomes. By incorporating age-specific 

considerations into research and treatment protocols, we 

can enhance intervention efficacy and provide better care 

for older stroke patients, emphasizing the importance of 

personalized approaches in stroke therapy for an aging 

population [60]. 

In summary, the findings from this study provide a 

foundation for a new era in stroke research, one that 

recognizes the critical role of tissue oxygenation and 

microenvironmental integrity in the pathophysiology of 

ischemic stroke. By focusing on the dynamics of hypoxic 

pockets, researchers and clinicians can explore innovative 

strategies to prevent, treat, and rehabilitate ischemic brain 

injury, potentially transforming care for stroke patients 

worldwide. 

 

6. Challenges and future directions 

 

Translating findings from mouse models to human stroke 

therapy involves several challenges and strategies to 

overcome these obstacles. One primary challenge is the 

anatomical and physiological differences between mice 

and humans. Mice have smaller brain sizes, different 

blood vessel distribution, and distinct metabolic rates, all 

of which can influence the onset, progression, and 

recovery from ischemic events. These differences can 

influence the onset, progression, and recovery from 

ischemic events [61-63]. Additionally, the human brain's 

complexity, with its intricate network of neurons and 

vasculature, presents a more complicated environment for 

understanding and treating ischemic stroke [64]. 

Therefore, while mouse models provide critical insights 

into the fundamental mechanisms underlying stroke, the 

leap to human applicability requires cautious 

interpretation and further validation. 

To effectively bridge the gap between animal models 

and human stroke therapy, a comprehensive approach is 

necessary, incorporating cross-species studies, the 

application of advanced imaging technologies, and 

interdisciplinary collaboration. Developing studies in 

larger animal models that more closely resemble human 

brain structure and stroke effects can provide a smoother 

transition of mouse model findings into clinical practices 

[65, 62]. Additionally, leveraging sophisticated imaging 

and monitoring technologies in human research could 

unveil deeper insights into capillary flow, neuronal 

activity, and oxygen dynamics, crucial for identifying 

therapeutic opportunities and assessing treatment impact 

in real-time [66, 67]. 

The complexity of ischemic stroke, underscored by 

the nuanced interplay of brain oxygen dynamics, calls for 

collaborative efforts that cross traditional disciplinary 

boundaries [68-70]. By bringing together neuroscientists, 

clinicians, bioengineers, and data scientists, novel tools 

and methodologies can be developed, facilitating the 

translation of laboratory discoveries into effective clinical 

solutions for stroke recovery. Moreover, exploring how 

therapeutic interventions can modulate capillary flow and 

oxygenation post-stroke, including pharmacological 

agents and lifestyle modifications like exercise, is vital for 

advancing treatment options [71, 72]. 

Understanding hypoxic pockets and brain oxygen 

dynamics paves the way for potential therapeutic 

interventions such as remote conditioning and ischemic 

postconditioning, which can significantly improve stroke 

outcomes [5, 73]. Remote conditioning, by inducing brief 

ischemic episodes in remote tissues, could enhance brain 

resilience to hypoxia by optimizing oxygen delivery and 

reducing hypoxic stress [73]. Ischemic postconditioning, 

involving controlled interruptions of blood flow post-

reperfusion, can minimize reperfusion injury by 

stabilizing oxygen levels and preventing oxidative 

damage [74, 5]. Additionally, therapies improving 

microcirculation, targeted neuroprotective agents, and 

behavioral interventions like exercise could further 

mitigate hypoxic pockets, collectively offering innovative 

strategies for stroke treatment and recovery [75, 76]. 

By addressing these areas, the stroke research 

community can build upon existing knowledge, moving 
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closer to developing treatments that significantly improve 

stroke survivors' lives. Adhering to these 

multidimensional recommendations will accelerate 

advancements in stroke care, offering new hope and 

possibilities for recovery and rehabilitation. 

 

7. Conclusion  

 

The findings on hypoxic pockets and brain oxygen 

dynamics using the GeNL technique significantly impact 

stroke research and therapy. These insights improve our 

understanding of ischemic microenvironmental changes 

and enable more targeted interventions, such as remote 

conditioning and ischemic postconditioning, to enhance 

oxygen delivery and modulate reperfusion, thereby 

reducing ischemic damage and aiding recovery. 

Complementing GeNL with traditional methods ensures 

precise quantification and validation, providing a 

comprehensive understanding of brain oxygenation. 

The future of stroke research will focus on the 

interplay between microcirculatory dynamics and 

neuronal health. Advanced imaging and real-time 

monitoring will foster innovative, personalized therapies, 

improving stroke outcomes. Continued exploration of 

brain oxygen dynamics promises to unlock new pathways 

for neuroprotection and recovery, transforming stroke 

care. 

 

Acknowledgments 

 

This study was supported by Medical and health science 

and Technology project of Zhejiang Province (2021 

KY355,2024KY1683) 

 

References 

 
[1] Chen W, Zhang Y, Zhai X, Xie L, Guo Y, Chen C, et al. 

(2022). Microglial phagocytosis and regulatory 

mechanisms after stroke. J Cereb Blood Flow Metab, 

42:1579-1596. 

[2] Lian J, Liu W, Hu Q, Zhang X (2024). Succinylation 

modification: a potential therapeutic target in stroke. 

Neural Regen Res, 19:781-787. 

[3] Deng G, Chu Y-H, Xiao J, Shang K, Zhou L-Q, Qin C, 

et al. (2023). Risk Factors, Pathophysiologic 

Mechanisms, and Potential Treatment Strategies of 

Futile Recanalization after Endovascular Therapy in 

Acute Ischemic Stroke. Aging Dis, 14:2096-2112. 

[4] Winstein CJ, Stein J, Arena R, Bates B, Cherney LR, 

Cramer SC, et al. (2016). Guidelines for Adult Stroke 

Rehabilitation and Recovery: A Guideline for Healthcare 

Professionals from the American Heart Association/ 

American Stroke Association. Stroke, 47:e98-e169. 

[5] Zhao H (2009). Ischemic postconditioning as a novel 

avenue to protect against brain injury after stroke. J 

Cereb Blood Flow Metab, 29:873-885. 

[6] Saini V, Guada L, Yavagal DR (2021). Global 

Epidemiology of Stroke and Access to Acute Ischemic 

Stroke Interventions. Neurology, 97: S6-S16. 

[7] Wang Y, Yin Q, Yang D, Jin H, Yao Y, Song J, et al. 

(2024). LCP1 knockdown in monocyte-derived 

macrophages: mitigating ischemic brain injury and 

shaping immune cell signaling and metabolism. 

Theranostics, 14:159-175. 

[8] Bendszus M, Fiehler J, Subtil F, Bonekamp S, Aamodt 

AH, Fuentes B, et al. (2023). Endovascular 

thrombectomy for acute ischaemic stroke with 

established large infarct: multicentre, open-label, 

randomised trial. Lancet, 402:1753-1763. 

[9] Davis SM, Donnan GA (2021). Ischemic Penumbra: A 

Personal View. Cerebrovasc Dis,50:656-665. 

[10] Elmadhoun A, Wang H, Ding Y (2024). Impacts of futile 

reperfusion and reperfusion injury in acute ischemic 

stroke. Brain Circ, 10:1-4. 

[11] Yang S-H, Liu R (2021). Four Decades of Ischemic 

Penumbra and Its Implication for Ischemic Stroke. 

Transl Stroke Res, 12: 937-945. 

[12] Beinlich FRM, Asiminas A, Untiet V, Bojarowska Z, Pla 

V, Sigurdsson B, et al. (2024). Oxygen imaging of 

hypoxic pockets in the mouse cerebral cortex. Science, 

383:1471-1478. 

[13] Alsbrook DL, Di Napoli M, Bhatia K, Biller J, Andalib 

S, Hinduja A, et al. (2023). Neuroinflammation in Acute 

Ischemic and Hemorrhagic Stroke. Curr Neurol Neurosci 

Rep, 23:407-431. 

[14] Bennion DM, Steckelings UM, Sumners C (2018). 

Neuroprotection via AT(2) receptor agonists in ischemic 

stroke. Clin Sci (Lond), 132:1055-1067. 

[15] Coyer PE, Michele JJ, Lesnick JE, Simeone FA (1987). 

Cerebral blood flows and tissue oxygen levels associated 

with maintenance of the somatosensory evoked potential 

and cortical neuronal activity in focal ischemia. Stroke, 

18: 77-84. 

[16] Orellana-Urzua S, Rojas I, Libano L, Rodrigo R (2020). 

Pathophysiology of Ischemic Stroke: Role of Oxidative 

Stress. Curr Pharm Des, 26:4246-4260. 

[17] Patabendige A, Singh A, Jenkins S, Sen J, Chen R 

(2021). Astrocyte Activation in Neurovascular Damage 

and Repair Following Ischaemic Stroke. Int J Mol Sci, 

22. 

[18] Khalil AA, Ostwaldt AC, Nierhaus T, Ganeshan R, 

Audebert HJ, Villringer K, et al. (2017). Relationship 

Between Changes in the Temporal Dynamics of the 

Blood-Oxygen-Level-Dependent Signal and 

Hypoperfusion in Acute Ischemic Stroke. Stroke, 

48:925-931. 

[19] He Q, Ma Y, Liu J, Zhang D, Ren J, Zhao R, et al. (2021). 

Biological Functions and Regulatory Mechanisms of 

Hypoxia-Inducible Factor-1alpha in Ischemic Stroke. 

Front Immunol, 12:801985. 

[20] Zhao Y, Zhang X, Chen X, Wei Y (2022). Neuronal 

injuries in cerebral infarction and ischemic stroke: From 

mechanisms to treatment (Review). Int J Mol Med, 49. 

[21] Cipolla MJ, Liebeskind DS, Chan SL (2018). The 

importance of comorbidities in ischemic stroke: Impact 



 Zhou H., et al.                                                                          Role of Brain Oxygen Dynamics in Stroke Pathophysiology 

   

Aging and Disease • Volume 16, Number 4, August 2025                                                                              2352 

 

of hypertension on the cerebral circulation. J Cereb 

Blood Flow Metab, 38:2129-2149. 

[22] Ren J-X, Li C, Yan X-L, Qu Y, Yang Y, Guo Z-N 

(2021). Crosstalk between Oxidative Stress and 

Ferroptosis/Oxytosis in Ischemic Stroke: Possible 

Targets and Molecular Mechanisms. Oxid Med Cell 

Longev, 2021:6643382. 

[23] Xie X, Liu J (2023). New role of astrocytes in 

neuroprotective mechanisms after ischemic stroke. Arq 

Neuropsiquiatr, 81:748-755. 

[24] Astrup J, Siesjo BK, Symon L (1981). Thresholds in 

cerebral ischemia - the ischemic penumbra. Stroke, 

12:723-725. 

[25] Symon L (1980). The relationship between CBF, evoked 

potentials and the clinical features in cerebral ischaemia. 

Acta Neurol Scand Suppl,78:175-190. 

[26] Liu Y, Li Y, Zang J, Zhang T, Li Y, Tan Z, et al. (2022). 

CircOGDH Is a Penumbra Biomarker and Therapeutic 

Target in Acute Ischemic Stroke. Circ Res, 130:907-924. 

[27] Yi Y, Liu Z, Wang M, Sun M, Jiang X, Ma C, et al. 

(2021). Penumbra in Acute Ischemic Stroke. Curr 

Neurovasc Res, 18:572-585. 

[28] Shrouder JJ, Calandra GM, Filser S, Varga DP, Besson-

Girard S, Mamrak U, et al. (2024). Continued 

dysfunction of capillary pericytes promotes no-reflow 

after experimental stroke in vivo. Brain,147:1057-1074. 

[29] El Amki M, Wegener S (2017). Improving Cerebral 

Blood Flow after Arterial Recanalization: A Novel 

Therapeutic Strategy in Stroke. Int J Mol Sci, 18(12). 

[30] Zhao H, Sapolsky RM, Steinberg GK (2006). 

Interrupting reperfusion as a stroke therapy: ischemic 

postconditioning reduces infarct size after focal ischemia 

in rats. J Cereb Blood Flow Metab, 26:1114-1121. 

[31] Brito MD, Silva L, Siena A, Chipara M, Sarkar S, 

Rosenstock TR (2021). Oxygen Consumption 

Evaluation: An Important Indicator of Metabolic State, 

Cellular Function, and Cell Fate Along Neural 

Deregulation. Methods Mol Biol, 2240:207-230. 

[32] Erdmann W, Kunke S (2014). Oxygen diffusion: an 

enzyme-controlled variable parameter. Adv Exp Med 

Biol, 812:33-41. 

[33] Sjoberg F, Gustafsson U, Eintrei C (1999). Specific 

blood flow reducing effects of hyperoxaemia on high 

flow capillaries in the pig brain. Acta Physiol Scand, 

165:33-38. 

[34] Durduran T, Yodh AG (2014). Diffuse correlation 

spectroscopy for non-invasive, micro-vascular cerebral 

blood flow measurement. Neuroimage, 85:51-63. 

[35] Riva CE, Geiser M, Petrig BL, PRCOBFRA Beijing 

(2010). Ocular blood flow assessment using continuous 

laser Doppler flowmetry. Acta Ophthalmol,88:622-629. 

[36] Sakadzic S, Roussakis E, Yaseen MA, Mandeville ET, 

Srinivasan VJ, Arai K, et al. (2011). Cerebral blood 

oxygenation measurement based on oxygen-dependent 

quenching of phosphorescence. J Vis Exp, 51. 

[37] Koretsky AP (2012). Early development of arterial spin 

labeling to measure regional brain blood flow by MRI. 

Neuroimage, 62:602-607. 

[38] Tai YF, Piccini P (2004). Applications of positron 

emission tomography (PET) in neurology. J Neurol 

Neurosurg Psychiatry, 75:669-676. 

[39] Hoshi Y (2016). Hemodynamic signals in fNIRS. Prog 

Brain Res,225:153-179. 

[40] Pakdaman Zangabad R, Iskander-Rizk S, Meulen P, 

Meijlink B, Kooiman K, Wang T, et al. (2021). 

Photoacoustic flow velocity imaging based on complex 

field decorrelation. Photoacoustics, 22:100256. 

[41] Liu S, Timmins GS, Shi H, Gasparovic CM, Liu K-J 

(2004). Application of in vivo EPR in brain research: 

monitoring tissue oxygenation, blood flow, and 

oxidative stress. NMR Biomed, 17:327-334. 

[42] Takai A, Nakano M, Saito K, Haruno R, Watanabe TM, 

Ohyanagi T, et al. (2015). Expanded palette of Nano-

lanterns for real-time multicolor luminescence imaging. 

Proc Natl Acad Sci U S A, 112:4352-4356. 

[43] Lambrechts D, Roeffaers M, Goossens K, Hofkens J, 

Vande Velde G, Putte T, et al. (2014). A causal relation 

between bioluminescence and oxygen to quantify the cell 

niche. PLoS One, 9:e97572. 

[44] Calabretta MM, Alvarez-Diduk R, Michelini E, Roda A, 

Merkoci A (2020). Nano-lantern on paper for 

smartphone-based ATP detection. Biosens Bioelectron, 

150:111902. 

[45] Hall MP, Unch J, Binkowski BF, Valley MP, Butler BL, 

Wood MG, et al. (2012). Engineered luciferase reporter 

from a deep sea shrimp utilizing a novel 

imidazopyrazinone substrate. ACS Chem Biol, 7:1848-

1857. 

[46] Horikawa K, Nagai T (2022). Live Imaging of cAMP 

Signaling in D. discoideum Based on a Bioluminescent 

Indicator, Nano-lantern (cAMP). Methods Mol Biol, 

2483:231-240. 

[47] Salahpour A, Espinoza S, Masri B, Lam V, Barak LS, 

Gainetdinov RR (2012). BRET biosensors to study 

GPCR biology, pharmacology, and signal transduction. 

Front Endocrinol (Lausanne), 3:105. 

[48] Harikumar KG, Yan Y, Xu T-H, Melcher K, Xu H-E, 

Miller LJ (2017). Bioluminescence Resonance Energy 

Transfer (BRET) Assay for Determination of Molecular 

Interactions in Living Cells. Bio Protoc, 7. 

[49] Suzuki K, Kimura T, Shinoda H, Bai G, Daniels MJ, Arai 

Y, et al. (2016). Five colour variants of bright 

luminescent protein for real-time multicolour 

bioimaging. Nat Commun, 7:13718. 

[50] Luo J, Dziubla T, Eitel R (2017). A low temperature co-

fired ceramic based microfluidic Clark-type oxygen 

sensor for real-time oxygen sensing. Sens Actuators B 

Chem, 240:392-397. 

[51] Just N, Adriaensen H, Ella A, Chevillard P-M, Batailler 

M, Dubois J-P, et al. (2021). Blood oxygen level 

dependent fMRI and perfusion MRI in the sheep brain. 

Brain Res, 1760:147390. 

[52] Kang HG, Tashima H, Wakizaka H, Nishikido F, 

Higuchi M, Takahashi M, et al. (2022). Submillimeter 

resolution positron emission tomography for high-

sensitivity mouse brain imaging. J Nucl Med, 64:978-

985. 



 Zhou H., et al.                                                                          Role of Brain Oxygen Dynamics in Stroke Pathophysiology 

   

Aging and Disease • Volume 16, Number 4, August 2025                                                                              2353 

 

[53] Baranowski M, Gonet M, Czechowski T, Kucinska M, 

Plewinski A, Szczepanik P, et al. (2020). Dynamic 

Electron Paramagnetic Resonance Imaging: Modern 

Technique for Biodistribution and Pharmacokinetic 

Imaging. J Phys Chem C, 124:19743-19752. 

[54] Sakadžić S, Roussakis E, Yaseen MA, Mandeville ET, 

Srinivasan VJ, Arai K, et al. (2010). Two-photon high-

resolution measurement of partial pressure of oxygen in 

cerebral vasculature and tissue. Nat Methods, 7:755-759. 

[55] Liew SL, Rana M, Cornelsen S, Fortunato de Barros 

Filho M, Birbaumer N, Sitaram R, et al. (2016). 

Improving Motor Corticothalamic Communication After 

Stroke Using Real-Time fMRI Connectivity-Based 

Neurofeedback. Neurorehabil Neural Repair, 30:671-

675. 

[56] Belfiore P, Miele A, Galle F, Liguori G (2018). Adapted 

physical activity and stroke: a systematic review. J 

Sports Med Phys Fitness, 58:1867-1875. 

[57] Thilarajah S, Mentiplay BF, Bower KJ, Tan D, Pua YH, 

Williams G, et al. (2018). Factors Associated with Post-

Stroke Physical Activity: A Systematic Review and 

Meta-Analysis. Arch Phys Med Rehabil, 99:1876-1889. 

[58] Chrysant SG (2013). Treating blood pressure to prevent 

strokes: The age factor. World J Cardiol,5:22-27. 

[59] Gemma C, Bachstetter Ad D Bickford PC, Bickford PC 

(2010). Neuron-Microglia Dialogue and Hippocampal 

Neurogenesis in the Aged Brain. Aging Dis,1:232-244. 

[60] Sharrief A, Grotta JC (2019). Stroke in the elderly. 

Handb Clin Neurol, 167:393-418. 

[61] Conti E, Piccardi B, Sodero A, Tudisco L, Lombardo I, 

Fainardi E, et al. (2021). Translational Stroke Research 

Review: Using the Mouse to Model Human Futile 

Recanalization and Reperfusion Injury in Ischemic Brain 

Tissue. Cells, 10. 

[62] Fluri F, Schuhmann MK, Kleinschnitz C (2015). Animal 

models of ischemic stroke and their application in 

clinical research. Drug Des Devel Ther, 9: 3445-3454. 

[63] Weber RZ, Mulders G, Perron P, Tackenberg C, Rust R 

(2022). Molecular and anatomical roadmap of stroke 

pathology in immunodeficient mice. Front Immunol, 

13:1080482. 

[64] Tay J, Morris RG, Markus HS (2021). Apathy after 

stroke: Diagnosis, mechanisms, consequences, and 

treatment. Int J Stroke,16:510-518. 

[65] Ahmed A, Hamam O, Niri SG, Oeltzchner G, Garg T, 

Elmandouh O, et al. (2023). Computed tomography 

perfusion stroke mimics on RAPID commercial 

software: A case-based review. Brain Circ,9: 68-76. 

[66] El-Koussy M, Schroth G, Brekenfeld C, Arnold M 

(2014). Imaging of acute ischemic stroke. Eur Neurol, 

72:309-316. 

[67] Yang Y, Wang Z, Hu Q, Liu L, Ma G, Yang C (2024). 

Enhancing the clinical value of single-phase computed 

tomography angiography in the assessment of collateral 

circulation in acute ischemic stroke: A narrative review. 

Brain Circ, 10:35-41. 

[68] Liu R-X, Liu G-Z (2022). A call to improve the diagnosis 

and treatment of cardiogenic stroke: there is still a long 

way to go. Zhonghua Yi Xue Za Zhi, 102:3559-3562. 

[69] Lo EH (2014). 2013 Thomas Willis Award Lecture: 

Causation and collaboration for stroke research. Stroke, 

45:305-308. 

[70] Wang Y, Liu W, Geng P, Du W, Guo C, Wang Q, et al. 

(2023). Role of Crosstalk between Glial Cells and 

Immune Cells in Blood-Brain Barrier Damage and 

Protection after Acute Ischemic Stroke. Aging Dis, in 

press. 

[71] Lee H, Yun H-J, Ding Y (2021). Timing is everything: 

Exercise therapy and remote ischemic conditioning for 

acute ischemic stroke patients. Brain Circ, 7:178-186. 

[72] Sarikaya H, Ferro J, Arnold M (2015). Stroke 

prevention--medical and lifestyle measures. Eur Neurol, 

73:150-157. 

[73] Zhao W-B, Hausenloy DJ, Hess DC, Yellon DM, Ji X-

M (2023). Remote Ischemic Conditioning: Challenges 

and Opportunities. Stroke, 54:2204-2207. 

[74] Yao Y, Li Y, Ni W, Li Z, Feng L, Wang Y, et al. (2021) 

Systematic Study of Immune Cell Diversity in ischemic 

postconditioning Using High-Dimensional Single-Cell 

Analysis with Mass Cytometry. Aging Dis,12:812-825. 

[75] Jiang Y, Liu Z, Liao Y, Sun S, Dai Y, Tang Y (2022). 

Ischemic stroke: From pathological mechanisms to 

neuroprotective strategies. Front Neurol, 13:1013083. 

[76] Wang X, Li A, Fan H, Li Y, Yang N, Tang Y (2024). 

Astrocyte-Derived Extracellular Vesicles for Ischemic 

Stroke: Therapeutic Potential and Prospective. Aging 

Dis, 15:1227-1254. 

 


