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Preface

 Introduction

On October 2, 2016, the Pangu Stroke Conference was held in Xinqiao Hotel, 
Hangzhou, China. About 80 prominent clinical and basic stroke researchers from the 
United States and China came together to discuss the most controversial issues in isch-
emic stroke management. The key issues under debate were the recanalization- induced 
cerebral ischemia and reperfusion injury (CIRI) (Chaps. 1, 2, 4–8), the safety and effi-
ciency of late recanalization for chronic cerebral arterial obstruction (Chaps. 13–15), 
perspectives of neuroprotective therapies immediately after recanalization, characteris-
tics of posterior circulation stroke, new stroke imaging technique applications, stroke 
and diabetes (Chaps. 10 and 11), cerebral vascular autoregulation and systemic immune 
response after stroke, as well as the role that cerebral venous system played in stroke.

 Recanalization-Related Injury

Stroke therapy now encounters a new era highlighted with the application of endo-
vascular therapy. However, over-reperfusion and recanalization-related brain injury 
have also emerged as new enigmas.

Professor Weijian Jiang from the PLA Rocket Force General Hospital presented a 
clinical case of a patient with acute ischemic stroke, who had a stroke with middle cere-
bral artery occlusion (MCAO) 4 h previously and received intravenous thrombolysis 
followed by thrombectomy. Although this patient fitted well in the time window of 
intravascular therapy and received each therapy following the guideline, with successful 
recanalization confirmed by later-on CT perfusion imaging, the patient, however, devel-
oped fatal hemisphere edema and died of circulation failure. Secondary injury following 
recanalization shown as hyper-reperfusion syndrome was regarded as the cause of death. 
Professor Jiang  therefore proposed the following questions about the secondary injury 
induced by recanalization: In which settings will the recanalization-related injury occur? 
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What can we do to predict or prevent the recanalization-related injury? In which way 
can we differentiate it from primary brain injury caused by cerebral ischemia (Chap. 3)?

Therapies involving strict blood pressure control alongside recanalization ther-
apy, targeted blood–brain barrier protection, the proper time point to administer 
anticoagulant as well as antiplatelet, and the protection of venous system during 
recanalization propelled the meeting to a heated debate.

Professor Wu-wei Feng from South Carolina, USA, reminded the audiences about 
the deviation of race, age, and stroke onset for individual stroke patients, and he 
argued that the treatment should be individualized. Professor Feng proposed two 
promising ways for reducing recanalization-related injury. One is by reducing the 
alteplase dosage to 0.6  mg/kg from original 0.9  mg/kg, which was proved in 
ENCHANTED trial, showing that low-dose alteplase was non-inferior in the ordinal 
analysis of modified Rankin scale scores, and causing significantly fewer symptom-
atic intracerebral hemorrhages. Another is to minimize the re-occlusion of the artery 
in thrombolytic patients according to the data of a preliminary clinical trial conducted 
by Professor Meng Zhang from Daping Hospital of the Third Military Medical 
University, in Chongqing, China. Early initiation of tirofiban reduced the risk of re-
occlusion after intravenous t-PA and avoided higher risk of hemorrhagic complica-
tion. The most impressive results were that this early tirofiban therapy also significantly 
improved 3 months’ outcomes in acute ischemic stroke patients receiving alteplase.

Professor Min Lou from the Second Affiliated Hospital of Zhejiang University, 
Hangzhou, China, presented the data from nearly 1000 thrombolytic patients. She 
called for attention to endothelial injury after thrombectomy and also preferred the 
early initiation of antiplatelet therapy. As one of the most experienced thrombolytic 
stroke specialists in China, she emphasized that the key point in thrombolysis and 
intravascular therapy is “fast” (Chap. 4).

Professor Yi Yang and Li-ping Liu, both from China, lectured on futile recanaliza-
tion which has been defined as unfavorable 3 months neurological outcome despite 
successful recanalization. Various reasons for the futile recanalization were consid-
ered, including re-occlusion of the artery, hypo-perfusion due to iatrogenic reasons, 
microcirculation deficiency, and impaired cerebrovascular reserve capacity.

Professor Yi Yang also underlined the importance of cerebral vascular autoregu-
lation, which is defined as the mechanism by which the constant cerebral blood flow 
is maintained despite changes of arterial blood pressure. Professor Yang pointed out 
that the progress of new imaging constructive technique and the calculation of 
supercomputer would surely help provide new perspective in this field.

 Safety and Efficacy of Late Recanalization

Although early recanalization has now proved effective for patients arriving within 
the therapeutic time window, the number of patients, however, is limited to only 
about 7% for American stroke patients. Therefore, the question raised is whether 
late recanalization would help to improve patients’ outcome.
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Professor Weijian Jiang demonstrated another case of late recanalization from a 
patient with symptomatic chronic middle cerebral artery (MCA) obstruction. 
Anticoagulation combined with dual antiplatelet therapy was administrated upon 
admission. A large intracerebral hematoma with air-fluid level in the hematoma cav-
ity was found 24 h at plain CT and micro-invasive surgery was applied to remove 
the hematoma, and final improvement of neurologic function was observed in the 
patient. Cerebral amyloid angiopathy and anticoagulation-related hemorrhage were 
concern for this patient, referring to the clinical and imaging presentation (Chap. 3).

Professor Wengui Yu from the University of Texas Southwestern Medical Center, 
USA, argued that the blood–brain barrier disruption as well as blood pressure fluc-
tuation should be taken into consideration. During ischemic stroke, the regional per-
fusion was inevitably restrained. As such, a relative extremely hypo- perfusion area 
may be induced when the systemic blood pressure was lowered to a “normal” range. 
The abrupt reperfusion following recanalization would therefore bring about high 
risk of over-perfusion and hemorrhage. Monitoring the perfusion pressure in the 
ischemic area may help to adjust the systemic blood pressure (Chap. 16).

Professor Li-qun Jiao from Xuan Wu Hospital, Capital Medical University, 
China, presented his experience based on more than 3000 internal carotid stenosis 
and occlusion cases. In his opinion, early recanalization of acute stroke and late 
recanalization of chronic occlusion were two quite different settings. They have 
varied clinical presentations, perfusion status, and thereby different risks of hemor-
rhagic or thromboembolic incidence. Professor Li-Qun Jiao regarded the interven-
tion of late recanalization as a secondary prevention therapy for stroke and argued 
that the mental status evaluation of these patients with chronic artery occlusion 
should be highlighted, as these patients usually presented with cognitive impair-
ment, epilepsy, and other psychiatric symptoms. Professor Li-qun Jiao finally dis-
played a clinical case of late recanalization with significant hyper-perfusion using 
transcranial Doppler (TCD) monitoring. This phenomenon sustained for 5  days 
after intervention and gradually faded away without any complication. It would be 
a quite interesting issue for exploring the mechanism of this late recanalization- 
related hyper-perfusion.

 The Application of New Imaging Technique and Strategies

The new imaging techniques including high-resolution magnetic resonance imag-
ing (HR-MRI), computed tomography perfusion (CTP) or magnetic resonance per-
fusion (MRP), and sensitive weighted imaging (SWI) are applied in clinical practice 
and open a new page of individualized medical management.

Professor Bing Zhang from Drum Tower Hospital of Nanjing University Medical 
School and Professor Min Lou from the Second Affiliated Hospital of Zhejiang 
University gave lectures about the new imaging techniques and their implication 
for clinical practice. They first highlighted the importance of high-resolution mag-
netic resonance imaging (HR-MRI). The digital subtracted angiography (DSA) 
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was previously assumed as the “gold standard” for evaluating vascular abnormali-
ties. Actually, some recent studies have revealed that a proportion of patients with 
negative results in DSA are in fact, have various vascular abnormalities, including 
dissection, small plaque, and neovascularization. Additionally, DSA cannot evalu-
ate the vessel wall while HR-MRI can, which is more meaningful in deciding ther-
apy and evaluating surgery risk. For example, eccentric stenosis with irregular 
enhancement of vessel wall usually suggests unstable plaque, while longitudinal 
and general stenosis with uniform enhancement often indicates vasculitis. HR-MRI 
is also now applied in evaluating collateral and dynamic change of vessel after 
treatment. For the vessels obstructed chronically, the HR-MRI would reveal neo-
vascularization into the vessel wall and a direct arterial- venous fistula, which both 
fade after successful recanalization.

Another new technique of CT perfusion or MR perfusion imaging has now 
become more prevalent in clinical practice, not only in selecting patients for receiv-
ing recanalization, but also in quantifying the function of blood–brain barrier. 
Blood–brain barrier is now considered critical for predicting hyper-perfusion and 
hemorrhagic transform.

The sensitivity weighted imaging (SWI) is valuable in studying cerebral venous 
changes and iron deposition. However, the pathologic mechanisms underlying the 
engorgement of cerebral veins are still under debate. Some researchers point out 
that the visibility of veins may not indicate enlargement of the venous lumen. 
Instead, it may be related to increased oxygen deprivation fraction or flow stasis.

One more imaging technique called diffusion tensor imaging (DTI) is now found 
valuable to predict motor dysfunction in stroke patients and is also important in 
selecting appropriate patient for intravascular therapy. Professor Min Lou proposed 
that it may be more feasible to develop new analytic software for current imaging. 
A most intriguing concept is to deliver microcapsule to the target area by intravas-
cular device and monitor the medicine release with specific contrast.

Apparently, the flourishing new techniques of imaging are indispensable assis-
tance for promoting our understanding of neurology.

 The Characteristics of Posterior Circulation Stroke

Professor Yi-long Wang from Beijing Tiantan Hospital, Capital Medical University, 
and Dr. Shen-qiang Yan from the Second Affiliated Hospital of Zhejiang University 
presented their recent studies on posterior circulation stroke. A few novel opinions 
were proposed. Firstly, the different flow rate and intra-lumen pressure determine 
different models of hemodynamics when stroke occurs. It is well acknowledged that 
the posterior circulation bears more abundant collateral network, and that more 
plasma flows surrounding a clot when a thrombosis occurs in basilar artery. 
Therefore, the time window for the posterior circulation stroke is supposed to be 
extended. Moreover, the current scale for neurological deficiency is mostly suitable 
for anterior circulation stroke rather than posterior circulation stroke, especially for 
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the widely used NIH stroke scale. Thirdly, the risk of hemorrhagic transformation 
varied between anterior and posterior circulation stroke in the setting of 
recanalization.

Dr. Shen-qiang Yan raised distinct features of top of the basilar syndrome from 
other basilar artery obstruction. Nowadays, although intravascular therapy is 
strongly recommended for large artery occlusion, whether it is the same for the top 
of the basilar syndrome is still controversial. According to the analysis of the corhort 
of about 1000 cases acute stroke patients receiving recanalization therapy, Dr. Yan 
highlighted the significant favorable efficacy of intravanous thrombolysis for the 
patients with top of basilar syndrome than other types of posterior circulation stroke. 
The explanation was that the embolus in top of the basilar syndrome is usually car-
diac, and the visualization of both posterior cerebral arteries suggests residue flow 
around the clot. In this context, t-PA are more likely to reach around and lysis the 
clot in the top of basilar artery.

Professor Xun-ming Ji presented the clinical trial of Basilar Artery Occlusion 
Chinese Endovascular Trial, and in his opinion, another distinct feature of the pos-
terior circulation stroke is the relative narrow space in the posterior fossa. It means 
that, when the brain stem gets swollen due to the posterior circulation infarction, the 
other tissues including veins and easily compressed and lead to a series of specific 
pathological changes.

Professor Wengui Yu from the University of Texas Southwestern Medical Center 
then presented three cases of posterior circulation infarction receiving late recanali-
zation. One of them was a teenage boy who has been suffering from “locked-in” 
syndrome for more than 16 years. After late recanalization, these patients demon-
strated mild or significant improvement of neurological function without hemor-
rhagic complications. Professor Wengui Yu hypothesized that posterior circulation 
may have lower risk of hemorrhagic complication due to abundant collaterals. 
Professor Wengui Yu also suggested that large-scale clinical trial for posterior circu-
lation stroke should be considered (Chap. 16).

 The Immune Regulation and Stroke

In the past, stroke was considered only as a disease of cerebral vessels that, like 
water pipes, were obstructed or ruptured. It was not until about a decade ago that 
people began to recognize that stroke and the immune system interacted with each 
other.

Professor Heng Zhao from Stanford University and Professor Jun-wei Hao from 
the General Hospital of Tianjin Medical University elaborated on the topic of 
immune system and stroke. Although the brain was thought to be isolated from the 
peripheral immune system due to the existence of blood–brain barrier (BBB), the 
ictus of stroke would not only lead to the disruption of BBB, but also activate the 
systemic immune response, including the brain cells. Therefore, the stroke patients 
are at high risk of infections, especially stroke-associated pneumonia (SAP). There 
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is multi-centered large-scale clinical trial about the prophylactic use of antibiotics in 
SAP, yet revealed negative result. It may indicate that the main cause of SAP is not 
the exogenic pathogens but “the Trojan’s Horse,” the immune response inside the 
brain (Chap. 9).

Professors Zhao and Hao also suggested that atherosclerosis is closely related to 
the chronic inflammation of arteries and that oxidative stress is a critical part of the 
whole chain. Besides the ox-LDL and foam cells we are familiar with, the endothelial 
cells and the platelet are also considered to play special role in atherosclerosis and 
thromboemboli. In another aspect, cognitive impairment and dementia are spotted as 
having vascular reasons. Those who presented with severe leukoaraiosis also showed 
higher incidence of stroke in the follow-up observations. Although immune therapy 
for stroke is a newly sprouted direction, noteworthy, a few clinical trials conducted by 
Professor Fu-dong Shi in General Hospital of Tianjin Medical University showed 
promising results for immune regulatory medicine in stroke patients.

Professor Jun Chen from the University of Pittsburgh School of Medicine and 
Professor Xing-shun Xu from the Second Affiliated Hospital of Suzhou University 
emphasized the BBB as a therapeutic target for stroke. The study conducted by 
Professor Chen demonstrated the disruption of BBB and the expression of matrix 
metalloproteinases-9 (MMP-9) in a vivid and elaborate way. It is highly noticeable 
the role endothelial cells play in this course and the hemorrhage thereafter. Although 
several explorations of hypothermia treatment showed frustrating results, sub- 
hypothermia or regional hypothermia therapy is proposed for stroke patients.

 The Cerebral Venous System and Stroke

Professor Xun-ming Ji from Xuanwu Hospital of Capital Medical University and 
Professor Yan Qu from Tangdu Hospital of Fourth Military Medical University put 
forward the interwoven between the cerebral venous system and stroke. The most 
important point is that the cerebral venous system has been neglected for a long 
period. Decades ago, the cerebral venous system, like arterial system, was already 
found composed of different grade of collaterals, including venous circle in the base 
of brain. There is growing evidence that the venous sinus anomaly is closely related 
to unfavorable outcome of stroke patients, involving malignant edema, futile recan-
alization, and hemorrhage. Professor Ji proposed that the increased venous pressure 
could produce hyper-intracranial pressure and venous infarction as well as hemor-
rhage, which formed a vicious circle. The device detecting fractional flow reserve in 
venous sinus is now being applied in those who are suspected of having venous 
hypertension in Xuanwu Hospital, and so is the noninvasive monitoring with those 
patients, said Professor Ji. Evidence is emerging that migraine is closely associated 
with venous outflow deficiency. Professor Wengui Yu also mentioned that the 
venous early opacification was related to high risk of hemorrhagic transform and 
may relate to failure of arterial autoregulation.
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In contrast with the clinical calling for cerebral venous study, basic studies 
using venous sinus animal model are still inadequate and at the beginning stage. 
Alongside the more improvement of specific imaging technique for cerebral 
venous evaluation, we are able to aquire more information and thus explore more 
hidden treasure in this field.

Professor John. H. Zhang made a brief but thought-provoking statement in this 
part of discussion that focused on the physiologic structural and functional charac-
teristics for cerebral view and called out for more insight into the cerebral venous 
system.

Hangzhou, China  Lusha Tong 
Loma Linda, CA, USA  John H. Zhang 
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Chapter 1
Gelatinase- Mediated Impairment 
of Microvascular Beds in Cerebral 
Ischemia and Reperfusion Injury

Shanyan Chen, Hailong Song, Jiankun Cui, Joel I. Shenker, Yujie Chen, 
Grace Y. Sun, Hua Feng, and Zezong Gu

Abstract Stroke is one of the leading causes of death, and acute ischemic stroke 
(AIS) is the most common form. Tissue plasminogen activator (tPA) is the only 
FDA-approved drug for recanalization in AIS with narrow therapeutic window. In 
this chapter, we will discuss the activation of gelatinases (MMP-2/9), one of the 
major mediators in cerebral ischemia and reperfusion injury (CIRI) with exoge-
nous tPA in AIS. First, we briefly overview the structure of microvascular beds and 
the homeostasis of neurovascular unit associated with the extracellular matrix 
(ECM). Then we review the gelatinase-mediated degradation of ECM and the 
impairment of microvascular beds in AIS. Moreover, we discuss the self-perpetu-
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ating loop of gelatinase activation in CIRI with exogenous tPA. At last, we litera-
ture available approaches showing protective functions through blocking the 
vicious circle of gelatinase activation, which may hold great promise in combined 
treatment with tPA in AIS.

Keywords Gelatinases · Microvascular beds · Cerebral ischemia and reperfusion 
injury · Extracellular matrix · Mechanism-based inhibitor · tPA

1  Introduction

Stroke is a challenging medical problem world-wide as the second leading cause of 
death globally [1, 2]. On the average, someone in the United States has a stroke 
every 40 s, and someone dies of stroke every 4 min [3]. Stroke burden in Asia is 
particularly high. Asians account for 60% of people having stroke worldwide annu-
ally [4–8]. Moreover, stroke prevalence and burden in China are increasing over the 
last three decades [9].

Acute ischemic stroke or AIS, normally caused by thromboembolic obstruction 
of the cerebral arteries, is a devastating neurological disease process accounting for 
approximately 87% of all stroke cases, but with limited availability of effective 
treatments [10]. Acute therapies for ischemic stroke are mainly based on the 
“recanalization hypothesis” [11]. In the United States, recombinant human tissue-
type plasminogen activator (tPA) is the only Food and Drug Administration (FDA)-
approved pharmacological treatment for patients with AIS. Thrombolysis with tPA 
can be presented within 4.5 h after stroke onset [12, 13]. However, due to risks of 
hemorrhage in stroke patients, tPA must be given within a limited time window and 
subject to stringent patient eligibility criteria, so only 5.8% of patients can get such 
therapy [14]. Interestingly, administration of tPA intravenously shows minimal 
toxicity in studies with non-ischemic mice [15] or patients in early stage after AIS 
[14]. In contrast, injection of tPA into cerebral ventricles in non-ischemic mice 
increased permeability of the blood-brain barrier (BBB) [15, 16]. Therefore, it is 
reasonable to consider that tPA plays its fibrinolytic role as the beneficial action 
inside the blood vessel. If so, then perhaps exogenous tPA may exert its deleterious 
effects in brain parenchyma through impaired microvasculature [17–19]. 
Consequently, pre- recanalization conditions of the cerebral microvasculature may 
affect outcomes of recanalization in ischemic stroke.

Matrix metalloproteinases (MMPs) are a family of 23 zinc-dependent endo-
peptidases in humans that serve as physiological mediators of matrix degradation 
or turnover for tissue homeostasis and remodeling [20, 21]. MMPs are expressed 
into the extracellular matrix (ECM) as inactive zymogens and become proteolyti-
cally active by a mechanism called ‘cysteine switch’ [22]. A subclass of MMPs, 
gelatinases (MMP-2/-9), also call gelatinases for proteolysis of gelatin and have 
been well studied as potential markers or therapeutic target in both experimental 
cerebral  ischemia paradigms, as well as in patients with AIS, especially in the 
disruption of BBB [23–26].

S. Chen et al.
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In this chapter, we review the role of gelatinases in proteolytic modulation of the 
microvascular beds within the neurovascular unit (NVU), a conceptually functional 
structure in the central nervous system (CNS) of neurons, glial cells, endothelial 
cells and pericytes along with their tightly associated components of the ECM [27, 
28]. Understanding of how aberrant activity of gelatinases contributing to the distur-
bances of cell-matrix homeostasis occur in the microvascular beds with respect to 
cerebral ischemia and reperfusion injury (CIRI) may hold significant promise for 
the outcome of recanalization in ischemic stroke.

2  Microvascular Beds and the Extracellular Matrix (ECM)

The BBB functions to restrict influx of specific compounds from blood to the brain 
parenchyma. The anatomical substrate of the BBB is the cerebral microvascular 
beds comprising of endothelial cells, pericytes and astrocyte end feet as well as the 
ECM components [29, 30]. The microvascular bed together with neurons and glial 
cells constitute the NVU, the basic functional unit in the CNS contributing to the 
dynamic regulation of microvascular permeability [30, 31].

In the brain, endothelial cells are connected to the vascular beds via paracellular 
tight junction proteins, such as claudins and zona occludin (ZO), which limit para-
cellular diffusion [32, 33]. Recent studies indicate the intricate signaling pathway 
regulating activity of these proteins [34]. Proinflammatory cytokines such as TNFa 
was shown to alter metabolism of occludin and other tight junction proteins, and 
leading to changes in cell permeability [35]. Pericytes are specialized cells, with 
features similar to vascular smooth muscle cells. They are found around the capil-
lary endothelium on the ablumenal side, and can be interspersed at different loca-
tions along the length of the capillary. Pericytes constrict around capillaries in 
response to different stimuli and maintain proper capillary lumen diameter, and 
thereby may play an important role in regulating blood flow through capillaries [36, 
37]. Analysis of pericyte-deficient mice (e.g., Pdgfb mutants) reveals that pericyte 
deficiency leads to increased BBB permeability, which probably occurs by endothe-
lial transcytosis [38]. Paradoxically, recent reports show variations in capillary 
capacity to constrict in order to regulate regional blood flow occur due to the hetero-
geneity of pericyte forms at the pre-capillary arteriole and post-capillary venule 
[39]. Astrocytic end feet cover endothelial cells and pericytes. The gap occurring 
between the end feet allows basement membranes to contact with microglial and 
neuropil components [40, 41]. In this way, astrocytes maintain barrier properties of 
endothelial cells while still allowing some contacts at specific sites [42].

Importantly, the dynamic structure of the microvascular beds is highly regulated 
by interactions between different cells and ECM components [42]. The main physi-
cal function of the ECM is to provide support to the components of the NVU via 
linkage with different cell adhesion molecules and therefore maintaining  intercellular 
communication. The basal lamina is a specialized layer of the ECM on the ablume-
nal side of endothelial cells. ECM receptors, such as integrins and dystroglycan, 
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mediate the connections between cellular and matrix components [42]. The major 
protein components of the ECM in the CNS include: structural elements (type IV 
collagens and elastin), specialized proteins (laminins, entactin/nidogen, fibronectin, 
and vitronectin), and proteoglycans [heparan sulfate proteoglycans (HSPG), per-
lecan, and agrin] [42–49].

Laminins, major components of the ECM, are glycoproteins with the isoforms 
containing three chains: alpha, beta, and gamma chains [50, 51]. These trimeric 
proteins form a cross-like structure that can bind to other cell membrane and ECM 
molecules. Laminins is known to play an important role in axonal guidance during 
neural development [52]. Defects in laminin are associated with developmental ano-
molies [53] and increased susceptibility to stroke leading to neurovascular impair-
ment [54, 55]. At the microvascular beds, laminins are secreted by endothelial cells 
and astrocytes located in the basal lamina, and this secretion is regulated by peri-
cytes [38, 42, 56–58]. On the other hand, laminins also regulate pericyte differentia-
tion and maintains BBB integrity and function [59–61] [see more details in Chap. 8 
on BBB and Stroke by Yao].

Degradation of ECM components may prohibit cells from interacting with ECM, 
and this can cause a form of cell detachment known as anoikis, in which cells lose 
the interactions with their matrix [55, 62, 63]. In focal ischemic mice, ECM compo-
nents such as laminin, dystroglycan and α6 integrin are degraded and these changes 
are correlated with vascular breakdown [64]. Acute disruption of astrocytic laminin 
may lead to impaired function of vascular smooth muscle cells and cerebral hemor-
rhage [65]. Cerebral ischemia is also associated with a decrease in the laminin- 
binding proteins α6β4 and dystroglycan, and this is coincident with astrocyte 
swelling [42, 66–68]. Moreover, laminin antibodies can disrupt cell-laminin inter-
actions and cause neuronal cell death [55, 69].

3  Gelatinases Mediate Impairment of Microvascular Beds 
in CIRI

Substantial studies reveal that activation of gelatinases lead to proteolysis of ECM 
and subsequently impact the integrity of microvascular beds after cerebral ischemia 
[54, 55, 70, 71]. Gelatinases are named due to their ability to degrade gelatin (the 
denatured form of collagen), and are comprised mainly of MMP-2 (gelatinase A) 
and MMP-9 (gelatinase B). Gelatinases are widely studied in the pathogenesis of 
CNS diseases, and activation of gelatinases under different pathologic conditions 
has been shown to cause detrimental outcomes, including BBB disruption [72, 73], 
hemorrhage, neuronal apoptosis [69, 70], brain damage in AIS [63] and traumatic 
brain injury [74]. MMP-9 activity is significantly elevated in humans AIS [70, 75, 
76], and its activation can be considered an independent predictor of hemorrhagic 
transformation in AIS [77]. In addition, cerebral infarction is reduced in mice defi-
cient in MMP-9 [78] or after treatment with MMP inhibitors [54, 55]. Studies by 
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our group as well as others have related aberrant MMP-9 proteolytic activity with 
increased permeability of the BBB, leading to brain edema and hemorrhage, and 
directly contributes to neuronal apoptosis and brain damage after acute cerebral 
ischemia [24, 63, 79, 80]. Different cell types have been shown to be important 
sources of MMP-9 in CNS, including endothelial cells, neutrophils, microglia/mac-
rophage and neurons [24, 81]. The roles of pericytes in CIRI is actively investigated. 
Activation of MMP-9 at pericyte somata is demonstrated inducing proteolytic deg-
radation of the BBB rapidly [82]. Detachment of pericytes from the basal lamina 
and migration of pericytes toward the hypoperfusion lesion may be associated with 
the MMPs expression of pericytes [81]. Gelatinase-induced disruption of microvas-
cular beds may lead to multiple damages: (1) Gelatinases could degrade tight junc-
tion proteins such as occludin, claudins and ZO-1, which leads to disruption of tight 
junctions between adjacent endothelial cells [83, 84]. Early inhibition of MMP 
activity in the early stage of ischemia may promote expression of tight junction 
proteins and angiogenesis during recovery [85]; (2) Gelatinases could degrade ECM 
and cause dysfunction of endothelial cells and loss of microvascular integrity [70, 
86]. Integrin–matrix interactions in the cerebral vasculature may explain the mecha-
nism of how degradation of laminin in ECM mediates the loss of endothelial cells 
after ischemia [67, 87]; (3) Gelatinase disruption of the ECM may lead to contrac-
tion of pericytes and loss of pericyte-endothelial interaction [54, 88, 89]. The 
increased pericyte tone and death of pericytes will restrict cerebral blood flow in the 
ischemic area [90, 91] and result in persistent hypoperfusion even with successful 
recanalization by tPA [92–95]; and (4) Pericytes regulate BBB integrity with an 
important inhibitory mechanism to reduce the number of caveolae and rate of tran-
scytosis [38, 96, 97]. Gelatinase-induced migration of pericytes away from the brain 
microvessels may relieve the inhibitory signaling of transcytosis and thus increase 
the trans-endothelial permeability [89, 98].

4  Activation of Gelatinases and Extravasation of tPA 
into Brain Parenchyma in CIRI-Induced Microvascular 
Bed Damage

The disruption of microvascular beds in AIS follows a biphasic time course, and 
may correlate with the biphasic increase of gelatinase level during CIRI [99, 100]. 
This biphasic feature may be explained by the self-perpetuating loop of gelatinase 
activation in microvascular bed damage. Initially, gelatinases are activated within 
2 h after onset of cerebral ischemia and result in disruption of the microvascular 
beds [101]. Following the gelatinase-mediated damage of microvascular beds, 
peripheral immune cells, such as neutrophils and macrophages, and small mole-
cules, such as proinflammatory cytokines, free radicals and nitric oxide may cross 
through the impaired microvascular bed, subsequently generate more gelatinases 
and exacerbate further microvascular bed dysfunction [63, 70, 102].
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Exogenous tPA can be a robust driver of the self-perpetuating loop of gelatinase 
activation (Scheme 1.1). The stronger benefits and less side effects of tPA treatment 
are only seen in patients treated in early time windows [14]. With prolonged ischemia, 
the risk for exogenous tPA to injure the CNS will increase. In a 10-year long clinical 
study, among over 50,000 tPA-treated patients, more rapid tPA therapy was associ-
ated with reduced mortality, with fewer symptomatic intracranial hemorrhages [14]. 
Whether exogenous tPA can reach the brain parenchyma is dependent on the state of 
microvascular beds before recanalization [103]. It is reasonable to consider that in the 
early stage of ischemia, exogenous tPA mainly promotes its intravascular fibrinolysis 
function and has only limited capacity to impact the healthy or less damaged micro-
vascular beds [104]. However, with the progression of cerebral ischemia, the gelatin-
ase-mediated degradation of the ECM may lead to disruption of the microvascular 
bed and exposure of the brain parenchyma to the exogenous tPA. Consequently, the 
exogenous tPA amplifies MMP-9 levels in brain parenchyma and exaggerate the gela-
tinase-mediated impairment of the NVU including damage to the microvascular beds. 
It has been demonstrated that MMP-9 levels are increased after tPA administration in 
transient focal cerebral ischemic rats [105, 106] and decreased in tPA knockout mice. 
Broad-spectrum MMP inhibitors decrease plasma MMP-9 levels and prevent brain 
hemorrhage after thrombolytic treatment of tPA [106, 107]. In clinical study, active 
forms of MMP-9 were found sorely in patients treated with tPA and correlated with 
degraded laminin [108]. Signaling mechanisms of tPA induced gelatinases may 
involve oxidative stress- mediated NF-kB transcription and low-density lipoprotein 
receptor-related protein (LRP) [107, 109]. This self-perpetuating loop of gelatinase 
activation mediated by exogenous tPA may also explain why higher level of plasma 
MMP-9 may predict worse intracranial hemorrhage after thrombolysis in human 
stroke [110]. Moreover, the finding that mechanical recanalization with endovascular 
procedures have relative longer therapeutic window (6–12 h) than with exogenous 
tPA (4.5 h) may be due to the lack of the toxicity of exogenous tPA [111–114].

Scheme 1.1 Role of gelatinases in BBB after cerebral ischemia and after tPA treatment
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5  Early Inhibition of Gelatinases May Escalate 
Neuroprotection and Extend the tPA Therapeutic Window

Although the nonfibrinolytic effects of tPA outside the blood vessel may limit its 
use as thrombolytic therapy in ischemic stroke, recanalization with tPA has been 
demonstrated in actual practice. A potential application to extend the use of tPA is 
offering an improved condition of the microvascular bed before recanalization by 
blocking the vicious circle of gelatinase, which starts as early as 1–2 h after onset of 
cerebral ischemia [54, 55, 101].

Many pharmacological MMP inhibitors, including batimastat (BB-94), GM 
6001, doxycycline, and minocycline, have shown protective functions in AIS mod-
els [23, 115–117]. Broad-spectrum MMP inhibitors combined with tPA treatment 
have produced promising results to ameliorate MMP-mediated brain damage in ani-
mal models of stroke [23, 84, 118]. Minocycline has been demonstrated decreasing 
the levels of gelatinases in many models of AIS. In rat with embolic ischemia, com-
bining minocycline with tPA administration decreased plasma MMP-9 levels, 
reduced infarction, and ameliorated brain hemorrhage [108]. Combination therapy 
with minocycline and candesartan also improves long-term recovery in rat model of 
ischemia. Two pilot clinical trials have shown minocycline to be potentially effec-
tive in AIS and in combination with tPA [76, 119], while another clinical trial 
showed intravenous minocycline was safe but not efficacious [120]. Large efficacy 
clinical trials are needed to confirm the potential treatment effect for minocycline in 
AIS therapy. SB-3CT, the first mechanism-based MMP inhibitor selective for gela-
tinases, can restore laminin degradation, antagonize neuronal apoptosis, reduce 
brain infarction and improve behavioral function in mouse model of AIS [54, 55]. 
Moreover, SB-3CT protected the laminin of pericytes and restored the contraction 
of pericytes [54]. SB-3CT also has the unique pharmacokinetic benefit of crossing 
the BBB, therefore it could reach the brain parenchyma at therapeutic concentra-
tions as early as 10 min after intraperitoneal injection [74, 121].

Other treatments such as therapeutic hypothermia, MMP-9 gene silencing, and 
tissue inhibitor of matrix metalloproteinases 1, could also decrease activity of gelati-
nases and provide protective function in AIS [26]. The benefit of statins in decrease 
the risk of stroke in patients with vascular disease [122] may partially due to the 
reduction of gelatinase-mediated BBB permeability [123, 124]. Moreover, a recent 
study suggested that inactivation of actin depolymerizing factor may prevent early 
BBB disruption, reduce the vulnerability of the BBB to gelatinase-mediated damage, 
and therefore block the self-perpetuating loop of gelatinase activation in AIS [102]. 
In another recent study, pretreatment with rivaroxaban, a novel oral  anticoagulant 
inhibiting factor Xa, was shown to reduce MMP-9 expression and improve the dis-
sociations between astrocytes and pericytes after tPA administration [125].

These therapeutic features of gelatinases inhibition may prevent early microvas-
cular bed disruption within the time window of exogenous tPA in AIS. Improved 
pre-recanalization conditions of the microvascular bed may prevent adverse conse-
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quences among patients treated with intravenous tPA and extend the time window 
for possible treatment. In the future, combination therapies of tPA with early inhibi-
tion of gelatinases may be of great potential value for AIS therapy.
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Chapter 2
Characters of Ischemic Stroke 
and Recanalization Arteries

Qingqing Dai, Shujuan Li, and Junfa Li

Abstract Ischemic stroke (>80% stroke patients) is a major cause of mortality and 
long-term disability. To understand the pathophysiology and artery recanalization 
are important to find the potential therapeutic targets and improve the long-term 
outcomes of ischemic stroke in the clinical practice. In this chapter, the issues were 
reviewed as follows: the epidemiology, risk factors, imaging, diagnosis and patho-
physiology of ischemic stroke, as well as intravenous thrombolytic and antiplatelet 
therapy, endovascular treatment, antioxidant and reperfusion injury after artery 
recanalization.

Keywords Ischemic stroke · Recanalization · Diagnosis · Therapy · Epidemiology · 
Pathophysiology

1  Introduction

Stroke is the second most common cause of death worldwide and a major global 
cause of disability. By 2050, more than 1.5 billion people in the world will be aged 
65 years or older and the global burden of stroke will keep increasing with the 
aging population [1]. About 75% of stroke patients are over the age of 65 years old 
and about one-third of patients die of stroke within a year of onset [2, 3]. In China, 
stroke is already the major leading cause of death and disability [4, 5]. Ischemic 
stroke is one of the most important subtypes that cover more than 80% stroke 
patients [6]. Recanalization is strongly associated with improved functional 
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outcomes and reduced mortality, which is also an significant parameter in early 
phase trials of thrombolytic treatment in acute ischemic stroke [7]. To understand 
the characters, especially the pathophysiology and artery recanalization are very 
important to find the potential therapeutic targets and improve the long-term out-
comes of ischemic stroke in the clinical practice.

2  Characters of the Ischemic Stroke

2.1  Epidemiology and Risk Factors of Ischemic Stroke

To analyze the risk factors and the data of epidemiology about ischemic stroke 
could improve the understanding of the health consequences and prevent the disease 
effectively. Worldwide in 2010, the investigation shows that 11,569,538 ischemic 
stroke events took place (63% in low-income and middle-income countries). 
Moreover, totally 2,835,419 individuals died from ischemic stroke (57% in low- 
income and middle-income countries). The average age of patients in low-income 
and middle-income countries was 3–5 years younger than in high-income countries. 
In years of 1990–2010, the incidence of ischemic stroke ascended significantly in 
adults aged 20–64  year-old in low-income and middle-income countries [8]. In 
these countries, because of lacking the effective prevention strategies and better 
health care for chronic diseases such as hypertension, diabetes and heart disease, 
these factors have been the mainly leading cause of disease burden [9]. On the other 
hand, the distribution of the artery lesions is different between China and 
USA. Twenty-two general hospitals covering a wide geographic area in China par-
ticipated a prospective and cohort study, 2864 patients were enrolled including isch-
emic stroke and transient ischemic attack (TIA). The study shows 37.5% patients 
had intracranial artery lesions, and the most common vascular lesion of complete 
occlusion, severe (70–99%) and moderate (50–69%) stenosis occurred in middle 
cerebral artery with the proportion of 14.18%, 6.04% and 9.39% respectively [10]. 
The DEFUSE 2 trial, a prospective and single-arm study in USA, including 100 
patients with anterior circulation ischemic strokes illustrated that the proximal mid-
dle cerebral artery accounted for 58% in the occlusive arteries [11].

According to the epidemiological reports, the risk factors for ischemic stroke 
include non-modifiable factors, such as birth weight, gender, age and ethnic, and the 
modifiable factors including hypertension, diabetes, overweight, atrial fibrillation, 
smoking and alcohol consumption [12]. Based on the selected theoretical minimum 
risk exposure level (TMREL), the stroke burden associated with 17 risks were 
established as follows: ambient particulate matter pollution, household air pollution 
from solid fuels, lead exposure, diet high in sodium, diet high in sugar-sweetened 
beverages, diet low in fruits, diet low in vegetables, diet low in whole grains, alcohol 
consumption, low physical activity, smoking, second-hand smoking, high BMI, 
high fasting plasma glucose, high systolic blood pressure (SBP), high total choles-
terol, and low glomerular filtration rate (GFR). Globally, during 1990–2013, these 
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factors show the significant increase in the stroke-related disability-adjusted life- 
years (DALYs) except household air pollution and second-hand smoke [13]. The 
results of the study show that more than 90% of stroke burden is due to modifiable 
risk factors. To control the behavioral and metabolic risk factors could prevent about 
75% of the global stroke burden [13].

In China, hypertension remains the most important risk factor in all types of 
strokes. A cohort study of 11 provinces in China, including 26,787 people with ages 
from 35 to 64 years, showed that there were 750 cases of hypertension with hyper-
cholesterolemia and 250 cases of hypertension alone in 100,000 populations [14, 
15]. Another important risk factor is atrial fibrillation (AF), the blood clots usually 
develop in the left atrial appendage. The fragments or the whole clot detach from the 
left atrial appendage and then embolize the arterial system, including cerebral arter-
ies. Initially, the CHADS2 score is used to evaluate the stroke risk as a rapid and 
easy-to-remember method. Due to the CHADS2 score lacking many other influenced 
stroke risk factors, the more precise CHA2DS2-VASc score (Table 2.1) is applied in 
assessing stroke risk in AF patients [16]. To control the risk factors and strength the 
primary and secondary stroke prevention could effectively low the burden of stroke.

2.2  The Imaging and Diagnosis of Ischemic Stroke

Several neuroimaging techniques were used to examine and research ischemic 
stroke, including computed tomography (CT), magnetic resonance imaging 
(MRI), conventional angiography, magnetic resonance angiography (MRA), CT 

Table 2.1 Clinical risk factors for stroke, transient ischemic attack, and systemic embolism in the 
CHA2DS2-VASc score [16]

CHA2DS2-VASc risk factor Points

Congestive heart failure
Signs/symptoms of heart failure or objective evidence of reduced left-ventricular 
ejection fraction

+1

Hypertension
Resting blood pressure >140/90 mmHg on at least two occasions or current 
antihypertensive treatment

+1

Age 75 years or older +2
Diabetes mellitus
Fasting glucose >125 mg/dL (7 mmol/L) or treatment with oral hypoglycaemic agent 
and/or insulin

+1

Previous stroke, transient ischemic attack, or thromboembolism +2
Vascular disease
Previous myocardial infarction, peripheral artery disease, or aortic plaque

+1

Age 65–74 years +1
Sex category (female) +1

CHA2DS2-VASc congestive heart failure, hypertension, age ≥75 (doubled), diabetes, stroke (dou-
bled), vascular disease, age 65–74, and sex (female)

2 Characters of Ischemic Stroke and Recanalization Arteries
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angiography (CTA), Doppler ultrasonography, diffusion-weighted MRI (DWI), 
gradient echo MRI (GRE) and perfusion-weighted MRI (PWI), high-resolution 
vessel wall MRI (HRMRI), and digital subtraction angiography (DSA). As shown 
in Fig. 2.1, CT is the convenient and common imaging tool in most hospital to 
exclude the presence of an acute cerebral hemorrhage. Especially, for the patient 
treated with intravenous (IV) alteplase (rTPA) in the 0–4.5 h time window, the 
high CT density (60–90 HU) is sensitive to exclude acute intracranial hemorrhage 
(ICH) [17]. With MRI shown in Fig. 2.2, diffusion-weighted imaging (DWI) can 
detect ischemia as early as minutes after stroke onset, which is much more sensi-
tive than CT for identifying acute ischemia [18]. Perfusion-weighted imaging 
(PWI) is used to evaluate the extent of the tissue infarction before early reperfu-
sion [19]. The apparent diffusion coefficient (ADC) indicates ischemic tissue by 
providing a quantitative measurement of water diffusion with low values. After 

Fig. 2.1 Non-contrast CT showed the differences between ischemic stroke and haemorrhage. (a) 
Ischemic stroke with right temporal lobe and occipital lobe as the arrow indicates. (b) Haemorrhage 
with left basal ganglia as the arrow indicates

Fig. 2.2 Cardiogenic infarction on the left hemisphere as the arrows indicate. A 77-year-old male 
with atrial fibrillation suddenly developed right hemiparesis, aphasia. (a) T1-weighted MRI. (b) 
T2-weighted MRI. (c) Fluid attenuated inversion recovery (FlAIR) MRI. (d) Diffusion MRI

Q. Dai et al.



19

ischemic stroke, the normalization of the ADC typically occurs about 3–5 days. 
During the period, because of the combination of true restriction and T2 signal for 
a variable time that relates to infarct size, DWI remains bright lesion. The lesion 
becomes larger from days to weeks [20].

As known, the ischemic infarct can be defined as “ischemic core” and “peri- 
infarct”. The former is defined as the ischemic brain tissue that is irreversibly injured 
and will proceed to infarction even if following the reperfusion immediately. The 
“peri-infarct” is usually called as “penumbra” which represents functionally 
impaired ischemic brain tissue that has the potential to recover with early reperfu-
sion, but the area will be the infarction if there isn’t the early reperfusion [21, 22]. 
CT and MR definitions of “ischemic core” and “ischemic penumbra” are probabi-
listic. In clinical practice, ischemic core can be assessed using diffusion MRI or by 
threshold relative cerebral blood flow (CBF) on CT perfusion. The normal CBF is 
60–80 mL/100 g/min, the CBF of penumbra is 12–20 mL/100 g/min and the infarct 
core is below 10–12 mL/100 g/min [17, 22]. The reduced CBF in the penumbra 
triggers energy-dependent autoregulatory mechanisms in order to keep the cerebral 
blood volume (CBV) normal, however, when CBV drop is a marker of infarction 
and correlates with the diffusion restriction only in hyperacute stroke [23] (Fig. 2.3). 
Perfusion imaging is much more sensitive in distal vessel occlusions and can more 
precisely measure the volume of dead and at risk brain tissue. About the diagnosis 
of ischemic stroke, the clinical symptoms are also the essential except imaging fea-
tures. Typical symptoms of ischemic stroke include sudden unilateral weakness, 
numbness, or visual loss; diplopia; altered speech; ataxia; and non-orthostatic 
 vertigo [24]. All in all, the symptoms are different because of the various brain 
lesions. The Face Arm and Speech Test (FAST) is a very simply, sensitive and rapid 
way to screen the stroke [25].

Fig. 2.3 Advanced imaging in ischemic stroke. A 37-year-old female with 10 years hypertension 
history. NIHSS 10 Score. It was diagnosed as acute ischemic stroke on left basal ganglia. (a) Left 
basal ganglia reduced CBF as arrow indicates. (b) Normal with CBV
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2.3  The Pathophysiology of Ischemic Stroke

2.3.1  Excitotoxicity

Excitotoxicity is attributed to the interaction between glutamate and neuronal gluta-
mate receptors, especially N-methyl-D-aspartate (NMDA)-type glutamate recep-
tors [26]. After stroke the neurotransmitter glutamate releasing is effected by the 
way mentioned above, further impairing the glutamate reuptake so that the gluta-
mate uptake transporters are reversed [22] (Reverse glial glutamate uptake triggers 
neuronal cell death through extrasynaptic NMDA receptor activation). Glutamate 
excitotoxicity was identified as an ischemic injury mechanism in stroke long ago 
[21, 27]. Some gaseous signaling molecules, including nitric oxide and superoxide, 
were produced by NMDA receptor activation, which attributes to Ca2+ dependent 
processes. The study indicates that the communication between astrocytes and neu-
rons depends on intracellular Ca2+ levels [28]. Ca2+ signals in astrocytes induce the 
release of chemical transmitters, which could regulate neuronal excitability and 
synaptic transmission [29]. Ca2+ over load could impair Ca2+ regulatory mechanisms 
and Ca2+ signals can also strengthen the effect of other relative death program, ulti-
mately lead to the cells death [30]. There is the evidence about regulator mecha-
nisms of neuronal NADPH oxidase (NOX) link with NMDA receptor activation to, 
and it’s relevant to stroke pathogenesis [30]. Release of mitochondrial apoptogenic 
factors and cell death are mediated by casein kinase 2 (CK2) and NADPH oxidase. 
NOX2 isoform of NOX is considered as the primary source of excitotoxic neuronal 
superoxide production [31]. There are some evidences show the NOX2 activity is 
increased by ischemia–reperfusion, after knocking out NOX2 in the model mice, 
the infarct size in focal cerebral ischemia is reduced [32, 33]. Some researches indi-
cated it’s useful to apply NOX inhibitors in animal stroke models at the early stage 
of ischemic onset [32, 34–36]. Therefore, NOX inhibitors may have the neuropro-
tective potential in treating acute ischemic stroke.

2.3.2  Inflammatory Response

The inflammatory response plays an important role in the pathophysiology process 
of ischemic stroke. The cytokines and harmful radicals are released by neutrophils, 
which would enforce the inflammatory response [37]. The proinflammatory cyto-
kines such as IL-1β, IL-17 and TGF-α are released by the immune cells, which can 
up-regulate cell adhesion molecule expression and promote the leukocyte to accu-
mulate on surface of the cerebral blood vessels of infarcted brain tissue, further 
increasing the inflammatory response [38]. As is known to all, the integrity of the 
blood brain barrier (BBB) is disrupted for up to 2 weeks after stroke [39]. After 
ischemia, astrocytes swell together to cause the increase of intracerebral pressure 
and the vascular hypoperfusion, and finally lead to aggravate the ischemia [40]. It 
can be said that astrocytes play some important roles in the central nervous system, 
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which including the regulation of blood flow, maintaining the integrity of BBB, 
affecting the synaptic function by the release of growth factors, reducing the gluta-
mate amount and alleviating excessive inflammatory response [41].

As a key membrane protein of BBB, aquaporins 4 (AQP4) is crucial in astrocyte 
swelling and cerebral edema process [42]. AQP4 is relevant with the expression of 
Agrin that accumulates in brain microvessels at the time of BBB tightening and is 
responsible for BBB integrity [43]. The AQP4 deletion could reduce astrocyte swell-
ing and brain edema, as well as improve the neurological outcome of mice after focal 
ischemia [44]. Because of interaction between IL-17 and its receptor on endothelial 
cells promotes the progress of BBB breakdown by disrupting tight junctions [45]. As 
a critical effector of cerebral ischemia tissue, IL-17 secreting T cells could accumu-
late in the CNS and cross the BBB, further destroy BBB or directly damage neurons 
[46, 47]. In the middle cerebral artery occlusion (MCAO)-induced ischemic stroked 
mice, the brain tissue expression level of IL-17 elevated at 1 h after ischemia insult 
and peaked at day 6 [48]. However, the anti-inflammatory properties of IL-4 were 
reported that the ischemic damage were exacerbated in IL-4 knocked-out mice, 
which suggested its potential to attenuate ischemic injury and promote tissue repair 
[49]. Similarly, the regulatory T lymphocytes (Treg)-produced IL-10 is also regarded 
as the neuroprotective cytokine for inhibiting neurotoxic function of TNF-α and 
IFN-γ [50]. In addition, the essential immune roles of Toll-like receptors (TLR) 
including TLR2 and TLR4 were confirmed in the ischemic brain injury [51]. It was 
reported that TLR4 knock-out could protect the brain from high-mobility group pro-
tein box-1 (HMGB1) mediated ischemic damage [52], as well as both TLR2 and 
TLR4 knock-out alleviated ischemic brain injuries [53]. The proinflammatory 
cytokines- mediated inflammatory response is more complicated, hence the identifi-
cation of their roles in neuroprotection may provide effective immune therapeutic 
strategies for ischemic stroke.

2.3.3  Apoptosis

There are two general pathways of apoptosis activated after ischemia: the Caspase- 
8- mediated extrinsic pathway and the Caspase-9 (mitochondria) or Caspase-12 
(endoplasmic reticulum)-mediated intrinsic pathways. Intrinsic Caspase-9 pathway 
is initiated by the cytochrome C release of mitochondria, while the extrinsic path-
way is due to the activation of cell surface death receptors, resulting in the stimula-
tion of caspase-8 [54]. In the past decades, researchers focused on the apoptosis in 
the ischemic penumbra in order to find the potential target at the early stage of 
ischemic stroke onset. It suggests that mitochondria influence neuronal apoptosis 
primarily via the release of proapoptotic factors into the cytoplasm, including cyto-
chrome C [55, 56]. Cytochrome C is involved to active Caspase-9, which is presum-
ably an initiator of the cytochrome c-dependent Caspase cascade, then activates 
Caspase-3 [57]. Caspase-9 and Caspase-3 play the important roles in neuronal death 
after cerebral ischemia. The researches illustrated the cleaved Caspase-9 increased 
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in brain tissue 12 h after ischemia and up-regulation of Caspase-3 mRNA in rat 
brain 1  h after the onset of focal ischemia [58, 59]. It has been also observed 
Caspase-3 was up-regulated in the human brain tissue after ischemia [60]. At the 
same time, some studies suggested that genetic deletion and pharmacological inhi-
bition of Caspases have a strong neuroprotective effect in stroke animal models. 
Some evidences showed that cerebral ischemia triggers the extrinsic apoptotic sig-
naling cascade. Tumor necrosis factor (TNF)-related apoptosis-inducing ligand, Fas 
and FasL expressions are up-regulated within 12 h after cerebral ischemia in the 
animal models and peaked between 24 and 48 h, which coincides with the time 
course of apoptotic death in neuronal cells [61, 62]. It was detected Caspase-3 and 
several other Caspase family members up-regulated in astrocytes and microglia 
after MCAO [63]. Although there are some studies discovering the mechanism of 
apoptosis after stroke, more detailed molecular process of apoptosis are needed to 
find the novel stroke therapies.

2.3.4  Autophagy

Programmed cell death includes type I (apoptosis), type II (autophagic cell death) 
and type III (necroptosis). The process of autophagy could degrade the damaged 
organelles and proteins through the autophagic vesicles [64]. More and more evi-
dences indicate that autophagy may be involved in regulating neuronal death in isch-
emic stroke, including global and focal ischemia [47, 65–68]. Among all the 
autophagy related proteins, the microtubule-associated protein 1 light chain 3 I 
(LC3-I) is noteworthy. It could be hydrolyzed to LC3-II during the process of 
autophagy starts. Therefore, ratio of LC3-II/LC3-I is commonly used to evaluate the 
level of autophagy [69]. Turnover of LC3 I to II was increased in the ipsilateral 
hemisphere 24–72 h after cerebral hypoxia–ischemia [70]. In 1999, Beclin-1 is the 
first identified mammalian gene with a role in autophagy initiation [71]. Beclin-1 
protein level was observed to increase as early as 4 h, appeared to peak at 24–72 h 
after ischemia injury [72]. 3-methyladenine (3-MA) is used to inhibit autophagy as 
the inhibitor, which has the time-dependent protective effect on neuronal death [73]. 
Applying it before ischemia could be better in protecting the global I/R injury. The 
previous study shows that conventional protein kinase C (cPKC)γ activation has 
neuroprotective effect against ischemic injuries [74]. Recent study finds that cPKCγ 
deficit could increase Beclin-1 expression level and the ratio of LC3-II/LC3-I, at the 
same time, BafA1 is regarded as the autophagy inhibitor, which could aggravate or 
alleviate OGD-induced ischemic injuries in cPKCγ wild-type and cPKCγ knock- out 
neurons, respectively [75]. All in all, as an essential role in ischemia, autophagy 
remains worth further study to develop newly effective therapeutic strategies for 
ischemic stroke.
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2.3.5  Pyroptosis

Pyroptosis is an inflammasome-dependent programmed cell death. Inflammasomes 
activate Caspase-1 by the Caspase recruitment domain (CARD) or pyrin domain 
(PYD)-containing inflammasome, including nod-like receptor (NLRP1, 3, 6, 7, 12, 
NLRC4), absent in melanoma 2 (AIM2), or pyrin [76, 77]. And then Caspase-1 
induces the activation and secretion of pro-IL-1b and pro-IL-18 [77]. It is the pri-
mary cause of anthrax-lethal- toxin-induced lung injury that pyroptosis induced by 
the NLRP1B inflammasome or a gain-of-function mutation in Nlrp1a [78]. The 
newly research indicated that interdomain cleavage of gasdermin D (GSDMD) by 
caspase-1/4/5/11 determines pyroptosis [79]. AIM2 contains a HIN200 domain and 
is specific for cytosolic DNA [80–83]. In 2014, the research firstly reported embry-
onic cortical neurons express a functional AIM2 inflammasome and identify pyrop-
tosis as a cell death mechanism in neurons. It demonstrated pannexin1 as a cell 
death effector channel in pyroptosis and inhibition of pannexin1 by probenecid 
attenuates pyroptosis in neurons, which suggested that active Caspase-1 cleaves 
inflammatory cytokines, opens the pannexin1 pore, and induces cell death [84]. It is 
unclear of the pyroptosis mechanism in ischemic stroke. What is the role of pyrop-
tosis and the relationship with apoptosis and autophagy? It is worthy to explore the 
role of pyroptosis deeply in the ischemic stroke models.

3  Artery Recanalization of Ischemic Stroke

3.1  Intravenous Thrombolytic and Antiplatelet Therapy 
Treatment

Thrombolytic treatment aims to remove the occlusion and to restore blood flow in the 
hypoperfused brain tissue. As we illustrated above, the penumbra region has the 
potential to recover, which is relevant with the clinical outcome. Intravenous recom-
binant tissue plasminogen activator (rt-PA) is the only proven effective treatment for 
acute ischemic stroke [85]. The preceding non-randomized studies illustrate the 
recanalization correlated with less infarct growth and better clinical outcomes [86]. 
In 1996, the US Food and Drug Administration (FDA) approved rt-PA for use in 
early acute ischemic stroke. Intravenous rt-PA, the recommend dose is 0.9 mg/kg 
within 4.5 h of ischemic stroke, with a bolus of 10% of the dose administered over 
1 min, and the remainder infused over 60 min [85, 87]. The lower dose of rt-PA 
(0.6 mg/kg) could reduce the incidence of symptomatic intracerebral hemorrhage but 
it isn’t better for the functional outcome at 90 days compared with standard- dose 
rt-PA [88]. The combination of the Barthel Index (BI), modified Rankin Scale (mRS), 
Glasgow Coma Scale (GCS) and National Institutes of Health Stroke Scale (NIHSS) 
are used to assess the functional outcome. According to the updated AHA/ASA 
guidelines for management of acute ischemic stroke, it was recommended that 
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patients eligible for intravenous rt-PA should receive intravenous rt-PA even if endo-
vascular treatments are being considered (Class I; Level of Evidence A) [89]. In 
recent years, some studies focus on trials to evaluate the ischemic stroke patients 
with small cores and substantial salvageable penumbra, as identified by CT or MR 
perfusion, whether could be benefit from rt-PA and endovascular thrombectomy 
beyond 6 h [90]. With regard to the antiplatelet therapy, the Clopidogrel in High-risk 
patients with Acute Non-disabling Cerebrovascular Events (CHANCE) trial indi-
cates Clopidogrel-Aspirin therapy (loading dose of 300 mg of Clopidogrel on day 1, 
followed by 75 mg of Clopidogrel per day for 90 days, plus 75 mg of Aspirin per day 
for the first 21 days) or to the Aspirin-alone group (75 mg/day for 90 days) within 
24 h after onset of minor stroke or high-risk TIA, which could reduce the risk of 
subsequent stroke persisted for the duration of 1-year of follow-up [91].

3.2  Endovascular Treatment for Acute Ischemic Stroke

Endovascular therapies include clot disruption or mechanical retrieval. The intra- 
arterial (IA) application of fibrinolytic agents was initially motivated by consider-
ations of benefit ratio and extending the time window. The Middle Cerebral Artery 
Embolism Local Fibrinolytic Intervention Trial (MELT) implemented the patients 
with acute (0–6  h) M1 and M2 occlusions to either IA Urokinase or placebo. 
Although the primary endpoint did not show the statistical significance, the second-
ary analyses suggested that IA treatment has the potential to increase the possibility 
of positive functional outcome. Later, IA treatment was commonly administered as 
an off-label therapy for stroke within 6 h of onset in the anterior circulation and up 
to 12–24 h after onset in the posterior circulation [92]. However the newest AHA/
ASA guidelines suggest endovascular therapy with stent retrievers is recommended 
over intra-arterial fibrinolysis as the first-line therapy (Class I; Level of Evidence 
E). Intra-arterial fibrinolysis initiated within 6 h of stroke onset in carefully selected 
patients who have contraindications to the use of intravenous rt-PA might be consid-
ered, but the consequences are unknown (Class IIb; Level of Evidence C).

So far rt-PA does not have FDA approval for intra-arterial use [89]. More and 
more prospective, randomized, open-label, blinded-end-point (PROBE) researches 
evaluate efficacy of recanalization after ischemic stroke. Intra-arterial Versus 
Systemic Thrombolysis for Acute Ischemic Stroke (SYNTHESIS Expansion) aimed 
to compare the intravenous rt-PA and endovascular therapy. And the score of mRS, 
symptomatic intracerebral hemorrhage (sICH), NIHSS were used to evaluate between 
the subgroups. While the result shows there are no significant differences in out-
comes in subgroups [93]. The Interventional Management of Stroke Trial III (IMS 
III) allocated ischemic stroke patients (NIHSS score ≥10, within 3 h onset) to two 
groups, the one group receive the standard-dose intravenous rt-PA (0.9 mg/kg), the 
another group was treated with rt-PA (0.6 mg/kg). After therapy, if the arteries were 
still occlusion, a device and/or intra-arterial rt-PA were used follow-up. Recanalization 
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occurred 325 ± 52 min after stroke onset. Finally, there was no significant difference 
in mRS scores between the two groups [94]. The EPITHET study tests rt-PA given 
3–6 h after stroke onset and PWI and DWI were done before and 3–5 days after 
therapy. It is the prospective, randomized, double blind, placebo- controlled and phase 
II trial research. The result shows that it could increase reperfusion beyond 3 h treat-
ment, but it could not lower infarct growth. It is said reperfusion is associated with 
improved clinical outcomes [95]. The AHA/ASA guidelines suggest patients should 
receive endovascular therapy with a stent retriever if they meet all the following cri-
teria (Class I; Level of Evidence A). (1) Prestroke mRS score 0–1. (2) Acute ischemic 
stroke receiving intravenous r-tPA within 4.5 h of onset according to guidelines from 
professional medical societies. (3) Causative occlusion of the ICA or proximal MCA 
(M1). (4) Age ≥18 years. (5) NIHSS score of ≥6. (6) ASPECTS of ≥6. (7) Treatment 
can be initiated (groin puncture) within 6 h of symptom onset [89] (Fig. 2.4).

3.3  Antioxidant and Other Treatment

The neuronal metabolism depends upon the lactate and activated glycolysis [96]. It 
has been shown that neurons synthesize energy mainly rely on the oxidative metab-
olism of glucose. Nevertheless, if the glucose and lactate are present at the same 
time, neurons can efficiently utilize lactate [97]. The superoxide anions, hydrogen 
peroxide, hydroxyl radicals, and peroxynitrite or nitrogen dioxide express in infil-
trating phagocytes, vascular cells, and glial in the area of penumbra [98, 99]. 
Because of the high consumption of oxygen and its relatively low endogenous anti-
oxidant capacity in the ischemic brain tissue, neutralisation of oxidative stresses is 
a potential and positive therapeutic way [100]. The research shows for the first time 
that mitochondrial metabolic oscillations happened in the vivo with the rapid time 
(10–15 s), while cellular reactive oxygen species (ROS) plays a role in promoting 

Fig. 2.4 Mechanical retrieval performed on the patient with cardiac source of emboli. A 50-year- 
old female with rheumatic heart disease, atrial flutter presented with right hemiparesis, aphasia and 
conscious disturbance. (a) Angiogram shows the left internal carotid artery occlusion as the arrow 
indicates. (b) There isn’t any compensatory action from right internal carotid artery occlusion as 
the arrow indicates. (c) and (d) Recanalization of left internal carotid artery after receiving the 
endovascular therapy with a stent retriever. Anterior cerebral artery (A3), indicating by the arrow, 
is still occlusive
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the NADH oscillations [101]. ROS is mainly produce by mitochondria, which could 
impair endothelium dependent vasodilator mechanisms, direct damage to biomole-
cules that result in necrosis, necroptosis and apoptosis. It could be said the mito-
chondria is very essential in pathogenesis of ischemic stroke [102, 103]. It seems a 
major cause of enhancing mitochondrial ROS production in stroke by impairing the 
function of respiratory chain complexes and ATP synthase [104].

In the penumbra region of ischemic stroke, ATP decreases obviously. Some of the 
ADP is further metabolised to AMP and ATP [105]. After hypoxic/ischemic injury, 
with the ROS is produced, antioxidant capacities are reduced. Because of the mito-
chondrial lipid peroxidation, Ca2+ overload so that mitochondrial membrane depolar-
ization, which promote cytochrome c to be released and result in cell apoptosis 
[106–108]. As an antioxidant drug, Edaravone could scavenge hydroxyl, peroxyl and 
superoxide radicals. It was approved for use in patients with acute stroke in Japan in 
2001 and the compound is widely used in China [109]. According to the research 
with cell culture and animal model, it has shown Edaravone inhibits microglia-
induced neurotoxicity, chronic inflammation, lipo-oxygenase, oxidation of low-den-
sity lipoproteins, and altered expression of endothelial and neuronal proteins [110]. 
Some studies also focus on the non-pharmaceutical therapy for recanalization.

Brain is extremely sensitive to hypoxia or ischemia, while ischemic/hypoxic con-
ditioning is a neuroprotective strategy for stroke. The study shows according the 
pathway of PI3 kinase (phosphatidylinositol 3-kinase)/Akt and the inhibitor-of- 
apoptosis proteins, hypoxic preconditioning (HPC) could inhibit apoptotic cell death 
in brain microvascular endothelial cells [111]. Another research indicates HPC could 
protect the BBB integrity in the wild-type mice, but the HPC-induced BBB protec-
tion would be damage in SphK (Sphingosine kinase)-knockout mice [112].

As the neuroprotective approach, hypothermia could decrease utilization of oxy-
gen and glucose, keep the level of ATP and pH in ischemic tissues, reduce the down-
stream consequences of lactate overload and alleviate acidosis [113]. It is beneficial 
to mitochondrial function. Hypothermia could inhibit of cPKCδ translocation to the 
mitochondria, further hinder the process of reactive oxygen species and initiation of 
apoptosis [114]. On the other hand hypothermia could protect the BBB integrity 
according to decreasing MMP proteolytic activity and degrading the components of 
the extracellular matrix comprising the BBB [115]. But the efficacy, safety of hypo-
thermia in clinical still requires further investigation.

4  Reperfusion Injury After Artery Recanalization

Through the medical or mechanical recanalization, the restoration of blood flow 
after ischemic stroke could be reached. In this process, ischemic tissues may be suf-
fered the additional damage, which is called reperfusion injury. The concept was 
first described by Cerra et  al. in 1975 [116]. In the early stage of ischemia, 
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glycolysis provides ATP. After glycogen was burned out, lactate and other toxic 
metabolic products could activate the chemical mediators and enzymes [117]. One 
of the characters of reperfusion injury is that arachidonic metabolites promote the 
adhesion of leukocytes to vascular endothelium and increase the permeability of the 
postcapillary venules [118]. During reperfusion, with the accumulation of leuko-
cytes, red blood cells and platelets, the capillaries may be blocked, which inhibits 
the restoration of blood flow. This phenomenon is called “no-reflow” which could 
cause the secondary cerebral ischemia [119–121]. Leukocytes release lysozymes, 
produce the reactive oxygen species and release leukocytes chemotactic agents, 
which involved in the process of reperfusion injury [122]. Inflammatory system is 
stimulated and nucleotides are released acting as signals to promote phagocytosis in 
the apoptotic tissue bed, further to aggravate reperfusion injury [123, 124]. As the 
important mediator of reperfusion injury, reactive radical oxide species could oxi-
dize proteins, lipids, DNA and other biological molecules [125]. The activity of 
inducible nitric oxide synthase is incurred by cerebral ischemia and the production 
of nitric oxide, acting as the main reactive oxide species, is involved in the process 
of necrosis and apoptosis [126]. The study indicated that in middle cerebral artery 
occlusion animal models, the oxidative stress affects constantly on pericytes in the 
microvasculature, the injury lasts beyond the period of ischemia no matter whether 
reperfusion or not [127]. Because of the sustained effect of reactive oxygen on 
endothelium, it would influence the permeability of the vascular system and disrupt 
BBB [128]. Hemorrhagic occurs in the ischemic infarction is the most common 
reperfusion injury, which is impacted by sheer pressure and the cytotoxic nature of 
these blood products [129]. No matter mechanical and pharmacological recanaliza-
tion therapies, the future of acute stroke therapy will focus on the advancement of 
revascularization, while not just the recanalization.

5  Conclusion

Ischemic stroke is a major cause of mortality and long-term disability, and contains 
complicated pathophysiological process. The understanding of molecular mecha-
nisms underlying cerebral ischemic injury, artery recanalization-induced reperfu-
sion injury and endogenous neuroprotective phenomenon, such as pre- or 
post-ischemia/hypoxia-induced neuroprotection, will provide new targets and strat-
egies for the treatment of stroke in clinic. Although some ideas and efficiency on the 
animal models have been acquired, we need continue making efforts on the transla-
tional stroke research.Funding InformationThis work was supported by grants from 
the Beijing Natural Science Foundation (7132070 and 7141001) and National 
Natural Science Foundation of China (81301015, 31471142 and 31671205).
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Chapter 3
Cerebral Ischemic Reperfusion Injury 
(CIRI) Cases

Weijian Jiang and Yi-Qun Zhang

Abstract Two recanalization stroke cases are presented, one led to harmful brain 
hemorrhage and the other beneficial effect and patient recovered smoothly. 
Discussed the potential mechanisms behind beneficial recanalization and reperfu-
sion after recanalization.

Keywords Stroke · Reperfusion injury · Case studies

Cerebral blood flow (CBF) in the territory of a clotted artery may be restored by 
pharmaceutical or mechanical thrombolysis, such as intravenous r-tPA within 4.5 h 
of ischemic stroke onset or timely mechanical thrombectomy for occlusion of major 
intracranial artery. However, the disabling and death rates of 29–67% at 3 months 
were still high in ischemic stroke patients despite undergoing combined thrombec-
tomy and medicine treatment [1]. The worse outcomes may be associated with cere-
bral ischemia-reperfusion injury (CIRI), and futile reperfusion as well. Therefore, it 
is necessary to seek out some effective strategies for prevention and treatment of the 
CIRI in the current era of recanalization for acute ischemic stroke. Here we will 
present two cases to start discussions on the CIRI and hope our rough ideas serve to 
invite brilliant contributions.

1  Case Description

Case 1. A 72-year-old right-handed female with history of atrial fibrillation was 
referred to our center due to right-side weakness, difficulty speaking, and then stu-
por for lasting of 3 h and 50 min. Brain CT ruled out intracranial hemorrhage (ICH). 
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The patient never took any anticoagulation or antiplatelet medication before. On 
neurological examination, she presented with decreased consciousness level, left 
deviation of eyes with normal pupillary response, aphasia and right hemiparesis, 
with National Institutes of Health Stroke Scale (NIHSS) of 18. Blood pressure (BP) 
was 149/78  mmHg. So, a decision of combined intravenous thrombolysis and 
mechanical thrombectomy was made. Intravenous r-tPA (0.9 mg/kg) was initiated 
at 4 h after the onset.

Catheter angiography at 4.5 h discovered a complete occlusion of left terminal 
internal carotid artery (ICA). Mechanical thrombectomy with the use of a 4 × 20 mm 
Solitaire™ AB device (Covidien, Irvine, California) was then performed. After a 
total of five passes of the device, with the first at 5 h and 10 min and the last at 6 h, 
the occlusion was completely recanalized (Fig. 3.1).

Her NIHSS remained 18 immediately after procedure. BP was 137/59 mmHg. 
She received intravenous injection of nicardipine (a calcium channel blocker) 
4.8 mg/h and esmolol (a beta receptor blocker) 60 mg/h in neurological intensive 
care unit, to maintain systolic BP between 110 and 120 mmHg. Edaravone (a free- 
radical scavenger) and rosuvastatin (a lipid-lowering agent) were also administered. 
However, the patient’s status deteriorated at 9 h after the onset (i.e. 3 h after recana-
lization), with sudden vomiting and slowness of pupillary light reflex. Emergent CT 
showed an early cerebral edema with sulci effacement in the left hemisphere, fol-
lowed by intravenous infusion of 20% mannitol 250 ml. At 13 h after the onset, her 
oxygen saturation dropped to 80%, which was restored to 98% after mechanical 
ventilation. The patient presented with deep coma at 16 h after the onset (i.e. 10 h 
after recanalization), with bilateral pupil dilation to 4 mm and light reflex disappear-
ance. The brain edema was more severe on repeated CT, with midline shift (Fig. 3.1). 
Then, the patient got worse despite aggressive medical therapy, with central hyper-
pyrexia on day 2, central diabetes insipidus on day 3, circulatory collapse on day 4. 
The patient was deceased on day 5.

Case 2. A 60-year-old right-handed female with history of hypertension and 
cigarette smoking had episodes of left-sided weakness during the past 4 months 
despite aspirin treatment. Before 18 days on admission, she experienced a transient 
attack of difficulty finding words for about 10 min.

On admission, there was no abnormal finding on neurological examination. 
Blood clotting tests showed prothrombin time (PT) 9.9 s, activated partial thrombo-
plastin time (APTT) 35 s, thromboplastin time (TT) 14.6 s, international normalized 
ratio (INR) 0.89, fibrinogen (Fib) 2.68 g/l, and D-Dimer 0.1 mg/l. A severe stenosis 
at bifurcation of right MCA was detected on magnetic resonance angiography. The 
stenosis rate was 80% on catheter angiography. The patient was medicated with 
aspirin 300 mg and clopidogrel 75 mg daily for antiplatelet, atorvastatin 20 mg daily 
for lipid-lowering, and valsartan/hydrochlorothiazide tablet (80 mg/12.5 mg) daily 
for antihypertension. The dual-antiplatelet therapy was effective, as thromboelas-
tography (TEG) test after 12 days showed inhibition rate of arachidonic acid (AA) 
and adenosine diphosphate showed (ADP) of 90% and 54%, respectively.

On the operation day morning, her BP was 130/80  mmHg. The patient was 
treated by an experienced neurointerventionalist under general anesthesia. After 
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intravenous bolus of 3000 U heparin, the stenosis was dilated by slowly inflation of 
a 2.0 mm × 15 mm Gateway balloon catheter (Boston Scientific, Fremont, CA), fol-
lowed by implantation of a 4.5  mm  ×  22  mm Enterprise self-expanding stent 
(Codman Neurovascular, Raynham, Massachusetts). The stenosis rate was reduced 
to 10% from 80%, with TICI 3 blood flow, and no evidence of vessel injuries. CT 
immediately after stenting showed no ICH (Fig. 3.2).

Upon leaving operating room at 14:00, the patient was neurologically normal 
with NIHSS of 0 and BP of 123/56 mmHg. Her BP was ordered to be controlled at 

Fig. 3.1 A harmful emergent recanalization for acute ischemic stroke. This is a 72-year-old right- 
handed female with history of atrial fibrillation who had an acute occlusion of left terminal ICA 
verified by catheter angiography (a). The occlusion was timely revascularized by mechanical 
thrombectomy at 6 h of stroke onset (b). Despite aggressive management of cerebral ischemia- 
reperfusion injury, the patient’s status deteriorated with sudden vomiting and slowness of pupillary 
light reflex at 3 h after recanalization, and the CT showed an early brain edema with sulci efface-
ment in the left hemisphere (c). The edema developed with midline shift 10 h after recanalization 
(d), and finally resulted in the death. The hemisphere swelling was more likely to be vasogenic 
than cytotoxic, as the occlusive artery did not result in large infarct after early recanalization; and 
the edema peak time occurred within 24 h
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the level of 100–110/60–70  mmHg, about 80% of the baseline BP.  Dalteparin 
sodium (a low-molecular-weight heparin, LMWH) 5000  IU per 12  h was 
 subcutaneously injected. Dual-antiplatelet, lipid-lowering and antihypertension 
agents were continued. Edaravone (a free-radical scavenger) 30 mg was intrave-
nously infused twice daily.

However, the patient complained of headache and nausea at 5:00 the next morn-
ing (i.e. 15 h post procedure), with no vomiting or neurological deficit. Her BP was 
110–130/70–85  mmHg during the night. Emergent CT showed a hematoma of 
3.9 × 3.7 cm in the right temporal lobe with a “fluid level” of the superior hypo- 
density area (blood plasma) and the inferior hyper-density area (blood cells). 
Pseudoaneurysm, hyperperfusion syndrome with hemorrhage, and overdose of anti-
thrombotic agents were highly suspected. Antiplatelet and anticoagulation therapy 
was discontinued at once, and her BP was controlled at the level of about 
100/60 mmHg. The hematoma was found to get enlarged to 4.6 × 4.5 cm on the fol-
low-up CT at 15:30 (i.e. 25.5 h post procedure). After ruling out the pseudoaneurysm 

Fig. 3.2 A delayed ICH after elective stenting of intracranial stenosis. This is a 60-year-old right- 
handed female with episodes of left-sided weakness during the past 4 months despite aspirin ther-
apy. A severe stenosis at bifurcation of right MCA was detected on magnetic resonance angiography 
(a and b). The stenosis rate was 80% on catheter angiography (c), and was reduced to 10% after 
stenting (d), with no ICH on CT immediately after stenting. However, the patient complained of 
headache and nausea at 15 h after stenting. A hematoma of 3.9 × 3.7 cm in the right temporal lobe 
was revealed by CT, with a “fluid level” of the superior hypo-density area (blood plasma) and the 
inferior hyper-density area (f). CT after 25.5 h of stenting showed enlargement (4.6 × 4.5 cm) of 
the hematoma (g), and then, the hematoma was completely evacuated surgically in the evening (h), 
with no difficulty in hemostasis. The hematoma was possibly related to procedure-related pseudoa-
neurysm, excessive antithrombotic therapy and cerebral hyperperfusion syndrome (CHS). The 
pseudoaneurysm was ruled out after catheter angiography. The excessive antithrombotic therapy 
was not supported by blood clotting tests with normal results, and no difficulty in hemostasis dur-
ing surgery. So the CHS was most probably associated with the ICH
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by emergent catheter angiography, the hematoma was surgically evacuated in the 
evening, with no difficulty in hemostasis (Fig. 3.2), followed by disappearance of the 
symptoms. Blood clotting tests after surgery showed normal results: PT 10.9 s, APTT 
28.9 s, TT 14.1 s, INR 0.96, Fib 2.57 g/l, and D-Dimer 1.9 mg/l. The patient was 
given clopidogrel 75 mg/day again the next day to prevent in-stent thrombosis. She 
discharged with no sequela 2 weeks later.

2  Discussion

Case 1. This is a harmful emergent recanalization for occlusion of major intracranial 
artery within the time windows of intravenous r-tPA and mechanical thrombectomy.

In this case, the early and progressive cerebral edema with mass effect was 
extremely striking. The patient neurological function deteriorated at 3 h after recan-
alization (i.e., 9 h after stroke onset), which was related to the CT-confirmed early 
cerebral edema. The edema developed rapidly with cerebral midline shift at 16 h 
after the onset. The hemisphere swelling was more likely to be vasogenic than cyto-
toxic, as the occlusive artery did not result in large size of infarct after early recana-
lization; and the edema peak time occurred within 24  h. Vasogenic edema is 
supposed to be a consequence of increased hydrostatic pressure gradient in the ter-
ritory of impaired autoregulation and disrupted blood-brain barrier (BBB), so it can 
occur soon after recanalization or hours later. Whereas, cytotoxic edema results 
from energetic and ionic failure with membrane depolarization, and peaks after 24 h 
of infarction, mostly within 72–96 h [2].

In clinical practice, embolic occlusion in the terminal ICA, like this case, is the 
most severe type among ischemic strokes and very challenging to manage. It may 
leave patients an extensive brain infarction for involvement of both middle and ante-
rior cerebral artery if not recanalized timely. However, it leaves physicians a much 
narrower time window to treat for lack of ischemia preconditioning or good collat-
eralization, which may exist with atherosclerotic occlusion. Meanwhile, its recana-
lization rate is very low after pharmaceutical or mechanical thrombolysis for large 
thrombus load. So, recanalization of such a lesion is a big technical challenge. 
Another challenging met by physicians is severe complications after recanalization, 
such as ICH, and hemisphere vasogenic edema. Of note, it was reported that both 
r-tPA thrombolysis and mechanical thrombectomy were associated with BBB dis-
ruption, which might contribute to vasogenic edema [3–8].

Cerebral vasogenic edema should be aggressively prevented and managed as 
early as possible. In this kind of edema, water is driven into extracellular space by 
high intra-vascular hydrostatic pressure, and high extra-vascular osmotic pressure 
as a result of protein extravasation via disrupted BBB. The driving forces of water 
can be reduced by BP control to relieve the vasogenic edema.

In this case, the preventive management BP control and usage of free radical 
scavenger, had been applied soon after timely recanalization. Unfortunately, the 
severe CIRI still developed and finally resulted in the death, suggesting that 
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 targeting to the CIRI be the main direction in the current era of recanalization for 
acute ischemic stroke.

Case 2. This is a delayed ICH 15 h after elective stenting for symptomatic MCA 
stenosis.

The symptomatic hematoma was possibly related to procedure-related pseudoa-
neurysm, excessive antithrombotic therapy and cerebral hyperperfusion syndrome 
(CHS) [9]. The pseudoaneurysm was ruled out after catheter angiography. The 
excessive antithrombotic therapy was not supported by blood clotting tests with 
normal results, and no difficulty in hemostasis during surgery. So the CHS was most 
probably associated with the ICH.

CHS with ICH after revascularization of chronic stenosis of extracranial or intra-
cranial artery is not uncommon, occurring in 0.37% and 0.74% patients following 
carotid endarterectomy and stenting for ICA stenosis, respectively [9]. The patho-
genesis may be associated with cerebral autoregulation impairment [10], that is, 
CBF varies passively with alteration in cerebral perfusion pressure (CPP) under the 
circumstance of the maximum dilation of small arteries and arterioles with the mini-
mum cerebrovascular resistance (CVR). The CPP increases by eliminating pressure 
gradient across a severe stenosis after recanalization, which may cause CHS with or 
without ICH as a result of CBF upward breakthrough [11]. Furthermore, the cere-
bral autoregulation impairment may last for days and even weeks after recanaliza-
tion. Thus, it is crucial to strictly control BP at the level of lower than 20% of the 
baseline BP immediately after revascularization, and for a couple of days at least.

In this case, the ICH could be explained by the sub-satisfactory BP control after 
stenting, which was 110–130/70–85 mmHg during the post-procedure night, higher 
than 80% of baseline level of 130/80  mmHg. Luckily, the hematoma was com-
pletely evacuated with no sequela.
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Chapter 4
CIRI After Early Recanalization

Qingmeng Chen and Min Lou

Abstract Even with rapid reperfusion therapy for acute ischemic stroke, there is 
still a potential risk of clinical deterioration, such as cerebral hemorrhage, infarct 
growth or brain edema after early recanalization, which is so-called “reperfusion 
injury”. Blood-brain barrier (BBB) damage, inflammatory responses and leuko-
cyte recruitment are believed as main pathophysiological mechanisms. With the 
development of neuroimage, several novel neuroimaging markers had been 
reported. Hyperintense acute reperfusion marker (HARM) and quantitative meth-
ods including Patlak algorithm, relative recirculation (rR) on enhanced neuroim-
age can evaluate the damage of BBB, which may induce cerebral hemorrhage. 
Postischemic hyperperfusion and “no-reflow phenomenon”, which correlate with 
infarct growth, are observed on perfusion image. Ischemic conditioning therapy, 
immunosuppressive agents and hypothermia treatment may have potential thera-
peutic values in future.

Keywords Stroke · Recanalization · Reperfusion injury

Without valid reperfusion therapy within limited time window, brain tissues would 
progress to infarction with subsequent neurological deficits. Early restoration of 
blood flow can reduce infarct growth and improve neurologic deficit after acute 
ischemic stroke, which has been proven by previous animals and humans studies. 
However, there is still a potential risk of developing cerebral hemorrhage, infarct 
growth, or brain edema, even with early recanalization [1, 2]. This phenomenon is 
so-called “early reperfusion injury” [3].

The mechanism of reperfusion injury has been identified in numerous ways, for 
example, activation of endothelium, excess production of oxygen free radicals, 
inflammatory responses and leukocyte recruitment, increment in cytokine  production, 
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as well as edema formation [4, 5]. However, among these mechanisms, the common 
is brain-blood barrier (BBB) disruption [5] (Fig. 4.1).

In this chapter, we will review the current studies on basic mechanisms, explore 
some neuroimaging markers for predicting reperfusion injury, and provide potential 
treatments for reperfusion injury.

1  Hemorrhage Transformation (HT)

Hemorrhage transformation (HT) is supposed as one kind of reperfusion injury, 
involving reperfusion-mediated injury with a biochemical cascade. As a result, 
HT will lead to secondary deterioration of ischemic brain tissue and neurological 
deficits [3].

The major pathophysiologic change of HT is the disturbance of vascular wall 
integrity, which is also known as “BBB disruption”. The permeability of BBB 
in infarct region increases during the first hour after reperfusion [6], reaches the 
two peaks after 3 and 48 h [7–9], then decreases gradually. The decrease pro-
cess lasts for 4–5 weeks [10, 11]. There are several elements causing the 
destruction of BBB, for instance, oxygen stress and the neurovascular unit 
injury [12, 13].

1.1  Mechanisms

1.1.1  Oxidative Stress

The maintenance of the normal cerebral activation mainly depends on the abun-
dant energy-supply of mitochondria in brain cells. While acute cerebral ischemia 
takes place, numerous mitochondrial enzymes such as cytochrome oxidase and 
manganese superoxide dismutase (MnSOD), will decrease their reactivities, then 

Fig. 4.1 The mechanisms and clinical outcomes of reperfusion injury. MMP matrix metallopro-
teinase, BBB blood-brain barrier, VCAM-1 vascular cell adhesion molecule-1, HT hemorrhagic 
transformation
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inhibit oxidative phosphorylation of complex IV and the final electron chain [14]. 
On one hand, due to lack of cytochrome oxidase (one of the final electron accep-
tors), the remaining final electrons have to combine with proximal complexes, 
once cerebral blood perfusion is recovered. This process results in increasing reac-
tive oxygen species (ROS). On the other hand, ischemic mitochondrial reperfusion 
easily makes complex I dysfunction, affects MnSOD expression, and reduces ROS 
clearance rate. A rapid increasing of the amount of ROS in the ischemic mitochon-
dria causes changes in the cytoskeleton, and affects endothelial and epithelial 
cells—BBB permeability.

These processes have been found in several animal studies. During reperfu-
sion after 2 h of ischemia, mitochondrial respiratory function recovers partially 
after the first hour. Whereas, after 2–4 h mitochondrial respiratory function will 
fall into secondary deterioration in the infarct tissues [14]. Folbergrova et  al. 
also found these similar changes of energy metabolism around the infarct area, 
suggesting that impaired mitochondrial function is the key to this metabolic 
response [15].

1.1.2  Neurovascular Unit Injury

Matrix metalloproteinase (MMP) is recognized as an important protease. It 
affects the permeability of BBB [8], by acting on the basement membrane of the 
cerebral capillaries. At early stage of reperfusion, up-regulation of MMP-2 and 
MMP-9 expression degrades tight junction proteins, claudin-5 and occludin, then 
damages the BBB. Thus, early permeability peak of blood-brain barrier usually 
develops at 3 h after reperfusion [8, 16]. The underlying second expression peak 
of important factors (such as MMP, IL-1, TNF-a) may affect the later brain-blood 
barrier reopening [17].

Postischemic hyperperfusion, such as hyperemia or “luxury perfusion”, has 
been defined as excess of blood flow or volume than what normal brain metabolic 
actually needs [18]. However, the underlying mechanisms of how it works and the 
function of postischemic hyperperfusion are still unclear. It is a double-edged 
sword, which largely depends on which time course it is [18]. The late postisch-
emic reperfusion (12 h after onset), correlating with tissue necrosis, increases the 
hemorrhage transformation, infarct growth and edema [18]. The possible patho-
logical mechanisms causing postischemic hyperperfusion may include the follow-
ing two major aspects: (1) autoregulation dysfunction, that is, the accumulated 
ROS will cause delayed neuronal death and release vasoactive substances (such as 
lactic acid and adenosine), affecting vascular smooth muscles and leading to dila-
tion of blood vessels [19, 20]; (2) BBB damage: If postischemic hyperperfusion 
starts immediately and persists for a long time, it often prompts malignant hyper-
perfusion [21]. Animal experiments have found that when malignant hyperperfu-
sion occurred, there were severe edema and serious necrosis of astrocyte foot and 
endothelial cells, resulting in significant damage of BBB [22].
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1.2  Predictive Imaging Markers

1.2.1  Brain-Blood Barrier Permeability

Hyperintense acute reperfusion marker (HARM), a novel marker of early BBB dis-
ruption, can be detected on delayed gadolinium enhancement of cerebrospinal fluid 
space on fluid-attenuated inversion recovery (FLAIR) [5]. Steven et al. found that 
among all of the acute ischemic stroke patients, 33% (47/144) of them had the 
HARM signal, which suggested the presence of early BBB damage. Early reperfu-
sion is the strongest predictor of BBB damage (OR = 4.09, 95% CI = 1.28–13.1, 
p = 0.018). Comparing to those without intravenous thrombolysis, patients treated 
with intravenous thrombolysis showed significantly higher early BBB damage and 
rate of hemorrhagic transformation (55% vs. 25%, 31% vs. 14%). Besides, patients 
with hemorrhagic transformation (73% vs. 25%) was more prone to have early BBB 
destruction and achieved a poor prognosis (63% vs. 25%).

As for postischemic BBB permeability, there are several quantitative evaluation, 
including Patlak algorithm. Analysis of dynamic contrast-enhanced magnetic reso-
nance imaging (DCE-MRI) using Patlak plots model can provide a quantitative 
approach to calculate the degree of BBB leakage damage [10, 23]. Parameters esti-
mated in the Patlak method model include transfer constant (Ki) of Gd-DTPA and 
the distribution volume (Vp) of the mobile protons [24]. Abo-Ramadan et  al. 
observed dynamic changes of parameters (Ki and Vp) from hyper-acute phase to 
chronic stage of ischemic stroke rat models and found that brain-blood barrier once 
opened at early stage and then closed, followed with secondary reopening [10]. 
With these parameters, it becomes possible to predictively depict the vulnerable 
regions in acute ischemic tissues where is destined for HT.

Lupo et  al. pointed out that parameters like relative recirculation (rR) and 
recovery percentage (%R) can be used to estimate the degree of BBB tight con-
nectivity on T2* images [25]. Thornhill et al. also analyzed the dynamic T2* imag-
ing of 18 patients with acute cerebral ischemic stroke, among them 8 cases 
presented with HT. The average rR of those 8 patients with HT were apparently 
higher than patients without HT (0.22 ± 0.06 vs. 0.14 ± 0.06, p = 0.006), accom-
panied by a deceased trend between %R and HT (76  ±  6 versus 82  ±  11%, 
p = 0.092), suggesting that both rR and %R were potential estimators for BBB 
leakage and HT identification [26].

1.2.2  Postischemic Hyperperfusion

Postischemic hyperperfusion is a common phenomenon after recanalization, 
which can be observed in perfusion images such as CT perfusion (CTP), magnetic 
resonance perfusion-weighted imaging (MRP), arterial spin labeling (ASL), and 
even earlier positron emission tomography (PET) [27, 28]. By means of cerebral 
blood flow (CBF) maps, which can be obtained from the above perfusion 
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imagings, hyperperfusion is usually identified as visually perceivable regions with 
patchy increased CBF when compared with the homologous contralateral hemi-
sphere [28] (Fig. 4.2).

Yu et al. studied 221 acute ischemic stroke patients due to middle cerebral artery 
occlusion, with a total of 361 ASL scans and found that postischemic hyperperfu-
sion was more likely to appear in the patients who received reperfusion therapies, 
and was more prone to become HT [28]. Approximately 48% of patients who treated 
with reperfusion therapy had significant higher blood flow velocity (1.7 times on 
average) within or around the ischemic core areas than the contralateral side. During 
follow-up period, a correlation between HT and postischemic hyperperfusion was 
observed (OR = 3.5, 95% CI = 2.0–6.3, p < 0.001). About 47.6% of patients devel-
oped postischemic hyperperfusion and hemorrhagic transformation that occurred at 
the same time point. Late HT in hyperperfusion areas occurred in 35.7% of patients. 
The later time of hyperperfusion was related with the risk of higher grade of HT 
(Spearman’s rank correlation of 0.44, p = 0.003).

2  Infarct Growth

It is known that progressive infarction or secondary ischemic damage in recircu-
lated region is a common consequence of reperfusion injury. In one previous study, 
19 Sprague-Dawley rats were divided into three groups, as transient middle cere-
bral artery occlusion of 30 min, 60 min, or 2.5 h. Based on a series of multi-model 
MRI, investigators found that DWI abnormalities were reversed transiently and 
recurred after 1 day, which could be attributed to secondary ischemic damage dur-
ing early reperfusion period [29]. Moreover, this phenomenon is also found in 
several animal and human studies [27, 30]. The underlying reasons are probably 
apoptosis, vascular inflammation, postischemic hyperperfusion (mentioned in 
Sect. 1.1.2) and so on.

2.1  Mechanisms

2.1.1  Apoptosis

Apoptosis tends to occur in many vulnerable neurons, particularly in the penumbra 
area after reperfusion [31]. Explanation might be that the restored blood supply 
ensures energy-dependent caspase-activation cascades and thus develops full apop-
tosis [22]. Actually neurons in the infarct region present some features of early 
apoptosis, such as cytoplasmic and nuclear condensation, and specific caspases- 
cascades activation. When the energy impairment is severe, infarct neurons then 
activate calpains and shift to necrosis [22].
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Fig. 4.2 Postischemic hyperperfusion with different clinical outcomes. A 38-year-old man pre-
sented with aphasia, right paralysis and was found to have a left MCA stroke with a baseline 
NIHSS of 20. IV tPA was given 6 h after onset and then clot retrieval was performed. Initial CTP 
(panel a) showed hypoperfusion in the left MCA region, with a follow-up DWI and CBF (panel b, 
c) showed left MCA hyperperfusion and HT. A 43-year-old man presented with slight coma, apha-
sia, right paralysis and was found to have a left MCA stroke with a baseline NIHSS of 25. IV tPA 
was given 3 h after onset. Initial DWI (panel d) showed right infarction in insular cortex, with a 
follow-up DWI and CBF (panel e, f) showed left MCA hyperperfusion and infarction growth. A 
63-year-old man presented with slight coma, left paralysis and was found to have a right ICA stroke 
with a baseline NIHSS of 19. IV tPA was given 3.3 h after onset and then clot retrieval was per-
formed. Initial CTP (panel g) showed hypoperfusion in the right ICA region, with a follow-up CTP 
(panel h, i) showed right MCA hyperperfusion and infarction and brain edema. MCA middle cere-
bral artery, ICA internal carotid artery, NIHSS National institutes of health stroke scale, IV intrave-
nous, tPA tissue-type plasminogen activator, CTP computed tomography perfusion, DWI diffused 
weighted image, CBF cerebral blood flow
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2.1.2  Neutrophil Infiltration and Immune Inflammation

Significant neutrophil accumulation is observed at 6 h after established recircula-
tion in ischemic tissue [32]. A large number of active leukocytes flow into the 
brain tissue, interact with endothelial cells, resulting in a great accumulation of 
white blood cells, red blood cells and platelets in the microvascular bed. The 
obvious microvascular obstruction can generate the “no-reflow phenomenon” and 
give birth to secondary cerebral ischemia [32, 33]. Neutrophil infiltration exacer-
bates ischemic cells, until reaching the maximum of infarct expansion. Zhang 
et al. demonstrated that infarct growth and neutrophil infiltration were more dra-
matic in transient ischemia rats with 6 h and 24 h of reperfusion than those with 
48 h permanent occlusion of middle cerebral artery [32]. In addition, other inves-
tigators obtained similar findings that during ischemia/reperfusion, neutrophil 
depletion had better recovery of regional blood flow and smaller infarct size in 
animal models induced by anti- neutrophil antibodies, compared to non-neutrope-
nic groups [34].

T cells also play an important role in ischemia/reperfusion injury. Studies have 
shown that anti-α4 integrin antibodies and vascular cell adhesion molecule 1 
(VCAM 1) siRNA inhibited T-cell infiltration, so as to reduce infarct volume [35, 
36]. Although early reports pointed out that in severe combined immunodeficient 
mice, lack of both T and B cells can decrease 40–70% of infarct size [3], there was 
no extra infarct volume in Rag1−/− mice (completely T- and B-cells deficient) with 
transplanted B cells. Infusion of wild type CD3+ T cells into Rag1−/− mice made it 
vulnerable to ischemia/reperfusion injury [37]. Hence, B cells did not enhance 
reperfusion injury alone. Moreover, complement system (e.g. C3, C1q) also takes 
part in this process.

2.2  Predictive Imaging Markers

2.2.1  No-Reflow Phenomenon

In addition to the mechanisms mentioned above, reperfusion therapy may lead to a 
specific pathway to aggravate the reperfusion injury. In real world, it would be 
perceivable as lack of appropriate capillary reperfusion despite of large vessel 
recanalization [38]. Diogo et al. retrospectively reviewed 60 acute ischemic stroke 
patients who achieved full reperfusion, defined as grade 3 or 2c of modified 
Thrombolysis In Cerebral Infarction (mTICI) and eventually found that 35% of 
patients had significant infarct growth, with an absolute infarct growth 
(30.6 ± 77.7 ml). It was suggested that initial embolus might crack into numerous 
particles after reperfusion therapy, and then obstruct the downstream small blood 
vessels and capillaries [39].
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2.2.2  Cerebral Neutrophil Recruitment

C.J.S Price et al. [40] studied cerebral neutrophil recruitment of 15 acute ischemic 
stroke patients within 24 h of clinical onset. Indium-111 (111In) troponolate-labeled 
neutrophils accumulation can be observed though single-photon emission com-
puted tomography (SPECT), and the attenuating recruitment along with time is con-
firmed histologically by postmortem examination. In an exploratory analysis, 
neutrophil accumulation is found significantly related to infarct expansion, which 
needs further clinic practice.

2.2.3  Vascular Inflammation

According to the different ligand-conjugated microparticles of iron oxide (MPIO), 
different pathological mechanisms can be visualized and explained by molecular 
imaging. Thus, it makes molecular imaging a more accurate method to depict vas-
cular inflammation [41], which is a vital characteristic mechanism of ischemia/
reperfusion injury in stroke. In experimental stroke rat models, ligand-targeted 
MPIO such as VCAM-MPIO for VCAM, Gd-DTPA-sLexA at both P- and 
E-selection [42] are commonly used to indicate vascular inflammation in  vivo. 
Unfortunately, because of low sensitivity of contrast, molecular imaging has its own 
limitation when depicting the status of endothelial inflammation following isch-
emia/reperfusion injury [42]

2.2.4  Postischemic Hyperperfusion

Kidwell et al. reported that postischemic hyperperfusion areas developed into the 
final infarction during serial diffusion-perfusion MR studies [43]. Hyperperfusion 
was demonstrated in 5 of 12 patients within several hours after recanalization (mean 
volume, 18 ml) and in 6 of 11 patients at day 7 (mean volume, 28 ml), and 79% of 
voxels with hyperperfusion went into infarction at day 7 (Fig. 4.2).

3  Brain Edema

As the usual outcome of reperfusion injury, brain edema, as an abnormal accumula-
tion of fluid within the brain parenchyma, sometimes may be life-threatening for 
patients.
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3.1  Mechanisms and Edema Types

3.1.1  Brain-Blood Barrier Damage and Vasogenic Edema

Vasogenic edema results from the water shift from the intravascular to the extravas-
cular environment. Therefore, every perturbation of microvascular integrity of the 
physiological barrier (brain-blood barrier) may cause leaking of intravascular fluid 
into the surrounding parenchyma. The brain-blood barrier consists of endothelial 
cells, cerebral microvessels, capillary basement membranes and glial cells [44, 45]. 
Hence, each mechanism that disturbs the stability of brain-blood barrier as above 
will lead to vasogenic edema [29].

3.1.2  Postischemic Hyperperfusion and Cytotoxic Edema

Cytotoxic edema, due to the translocation of interstitial water into the intracellular 
compartment, usually shows as an initial cellular swelling. It may occur in all cere-
bral cells like endothelial cells, neurons and glia. During ischemia/reperfusion, the 
movement of water molecules corresponds with intracellular electronic homeosta-
sis. That is why postischemic hyperperfusion takes an essential impact to form cyto-
toxic edema [45] (Fig. 4.2).

4  Treatments

Since the limited knowledge of ischemia/reperfusion injury, there is a few therapeu-
tic approaches used in clinic practice. On this occasion, we will provide some prom-
ising treatments for postischemic reperfusion injury.

4.1  Ischemic Conditioning Therapy

4.1.1  Ischemic Preconditioning Therapy

Ischemic preconditioning is an intrinsic protective mechanism. When a sub- 
injurious ischemic exposure occurs, brain cells will initiate endogenous mecha-
nisms to inhibit the activities of ROS and inflammation, alter gene expression, 
synthesis new proteins and activate Akt-pathway [3]. Thus, thanks to ischemic pre-
conditioning therapy, if a subsequent ischemic stroke happens within one or several 
days, it would lessen neurological functional deficits and reduce infarct volume. 
However, ischemic preconditioning therapy has very limited clinical value because 
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of its narrow effective period and the unpredictability of next ischemic attack. 
Previous study has shown BMS-191095 was an opener of the selective ATP-
sensitive potassium (mito KATP) channel [46]. BMS-induced neuroprotection was 
attributed to its potential for ischemic preconditioning. Several important mecha-
nisms were suggested such as mitochondrial depolarization without ROS, the acti-
vation of phosphoinositide 3-kinase and increased expression of catalase [47]. 
Mayanagi et al. suggested that BMS-191095 afforded remarkable neuroprotective 
effect on delayed ischemic preconditioning by selective opening of mitoKATP chan-
nels, without ROS generation [46]. Administration with BMS-191095 24 h before 
the initiation of 90 min transient ischemia in rats reduced total infarct volume by 
32% and cortical infarct volume by 38%, while those treated at 30 or 60 min before 
the onset had no effect. However, given the unclear harmfulness, its prospect needs 
large trials to determine.

4.1.2  Ischemic Postconditioning Therapy

Different from ischemic preconditioning, ischemic postconditioning (PostC) is a 
neuroprotective strategy aiming to reduce ischemic damage as much as possible. 
According to its applied time course, there are rapid PostC (within a few seconds to 
minutes after reperfusion) and delayed PostC (within a few hours to days after reper-
fusion) [48]. In the early stage of reperfusion, rapidly alternated interruptions and 
restarts of cerebral blood flow are beneficial and operable for PostC [3]. Zhao et al. 
provided a PostC protocol with remarkable effect for reducing infarct volume [49]. 
Performing three cycles as 30 s of common carotid artery (CCA) reperfusion and 
10 s of CCA occlusion on the special stroke rat models, final infarct volume reduced 
approximately 17–80%. Nowadays, general PostC comprises of limb remote isch-
emic PostC and chemical PostC with hypoxia, volatile anesthetic, CO2, etc. [48].

4.2  Immunosuppressive Agents

As a key pathological pathway in ischemia/reperfusion injury, vascular inflamma-
tion should gain more insights on valid treatment. FTY720 (Fingolimod) is a kind 
of sphingosine-1-phosphate (S1P) receptor agonist. Liu et al. conducted a system-
atic analysis of previous animal studies, showing Fingolimod reduced the infarct 
volume (SMD = −1.31, 95% CI = −1.99 to −0.63), and improved the neurological 
functional outcome (SMD = −1.61, 95% CI = −2.17 to −1.05) [50]. Moreover, in a 
previous pilot study, the investigators found even combined with alteplase, fingoli-
mod still showed its safety and neuroprotective effect [51]. Superior to patients who 
treated with alteplase alone, patients who received the combination of fingolimod 
with alteplase had smaller infarct lesion (10.1 vs. 34.3 ml, p = 0.04), better func-
tional recovery at day 90 (73% vs. 23%, p < 0.01), and less hemorrhage volume (1.2 
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vs. 4.4 ml, p = 0.01). Since this study had a limited sample, the value of fingolimod 
to attenuate reperfusion injury needs to be tested in future.

4.3  Hypothermia Treatment

Cooling brain has a global neuroprotective effect. Hypothermia will reduce global 
cerebral metabolism so that it can suppresses BBB disruption. Besides its clinical 
usage on stroke common therapy, it is also one promising therapy in reducing reper-
fusion injury. Hong et  al. performed a prospective cohort study to investigate the 
effects of therapeutic hypothermia (48-h hypothermia and 48-h rewarming) on recan-
alized stroke patients [52]. Compared to patients without hypothermia, patients who 
underwent a mild hypothermia therapy had less HT (14% vs. 39%, p = 0.016), less 
cerebral edema (17% vs. 54%, p = 0.001) and a better neurological recovery (45% vs. 
23%, p = 0.017). Therapeutic hypothermia was also an independent predictor of good 
outcome (OR = 3.0, 95% CI = 1.0–8.9, p = 0.047). Moreover, Chen et al. recently 
reported that selective brain cooling by intra-arterial infusion of cold saline seemed 
to be feasible and safe in acute ischemic stroke [53]. Selective brain cooling could 
decrease 2 °C in cerebral tissue, whereas only 0.3 °C of systemic temperature.

5  Conclusion

Due to the rapid development of reperfusion therapies, reperfusion injury gradually 
plays an important role in neurological recovery. Numerous pathophysiological 
mechanisms induce reperfusion injury (HT, infarct growth and cerebral edema), 
such as oxidative stress, neurovascular injury, neutrophil infiltration and so on. 
HARM signal, postischemic hyperperfusion, “no-reflow phenomenon” are all prac-
ticably predictive image markers for reperfusion injury. Although there are few 
therapeutic approaches used in current clinical practice for prevention of reperfu-
sion injury, some promising treatments, such as BMS-191095, fingolimod and 
hypothermia, may have potential therapeutic value in future.
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Chapter 5
Programmed Cell Death in CIRI

Ruili Wei, Yang Xu, Jie Zhang, and Benyan Luo

Abstract Neurons in the ischemic penumbra or peri-infarct zone may undergo 
delayed cell death which called programmed cell death (PCD) and thus they are 
potentially recoverable for some time after the onset of stroke. There were three 
major morphologies of PCD in the cerebral ischemic injury, including apoptosis, 
autophagy and programmed necrosis (also known as necroptosis). In this review we 
will discuss the characteristics, molecular mechanism of each PCD mode and their 
role in cerebral ischemia and reperfusion injury (CIRI), furthermore crosstalk 
between various modes of PCD is also dicussed.

Keywords Programmed cell death · Apoptosis · Autophagy · Programmed 
necrosis · Necroptosis · Cerebral ischemia and reperfusion injury

1  Introduction

When blood flow to the brain is interrupted, cells undergo a series of molecular 
events which include excitotoxicity, mitochondrial dysfunction, acidotoxicity, ionic 
imbalance, oxidative stress and inflammation. These molecular events can lead to 
cell death and irreversible tissue injury [1, 2]. The fate of brain cells following 
 cerebral ischemia depends upon the severity of the insult and vulnerability of the 
neurons. The severity of ischemia depends on the extent of cerebral blood flow 
(CBF) reduction that determines the degree and deprivation of oxygen and glucose 
from the cells, however a particular threshold do exist for various kinds of 
 pathophysiologic tissue events. Moreover, the high sensitivity of the brain to blood 
flow changes and dependence on continuous blood flow are critical factors that 
make the brain particularly more vulnerable to ischemia. Under physiological con-
ditions, the normal CBF is maintained around 50–60  mL/100  g/min but during 
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cerebral ischemia due to declining CBF, the ripples of damage spread from the 
 center towards the periphery forming a gradient in such a way that maximum 
 damage (infarction) is at the center (core). The CBF in this region falls to 
<7 mL/100 g/min and within minutes of a focal ischemic stroke occurring, the core 
of brain tissue exposed to the most dramatic blood flow reduction is fatally injured 
and subsequently undergoes necrotic cell death. The ischemic core is surrounded by 
region of moderate ischemic zone called ischemic penumbra (IP), with a CBF 
 ranging from 7 to 17 mL/100 g/min [3], which remains metabolically active but 
electrically silent [4]. The ischemic penumbra region may comprise as much as half 
the total lesion volume during the initial stages of ischemia, and represents the 
region in which there is opportunity for salvage via poststroke therapy. Recent 
research has revealed that many neurons in the ischemic penumbra or peri-infarct 
zone may undergo delayed cell death, and thus they are potentially recoverable for 
some time after the onset of stroke.

This delayed cell death modal was usually called programmed cell death (PCD), 
which was different from the necrotic cell death that has been considered merely as 
an accidental uncontrolled form of cell death. PCD is defined as regulated cell death 
mediated by an intracellular program, which is a basic biological phenomenon that 
plays an important role during development, preservation of tissue homeostasis, and 
elimination of damaged cells. There were three major morphologies of programmed 
cell death in the ischemic injury, including type I, apoptosis; type II, autophagy; and 
type III, programmed necrosis (known as necroptosis) [5, 6].

Type I—apoptotic cell death—acts as part of a quality control and repair 
 mechanism by elimination of unwanted, genetically damaged, or senescent cells, 
and as such is critically important for the development of organisms. Highly 
 conserved in both plants and animals, it is also the cell death mechanism best 
 characterised at both genetic and biochemical levels [7]. Type II—autophagic cell 
death—is a catabolic process conserved among all eukaryotes from yeast to 
 mammals; it is a mechanism by which organelles are removed. Autophagic cell 
death is the primary degradation mechanism for long lived proteins, and thus 
 maintains quality control for proteins and organelles to enhance survival under 
 conditions of scarcity or starvation [8]. Type III—programmed necrosis [6, 9]—
appears as a distinct entity, not by exclusive engagement of selected effectors, but 
rather, by combinatorial use of the effectors shared with other cell death outcomes.

PCD displays several cellular phenotypes affecting various intracellular 
 organelles and membranes, and the cell nucleus. For example, the well  characterised 
processes of cytoplasmic and chromatin condensation, nuclear fragmentation, 
membrane blebbing, and formation of membrane bound apoptotic bodies are part of 
apoptosis. Autophagy involves the formation of a double membrane vesicle which 
encapsulates cytoplasm and organelles, and fuses with lysosomes, thus resulting in 
the degradation of the vesicle contents. Programmed necrosis is characterised by the 
presence of swelling organelles followed by the appearance of “empty” spaces in 
the cytoplasm that merge and make connections with the extracellular space. The 
plasma membrane is fragmented, but the nucleus is relatively preserved (Fig. 5.1).
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Up to now, the only available therapeutic strategy for ischemic stroke is to reopen 
an occluded artery by thrombolytic therapy to restore perfusion to the ischemic area 
during the first few hours, procedure which in itself can sometimes induce  secondary 
damage, so this delayed cell death modalities “programmed cell death” after CIRI 
provide us a extended therapeutic time window, which is an important research 
direction in the ischemic stroke study.

Fig. 5.1 Morphological (electron microscope) features of autophagic, apoptotic and necrotic 
cells. (a) Normal, (b) autophagic, (c) apoptotic (d) and necrotic cells. Whereas the morphologic 
features of apoptosis are well defined, the distinction between necrotic and autophagic death is less 
clear. The bioenergetic catastrophe that culminates in cellular necrosis also stimulates autophagy 
as the cell tries to correct the decline in ATP levels by catabolizing its constituent molecules. Thus, 
vacuolation of the cytoplasm is observed in both autophagic cells (b) and in cells stimulated to 
undergo programmed necrosis (d). By contrast, ATP levels are maintained in normal (a) and 
 apoptotic cells (c) consistent with the limited number of autophagic vacuoles in their cytoplasm. 
The scale bar represents 1 mm (From “Death by design: apoptosis, necrosis and autophagy” by 
Aimee L Edinger and Craig B Thompson [10])
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2  Apoptotic Cell Death in CIRI

The morphology of apoptotic cells is characterized by vacuoles containing  cytoplasm 
and intact organelles which are named apoptotic bodies. Before the loss of cell 
membrane integrity, the dying cell is gradually shrinking and absorbed by  phagocytic 
uptake. To date, research indicates that there are two main apoptotic pathways: the 
intrinsic and extrinsic pathways [11, 12]. The former is also called the mitochondrial 
pathway because the disruption of mitochondria is pivotal in the  process, which 
leads to the release of the cytochrome C and the downstream  activation of caspases. 
The other pathway, referred as the extrinsic pathway,  receptors can be activated by 
specific ligands that bind to cell surface death receptors.

There are lots of other factors influencing post-stroke apoptosis, including age 
and gender [13, 14]. It is said that immature brains are more sensitive to the induc-
tion of apoptosis because caspase-3 is activated much more in immature brains than 
in those of adults [13]. Besides, sex hormone exposure may lead to higher risk of 
cerebral ischemia for women. The pathways of cell death differ in sexual dimor-
phism, as caspase-dependent pathway is more involved in female whereas AIF 
translocation is more important in males [14].

It is a common physiological death mechanism in ischemic stroke; but it also 
causes further impairment under certain pathological conditions. Energetic stress is 
the consequence of cerebral ischemia, and then reperfusion is accompanied by 
abrupt ionic shifts and considerable oxidative stress. During above physiopatho-
logic process, apoptosis plays a key role of the neurons.

2.1  Molecular Biology Mechanism of Apoptosis After Ischemic 
Stroke

2.1.1  Molecules Related to Apoptosis of Neurons

Caspase Family

There are totally 14 caspase proteins identified by researchers, and among them at 
least eight proteins participate in the cell apoptosis. Caspase related to apoptosis can 
be classified into two types, the trigger and the executor. Caspase-8, Caspase-9 and 
Caspase-10 belong to the triggers while Caspase-3 and Caspase-7 are the executors 
[15]. Caspase-3 has been identified as a key mediator of apoptosis in animal models 
of ischemic stroke [12]. Activation of Caspase 3 requires assembly of a large 
 multimeric complex comprising Caspase 9, APAF1, and cytochrome c. Caspase-3 
cleaves many substrate proteins, including poly (ADP-ribose) polymerase (PARP) 
[16]. PARP inactivation after cleavage by caspase-3 leads to DNA injury and subse-
quently to apoptotic cell death [17]. In brief, Caspase-3 and Caspase-7 are the main 
participate and executor when apoptosis is activated after ischemic brain injury.
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Albeit the underlying mechanism is consistent, the severity of ischemia, tempo-
ral and spatial heterogeneity may influence the specific condition of neuronal cell 
death. In the early stages of cerebral infarction, caspase-8 and caspase-1 are involved 
in the early apoptosis, contributing to the core. However, caspase-9 is related to the 
secondary expansion of the lesion in the penumbral area [18].

B-Cell Leukemia/Lymphoma 2 (Bcl-2) Family

The B-cell leukemia/lymphoma 2 (Bcl-2) family has the role of maintaining the 
integrity of the mitochondrial membrane. It has three subfamilies according to the 
molecular structure [19–21]. The first subtype is antiapoptotic protein, including 
Bcl-2, Bcl-xl (B-cell lymphoma-extra large) and Bcl-w. Proapoptotic protein is the 
second subtype, for instance, Bax (Bcl-2-associated X protein) and Bak (Bcl-2 
homologous antagonist killer). The last is Bcl-2 homology domains 3 (BH3) domain 
protein including Bad (Bcl-2-associated death promoter), Bid (BH3 interacting- 
domain death agonist), Bim (Bcl-2-interacting mediator of cell death), Noxa and p53 
[22]. Cerebral ischemia and reperfusion lead to intracellular stress originating from 
the mitochondria, the endoplasmic reticulum and the nucleus. The proteins from 
Bcl-2 family are sensitive to these stress factors after cerebrovascular events.

Tumor Necrosis Factor Receptor (TNFR) Superfamily

The Tumor necrosis factor receptor (TNFR) superfamily includes Fas and TNFR1 
[23]. Fas is also called CD95 or Apo1. The Fas ligand (FasL) is a homotrimer, con-
stituting microaggregate on the surface of cells. Caspase-8 is activated by death- 
inducing signaling complex (DISC), of which Fas is an important part.

Other Molecules

Besides, there are still other potential molecules that participate in the post-stroke 
apoptosis. Nuclear factor-Y transcription factor (NF-YC) [24], Secretory 
 phospholipase A2 (sPLA2) [25], Bim [26], Numb [27] have been suggested to be 
correlated with apoptosis of neurons by experiments.

2.2  Pathways Related to Apoptosis of CIRI

2.2.1  Intrinsic Pathway

The stimulation by glutamate of N-methyl-d-aspartate (NMDA), amino-3-hydroxy- 
5-methyl-isoxazolpropionic acid (AMPA) receptors, or acid-sensing ion channels 
(ASICs) causes high-level intracellular calcium after cerebral ischemia [28, 29]. 
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Then, the increased cytosolic calcium activates calpains and induces the cleavage of 
Bid. The truncated Bid (tBid) interacts with apoptotic proteins such as Bad and Bax 
at the mitochondrial membrane, which is called heterodimerization [30]. On the 
other hand, antiapoptotic Bcl-2 interacts with apoptotic proteins and neutralizes their 
effects. The above process involved Bax and Bcl-2 is the critical event in the mito-
chondrial-mediated pathway [31]. Mitochondrial transition pores (MTP) are opened 
after the heterodimerization. Cytochrome c (Cytc) is released from the pores into the 
cytosol. Then an apoptosome is constituted by Cytc, procaspase-9 and apoptotic 
protein-activating factor-1 (Apaf-1) [31]. The apoptosome plays the role of activating 
caspase family. Activated caspase-3 by caspase-9 exert the ultimate effect of nDNA 
damage and apoptosis through cleaving nDNA repair enzymes such as poly ADP-
ribose polymerase (PARP). By contrast, apoptosis-inducing factor (AIF) mediates 
cell death by a caspase-independent method, which is also released from the pores 
and translocates rapidly to the nucleus. Phosphorylation and  activation of p53 can 
also mediates the neuronal apoptosis by damaging DNA [32, 33]. Noticeably, sec-
ondary reperfusion injury carrying superoxide anions, can also cause DNA damage.

2.2.2  Extrinsic Pathway

There is considerable evidence from animal studies indicating that brain ischemia 
triggers the extrinsic apoptotic signaling cascade. Due to the initiating effect of 
death receptors on the plasma member, the extrinsic pathway is also named receptor- 
mediated pathway. The extracellular Fas ligand (FasL) binds to Fas death receptors 
(FasR), which triggers the recruitment of the Fas-associated death domain protein 
(FADD) [31]. FADD binds to procaspase-8 to create a death-inducing signaling 
complex (DISC), which activates caspase-8 [34]. Activated caspase-8 either medi-
ates cleavage of Bid to truncated Bid (tBid), which integrates the different death 
pathways at the mitochondrial checkpoint of apoptosis, or directly activates 
 caspase- 3. At the mitochondrial membrane tBid interacts with Bax, which is usually 
neutralized by antiapoptotic B-cell leukemia/lymphoma 2 (Bcl-2) family proteins 
Bcl-2 or Bcl-xL. Dimerization of tBid and Bax leads to the opening of  mitochondrial 
transition pores (MTP), thereby releasing cytochrome c (Cytc), which execute cas-
pase 3-dependent cell death.

2.3  Significance of Apoptosis in CIRI

The molecular mechanisms of apoptosis after stroke enlighten the exploration of neu-
roprotective agents. Ischemic preconditioning in animals triggers activation of cas-
pase-3 downstream and upstream of its target caspase-activated DNase (CAD) to 
prevent neuronal death [35]. Furthermore, enhanced formation of Apaf-1/caspase-9 
complex is observed in the rat hippocampus 8–24 h after ischemia [36, 37]. Cao et al. 
have cloned a rat gene product, a specific Apaf-1 inhibitor of the Apaf-1/caspase- 9 
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pathway that can be neuroprotective in CIRI [12, 35]. Therefore, Apaf-1 signaling 
pathway may be a legitimate therapeutic target for the treatment of ischemic brain 
injury [38]. Fas/FasL system acts as apoptosis inducer and triggers pro- inflammatory 
cytokine production, while the hematopoietic growth factor, erythropoietin (EPO) 
inhibits apoptosis and protects from ischemic neuronal damage [39]. These findings 
indicate that death receptors are critically engaged in the apoptosis induction after 
ischemia in the adult brain and that their suppression may improve the neuronal 
 survival after ischemic injury [12, 40]. FTY720, another antiapoptotic agent, success-
fully decreased cleaved Caspase-3 expression by activation of sphingosine 1-phos-
phate-1 in rats after cerebral artery occlusion [41]. In global cerebral ischemia in the 
gerbils, treatment with a purified medicinal herb called baicalin remarkably promoted 
the expression of BDNF and inhibited the expression of caspase-3 at mRNA and 
protein levels [42]. Additionally, it is reported that different  concentrations of normo-
baric oxygen can inhibit the apoptotic pathway by reducing caspase-3 and -9 expres-
sion, thereby promoting neurological functional recovery after CIRI [43]. These are 
various neuroprotective agents on the animal models and they are potential therapeu-
tic targets in future clinical pharmacological research.

3  Necroptosis in CIRI

Necrosis was classified as non-programmed necrotic death previously which has been 
described as a response of extreme stress. However, in recent years, there is strong 
evidence to confirm that part of necrosis also contained program control, therefore 
proposed new concept as programmed necrosis or named necroptosis. Necroptosis 
are all classified as programmed cell death based on morphological and biochemical 
features [6, 44]. This phenomenon was observed in the ischemic stroke model.

3.1  Signal Pathway of Necroptosis

Caspase inhibition cannot blocked tumor necrosis factor (TNF) induced cell death 
completely, but rather switch to cell fate to necrotic death signal pathway like 
 apoptosis [45, 46]. TNFα is the major trigger of necroptosis, which has capable of 
initiating caspase-8-dependent apoptosis and RIPK1 kinase-dependent necroptosis 
[47]. Caspase-8 plays a critical regulatory role in the switch. When FADD-caspase-
8- FLIP complex functions inhibited, the cell death pathway switches from  apoptosis 
to typical necroptosis features [48–51].

TNF-α induced necroptosis is the mostly intensively investigated. TNF receptor 
1 (TNFR1) ligation leads to the recruitment of TRADD, TRAF2 and cIAP1/2, 
which is named as complex I [52]. The complex I activating death-inducing TNFR1 
complex II via cylindromatosis (CYLD) [53]. In necrotic signal pathway, receptor-
interacting kinase 1 (RIP1 or RIPK1) was the first  molecule identified as the core 
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components of the necroptotic machinery [54]. When RIPK1 and RIPK3 phosphor-
ylated, then formed a necrosome through their homotypic interaction motif (RHIM) 
domains, and activates their kinase activities [55]. This RIPK1–RIPK3 interacts 
with mixed-lineage kinase domain-like (MLKL) phosphorylation [56]. Downstream 
of the necrosome are two splice variants of PGAM5, PGAM5S and 
PGAM5L. PGAM5L binds to the necrosome is not affected by the presence of the 
necrosis inhibitor necrosulfonamide (NSA). However, the binding of PGAM5S is 
blocked by NSA. Furthermore, mitochondrial fragmentation caused by the mito-
chondrial phosphatase PGAM5S recruited the mitochondrial fission  factor Drp1 
may up-regulate ROS generation [57].

3.2  Necroptosis in Cerebral Ischemia Disease

Necroptosis delayed mouse ischemic brain injury in the absence of apoptotic signaling 
[58]. In hippocampal neurons oxygen-glucose deprivation (OGD) models RIP3 
mRNA and protein levels upregulation nevertheless caspase-8 mRNA downregula-
tion. Similar to RIP3, RIP1 protein level was correlated with the activation of neuronal 
death. Consistent with the classical procedural necroptosis cellular pathways, ischemic 
injury upregulated RIP1-RIP3 expression and decreased the caspase-8 expression, 
which may be available afterwards for activation of necroptotic signaling [59].

Global brain ischemia and reperfusion (I/R) injury is another form of brain cell 
injury, which the hippocampal CA1 layer is especially vulnerable [60]. As a marker of 
necroptosis, RIP3 upregulated and transferred into nucleus after cerebral  ischemia and 
reperfusion injury. RIP1–RIP3 complex is necessary for TNF induced  necropoptosis 
in cell cytosol. ATP depletion is one of the results of the mitochondrial permeability 
transition pore (mPTP) leads to mitochondrial swelling. CypD as a gatekeeper of 
mPTP, alleviated the levels of RIP1 and RIP3, which mediated mPTP opening may 
contribute to not only apoptosis but also necroptotic cell death in cerebral I/R injury 
[61]. RIP3 was activated after I/R injury, and then interacts with AIF in the cytoplasm. 
The nuclear translocation of AIF and RIP3 is critical to neuronal necropoptosis, and 
the nuclear translocation of AIF may be RIP3- dependent [51]. AIF is the mediating 
molecule that links caspase-independent PCD with the  necroptotic pathway.

It was observed that nerve cell necrosis occurred following focal middle carotid 
artery occlusion/reperfusion (MCAO/R) ischemic stroke model. TNFR1 and RIP3 
were positively expressed and significantly increased following the volume of 
 cerebral infarction post-reperfusion. Pre-administration with Z-VAD-FMK (zVAD) 
significantly increased the protein level of RIP3 [62]. In addition to phosphorylation 
modification, RIP3 S-nitrosylation in ischemia and reperfusion paralleled with 
 elevated phosphorylation. It means RIP3 could be regulated by its S-nitrosylation 
triggered by NMDAR-dependent nNOS activation [63].

R. Wei et al.



65

3.3  The Regulation of Necroptosis in Cerebral Ischemic Model

The classic inhibitor is a small molecule compound NSA, which did not block 
necrosis-induced RIP1 and RIP3 interactions, it blocks necroptosis downstream of 
RIP3 activation. In human glioblastoma cells, NSA switch from necrosis to 
 apoptosis in edelfosine-treated [64].

In the field of cerebral ischemia, Necrostatin-1 (NEC-1) is another inhibitor of 
necroptosis has been shown to ameliorate tissue damage in ischemic brain injury 
animal models [58]. NEC-1 has a selective primary cellular target responsible for 
the death domain receptor-associated adaptor kinase RIP1 activity [65, 66]. It not 
only inhibited the expression of RIP1, prevented upregulation and nuclear 
 translocation of RIP3, but also decrease cathepsin-B releasing in globe cerebral 
ischemic model. CA074-me and 3-methyladenine (3-MA), as autophagy inhibitors 
[67], were used to determine whether beneficial for global cerebral ischemia in the 
process of necroptosis signal pathways. The mechanism of 3-MA is inhibiting the 
nuclear translocation and co-localization of RIP3 and AIF.  As the nuclear 
 translocation of RIP3-AIF complex is critical to ischemic neuronal DNA  degradation 
and necroptosis [51] (Fig. 5.2). Beside this, CA074-me almost completely  hampered 
the loss of mitochondrial membrane depolarization, phosphatidylserine (PS) 
 translocation, and plasma membrane rupture [68].

4  Autophagic Cell Death in CIRI

Autophagy is the process by which a membrane engulfs organelles and cytosolic 
macromolecules to form an autophagosome, with the engulfed materials being 
delivered to the lysosome for degradation [69]. Briefly, autophagy proceeds through 
the capture of portions of cytoplasm containing target material inside expanding 
membranes, which finally enclose to form double-membrane vesicles called 
autophagosomes. Fully formed autophagosomes are shuttled along microtubules to 
lysosomes, whereupon fusion and degradation occur [70]. This removal and recy-
cling serves as an emergency energy supply during starvation, but autophagy has 
also been linked to a diverse range of other protective roles [71, 72]. However, 
despite these pro-survival roles, autophagy has also been implicated as a mechanism 
of programmed cell death [73, 74]. Numerous studies have reported instances of 
dying cells displaying accumulated autophagosomes, which engulf large portions of 
the cell’s cytoplasm and which have been presumed to lead to excessive destruction 
of vital components [75, 76]. “Autophagic cell death” is morphologically defined as 
a type of cell death (type II) that occurs in the absence of chromatin condensation 
but accompanied by massive autophagic vacuolization of the cytoplasm [77].
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4.1  Possible Autophagy Signaling Pathways in Cerebral 
Ischemia

The existence of autophagy in ischemic stroke has been found for many years; how-
ever, it is not sure whether autophagy plays a protective role in ischemic cerebral 
injury or not yet [78, 79]. Generally, in the neuronal system, moderate autophagy is 
thought to be neuroprotective because autophagy helps to clear aggregated-protein 
associated with neurodegeneration. Inadequate or defective autophagy may lead to 
neuronal cell death, while excess autophagy, often triggered by intensive stress, can 
also promote neuronal cell death.

Almost any signal can be a trigger for autophagy, some activating the pathway 
and some suppressing the pathway. By far, energy depletion and oxygen deficient 
environment are the most powerful triggers for stimulating autophagy, while the 
reverse environment factors, hormones, receptors with cytokine activities, receptors 
with tyrosine kinase activities and receptors that recognize pathogen ligands can 

Fig. 5.2 RIP1 and RIP3 are activated (phosphorylated) and combine with each other after 
CIRI. AIF is released from mitochondria and combines with RIP3 (perhaps phosphorylated RIP3) 
to form RIP3-AIF complexes. The RIP3-AIF complexes translocate into the nucleus resulting in 
chromatin condensation and DNA degradation, and then the neurons are triggered to undergo 
programmed necrosis. All of these changes after I/R injury are inhibited by pre-treatment with 
Nec-1 and 3-MA, except for the release of AIF from mitochondria in the 3-MA pre-treatment 
group. In neurons, the findings that caspase-8 expression was undetectable and caspase-3 was not 
activated indicate that caspase-dependent apoptosis is not involved in this process. Another necrop-
tosis pathway in the cytoplasm induced by RIP1-RIP3-MLKL complexes, described by others, 
may also participate in this process
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also activate autophagy. Cerebral ischemia can activate multiple signaling pathways 
that subsequently feed into the autophagy pathway (Fig. 5.3).

The figure shows the many different signaling pathways involved in the activation 
of autophagy during cerebral ischemia. When activated, Akt and NF-κB  activate 
mTOR to inhibit autophagy in cerebral ischemia. However, the activation of AMPK 
could inhibit the activity of mTOR and induce autophagy. Hypoxia caused by cerebral 
ischemia activates HIF-1α and induces autophagy through BNIP3 and p53. 
Excitotoxicity could induce autophagy by ER stress and block autophagic flux by 
glutamate in cerebral ischemia. Autophagy could also be induced through ROS and 
inhibited through PPAR-γ. PPAR-γ: Peroxisome proliferator-activated receptor-γ; 
AMP: Adenosine 5′-monophosphate; PI3K: phosphatidylinositol 3-kinase; ROS: 
reactive oxygen species; HIF-1α: hypoxia inducible factor 1α; Bcl- 2: B cell  lymphoma/
leukmia-2; Bcl-xL: B-cell lymphoma-extra large; AMPK: AMP-activated protein 
kinase; AMPK: AMP-activated protein kinase; Akt/PKB: protein kinase B; NF-κB: 
nuclear factor kappa B; ER: endoplasmic reticulum; BNIP3: Bcl-2 and adenovirus 
E1B 19 kDa interacting proteins 3; mTOR: mammalian target of rapamycin.

 1. PI3K-Akt-mTORC1 mTOR is a 289 kDa serine/threonine protein kinase that 
regulates transcription, cytoskeleton organization, cell growth and cell survival. 
The mTOR is a high energy sensor, which on the other hand is a negative 

Fig. 5.3 Possible autophagy signaling pathways in CIRI
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 regulator of autophagy. By binding to different co-factors, mTOR can form two 
distinct protein complexes, mTORC1 (mTOR complex 1) and mTORC2 (mTOR 
complex 2) [80]. mTORC1 is responsible for the inhibitory effect of rapamycin, 
more so than mTORC2. Recent studies suggest that the PI3K/Akt/mTOR 
 pathway could regulate acute nervous system injury in cerebral hypoxia-isch-
emia [81]. PI3K consists of class I, class II and class III. Class I PI3K plays an 
important role in the PI3K-Akt-mTOR pathway. PI3K phosphorylates and 
 activates Akt which in turn phosphorylates and inactivates tuberous sclerosis 
complex (TSC) 1/2. Inactivated TSC1/2 increases the activation of Rheb which 
is part of the Ras family GTP-binding protein, and mTOR is subsequently 
 activated. Autophagy is inhibited by activating mTOR [82]. Beclin-1, a 
 component of the class III PI3K, is essential for the initial steps of autophagy and 
could also induce autophagy via the interaction with other components of the 
class III PI3K pathway in cerebral ischemia [83]. Peroxisome prolif-erator-acti-
vated receptor-γ (PPAR-γ), a member of nuclear hormone receptor superfamily, 
is a ligand- activated transcription factor. PPAR-γ activation antagonizes beclin-
1-mediated autophagy via upregulation of Bcl-2/Bcl-xl which interact with 
beclin-1 in cerebral ischemia/reperfusion [84].

 2. AMPK-mTORC1 AMP-activated protein kinase (AMPK) is a serine/threonine 
protein kinase and consists of three subunits: a catalytic α-subunit and regulatory 
β and γ-subunits. Each subunit appears to have distinct functions. The most 
 studied is the catalytic α-subunit which contains a threonine phosphorylation site 
that when phosphorylated, activates AMPK. The status of nutrient and energy 
depletion is sensed and modulated by kinase B1 (LKB1), Ca2+/calmodulin-
dependent kinase kinase beta (CaMKKβ) and transforming growth factor β acti-
vated kinase-1 (TAK1), resulting in phosphorylation of threonine residue at 172 
position and activation of AMPK [85] and AMPK activation could subsequently 
inhibit the activity of mTOR to induce autophagy [86, 87].

 3. Beclin 1-Bcl-2 complex.
Beclin 1 was identified as a Bcl-2-interacting protein through its BH3 domain 

[88]. The binding of Bcl-2 to Beclin 1 disrupts the association of Beclin 1 with 
PI3K, hVps34 and p150, therefore inhibiting autophagy [89]. Intriguingly, only 
ER-localized, but not mitochondria-localized, Bcl-2 inhibits autophagy [89]. 
Under stress conditions, Beclin 1 is released and induces autophagy [90, 91]. As 
previously demonstrated, the expression of Beclin 1 in neurons is dramatically 
increased in neonatal HI or focal cerebral ischemia [92, 93]. Ischemia stimulates 
autophagy through the AMPK–mTOR pathway, whereas ischemia/reperfusion 
stimulates autophagy through a Beclin 1-dependent but AMPK-independent 
pathway [94]. Although there are several different mechanisms to regulate the 
dissociation of Beclin 1 from Bcl-2 during autophagy in mammalian cells [95], 
the specific mechanism in cerebral ischemia is not yet established.

Hypoxia-inducible factor 1 (HIF-1) is a key transcriptional factor that is acti-
vated in response to hypoxia during cerebral ischemia [96]. HIF-1 is composed 
of a constitutively expressed HIF-1β subunit and an inducibly expressed HIF-1α 
subunit. Since ubiquitination is inhibited under hypoxic conditions, HIF-1α can 
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accumulate and dimerize with HIF-1β. This dimer activates transcription of a 
number of downstream hypoxia-responsive genes, including vascular  endothelial 
growth factor (VEGF), erythropoietin (EPO), glucose transporter 1, and 
 glycolytic enzymes [97]. Bcl-2 and adenovirus E1B 19 kDa interacting proteins 
3 (BNIP3) with a single Bcl-2 homology 3 (BH3) domain is a subfamily of Bcl-2 
family proteins and also serves as an important target gene of HIF-1α [98]. 
BNIP3 can compete with beclin-1 for binding to Bcl-2 and beclin-1 is released 
to trigger autophagy [99]. BNIP3 also binds and inhibits Rheb, an upstream 
 activator of mTOR, so it could activate autophagy by inhibiting mTOR activity. 
The induced p53 stabilization by up-regulation of HIF-1α also plays an  important 
role in post-ischemic autophagy activation [97].

 4. p53 The tumor suppressor and transcription factor p53 has been reported to be 
pivotal in neuronal apoptosis [100]. Crighton et  al. demonstrated that p53 
induced autophagy through the upregulation of damage-regulated autophagy 
modulator (DRAM), the p53 target gene encoding a lysosomal protein [101].
Other study also demonstrated that the NF-κB-regulated p53 pathway contrib-
utes to excitotoxic neuronal death by activating the autophagic process [102]. 
Overstimulation of N-methyl-d-aspartate receptors (NMDARs) induces the 
upregulation of p53, its target gene DRAM, and other autophagic proteins 
including LC3 and Beclin 1. Moreover, the NF-κB inhibitor SN50 inhibits the 
excitotoxin-induced upregulation of p53, its target gene DRAM, and other 
autophagic proteins.

Nuclear factor kappa B (NF-κB) is a transcription factor that regulates 
 expression of multiple genes [103]. Recent experiments have demonstrated that 
the knockout of p50 (NF-κB1) enhanced autophagy by repression of mTOR in 
cerebral ischemic mice [104]. NF-κB-dependent p53 signal transduction path-
way is also associated with autophagy and apoptosis in the rat hippocampus after 
cerebral ischemia/reperfusion insult [105]. Mitogen-activated protein kinases 
(MAPKs) include extracellular signal-related kinase (ERK), Jun NH2 terminal 
kinase (JNK) and p38 [106]. MAPK is one upstream regulator of mTORC1 and 
autophagy could also be induced via MAPK-mTOR signaling pathway in 
 cerebral ischemia/reperfusion [107].

 5. Others.
Autophagic cell death is activated in the nervous system in response to oxida-

tive stress [108]. Oxidative stress can occur in cerebral ischemia and could 
increase reactive oxygen species such as superoxide, hydroxyl radical and hydro-
gen peroxide. Recent studies have reported that selenium provides neuroprotec-
tion through preserving mitochondrial function, decreasing reactive oxygen 
species production and reducing autophagy [109]. Autophagy can also be 
induced under conditions of excitotoxicity which can also occur in cerebral isch-
emia [110]. Although excitotoxic glutamate blocks autophagic flux, it could also 
induce autophagy in hippocampal neurons [111]. Sustained elevations of Ca2+ in 
the mitochondrial matrix are a major feature of the intracellular cascade of lethal 
events during cerebral ischemia. Recently, it was reported that endoplasmic 
reticulum stress is one of the effects of excitotoxicity [1]. When endoplasmic 
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reticula were exposed to toxic levels of excitatory neurotransmitters, Ca2+ was 
released via the activation of both ryanodine receptors and IP3R, leading to 
 mitochondrial Ca2+ overload and activation of apoptosis. During endoplasmic 
reticulum stress, Ca2+ increase seems to be required for activating autophagy.

4.2  The Dual Roles of Autophagy in Cerebral Ischemia

Numerous data have demonstrated that autophagy is activated by ischemic insult in 
various models, and the elevated autophagic activity could be regulated by a wide 
range of interventions, mainly including pharmacological and genetic methods. 
There is no question that disrupting the autophagic process in brain is deleterious, 
particularly for the lifespan of the animal, resulting in the accumulation of dysfunc-
tional or aging macromolecules and organelles [112, 113]. However, upon the acute 
cerebral ischemia stress, whether autophagy plays a beneficial or harmful role in the 
survival of neuronal cells is not an easy question. Adhami et al. [114] showed for the 
first time that many damaged neurons displayed features of autophagic/lysosomal 
cell death, and very few cells completed the apoptosis process in cerebral ischemic 
stress. This result suggested that the damaged neuronal cells can exhibit multiple 
forms of cell death morphological features, and autophagy is only one kind of cell 
death during ischemic injury. Alternatively, autophagy may protect neurons by 
degrading damaged organelles to abrogate apoptosis or generating energy to delay 
the onset of ionic imbalance and necrosis after cerebral ischemia–hypoxia. However, 
these early reports did not determine the exact role of autophagy. Dozens of later 
investigations pointed out the complex effects of autophagy in cerebral ischemia. 
The autophagy and the controversial impacts of autophagy on cerebral ischemic 
injury as a double-edged sword have been uncovered.

4.2.1  Detrimental Role of Autophagy in Ischemic Cerebral Injury

Mice deficient in Atg7, the gene essential for autophagy induction, showed nearly 
complete protection from both hypoxia-ischemia-induced caspase-3 activation and 
neuronal death, indicating autophagy is essential in triggering neuronal death after 
hypoxia-ischemia injury [115]. Wen et al. [116] confirmed autophagy was activated 
in a permanent middle cerebral artery occlusion (MCAO) model. In their paper, the 
infarct volume, brain edema and motor deficits could be significantly reduced by 
administration of 3-MA (an autophagy inhibitor). The neuroprotective effects of 
3-MA were associated with an inhibition of ischemia-induced upregulation of 
LC3-II, a marker of active autophagosomes and autophagolysosomes. Moreover, it 
was observed that the inhibition of autophagy, either by direct inhibitor 3-MA or by 
indirect inhibitor 2ME2 (an inhibitor of hypoxia inducible factor-1α; HIF-1α) might 
prevent pyramidal neuron death after ischemia [97].

R. Wei et al.



71

4.2.2  Beneficial Role of Autophagy in Cerebral Ischemic Injury

Carloni et al. [117] suggested that in neonatal hypoxia-ischemia, autophagy may be 
part of an integrated pro-survival signaling complex that includes PI3K-Akt- 
mTOR.  When either autophagy or PI3K-Akt-mTOR pathways were interrupted, 
cells underwent necrotic cell death. Wang et al. [118] reported that neuronal  survival 
was promoted during cerebral ischemia when autophagy was induced by 
 nicotinamide phosphoribosyltransferase (Nampt, also known as visfatin), which is 
the rate-limiting enzyme in mammalian NAD+ biosynthesis and regulates the 
TSC2- mTOR- S6K1 signaling pathway. These studies suggest that autophagy may 
be a potential target for post-ischemic neuronal protection.

4.3  The Factors Determining the Role of the Autophagy 
in Cerebral Ischemia

4.3.1  The Degree of Autophagy Determines the Fate of Cells in Cerebral 
Ischemia

Kang and Avery [119] proposed that levels of autophagy were critical for the 
 survival or death of cells: physiological levels of autophagy promote survival, 
whereas insufficient or excessive levels of autophagy promote death. This  hypothesis 
was confirmed in an oxygen and glucose deprivation model that observed dual roles 
of the autophagy inhibitor 3-MA in different stages of re-oxygenation [75]. Twenty-
four hours prior to reperfusion, 3-MA triggered a high rate of neuronal death. 
However, during 48–72  h of reperfusion, 3-MA significantly protected neurons 
from death. It is possible that prolonged oxygen and glucose deprivation/reperfu-
sion triggers excessive autophagy, switching its role from protection to 
deterioration.

4.3.2  The Time at Which Autophagy Is Induced Determines Its Role

Autophagy could play a protective role in ischemic preconditioning but have a 
 different effect once ischemia/reperfusion has occurred [120]. Infarct volume, brain 
edema and motor deficits induced by permanent focal ischemia were significantly 
reduced after ischemic preconditioning treatment. 3-MA suppressed  neuroprotection 
induced by ischemic preconditioning, while rapamycin reduced infarct volume, 
brain edema and motor deficits induced by permanent focal ischemia [121]. This 
hypothesis was supported by a study by Yan et al. [122] in which 3-MA  administrated 
through intracere-broventricular injection before hyperbaric oxygen  preconditioning, 
attenuated the neuroprotection of hyperbaric oxygen preconditioning against 
 cerebral ischemia. Moreover, 3-MA treatment before middle cerebral artery 
 occlusion aggravated subsequent cerebral ischemic injury. In contrast, Carloni et al. 
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[92, 117] found that when 3-MA and rapamycin were injected 20  min before 
hypoxia-ischemia, 3-MA inhibited autophagy, significantly reduced beclin-1 
expression and caused neuronal death, while rapamycin increased autophagy and 
decreased brain injury. In addition, 3-MA administrated by intracerebroventricular 
injections strongly reduced the lesion volume (by 46%) even when given 4 h after 
the beginning of the ischemia [123]. Gao et al. [124] found that rapamycin applied 
at the onset of reperfusion might attenuate the neuroprotective effects of ischemic 
postconditioning. Conversely, 3-MA administered before reperfusion significantly 
reduced infarct size and abolished the increase of brain water content after isch-
emia. Targeting autophagy either pre- or post-treatment has different results and this 
may reflect the different effects of autophagy at early and late stages. The time of 
intervention could be related to the degree of autophagy at different stages of 
 ischemia and further studies are necessary to confirm this.

4.3.3  Autophagy May Be Interrupted in Cerebral Ischemia

A common feature of many neurodegenerative diseases is the accumulation of an 
abnormally large number of autophagic vacuoles (autophagosomes and autolyso-
somes) or the frequent appearance of irregularly shaped autophagic vacuoles. 
Enhanced autophagosome formation seems to be reflected by increased density of 
autophagic vacuoles, but these increased autophagic vacuoles may also imply 
impaired autolysosomal degradation [125]. Rami et al. [93] also observed a dra-
matic up-regulation of Beclin-1 and LC3  in rats after cerebral ischemia. These 
results indicate that autophagy was activated in the brain following ischemia. 
Recently, however, it has been hypothesized that the increase in proteins may reflect 
a failure in lysosomal function leading to an accumulation of autophagosomes, or 
an improvement in the activity of autophagy [126]. Other studies found that accu-
mulation of LC3-II was observed in sham-operated rats after treatment with lyso-
somal inhibitor-chloriquine, but the further change of LC3-II levels in post-ischemic 
brain tissues was not observed [127, 128]. The results indicated that accumulation 
of autophagy-associated protein following ischemia could be the result of failure of 
the autophagy pathway. Puyal and Clarke [129] found that lysosomal activity 
detected by LAMP-1 and cathepsin D was increased in neurons with punctate LC3 
expression in neonatal focal cerebral ischemia model. The failure of autophago-
some and lysosome fusion caused an increase of autophagosomes. The deficiency 
of acid phosphatase activity in the lysosome could lead to the increase of autopha-
gosomes and autolysosomes. Further studies are required to verify whether the 
activity of autophagy is enhanced in cerebral ischemia.
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5  Crosstalk Between Apoptosis, Autophagy and Necroptosis 
(Necrosis) After CIRI

PCD in vivo involves the complex interaction between apoptosis, autophagy, and 
necroptosis [130, 131] (Fig. 5.4). In some cases, a specific stimulus triggers only 
one type of programmed cell death, but in other situations, the same stimulus may 
initiate multiple cell death processes. Different types of mechanisms may co-exist 
and interact with each other within a cell, but ultimately, one mechanism dominates 
the others. The decision taken by a cell to undergo apoptosis, autophagy, or 
 necroptosis is regulated by various factors, including the energy/ATP levels, the 
extent of damage or stress, and the presence of inhibitors of specific pathways (e.g., 
caspase inhibitors). ATP depletion activates autophagy. However, if autophagy fails 
to maintain the energy levels, necroptosis occurs [132]. Slight/moderate damage 
and low levels of death signaling typically induce apoptosis, whereas severe  damage 
and high levels of the death signaling often result in necroptosis. Similarly, inhibi-
tion of caspase activity might change apoptosis to necrosis or autophagic cell death, 
whereas activation of calpain-mediated cleavage of autophagy-regulated protein, 
Atg-5, switches the mode of cell death from autophagy to apoptosis [133, 134]. 
Interestingly, although necroptosis, necrosis and secondary necrosis following 
apoptosis, represent different modes of cell death, all of them might eventually 
 converge on similar cellular disintegration features, albeit with different kinetics 
[135]. Furthermore, apoptosis and autophagy differ from the necrosis by the feature 
of tissue inflammation [136]. Both apoptosis and autophagy do not exhibit tissue 

Fig. 5.4 Cross-talk between different modes of programmed cell death after CIRI. FADD Fas- 
associated death domain-containing protein, NSA necrosulfonamide, NEC-1 necrostatin-1
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inflammation, while the latter does. Thus, learning more about the molecular 
 mechanisms regulating various cell death modalities and their cross-talk is very 
important, since they play a critical role in CIRI.

Although death-receptor mediated apoptosis represents a canonical apoptotic 
pathway, stimulation of death receptors under apoptotic deficient conditions is now 
known to activate necroptosis [58]. The activation of death receptors by their 
 respective ligands, such as FasL (CD95L) and TNF-α, respectively, leads to the 
formation of DISC (death-inducing signaling complex) that includes the adaptor 
protein FADD (Fasassociated death domain), caspase-8 and death domain-contain-
ing kinase RIP1. In apoptotic proficient condition, the recruitment of caspase-8 
leads to its activation which in turn activates downstream caspases, such as cas-
pase-3, and mitochondrial damage by cleaving Bid [137]. In apoptotic deficient 
cells when caspases cannot be activated, however, stimulation of death receptors 
leads to the activation of RIP1 kinase and necroptosis [54, 65]. Activation of AKT 
also appears to act as a switch, in addition to facilitating the necroptotic response, it 
also acts to inhibit apoptosis [138, 139]. These results clearly illustrate that the 
molecular pathways regulating death ligand-induced apoptosis and necroptossis are 
intimately intertwined. They also firmly establish the paradigm that inhibition of 
caspase- dependent apoptosis primes cells towards necroptosis.

Crosstalk between apoptosis and autophagy in CIRI is also complex. It has been 
acknowledged that appropriately controlled autophagy can induce neuroprotection 
and can rescue neurons from apoptotic cell death in the cerebral ischemia. For 
instance, clearance of damaged mitochondria via autophagy prevented neurons 
from caspase-dependent apoptosis [140]. However, autophagy may also act as a 
pro-apoptotic mechanism [99] and is causally connected with the subsequent onset 
of apoptotic cell death [141–143]. Cathepsin B, a protease which is normally con-
fined inside the lysosomal-endosomal compartment, leaked from the lysosomes into 
the cytoplasm, initiating and promoting the execution of apoptosis [141]. It has been 
hypothesized that when the autophagic flux impairs, autolysosomes would exten-
sively accumulate and the autophagic stress would be induced [126]. This would 
lead to autolysosomes and lysosomes membrane destabilization, which results in 
leakage of hydrolases, and subsequently provoke apoptosis [144]. As a result, the 
initial autophagy, as a defensive reaction, when over-activated, is converted into a 
damage response [75]. In this case, the inhibition of autophagy attenuates apoptotic 
cascades in ischemic injury. These evidences demonstrated that elucidating the 
interrelationships between autophagy and apoptosis will present novel opportuni-
ties for discovering targets in the therapy for cerebral ischemic injury.

So far, with the identification of several key molecules (e.g., ATG, Bcl-2 family 
members, Beclin 1, and p53) [105, 145–150], the mechanisms underlying the 
autophagy-apoptosis conversation are beginning to be uncovered. However, current 
researches seemingly only reveal a tip of the iceberg among the intricate  interactions 
between autophagic and apoptotic cascades during the cerebral ischemic injury. 
Thus, more studies about the crosstalk between autophagy and apoptosis are 
 warranted in the future.
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The autophagy and necrosis can be activated in parallel or sequentially, and have 
either common or opposite objectives. The molecular underpinnings of this 
 relationship remain largely elusive and somewhat controversial; autophagy has 
been shown to either promote [123] or suppress necroptosis (necrosis) [92, 151]. 
However, the ability of autophagy to suppress various forms of necrotic cell death 
is considered to be one of the most important pro-survival functions of autophagy 
that is achieved either by blocking apoptosis or suppressing necrotic cell death.

Therefore, because of the complex crosstalk between cell death pathways, much 
effort should be put on the finding of biomarkers that may predict the risk of a 
hypoxic-ischemic condition during the CIRI to initiate the treatment in an early 
stage, allowing the possibility of using the preconditioning effect of putative drugs. 
These early treatments may be followed by endovascular recanalization therapy 
(thrombolytic therapy or arterial embolectomy), that potentially reduces both 
 apoptosis and necrosis. Of course, a better understanding of the mechanisms 
 responsible for the switch among the different cell death phenotypes and the 
 development of new and more selective molecules that can act upstream of these 
putative checkpoints will help to find new pharmacological strategies that could be 
associated to endovascular recanalization therapy.
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Chapter 6
Reactive Astrocytes in Cerebral Ischemic 
Reperfusion Injury

Abhishek Mishra, Rachana Nayak, and Dandan Sun

Abstract Currently, limited stroke treatments are available due to a short time 
 window for effective treatment. Previous research on stroke therapies has focused 
on neurons as therapeutic targets, with little emphasis on manipulation of other 
brain cells. Today, research is increasingly finding evidence of the potentials of 
astrocytes for stroke therapies. Here, we present a review of the roles of astrocytes 
in the healthy brain as well as the altered functions of astrocytes in the ischemic and 
post- ischemic brain that modulate neuronal recovery. Astrocytic regulation of neu-
ronal function occurs in both healthy and diseased brains as a result of their close 
association in the tripartite synapse. We will place an emphasis on the astrocytic 
properties that promote neural protection and restoration, and will also discuss the 
hurdles reactive astrocytes and glial scarring pose to functional neuronal recovery. 
To overcome these challenges, therapeutic advances have been made by exploring 
drug treatments that target astrocyte function to modulate reactive astrogliosis. 
Continued research into reactive astrocyte biology will allow us to better understand 
their potential as targets for stroke therapies.

Keywords Cerebral ischemia · Astrocyte · Reperfusion

1  Introduction

Astrocytes are mature glial cells. In humans, the glia/neuron ratio does not increase 
uniformly with brain size during the course of human development. While glia are 
frequently reported to outnumber neurons 10:1, this statement has drawn increasing 
criticism in recent years as there is no clear evidence that glial cells are the most 
abundant brain cells [1]. Regardless of glia to neuron ratio, it is evident that proper 
astrocyte function is obligatory for normal brain function.
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There are two main types of astrocytes: protoplasmic and fibrous. The for-
mer astrocytes are largely found in all gray matter and encompass synapses in a 
globular distribution. Fibrous type astrocytes are found in all white matter and 
contact the node of Ranvier in a fiber-like distribution [2]. Astrocytes play a 
crucial role in  regulating a healthy central nervous system (CNS) and partici-
pate in synaptic and vascular processes [2]. Astrocyte endfeet can tightly enve-
lope both pre- and post-synaptic neuronal terminals to form the “tripartite 
synapse”, which allows astrocytes to exert modulatory functions over synaptic 
transmission and neuronal potentiation [3]. This is accomplished, in part, by 
astrocytic secretion of  neuromodulatory substance (gliotransmitters) as well as 
the uptake of ions and  neurotransmitters from active synaptic terminals [4]. In 
addition, tightly grouped astrocytes can form boundaries to guide migrating 
axons and neuroblasts during development or form a barrier between neurons 
and the blood supply [5]. Astrocytes have drawn more attentions in stroke 
research because they are abundant and interact with, influence and regulate 
CNS functions [6].

A stroke occurs when blood flow is stopped to a part of the brain, thereby 
depriving brain cells in that area of oxygen and initiating cell death pathways. 
Stroke is a leading cause of death worldwide, and in the United States alone, its 
prevalence is around 3% of the adult population. Ischemic stroke is caused by a 
blockage of a blood vessel via a blood clot while hemorrhagic stroke is caused by 
a rupture of an artery in the brain. It is estimated that 87% of strokes are ischemic 
strokes [7]. Furthermore, stroke alters astrocyte function. Astrocytes in the isch-
emic penumbra region show dysfunction and delayed death while astrocytes 
directly in the core region of the cardiovascular bed are more likely to die sooner, 
as they cannot get blood supply from nearby arteries [8]. In vitro studies have 
shown that astrocytes typically die after 4–6 h after oxygen-glucose deprivation 
(OGD), whereas neurons typically die after 5–20 min [9, 10]. After a period of 
ischemia, astrocytes become detached from basal cell lamina. The attachment of 
the basal lamina to astrocytes is critical because evidence suggests that the con-
nection helps maintains the permeability of the blood brain barrier and maintains 
impermeability of cerebral microvessels [11, 12].

After a period of ischemia has occurred, astrocytes increase their release of 
lactate to surrounding neurons to fuel aerobic energy metabolism [13]. 
Furthermore, after ischemia astrocytes protect damaged tissue from becoming 
further damaged, rebuild the blood brain barrier, produce neurotrophic and 
growth factors, and take up excess glutamate from the extracellular space to pre-
vent excitotoxicity [6, 14]. Thus, astrocytes play a crucial long-term role in neu-
roprotection, neurorestoration, neuroregeneration and brain plasticity after 
stroke, and their dysfunction may inhibit neuronal metabolism, survival and 
regeneration, resulting in neurological impairment [6, 9]. This review will dis-
cuss changes of astrocytes after ischemia/reperfusion injury and its significance 
to ischemic brain damage.
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2  Astrocyte Function in Normal Brains

2.1  Astrocytes “Save” Dying Neurons by Providing Them 
with Antioxidant Defense

Oxidative stress arises when the body is not able to detoxify the harmful effects of 
reactive oxygen species (ROS) such as hydrogen peroxide, which can ultimately 
lead to brain dysfunction. ROS neutralization is achieved through antioxidants, for 
example, glutathione. The brain is especially vulnerable to oxidative stress because 
it consumes a lot of oxygen, has unsaturated lipids and at the same time the brain 
has fewer ROS protective mechanisms than most other organs and muscles. Neurons 
are particularly sensitive to ROS and rely on astrocytes to provide free radical 
 scavengers, thereby mitigating ROS damage under both healthy and ischemic 
 conditions. This process occurs via gap junction communication among astrocytes 
and bidirectionality with neurons, where astrocytes release gliotransmitters and 
propagate calcium Ca2+ waves [15]. Astrocytes detoxify hydrogen peroxide and oxi-
dative stress via catalase and the superoxide dismutase (SOD). Additional 
 detoxification comes from the astrocytic glutathione, or GSH system in which 
 gluthionine reductase (GR) reduces glutathione disulfide (GSSG) into the 
 antioxidant glutathione (GSH) [16]. The cAMP signaling pathway has been linked 
to glutathione system gene upregulation and transportation of antioxidant vitamins 
in astrocytes. By overexpressing an antioxidant enzyme, the cAMP pathway restricts 
astrocyte activation and increases the survival rate of some neurons such as the CA1 
neurons after a period of ischemia [17].

2.2  The Function of Glucose Transporters in Astrocytes

After a period of ischemia, energy demand for the brain increases [2]. These 
 neighboring neurons perform lactate oxidation to produce energy and exhibit a 
strong preference for lactate over glucose as an energy substrate [18]. This energy 
cycle begins when neurons take up glucose via GLUT1 transporters. Glucose uptake 
in astrocyte endfeet occurs via GLUT1 and GLUT 5 and possibly GLUT4 [19]. 
Research has shown that in the rat brain, astrocytes are responsible for up to 50% of 
the glucose absorbed by the brain from the blood stream, especially during astrocyte 
activation. If glycolytic pathways are overactived in neurons, cell apoptosis and oxi-
dative stress can occur [18]. This is contrary to the glycolytic metabolism of astro-
cytes, in that astrocytes always show a high level of glycolytic activity. After a period 
of neuronal activity, astrocytic glutamate transporters import excess extracellular 
glutamate, which is co-transported with Na+ ions. Increased [Na+]i  concentrations 
stimulate Na-K-ATPase activity, which is fueled by an increase in astrocytic glycoly-
sis. The lactate produced by glycolysis can then be shuttled to neurons via MCT1 
and MCT4 as a neuronal energy source, a process known as the astrocyte-neuron 
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lactate shuttle [20]. Once lactate is produced, it is transported across the blood brain 
barrier (BBB) by MCT1, an electroneutral monocarboxylate transporter that 
 cotransports lactate, among other monocarboxylates with H+ [18, 21]. Then,  neuronal 
uptake of lactate takes place via MCT-2 at a 60% saturated and slower rate. Due to 
their diverse functions, astrocytes show to be vital for neural cell proliferation and 
differentiation [22].

2.3  Roles of Astrocytes in Synaptogenesis and Synaptic 
Pruning

Research in the last two decades has focused on the role astrocytes in synapse 
 formation, modification and connectivity. The close proximity of perisynaptic 
 astrocytic endfeet to synapses allows astrocytes to both monitor and respond to 
neuronal activity [3]. Astrocytes stimulate synapse formation by sending positive 
signals, and they also provide negative cues to inhibit synaptogenesis in adult brains. 
On the other hand, contact with astrocytes has shown to be critical for the neuron’s 
ability to form synapses. Astrocytes are also important players in the timing of 
structural synapse formation, because many times synapses cannot be formed unless 
an astrocyte touches them [23]. SPARC (secreted protein acidic and rich in  cysteine) 
and TSP (thrombospondins) are astrocyte factors and have broad functions  including 
regulation of synaptic formation, presynaptic plasticity, and postsynaptic receptor 
levels [24]. SPARC decreases the buildup of excess AMPARs (AMPA glutamate 
receptors) and TSP increases synaptic glycine receptors and likewise decreases the 
buildup of AMPARs, therefore these two molecules act as inhibitors to synapse 
formation [25].

2.4  Astrocytes Affect Synaptic Transmission by Releasing 
Gliotransmitters

Astrocytes are in constant bidirectional communication with neurons through the 
tripartite synapse. Astrocytes affect synaptic transmission and participate in 
 information processing by releasing gliotransmitters, such as d-serine, ATP, GABA, 
glutamate, prostaglandins and neuropeptides. Such chemicals are released in 
response to changes in synaptic activity, and their release can either stimulate or 
dampen neuronal excitability. Many potential mechanisms for the process of 
 gliotransmission have been proposed and are not mutually exclusive. The most 
widely accepted theory is that gliotransmission is initiated by intracellular calcium 
signaling. This calcium may be released from internal stores or enter the cell through 
transmembrane ion channels [26, 27].
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In conclusion, astrocytes have a wide range of functions including 
 synapse- astrocyte communication that includes modifying synapse plasticity and 
affecting synaptic transmission, neuron-astrocyte communication that includes 
 providing neurons with antioxidant defense and upregulated glucose transport. 
Thus, maintaining normal functions of astrocytes in an ischemic brain is crucial for 
ischemic brain recovery and function [2].

3  Reactive Astrocytes in Ischemic Reperfusion

3.1  Formation of Reactive Astrocytes

Proliferating reactive astrocytes are consistently found along borders between 
healthy tissues and pockets of damaged tissue and inflammatory cells. This is usu-
ally found after a rapid, locally triggered inflammatory response to acute traumatic 
injury in the spinal cord and brain.

Animal model studies of cerebral ischemic injuries show that although other various 
glial cell types like microglia and macrophages are activated in the glial scar, astrocytes 
account for the majority of the scar tissue, up to 1/5th of all cells [28]. Astrocytes in the 
penumbra become hypertrophic and elongate their processes into the infarct core. 
These astrocytes strongly upregulate GFAP, a hallmark of astrogliosis. GFAP is upreg-
ulated as early as 1 day after injury and the number of reactive astrocytes is signifi-
cantly increased in the peri-lesion area at 3–5 days after injury, however, astrocytes 
remain absent from the lesion core [29]. Ablating reactive astrocytes in a mouse model 
showed a significant increase in lesion size and tissue damage, indicating the beneficial 
role of reactive gliosis [2, 30]. No increase in the number of reactive cells in the adja-
cent normal tissue was found in the human ischemic brain [31]. GFAP-positive reactive 
astrocytes were significantly increased in the cortical peri-infarct regions of human 
ischemic brain, compared to adjacent normal tissues and control subjects [32]. The 
glial scars form the borders around the lesion sites and act as protective barriers to 
infectious agents and inflammatory cells. However, scar formation results in less 
advantageous outcomes in the long- term recovery after insults. This is partially because 
reactive gliosis inhibits axonal outgrowth and cellular migration because of astrocyte 
secreted chondroitin sulphate proteoglycans (CSPG) and other neurogenesis inhibiting 
molecules. Based on the findings in rodents, reactive gliosis may play a dual role in 
brain repair after injuries, which will be discussed in subsequent sections.

3.2  Altered Functions in Reactive Astrocyte

Under different conditions of stimulation, astrocytes can produce intercellular  effector 
molecules that alter the expression of molecules regulating cell structure, energy 
metabolism, intracellular signaling, and membrane transporters and pumps [33, 34]. 
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These signaling cascades induce changes in regional blood flow, availability of energy 
substrates, and release of neuromodulatory substances. The full complexity and inter-
action of these pathways is still being explored, however, astrocytes have the capacity 
to both enhance and undermine the repair process after ischemic injury.

Connexin43 (Cx43) is one of the most abundant gap junction proteins in the 
CNS. Cx43 has been detected in regions with astrogliosis induced by various brain 
pathologies including brain ischemia and epilepsy [35]. As gap junctions form 
channels that allow passage of small molecules such as ATP and glutamate between 
adjacent cells [35], they are especially suited to play a pivotal role in intercellular 
communication in a diseased state [35]. In addition, gap junction proteins can also 
form hemichannels that connect the cytoplasm directly to the extracellular space. 
Gap junctions can expand injury in the process of bystander death, the process in 
which undamaged cells exhibit adverse effects because of signals received from 
nearby damaged cells [36]. Cellular injury is linked to an upregulation of Cx43 
expression in a variety of cells and tissues [37]. Cx43 is upregulated in cortical 
astrocytes after ischemia [38]. In addition, aquaporin 4 (AQP4), an astrocyte water 
channel, plays a crucial role in cytotoxic edema and determining outcomes after 
stroke [30]. This takes place predominantly in astrocyte endfoot processes at the 
borders between the brain parenchyma and major fluid compartments. This sug-
gests associations between AQP4-regulated water flux and neuroinflammation [39]. 
Ischemic stroke can trigger both cytotoxic and vasogenic edemas. Cytotoxic edema 
evolves over minutes to hours and may be reversible, while the vasogenic phase 
occurs over hours to days, and is considered an irreversibly damaging process [40]. 
In cytotoxic edema, AQP4 deletion slows the rate of water entry into brain, whereas 
in vasogenic edema, AQP4 deletion reduces the rate of water outflow from brain 
parenchyma [41]. A central role of AQP4 in neuroinflammation is in the established 
astrocyte proliferative response in ischemia [42]. AQP4 was also detected on 
 reactive microglia following lipopolysaccharide (LPS) injection in rats, but the 
 significance of this expression is poorly understood [43].

Pro-inflammatory mediators, including IL-1 and TNF-α, released by both 
 activated microglia and neutrophils have been shown to stimulate the release of 
matrix metalloproteinases (MMPs) from astrocytes in cultures [44, 45]. MMPs are 
primary components of the neuroinflammatory response being partially responsible 
for BBB disruption [10]. The neuroinflammation produced by ischemia leads to 
upregulation of MMPs which cause AQP4-orthogonal arrays of particles (OAP) dis-
ruption, and possibly exacerbate BBB disturbance and worsen the edema [10]. 
MMP-9 degrades agrin while MMP-3 degrades dystroglycan [46], both of which 
play a pivotal role in OAP formation and AQP4 assembly in astroglial endfoot mem-
branes [47, 48]. Development of vasogenic edema also amplifies BBB  disruption 
due to increased hydrostatic pressure. AQP4 may also have a role in  neuroinflammation 
via edema resolution. Up-regulation of perivascular AQP4 causes enhanced 
 resorption of extracellular edema fluid which eases hydrostatic pressure and BBB 
disruption. Thus, there is less neutrophil infiltration, less  pro-inflammatory cytokine 
production and less MMP activation [39].  Stretch-activated Cl− channels expressed 
on microglia are activated to a lesser extent because of pressure differences due to 
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resorption of edema fluid. This leads to less microglial activation and a decrease in 
pro- inflammatory cytokine release [39].

There is a body of evidence [49] pointing to negative consequences of reactive 
gliosis when it does not get resolved within the post-acute and the early chronic 
stage after injury. Reactive gliosis and glial scarring have inhibitory effects on CNS 
regeneration as shown in several experimental models with a wide range of mole-
cules implicated in this process [50–54]. Currently, these regeneration-inhibiting 
effects represent the cons that are tied in with other beneficial effects of reactive 
astrocytes. Notably, the effective handling of the acute stage of an injury through 
reactive astrocytosis reduces cellular and tissue stress and provides effective neuro-
protection together with the beneficial isolation of the lesion area from the rest of 
the CNS [55–57].

3.3  Impact of Reactive Astrocytes on Neural Protection 
and Repair

In the glial scar, reactive astrocytes express a broad range of inhibitory molecules 
against axonal regeneration, such as chondroitin sulfate proteoglycans. However, 
the glial scar may also seclude the injury site from healthy tissue, preventing a cas-
cading wave of uncontrolled tissue damage. In addition, reactive astrocytes take up 
excess glutamate and produce neurotrophic factors, to protect the neurons from 
ischemic lesion. Thus, the reactivity of astrocytes after stroke may potentially play 
both detrimental and beneficial roles under certain spatio-temporal conditions.

In response to brain damage of stroke or trauma, reactive astrocytes up-regulate 
GFAP and vimentin and re-express nestin. In mice lacking both GFAP and vimentin 
(GFAP−/−Vim−/−), reactive gliosis and the glial scar are increased after neurotrauma 
[58]. GFAP−/−Vim−/− astrocytes exposed to oxygen-glucose deprivation and reper-
fusion exhibit increased cell death and confer lower degree of protection to co- 
cultured neurons than WT astrocytes [59], suggesting that reactive astrocytes are 
protective during brain ischemia.

Proliferating reactive astrocytes are critical to scar formation and function to 
reduce the spread and persistence of inflammatory cells, to enhance the repair of the 
BBB, to decrease tissue damage and lesion size, and to decrease neuronal loss and 
demyelination [31, 57]. Reactive astrocytes defend against oxidative stress through 
glutathione production and have the responsibility of protecting CNS cells from 
NH4

+ toxicity [30]. They protect CNS cells and tissue through various methods, 
such as uptake of potentially excitotoxic glutamate, adenosine release, and 
 degradation of amyloid β peptides [30, 60, 61]. During reperfusion, the return of 
oxygenated blood to the ischemic area challenges the BBB with oxidative stress. In 
experimental studies, BBB opening is biphasic; the initial breakdown is most likely 
caused by oxidative stress and is followed by a partial BBB recovery before the 
second increase in BBB permeability leads to neutrophil infiltration through tight 
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junction redistribution, the exact causes for this are still unknown [62, 63]. Whether 
this order of events is also relevant in stroke patients still needs to be confirmed.

Reactive astrogliosis can lead to the appearance of newly proliferated astrocytes 
and scar formation in response to severe tissue damage or inflammation. Molecular 
triggers that lead to this scar formation include epidermal growth factor (EGF), 
fibroblast growth factor (FGF), endothelin 1 and adenosine triphosphate (ATP). 
Mature astrocytes can re-enter the cell cycle and proliferate during scar formation. 
Some proliferating reactive astrocytes are derived from NG2 progenitor cells in the 
local parenchyma after injury or stroke [34]. There are also multipotent progenitors 
in subependymal tissue that express glial fibrillary acidic protein (GFAP) and gener-
ate progeny cells that migrate towards sites of injury after trauma or stroke [34].

However, scar formation shows less advantageous outcome in the long-term 
recovery after insults. Axon regeneration does not occur in areas with an increase in 
GFAP and vimentin [64, 65]. Reactive gliosis inhibits axonal outgrowth and cellular 
migration by secreting chondroitin sulphate proteoglycans (CSPGs) and other 
 molecules inhibitory to neurogenesis [66].

3.4  Reactive Astrocytes in Regulation of Inflammation

Reactive astrocytes are involved in the complex regulation of CNS inflammation 
that is likely to be context-dependent and regulated by multimodal extra- and 
 intracellular signaling events. They have the capacity to make different types of 
molecules with either pro- or anti-inflammatory potential in response to different 
types of stimulation. Astrocytes interact extensively with microglia and play a key 
role in CNS inflammation. Reactive astrocytes can then affect healthy astrocytes 
and affect their regulation and response to inflammation [34, 67].

Reactive scar-forming astrocytes help reduce the spread of inflammatory cells 
during locally-initiated inflammatory responses to traumatic injury or during 
peripherally-initiated adaptive immune responses, thus serving an anti- inflammatory 
function. However, certain molecules in astrocytes are associated with an increase 
in inflammation after traumatic injury [30, 60]. For example, GFAP, vimentin and 
nestin, as well as altered expression of many other genes [68].

Several decades of investigation has shown that astrocytes can produce numer-
ous pro-inflammatory molecules, including diverse cytokines, chemokines, growth 
factors and small molecules such as prostaglandin E (PGE) and nitric oxide (NO). 
Recent technologies that allow cell type-specific transcriptome analysis have begun 
to define specific contexts in which astrocytes produce a broad repertoire of pro- 
inflammatory molecules in vivo and to identify combinations of molecular triggers 
that regulate their production in vitro [33, 69, 70]. For example, analysis of  astrocyte 
transcriptome profiles indicates that astrocyte exposure either in vivo or in vitro to 
PAMPs such as lipopolysaccharide (LPS) and associated cytokines markedly skews 
astrocyte transcriptome changes towards pro-inflammatory and potentially  cytotoxic 
profiles [33, 69, 70]. By contrast, the ischemia caused by experimental stroke in vivo 
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shifts the astrocyte transcriptome towards neuroprotective mechanisms. Transgenic 
approaches such as Cre–loxP-mediated cell type-specific loss-of- function models 
are being used to dissect intracellular signalling cascades and to identify intercel-
lular effector molecules that mediate astrocyte pro-inflammatory functions. For 
example, nuclear factor-κB (NF-κB) and suppressor of cytokine signalling 3 
(SOCS3) are pro-inflammatory transcriptional regulators in astrocytes during CNS 
traumatic injury and CNS autoimmune inflammation [71–73]. As intercellular 
effectors, CC-chemokine ligand 2 (CCL2) and CXC-chemokine ligand 10 
(CXCL10) released specifically by astrocytes are important recruiters of  perivascular 
leukocytes in CNS autoimmune inflammation [43–45]. CCL2 and CCL7  production 
by astrocytes is heterogeneous [70], which may contribute to the selective direction 
of leukocyte migration in CNS parenchyma. Multimolecular signaling cascades are 
also being defined. For example, in response to stimulation by the pro- inflammatory 
cytokine interleukin-1β (IL-1β), astrocytes generate and release vascular  endothelial 
growth factor (VEGF), which increases BBB permeability and promotes leukocyte 
extravasation [74, 75]. ACT1 (also known as TRAF3IP2) signaling in astrocytes is 
critical for mediating IL-17 inflammatory gene induction in CNS autoimmune 
inflammation [76].

Essential anti-inflammatory roles of astrocytes have now been demonstrated by 
numerous transgenic loss-of-function experiments in diverse models of CNS injury 
and disease, and specific molecular mechanisms are gradually being identified. An 
early observation using transgenic models indicated that BBB repair after traumatic 
injury is critically dependent on the presence of newly proliferated scar-forming 
astrocytes [28, 30]. Astrocyte-produced molecules that exert or regulate anti- 
inflammatory functions activate diverse anti-inflammatory signaling mechanisms 
[33, 69, 70, 77–79]. Intracellular signaling factors STAT3, A20, GAL9 and CRYAB 
Suppress pro-inflammatory signaling mechanisms [72, 80–85]. As discussed above, 
astrocyte borders and scars form functional barriers that restrict leukocyte migration 
after diverse CNS insults, including trauma, ischemia, autoimmune attack and neu-
rodegeneration [55, 58, 60, 86–88]. Transgenic loss-of-function approaches are 
beginning to define intracellular signaling cascades that mediate astrocyte anti- 
inflammatory functions. Studies from multiple laboratories indicate that the GP130 
(also known as IL-6Rβ)–Janus kinase 2 (JAK2)–signal transducer and activator of 
transcription 3 (STAT3) signaling pathway is a crucial regulator of astrocyte anti- 
inflammatory functions after various CNS insults, by mediating scar formation and 
barrier functions that restrict the spread of microbial pathogens after traumatic injury 
[72, 80, 81], infection [89] and autoimmune attack [90]. In this regard, it is interest-
ing that GFAP and vimentin [91] are required for astrocyte scar formation [65], and 
their absence markedly exacerbates the inflammation and tissue pathologies associ-
ated with autoimmune attack [92], stroke [58, 88] and neurodegeneration owing to 
lipid storage defects [93] or amyloid-β accumulation [60]. Intercellular effector mol-
ecules that mediate astrocyte anti-inflammatory functions are also being identified. 
For example, in response to IL-10, astrocytes release molecules such as transforming 
growth factor-β (TGFβ) that promote resolution of inflammation [94–96]. Certain 
molecules released by astrocytes have anti-inflammatory effects on microglia and 
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monocytes [97, 98]. Retinoic acid released from astrocytes is implicated in  protecting 
BBB function and attenuating inflammation [66]. An indirect form of anti-inflamma-
tory regulation also seems to be operational in the form of intracellular signaling 
mechanisms that suppress proinflammatory activators. For example, tumour necrosis 
factor-α (TNFα) signaling not only induces production of the pro-inflammatory 
 transcriptional regulator NF-κB but also promotes production of the ubiquitin-mod-
ifying protein A20, which acts to suppress NF-κB signalling [67].

Although initially protective, over time, dense glial scars form potent cell 
 migration barriers that impair regeneration [60]. This paradox is hypothesized to be 
the result of an evolutionary adaptation that led to unintended consequence [60]. 
CNS injury responses have favored mechanisms that keep small injuries uninfected, 
thus inhibition of the migration of inflammatory cells and infectious agents would 
have promoted overall survival. However, the persistence of the scar leads to the 
accidental byproduct of axon regeneration inhibition [30, 57, 60].

4  Modulating Astrogliosis to Remove Detriments and Retain 
Benefits

4.1  Potential Targets for Improvement of Astrocyte Functions

Counter to the formation of a glial scar, reactive astrocytes can also positively affect 
the later post-ischemic stages by secreting vascular endothelial growth factor 
(VEGF) and thrombospondin to promote the formation of new blood vessels and 
synapses [99–101]. Thrombospondin 4 has recently been shown to control  protective 
astrogenesis in the adult subventricular zone in response to neurotrauma [102], and 
its expression was proposed to depend on astrocyte reactivity and reactive 
 astrogliosis [103]. VEGF secretion by reactive astrocytes can serve as a good 
 example of a context-dependent response: the positive, stimulatory effect of VEGF 
on the formation of vessels and synapses in ischemic stroke [99, 104] contrasts with 
its induction of blood-brain barrier breakdown and lymphocyte infiltration in 
 autoimmune CNS inflammation [74, 75]. Treatment with glial cell line-derived neu-
rotrophic factor (GDNF) enhances neuronal survival in in  vitro mouse ischemic 
brain tissue [105–107]. Although the expression of GDNF is low in an unchallenged 
brain, it is upregulated in reactive astrocytes in the peri-infarct region [108–110]. 
Thus, therapy targeting the enhancement of GDNF expression by astrocytes is an 
attractive approach to treating brain ischemia.

Treatment of stroke with bone marrow stromal cells (BMSCs) via intra-arterial 
injection enhances expression of bone morphogenetic proteins (BMPs) and Cx43 
gap junction protein [111] Additionally, administration of BMSCs intra-arterially 
increased sub ventricular zone cell proliferation and induced differentiation of 
 proliferating cells into astrocytes in the ischemic boundary zone (IBZ) [111]. This 
was shown to promote synaptogenesis and improve neurological functional  recovery 
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after stroke [111]. Administration of BMSCs intra-arterially at 1 day after MCAO 
significantly improved neurological functional recovery in rats at 14  days, and 
extended functional improvement to 21 and 28 days after MCAO, but did not sig-
nificantly decrease lesion volume. Interestingly, treatment was initiated at 24 h after 
stroke, a time at which the ischemic lesion is relatively mature and neuroprotective 
agents are not effective in reducing volume of infarction. Although the detailed 
mechanism of this protection remains to be determined, BMSCs are an additional 
promising therapeutic strategy [111].

Functional modulation of neuronal synapses by astrocytes may be a new thera-
peutic goal in stroke patients. For example, a key negative regulator of neuronal 
activity is the inhibitory neurotransmitter γ-aminobutyric acid (GABA) that exerts its 
fast effects through synaptic receptors. Through extrasynaptic receptors, GABA that 
spills over at active synapses negatively regulates the background activity of neu-
rons, a phenomenon is known as tonic inhibition. GABA is normally removed from 
the extracellular space by neuronal and astrocyte transporters. The expression of 
GABA transporters on astrocytes is reduced in the ischemic penumbra, and tonic 
inhibition by excessive amounts of GABA limits both neural plasticity and func-
tional recovery [112]. In mouse models, appropriately timed administration of 
GABA inhibitors results in a faster recovery of function [112]. However, when 
administered too early, such treatment can increase the amount of brain tissue lost in 
the ischemic stroke. Similarly, VEGF is beneficial in the late post-stroke period, but 
leads to increased capillary permeability and larger infarctions when administered in 
the early post-ischemic phase [113]. Thus, the time of intervention is crucial. Though 
the molecular mechanisms are not yet fully understood, astrocytes seem to control 
several aspects of synaptic plasticity. It is predominantly synaptic plasticity in the 
weeks and months after stroke which determines the degree of functional recovery 
and which can be enhanced through specific neurorehabilitation programs, noninva-
sive brain stimulation, and pharmacological modulation [114–117]. For example, 
ischemic stroke triggers ephrin-5A expression in reactive astrocytes, and this leads 
to the inhibition of axonal sprouting and motor recovery [66]. Pharmacological 
blockage of ephrin-A5 combined with forced use of the affected limb was shown to 
promote new and widespread axonal projections within the entire cortical hemi-
sphere at the side of experimentally induced ischemic stroke [66].

Other potential targets for improving outcome by manipulating functions and 
effects related to reactive astrogliosis also include manipulation of AQP4 channels 
during different forms of cerebral edema [61], attenuation of NF-κB [71, 73], or 
augmentation of STAT3 [81] signaling mechanisms to reduce inflammation. 
Utilization of advanced screening technologies will also hasten the identification of 
novel therapeutic targets. For example, using a novel quantitative proteomics 
approach, Hauck et al. [118] showed that Müller cells in the retina produce a pool 
of neuroprotective factors such as osteoponin and connective tissue growth factor. 
Application of such screening strategies to astrocytes exposed to a variety of stimuli 
will enable better characterization of these cells and their responses under different 
conditions to improve our understanding of the heterogeneity of astroglia.
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5  Conclusion

During the early time after ischemic injury, the main function of reactive astrocytes 
is to preserve the integrity of the nervous tissue. This defensive reaction of  astrocytes 
is conceivably aimed at handling the acute stress, limiting tissue damage, and restor-
ing homeostasis. However, with time, the process becomes increasingly unregulated 
and maladaptive. The lingering glial scar further accentuates inflammation, 
 generating a highly toxic microenvironment that inhibits migrating axons and 
 interferes with long-term motor functional recovery. Understanding the  multifaceted 
roles of astrocytes in the healthy and diseased CNS will undoubtedly contribute to 
the development of treatment strategies that will, in a context-dependent manner 
and at appropriate time points, modulate reactive astrogliosis to promote brain 
repair and reduce the neurological impairment. Given the dualistic nature of  reactive 
astrogliosis, a comprehensive understanding of reactive astrogliosis is extremely 
vital to the designing strategies that can aid in modulating reactive astrogliosis for 
healing tissue. The primary goal of research will be to enhance and retain the 
 therapeutically beneficial functions of reactive astrocytes while eliminating 
 undesired outcomes that are also related to reactive astrogliosis. Modulating the 
signaling pathways in astrocytes to establish a neurogenic niche in the infarct area 
is an attractive strategy for stroke therapy.
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Chapter 7
Oxidative Stress and Nitric Oxide 
in Cerebral Ischemic Reperfusion Injury

Junning Ma, Zhong Liu, and Zhongsong Shi

Abstract Cerebral ischemic reperfusion injury is a heterogeneous phenomenon 
with a multi-factorial etiology, and characterized as a cascade of neurochemical 
processes evolving in time and space after restriction or sudden interruption of cere-
bral blood flow. It has been suggested that oxidative stress and nitrosative stress are 
important mechanisms in cerebral ischemic reperfusion. The concept of oxidative 
and nitrosative stress stem from the generation of the reactive oxygen species (ROS) 
involving the nicotinamide adenine dinucleotide phosphate (NADPH) oxidases 
(NOX) family and the reactive nitrogen species (RNS) including nitric oxide (NO) 
and peroxynitrite (ONOO−) at rates which exceed the capacity of natural antioxi-
dant and anti-nitrification defense mechanisms to detoxify these toxic products. 
This review is focusing on the role of oxidative and nitrosavtive stress in cerebral 
ischemic reperfusion injury by discussing the concepts, the mechanisms, and the 
pharmacological approaches of ROS and RNS modulation for preventing cerebral 
ischemic reperfusion injury.

Keywords Cerebral ischemic reperfusion injury · Oxidative stress

1  Introduction

Cerebral ischemic reperfusion injury is a heterogeneous phenomenon with a multi- 
factorial etiology [1]. It is characterized as a cascade of neurochemical processes 
evolving in time and space after restriction or sudden interruption of cerebral blood 
flow [2]. Insults of ischemic reperfusion trigger various stress responses caused by 
numerous molecular processes in the brain [2]. Oxidative and nitrosative stress have 
been identified playing significant roles in ischemic cell death within the penumbra. 
These stresses are partly downstream consequences of excitotoxicity, stemming 
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from an increase in secondary messenger systems paired to the free radicals 
 generated form enzymes [3]. After cerebral ischemic reperfusion injury, favoured 
by a calcium overload in the cells, there is an increased production of reactive 
 oxygen species (ROS) and reactive nitrogen species (RNS), including superoxide 
anion (O2·−), hydrogen peroxide (H2O2), hydroxyl radical (OH−), nitric oxide 
(NO··), or peroxynitrite (OONO−) in the mitochondria of the penumbral tissue [4, 5]. 
Since the ischemic brain is highly susceptible to oxidative and nitrosative damage, 
the prevention of the effects of ROS and RNS is a potential therapeutic strategy for 
the cerebral ischemic reperfusion injury [4, 6].

2  Oxidative Stress in Cerebral Ischemic Reperfusion Injury

2.1  Reactive Oxygen Species

ROS is a collective term that defines the oxygen-derived small molecules that 
immediately react with various chemical substances and includes the superoxide 
anion (O2

.−), hydrogen peroxide (H2O2), and the hydroxyl radical (HO.) [7, 8]. The 
generation of ROS is ubiquitous in many cellular respiration and metabolic 
 processes. An electron is transferred to oxygen in the process of ROS generation, 
forming super-oxides (O2

.−). The process occurs mainly in mitochondria of cells and 
ROS is produced by peroxisomes and variety of enzymes (cyclooxygenase, 
 lipoxygenases, xanthine oxidase, oxide synthase, P450 cytochromes, and enzymes 
in the mitochondrial election transfer chain), and NADPH is the dominant donor of 
electron in the reaction catalyzed by NADPH oxidases [9, 10].

Initially, ROS has been thought as critical mediators regulating the homeostasis 
and inflammatory responses of cells [11]. According to the “free radicals theory of 
aging” proposed by Harman in 1956, free radicals could be produced during 
 ordinary cellular respiration and could contribute to tissue injury [12]. Mann [13] 
has found that hyperoxia and H2O2 have toxic effect on central nervous system in 
1946. Moreover, ROS also operates as intracellular signaling molecules that 
 regulates various intracellular pathways mediating cellar growth, differentiation, 
proliferation, apoptosis, migration, contraction, and cytoskeletal regulation [9].

Recently, the discovery of NADPH oxidases (NOX), which generates ROS and 
consume oxygen, put a challenge on the former paradigm. Then a new paradigm has 
been raised that regulated ROS generation plays a key role in physiology and cell 
signaling, while only excessive levels of ROS are injurious. This theory was verified 
by the evidences from most organ systems, including the central nervous system 
[14, 15]. Therefore, normal ROS generation regulating the physiological cellular 
processes, may be regard to as “redox regulation” while uncontrolled ROS 
 generation causing tissue injury may be related to as “oxidative stress” [7].
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2.2  The Oxidative Stress Hypothesis

Oxidative stress can be described as a relative overload of reactive oxygen species 
resulting from inordinate ROS production and/or injured ROS degradation [16]. It 
is characterized by a transform from a cellular environment in which the  metabolism 
and generation of oxidant substances are balanced to one of the raised levels of the 
same molecules [10]. The unbalanced relationship between oxidant generation 
mechanism and anti-oxidant production mechanism are resulted from an 
 overproduction of ROS, such as superoxide (O2

.−), or a decrease in the removal of 
ROS.  The main anti-oxidants contain catalase, glutathione peroxidases, and 
 superoxide dismutases (SOD). After the balance between oxidant generation  system 
and oxidant defense system had been disturbed by pathological condition, the sur-
plus of ROS becomes adverse and plays a key role in various acute and chronic 
diseases that affect the vasculature [10, 17]. It also has important impacts on the 
innate immune response, cellular signaling, vascular tone, oxygen sensing, and 
angiogenesis [18].

The hypothesis that ROS are involved in cerebral ischemic reperfusion injury can 
be dated back to the 1970s [19]. Moreover, many lines of evidence have shown that 
oxidative stress is the central element of the pathological development after cerebral 
ischemic reperfusion injury [20–23]. In addition to other consequences, one of the 
significant effects of oxidative stress is injured signaling of the vasoprotective 
 molecule nitric oxide (NO), leading to changes in vascular structure and function 
[10]. After an ischemic injury, microglial cells and recruited phagocytes synthesized 
higher NOX2, and an increased expression of NOX4 could be found in neuronal 
cells and brain microvascular endothelial cells [24–26].

Because of low oxidative defense capacity and high oxygen consumption, our 
brain is especially sensitive to oxidative stress [27]. In cerebral ischemic reperfusion 
injury, neuronal damage and cellular energy failure is caused by oxygen deficiency 
and ischemia-derived nutrient, and damages driven by oxidative stress could be even 
aggravated by reperfusion because the freshly arriving oxygen will enhance new 
ROS production [16, 28]. Therefore, using antioxidant therapies to scavenge ROS, 
which is based on the oxidative stress hypothesis, has been performed in  clinical 
trials recently. Unfortunately, these studies failed to perform a significant improve-
ment in stroke patents even though preclinical results are promising [29, 30]. 
However, the failure of antioxidant trials, especially in stroke patients, does not 
prove that ROS is irrelevant to ischemia-reperfusion injury [31]. On the contrary, the 
reasons of this failure was that focus on single ROS species has limited relevance 
because of the effects of interactions and secondary reactions among other ROS spe-
cies [32]. Thus, there are urgent demands to find alternative approaches that relevant 
molecular sources of oxidative stress are more focused on and to seek a much deeper 
understanding of the underlying mechanisms of the oxidative stress.
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2.3  Main Sources of Oxidative Stress in Cerebral Ischemic 
Reperfusion Injury

Activity of the mitochondrial respiratory chain is one of the major cellular source of 
ROS generation. During the process of the adenosine triphosphate (ATP) and water 
generation, when mitochondria consumes an oxygen, unpaired electrons escape 
from the respiratory complexes I and III. Then oxygen radicals are formed by this 
escape of electrons causing the damage of biological molecules [7, 33]. Because the 
consumption of oxygen in brain accounts for 20% of total body oxygen  consumption, 
mitochondria are thought as the basic source of ROS in brain aging and necrotic and 
apoptotic cell death [34–36].

In addition to the mitochondrial election transport chain, numerous enzymes within 
the vasculature is another source of ROS. These include cyclooxygenases [37, 38], 
uncoupled nitric oxide synthase (NOS) [39–41], xanthine oxidase [37, 42, 43], lipox-
ygenases, peroxisome, heme oxygenase, and monoamine oxidases, among others 
[44]. These enzymes generate ROS when the protein is in a dysfunctional state or as a 
by-product of normal enzyme activity [7, 10, 17]. By contrast, the NADPH oxidases 
from the family of ROS-producing enzymes, their fundamental function is known for 
generating ROS [45]. It is the source of deliberate ROS production required for nor-
mal signaling and for the excessive ROS associated with oxidative stress [10, 45]. 
Indeed, the process of generation of ROS by NADPH oxidases contains a cascade of 
events including feed-forward mechanisms and recruitment of other enzymes that 
promote further oxidative stress [46, 47].

2.4  NADPH Oxidase and Expression of NADPH 
in the Central Nervous System

NADPH oxidase is a kind of multicomponent complexes which is containing a cata-
lytic NOX subunit that transfers electrons form NADPH to oxygen to produce ROS 
[48]. These subunits include another membrane protein, cytosolic protein, and 
P22phox. The activity of NADPH oxidase was discovered initially in studies of 
neutrophils, where NOX2 plays a role in immunological host defense [49, 50]. Five 
NOX isoforms have been identified in most mammals: NOX1 to NOX5, and two 
additional proteins, dual oxidase (DUOX)1 and DUOX2, have been found that con-
tain an oxidase domain. Unlike other NOX isoforms, NOX3 may be irrelevant to 
cerebral ischemic reperfusion injury because the main expression of it was found in 
the inner ear but not in the vasculature [16, 51]. NOX1, NOX2, NOX4, NOX5 are 
all expressed in the vasculature, and it should be noted that NOX5 is not expressed 
in rodents [26, 32, 51, 52]. In the cerebrovascular system, evidence has shown that 
NOX1, NOX2, and NOX4 catalytic subunits are expressed both in rat basilar artery 
and cerebral arteries [52, 53].
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The specific cellular localization of different NOX isoforms has been studied 
widely over the past decade. Several studies have revealed that NOX1, NOX2, and 
NOX4 are expressed in endothelial cells, and the expression of NOX2 and NOX4 
have been identified in smooth muscle cells, and NOX2 and NOX4 are expressed in 
adventitia [10, 45]. Moreover, evidence has also shown that NOX1, NOX2, and 
NOX4 are expressed in neurons and that lower expression of NOX1 and NOX2 but 
higher expression of NOX4 can be detected in astrocyte [54, 55]. Furthermore, it has 
also been documented NOX2 is mainly expressed in endothelia and adventitial cells 
of cerebral arteries as well as in the activated state of microglial cells [56–60]. In addi-
tion to NOX2, NOX1 and NOX4 protein is also expressed in microglial cells [61, 62].

On the contrary, there has been little interest in the specific subcellular localization 
of NADPH oxidases in cerebral vessels. NOX1 has been shown to be expressed in the 
plasma of membrane of the vascular smooth muscle cells [63]. NOX2 has shown to 
be expressed in the cytoplasm, lipid raft rich fraction, and the plasma membrane of 
the endothelial cells [56, 64]. NOX3 has been found in the specific cellular membra-
neous compartments [65]. NOX4 has mostly been found in the endoplasmic reticu-
lum and the nuclear envelope as well as mitochondria [66–69]. DUOX enzymes has 
shown to be expressed at the apical membranes of epithelial cells [70].

2.5  The Role of NADPH Oxidase in Cerebral Ischemic 
Reperfusion Injury

NADPH oxidase plays an important role in the cerebral ischemic reperfusion injury. 
Evidence based on protein and mRNA level have confirmed that NOX2 and NOX4 
largely contribute to the pathologic development in ischemic stroke [71–73]. After 
an ischemic stroke, expression of NOX2 and NOX4 protein are up-regulated from 
24 to 72 h within the microglia, neurons and endothelia cells respectively [26, 74]. 
This up-regulation reveals the detrimental effects of NOX2 and NOX4 activation 
after ischemic stroke; therefore, pave the way for treatments that are targeting the 
NOX2 and NOX4 isoforms pharmacologically. Moreover, evidence from NOX2 
knockout mice has shown a strong neurological protection after ischemic stroke by 
improving the blood-brain barrier (BBB) permeability and reducing the post-stroke 
brain swelling [25, 75]. Similarly, this neurological protection effect has also found 
in mice deficient for NOX4 [71]. This study supposes that NOX4-mediated  oxidative 
stress result in neuronal injury via leakage of neuronal apoptosis and blood- brain 
barriers, and experimental data has shown that deficiency of NOX4 can reduce post-
stroke mortality and improve neurological functions [71]. In contrast to NOX2 and 
NOX4, the role of NOX1 in ischemic stroke remains controversial. Several studies 
have pointed out deficiency of NOX1 has no impact on infract volume, neurological 
outcome and post-stroke ROS generation [71, 76]. However, neurological  protective 
effect of NOX1 deficiency was identified in another study [77]. The reason of these 
divergent results might stem from different experimental protocols. Nevertheless, 
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pharmacological approaches to inhibit NOX activity, specifically using NOX4 
inhibitors, have become a new treatment strategy for ischemic stroke.

2.6  Pharmacological Approaches to Inhibit NOX Activity

2.6.1  Antioxidants Therapies

Before the emersion of NOX-based strategies, the administration of antioxidant 
molecules was the very first promising therapeutic approach targeting oxidative 
stress in the central nervous system. However, clinical studies have shown that this 
approach failed to reduce the oxidative injury because rather than block the whole 
process of ROS generation, antioxidants could only capture ROS that have already 
produced [78, 79]. Indeed, the varied origin of ROS, the time when ROS was 
released, and the complicated interaction between ROS and physiological cell func-
tion also contribute to this failure [9, 79]. Moreover, another limitation of  antioxidants 
therapies is associated with their bioavailability. Several cross-sectional studies 
have confirmed that the dose of 100 mg/day of vitamin C rarely reach to potentially 
therapeutic levels in plasma concentrations [80–82].

2.6.2  Non-specific NOX Inhibitors

Apocynin and diphenylene iodonium (DPI) have been used as non-specific NOX 
inhibitors widely, and both of they can be useful when their mechanisms of action 
and limitation are well noticed.

Apocynin is a polyphenolic molecule and characterized by its anti-inflammatory 
functions. The mechanisms of apocynin action is supposed to block the assembly of 
NOX2 and p47phox, and has to be activated by myeloperoxidases [16]. It is most 
widely used for in vivo studies because a remarkable inhibition of oxidative stress 
could be triggered by relatively low amounts of apocynin [83]. However, the limita-
tion of apocynin is only extremely high concentrations of it can inhibit ROS produc-
tion in vitro because of its antioxidant capacity and inhibition of Rho kinase [84, 85].

Diphenylene iodonium (DPI) is a potent non-specific inhibitor of the NADPH 
oxidase which inhibits unspecific electron transfer chains by formatting an iodonium 
radical that block the electron transporter irreversibly [86–88]. The mechanisms of 
DPI action involve NOX2 inhibition, leukocyte recruitment, inflammatory microglial 
response, and MMP activity within the ischemic brain [89–92]. DPI has been shown 
neuroprotective effects in vivo when it was administered after ischemic stroke; how-
ever, using DPI in clinic is limited because it is highly insoluble and toxic [90, 93].
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2.6.3  Specific NOX Inhibitors

In contrast to using antioxidants and non-specific NOX inhibitors, specific NOX 
inhibitors, which can inhibit the relevant sources of ROS in different pathologies, 
are in dire need. Several researcher groups have already started embarking on the 
production of specific NOX inhibitors [94].

The triazolo pyrimidine VAS2870, 3-benzyl-7-(2-benzoxazolyl) thio-1,2,3- 
triazolo (4,5-d) pyrimidine, is a more specific NOX inhibitor that has already shown 
its strong protective effects in preclinical stroke studies [71, 95, 96]. VAS2870 and 
its derivate VAS3947 was thought to likely inhibit all NOX isoforms by inhibiting 
assembly or conformation changes to active NOX complexes [66, 93, 97]. It can 
inhibit NADPH oxidase activity in platelet-derived growth factor (PDGF)-stimulated 
primary rat aortic vascular smooth muscle cell and oxLDL-exposed human endo-
thelial cell at 10 μM and inhibit the H2O2 generation around wound margin without 
apparent toxicity in zebrafish larvae [95–97]. It should be noted that the therapeuti-
cally relevant time window of intrathecal treatment with VAS2870 is 2 h after cere-
bral ischemic reperfusion injury [74].

The pyrazolopyridine derivate GKT136901, 2-(2-chlorophenyl)-4-methyl-5-
(pyridin-2-ylmethyl)-1H-pyrazolo [4,3-c] pyridine-3,5(2H,5H)-dione, and its close 
analogue GKT137831 are recently introduced as a dual NOX1/4 inhibitor [98]. They 
can inhibit NADPH oxidase activity, TGF-β1/2 and fibronectin induction, and p38 
MAP kinase activation in mouse proximal tublar cells at 10 μM and inhibit intracel-
lular ROS formation, thrombin-induced CD44, and HAS2 protein and mRNA levels 
in human aortic smooth muscle cells at 30 μM [99, 100]. Moreover, their oral bioavail-
ability and little impact on plasma total triglyceride or cholesterol levels and body 
weight make these compounds the most suitable for a clinical translation [100].

In addition to VAS2870 and GKT136901, many novel inhibitors, such as Ebselen, 
S17834, M171, Fulvene-5 were introduced recently by their specific pharmacological 
functions [101–104]. However, although the first and promising data in vivo of them 
have been published, more detailed understanding about their functions is still needed.

3  Nitrosative Stress in Cerebral Ischemic Reperfusion Injury

3.1  Reactive Nitrogen Species

Reactive nitrogen species (RNS) refers a family of free radicals derived from nitric 
oxide (.NO) and superoxide (O2

.−) generated via the enzymatic activity of inducible 
nitric aynthase (NOS) and NADPH oxidase respectively [105]. The main reactive 
nitrogen species are comprised of nitric oxide (NO), peroxynitrite (ONOO−), dini-
trogen trioxide (N2O3), and nitrosonium ion (NO+) [106, 107]. In most case, NO and 
ONOO− are the crucial species of RNS during cerebral ischemic reperfusion injury 
because NO is generated simultaneously with O2

.− and rapidly reacts with O2
.− to 

produce ONOO−, and both NO and ONOO− contribute to brain damage and BBB 
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breakdown by inducing the influx of substances into brain parenchyma and 
 mediating the degradation of tight juctions in the BBB [107].

3.2  Main Sources of Nitric Oxide

Nitric oxide (NO) is the signaling molecule primitively known as endothelium- 
derived relaxing factor (EDRF) regulating relaxation of blood vessels [108]. It is a 
small gaseous molecule synthesised from l-arginine, which controls vascular tone 
and neurotransmission, induces protein post-translational modification, and 
 regulates mRNA translation and gene transcription [109]. Nitric oxide is  synthesized 
by three isoforms of the enzyme NOS: endothelial nitric oxide synthase (eNOS), 
 neuronal nitric oxide synthase (nNOS), and inducible nitric oxide synthase (iNOS). 
NO derived from eNOS has physiological functions including preserving and 
 maintaining the brain’s microcirculation, reducing smooth muscle proliferation, and 
inhibiting platelet aggregation [110, 111]. NO derived from nNOS acts as a 
 neurotransmitter that plays a role in neuronal plasticity, transmission of pain  signals, 
memory formation, neurotransmitter release, and regulation of central nervous 
 system blood flow [110, 112]. NO derived from iNOS also has multiple functions 
including contribution to the neurotoxic actions after ischemic stroke and traumatic 
brain injury and regulation of cerebral blood flow [113–115]. In contrast to eNOS 
and nNOS, which are calcium-dependent and produce nanomolar levels of NO, 
iNOS is calcium- independent and produces micromolar levels of NO [116]. The 
physiological concentration of NO derived from eNOS is vital to communication of 
neuron, synaptic transmission, regulation of vascular tone, inflammatory responses, 
platelet aggregation while the high concentration of NO generated from iNOS and 
nNOS is detrimental to the ischemic brain [107, 117–119].

3.3  Roles of RNS in Cerebral Ischemic Reperfusion Injury

NO and ONOO− are two common species of RNS that are representative in cerebral 
ischemic reperfusion injury. In the early phase of ischemic stroke, transient shortage 
of the blood supply results in the increased eNOS activity that generates low 
 concentration of NO to protect the brain vasculature [120]. At the same time, energy 
crisis caused by ischemia induces the glutamate accumulation and triggers the acti-
vation of calcium channels that can stimulate nNOS to produce NO [121, 122]. In the 
early stage of reperfusion, there is a transient raise of stable NO metabolites, and the 
up-regulated expression of iNOS lead to excessive NO generation [121, 122]. 
Moreover, there are two stage of NO generation after ischemic stroke, and both of 
stages are correlated with increased iNOS and nNOS respectively [123]. The first 
stage of NO generation was after 1  h of ischemic stroke while the second stage 
occurred at 24–48 h of reperfusion after 1 h of ischemic stroke [123]. This increased 
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generation of NO, which was derived from nNOS and iNOS, are neurotoxic and 
contribute to cell death and BBB disruption. In contrast to the high concentration of 
NO from iNOS and eNOS, the low concentration of NO generated from eNOS exerts 
neuroprotective effects. Evidence has shown that infarction volumes of eNOS knock-
out mice is significantly larger than those of wild-type mice after ischemic stroke 
[124]. Similarly, using medications, which could increase eNOS activity, has shown 
the same results in ischemic animal model [124]. The mechanisms of neuroprotec-
tive effects by these medications refer to the reduction of thrombosis formation, the 
enhancement of vasorelaxation, elevation of cerebral blood flow, the suppression of 
NMDA receptor activation, and the improvement of vasorelaxation [124–126].

Likewise, the overproduction of peroxynitrite also plays a detrimental role in 
neurons and endothelial cells during ischemic reperfusion injury [127–129]. In 
physiological status, the reaction between NO and O2

− that generates peroxynitrite 
remains at a diffusion controlled level [130]. During both the ischemic stage and the 
reperfusion stage, the generation of ONOO− is extremely increased because of the 
dramatically rapid generation of NO. Coincidently, evidence from blood samples of 
ischemic stroke has discovered that the increase of ONOO− concentration occurs at 
24 and 48 h after ischemic stroke [131, 132]. Because the penetrating capacity of 
ONOO− across lipid bilayers is 400 times higher than its parent radical superoxide 
anions approximately, ONOO− is far more neurotoxic than NO. Indeed, the mecha-
nisms of cytotoxic effects of ONOO− include lipid membrane peroxidation, protein 
tyrosine nitration, induction of mitochondrial dysfunction, DNA breakage caused by 
PARP activation, enzymatic activity inhibition, signal transduction dysfunction, and 
cytoskeletal disruption by altering protein structure and dysfunction [107, 133–136]. 
In addition to its neurotoxic effect, the overproduction of ONOO− also leads to the 
BBB breakdown by mediating the activation of MMPs, the degradation of the tight 
junction proteins, and the rearrangement of the tight junction proteins [137–141].

3.4  Pharmacological Approaches to Regulate RNS Activity

Because RNS play crucial roles in regulating different functions both in physiologi-
cal and pathological states, RNS could be potential drug targets for the treatment of 
ischemic stroke. Pharmacological approaches by targeting RNS has been well devel-
oped in NO-based therapeutic strategies; however, because of the technical  limitation 
of detection, drug development by targeting ONOO− is much slower [107].

The fundamental aim of NO-based therapeutic strategies is to establish balanced 
concentration of NO by increasing level of NO derived from eNOS and reducing the 
cytotoxic level of NO derived from iNOS and nNOS. There are three approaches 
could regulate the NO activity.
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3.4.1  Increasing eNOS Activity

One of the promising agents, which could enhance the eNOS activity, is statins. It 
can improve expression of eNOS via LDL-dependent and independent pathways 
[142, 143]. Researches in experimental animal models have shown that statins can 
reduce both the edema formation and infraction volume after ischemic stroke [144, 
145]. Deficiency of the protective effect of statin in eNOS knockout mice has con-
firmed that the protective effects of stain are eNOS-dependent [146, 147]. Moreover, 
based on its beneficial effects, supported by abundant preclinical and clinical studies, 
statins are one of the recommended drug to prevent stroke [148, 149]. Furthermore, 
the antioxidant characteristics of statins also contribute to the reduction of oxidative 
stress in brain after ischemic stroke [150]. However, it has been reported that using 
stain may lead to increased risk of hemorrhagic stroke and higher incidence of 
 infection [151–153]. Thus, when perform stain treatment, the negative side effects of 
stain should not be ignored because of its multiple pharmacological activities.

3.4.2  nNOS and iNOS Inhibition

L-NAME, a non-selective NOS inhibitor, has been proven to be beneficial for cerebral 
ischemic stroke injury in experimental mouse models including prevention of BBB 
breakdown, reduction of infarction volume, and improvement of the recovery of neuro-
logical functions [154, 155]. Moreover, because L-NAME can increase the eNOS activ-
ity, it also can exert its protective effects for ischemic stroke via eNOS activation.

Delta-(S-methylisothioureido)-L-norvaline (L-MIN), a specific nNOS inhibitor, 
has been shown to be able to reduce infraction volume in animal stroke models 
[156]. Other typical experimental inhibitors of nNOS, such as ARL-17477, tirilazad, 
7-nitroindazole, BN80933, and PPBP were also reported to decrease the  neurological 
deficits and infarct volume of animal ischemic stroke models [157–161].

1400 W and aminoguanidine, specific iNOS inhibitors, have been shown that can 
reduce the infraction volume and attenuate ischemic brain injury [113]. The use of 
1400 W and aminoguanidine to inhibit iNOS activity has been proposed to be a 
valuable approach for human stroke because the expression of iNOS in human brain 
has been identified after ischemic stroke and the time window for administration of 
iNOS ihhibitors is longer than other treatments [162].

3.4.3  Increasing Substrates of NO Production

NO donors and substrates of eNOS has been utilized to ameliorate the prognosis of 
the patients suffering with ischemic stroke for a long time. l-Arginine, a NO precur-
sor, has shown to be able to decrease the infract volume, to enhance the blood flow, 
and to improve the neurological function in rat ischemic stroke models [163, 164]. 
However, the clinical application of the l-arginine is limited because of the risk of 
reducing the blood flow to the ischemic penumbra [165].
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4  Conclusion

Stroke is the second leading cause of death and long-term disability of adults in 
human disease [166]. However, the accumulation of failure of neuroprotective drugs 
in the clinical trials for patients with ischemic stroke indicates that new pharmaco-
logical strategies are needed both in the preclinical and clinic field. Cerebral isch-
emic reperfusion injury is a deleterious, but salvageable, aggravation of an ischemic 
injury after reperfusion [1]. During the reperfusion, ROS and RNS, which are very 
important mediators of BBB breakdown, neurotoxicity, cell death, and tissue dam-
age, are mainly produced in the ischemic penumbra [167, 168]. Therefore, the pre-
vention of the effects of ROS and RNS might be a potential therapeutic strategy for 
the cerebral ischemic reperfusion injury. Indeed, although most drugs remain at the 
preclinical stage, some of candidates have already been employed in clinical trials. 
After gained more understanding about the mechanisms of ROS and RNS in cere-
bral ischemia, it will be possible to develop novel pharmacological strategies for 
cerebral ischemic reperfusion injury.FundingThis work was supported by National 
Natural Science Foundation of China (8171001013).
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Chapter 8
Extracellular Matrix in Stroke

Yao Yao

Abstract The extracellular matrix (ECM) is a non-cellular structure found in all 
tissues. It undergoes tightly controlled remodeling in both physiological (e.g., dur-
ing development and upon adaption to physiological needs) and pathological condi-
tions, and exerts diverse and important functions. After stroke, the structure of ECM 
is disrupted and the expression of ECM proteins is altered. The significance of these 
changes, however, remains largely unknown, mainly due to the intrinsic complexity 
of the ECM. In this chapter, I first introduce the three types of ECM in the brain with 
a focus on the basement membranes (BMs). Next, BM assembly and function are 
briefly summarized. Third, BM changes in stroke are discussed in detail. 
Furthermore, important questions that need to be answered in future studies are 
described.

Keywords Extracellular matrix · Basement membrane · Stroke · Blood brain 
barrier

1  Extracellular Matrix

The extracellular matrix (ECM) is a unique voluminous structure found in almost 
every organ. In the brain, it constitutes approximately 10–20% of brain volume [1, 
2]. The ECM consists of a large group of proteins with highly conserved structural 
domains, including collagen, laminin, nidogen, and many other glycoproteins. In 
addition to providing structural support for tissue integrity and elasticity, the ECM 

Y. Yao (*) 
Department of Pharmaceutical and Biomedical Sciences, University of Georgia,  
Athens, GA, USA
e-mail: yyao@uga.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-90194-7_8&domain=pdf
mailto:yyao@uga.edu


122

also undergoes constant remodeling to regulate tissue homeostasis [3, 4]. The func-
tional significance of the ECM is reflected by the large variety of deficits/pheno-
types observed in mice and/or humans with mutations in genes encoding ECM 
components [5–7]. Based on its biochemical composition and structure, the ECM is 
broadly divided into three forms: interstitial matrix, perineuronal nets, and base-
ment membranes (BMs) (Fig. 8.1).

Fig. 8.1 Diagram of three major forms of ECM in the brain. The BMs are located in the abluminal 
side of endothelial cells. Note the two layers of BMs: endothelial BM (green) and parenchymal 
BM (red). The interstitial matrix (orange) is widely distributed in the brain parenchyma. The peri-
neuronal nets (light purple) are primarily found in the cell bodies and dendrites of neurons. ECM 
extracellular matrix, BM basement membrane
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1.1  Interstitial Matrix

The interstitial matrix is a loose network mainly composed of fibrillar collagens, 
including collagen I, II, III, V, XI, XXIV and XXVII, among which collagen I is 
the major form. It also contains non-fibrillar collagens, including fibronectin and 
chondroitin sulfate proteoglycans [8, 9]. The interstitial matrix is diffusely distrib-
uted between cells in the parenchyma and functions to provide scaffolding for tis-
sues [8, 10].

1.2  Perineuronal Nets

The perineuronal nets are mesh-like ECM aggregates surrounding neuronal cell 
bodies and dendrites [11]. They are mainly composed of lecticans, hyaluronan, 
tenascin and link proteins [11, 12]. It has been shown that synaptic contacts are 
absent in neuronal surfaces covered by perineuronal nets [12], suggesting that peri-
neuronal nets inhibit synaptic formation. In addition, there is evidence showing that 
perineuronal nets function to maintain synaptic plasticity and preserve neuronal 
health [9, 13, 14].

1.3  BM

The BM is an amorphous layer (50–100 nm in thickness) of highly cross-linked 
ECM proteins [15–20]. Biochemically, the BM is composed of four major types of 
proteins: collagen IV, laminin, nidogen, and perlecan [21–24]. Some minor compo-
nents, including fibulins, osteonectin and netrin-4, are also found in the BM [25–
32]. Anatomically, the BM is located on the abluminal side of endothelial cells [22, 
24, 25, 33, 34], at the interface between brain parenchyma and the circulation sys-
tem in the CNS. This close relationship with brain vessels makes the BM an imme-
diate target during stroke. Therefore, we focus our discussion on the BM hereafter.

2  BM Components

At the blood-brain barrier (BBB), two BMs are found: a parenchymal BM and an 
endothelial BM, which are separated by pericytes [35–37] (Fig. 8.2). In  physiological 
conditions, these two BMs are indistinguishable and appear as one in regions with-
out pericytes [35, 36]. In pathological conditions, especially inflammation, the 
parenchymal and endothelial BMs can be separated at postcapillary venules by 
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infiltrating leukocytes [24, 38], forming perivascular cuffs. Most BM components 
are ubiquitously expressed at the parenchymal and endothelial BMs. Laminin, 
 however, shows differential expression in these two BMs [36] (see below for 
details). Below we discuss the four major BM components individually.

2.1  Collagen IV

Collagen IV is the most abundant component of the BMs. It is a trimeric protein 
containing three α chains (Fig. 8.3). Currently, six collagen IV α chains (COL4A1–
6) have been identified [39–44]. Each α chain is composed of three domains: an 
N-terminal 7S domain, a middle triple-helical domain, and a C-terminal globular 
non-collagenous-1 (NC1) domain [22, 45] (Fig.  8.3a). Collagen IV network 
 formation involves the following steps [22, 46, 47]. First, the NC1 domain initiates 
the  assembly of three α chains, eventually forming a trimer (protomer). Next, two 
 protomers dimerize via their NC1 domains, generating a NC1 hexamer (Fig. 8.3c). 
Third, four protomers associate via their N-terminal 7S domains to form a 
 spider-shaped tetramer (Fig.  8.3c). These dimers and tetramers further assemble 
into sheet-like suprastructure (Fig. 8.3c), forming collagen IV network.

At the BBB, collagen IV is secreted by endothelial cells, pericytes, and  astrocytes 
[4]. Collagen IV has been shown to increase the transendothelial electrical  resistance 
(TEER) of brain capillary endothelial cells in vitro, suggesting an important role of 
collagen IV in maintaining BBB integrity [48]. To further investigate the biological 
function of collagen IV, mice deficient in COL4A1/2, two of the most frequently 
used α chains that make the major collagen IV isoform α1(IV)2α2(IV), were gener-

Fig. 8.2 The BMs at the BBB. (a) Diagram illustration of the parenchymal and endothelial BMs 
at the BBB. Astrocytes are shown in blue, pericytes in orange, and endothelial cells in green. The 
BMs are highlighted in yellow. (b) A representative electron microscopy image from a 2-month- 
old mouse brain showing the BMs at the BBB. Note that the parenchymal and endothelial BMs are 
separated by pericytes and indistinguishable in regions without pericytes. Scale bar represents 
500 nm. BM basement membrane, BBB blood-brain barrier
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ated [49]. BMs were detected in the mutants at early developmental stages (up to 
E9.5), but showed defects at E10.5–11.5, leading to lethality [49]. These data sug-
gest that collagen IV is required for the maintenance of BM integrity and function, 
but dispensable for the initial assembly of BM during early development. 
Furthermore, a series of mutations in COL4A1/2 have been generated in mice [50, 
51] and identified in humans [51, 52]. These mutations are associated with disrupted 
vascular integrity, stress-induced hemorrhage, and adult-onset stroke in both mice 
and humans [50–52].

2.2  Laminin

Laminin is a group of cross-shaped heterotrimeric glycoproteins composed of one 
α, one β, and one γ polypeptide chains [7, 36, 53–55]. So far, five α, four β, and three 
γ variants have been identified [56]. Each laminin chain consists of various globular 
(LN, L4, and LF) domains, rod-like repeats called epidermal growth factor-like 
(LE) domains, and a coiled-coil domain [57]. The diagram of the structures of all 12 
laminin polypeptide chains is shown in Fig. 8.4a. Compared to β and γ chains, α 
chains have five homologous globular (LG) domains in the C-terminus, which are 
generally involved in receptor-engaging. The α, β, and γ chains bind to each other 
via their coiled-coil domains, forming a large (400–900 kDa) laminin molecule with 
one long arm and two or three short arms [56, 57] (Fig. 8.4b). Various combinations 
of these chains generate a large number of different laminin molecules [57, 58]. It 
should be noted, however, that not all possible combinations have been  experimentally 

Fig. 8.3 Collagen IV 
network formation. (a) 
Structural illustration of a 
collagen IV monomer (α 
chain), which contains a 
7S domain, a triple helix 
domain, and an NC1 
domain. (b) Structural 
illustration of a collagen 
IV trimer (protomer), 
containing three collagen 
IV monomers. (c) 
Sheet-like collagen IV 
network formed by 
dimerization and 
tetramerization of 
protomers through their 
NC1 and 7S domains, 
respectively
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isolated. In mammals, 16 laminin molecules have been identified so far, and four 
novel combinations have been proposed based on in vivo and in vitro studies [58]. 
All these laminin molecules are summarized in Table 8.1. Like collagen IV, laminin 
molecules are able to interact with each other, forming sheet-like structures. This 
intermolecular self-assembly occurs at the N-terminus of each laminin polypeptide 
chain via non-covalent bonds [59].

These laminin molecules were originally named using numbers based on the 
order of their discovery, such as Laminin-1, Laminin-2, and so on [60]. Although 
simple to use, this system fails to provide information regarding the trimeric com-
position of laminins. Therefore, an alternative nomenclature system that indicates 
each individual polypeptide chain was developed, and is widely used nowadays. In 
this new system, laminins are named by Greek letters representing polypeptide 
chains followed by numbers indicating the variants [57]. For instance: laminin-1 is 
written as laminin-α1β1γ1 or simply abbreviated as laminin-111. A side-by-side 
comparison of these two nomenclature systems is summarized in Table 8.1.

At the BBB, laminin is expressed by endothelial cells, astrocytes, and pericytes 
[7, 36]. Interestingly, these cells express different laminin isoforms. Specifically, 
endothelial cells predominantly synthesize laminin-411 and -511 [35, 61];  astrocytes 
mainly make laminin-211 [35, 62]; and pericytes produce α4- and α5-containing 
laminins [63]. This unique expression pattern allows differential distribution of 
laminins in the parenchymal and endothelial BMs: the former contains laminin-211, 
whereas the latter is rich in laminin-411 and -511 [36].

Laminin plays many important roles at the BBB. First, laminin actively regulates 
the barrier function and maintains BBB integrity under physiological conditions. It 
has been reported that laminin is able to increase the TEER of brain capillary endothe-
lial cells in vitro [48]. Consistent with this study, research from our laboratory shows 

Fig. 8.4 Structures of individual laminin polypeptide chains and a fully assembled laminin 
 molecule. (a) Structural illustration of each laminin polypeptide chain. These chains contain 
 various globular domains, rod-like LE domains, and a coiled-coil domain. Note that the C-terminal 
globular domains are unique to laminin α chains. (b) Structural illustration of a fully assembled 
laminin molecule composed of α, β, γ chains
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that loss of astrocytic laminin leads to age-dependent BBB disruption in deep brain 
regions [64]; whereas loss of pericytic laminin results in a mild BBB breakdown phe-
notype, possibly due to compensation by endothelial laminin [63]. Additionally, lack 
of laminin α4 results in hemorrhage in embryonic and perinatal stages [65]. This 
hemorrhagic phenotype, however, is absent in adulthood probably due to compensa-
tory expression of laminin α5 [61, 66]. Second, accumulating evidence suggests that 
laminin is essential for BM assembly. Genetic ablation of laminin α1 led to loss of 
BMs and embryonic lethality at approximately embryonic day (E) 6.5–7 [67, 68]. 
Similar results are found in mice lacking laminin β1 [67] or γ1 [69, 70]. These data 
strongly indicate an indispensable role of laminin in BM assembly. Third, laminin 
also participates in a large variety of signaling pathways and contributes to many other 
important functions, including embryonic development, neuromuscular junction mat-
uration, and blood pressure regulation [7]. For a systemic review of the loss-of-func-
tion studies on laminin, the readers are referred to ref. [7].

2.3  Nidogen

Nidogen, also called entactin, is a glycoprotein expressed ubiquitously in the BMs. 
In mammals, two nidogen genes (nidogen-1 and nidogen-2) are identified. 
Structurally, nidogens have two N-terminal (G1 and G2) and one C-terminal (G3) 

Table 8.1 Currently 
identified laminin molecules 
and their names

Original name Alternative name

Laminin-1 Laminin-α1β1γ1 (Laminin-111)
Laminin-2 Laminin-α2β1γ1 (Laminin-211)
Laminin-3 Laminin-α1β2γ1 (Laminin-121)
Laminin-4 Laminin-α2β2γ1 (Laminin-221)
Laminin-5 Laminin-α3Aβ3γ2 (Laminin-3A32)
Laminin-5B Laminin-α3Bβ3γ2 (Laminin-3B32)
Laminin-6 Laminin-α3β1γ1 (Laminin-311)
Laminin-7 Laminin-α3β2γ1 (Laminin-321)
Laminin-8 Laminin-α4β1γ1 (Laminin-411)
Laminin-9 Laminin-α4β2γ1 (Laminin-421)
Laminin-10 Laminin-α5β1γ1 (Laminin-511)
Laminin-11 Laminin-α5β2γ1 (Laminin-521)
Laminin-12 Laminin-α2β1γ3 (Laminin-213)
Laminin-13 Laminin-α3β2γ3 (Laminin-323)
Laminin-14 Laminin-α4β2γ3 (Laminin-423)
Laminin-15 Laminin-α5β2γ3 (Laminin-523)
– Laminin-α2β1γ2 (Laminin-212)
– Laminin-α2β2γ2 (Laminin-222)
– Laminin-α3β3γ3 (Laminin-333)
– Laminin-α5β2γ2 (Laminin-522)
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globular domains, which are connected by rod-like domains mainly composed of 
epidermal growth factor repeats (Fig. 8.5). Unlike collagen IV and laminin, nido-
gens are unable to self-assemble and form sheet-like supramolecules. Biochemical 
studies have shown that the G3 domain binds to laminin γ1 at high affinity, whereas 
the G2 domain binds to collagen IV and perlecan. These data suggest that nidogens 
function as a linker to connect collagen IV and laminin networks. Surprisingly, 
genetic deletion of nidogen-1 only causes a mild phenotype, and most BMs except 
those in brain capillaries are unaffected [71–74]. Like nidogen-1 null mice, nido-
gen-2 null mice have a normal phenotype and intact BMs [75]. Additionally, nido-
gen-2 is redistributed and up-regulated in nidogen-1 null mice [72, 76], although 
nidogen-1 expression is unchanged in nidogen-2 null mice [75]. These results sug-
gest that nidogen-1 and nidogen-2 may compensate for each other’s loss in these 
single mutants. Consistent with this hypothesis, double mutant mice lacking both 
nidogen isoforms show severe defects in BM assembly and die shortly after birth 
[77, 78], suggesting a critical role of nidogens in BM assembly. It should be noted, 
however, that ultrastructurally normal BMs are found in the kidney [77] and skin 
[79] in these double mutants, suggesting that the requirement for nidogens in BM 
assembly is tissue-specific.

2.4  Perlecan

Perlecan, also called heparin sulfate proteoglycan 2 (HSPG2), is a large (~470 kDa) 
multi-domain protein expressed in most BMs throughout the body [80]. Perlecan 
contains five domains (domain I–V) [81–83] (Fig. 8.6): Domain I has three glycos-
aminoglycan attachment sites and a sea urchin sperm protein-enterokinase-argin 
(SEA) motif; Domain II contains four low-density lipoprotein (LDL) receptor class 
A repeats and an immunoglobulin (Ig) domain; Domain III has multiple laminin B 
and laminin EGF domains; Domain IV has a series of Ig domains; and Domain V 

Fig. 8.5 Structural illustration of mouse nidogen-1 and -2. Both nidogens contain two N-terminal 
globular domains (G1 and G2) connected by a link, four rod-like EGF domains, a thyroglobulin 
domain, and a C-terminal globular domain (G3)
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contains many laminin G and EGF domains. Unlike collagen IV and laminin, per-
lecan is unable to form supramolecular sheet-like structures [81].

The various domains and motifs enable perlecan to interact with a large number 
of molecules [81, 84–91], including heparin-binding growth factors, other ECM 
proteins, and extracellular domains of cell surface components. It should be noted 
that perlecan, especially its domains IV and V, can be recognized and cleaved by 
many proteases [81, 82, 92–99], including thrombin, plasmin, and collagenase. It 
has been shown that protease cleavage of perlecan generates many bioactive frag-
ments [81, 83, 92, 93, 95, 98, 99], suggesting that perlecan may have multiple 
important functions. Consistent with this speculation, perlecan null mice show mas-
sive developmental abnormalities in many organs [100–102]. Interestingly, the for-
mation of BMs is not affected in these mutants, although BMs deteriorate in regions 
with increased mechanical stress [101]. These data suggest that perlecan, like 
 collagen IV, is dispensable for BM formation, but required for BM maintenance.

3  BM Assembly

Although many efforts have been devoted to BM assembly research, the exact 
mechanism remains not fully understood. It is generally accepted that the assembly 
process involves three steps [22, 26, 49, 103–109]. First, cell-surface receptors (e.g. 

Fig. 8.6 Structural illustration of perlecan. Perlecan is a five-domain protein that contains three 
glycosaminoglycan chains at its N-terminus and multiple functional subdomains. The black lines 
underneath the structural diagram indicate the regions of these five domains (I–V)
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integrins and dystroglycans), via interacting with laminin, facilitate the deposition 
of laminin network. Next, collagen IV network is connected to laminin network on 
cell surface via nidogen bridging, forming a 3D scaffold. This scaffold then inter-
acts with other BM components, including perlecan, and eventually forms a fully 
functional BM.

4  BM Function

The BMs play important roles in physiological conditions, including providing 
structural support for cells, separating tissue compartments, and modulating molec-
ular signaling [36, 110]. In the brain, the BMs actively participate in the regulation 
of BBB integrity. First, as the non-cellular component of the BBB located between 
endothelial cells and astrocytes [111, 112], the BMs serve as a physical barrier 
between the circulation system and the CNS. Electron microscopy studies showed 
that leukocytes were frequently detected between the endothelial cells and the 
underlying BMs [113–115], suggesting that crossing the BMs is the rate-limiting 
step in leukocyte infiltration. Consistent with this observation, it has been demon-
strated that leukocytes take about 5  min to cross endothelial monolayer, but 
20–30  min to penetrate the underlying BM [116–119]. Additionally, it has been 
reported that T cells spend 9–10 min crossing the endothelium, but they are retained 
in the outer surface of vessels for approximately 30 min [120]. Second, BM compo-
nents (ECM proteins) are able to regulate/maintain BBB integrity via signaling to 
various cell types that they have direct contact with, including endothelial cells, 
pericytes and astrocytes. In fact, various receptors for these ECM proteins, includ-
ing integrins and dystroglycan, have been identified in these cells [4, 55]. The bio-
logical functions of ECM-receptor interaction have been investigated extensively. 
Accumulating evidence shows that knockout/blockage of ECM receptors or their 
respective ligands results in similar phenotypes [21, 55], strongly indicating that 
ECM proteins exert these important functions by binding to their receptors.

5  BM in Stroke

Stroke is the fifth leading cause of death and the leading cause of serious long-term 
disability in the United States [121]. It is broadly categorized into ischemic stroke 
and hemorrhagic stroke, based on the nature of injury.

Accumulating evidence shows that ischemic stroke induces dissolution of the 
BMs. For example, BM dissolution was observed soon after the onset of ischemia 
in two different stroke models [122]. In addition, changes in BM components were 
detected as early as 10 min after reperfusion in the middle cerebral artery occlusion 
(MCAO) model [123]. At the ultrastructural level, the well-defined electron-dense 
BMs become fuzzy and faint after ischemia [124, 125]. Biochemically, ischemia 
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significantly reduces the levels of various BM components [122, 126], including 
collagen IV and laminin (see below for details). In addition to ischemic stroke, loss 
of BM has also been reported in hemorrhagic stroke. For example, BM degradation 
and BBB breakdown were found in rats 24–72 h after subarachnoid hemorrhage 
[127]. Furthermore, intracerebral injection of collagenase, an enzyme that degrades 
collagen, is widely used as a hemorrhage model [128–130]. Additionally, various 
mutations in COL4A1/2 genes, which encode collagen IV, lead to intracerebral 
hemorrhage [51, 52, 131].

Stroke induced decrease of major BM components could be due to either reduced 
protein synthesis or enhanced protein degradation. Given that: (1) the loss of BM 
components can be detected as early as 1–3 h after ischemia [122, 123], and (2) 
these ECM proteins have a long turnover rate [132], it is logical to hypothesize that 
increased degradation is responsible for the reduced BM components after stroke. 
Consistent with this hypothesis, the activities of various proteolytic enzymes have 
been found increased after stroke. For instance, the activities of tissue-type [133] 
and urokinase-type [134–136] plasminogen activators, which are able to degrade 
collagen IV and laminin [26, 137–139], are significantly increased after MCAO. In 
addition, matrix metalloproteinases, a large family of proteinases that cleave vari-
ous ECM proteins [138, 140], are also up-regulated after stroke [141–149]. Another 
type of proteolytic enzymes is cathepsins, which digest perlecan and many other 
cellular components [150]. It has been shown that the enzymatic activities and 
expression levels of cathepsin B and L are increased early after ischemia [150, 151]. 
Below, we discuss the changes of four major BM components in stroke 
individually.

5.1  Collagen IV

Collagen IV, found in almost all BMs, plays an important role in vascular integrity 
and stroke pathology. There is evidence showing that collagen IV level is reduced 
after ischemic stroke. For example, decreased expression of collagen IV was found 
in both thromboembolic and MCAO stroke models [138, 152]. Similar results were 
reported at 3 and 24 h after focal ischemia [138, 153]. Furthermore, ischemic stroke 
was detected in patients with mutations in COL4A1 gene [154–156], which encodes 
collagen IV α1 chain. These data suggest that collagen IV may be involved in the 
pathogenesis of ischemic stroke. In contrast to the reduced level of collagen IV in 
brain ischemic injury, increased collagen IV expression was found in the spinal cord 
24 h after ischemia-reperfusion injury [157], suggesting that the regulation of col-
lagen after ischemia is organ-specific.

In addition to ischemic stroke, collagen IV also plays a critical role in the patho-
genesis of hemorrhagic stroke. First, severe collagen IV degradation was found in 
hemorrhagic regions in ischemic brain [158]. Next, mutations in COL4A1 gene 
have also been shown to cause perinatal cerebral hemorrhage [159]. Although about 
50% of these mutants die within 1 day after birth [159], all those that develop into 

8 Extracellular Matrix in Stroke



132

adulthood have hemorrhagic stroke [160]. In addition, many other mutations in 
COL4A1 gene result in various degrees of intracerebral hemorrhage in adult mice 
[51, 52] (Fig. 8.7). Like COL4A1, a G-to-D mutation in COL4A2, which encodes 
collagen IV α2 chain, also leads to intracerebral hemorrhage [131]. Mutations in 
COL4A1/2 and the severity of hemorrhage are summarized in Fig. 8.7. Consistent 
with animal work, mutations in COL4A1/2 have been identified in human patients 
with intracerebral hemorrhages [51, 131, 154, 160–173], suggesting a crucial role 
of collagen IV in the pathogenesis of intracerebral hemorrhage. Further mechanistic 
studies demonstrate that mutant collagen IV proteins are stored inside cells at the 
expense of secretion [50, 131, 159], and that intracellular accumulation of mutant 
proteins in endothelial cells and pericytes is a key triggering factor of intracerebral 
hemorrhage [52].

5.2  Laminin

Laminin changes after ischemic stroke have been controversial. On one hand, there 
is evidence showing that laminin level is reduced after ischemic stroke. For exam-
ple, using an ischemia-reperfusion model in baboons, researchers have shown that 
both the number of laminin-positive vessels and laminin expression are gradually 
and continuously decreased after reperfusion [150, 174]. Additionally, substantial 
diminish of laminin expression was also observed in Mongolian gerbils up to 72 h 
of reperfusion after ischemia [175]. Interestingly, the reduction of laminin expres-
sion correlates with the up-regulation of various proteases [150, 174, 175], suggest-
ing that ischemia-induced increase of proteases may be responsible for the 
degradation of laminin and other ECM proteins. Furthermore, similar changes in 
laminin and protease expression were also found in stroke patients [176].

Laminin expression, on the other hand, has also been reported to be up-regulated 
after ischemic stroke. It has been shown that laminin expression is increased in the 
injury core within the first 24 h after ischemia [177, 178]. By 2–3 days after isch-
emia, reactive astrocytes strongly express laminin, forming a laminin-positive bar-
rier that separates the ischemic regions from healthy tissue [177, 178]. Additionally, 
Ji and Tsirka demonstrated a transient up-regulation of laminin expression in mice 
after MCAO [179]. They further showed that the increase of laminin was blocked 
by COX-2 inhibitor celecoxib or in COX-2−/− mice [179], suggesting that the tran-
sient up-regulation of laminin after MCAO is COX-2 dependent.

This discrepancy on laminin expression after ischemic stroke may be explained 
by differences in animal models/antibodies/time points or distinct fixation methods. 
It has been reported that fixation method heavily affects the immunohistochemical 
staining of laminin on brain tissue [180]. For example, heavy formaldehyde fixation 
masks vascular BM laminin antigen, whereas mild-moderate formaldehyde fixation 
favors or reveals vascular BM laminin antigen [180]. Therefore, it is important to 
indicate the fixation protocol used for laminin immunostaining in future studies.
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Unlike ischemic stroke, a causative effect of loss of laminin in intracerebral hem-
orrhage has been reported. Using a conditional knockout mouse line, we have shown 
that astrocytic laminin is essential for smooth muscle cell maturation and loss of 
astrocytic laminin leads to age-dependent and region-specific intracerebral hemor-
rhage [181]. In addition, micro-hemorrhages were also found in mice  deficient in 
pericytic laminin [63]. It should be noted that only approximately 11% of the 
mutants demonstrated micro-hemorrhages [63], suggesting an incomplete pene-
trance of this phenotype. This incomplete penetrance may be due to the mixed 
genetic background. Furthermore, a significantly lower level of laminin expression 
was observed in hemorrhagic regions compared to non-hemorrhagic areas in isch-

Fig. 8.7 Collagen IV mutations and the hemorrhagic phenotypes. (a) Diagram illustration of vari-
ous mutations and their locations in COL4A1/2 genes. (b) Comparison of the severity of hemor-
rhage caused by these mutations in COL4A1/2
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emic brains [182]. These studies reveal a strong correlation between laminin level 
and intracerebral hemorrhage, indicating a critical role of laminin in maintaining 
the integrity of blood vessels in the brain.

5.3  Nidogen

Nidogen changes in ischemic stroke are largely unknown. It has been reported that 
nidogen expression in human brain endothelial cells increases over time under nitric 
oxide-induced oxidative stress [183], which mimics one of the pathological changes 
in ischemic stroke, suggesting that nidogen may be increased after ischemic stroke. 
This result, however, needs to be validated in vivo using ischemic models.

Like in ischemic stroke, nidogen expression in intracerebral hemorrhage remains 
unclear. In an in vitro study, fragmentations of nidogen-1 and -2 have been detected 
in astrocyte medium after exposure to plasma kallikrein [184], which replicates the 
pathology of intracerebral hemorrhage, suggesting that nidogens may be degraded 
after intracerebral hemorrhage. No in vivo studies, however, are currently available. 
Future studies should focus on understanding how ischemia and intracerebral hem-
orrhage affect nidogen expression.

5.4  Perlecan

Perlecan has been suggested as the most sensitive ECM protein to proteolysis in the 
ischemic core [150]. Immunohistochemical analysis revealed a 43–63% decrease of 
perlecan expression within a few hours after MCAO [150]. There is evidence dem-
onstrating that, rather than being degraded, perlecan is cleaved into various bioac-
tive fragments after stroke. For example, perlecan domain V (termed DV hereafter) 
is persistently up-regulated in rodents in both transient MCAO [98] and photo-
thrombotic stroke models [185]. Consistent with this finding, enhanced DV level 
was observed in human brains around regions of ischemic injury [186]. In addition, 
the C-terminal fragment of DV—laminin-like globular domain 3 (termed LG3 here-
after) was also found increased after ischemic stroke in mice and rats [99]. The 
same result was replicated in the oxygen/glucose-deprivation model [99]. Further 
examination of the biological functions of these perlecan fragments has shown that 
they play multiple beneficial roles after ischemic stroke [98, 99, 187], including 
reducing ischemic lesion and preventing neuronal death, inducing angiogenesis 
without disrupting BBB integrity, improving motor function, and modulating astro-
gliosis. These data suggest that perlecan is rapidly processed after ischemic injury 
and its proteolytic fragments (DV and LG3) actively regulate the pathogenesis of 
ischemic stroke, promoting recovery.

Currently, there are no data available on perlecan expression in intracerebral 
hemorrhage. Future studies should focus on determining how perlecan expression 
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changes in hemorrhagic stroke and elucidating the therapeutic potential of DV and 
LG3 in this disease.

6  Future Directions

The ECM/BM has been understudied owing to its intrinsic complexity. With the 
advancements in molecular biology and genetic techniques, significant progress has 
been made in the field of ECM research. For example, the generation of various 
knockout and/or conditional knockout mice has allowed investigation of the bio-
logical functions of many BM components. Many important questions, however, 
remain to be answered. These key questions include: what are the temporal and 
spatial expression profiles of ECM proteins in physiological and pathological con-
ditions? How do ischemia and hemorrhage affect the expression of each individual 
ECM components? What are the molecular mechanisms underlying stroke-induced 
ECM alterations? What are the biological functions of proteolytic fragments of 
ECM proteins after stroke? Can exogenous ECM proteins prevent and/or ameliorate 
pathological changes in stroke? Elucidating these questions will substantially enrich 
our knowledge in ECM biology and stroke pathology, and may lead to innovative 
therapies for stroke.
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Chapter 9
Inflammation and Ischemic Stroke

Junwei Hao, Kai Zheng, and Heng Zhao

Abstract Stroke is the leading cause of death and disability worldwide (Shan and 
Guo, BMC Neurol 17:33, 2017). Neuroinflammation plays a significant role in the 
pathogenesis of stroke. In this chapter, we will first review the initial factors that trig-
ger neuroinflammation in the ischemic brain. We will then summarize the main mol-
ecules involved in neuroinflammation after stroke as well as the major  inflammatory 
cells derived from brain resident cells and circulating blood. In  addition, we will 
discuss the relationship between post-ischemic inflammation and brain repairs. 
Lastly, anti-inflammatory therapies will be summarized. The aim of this chapter is 
not to meticulously review all of the abovementioned aspects, but to provide an 
 overview of the essential components to understand neuroinflammation after stroke.

Keywords Ischemic stroke · Inflammatory cell · Blood vessels · Inflammatory 
mediator

1  Introduction

Neuroinflammation after ischemic stroke may destroy, or protect and repair brain 
tissues [1]. Inflammatory response after ischemic stroke involves the activation of 
brain-resident cells and the infiltration of peripheral blood cells into the brain 
 parenchyma [2]. Initially, ischemic stroke results in neuronal necrosis and the 
 production of reactive oxygen species (ROS), which triggers microglia activities. 
This leads to a series of inflammatory reactions, and promotes the secretion of 
inflammatory cytokines and chemokines cytokines, such as interleukins 1 (IL-1) 
and tumor necrosis factor α (TNF-α). These inflammatory mediators up-regulate the 
protein expressions of cerebrovascular wall attached molecules (such as P-select 
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element and E-select element), which are also released into the peripheral blood to 
promote the activation of peripheral leukocytes. The expressions of adhesion 
 molecules and chemotactic factors prompt the peripheral white blood cells to be 
attracted to the vascular endothelium and to infiltrate the brain parenchyma [3]. As 
a result, both the activated microglia/macrophages and the infiltrated leukocytes 
secrete cytotoxic inflammatory mediators, such as matrix metalloproteinases 
(MMPs), nitric oxide (NO), cytokines and ROS, enhance brain edema, promoting 
hemorrhagic transformation, and aggravating neuronal death.

We will discuss the major cascades of inflammatory responses involved in 
 cerebral ischemia and brain injury. We will first introduce the factors that initiate or 
trigger neuroinflammation after stroke, and the associated cell signaling pathways 
during neuroinflammation. We will then summarize the major inflammatory  products 
and molecules that modulate neuroinflammation. Thereafter, we will  discuss the 
inflammatory cells which participate in brain injury after stroke, and the relationship 
between neuroinflammation and brain repair will be clarified. Lastly, we will discuss 
the current experimental evidence for anti-inflammatory therapies against stroke.

2  Neuroinflammatory Triggers, Molecules, 
and the Associated Cell Signaling Pathways After Stroke

The injured brain cells induce various inflammatory mediators and  damage- associated 
molecular patterns (DAMPs), which enhance the recruitment of peripheral 
 circulating inflammatory cells, making them more efficient participants in  promoting 
inflammation [4]. After stroke, the lack of adequate energy delivery to the ischemic 
core causes a disruption of the ATP-dependent ionic gradient maintenance across 
the neuronal membrane, resulting in cellular swelling and organelle ruptures [5], 
increased intracellular calcium levels, excitotoxicity, and reactive oxygen species 
(ROS) production [6]. Following the initial ischemic injury, the complement system 
is activated, the blood-brain barrier (BBB) is interrupted, and matrix metalloprote-
ases (MMPs) and adhesion molecules are induced [7]. These activities, along with 
the initial brain injury, promote DAMPs production in the ischemic brain [8], which 
stimulate intracellular and extracellular pattern recognition receptors (PRRs), 
 initiating neuroinflammation. In this section, we will summarize the major DAMP 
and PRR proteins, and the associated cell signaling pathways.

2.1  DAMPs

DAMPsare released from stressed or damaged cells. Various substances have been 
found to be DAMPs, including purines (ATP and UTP), mRNA, hyaluronic acid, 
heat shock proteins (HSPs), high-mobility group box 1 (HMGB1) protein, and the 
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peroxiredoxin family. For instance, purines (ATP and UTP) are released from the 
injured brain cells and their receptors, P2X and P2Y, function as alerting signals in 
the CNS.  ATP also activates inflammasomes, which are large multimolecular 
 complexes that control the activity of the proteolytic enzyme caspase-1, that cleaves 
pro-IL-1β to an active 17 kDa form. These DAMPs are similar to pathogen associ-
ated molecular patterns (PAMPs) expressed on the surface of gram negative bacteria 
[9], which are recognized by the Toll-like receptor (TLRs). DAMPS are also named 
as danger signals or alarmins, which induce chemotaxis and interact with the 
 receptors on antigen-presenting cells, dendritic cells and macrophages. DAMPs 
also induce the activation of other PRRs, such as the receptor for advanced  glycation 
end products (RAGE) and c-type lectin receptors [10].

HMGB1, also known as amphoterin or HMG1, is normally localized in the cell 
nuclei in normal brain cells, but in necrotic cells, it translocates into the cytosolic 
compartment, and then released into the extracellular space after stroke. It can be 
secreted by activated monocytes, macrophage, myeloid dendritic cells, and natural 
killer cells (NK cells), in response to endotoxin and other inflammatory stimuli. 
HMGB1 promotes necrosis and the influx of damaging inflammatory cells after 
ischemic stroke. The mechanism of inflammation and damage is by binding to 
TLR4, which mediates HMGB1-dependent activation of macrophage cytokine 
release. HMGB1 also activates inflammatory cells through the multiple surface 
receptors including TLR2, TLR4, and RAGE.  RAGE expression is usually low 
under normal conditions, but increases to high levels upon the occurrence of 
 inflammation [11]. TLR2 and TLR4 have been shown to be involved in infectious 
diseases. The expression levels of TLR4 have been found to be considerably high in 
brain regions that lack a tight BBB (blood-brain barrier), such as the  circumventricular 
organs and choroid plexus [12]. The activation of NF-κB and MAP kinase usually 
follows the activation process of HMGB1 receptors. Recent studies indicate that a 
blockade of either RAGE or TLR4 contributes to the reduction of cytokine and 
nitric oxide production and decrease of inflammation, which indicates that HMGB1 
potently participates in t inflammation induction [13].

2.2  Pattern-Recognition Receptor (PRR)

The major PRRs in the ischemic brain include Toll-like receptors (TLRs) and 
RAGE. Toll-like receptors TLRs) play an important role in post-ischemic inflamma-
tion [14]. They are expressed in macrophages and dendritic cells that recognize 
structurally conserved molecules derived from microbes. TLRs play key roles in 
proinflammatory cytokine expressions, leading to inflammatory responses and brain 
tissue damage. The activation of microglial cells during ischemic stroke has a close 
relationship with the significant induction of several TLRs, especially TLR2 and 
TLR4. In addition, TLRs are widely expressed on granulocytic cells and their 
 activation is pivotal for the recruitment of bone-borne cells to the ischemic area.
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The activation of TLRs initiates signaling events that stimulate the production of 
proinflammatory cytokines and chemokines, leading to the recruitment of 
 leukocytes, especially tneutrophils and macrophages. The production of ROS and 
nitric oxide derivatives leads to the recruitment of leukocytes to the ischemic area, 
which subsequently exaggerate the initial damage. Recognition of TLRs on DCs 
enhances antigen presentations to the adaptive immunity elements. These events 
induce an early innate immune response, followed by the delayed T-cell activation 
phase. In fact, T cells play a pivotal role in the pathogenesis of ischemic stroke, 
depending on their cytokine production.

RAGE is a multi-ligand receptor, consisting of three Ig-domains (V1, C1 and 
C2), the transmembrane domain, and the cytosolic tail, required for RAGE- dependent 
cell signaling. The distal Ig-domain (V1) is implicated in the binding of HMGB1 
and other RAGE ligands. HMGB1/RAGE regulates the cytoskeleton and the 
 migratory responses of cells through the small GTPases, Cdc42 and Rac. Furthermore, 
HMGB1 binding to RAGE regulates migration through rapid integrin activation that 
requires the small GTPase, Rap1 [15]. Ligand binding to RAGE broadly regulates 
gene expression through the transcription factors CREB, SP1 and NF-κB. RAGE 
ligation activates the transcription of several plasma membrane proteins, such as the 
VCAM-1, ICAM-1 and the adhesion molecules, AMIGO.  Additionally, RAGE 
 signaling also plays a pivotal role in inducing the expression of intracellular proteins, 
including Bcl-2 and chromogranin B. RAGE not only plays a key role in regulating 
cell motility through the modulation of the cytoskeleton, HMGB1/RAGE has also 
been indicated in regulating integrin functions.

3  The Production of Inflammatory Molecules

The inflammatory reaction after stroke is associated with a variety of inflammatory 
mediators [16], such as cytokines, chemokines, and cell adhesion molecules, which 
will be reviewed in this section.

3.1  Cytokines

Cytokines are small proteins secreted by specific cell types, promoting interactions 
between immune cells, thus modulating inflammation. There are pro-inflammatory 
cytokines, including IL-1β, TNFα, and IL-6, and anti-inflammatory cytokines, 
including IL-4, IL-10, and TGFβ. These cytokines are secreted by various cells, 
including T cells, monocytes, and macrophages. Their functions are to promote or 
inhibit activities of these inflammatory cells.

IL-1β is one of the most important cytokines that affect brain injury and 
 neuroinflammation after stroke. It is synthesized as a precursor protein with a small 
molecular mass of approximately 33 kD, mainly in monocytes and macrophages. 
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Upon stimulations, the precursor form of IL-1βhas minimal biological activity and 
becomes functional IL-1β by cleaving with the protease caspase-1; the activity of 
caspase-1 is modulated in inflammasome [17]. Thus, the mechanism of IL-1β pro-
duction and caspase-1 activation regulated by inflammasome has received great 
attention. It is suggested that inflammasome is activated via hypoxia or ATP [17], 
and following the activation of caspase-1, generates active IL-1β. IL-1β is produced 
from monocytes and macrophages, which are activated by endogenous Toll-like 
receptor (TLR) ligands [18]. In contrast, gene KO of TLR2/4 results in reductions 
in IL-1β mRNA levels in infiltrating mononuclear cells in TLR2/4-double deficient 
mice after ischemic stroke.

IL-1β plays an important role in inducing the apoptosis of neuronal cells and 
contributes to the production of chemokine in astrocytes and microglia [19]. IL-1β 
is induced and expressed in the damaged brain tissue 30 min after ischemic stroke 
onset. IL-1β function loss is associated with infarct size reduction, which indirectly 
indicates that IL-1β might be a neurotoxic mediator [20].

Another important cytokine in stroke-induced inflammation is TNF-α, which is 
involved in the progress of acute pathological reaction of ischemic stroke, and 
 contributes to the initiation of systemic inflammation [21]. Its expression initially 
increases at 1–3  h after the ischemic onset, and then reaches a second peak at 
24–36 h. TNF-α protein expressions first occur in neurons, especially during the 
first hours after the ischemic stroke, then in microglia/macrophages, and in blood- 
borne inflammatory cells [22]. TNF-α also induces the expression of adhesion 
 molecules via cerebral endothelial and glial cells; these adhesion molecules then 
stimulate the neutrophil accumulation and migration in the microvasculatures [23]. 
Additionally, TNF-α may also be implicated in BBB impairment, implement the 
phenotypic transformation of the endothelial cells to contribute to a pro-coagulant 
milieu in the cerebral microvessels, and activate glial cells to form scars as part of a 
repair and remodeling after ischemic tissue damage [24].

3.2  Chemokines

Chemokines are another set of cytokines. Their major function is to induce 
 chemotaxis, i.e. they guide leukocyte migration to the inflammatory tissues. 
Various chemokines increase upon stroke onset. The migration of monocytes/mac-
rophages requires the chemokine CCL2, which functions via the chemokine 
 receptor CCR2, to attract monocytes/macrophages out of the bone marrow and 
into the ischemic brain. CCL2 is a small cytokine that belongs to the CC chemo-
kine family. It is also known as monocyte chemoattractant protein 1 (MCP1) and 
small inducible  cytokine A2 [25]. In addition to monocytes, CCL2 is also respon-
sible for the recruitment of dendritic cells and memory T cells to the inflammation 
produced by ischemic insult [26]. Chemokines express in the infarct region. 
Intracerebroventricular injection (ICVI) of a chemokine-receptor antagonist (viral 
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macrophage inflammatory protein-II) reduces infarct volume [27]. CCL2 
 expression is induced in response to ischemic insult, playing a key role in the 
recruitment of monocytes in ischemic tissue injury [28].

In contrast with CCL2, CCL5is another chemokine, which is responsible for the 
recruitment of T cells, basophils, and eosinophils, and plays an important role in 
recruiting leukocytes into ischemic lesions [29]. Aided by particular cytokines 
released by T cells, CCL5 also induces the proliferation and activation of certain 
natural-killer (NK) cells to form CHAK (CC-Chemokine-activated killer) cells 
[22]. CCL5 released from blood-borne cells is a pivotal mediator upon reperfusion. 
Recently, it is widely reported that CCL5 induced the recruitment of leukocyte and 
platelet adhesion in the cerebral microvasculature [30]. It has been suggested that 
CCL5 induces the migration of peripheral blood-borne cells across the impaired 
BBB by recognizing CCR1 and CCR5 receptors and adhesion molecules [31]. 
Additionally, CCL5 also increases cerebral damage through the secondary  induction 
of other potent pro-inflammatory cytokines, such as IL-6.

3.3  MMPs

Another important group of molecules implicated in neuroinflammation are Matrix 
metalloproteinases (MMPs). MMPs, also known as matrixins, are calcium- 
dependent zinc-containing endopeptidases belonging to a larger family of proteases 
known as the metzincin superfamily [32]. Collectively, these enzymes are capable of 
degrading all kinds of extracellular matrix proteins, and can also process a number 
of bioactive molecules. They are known to be involved in the cleavage of cell surface 
receptors, the release of apoptotic ligands (such as the FAS ligand), and chemokine/
cytokine inactivation [33]. MMPs are also thought to play a major role in cell behav-
iors such as cell proliferation, migration (adhesion/dispersion), differentiation, 
angiogenesis, apoptosis, and host defense. MMPs are essential neurotoxic mediators 
that promote BBB breakdown and post-ischemic inflammation. Functionally similar 
to IL-1β, MMPs induce apoptotic neuronal cell death by TNF-α and Fas ligands 
[34]. The neurotoxic function of MMP-9 is particularly established, given that 
infarct size is reduced in MMP-9-deficient mice compared to that in control mice.

3.4  Cell Adhesion Molecules

The adhesion, migration, and infiltration of blood leukocytes into the ischemic brain 
requires the involvement of cell adhesion molecules (CAMs), which are proteins 
that express on the inflammatory cell surface. They are involved in binding with 
other cells or with the extracellular matrix (ECM) in the process of cell adhesion. 
CAMs consist of three protein families: the integrins, the selectins, and Ig (immu-
noglobulin superfamily).
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The integrin family includes heterodimeric membrane glycoproteins with anαand 
aβsubunit, which play an important role in ECM and cell-cell interactions [35]. 
Integrins are transmembrane receptors that stimulate cell-extracellular matrix 
(ECM) adhesion. Upon ligand binding, integrins are responsible for activating 
 signal transduction pathways, which regulate cellular signals such as organization 
of the intracellular cytoskeleton, regulation of the cell cycle, and movement of new 
receptors to the cell membrane [36]. In the brain, integrins also play a pivotal role 
to unite the endothelial cells, astrocytes, and basal lamina that consist of the blood- 
brain barrier; consequently, they are extremely essential in maintaining the integrity 
of the cerebral microvasculature [37]. Another integrin, named α6β4 (CD104), 
interferes with the normal interactions between laminin-5 and astrocytes in the 
ECM upon ischemic insult. Above all, it is widely accepted that these integrins are 
involved in the progression of platelet activation [38], promoting adherence of 
 neutrophils to endothelium and mediating cell-ECM interactions.

The selectins are a family of cell adhesion molecules that bind to sugar moieties 
or polymers [29], including P-, E-, and L-selectin. P-selectin expresses on platelets 
and endothelial cells, and its counter receptor on leukocytes consists of the 
 oligosaccharide sialyl-Lewis X.  The early re-localization of P-selectin facilitates 
the primary adhesion of leukocytes [39]. Nevertheless, it also plays a continuing 
role because its expression increases in post-ischemic cerebral vasculature.

E-selectin expresses on activated endothelium, in sequence after P-selectin under 
ischemic insult [40]. It has been suggested that transnasal E-selectin tolerization 
induces tolerance to a secondary ischemic insult in experimental stroke. Currently, 
a large number of studies are underway to advance these studies to clinical trials 
with the ultimate goal of using this form of immunomodulation for the secondary 
prevention of stroke [41].

L-selectin, which expresses on both endothelium and leukocytes, was originally 
identified as being a significant factor in homing in to the sites of infection and to 
peripheral lymph nodes. In addition to promoting neutrophil rolling [42], L-selectin 
also mediates neutrophil attachment to endothelial cells through interactions that 
are independent of integrin CD18 [43].

The last CAMs we will discuss are the Immunoglobulin superfamily. There are 
five major members of the immunoglobulin superfamily: Vascular cell adhesion 
molecule-1 (VCAM-1), Intercellular adhesion molecule-1(ICAM-1), Intercellular 
adhesion molecule-2 (ICAM-2), Mucosal vascular addressin cell adhesion  molecule 
1(CD146), and Platelet-endothelial cell adhesion molecule-1 (PECAM-1) [44] 
which are expressed on activated endothelial cells. Members of the immunoglobulin 
superfamily mediate a stronger binding of leukocytes to the vascular endothelium 
than the selectins under cerebral ischemia [45]. These cell adhesion molecules play 
an important role in the tight adhesion of leukocytes under ischemic insult, as well 
as the unique role of ICAM-2  in leukocyte-platelet interactions [46]. Therefore, 
treatments targeting the CAM family may interfere with the first step in the 
 inflammatory pathway, resulting in the blocking of leukocyte transmigration into 
the ischemic lesions [47].
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4  Inflammatory Cells and Ischemic Stroke

In the previous sections, we have discussed the initiation of post-ischemic 
 inflammation and the molecules that modulate the inflammatory response. These 
inflammatory triggers and molecules modulate the central players of 
 neuroinflammation, inflammatory cells, including both brain resident cells and 
peripheral blood leukocytes, which we will discuss in this section.

4.1  Brain Resident Cells in Ischemic Stroke

As we have discussed, the first immune cells activated in the ischemic lesion are the 
resident microglia in the brain. Microglia, the counterparts of monocytes/macro-
phages in the blood and other organs, are the main long-living resident immune 
cells in the central nervous system (CNS). Microglia have the ability to  continuously 
sense and scan their environment for injuries and pathogens, then reacting to the 
damage-induced signals to protect against brain injury. Therefore, microglia 
 maintain a stable chemical and physical microenvironment necessary for the CNS 
to conduct its normal functions [48]. When ischemic stroke occurs, microglia 
 activate rapidly in response to ischemic injury [49]: their reactions reaching peaks 
at 2–3  days after stroke and lasting for several weeks. The role of microglia in 
 ischemic stroke is a double-edged sword, as microglia produce inflammatory  factors 
leading to cell damage and death. Microglia can also produce TGF-β1, which 
 protects the central nervous system (CNS) [50].

Astrocytes are specialized and the most abundant cell type in the CNS, playing 
important roles in CNS disorders, including ischemic stroke [51]. Reactive astro-
gliosis is one of the important pathological features of ischemic stroke, which is 
accompanied by changes in morphology, proliferation, and gene expressions in the 
reactive astrocytes. Glial fibrillary acidic protein (GFAP) is overexpressed on the 
astrocytes after stroke [52], indicating the progress of astrocyte proliferation and 
differentiation. Astrocytes eventually fill up the empty space in the damaged brain 
to form a glial scar, replacing the CNS cells that cannot regenerate.

4.2  Peripheral Blood-Borne Cells in Ischemic Stroke

Many types of blood leukocytes participate in neuroinflammation and modulate 
brain injury after stroke, including neutrophils, monocytes, T cells, B cells, and NK 
cells. Neutrophils are the first leukocytes to infiltrate into the ischemic brain, acting 
from 30 min to a few hours after focal cerebral ischemia, then peaking from days 
1–3, and rapidly decreasing thereafter [53]. Infiltrating neutrophils contribute to 
inflammation and brain injury by releasing pro-inflammatory factors, including 
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MMPs and inducible nitric oxide (iNOS) [17]. As neutrophils are detrimental to 
brain injury, ischemic brain injury might be decreased by an immuno-depletion of 
neutrophils or an antibody blockage of neutrophil infiltration [54].

A few hours after stroke onset, monocytes are recruited into the ischemic brain, 
participating in neuroinflammation. There are at least two types of blood  monocytes, 
which can be divided into “pro-inflammatory” (Ly-6Chigh/CCR2+) and “anti- 
inflammatory” (Ly-6Clow/CCR2−) subpopulations [55]. Monocyte/macrophage 
expressions can be divided into two types: inflammatory M1 and anti-inflammatory 
M2 macrophages [56]. M1 macrophages produce inflammatory responses by 
 secreting inflammatory factors, such as IL-1β and TNF-α, and overexpressing 
iNOS, while M2 macrophages produce anti-inflammatory cytokines, such as IL-10 
and TGF-β. As a result, M1 macrophages promote brain injury while M2 macro-
phages inhibit brain injury and promote brain recovery. Nevertheless, monocyte 
derived macrophages are not the only sources of M1 and M2 macrophages. 
Microglia are another major source of M1 and M2 macrophages, but the distinctive 
roles of microglia and monocytes in M1 and M2 polarization remain unknown.

Blood lymphocytes also play significant roles in neuroinflammation and brain 
injury [57]. Among the various types of lymphocytes, the significant role of T cells 
has been extensively studied [58], including CD4+, CD8+ T cells, γδT cells, and 
Treg cells in the pathogenesis of ischemic stroke [21]. The depletion of CD4 or CD8 
T cells attenuates brain injury; γδT cells promote brain injury, while Treg activity 
attenuates brain injury and promotes functional recovery after stroke.

Lastly, dendritic cells (DC) play an important role in connecting innate and 
 adaptive immunity. CD11c+ DC cells are increased in the ipsilateral hemisphere, 
peaking at 72 h after ischemic stroke. In addition, major histocompatibility complex 
(MHC)-II and co-stimulatory molecules are up-regulated in the brain resident and 
peripheral DC, which may be responsible for lymphocyte activation. Furthermore, 
the brain-resident DC might be involved in directing the early, local immune response 
and, later, participate in the recruitment of lymphocytes upon activation by INF-γ.

5  Post-ischemic Inflammation and Brain Repair

Neuroinflammation occurs after stroke in the ischemic brain, and is designed to 
remove necrotic tissues and promote lesion resolution. Generally, post-stroke neuro-
restoration is achieved by enhancing neurogenesis, oligodendrogenesis and angio-
genesis, which collaboratively contribute to neurological recovery [59]. Neurogenesis 
and oligodendrogenesis produce new parenchymal cells from neural stem cells 
which promote plasticity, restore neuronal signal transduction, and stimulate 
myelination [60]. Angiogenesis and arteriogenesis are the major forms of vascular 
remodeling, which contribute to increased cerebral blood flow (CBF). In addition, 
they generate trophic factors and proteases, which are crucial for restoration by 
helping to construct an environment for remyelination and neurite outgrowth [61].
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5.1  The Removal of Necrotic Cells

The crucial process in brain repair mainly consists of the suppression of inflamma-
tion and clearing of dead cells [62], in which neutrophils and macrophages play 
critical roles. Macrophages include monocytes and microglia derived macrophages, 
which polarize into pro-inflammatory M1 and anti-inflammatory M2. The M2 mac-
rophages are particularly important for inflammation resolution and brain repair. 
Nevertheless, how microglia and monocyte derived macrophages contribute to 
brain repair has not been distinguished. The phygocytotic mechanisms of 
 macrophages after stroke are not completely understood. Nevertheless, the results 
of cultured microglia have indicated that ATP signaling through the G protein-cou-
pled P2Y receptors results in rapid microglial membrane ruffling and whole-cell 
migration. ATP, ADP and UTP might be potent agonists for P2Y G protein-coupled 
receptors and P2X ligand-gated ion channels [63]. The microglia/macrophages are 
attracted by UTP and ATP through P2Y2 receptors. In addition, UDP acts on P2Y6 
receptors to stimulate microglial phagocytosis. Furthermore, phosphatidylserine 
(PtdSer), which translocates to the outer leaflet of the plasma membrane of  apoptotic 
cells, enables the apoptotic cells to be recognized by the phygocytotic cells and 
removed [64]. Other PtdSer binding proteins include MGF-E8 on microglia and 
TIM4 on macrophages, which also participate in the clearance of dead cells [65].

5.2  Oligodendrogenesis

Oligodendrocytes are quite sensitive to ischemic insult because white matter has 
lower blood flow than gray matter, and deep white matter has little collateral blood 
supply [66]. Post-ischemic neuroinflammation may have a detrimental effect on 
white matter cohesion by upregulating matrix MMPs, as both MMP-2 and MMP-9 
exacerbate white matter lesions [67]. Oligodendrocyte progenitor cells (OPC) 
 differentiate into mature oligodendrocytes under ischemic insult [68], and produce 
myelin sheaths, which wrap around axons, facilitating nerve conduction. Therefore, 
oligodendrogenesis plays an important role in behavioral and functional restoration 
after ischemic stroke [69].

Oligodendrogenesis after stroke occurs by recruiting resident OPCs from white 
and gray matter and generated by SVZ neural progenitor cells; these new 
 oligodendrocytes become mature myelinating oligodendrocytes [70]. Such OPCs 
generated in the SVZ are observed in humans after demyelination [71]. These newly 
produced OPCs migrate to peri-infarct gray and white matter to participate in 
 oligodendrogenesis. This OPCs migration is modulated by stromal-derived factor 
1α (SDF-1α) and vascular endothelial growth factor (VEGF), secreted by activated 
cerebral endothelial cells in the ischemic boundary region [72]. In addition, 
 glutamatergic signals resulting from damaged axons in the corpus callosum also 
induce the migration of OPCs from the SVZ to the peri-infarct areas.
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5.3  Angiogenesis

As a crucial growth factor in post-ischemic angiogenesis, VEGF is generated by 
reactive astrocytes. Its action might need neutrophil MMPs, which indicates an 
association between inflammation and angiogenesis [73]. Angiogenesis usually 
occurs in the penumbra of the human ischemic brain hours after initial onset and 
continues to exist for several weeks [74]. The first step in angiogenesis is the nitric 
oxide (NO)-initiated vasodilation. Combining the vasodilation effect of NO with 
the increase in VEGF expression, which increases vascular permeability, allows the 
extravasation of plasma proteins that lay down a provisional scaffold for the 
 migration of endothelial cells for vascular sprouting [75]. The second step starts 
with the dissociation of smooth muscle cells (SMCs) and loosening of the extracel-
lular matrix that enwraps the mature vessels [76]. Angiopoietin-2 (Ang2), a Tie2 
signaling inhibitor, may take part in stimulating the detachment of pericytes from 
endothelial cells, whereas the MMP family of proteinases decreases the matrix 
 molecules, and then weakens vascular integrity [77]. The proliferating endothelial 
cells may migrate to distant sites as the sprouting path has been established. 
Consequently, the angiogenic process will be mediated vy a series of molecular 
signals such as VEGF, VEGF receptors, and placental growth factors [78]. 
Additionally, Ang1 will activate Tie2 receptors when the new blood vessel networks 
are formed [79], which will help to stabilize the networks initiated by VEGF.

6  Anti-Inflammatory Therapy in Ischemic Stroke

Since post-ischemic inflammation exacerbates brain injury after stroke,  inflammation 
has been a target for stroke therapy. In this section, we will review some strategies 
targeted against pro-inflammatory responses.

6.1  Targeting Inflammasome Signaling Pathways

Inflammasome is a pivotal mediator in inflammation. This involves the activation 
of pro-caspase-1 into cleaved caspase-1 [80], which initiates and amplifies the 
 generation of pro-inflammatory cytokines IL-1β and IL-18, resulting in apoptotic 
neuronal and glial cell death following ischemic stroke [81]. Therefore, targeting 
the upstream or downstream cascades of the inflammasome signaling pathways, 
 including protein expressions in the pathway, as well as its activity and products, 
may provide avenues for developing therapeutics against ischemic stroke [82]. 
There are many potential targets involved in inflammasome signaling which can be 
explored: plasma membrane receptors/channels (i.e. P2X7 receptors, Pannexin 1 
and K+ channels), cytokines (i.e. IL-1β and IL-18), inflammasome components 

9 Inflammation and Ischemic Stroke



156

(i.e. NLRPs, ASC and caspase-1), secondary messengers (i.e. ROS and PKR) [83], 
signaling pathways (i.e. NF-κB and MAPK) and cytokine receptors (i.e. IL-1R1and 
IL-18R) [84].

6.2  Targeting Neutrophil Recruitment

Clinical studies have tested three kinds of drugs or antibodies targeting  neutrophil 
recruitment, which have potential values for ischemic stroke [85]: a humanized 
antibody against the CD11b/CD18, a mAb against ICAM-1, and the UK-279276. 
UK-279,276 is a recombinant glycoprotein, which inhibits neutrophil recruit-
ment by selectively binding to the CD11b/CD18 integrin. Some studies have 
shown that these treatments are well tolerated. However, the resulting side effects, 
such as leukopenia and immunosuppression, make them ineffective for stroke 
treatment [86]. It seems that there is still a long way to go in translating neutro-
phil inhibitors for effective clinical use [87].

6.3  Immunosuppression Strategies

As previously discussed, T cells also participate in neuroinflammation and 
 modulate brain injury after stroke. T cells consist of a number of subsets, includ-
ing both pro-inflammatory and anti-inflammatory subsets. These subsets either 
promote or inhibit inflammation, leading either to brain injury exacerbation or 
attenuation. Nevertheless, the overall inhibition of T cell functions have been 
shown to attenuate brain injuries. T cell functions can be inhibited with the 
 immunosuppressant drugs: FK-506, rapamycin, and cyclosporin A (CsA), 
 combined with immunophilins, which are a high-affinity receptor proteins in the 
cytoplasm. This combination causes rotamase inhibition in T cells, thus interrupts 
cell activation. FK506 and CsA complexes, with their immunophilin receptors, 
have been indicated to impact a  variety of cellular immune responses by 
 suppressing Ca2+-dependent serine/threonine phosphatase [88], calcineurin, and 
by mediating Ca2+ release via the ryanodine receptor. The rapamycin-FKBP12 
complex suppresses the cell cycle process by mediating cell cycle kinases, 
 including the PI3 kinase-like molecule known as ‘target of rapamycin (TOR)’ 
[89]. There are many other signaling pathways shown to be modulated by 
 immunophilins such as, the interaction with heat-shock proteins, glucocorticoid 
receptor (s), nitric oxide synthase activity, the transforming growth factor  receptor, 
and protein folding [90]; which have been involved in the  immunomodulatory 
effects of immunophilin-binding immunosuppressants.
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7  Summary

Neuroinflammation plays a crucial role in the pathogenesis of ischemic insult [91]. 
In this chapter, we have reviewed the initial trigger factors, summarized the 
 molecules involved in post stroke neuroinflammation as well as the major 
 inflammatory cells; the relationship between inflammation and brain repair, as well 
as possible anti-inflammatory therapies after stroke. Although there are many 
 experimental results suggesting promising strategies to inhibit inflammation and 
attenuate brain injury, anti-inflammatory therapies for clinical translation have been 
unsuccessful. Therefore, there is still much to be done before pre-clinical trials can 
be translated for clinical use. As the role of inflammatory response upon ischemic 
insult is a double-edged sword, the challenge on how to curb its detrimental effects 
while promoting its beneficial roles for functional brain recovery remains.

Future research should synthesize each situation regarding pro- and anti- 
inflammatory responses under ischemic conditions, not by studying and analyzing 
them separately.

Many outstanding questions still remain: how to identify the exact dynamic 
 balance between pro-and anti-inflammation generated during the different stages of 
ischemic stroke? Which pro-inflammatory or anti-inflammatory mediators should 
be targeted for therapy? How and when should the pro-inflammatory or anti- 
inflammatory pathways be activated or inhibited for treatment? Therefore, in order 
to design effective therapies, we must consider the dynamic balance between pro- 
and anti-inflammatory responses. Then we must identify the discrepancies between 
pre-clinical studies and clinical trials.

With a comprehensive understanding of the disease process, future studies will 
be able to identify a pipeline of new targets that control the cell signaling pathways 
and networks, rather than on a single mediator, and identify complementary holistic 
approaches to treat ischemic stroke.
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Chapter 10
Cerebral Vascular Injury in Diabetic 
Ischemia and Reperfusion

Wenlu Li and Haibin Dai

Abstract About 30% of stroke patients are diabetic and more than 90% of them 
comprise type 2 diabetes (T2D). Diabetic stroke patients have higher mortality and 
worse neurological outcomes. Emerging clinical and experimental data suggest that 
blood- brain barrier (BBB) disruption, neuroinflammation, and stroke recovery 
impairment are exacerbated in diabetic patients. Hence, finding therapeutic 
approaches that can target these specific diabetic mechanisms in stroke is the thrust 
of the present translational study. Here, we summarize the ischemia-reperfusion 
injury in stroke, presenting the clinical evidence for involvement of hyperglycemia 
in severe damage of cerebral ischemia-reperfusion. We go on to consider the mecha-
nisms that underlie such pathology, and highlight areas for future basic research and 
clinical studies into diabetic ischemia and reperfusion.

Keywords Vascular · Cerebral ischemia-reperfusion · Stroke · Diabetes

1  Ischemia-Reperfusion Injury in Stroke

Ischemia resulting from the restriction of blood supply to an organ is one of the 
most prevalent diseases globally. Ischemia is always followed by the restoration of 
vascular perfusion and reoxygenation, which is termed reperfusion. Loss of nutri-
tion and oxygen constitutes a characteristic feature of ischemia. However, it has also 
been demonstrated that subsequent reperfusion can induce tissue damage and dys-
function [1]. Ischemia-reperfusion injury can occur as a complication of revascular-
ization, such as thrombolytic therapy for acute ischemic stroke, intracranial stenting, 
carotid endarterectomy (CEA), and even bland cerebral infarction. To date, intrave-
nous thrombolysis is still a main therapy of choice for acute ischemic stroke [2]. 
Ischemic stroke patients will have a much better outcome regarding long-term mor-
bidity if they receive the treatment within 4.5  h after symptom onset. However, 
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clinical studies have identified a significant increase of mortality when the treatment 
is administered more than 4.5 h post-stroke. The reason for this temporal delinea-
tion is, at least partly, that the perfusion injury counteracts the potential benefit [3].

Consequently, specific treatments that make brain tissue more resistant to isch-
emia or protect reperfusion-induced brain injury, such as preconditioning and post-
conditioning of ischemia, remote ischemic conditioning and nitric oxide (NO) [1], 
have attracted increased attention in clinical safety and efficacy trials.

Disruption in blood-brain barrier (BBB) integrity is one of the most important patho-
physiologic events after ischemic stroke. As one of the most well recognized conse-
quences of ischemia-reperfusion injury, hemorrhagic transformation can lead to poorer 
outcomes of ischemic stroke. In addition, the pathological process affects the clinician 
treatment decisions for aggressive intervention at initial patient presentation. Although 
recent animal studies provided much valuable information concerning ischemia-reper-
fusion injury, involvement of human studies remains at an early stage, especially regard-
ing the dynamic course of reperfusion-induced brain injury and clinical characteristics 
in acute ischemic stroke. Fortunately, with the development of multimodal imaging 
technology, which benefits the specific quantification of changes in brain tissue, the 
study of chronology for serial perfusion continues to improve, which may facilitate the 
development of novel treatments for ischemia-reperfusion injury in humans [4].

2  Diabetic Ischemia and Reperfusion

Diabetes and cerebral ischemia constitute common disorders that often arise together [5]. 
Patients with diabetes mellitus (DM) are more susceptible to increased risk of stroke, as 
well as post-stroke mortality. Cerebral ischemia in diabetics produces severe brain dam-
age (Fig. 10.1), which results in poorer functional recovery [6–8]. Recently, a meta-anal-
ysis comprising 102 prospective studies (including 698,782 participants), has found that 
compared to people without diabetes, the hazard ratio for cerebral ischemia was 2.3 
(95% confidence interval (CI) 2.0–2.7) in people with diabetes [9]. In addition, claims 
data from Taiwan’s National Health Insurance reported that compared to non-diabetes 
patients, DM patients had an increased risk of stroke (adjusted hazard ratio: 1.75; 95% 
CI: 1.64–1.86). Moreover, this increased risk was significant in males and females, as 
well as all age groups [10]. Furthermore, both disability and fatal outcome after the 
stroke event are up- regulated in DM patients [11]. The Multiple Risk Factor Intervention 
Trial (MRFIT) showed that the risk of stroke-induced mortality increased 2.8-fold (95% 
CI 2.0–3.7) among DM patients, even after adjusting for cardiovascular risk factors, age, 
race, and income [12]. It is worth noting that the risk factor between DM patients and 
stroke recurrence is also obviously increased. A recent published meta-analysis has 
reported that compared to healthy people, the risk of stroke recurrence in DM patients 
was significantly higher (hazard ratio, 1.45; 95% CI, 1.32–1.59) [13].

Diabetes is also associated with increased ischemia-reperfusion injury [14, 15]. A 
retrospective study of the National Institute of Neurological Disorders and Stroke dem-
onstrated that, in acute ischemic stroke, serum glucose level and diabetes predict tissue 
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plasminogen activator (tPA) related intracerebral hemorrhage [16]. Hyperglycemia 
prior to reperfusion potentially decreases the beneficial effect of tPA, given that hyper-
glycemia may act as an inhibitor of fibrinolysis. A clinical study that comprised 58,265 
acute ischemic stroke patients treated with tPA revealed that both acute and chronic 
hyperglycemia are related to increased mortality and poor clinical outcomes [17]. 
Hyperglycaemia decreases the effectiveness of thrombolysis, and increases the risk of 
haemorrhage following thrombolysis [18, 19]. Guidelines recommend against tPA use 
in the 3- to 4.5-h window in patients with previous stroke or diabetes based on insuf-
ficient evidence concerning its effectiveness, as those patients were excluded from the 
European Cooperative Acute Stroke Study (ESASS) III trial [17, 20].

3  Mechanisms of Cerebral Vascular Injury in Diabetic 
Ischemia and Reperfusion

During the acute period after cerebral ischemia, uncontrolled inflammation is a major 
mediator of cerebrovascular injury and brain damage [21]. Compared to healthy con-
trols, inflammation and oxidative stress significantly increased in DM patients. Recent 
clinical studies revealed that the expression of proinflammatory proteins such as TNF-
α, interleukin-1 (IL-1), IL-6 and monocyte chemoattractant protein-1 (MCP-1) are 
much higher in diabetic patient plasma. A recent experimental study also demon-
strated that at 12 h of reperfusion following 45 min transient middle cerebral artery 

Fig. 10.1 Hyperglycemia enhances cerebral ischemia-induced brain injury. (a) Representative 
images for TTC stained ischemic brain infarctions. Bar = 1 mm. (b) Ischemic infarct volumes were 
quantified at 24 h after stroke. (c) Neurological score on day 1 after stroke. Data are mean±SEM. 
*P < 0.05, DM = Diabetes mellitus
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occlusion (MCAO), several inflammatory cytokines expression at the cortex are sig-
nificantly increased in db/db mice when compared to db/+ mice (IL-1β, 164%; IL-6, 
84%; MCP-1, 65%; MIP-1α, 135%) [22]. TNF-α, IL-1 and IL-6 play critical roles in 
ischemia- induced cerebral vascular injury have been demonstrated by numerous stud-
ies showing that reduced expression of IL-6 is accompanied by a better neurological 
outcome [23]. Moerover, both in vivo and in vitro experiments have identified the 
important function of MCP-1 on (MCAO)/reperfusion-induced (BBB) breakdown 
[24, 25]. A recent study by El-Sahar AE et al. showed that, in the diabetic condition, 
acute oxidative stress is increased in rat brain following cerebral ischemic reperfusion 
injury, and this alteration is associated with the exacerbation of ischemia-induced 
infract size [26]. More recently, our group demonstrated that methylglyoxal (MGO), 
a reactive dicarbonyl accumulated in diabetic patients, significantly increases 4 h oxy-
gen-glucose deprivation (OGD)/20  h reperfusion-induced primary human brain 
microvascular endothelial cells cytotoxicity by down-regulating glutathione (GSH) 
production and up-regulating reactive oxygen species (ROS) release [27].

Including the upregulated proinflammatory cytokines, increased infiltration of 
inflammatory cells, such as leukocytes, and white blood cells, into ischemic brain tis-
sue has also been demonstrated in several diabetic ischemia-reperfusion animal mod-
els [28]. Cerebral vascular endothelial cells are activated in the setting of cerebral 
ischemia, leading to production of adhesion molecules, which enables inflammatory 
cells to attach to endothelial cells and then migrate to the ischemic tissue to further 
release proinflammatory cytokines and activate local microglial [29, 30]. Using immu-
nohistochemistry and Western blot methods, Ding CN et al. showed that the number of 
intercellular cell adhesion molecule-1 (ICAM-1) expressed in microvascular of cortex 
is obviously increased at 3 days of reperfusion in diabetic rats compared to non-dia-
betic rats [31]. Protein kinase C (PKC) is known to mediate the expression of ICAM-1. 
Previously published literature also demonstrated that hyperglycemia and diabetes can 
activate PKC, which promotes cerebral endothelial dysfunction with increased inflam-
matory-endothelium interactions [32, 33]. In addition to ICAM-1, db/db mice also 
exhibit significantly higher increases at cortex under reperfusion period after 45 min or 
2 h/MCAO of other adhesion molecules, such as P-selectin and E-selectin [22].

The expression of pro-inflammatory cytokines and inflammatory mediators, such 
as IL-1β, IL-6, TNF-α, MCP-1, CCL-2, iNOS and ICAM-1, in the cerebral vascular is 
regulated by the induction of transcription factors during ischemic reperfusion inflam-
mation [34, 35]. Thus, the transcription factor NFκB becomes a key regulator in cere-
bral ischemic reperfusion associated with regulating cell death and inflammation [36]. 
At 3 h reperfusion after MCAO, translocation of NFκB from cytoplasm to nucleus is 
detected in the cortex tissue of rats. Interestingly, the translocation of NFκB is signifi-
cantly enhanced in diabetic rat cortex compared to non-diabetic rat cortex. This trend 
can be observed even at 24 h reperfusion after MCAO. The nuclear translocation of 
NFκB will further affect the mRNA expression of COX-2, iNOS, and ICAM-1 [37].

Matrix metalloproteinases (MMPs), as proteolytic enzymes, could degrade all 
components of the extracellular matrix (ECM) around the blood vessels [38]. 
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MMPs-induced (BBB) leakage during cerebral ischemia may aggravate ischemic 
brain tissue to bleeding during reperfusion [39]. Using a model of 1 h MACO/23 h 
reperfusion, Kamada H et al. found that hyperglycemia induced by streptozoto-
cin could enhance the level of MMP-9 activity compared to normal control rats 
[40]. In another diabetic animal model, the Goto-Kakizaki (GK) rat model, 
Elgebaly MM et  al. also demonstrated that hyperglycemic augments 3  h 
MCAO/21 h reperfusion-induced stimulation of MMP-9 activity in isolated cere-
bral vessels [41].

Taken together, diabetes and its associated hypoglycemia are linked to cere-
bral ischemia-induced mortality and poor functional recovery. A number of stud-
ies showed that diabetes enhances inflammation, oxidative stress, and MMPs 
activity, which are associated with exacerbated cerebral vascular damage after 
ischemia/reperfusion injury (Fig. 10.2). In addition, a few literature published 
recently reported that autophagy and hyperglycemia-induced advanced glycation 
end products (AGEs) and its receptor (RAGE) also contribute to diabetes-
enhanced cerebral ischemia/reperfusion injury [42–44]. However, the precise 
mechanisms in diabetic- exacerbated cerebral ischemia injury remain unknown. 
Thus, a better understanding of cerebral vascular injury in diabetic ischemia may 
provide novel therapeutic approaches for the treatment and prevention of diabe-
tes-associated stroke damage.

Fig. 10.2 Mechanisms of cerebral vascular injury in diabetic ischemia and reperfusion. Schematic 
representation of mechanisms involved in aggravating brain damage following cerebral ischemia 
under diabetic condition
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Chapter 11
Ischemia/Reperfusion Damage in Diabetic 
Stroke

Poornima Venkat, Michael Chopp, and Jieli Chen

Abstract Stroke is a leading cause of death and long-term disability. Patients with 
diabetes mellitus suffer from an increased risk of cardiovascular and cerebrovascu-
lar diseases including ischemic stroke. Diabetic stroke patients sustain worse neuro-
logical deficits and battle high mortality rates. Diabetes triggers a detrimental 
pathophysiological cascade resulting in severe vascular dysfunction and I/R injury 
which result in poor outcome after stroke in this population. The various aspects of 
diabetic stroke induced vascular and reperfusion damage and the underlying mecha-
nisms are discussed in this chapter.

Keywords Stroke · Diabetes mellitus · Hyperglycemia · Brain vascular injury · 
Ischemia reperfusion injury

1  Epidemiology

Diabetes mellitus (DM) is a chronic metabolic disorder, characterized by hyperglyce-
mia, and caused by insulin deficiency (type 1 DM) and/or, insulin resistance (type 2 
DM). In 2010, an estimated 285 million adults suffered from DM [1]. The global burden 
of DM is increasing alarmingly, and an estimated 439 million adults aged 20–79 years 
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are projected to suffer from DM by 2030 [1, 2]. Between 2010 and 2030, developing 
countries will experience a dramatic 69% increase in adults with DM while developed 
countries will also face a 20% increase adults in DM [1]. About 90–95% of all DM 
patients suffer from T2DM [3]. DM patients suffer from an increased risk of cardiovas-
cular and cerebrovascular diseases including ischemic stroke [4]. Stroke is a leading 
cause of death and long-term disability. Every year, in the United States, an estimated 
795,000 people suffer from a new or recurrent stroke [2]. Approximately 87% of stroke 
patients sustain ischemic stroke while 13% suffer from hemorrhagic stroke [2]. 
Approximately 30% of acute stroke patients suffer from either pre-existing diabetes or 
newly diagnosed diabetes [4, 5]. Although DM increases the risk and incidence of isch-
emic stroke across all ages, races and gender; in particular, DM patients <65 years of 
age are at a higher risk of stroke [2, 6]. Additionally, diabetic stroke patients sustain 
worse neurological deficits [7] and battle high mortality rates [8]. Women have a higher 
lifetime risk of stroke as well as decreased survival after diabetic stroke [2]. While mor-
tality rates are ~29% in stroke patients with normal glucose levels, acute stroke in hyper-
glycemic patients significantly increases mortality to 45% in patients with pre-existing 
DM, and to 78% in patients with hyperglycemia but no history of DM [8].

The poor prognosis in diabetic stroke patients may at least in part, be attributed 
to aggravated stroke pathology and ischemia reperfusion (I/R) injury [9, 10]. The 
severe microvascular and macrovascular damage induced by DM and aggravated by 
stroke often leads to the impairment of other end organs such as the kidneys, eyes, 
and peripheral nervous system [11]. Long term recovery of neurological functional 
is also hindered by recurrent strokes [12]. A large number of experimental studies 
provide support to the premise that DM triggers a detrimental pathophysiological 
cascade resulting in severe vascular dysfunction and I/R injury which result in poor 
outcome after stroke in this population [13–15]. The various aspects of this cascade 
and the underlying mechanisms are discussed in the following sections.

2  Ischemia/Reperfusion Damage in Diabetic Stroke

2.1  Reperfusion Strategies After Stroke

Thrombolysis and mechanical recanalization are major reperfusion strategies after 
stroke. Following ischemic stroke, timely recanalization of the occluded artery is 
critical to restore regional cerebral blood flow (CBF) and salvage ischemic brain 
tissue. The two important milestones in interventional stroke care include the advent 
of thrombolytic therapy with tissue plasminogen activator (tPA) and mechanical 
thrombectomy [16]. Acute administration of intravenous recombinant tPA (IV rtPA) 
remains the only FDA approved pharmacological treatment for stroke. In 1995, the 
landmark clinical trial conducted by the National Institute of Neurological Disorders 
and Stroke demonstrated the efficacy of IV rtPA in improving neurological func-
tional outcome after stroke when tPA was administered intravenously within 0–3 h 
of stroke onset [17]. Subsequently, the effectiveness of tPA in extended time frames 
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have been investigated, and benefits are still reported when tPA is administered 
within 4.5 h of stroke onset in carefully selected patients [18]. The administration of 
tPA in stroke patients with large intracranial artery occlusions is associated with 
poor recanalization, neurological deficits and risk of spontaneous intracerebral 
hemorrhage. Therefore, the other major recanalization strategy after stroke includes 
endovascular approaches such as mechanical thrombectomy for patients who 
exhibit large intracranial artery occlusions with salvageable penumbral tissue [19]. 
The major class of FDA approved mechanical devices includes coil retrievers, aspi-
ration devices, and most recently stent retrievers [19]. Mechanical thrombectomy is 
often employed as an adjunct therapy with tPA in carefully selected patients [19].

2.2  Challenges in Reperfusion Treatments After Stroke

The major challenge of tPA treatment in stroke care is the narrow time window for 
treatment initiation. A majority of patients fall outside this time frame and unfortu-
nately, even when hospitalized within this time period, only a fraction of eligible 
stroke patients receive tPA as per recommended guidelines [20]. Patients for tPA 
therapy even within the 0–3 h time frame should be carefully selected and the exclu-
sion criteria includes patients who are susceptible to intracerebral hemorrhage, 
patients who suffered from a stroke or traumatic brain injury in the preceding 
3 months, patients consuming anti coagulants, etc. among others [18]. Additionally, 
the exclusion criteria for use of tPA in the 3–4.5 h time window includes patients 
older than 80 years of age, patients consuming oral anticoagulants, patients with a 
history of stroke and DM as well as patients who sustain severe stroke with isch-
emic injury to more than one third of the middle cerebral artery territory [18]. The 
major challenges for endovascular mechanical thrombectomy include the lack of 
routine screening and imaging to identify stroke patients with large arterial occlu-
sion, inappropriate selection of patients for thrombectomy such as patients without 
large arterial occlusion or with inaccessible clots; and infrequent use of modern 
mechanical devices resulting in poor recanalization [19]. All reperfusion therapies 
involve a risk of intracerebral hemorrhage following recanalization [19]. In addi-
tion, mechanical thrombectomy can also lead to subarachnoid hemorrhage due to 
injury to the wall of blood vessel during operation of mechanical device and com-
plications during clot retrieval leading to thrombus fragmentation and subsequent 
occlusion of a distal vessel [19, 21].

2.3  I/R injury in Diabetic Stroke

Several detrimental effects of reperfusion in diabetic stroke have been documented 
by clinical and experimental studies [22–25]. Due to the brain’s high metabolic and 
energy requirements and limited energy storage reservoir, any disruption to CBF 
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impairs its functioning and leads to rapid damage and death of brain cells. During 
ischemia, the deficiency of oxygen and nutrients increases the metabolic need of the 
ischemic penumbra, and creates a microenvironment in which the restoration of 
CBF leads to secondary thrombosis, inflammation, and oxidative stress causing sec-
ondary tissue damage and expansion of infarct volume beyond the initial ischemic 
insult [26]. When the infarct volume after stroke is large, I/R injury can lead to 
hemorrhagic infarct conversion [27]. To protect the microcirculation from ischemic 
damage, in the early phase after stroke, small vessel resistance increases and large 
vessel resistance decreases [28]. However, this may result in decreased reperfusion 
and worse outcome after I/R injury [28]. In DM rats subjected to stroke, prolonged 
ischemia followed by reperfusion results in poor prognosis due to aggravated vas-
cular damage, blood brain barrier (BBB) disruption, cerebral edema formation and 
hemorrhagic transformation [22]. Diabetic rodents subjected to stroke and reperfu-
sion exhibit worse neurological deficits, higher mortality rates, large infarct area, 
frequent and worse hemorrhage, ipsilateral hemispheric swelling and edema [23]. 
Efficacy of tPA treatment is also dependent on stroke subtype, and in DM stroke, a 
large number of stroke patients suffer from large vessel atherothrombotic stroke, for 
which tPA treatment is less efficient compared to other stroke subtypes [29].

3  Pathophysiology of I/R Injury in Diabetic Stroke

Prolonged CBF decrease after stroke irreversibly damages neurons, hence the re- 
establishment of CBF and increasing functional microvasculature in the ischemic 
penumbra are essential to maintain neural function, and create a hospitable micro-
environment for neuronal plasticity and functional recovery. The major adverse 
effects of I/R injury in diabetic stroke include exacerbated BBB disruption, exten-
sive vascular damage, aggravated inflammatory responses, increased susceptibility 
to spontaneous intracerebral hemorrhage and formation of cerebral edema. These 
pathophysiological events and their underlying mechanisms are discussed in the 
following sections, and summarized in Fig. 11.1.

3.1  Neurovascular Uncoupling After I/R Injury in Diabetic 
Stroke

The neurovascular unit is a functional unit encompassing the anatomical and metabolic 
interactions between the neurons, astrocytes and vascular components of the BBB [30]. 
The BBB serves as a dynamic semi-permeable barrier separating the peripheral circu-
lation and the central nervous system [31, 32]. While allowing influx of hydrophobic 
molecules and metabolic products by passive diffusion, the BBB prevents the entry of 
microscopic substances, hydrophilic molecules, and potential neurotoxins [31, 32].
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Neurovascular uncoupling and BBB disruption are among the initial steps of the 
pathophysiological cascade in DM and stroke [33]. In the minutes to hours follow-
ing ischemia, endothelial swelling and pericyte damage and death lead to irrevers-
ible constriction of capillaries and BBB disruption [34, 35]. Stroke in DM patients 
aggravates BBB disruption; and BBB permeability that usually increases within 
7 days post stroke in non-DM conditions has been shown to be extended to 14 days 
or longer in DM stroke animals [36–38]. A ruptured BBB facilitates the entry of 
large molecules and the invasion of inflammatory factors, neurotoxins and patho-
gens into the brain [32], and in a vicious cycle, these inflammatory factors in turn 
promote BBB disruption and lead to hemorrhagic transformation in diabetic stroke 
animals [37, 39, 40].

DM induces endothelial dysfunction including impaired blood vessel tone, plate-
let activation, leukocyte adhesion, thrombogenesis, and inflammation [41]. DM 
increases vasoconstriction via increasing expression of vasoconstrictor endothelin-1 
and decreasing expression of vasodilator Nitric Oxide (NO), leading to 
 vasoconstriction of blood vessels and prolonged CBF decrease [41]. Prolonged 
attenuation of vasodilation can trigger endothelial dysfunction and aggravate ath-
erosclerosis [42]. DM also creates an environment of high oxidative stress and 
inflammatory factors, which are conducive to atherosclerosis [43]. DM induced 
mitochondrial oxidative stress leads to endothelial cell damage, pericyte depletion 
and BBB leakage [44].

The interactions between the glial and vascular component of the neurovascular 
unit, i.e. astrocytes and endothelial cell interactions, are needed to regulate brain 
water content and electrolyte balance both under normal and disease states [30, 45]. 
In the setting of ischemic brain injury, activation of astrocytes can be both construc-

Fig. 11.1 Summary of key pathophysiological changes and mechanisms of reperfusion damage in 
diabetic stroke
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tive and destructive [46, 47]. In the acute phase of stroke, reactive astrocytes secrete 
proinflammatory cytokines, inhibit axonal regeneration, and aid in infarct expan-
sion [47]. During the chronic phase after stroke, reactive astrocytes aid in neurite 
sprouting, synapse formation, rebuilding the BBB and secrete neurotrophic factors 
that aid in brain repair mechanims [46, 47]. Under the hyperglycemic conditions of 
DM, post stroke astrocyte activation is suppressed, and there is greater cell death of 
astrocytes as demonstrated in a rodent model of forebrain ischemia [48, 49]. On the 
whole, neurovascular uncoupling is a gateway leading to mitochondrial dysfunction 
and oxidative stress, neuronal death and brain tissue atrophy [50, 51].

3.2  Edema in Diabetic Stroke

The interaction between the astrocytes, the water channel protein Aquaporin-4 and 
endothelial cells is critical to brain water content regulation as well as post stroke 
edema resolution [45, 52]. Immediately following ischemic injury, cytotoxic cere-
bral edema may ensue. In cytotoxic edema, impaired cellular metabolism and dys-
function of sodium and potassium ion pumps lead to accumulation of sodium and 
increased water uptake, resulting in swelling of brain cells [53]. Cytotoxic edema 
may give way and/or occur together with vasogenic edema. Vasogenic cerebral 
edema is a pathological condition in which the intracranial pressure is increased by 
increasing brain water content in the interstitial space; and can last for several days 
after stroke [45, 52]. Edema resolution involves cerebral vasculature and cerebro-
spinal fluid pathways mediated transport of water from the brain parenchyma to the 
vascular, intra ventricular and subarachnoid compartments via bulk flow [45, 52].

In the evolution of cytotoxic edema, Aquaporin-4 has been implicated in water 
uptake into the brain tissue, while in vasogenic edema; Aquaporin-4 plays a key role 
in water reabsorption and clearance [45, 54, 55]. Compared to control wild type 
mice, Aquaporin-4 deficient mice subjected to stroke exhibit ~30% decrease in 
cerebral cytotoxic edema; suggesting that during the early phase of ischemia, 
Aquaporin-4 inhibition could attenuate cytotoxic edema formation [45, 55]. 
However, Aquaporin-4 deficient mice subjected to a freeze-injury model of vaso-
genic brain edema, exhibit worse neurological function, increased intracranial pres-
sure and greater brain water content compared to control mice; indicating an 
essential role of Aquaporin-4  in fluid clearance and reabsorption of vasogenic 
edema [52]. Hence, altered Aquaporin-4 expression can have adverse effect in 
edema formation and resolution in diabetic stroke [56]. Middle aged rats induced 
with DM exhibit a significant decrease of paravascular Aquaporin-4 expression in 
the hippocampus [57]. Stroke in DM rodents damages the astrocytic end-foot lining 
around cerebral vessels, and damaged astrocytes exhibit increased withdrawal of 
the astrocyte end-foot from the cerebral vessel wall [48, 49]. Several studies have 
reported increased edema formation after diabetic stroke compared to non diabetic 
stroke, and I/R injury may exacerbate edema after stroke in diabetes [56]. Impaired 
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water channel function and Aquaporin-4 expression may play a key role in edema 
formation and poor edema resolution in diabetic stroke.

3.3  Hemorrhagic Transformation in Diabetic Stroke

Hemorrhagic transformation (HT) is a commonly encountered critical effect of 
reperfusion therapy in ischemic stroke [58]. Particularly in DM stroke patients, tPA 
increases the risk of symptomatic intracerebral hemorrhage [58, 59]. HT may lead 
to hemorrhagic infarction or hematoma formation. The main predictors of HT after 
I/R injury include massive infarction volume, edema formation, gray matter injury 
with greater collateral CBF and hyperglycemia. HT formation is directly related to 
infarct volume, and DM patients (clinical studies) and DM rats (experimental stud-
ies) exhibit greater infarct volume, worse neurological functional outcome, and 
decreased efficacy of thrombolysis with tPA following stroke compared to non DM 
stroke subjects [60, 61]. I/R injury in hyperglycemic cats induced a fivefold increase 
in HT incidence and a 25-fold increase in the extent of hemorrhagic infarction com-
pared to non-DM cats [27]. HT after I/R injury in DM animals has been associated 
with metabolic alterations and a significant decrease in tissue energy, free radical 
production, inflammatory responses, and increase in lactate acidosis which damages 
the cerebral vasculature and facilitates entry of edema fluid and red blood cells 
extravasation [27, 62, 63]. Compared to non-DM rats, DM rats exhibit a greater CBF 
reduction and HT when subject to transient stroke with reperfusion injury, but not 
when subject to permanent ischemic stroke without reperfusion [60, 64]. This indi-
cates that HT formation in DM stroke is largely an adverse effect of reperfusion.

4  Mechanisms of I/R Injury in Diabetic Stroke

4.1  Impaired Angiogenic Signaling

Angiogenesis is the formation and growth of new blood vessels from pre-existing 
vessels, and although DM induces vigorous angiogenesis, a majority of these ves-
sels are dysfunctional and have poor vessel wall maturity, resulting in a large num-
ber of leaky or non perfused blood vessels [13, 37, 65]. Vascular remodeling after 
stroke via angiogenesis peaks at 7 days after stroke, and has been associated with 
higher survival rates and improved long-term neurological functional outcome in 
non-DM stroke patients [66–68]. Angiogenic responses in DM rodents are mediated 
by vascular endothelial growth factor (VEGF) angiogenic signaling, increased 
expression of Angiopoietin-2, and increased oxidative stress [65, 69].

VEGF is one of the essential growth factors for angiogenesis, and directly stimu-
lates endothelial cell proliferation and migration [70]. While VEGF administered 
prior to stroke [71] or at a delayed time point after stroke [72] can be beneficial, 
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during the acute phase of stroke, VEGF increases BBB leakage, cerebral hemor-
rhage and infarction volume [72]. The detrimental effects of VEGF are pronounced 
in DM stroke compared non-DM stroke due to the extensive microvascular and 
macrovascular damage induced by DM, and aggravated by I/R [65, 73].

Angiopoietins are also vascular growth factors that exert key functions in angio-
genesis. Angiopoietin-1 is required for the migration, adhesion and survival of 
endothelial cells [74]. Angiopoietin-1 promotes post stroke angiogenesis, organiza-
tion and maturation of new blood vessels, and vessel stabilization [75]. 
Angiopoietin-2 is a natural antagonist of Angiopoietin-1, and together they regulate 
angiogenesis, vascular stability, vascular permeability and lymphatic integrity [76]. 
In patients with DM, expression of Angiopoietin-2 and VEGF (but not 
Angiopoietin-1) was significantly increased compared to non diabetic patients [77]. 
Interestingly, increased Angiopoietin-2 expression did not correlate with either 
increased endothelial injury or atherosclerosis while increased VEGF correlated 
with poorly controlled hyperglycemia (high HbA1C), suggesting a likelihood of a 
prominent role of VEGF in mediating DM related vascular pathology [77]. 
Angiopoietin-2 is elevated in stroke patients who also exhibit BBB disruption [76]. 
Decreased Angiopoietin-1 is related with increased BBB leakage and brain hemor-
rhagic transformation after stroke in DM mice [78]. Angiopoietin-1 also inhibits 
pro-inflammatory mediators such as tumor necrosis factor alpha (TNF-α), and 
interleukins (IL-6, IL-8) [79] that exacerbate vascular damage after stroke in dia-
betic populations [15, 37].

4.2  Altered Vascular Shear Stress

The walls of the vasculature are continuously subject to shear stress, which is 
the tangential force exerted by blood flow on the endothelial cell surfaces [80]. 
Shear stress helps maintain BBB integrity as well as helps create an endothelial 
transport barrier between blood and underlying tissues [80, 81]. In T2DM 
patients, acute, short-term hyperglycemia increases shear stress induces plate-
let activation, adhesion and aggregation on the subendothelium, which acceler-
ates atherosclerosis and increases the risk of arterial thrombosis [82]. High 
shear stress induced platelet activation is strictly dependent on plasma von 
Willebrand factor (vWF) which is also significantly increased in the DM popu-
lation [82]. While laminar blood flow in vessels is atheroprotective; in DM, 
non-laminar blood flow in vessels induces changes to endothelial gene expres-
sion, disturbs endothelial cytoskeletal alignment and wound repair, alters leu-
kocyte adhesion to activated endothelium, as well as alters the vasoreactive, 
oxidative and inflammatory states of the vessel wall [81]. In addition to being 
a metabolic disease, DM is also a vascular disease inducing extensive vascular 
damage. In DM rats, the inability of the naïve and damaged blood vessels to 
withstand the changes in shear stress during I/R injury can result in vessel wall 

P. Venkat et al.



179

rupture and bleeding, which can aggravate damage to ischemic tissue and lead 
to HT [22].

4.3  High Insulin Resistance and Diminished Fibrinolysis

Patients with hypertension, obesity, vascular disorders or who are aged are prone to 
developing T2DM in which insulin resistance usually precedes disease manisfesta-
tion [83]. When DM patients with high levels of insulin resistance are treated with 
tPA following stroke, reperfusion induces greater infarct size, worse neurological 
deficits, worse disease prognosis and greater susceptibility to intracerebral hemor-
rhage [24, 25]. The development of insulin resistance and endothelial dysfunction 
may be initiated by the release of pro-inflammatory adipokines such as IL-6, TNF- 
α, PAI-1 (plasminogen activator inhibitor-1) by visceral adipose tissue [84]. 
Accumulated fat and enhanced adipose tissue-derived PAI-1, induce metabolic, vas-
cular and fibrinolysis abnormalities which enhance macrophage infiltration, chronic 
inflammation, and free fatty acid release in obese states [85]. Insulin resistance 
resulting from impaired glycogen synthesis can induce detrimental changes to the 
vascular beds [86]. In DM rodents subject to cerebral ischemic via hind limb I/R 
injury, insulin resistance was found to initiate an inflammatory cascade involving 
microglial activation resulting in greater cortical and hippocampal ischemic damage 
and neuronal apoptosis [87].

Impaired fibrinolysis is yet another common complication among diabetic sub-
jects, and is related to insulin resistance. During fibrinolysis, plasminogen is 
released by the liver which upon activation to plasmin by endothelial cell derived 
tPA, degrades the blood clot by dissecting the fibrin mesh at several points [88]. 
PAI-1 is an inhibitor of tPA and DM is characterized by impaired fibrinolysis which 
leads to increased coagulability and increased concentration of PAI-1 in blood as 
well as tissues [89]. In DM, increased expression of PAI-1 induces insulin resis-
tance and metabolic abnormalities during proinflammatory processes involving sev-
eral cytokines and chemokines [85]. Decreased fibrinolytic capacity is a major 
cause for the development and progression of atherosclerotic plaque [90]. As men-
tioned earlier, a large fraction of DM stroke patients suffer from large vessel athero-
thrombotic stroke, and have increased PAI-1 levels that can persist even up to 
6 months after stroke [91]. The increase in circulating thrombin-activatable fibrino-
lysis inhibitor (TAFI) and PAI-1 in DM patients are major contributing factors for 
failure of thrombolytic therapy [92]. Therefore, targeting PAI-1 and TAFI can pro-
mote neuroprotective effects by decreasing fibrin deposition and improving reperfu-
sion after stroke in mice [92].
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4.4  Mitochondrial Dysfunction and Oxidative Stress

In DM patients and in animals induced with DM, insulin resistance associated 
mitochondrial dysfunction and excessive metabolism of substrates such as glucose 
and fatty acids, induces a state of chronic oxidative stress [93]. Under conditions of 
high extracellular glucose, the cellular response to oxidative stress is altered and 
even a level of oxidative stress normally anabolic may have pathological conse-
quences [94]. I/R induces mitochondrial dysfunction resulting in mismatch of ade-
nosine triphosphate (ATP) production and uptake, decreased ATP content, 
decreased cell proliferation and impaired delivery of glucose and oxygen to brain 
tissue [95–97]. In addition, DM stroke induces morphological changes such as 
fragmentation, vacuolation, and cristae disruption of mitochondria [97]. As a result 
of these functional and structural alterations to the mitochondria, I/R injury in DM 
increases apoptosis, necrosis, and HT [95–97].

In DM stroke, mitochondrial oxidative stress and an abundant increase in reac-
tive oxygen species (ROS) are key mediators of pathological changes [44]. I/R is 
accompanied by an increase in oxidative and nitrative stress and production of free 
radicals that increase susceptibility to HT, vasogenic cerebral edema and neutrophil 
infiltration into the brain [96]. Oxidative stress triggers recruitment and migration of 
neutrophils and other leukocytes to the cerebral blood vessels which degrade the 
basal lamina and disrupt vessel wall and BBB integrity [96]. In DM stroke, hyper-
glycemia induced oxidative stress and free radical production increases inflamma-
tory factor expression such as matrix metalloproteinase-9 (MMP9) [15, 98]. MMP9 
induces extracellular matrix degradation and has been implicated in post stroke 
BBB disruption in DM rodents [15].

Oxidative stress mechanisms such as increased superoxide production by 
NADPH (Nicotinamide adenine dinucleotide phosphate) oxidase have also been 
implicated in reperfusion injury after stroke in DM rats [99]. While ROS and 
 reactive nitrogen species (RNS) are signaling molecules of growth factors that pro-
mote angiogenesis; the ‘redox window’ concept suggests that a mild but not severe 
increase of ROS and/or RNS stimulates functional angiogenesis [69]. Hence, the 
surge in ROS generated by mitochondria in DM stroke mediate neurodegeneration 
and apoptosis [44].

4.5  Inflammatory Responses

In the chronic phase after stroke, mild inflammation can be favorable for brain 
repair [100], but uncontrolled inflammation in the acute phase after stroke stimu-
lates the release of pro-inflammatory factors from the activated microglia, astro-
cytes and macrophages which can exacerbate damage to the injured brain tissue in 
addition to creating an inhospitable environment for endogenous brain repair mech-
anisms [101]. The inflammatory cascade in the acute phase after injury, induced by 
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DM, DM induced vasoconstriction, and I/R injury involves an increase of inflam-
matory mediators and pro-inflammatory cytokines [93, 102]. Pro-inflammatory 
cytokines inhibit brain repair due to an increased production and activity of free 
radicals and ROS, creating oxidative stress [103]. Inflammatory responses activate 
both the innate and adaptive immune systems; and DM, stroke and DM-stroke can 
impact immune response [23, 104]. In an experimental stroke model in T2DM 
rodents, I/R induces aggravated neutrophil adhesion in the cerebral microcirculation 
early after reperfusion, along with aggravated inflammatory responses and poor 
neurological functional outcome [23]. Adhesion of activated neutrophils to the 
injured endothelium may induce additional damage to the microvasculature and 
surrounding brain tissue upon I/R [23].

In DM stroke animals, inflammatory factors such as inflammatory cytokines that 
activate NF-κB, MMP’s, Toll-like receptors (TLR’s), High mobility group box-1 
(HMGB-1) and receptor for advanced glycation endproducts (RAGE) are signifi-
cantly increased compared to non DM stroke animals [14, 15]. HMGB1 is a pro- 
inflammatory mediator secreted early after ischemic injury by immune cells or 
injured neurons [105, 106]. HMGB1 release can induce microglial activation and 
trigger an inflammatory cascade after brain injury [105]. In DM mice subject to I/R 
stroke model, HMGB1 promotes inflammation by increasing expression of cyto-
kines such as interleukins (IL-1β, IL-6), and inflammation-related enzyme inducible 
nitric oxide synthase (iNOS), which can then lead to secondary brain injury [102]. 
HMGB1 binds to its receptors TLR2, TLR4 and RAGE [106]. TLRs play a primary 
role in regulating innate immunity and impact endothelial cell survival and angio-
genic responses [107]. Increased TLR4 expression in infiltrating macrophages has 
been linked to the development of ischemic brain damage, and I/R injury may be 
mediated in part by HMBG1 via TLR4 signaling [107]. In stroke, HMGB1 triggers 
MMP9 increase in neurons and astrocytes primarily via TLR4 signalling [108]. In 
DM stroke animals, RAGE expression is significantly increased, and increased 
RAGE expression is associated with the pathogenesis of diabetic complications, 
inflammatory disorders and neurodegenerative diseases [14, 109]. Following I/R 
injury in DM rodents, DM induced increase in MMP-9 activity and cerebrovascular 
remodeling have been attributed to greater HT [63]. Tissue response to I/R injury 
includes regulating the expression of several protein kinases such as calcium/
calmodulin-dependent protein kinase II, mitogen-activated protein kinase, family 
members c-Jun N-terminal kinase, extracellular signal-regulated kinase, protein 
kinase B, and protein kinase C [110].

4.6  Extracellular Membrane Vesicles

Extracellular Membrane Vesicles (EMVs) such as exosomes and microparticles 
(MPs), are small membrane vesicles of endosomal and plasma membrane origin, 
respectively, secreted by many cells into the extracellular space [111]. EMVs contain 
high levels of RNA and proteins; their protein composition reflects the composition 
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of their parent cell membrane [112]. Exosomes mediate intercellular communication 
by transporting regulatory nucleotides and proteins between different cell types in the 
body, thereby affecting the physiology of recipient cells under normal and pathologi-
cal conditions [113]. EMVs easily pass through the BBB and have been implicated in 
endothelial dysfunction, inflammation and thrombosis [114]. MPs released by endo-
thelial cells, platelets and leukocytes can aggravate endothelial dysfunction [115]. 
For instance, endothelial cell derived MPs promote inflammation of the arterial wall 
and thrombogenicity through cellular cross-talk [116]. Leukocyte-derived MPs can 
interact with specific adhesion molecules on endothelial cells, stimulate cytokine 
release and initiate a proinflammatory and procoagulant cascade [116]. MPs can also 
contribute to inflammation and endothelial dysfunction via modulating nitric oxide 
and prostacyclin production in endothelial cells, and stimulating cytokine release and 
tissue factor induction in endothelial cells, as well as monocyte chemotaxis and 
adherence to the endothelium [112]. Circulating MPs are significantly elevated in 
diabetic patients, and an analysis of MP expression in diabetic patients has revealed a 
positive correlation between elevated MP expression level in plasma and vascular 
complications [116].

4.7  MicroRNAs (MiRs)

MiRs are small non-coding RNA sequences that are emerging as key players in the 
pathogenesis of diabetes and hyperglycemia-induced vascular damage [117, 118]. 
They have the capacity to regulate many genes, pathways, and complex biological 
networks within cells, acting either alone or in concert with one another [119]. 
MiRs can mediate key pathophysiological processes as modulators of cellular activ-
ities during cell growth, differentiation, apoptosis, adhesion, and cell death.

Endothelial cell specific miR-126 has a key role in maintaining vascular integrity 
and regulating angiogenesis [120]. MiR-126 is among the miRs most consistently 
associated with DM [117, 121]. MiR-126 level is significantly decreased in the 
circulating vesicles in plasma of DM patients [117], and in ischemic stroke patients, 
decrease in miR-126 expression can last up to 24 weeks after stroke [122]. In addi-
tion, miR-126 regulates the response of endothelial cells to VEGF [123] and as 
discussed earlier, VEGF expression during the acute phase following ischemic 
stroke increases cerebral microvascular perfusion, exacerbates BBB disruption, 
increases infarct volume and increases the risk of HT [72].

MiR-145 has been associated with DM stroke and reperfusion injury [124, 125]. 
MiR-143/145 cluster regulates vascular smooth muscle cell differentiation [126]. 
The MiR-143/145 cluster is up regulated in liver of T2DM mice and may contribute 
to insulin resistance [127].

MiR-143 and miR-145 are also up regulated in endothelial cells in response to 
shear stress and can contribute to I/R injury after stroke [126]. MiR-145 expression 
significantly increases in the circulation and ischemic brain within 24 h of cerebral 
ischemia, and increased miR-145 level in the circulation has been positively corre-
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lated with elevated serum inflammatory factor IL-6 [128, 129]. Inhibition of miR- 
145 using anti-miR was found to yield moderate neuroprotective effects after 
transient focal ischemia [130]. MiR-145 acts as a communication molecule between 
smooth muscle cells and endothelial cells [131]; and reduces endothelial cell prolif-
eration and capillary tube formation in response to growth factors [132]. Hence, 
miR-145 can modulate endothelial cell function in angiogenesis and vessel stabili-
zation which are important for post stroke recovery [131].

MiR-15a/16-1 cluster can alter BBB function by binding to the 3′-UTRs of 
major BBB tight junctions proteins such as Claudins [133]. A significant increase 
of miR-15a/16-1 cluster expression was found in the cerebral vasculature and cul-
tured brain microvascular endothelial cells after in vivo and in vitro ischemia, as 
well as DM [133]. Over expression of miR-15a/16-1 cluster in transgenic mice 
decreased Claudin expression and exacerbated ischemic infarct volume and BBB 
leakage [133]. MiR-15a/16-1 is increased in the ischemic penumbra which inhibits 
neurovascular remodeling and neurological recovery after stroke in mice [134].

DM also regulates expression of miRs that have been associated with platelet 
activity such as miR-24, miR-197, miR-191, and miR-223; and angiogenesis such 
as miR-320a and miR-27b [135]. Up-regulation of miR-150 decreases endothelial 
cell survival by targeting Tie-2, and decreases the expression of Claudin-5 in the 
ischemic penumbra resulting in worse BBB function after stroke in rats [136]. 
Decrease of miR17–92 cluster expression after stroke causes BBB dysfunction 
due to disruption of vascular coverage by pericytes and astrocyte end-foot pro-
cesses [137]. Increase of miR-34 after stroke [138] affects mitochondrial function 
and induces a discontinuous expression of tight junction protein Zona Occludin-1 
and aggravates BBB disruption [139]. The profile of circulating miR’s is altered in 
subjects with obesity, pre-diabetes, and diabetes, such as miR-21, miR-24.1, miR-
27a, miR-28-3p, miR-29b, miR-30d, miR-34a, miR-93, miR-126, miR-146a, 
miR-148, miR-150, miR-155, and miR-223, miR-661, miR-571, miR-770-5p, 
miR-892b and miR-1303 [140, 141]. The exact role of miRs in DM stroke patho-
physiology and the use of miRs as biomarkers of disease [142] are of current 
research interest.

4.8  Gut-Brain Axis

Emerging experimental evidence from animal studies indicate an interaction between 
the intestinal microbiota, the gut, and the central nervous system, which can affect 
brain function as well as pathological cascade in neurological diseases such as stroke, 
traumatic brain injury, etc. [143, 144]. The gut-brain axis consists of neural and 
humoral pathways with signaling molecules such as cytokines, hormones, and neuro-
peptides affecting immune response and lymphocyte population [144, 145]. The gut-
brain axis is a bidirectional communication pathway in which acute brain lesions 
induces dysbiosis (disturbance of balance of normal microbiota) of the gut microbi-
ome, which in turn can affect immune and neuroinflammatory responses in the brain 
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and impact functional outcome [146]. Dysbiosis of the gut microbiota has been 
reported in patients with several diseases including DM and stroke [147, 148]. In stroke 
patients, the three major beneficial microbes that were depleted include Bacteroides, 
Prevotella, and Faecalibacterium; while the major enriched microbes include the 
opportunistic pathogens Enterobacter, Megasphaera, and Desulfovibrio [147]. Increase 
in the abundance of Lactobacillus ruminis subgroup in the gut, may contribute to 
inflammation in stroke patients [149]. In mice subject to I/R injury, intestinal T cells 
traffic from the gut to the meninges of the brain; promote post-ischemic neuroinflam-
mation by increasing pro-inflammatory cytokine IL-17; which can stimulate the pro-
duction of several other cytokines and chemokines facilitating the infiltration of 
cytotoxic immune cells and neutrophils into the injured brain [145].

The gut microbial composition differs between DM and non DM patients [150]. 
It was found that, patients with low bacterial richness (low gene count) were more 
prone to obesity, insulin resistance, dyslipidemia, and inflammation compared to 
patients with a high gene count [150]. In a population of Chinese T2DM patients, 
moderate gut microbial dysbiosis was characterized by a decrease in beneficial bac-
teria such as butyrate-producing bacteria that has protective role against several 
types of diseases; and an increase in diverse opportunistic pathogens [151]. In a 
group of Japanese T2DM patients, compared to control patients, an abundance of 
gut bacteria was found in the blood stream of T2DM patients, indicating bacterial 
translocation from the gut to the blood [152]. In T2DM patient, gut dysbiosis 
increases some microbial functions which leads to increased oxidative stress 
response, which may mediate the proinflammatory state in DM [151]. In DM mice 
subject to I/R injury, altering the gut microbiome via probiotic treatment restored 
the gut microbiome profile, significantly decreased behavioral deficits, decreased 
blood glucose levels, induced neuroprotection, and increased cell survival [143]. 
Extensive depletion of the gut microbiota significantly increases post stroke mortal-
ity in mice, suggesting that conventional intestinal microbiota provides protection 
against ischemic damage, and that alterations to the gut microbiota can influence 
stroke outcome [153]. Future studies are required to understand the mechanisms of 
gut-brain axis and its impact on stroke in DM patients.

5  Summary

DM aggravates microvascular and macrovascular damage, BBB disruption, and 
ischemia/reperfusion damage after stroke, thereby creating an inhospitable environ-
ment for brain repair. A comprehensive understanding of the pathophysiological 
changes following stroke in diabetes is required for developing successful treat-
ments strategies. In addition, understanding the acute events, I/R damage and role 
of insulin resistance following stroke in diabetic populations can enable develop-
ment of secondary stroke preventative strategies.

P. Venkat et al.



185

Acknowledgements None

Sources of funding This work was supported by National Institute of Neurological Disorders and 
Stroke R01 NS083078-01A1 (JC) and RO1 NS099030-01 (JC) and R01NS097747 (QJ/JC).

Disclosures None

References

 1. Shaw JE, Sicree RA, Zimmet PZ. Global estimates of the prevalence of diabetes for 2010 and 
2030. Diabetes Res Clin Pract. 2010;87:4–14.

 2. Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ, Cushman M, et al. Heart disease 
and stroke statistics-2016 update: a report from the American heart association. Circulation. 
2016;133:e38–360.

 3. Geiss LS, Wang J, Cheng YJ, et al. Prevalence and incidence trends for diagnosed diabetes 
among adults aged 20 to 79 years, united states, 1980-2012. JAMA. 2014;312:1218–26.

 4. Mast H, Thompson JL, Lee SH, Mohr JP, Sacco RL. Hypertension and diabetes mellitus as 
determinants of multiple lacunar infarcts. Stroke. 1995;26:30–3.

 5. Lindsberg PJ, Roine RO. Hyperglycemia in acute stroke. Stroke. 2004;35:363–4.
 6. Kissela BM, Khoury J, Kleindorfer D, Woo D, Schneider A, Alwell K, et al. Epidemiology 

of ischemic stroke in patients with diabetes: the greater Cincinnati/northern Kentucky stroke 
study. Diabetes Care. 2005;28:355–9.

 7. Yong M, Kaste M.  Dynamic of hyperglycemia as a predictor of stroke outcome in the 
ECASS-II trial. Stroke. 2008;39:2749–55.

 8. Candelise L, Landi G, Orazio EN, Boccardi E. Prognostic significance of hyperglycemia in 
acute stroke. Arch Neurol. 1985;42:661–3.

 9. Megherbi SE, Milan C, Minier D, Couvreur G, Osseby GV, Tilling K, et  al. Association 
between diabetes and stroke subtype on survival and functional outcome 3 months after 
stroke: data from the European biomed stroke project. Stroke. 2003;34:688–94.

 10. Ergul A, Hafez S, Fouda A, Fagan SC. Impact of comorbidities on acute injury and recov-
ery in preclinical stroke research: focus on hypertension and diabetes. Transl Stroke Res. 
2016;7:248–60.

 11. MEMBERS WG, Lloyd-Jones D, Adams RJ, Brown TM, Carnethon M, Dai S, et al. Heart 
disease and stroke statistics—2010 update: a report from the American heart association. 
Circulation. 2010;121:e46–e215.

 12. Callahan A, Amarenco P, Goldstein LB, Sillesen H, Messig M, Samsa GP, et  al. Risk of 
stroke and cardiovascular events after ischemic stroke or transient ischemic attack in patients 
with type 2 diabetes or metabolic syndrome: secondary analysis of the stroke prevention by 
aggressive reduction in cholesterol levels (SPARCL) trial. Arch Neurol. 2011;68:1245–51.

 13. Li PA, Gisselsson L, Keuker J, Vogel J, Smith ML, Kuschinsky W, et al. Hyperglycemia- 
exaggerated ischemic brain damage following 30 min of middle cerebral artery occlusion is 
not due to capillary obstruction. Brain Res. 1998;804:36–44.

 14. Ye X, Chopp M, Liu X, Zacharek A, Cui X, Yan T, et  al. Niaspan reduces high-mobility 
group box 1/receptor for advanced glycation endproducts after stroke in type-1 diabetic rats. 
Neuroscience. 2011;190:339–45.

 15. Chen J, Cui X, Zacharek A, Cui Y, Roberts C, Chopp M. White matter damage and the effect 
of matrix metalloproteinases in type 2 diabetic mice after stroke. Stroke. 2011;42:445–52.

 16. Linfante I, Cipolla MJ. Improving reperfusion therapies in the era of mechanical thrombec-
tomy. Transl Stroke Res. 2016;7:294–302.

11 Ischemia/Reperfusion Damage in Diabetic Stroke



186

 17. The national institute of neurological disorders and stroke rt-PA stroke study group. Tissue 
plasminogen activator for acute ischemic stroke. N Engl J Med. 1995;333:1581–7.

 18. Jauch EC, Saver JL, Adams HP Jr, Bruno A, Connors JJ, Demaerschalk BM, et al. Guidelines 
for the early management of patients with acute ischemic stroke: a guideline for health-
care professionals from the American heart association/American stroke association. Stroke. 
2013;44:870–947.

 19. Ding D. Endovascular mechanical thrombectomy for acute ischemic stroke: a new standard 
of care. J Stroke. 2015;17:123–6.

 20. Reeves MJ, Arora S, Broderick JP, Frankel M, Heinrich JP, Hickenbottom S, et  al. Acute 
stroke care in the us: results from 4 pilot prototypes of the Paul Coverdell national acute 
stroke registry. Stroke. 2005;36:1232–40.

 21. Raychev R, Saver JL. Mechanical thrombectomy devices for treatment of stroke. Neurol Clin 
Pract. 2012;2:231–5.

 22. Ergul A, Elgebaly MM, Middlemore M-L, Li W, Elewa H, Switzer JA, et al. Increased hem-
orrhagic transformation and altered infarct size and localization after experimental stroke in 
a rat model type 2 diabetes. BMC Neurol. 2007;7:33.

 23. Ritter L, Davidson L, Henry M, Davis-Gorman G, Morrison H, Frye JB, et al. Exaggerated 
neutrophil-mediated reperfusion injury after ischemic stroke in a rodent model of type 2 
diabetes. Microcirculation. 2011;18:552–61.

 24. Bas DF, Ozdemir AO, Colak E, Kebapci N. Higher insulin resistance level is associated with 
worse clinical response in acute ischemic stroke patients treated with intravenous thromboly-
sis. Transl Stroke Res. 2016;7:167–71.

 25. Poppe AY, Majumdar SR, Jeerakathil T, Ghali W, Buchan AM, Hill MD. Admission hyper-
glycemia predicts a worse outcome in stroke patients treated with intravenous thrombolysis. 
Diabetes Care. 2009;32:617–22.

 26. Pan J, Konstas A-A, Bateman B, Ortolano GA, Pile-Spellman J. Reperfusion injury following 
cerebral ischemia: pathophysiology, MR imaging, and potential therapies. Neuroradiology. 
2007;49:93–102.

 27. de Courten-Myers GM, Kleinholz M, Holm P, DeVoe G, Schmitt G, Wagner KR, et  al. 
Hemorrhagic infarct conversion in experimental stroke. Ann Emerg Med. 1992;21:120–6.

 28. Ahnstedt H, Sweet J, Cruden P, Bishop N, Cipolla MJ. Effects of early post-ischemic reperfu-
sion and tPA on cerebrovascular function and nitrosative stress in female rats. Transl Stroke 
Res. 2016;7:228–38.

 29. Caso V, Paciaroni M, Venti M, Palmerini F, Silvestrelli G, Milia P, et al. Determinants of 
outcome in patients eligible for thrombolysis for ischemic stroke. Vasc Health Risk Manag. 
2007;3:749–54.

 30. Venkat P, Chopp M, Chen J. New insights into coupling and uncoupling of cerebral blood 
flow and metabolism in the brain. Croat Med J. 2016;57:223–8.

 31. Abbott NJ, Patabendige AA, Dolman DE, Yusof SR, Begley DJ. Structure and function of the 
blood-brain barrier. Neurobiol Dis. 2010;37:13–25.

 32. Sandoval KE, Witt KA. Blood-brain barrier tight junction permeability and ischemic stroke. 
Neurobiol Dis. 2008;32:200–19.

 33. Shimizu F, Kanda T. disruption of the blood-brain barrier in inflammatory neurological dis-
eases. Brain Nerve. 2013;65:165–76.

 34. Hall CN, Reynell C, Gesslein B, Hamilton NB, Mishra A, Sutherland BA, et al. Capillary 
pericytes regulate cerebral blood flow in health and disease. Nature. 2014;508:55–60.

 35. Fernandez-Klett F, Potas JR, Hilpert D, Blazej K, Radke J, Huck J, et al. Early loss of peri-
cytes and perivascular stromal cell-induced scar formation after stroke. J Cereb Blood Flow 
Metab. 2013;33:428–39.

 36. Belayev L, Busto R, Zhao W, Ginsberg MD. Quantitative evaluation of blood-brain barrier 
permeability following middle cerebral artery occlusion in rats. Brain Res. 1996;739:88–96.

 37. Chen J, Ye X, Yan T, Zhang C, Yang XP, Cui X, et al. Adverse effects of bone marrow stromal 
cell treatment of stroke in diabetic rats. Stroke. 2011;42:3551–8.

P. Venkat et al.



187

 38. Reeson P, Tennant KA, Gerrow K, Wang J, Weiser Novak S, Thompson K, et al. Delayed inhi-
bition of VEGF signaling after stroke attenuates blood-brain barrier breakdown and improves 
functional recovery in a comorbidity-dependent manner. J Neurosci. 2015;35:5128–43.

 39. Borlongan CV, Glover LE, Sanberg PR, Hess DC. Permeating the blood brain barrier and 
abrogating the inflammation in stroke: implications for stroke therapy. Curr Pharm Des. 
2012;18:3670–6.

 40. Denes A, Ferenczi S, Kovacs KJ. Systemic inflammatory challenges compromise survival 
after experimental stroke via augmenting brain inflammation, blood- brain barrier damage 
and brain oedema independently of infarct size. J Neuroinflammation. 2011;8:164.

 41. Hadi HAR, Suwaidi JA.  Endothelial dysfunction in diabetes mellitus. Vasc Health Risk 
Manag. 2007;3:853–76.

 42. Chen R, Ovbiagele B, Feng W. Diabetes and stroke: epidemiology, pathophysiology, pharma-
ceuticals and outcomes. Am J Med Sci. 2016;351:380–6.

 43. Aronson D, Rayfield EJ. How hyperglycemia promotes atherosclerosis: molecular mecha-
nisms. Cardiovasc Diabetol. 2002;1:1.

 44. Price TO, Eranki V, Banks WA, Ercal N, Shah GN. Topiramate treatment protects blood- 
brain barrier pericytes from hyperglycemia-induced oxidative damage in diabetic mice. 
Endocrinology. 2012;153:362–72.

 45. Haj-Yasein NN, Vindedal GF, Eilert-Olsen M, Gundersen GA, Skare O, Laake P, et al. Glial- 
conditional deletion of aquaporin-4 (aqp4) reduces blood-brain water uptake and confers bar-
rier function on perivascular astrocyte endfeet. Proc Natl Acad Sci U S A. 2011;108:17815–20.

 46. Li L, Lundkvist A, Andersson D, Wilhelmsson U, Nagai N, Pardo AC, et al. Protective role of 
reactive astrocytes in brain ischemia. J Cereb Blood Flow Metab. 2008;28:468–81.

 47. Li Y, Liu Z, Xin H, Chopp M.  The role of astrocytes in mediating exogenous cell-based 
restorative therapy for stroke. Glia. 2014;62:1–16.

 48. Jing L, Mai L, Zhang J-Z, Wang J-G, Chang Y, Dong J-D, et al. Diabetes inhibits cerebral 
ischemia-induced astrocyte activation - an observation in the cingulate cortex. Int J Biol Sci. 
2013;9:980–8.

 49. Jing L, He Q, Zhang JZ, Li PA. Temporal profile of astrocytes and changes of oligodendrocyte- 
based myelin following middle cerebral artery occlusion in diabetic and non-diabetic rats. Int 
J Biol Sci. 2013;9:190–9.

 50. Marlatt MW, Lucassen PJ, Perry G, Smith MA, Zhu X. Alzheimer’s disease: cerebrovas-
cular dysfunction, oxidative stress, and advanced clinical therapies. J  Alzheimers Dis. 
2008;15:199–210.

 51. Chen B, Friedman B, Cheng Q, Tsai P, Schim E, Kleinfeld D, et al. Severe blood–brain bar-
rier disruption and surrounding tissue injury. Stroke. 2009;40:e666-e674.

 52. Papadopoulos MC, Manley GT, Krishna S, Verkman AS. Aquaporin-4 facilitates reabsorp-
tion of excess fluid in vasogenic brain edema. FASEB J. 2004;18:1291–3.

 53. Rosenberg GA. Ischemic brain edema. Prog Cardiovasc Dis. 1999;42:209–16.
 54. Stokum JA, Gerzanich V, Simard JM. Molecular pathophysiology of cerebral edema. J Cereb 

Blood Flow Metab. 2016;36:513–38.
 55. Manley GT, Fujimura M, Ma T, Noshita N, Filiz F, Bollen AW, et al. Aquaporin-4 deletion 

in mice reduces brain edema after acute water intoxication and ischemic stroke. Nat Med. 
2000;6:159–63.

 56. Ergul A, Kelly-Cobbs A, Abdalla M, Fagan SC. Cerebrovascular complications of diabetes: 
focus on stroke. Endocr Metab Immune Disord Drug Targets. 2012;12:148–58.

 57. Zhang L, Chopp M, Zhang Y, Xiong Y, Li C, Sadry N, et al. Diabetes mellitus impairs cogni-
tive function in middle-aged rats and neurological recovery in middle-aged rats after stroke. 
Stroke. 2016;47:2112.

 58. Alvarez-Sabin J, Molina CA, Montaner J, Arenillas JF, Huertas R, Ribo M, et  al. Effects 
of admission hyperglycemia on stroke outcome in reperfused tissue plasminogen activator-
-treated patients. Stroke. 2003;34:1235–41.

11 Ischemia/Reperfusion Damage in Diabetic Stroke



188

 59. Demchuk AM, Morgenstern LB, Krieger DW, Linda Chi T, Hu W, Wein TH, et al. Serum 
glucose level and diabetes predict tissue plasminogen activator–related intracerebral hemor-
rhage in acute ischemic stroke. Stroke. 1999;30:34–9.

 60. Fan X, Qiu J, Yu Z, Dai H, Singhal AB, Lo EH, et al. A rat model of studying tissue-type plas-
minogen activator thrombolysis in ischemic stroke with diabetes. Stroke. 2012;43:567–70.

 61. Ning R, Chopp M, Yan T, Zacharek A, Zhang C, Roberts C, et al. Tissue plasminogen activa-
tor treatment of stroke in type-1 diabetes rats. Neuroscience. 2012;222:326–32.

 62. Chen CH, Anatol M, Zhan Y, Liu WW, Ostrowki RP, Tang J, et al. Hydrogen gas reduced 
acute hyperglycemia-enhanced hemorrhagic transformation in a focal ischemia rat model. 
Neuroscience. 2010;169:402–14.

 63. Elgebaly MM, Prakash R, Li W, Ogbi S, Johnson MH, Mezzetti EM, et al. Vascular pro-
tection in diabetic stroke: role of matrix metalloprotease-dependent vascular remodeling. 
J Cereb Blood Flow Metab. 2010;30:1928–38.

 64. Quast MJ, Wei J, Huang NC, Brunder DG, Sell SL, Gonzalez JM, et al. Perfusion deficit 
parallels exacerbation of cerebral ischemia/reperfusion injury in hyperglycemic rats. J Cereb 
Blood Flow Metab. 1997;17:553–9.

 65. Prakash R, Li W, Qu Z, Johnson MA, Fagan SC, Ergul A. Vascularization pattern after isch-
emic stroke is different in control versus diabetic rats: relevance to stroke recovery. Stroke. 
2013;44:2875–82.

 66. Arenillas JF, Sobrino T, Castillo J, Davalos A. The role of angiogenesis in damage and recov-
ery from ischemic stroke. Curr Treat Options Cardiovasc Med. 2007;9:205–12.

 67. Navarro-Sobrino M, Rosell A, Hernandez-Guillamon M, Penalba A, Boada C, Domingues- 
Montanari S, et al. A large screening of angiogenesis biomarkers and their association with 
neurological outcome after ischemic stroke. Atherosclerosis. 2011;216:205–11.

 68. Wei L, Erinjeri JP, Rovainen CM, Woolsey TA. Collateral growth and angiogenesis around 
cortical stroke. Stroke. 2001;32:2179–84.

 69. Abdelsaid M, Prakash R, Li W, Coucha M, Hafez S, Johnson MH, et al. Metformin treatment 
in the period after stroke prevents nitrative stress and restores angiogenic signaling in the 
brain in diabetes. Diabetes. 2015;64:1804–17.

 70. Hoeben A, Landuyt B, Highley MS, Wildiers H, Van Oosterom AT, De Bruijn EA. Vascular 
endothelial growth factor and angiogenesis. Pharmacol Rev. 2004;56:549–80.

 71. Zechariah A, ElAli A, Doeppner TR, Jin FY, Hasan MR, Helfrich I, et al. Vascular endothelial 
growth factor promotes pericyte coverage of brain capillaries, improves cerebral blood flow 
during subsequent focal cerebral ischemia, and preserves the metabolic penumbra. Stroke. 
2013;44:1690.

 72. Zhang ZG, Zhang L, Jiang Q, Zhang R, Davies K, Powers C, et al. VEGF enhances angio-
genesis and promotes blood-brain barrier leakage in the ischemic brain. J  Clin Investig. 
2000;106:829–38.

 73. Kolluru GK, Bir SC, Kevil CG. Endothelial dysfunction and diabetes: effects on angiogen-
esis, vascular remodeling, and wound healing. Int J Vasc Med. 2012;2012:918267.

 74. Suri C, Jones PF, Patan S, Bartunkova S, Maisonpierre PC, Davis S, et  al. Requisite role 
of angiopoietin-1, a ligand for the tie2 receptor, during embryonic angiogenesis. Cell. 
1996;87:1171–80.

 75. Zacharek A, Chen J, Cui X, Li A, Li Y, Roberts C, et al. Angiopoietin1/tie2 and VEGF/Flk1 
induced by MSC treatment amplifies angiogenesis and vascular stabilization after stroke. 
J Cereb Blood Flow Metab. 2007;27:1684–91.

 76. Gurnik S, Devraj K, Macas J, Yamaji M, Starke J, Scholz A, et al. Angiopoietin-2-induced 
blood-brain barrier compromise and increased stroke size are rescued by VE-PTP-dependent 
restoration of tie2 signaling. Acta Neuropathol. 2016;131:753–73.

 77. Lim HS, Lip GY, Blann AD. Angiopoietin-1 and angiopoietin-2 in diabetes mellitus: rela-
tionship to VEGF, glycaemic control, endothelial damage/dysfunction and atherosclerosis. 
Atherosclerosis. 2005;180:113–8.

P. Venkat et al.



189

 78. Cui X, Chopp M, Zacharek A, Ye X, Roberts C, Chen J.  Angiopoietin/tie2 pathway 
mediates type 2 diabetes induced vascular damage after cerebral stroke. Neurobiol Dis. 
2011;43:285–92.

 79. Wang YQ, Song JJ, Han X, Liu YY, Wang XH, Li ZM, et al. Effects of angiopoietin-1 on 
inflammatory injury in endothelial progenitor cells and blood vessels. Curr Gene Ther. 
2014;14:128.

 80. Tarbell JM. Shear stress and the endothelial transport barrier. Cardiovasc Res. 2010;87:320–30.
 81. Cunningham KS, Gotlieb AI. The role of shear stress in the pathogenesis of atherosclerosis. 

Lab Invest. 2004;85:9–23.
 82. Gresele P, Guglielmini G, De Angelis M, Ciferri S, Ciofetta M, Falcinelli E, et al. Acute, 

short-term hyperglycemia enhances shear stress-induced platelet activation in patients with 
type ii diabetes mellitus. J Am Coll Cardiol. 2003;41:1013–20.

 83. Kernan WN, Inzucchi SE, Viscoli CM, Brass LM, Bravata DM, Horwitz RI. Insulin resis-
tance and risk for stroke. Neurology. 2002;59:809–15.

 84. Cheng C, Daskalakis C.  Association of adipokines with insulin resistance, microvascu-
lar dysfunction, and endothelial dysfunction in healthy young adults. Mediators Inflamm. 
2015;2015:594039.

 85. Kaji H.  Adipose tissue-derived plasminogen activator inhibitor-1 function and regulation. 
Compr Physiol. 2016;6:1873–96.

 86. Rizk NN, Rafols JA, Dunbar JC. Cerebral ischemia-induced apoptosis and necrosis in normal 
and diabetic rats: effects of insulin and c-peptide. Brain Res. 2006;1096:204–12.

 87. Liu H, Ou S, Xiao X, Zhu Y, Zhou S. Diabetes worsens ischemia-reperfusion brain injury in 
rats through gsk-3β. Am J Med Sci. 2015;350:204–11.

 88. Chapin JC, Hajjar KA.  Fibrinolysis and the control of blood coagulation. Blood Rev. 
2015;29:17–24.

 89. Trost S, Pratley RE, Sobel BE. Impaired fibrinolysis and risk for cardiovascular disease in the 
metabolic syndrome and type 2 diabetes. Curr Diab Rep. 2006;6:47–54.

 90. Lijnen HR, Ds C. Impaired fibrinolysis and the risk for coronary heart disease. Circulation. 
1996;94:2052–4.

 91. Jotic A, Milicic T, Covickovic Sternic N, Kostic VS, Lalic K, Jeremic V, et al. Decreased 
insulin sensitivity and impaired fibrinolytic activity in type 2 diabetes patients and nondiabet-
ics with ischemic stroke. Int J Endocrinol. 2015;2015:934791.

 92. Wyseure T, Rubio M, Denorme F, Martinez de Lizarrondo S, Peeters M, Gils A, et  al. 
Innovative thrombolytic strategy using a heterodimer diabody against TAFI and PAI-1  in 
mouse models of thrombosis and stroke. Blood. 2015;125:1325–32.

 93. Dokken BB. The pathophysiology of cardiovascular disease and diabetes: beyond blood pres-
sure and lipids. Diabetes Spectr. 2008;21:160–5.

 94. Poulsen RC, Knowles HJ, Carr AJ, Hulley PA. Cell differentiation versus cell death: extracel-
lular glucose is a key determinant of cell fate following oxidative stress exposure. Cell Death 
Dis. 2014;5:e1074.

 95. Sims NR, Muyderman H.  Mitochondria, oxidative metabolism and cell death in stroke. 
Biochim Biophys Acta. 2010;1802:80–91.

 96. Doyle KP, Simon RP, Stenzel-Poore MP.  Mechanisms of ischemic brain damage. 
Neuropharmacology. 2008;55:310–8.

 97. Mishiro K, Imai T, Sugitani S, Kitashoji A, Suzuki Y, Takagi T, et al. Diabetes mellitus aggra-
vates hemorrhagic transformation after ischemic stroke via mitochondrial defects leading to 
endothelial apoptosis. PLoS One. 2014;9:e103818.

 98. Tang J, Li YJ, Li Q, Mu J, Yang DY, Xie P.  Endogenous tissue plasminogen activator 
increases hemorrhagic transformation induced by heparin after ischemia reperfusion in rat 
brains. Neurol Res. 2010;32:541–6.

 99. Won SJ, Tang XN, Suh SW, Yenari MA, Swanson RA. Hyperglycemia promotes tissue plas-
minogen activator-induced hemorrhage by increasing superoxide production. Ann Neurol. 
2011;70:583–90.

11 Ischemia/Reperfusion Damage in Diabetic Stroke



190

 100. Kim JY, Kawabori M, Yenari MA. Innate inflammatory responses in stroke: mechanisms and 
potential therapeutic targets. Curr Med Chem. 2014;21:2076–97.

 101. Whitney NP, Eidem TM, Peng H, Huang Y, Zheng JC. Inflammation mediates varying effects 
in neurogenesis: relevance to the pathogenesis of brain injury and neurodegenerative disor-
ders. J Neurochem. 2009;108:1343–59.

 102. Wang C, Jiang J, Zhang X, Song L, Sun K, Xu R. Inhibiting hmgb1 reduces cerebral ischemia 
reperfusion injury in diabetic mice. Inflammation. 2016;39:1862–70.

 103. di Penta A, Moreno B, Reix S, Fernandez-Diez B, Villanueva M, Errea O, et al. Oxidative 
stress and proinflammatory cytokines contribute to demyelination and axonal damage in a 
cerebellar culture model of neuroinflammation. PLoS One. 2013;8:e54722.

 104. Pickup JC. Inflammation and activated innate immunity in the pathogenesis of type 2 diabe-
tes. Diabetes Care. 2004;27:813–23.

 105. Kim JB, Sig Choi J, Yu YM, Nam K, Piao CS, Kim SW, et al. Hmgb1, a novel cytokine-like 
mediator linking acute neuronal death and delayed neuroinflammation in the postischemic 
brain. J Neurosci. 2006;26:6413–21.

 106. Qiu J, Nishimura M, Wang Y, Sims JR, Qiu S, Savitz SI, et al. Early release of hmgb-1 from 
neurons after the onset of brain ischemia. J Cereb Blood Flow Metab. 2008;28:927–38.

 107. Yang Q-W, Lu F-L, Zhou Y, Wang L, Zhong Q, Lin S, et al. Hmbg1 mediates ischemia–reper-
fusion injury by TRIF-adaptor independent toll-like receptor 4 signaling. J Cereb Blood Flow 
Metab. 2011;31:593–605.

 108. Qiu J, Xu J, Zheng Y, Wei Y, Zhu X, Lo EH, et  al. High-mobility group box 1 promotes 
metalloproteinase-9 upregulation through toll-like receptor 4 after cerebral ischemia. Stroke. 
2010;41:2077–82.

 109. Maillard-Lefebvre H, Boulanger E, Daroux M, Gaxatte C, Hudson BI, Lambert M. Soluble 
receptor for advanced glycation end products: a new biomarker in diagnosis and prognosis of 
chronic inflammatory diseases. Rheumatology. 2009;48:1190–6.

 110. Bright R, Mochly-Rosen D. The role of protein kinase c in cerebral ischemic and reperfusion 
injury. Stroke. 2005;36:2781–90.

 111. Chen J, Venkat P, Zacharek A, Chopp M. Neurorestorative therapy for stroke. Front Hum 
Neurosci. 2014;8:382.

 112. Puddu P, Puddu GM, Cravero E, Muscari S, Muscari A.  The involvement of circulating 
microparticles in inflammation, coagulation and cardiovascular diseases. Can J  Cardiol. 
2010;26:e140–5.

 113. Colombo M, Raposo G, Thery C. Biogenesis, secretion, and intercellular interactions of exo-
somes and other extracellular vesicles. Annu Rev Cell Dev Biol. 2014;30:255–89.

 114. Kalani A, Tyagi A, Tyagi N. Exosomes: mediators of neurodegeneration, neuroprotection and 
therapeutics. Mol Neurobiol. 2014;49:590–600.

 115. Mesri M, Altieri DC. Leukocyte microparticles stimulate endothelial cell cytokine release 
and tissue factor induction in a jnk1 signaling pathway. J Biol Chem. 1999;274:23111–8.

 116. Tramontano AF, Lyubarova R, Tsiakos J, Palaia T, DeLeon JR, Ragolia L. Circulating endo-
thelial microparticles in diabetes mellitus. Mediators Inflamm. 2010;2010:250476.

 117. Zampetaki A, Kiechl S, Drozdov I, Willeit P, Mayr U, Prokopi M, et al. Plasma microrna 
profiling reveals loss of endothelial mir-126 and other micrornas in type 2 diabetes. Circ Res. 
2010;107:810–7.

 118. Shantikumar S, Caporali A, Emanueli C. Role of micrornas in diabetes and its cardiovascular 
complications. Cardiovasc Res. 2012;93:583–93.

 119. Lim LP, Lau NC, Garrett-Engele P, Grimson A, Schelter JM, Castle J, et  al. Microarray 
analysis shows that some micrornas downregulate large numbers of target mRNAs. Nature. 
2005;433:769–73.

 120. Wang S, Aurora AB, Johnson BA, Qi X, McAnally J, Hill JA, et al. The endothelial-specific 
microrna mir-126 governs vascular integrity and angiogenesis. Dev Cell. 2008;15:261–71.

 121. Zampetaki A, Willeit P, Drozdov I, Kiechl S, Mayr M. Profiling of circulating micrornas: 
from single biomarkers to re-wired networks. Cardiovasc Res. 2012;93:555–62.

P. Venkat et al.



191

 122. Long G, Wang F, Li H, Yin Z, Sandip C, Lou Y, et al. Circulating mir-30a, mir-126 and let-7b 
as biomarker for ischemic stroke in humans. BMC Neurol. 2013;13:1–10.

 123. Fish JE, Santoro MM, Morton SU, Yu S, Yeh RF, Wythe JD, et al. Mir-126 regulates angio-
genic signaling and vascular integrity. Dev Cell. 2008;15:272–84.

 124. Cui C, Ye X, Chopp M, Venkat P, Zacharek A, Yan T, et al. Mir-145 regulates diabetes-bone 
marrow stromal cell-induced neurorestorative effects in diabetes stroke rats. Stem Cells 
Transl Med. 2016;26:2015–0349.

 125. Altintas O, Ozgen Altintas M, Kumas M, Asil T. Neuroprotective effect of ischemic pre-
conditioning via modulating the expression of cerebral miRNAs against transient cerebral 
ischemia in diabetic rats. Neurol Res. 2016;38:1003–11.

 126. Zhao W, Zhao S-P, Zhao Y-H. Microrna-143/-145 in cardiovascular diseases. Biomed Res Int. 
2015;2015:9.

 127. Jordan SD, Kruger M, Willmes DM, Redemann N, Wunderlich FT, Bronneke HS, et  al. 
Obesity-induced overexpression of mirna-143 inhibits insulin-stimulated Akt activation and 
impairs glucose metabolism. Nat Cell Biol. 2011;13:434–46.

 128. Jia L, Hao F, Wang W, Qu Y. Circulating mir-145 is associated with plasma high-sensitivity 
c-reactive protein in acute ischemic stroke patients. Cell Biochem Funct. 2015;33:314–9.

 129. Weiss JBW, Eisenhardt SU, Stark GB, Bode C, Moser M, Grundmann S.  Micrornas in 
ischemia- reperfusion injury. Am J Cardiovasc Dis. 2012;2:237–47.

 130. Dharap A, Bowen K, Place R, Li LC, Vemuganti R. Transient focal ischemia induces extensive 
temporal changes in rat cerebral micrornaome. J Cereb Blood Flow Metab. 2009;29:675–87.

 131. Climent M, Quintavalle M, Miragoli M, Chen J, Condorelli G, Elia L. Tgfbeta triggers mir- 
143/145 transfer from smooth muscle cells to endothelial cells, thereby modulating vessel 
stabilization. Circ Res. 2015;116:1753–64.

 132. Krupinski J, Kaluza J, Kumar P, Kumar S, Wang JM. Role of angiogenesis in patients with 
cerebral ischemic stroke. Stroke. 1994;25:1794–8.

 133. Zhu T, Song J, Hamblin MH, Chen YE, Yin K-J. Abstract 145: mir-15a/16-1 mediates blood- 
brain barrier dysfunction in ischemic stroke. Stroke. 2016;47:A145.

 134. Yin K-J, Hamblin M, Zhang J, Zhu T, Chen YE. Abstract tp117: mir-15a/16-1 cluster inhibits 
angiogenesis in mouse after ischemic stroke. Stroke. 2013;44:ATP117.

 135. Willeit P, Zampetaki A, Dudek K, Kaudewitz D, King A, Kirkby NS, et  al. Circulating 
micrornas as novel biomarkers for platelet activation. Circ Res. 2013;112:595–600.

 136. Fang Z, He Q-W, Li Q, Chen X-L, Baral S, Jin H-J, et al. Microrna-150 regulates blood–
brain barrier permeability via tie-2 after permanent middle cerebral artery occlusion in rats. 
FASEB J. 2016;30:2097.

 137. Zhang R, Chopp M, Roberts C, Teng H, Wei M, Zhang L, et  al. Abstract 49: deletion of 
miRNA 17-92 in cerebral endothelial cells induces disruption of bbb. Stroke. 2014;45:A49.

 138. T-y L, J-y L. Increased expression of mir-34a-5p and clinical association in acute ischemic 
stroke patients and in a rat model. Med Sci Monit. 2016;22:2950–5.

 139. Bukeirat M, Sarkar SN, Hu H, Quintana DD, Simpkins JW, Ren X. Mir-34a regulates blood–
brain barrier permeability and mitochondrial function by targeting cytochrome c. J Cereb 
Blood Flow Metab. 2016;36:387–92.

 140. Nunez Lopez YO, Garufi G, Seyhan AA. Altered levels of circulating cytokines and micrornas 
in lean and obese individuals with prediabetes and type 2 diabetes. Mol Biosyst. 2016;13:106.

 141. Wang C, Wan S, Yang T, Niu D, Zhang A, Yang C, et  al. Increased serum micrornas are 
closely associated with the presence of microvascular complications in type 2 diabetes mel-
litus. Sci Rep. 2016;6:20032.

 142. Peng G, Yuan Y, Wu S, He F, Hu Y, Luo B. Microrna let-7e is a potential circulating bio-
marker of acute stage ischemic stroke. Transl Stroke Res. 2015;6:437–45.

 143. Sun J, Wang F, Ling Z, Yu X, Chen W, Li H, et al. Clostridium butyricum attenuates cerebral 
ischemia/reperfusion injury in diabetic mice via modulation of gut microbiota. Brain Res. 
2016;1642:180–8.

11 Ischemia/Reperfusion Damage in Diabetic Stroke



192

 144. Bercik P, Collins SM, Verdu EF. Microbes and the gut-brain axis. Neurogastroenterol Motil. 
2012;24:405–13.

 145. Benakis C, Brea D, Caballero S, Faraco G, Moore J, Murphy M, et al. Commensal microbiota 
affects ischemic stroke outcome by regulating intestinal γδt cells. Nat Med. 2016;22:516–23.

 146. Singh V, Roth S, Llovera G, Sadler R, Garzetti D, Stecher B, et  al. Microbiota dysbiosis 
controls the neuroinflammatory response after stroke. J Neurosci. 2016;36:7428–40.

 147. Yin J, Liao SX, He Y, Wang S, Xia GH, Liu FT, et  al. Dysbiosis of gut microbiota with 
reduced trimethylamine-n-oxide level in patients with large-artery atherosclerotic stroke or 
transient ischemic attack. J Am Heart Assoc. 2015;4:pii: e002699.

 148. Karlsson FH, Tremaroli V, Nookaew I, Bergstrom G, Behre CJ, Fagerberg B, et  al. Gut 
metagenome in European women with normal, impaired and diabetic glucose control. 
Nature. 2013;498:99–103.

 149. Yamashiro K, Tanaka R, Urabe T, Ueno Y, Yamashiro Y, Nomoto K, et  al. Gut dysbiosis 
is associated with metabolism and systemic inflammation in patients with ischemic stroke. 
PLoS One. 2017;12:e0171521.

 150. Le Chatelier E, Nielsen T, Qin J, Prifti E, Hildebrand F, Falony G, et al. Richness of human 
gut microbiome correlates with metabolic markers. Nature. 2013;500:541–6.

 151. Qin J, Li Y, Cai Z, Li S, Zhu J, Zhang F, et al. A metagenome-wide association study of gut 
microbiota in type 2 diabetes. Nature. 2012;490:55–60.

 152. Sato J, Kanazawa A, Ikeda F, Yoshihara T, Goto H, Abe H, et al. Gut dysbiosis and detec-
tion of “live gut bacteria” in blood of Japanese patients with type 2 diabetes. Diabetes Care. 
2014;37:2343–50.

 153. Winek K, Engel O, Koduah P, Heimesaat MM, Fischer A, Bereswill S, et al. Depletion of 
cultivatable gut microbiota by broad-spectrum antibiotic pretreatment worsens outcome after 
murine stroke. Stroke. 2016;47:1354–63.

P. Venkat et al.



193© Springer International Publishing AG, part of Springer Nature 2018 
W. Jiang et al. (eds.), Cerebral Ischemic Reperfusion Injuries (CIRI), Springer Series  
in Translational Stroke Research, https://doi.org/10.1007/978-3-319-90194-7_12

Chapter 12
Current Understanding of Pathology 
and Therapeutic Status for CADASIL

Suning Ping and Li-Ru Zhao

Abstract Recently, it has been drawn an increased attention on a hereditary form 
of stroke and vascular dementia named cerebral autosomal dominant arteriopathy 
with subcortical infarcts and leukoencephalopathy (CADASIL). Because of poor 
understanding of the pathogenesis of this disease, the treatment that specifically 
delay or stop the pathological progression of CADASIL has not yet been devel-
oped. This chapter provides an update on CADASIL research. The pathological 
features and possible molecular mechanisms of CADASIL are outlined, the 
involvement of vascular endothelial cells in pathological progression of CADASIL 
is introduced, and emerging studies in treatment research for CADASIL is reviewed 
and discussed.
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N3TMIC NOTCH3 transmembrane intracellular domain
SCF Stem cell factor
VSMCs Vascular smooth muscle cells

1  Introduction

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leuko-
encephalopathy (CADASIL) is a hereditary cerebral small vascular disease. 
CADASIL has been recognized as the leading cause of vascular cognitive 
impairment and a major contributor to inherited stroke in adults [1]. CADASIL 
primarily affects the pial arteries, smaller penetrating arteries and arterioles, 
and it is characterized by progressive damage and loss of vascular smooth mus-
cle cells (VSMCs) from the media [2]. Mutations in the NOTCH3 gene encod-
ing the Notch3 receptor have been identified as the cause of this disease [3]. 
Since the diagnostic approach for genetic identification of NOTCH3 gene 
mutation was established in 2000 [4], the number of reported and diagnosed 
cases has been increased rapidly within recent years. It remains poorly under-
stood, however, how the mutant NOTCH3 gene leads to structural and func-
tional impairments in the cerebral VSMCs. There is currently lack of specific 
treatment that can stop or delay the progression of CADASIL. Recently, numer-
ous studies have been conducted to explore possible pathological processes and 
putative treatment for restricting the progression of CADASIL. Here, we pro-
vide an overview of CADASIL, including the discovery of CADASIL and cur-
rent understanding of the genetics, biochemistry, clinical features, and 
pathological changes for this inherited small vascular disease. Finally, the sta-
tus of clinical managements and preclinical research for developing therapeutic 
interventions are summarized and discussed.

2  History

The first CADASIL case can be traced back to 1955. It was reported as “heredi-
tary Binswanger’s disease” by Bogaert [5]. This case was later verified as 
CADASIL by genetic analysis of old tissue samples. Until 1990s, the linkage 
of CADASIL to chromosome 19 was identified in 1993 by Tournier and cowork-
ers [6], and later in 1996 the causative gene defects of NOTCH3 on 19p13 was 
discovered by Joutel and colleagues [3]. This discovery was a breakthrough in 
the research of CADASIL and offered solid foundations for the diagnosis and 
understanding of this inherited small vascular disease.
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3  Molecular Genetics

CADASIL is an autosomal dominantly inherited disease with strong-stereotyped 
mutations in the NOTCH3 gene. Most individuals with CADASIL have a parent or 
first-degree relatives with similar symptoms. However, there are still a few patients 
with de novo mutations [4, 7, 8]. NOTCH3 gene has 33 exons, which encode Notch3 
receptor comprising 2321 amino acids. Notch3 is initially synthesized as a full 
length precursor, which comprises a large extracellular domain containing 34 epi-
dermal growth factor-like repeats (EGFrs), a single transmembrane domain and an 
intracellular domain containing seven ankyrin repeats flanked by two nuclear local-
ization. After being proteolytically cleaved, the mature heterodimeric transmem-
brane receptor forms. The mature receptor consists of an N-terminal extracellular 
domain (N3ECD, 210 kDa) and a transmembrane intracellular domain (N3TMIC, 
97 kDa), which is non-covalently attached to the N3ECD [9, 10].

The pathological mutations are all located in exons 2–24 in the N3ECD, which 
are prominently clustered in exons3 and 4 encoding EGFrs2-5. Most of the muta-
tions (>95%) are missense mutations that cause substitution in the cysteine sequence, 
while there are still splice site mutation or small in-frame deletions [5]. Remarkably, 
all these mutations lead to the odd number of cysteine residues in the EGFrs, which 
appears to be crucial in the pathogenesis of CADASIL [1]. However, recently, 
increasing clinical reports have shown that patients with CADASIL clinical features 
carry a non-cysteine mutation in NOTCH3 [11–13]. The relationship between 
CADASIL syndromes with non-cysteine mutation, however, still remains unclear.

According to the characteristics of the Notch3 mutation, genetic sequence of 23 
exons of NOTCH3 has become the gold standard for diagnosis of 
CADASIL. Screening of the 2–24 exons that encode the 34 EGFrs shows a 100% 
specificity and sensitivity to detect the odd number of cysteine residues. This genetic 
test provides a diagnostic tool for CADASIL. It has been revealed that this test is 
useful to identify CADASIL for the patients having a characteristic clinical syn-
drome and neuroimaging features, particularly when the patients have no hyperten-
sion or there is a positive family history [14].

4  Clinical Syndromes and Neuroimaging Features

The major clinical syndromes of CADASIL include migraine with aura, recurrent 
ischemic strokes, mood disturbance and apathy, and cognitive decline and demen-
tia. Migraine with aura (MA) is presented in almost half of patients. It is generally 
the first clinical manifestation and not associated with the severity of this disease. 
The peak age of MA onset is between 16 and 30 years in women and between 31 
and 40  years in men [15]. Recurrent ischemic strokes affect more than 85% 
CADASIL patients. It is the most common manifestation, while the age of the first 
stroke varies between individuals. The youngest ever reported was only 11 years 
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old [16], and the oldest patient was almost 70 years old [17]. Mood disturbance and 
apathy are found in nearly 50% patients. Patients with CADASIL generally present 
apathy in elder age. Clinical studies have shown that there is a significant associa-
tion between apathy and a lower score of overall quality of life or a higher load of 
white matter and lacunar lesions [18]. A reduction of cortical surface rather than 
thickness has been found to be related to the apathy in CADASIL patients [19]. 
Cognitive decline and dementia are the second most frequent clinical features of 
CADASIL. The earliest sign in most cases is the impairments in executive function 
and processing speed. Nearly all patients after 50 years have cognitive decline and 
dementia. The manifestation can appear in isolation, while they mostly occur in 
succession. Overall, CADASIL is a severe medical condition, which especially 
affects young and middle-aged adults [20, 21].

Magnetic resonance imaging is one of the best approaches to detect subcortical 
infarcts and leukoencephalopathy. The earliest and most frequent abnormalities are 
the areas of increased signal on T2 weighted imaging or fluid attenuated inversion 
recovery. With the progression of this disease, the abnormalities become more dif-
fused and mostly occur in the specific external capsule and the anterior part of the 
temporal lobes. These abnormalities are highly suggestive of CADASIL. Lacunar 
infarcts appeared on T1 weighted images occur later in life. The lacunar infarcts 
also have diagnostic value for CADASIL [22].

5  Pathology

In accordance with the image findings, macroscopic examinations of the brain 
show the typical features of chronic small artery disease. There are diffused lesions 
in hemispheric white matter. Multiple small lacunar infarcts are found predomi-
nantly in the white matter and deep grey matter as well as in the brain stem. In some 
cases, micro-bleeds are reported in occipital lobe, showing an atypical image in 
CADASIL [23]. In the cortex, which was thought to be unaffected, there is also 
widespread neuronal apoptosis [24].

Microscopic and ultrastructural investigations show a specific arteriopathy affect-
ing mainly the small penetrating cerebral and leptomeningeal arteries. The arteriopa-
thy is characterized by a thickening of arterial wall, especially in small arteries from 
cerebral white matter. Fibrous connective tissues around the arteries accumulate in 
tunica adventitia, resulting in lumen stenosis or complete obliteration [25]. The 
VSMCs have predominant morphological alterations and these cells eventually degen-
erate from the vessel wall [1]. The non-amyloid granular osmiophilic materials 
(GOM), the specific ultrastructural pathological feature of CADASIL, are located 
extracellularly and close to the cell surface of smooth muscle cells and pericytes [26]. 
Besides, GOM deposits can be detected in arteries of many other organs. In clinics, the 
presence of GOM found by electron microscopy in skin biopsy samples has become 
one of the diagnostic tests for CADASIL [27]. However, because the availability for 
electron microscopy examination is limited,  immunohistochemical demonstration of 
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N3ECD accumulations is proffered as an alternative. In the brain, N3ECD deposits 
have been observed in the tunica media of cortical arteries. This pathological feature 
may indicate the progression of CADASIL at presympomatic stage. At advanced 
stages, N3ECD are also found on veins and capillaries in the white matter and grey 
matter together with leptomeningeal arteries [28].

6  Pathogenesis

Numerous studies have shown that significant decreases in the cerebral blood flow in 
the white matter [29, 30] with impaired glucose metabolism [30] occur in the brains 
of CADASIL patients, suggesting chronic subcortical ischemia in CADASIL. The 
impaired cerebral hemodynamics has been proposed to be the results of both struc-
tural and functional changes in brain arteries. In the white matter, the unequivocal 
arteriolar stenosis and the formation of vascular occlusion or thrombosis are most 
likely the dominant causes of the ischemic lesions. Besides, as the arterioles are 
thickened and covered by the increased fibrotic walls, even if they are not stenosis, 
there is still a risk of occurring infarction. Due to the vascular fibrosis and degenera-
tion of the VSMCs, these arterioles are gradually losing their compliance and auto-
regulation. Emerging functional studies have indicated that delayed increases of 
blood flow response to vasodilation stimulus happen in CADASIL patients [31–34].

Moreover, in CADASIL, the blood brain barrier is multifocal impaired because 
of the common appearance of multiple microbleeds. Generally, CADASIL has been 
considered as a smooth muscle cell-related disease, the endothelial cells should be 
spared from this disease. However, recent studies in both CADASIL patients and 
transgenic mouse models have demonstrated that the abnormal changes of endothe-
lial cells are involved in the pathogenesis of CADASIL. To track bone marrow- 
derived cells, the bone marrow cells isolated from UBC-GFP mice are transplanted 
to CADASIL transgenic mice. After the reconstitution of the hematopoietic system, 
the CADASIL mice are sacrificed for determining bone marrow-derived cells in the 
brain. Through this experiment, we have noted that the transplanted bone marrow- 
derived cells (GFP positive cells) coexpress endothelial marker (CD31) in the brain 
capillaries, suggesting that they are bone marrow-derived endothelial cells. In addi-
tion, some capillaries are infilled by the bone marrow-derived cells (GFP positive 
cells). Through confocal imaging, these infilled bone marrow-derived cells are iden-
tified as the thrombosis occluding the capillaries (Fig. 12.1). These findings suggest 
that the thrombosis may be a result of the impairment of the endothelium. Many 
other researchers have also observed similar findings of endothelium impairment in 
CADASIL. It has been reported the endothelial dysfunction with impaired vasore-
activity in CADASIL patients [31, 33]. Using mouse models of CADASIL, emerg-
ing evidence has shown that the pericyte pathology leads to the endothelial 
dysfunction and impairments of blood brain barrier [35, 36]. Together, both clinical 
and preclinical studies have demonstrated that degeneration and dysfunction not 
only occur in the VSMCs but it also happens in the endothelial cells in the condition 
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of CADASIL. The mechanisms as to how both VSMCs and endothelial cells are 
involved in the pathogenesis of CADASIL, however, remain unclear.

Since Joutel and coworkers reported the NOTCH3 mutation as the causative gene 
defects of CADASIL syndrome in 1996, a great effort has been made to understand 
the pathological progression of CADASIL. Over the past two decades, many studies 
have been done to characterize the pathological changes in both CADASIL patients 
and animal models. However, it still remains to be elucidated as to how mutations in 
NOTCH3 lead to the disorder of the cerebral vascular system. NOTCH3 is one of the 
four Notch receptors, which are present in most multicellular organisms. Notch sig-
naling pathway plays a central role in the development. Expression studies have 
shown that Notch3 is predominantly expressed in the VSMCs, especially in small 
arteries [37]. The full length Notch3 is synthesized as a single polypeptide chain 
precursor, which undergoes constitutive proteolytic processing and forms a mature 
heterodimeric receptor. The Notch3 receptor consists of an N-terminal extracellular 
subunit and a C-terminal transmembrane subunit. Once the Notch3 receptor is acti-
vated, the Notch3 intracellular domain is released and translocated into the nucleus 
where interacting with the transcription factor RBP-Jk and co-activators [38]. 
CADASIL-related Notch3 mutations cause N3ECD  accumulation around VSMCs 
and pericytes of brain arteries and capillaries. However, no N3TMIC aggregation has 

Fig. 12.1 Confocal images of the cerebral capillaries in CADASIL mice. The bone marrow of 
CADASIL mice is replaced with the bone marrow of UBC-GPF transgenic mice for tracking bone 
marrow-derived cells. The brains of CADASIL mice (~22 months old) are collected and then cut 
into 30 μm thick sections. The brain sections are processed for immunofluorescence staining. 
CD31 (red): endothelial marker for visualizing the distribution of capillaries; GFP (green): bone 
marrow-derived cells; DAPI: nuclear counterstain. (a, e) the general view of one of the capillaries 
in 3 dimensional (3D) images. (b, c, f, g) Z-stack scanning images display the occluded capillaries 
by GFP positive bone marrow-derived cells. Note that the cross section of the vessel is filled with 
GFP positive cells, suggesting that the bone marrow-derived blood cells occlude the capillaries. (d, 
h) the 3D images showing the cross sections of capillaries. Note that this part of the capillary is 
co-expressing of endothelial cells marker (CD31) and GFP, suggesting that the endothelial cells of 
the capillary are derived from the transplanted bone marrow cells
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been found in CADASIL. Studies using reporter gene assays in cultured cells have 
demonstrated that CADASIL-associated Notch3 mutant alleles can activate RBP-Jk 
transcription at wild type levels [39]. Thus, an abnormal function of the aggregated 
mutant N3ECD protein in protein-protein interaction is a likely mechanism for 
pathogenesis of CADASIL. As a result of accumulation of GOM surrounding the 
VSMCs, the pathological interaction between endothelial cells and VSMCs may also 
be involved in the pathogenesis of CADSIL (see schematic summary in Fig. 12.2).

7  Treatment

At present, there is no proven effective treatment for CADASIL; only symptomatic 
therapy is available. No smoking is recommended for all CADASIL patients [5]. If 
migraine with aura once happens, the treatment is to give the classical migraine 

Fig. 12.2 Possible pathogenesis in the progression of CADASIL disease. CADASIL is character-
ized by the degeneration of vascular smooth muscle cells (VSMCs) in small-to-middle-sized cere-
bral arteries. The main cause for this arterial pathology is the mutation of Notch3 extracellular 
domain (ΔNECD3). Both clinical and preclinical studies have demonstrated that dysfunction and 
degeneration occur not only in VSMCs but also in endothelial cells in the condition of CADASIL; 
however, the mechanisms as to how both VSMCs and endothelial cells are involved in the patho-
genesis of CADASIL still remain unclear. We hypothesize that the mutant NECD3 and the toxic 
NECD3 accumulation not only lead to the VSMCs degeneration, but they also trigger pathological 
cascades of Jag1/ΔNECD3 and DLL/ΔNECD3 signaling, which finally cause the injuries of endo-
thelial cells (ECs) in the cerebral arteries. The dysfunctions of ECs may result in the destructions 
and opening of the blood–brain barrier (BBB), leading to the thrombosis formation and infiltration 
of immune cells to the brain parenchymal. During the injuries, the repair processes are also occur-
ring in the cerebral arteries. The injured ECs are replaced by bone marrow-derived endothelial 
progenitor cells (EPCs), making the repair of injured-vessels possible. More studies need to be 
applied to further examine the hypothesis and search for the therapeutic strategies to restrict the 
pathological progression of CADSIL
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drugs, while ergotamines and triptans are not recommended due to their vasocon-
strictory effects [40]. Prevention of ischemic attacks is similar to usual prevention 
approach for non-cardioembolic ischemic stroke. However, anticoagulants and anti-
aggregants have been demonstrated to have no positive effects on CADASIL, 
because of the increased risk of intracerebral haemorrhage [41]. In hypercholester-
olaemia patients, statins are suggested because of their well-established preventive 
effects in vascular diseases [5].

There are a few studies to explore therapeutic strategies for CADASIL. Using a 
transgenic mouse model of CADASIL, our research group has demonstrated the 
efficacy of two hematopoietic growth factors, stem cell factor (SCF) and granulo-
cyte colony stimulating factor (G-CSF), in restricting pathological progression of 
CADASIL.  Our findings have revealed that SCF in combination with G-CSF 
(SCF+G-CSF) improves spatial learning and memory in the mice carrying human 
Notch3 mutant genes (CADASIL mice). In addition, SCF+G-CSF also increases 
angiogenesis and neurogenesis, restricts CADASIL-associated degeneration of 
VSMCs in small arteries and pathological changes in cerebral endothelial cells, and 
inhibits neural progenitor cell loss and cerebral apoptosis in CADASIL mice [42]. 
These findings suggest that SCF+G-CSF treatment restricts the pathological pro-
gression of CADASIL. Using the approach of gene therapy, other researchers have 
explored the possibility of interfering CADASIL pathological progression by pre-
venting the expression of mutated pathogenic allele of Notch3. Rutten and col-
leagues [43] have proposed a model for a selection of exon skip in hoping to develop 
a new approach to treat CADASIL. In their in vitro study using CADASIL patient- 
derived cerebral VSMCs, mutant Notch3 exons were specifically skipped without 
mRNA transcription and protein expression, while this approach appeared to have 
no destruction in the structure and function of Notch3. They hypothesized that the 
exclusion of the mutant EGFr domain from Notch3 could abolish the detrimental 
effect of the unpaired cysteine and prevent toxic Notch3 accumulation. However, 
this hypothesis has not yet been examined in vivo. Clearly, before performing clini-
cal trials for these putative therapeutic approaches, much work still needs to be done 
at the preclinical level for clarifying the mechanisms underlying the therapeutic 
effectiveness of these treatments and to address safety concerns for gene therapy in 
animal models of CADASIL.

8  Concluding Remarks

During the past two decades, the major breakthrough in CADASIL research is the 
discovery of causative gene and the method for diagnosis of CADASIL. A great 
effort has been made in understanding the pathology of CADASIL. However, the 
pathogenesis of CADASIL still remains unclear. There are many open questions 
that need to be addressed, such as how Notch3 mutation leads to VSMC degenera-
tion, how the Notch3 mutation in the VSMCs causes cerebral endothelial cell 
degeneration, and how these degenerations affect neuron loss and cognitive decline. 
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Developing therapeutic strategies for this devastating disease has just began. More 
efforts should be made in future to investigate the therapeutic interventions for 
slowing the pathological progression of CADASIL.
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Chapter 13
Blood Pressure and Cerebral Ischemic 
Reperfusion Injury

Weijian Jiang, Chen Li, Mohamad Orabi, and Wuwei Feng

Abstract Recanalization and reperfusion injury in ischemic stroke patients casts 
shadows on current stroke management. The potential mechanisms of reperfusion 
injury remain obscure and need further investigation. This article summarized sev-
eral clinically important mechanisms and especially discussed a potential role of 
blood pressure control in reperfusion injury.

Keywords Stroke · Blood · Pressure · Reperfusion

1  Introduction

Acute treatment of an ischemic stroke depends on the restoration of blood flow in 
a small treatment window, to reverse the damage to the penumbral tissue using 
intravenous alteplase and/or mechanical thrombectomy. Ischemic penumbra has 
been defined as severely hypoperfused, nonfunctional, but still viable tissue sur-
rounding the irreversibly infarct core. The efficiency of reperfusion depends on 
severity and duration of ischemia. While reperfusion can improve the functional 
outcome for some patients, however; others have acute deterioration of ischemic 
brain tissue that parallels and antagonizes the benefit of restoring perfusion known 
as “Cerebral Ischemic Reperfusion Injury (CIRI)” or “Cerebral Hyperperfusion 
Syndrome (CHS).” The term CHS has often been used interchangeably with 
“Cerebral Reperfusion Injury”. Sometimes the latter term is more appropriate to 
describe the pathogenesis of patients who have acute deterioration of ischemic 
brain tissue after restoring perfusion. Patients with perfusion increase of >100% 
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compared with the baseline after recanalization therapy are more likely to have this 
situation [1]. Clinically, patients presented with throbbing severe ipsilateral head-
ache (typically frontotemporal or periorbital, but sometimes diffuse headache, eye 
and face pain), nausea and vomit, visual disturbance and even altered mental status. 
Seizures (focal or generalized type), focal neurological deficits, and intracerebral 
or subarachnoid hemorrhage can also occur.

The pathophysiology of CIRI is a result of a complex series of events at molecu-
lar and cellular levels due to activation of immune system, complement, platelets 
and coagulation cascade [2]. Additional consequences of reperfusion injury include 
disruption of blood brain barrier and the loss of cerebral autoregulation as result of 
further damage from ischemia and reperfusion.

This chapter focuses on the epidemiology of CIRI, the relationship between 
blood pressure, cerebral autoregulation and reperfusion injury. This is followed by 
a discussion on prevention and treatment of CIRI. In the end, we will highlight the 
research direction on such topic.

2  Epidemiology of Cerebral Ischemic Reperfusion Injury 
(CIRI) and Cerebral Hyperperfusion Syndrome (CHS)

Van Mook et al. reviewed the incidence of CHS and found it varied widely from 
0.2% to 18.9% depending on the definition of CHS, sample size, and inclusion 
criteria of the cohort [1]. Nevertheless, most studies reported CHS occurs no more 
than 3.0%. It can occur anytime in the first 28 days after carotid endarterectomy 
or stenting; several studies reported the onset of CHS could be within several 
hours to a couple of days after the procedure. In most studies, patients with CHS 
had evidence of hyperperfusion increasing 100% from the baseline to the post-
procedure, such as CEA [1].

Ogasawara et al. investigated and compared the rate of intracranial hemorrhage 
(ICH) associated with CHS between patients undergoing CEA and those whom 
having CAS [3]. In the subgroup of patients undergoing CEA, the incidence of CHS 
was 1.9%, with 0.4% experiencing ICH. In those patients undergoing CAS, the inci-
dence of CHS was 1.1%, with 0.7% suffering ICH. Similar findings were seen by 
Moulakakis et al. where the incidence of CHS after CEA was estimated to at 1.9%, 
with ICH of 0.37% [3].

CIRI refers to the injury that occurs to the ischemic brain tissue that abolishes the 
benefit of restoring perfusion, regardless how the reperfusion happened—spontane-
ous recanalization, alteplase or mechanical thrombectomy.

Recanalization following vessel occlusion can result in three outcomes. In a sub-
set of patients, both recanalization and reperfusion successfully lead to tissue sal-
vage and functional recovery. On the other side, recanalization can result in 
no-reflow phenomenon which refers to a state of “successful mechanical recanaliza-
tion but with no flow restoration to the ischemic tissue” which has been reported 
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post-recanalization of myocardial ischemic tissue. In addition, recanalization may 
lead to reperfusion injury.

3  Cerebral Autoregulation

Cerebral perfusion pressure values are determined via the equation (CPP = MAP 
− ICP), where MAP is the mean arterial pressure and is equal to 1/3 of pulse pres-
sure plus the diastolic pressure. Cerebral blood flow (CBF) depends on cerebral 
perfusion pressure and vascular resistance. It equals to cerebral perfusion pressure 
divided by cerebrovascular resistance (CBF = CPP/CVR). CVR is influenced by the 
diameter of intracranial arteries and blood viscosity. In normal circumstances, CBF 
stays constant across a wide range of CPP values by the mechanism called “cerebro-
vascular autoregulation”. In another word, CVR decrease as CPP decrease, and vice 
versa. It is an energy-dependent process that occurs at the arteriolar level requiring 
adenosine triphosphate (ATP) within the vessel wall to either constrict or dilate. In 
the setting of acute brain injury, such as, ischemic stroke or hemorrhagic stroke, 
cerebral autoregulation can be dysfunctional—CBF changes linearly passive to 
CPP values [4]. This linear relationship between CPP and CBF poses a challenge to 
stroke patients as CBF may drop below the critical ischemic threshold of 
20 mL/100 g/min. In 1968, Waltz et al. first described the impact of changes in sys-
temic blood pressure on CBF in the ischemic and non-ischemic cortex in a cat 
MCAO stroke model, they hypothesized that cerebral autoregulation cerebral was 
impaired in the setting of induced ischemia [5].

Because the arteries in the brain cannot sustain prolonged vasoconstriction after 
an injury, the upper limit of the autoregulation will be lost eventually. When this 
occurs, an appearance of “sausage stringing”—an alternating pattern of dilated arte-
rial segments with focal regions of constriction, can be observed on the DSA. The 
dilated segments are regions of passive dilatation while the constricted segments are 
regions of sustained autoregulation. Further increase in CPP leads to an expansion 
along the full length of the arterioles with subsequent increase in CBF. Unfortunately, 
this situation is always accompanied by cerebrovascular endothelium damages as 
well as blood–brain barrier disruptions, which can cause extravasation of plasma 
proteins through the vessel wall with resultant tissue edema [6].

The upper and lower limits of autoregulation can be changeable. They depend on 
both physiological stimuli and disease states [7]. Activation of the sympathetic 
nerves can make an upward shift of both the lower and upper limits. It is a poten-
tially protective response as a result of sympathetic activation. The upward shift of 
both the lower and upper limits (right-shifted autoregulatory curve) in patients with 
chronic hypertension allows them to better tolerate higher blood pressures before 
the upward breakout happens [8]. However, this protective response could have a 
detrimental effect if ischemia occurs at a relatively lower blood pressure state. The 
downward shift of both the lower and upper limits (normally left-shifted autoregula-
tory curve) typically occurs in children. It means that children can be easily at risk 
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of the upward breakout of the autoregulation at lower MAP than adults. As a result, 
children are more vulnerable to hypertensive encephalopathy [9, 10].

4  Pathophysiology of Hyperperfusion

The pathophysiology of CIRI is not entirely clear. Several mechanisms may contrib-
ute to the pathophysiology of hyperperfusion and CIRI, such as molecular mecha-
nisms of leukocyte, platelet-mediated reperfusion injury and complement-mediated 
reperfusion injury [11]. However, Muhammad U. Farooq et al. consider that dys-
regulation of the cerebral vascular system and hypertension play a significant role in 
increasing CBF [2].

First, endothelial dysfunction mediated by free oxygen radicals can result in 
impaired autoregulation in traumatic brain injury, ischemic stroke, or severe steno-
sis or occlusion of cerebral arteries [12]. It is reported that patients with impaired 
cerebral autoregulation are sensitive to fluctuations of CPP [13]. Jorgensen et al. 
found that mean flow velocities of the ipsilateral middle cerebral artery (MCA) are 
pressure dependent. Cerebral blow velocity returns to normal if arterial pressure 
after CEA is reduced patient symptoms can resolve accordingly [14]. Similarly, a 
breakthrough in cerebral autoregulation can cause rapid increase in CPP which 
leads to hypertensive encephalopathy. This suggests CIRI, CHS, hypertensive 
urgency and hypertension emergency may share the common pathway [15]. 
Bernstein and colleagues performed an autopsy on a succumbed patient from CIRI, 
they presumed that the chronic cerebral ischemia distal to the high-grade stenotic 
carotid artery led to chronic vasodilatation, loss of autoregulation, and an absence 
of arterial vasoconstriction to protect the capillary bed [16]. Nitric oxide is a possi-
ble mediator of impaired autoregulation in CIRI as it can cause vasodilatation and 
increase the permeability of cerebral vessels [17]. Free radicals can induce damage 
to the cerebrovascular endothelium and result in postoperative hyperperfusion. 
Pretreatment a free-radical scavenger (edaravone) was shown to reduce the occur-
rence of CHS after CEA (16.0% vs. 2.0%; p = 0.031) in a proof-of-concept study 
led by Ogasawara et al. [18].

Secondly, baroreceptor-reflex breakdown may also be associated with the devel-
opment of CIRI. The baroreceptor-reflex buffers acute fluctuations in arterial blood 
pressure. Baroreceptor-reflex can disappear after receptor denervation, an infre-
quent adverse event from CEA [19]. Uncontrolled hypertension in the setting of 
baroreceptor-reflex breakdown can impair cerebral autoregulation and increase 
cerebral perfusion.

Finally, an axon reflex-like trigeminovascular reflex has also been implicated in 
the pathophysiology of CHS [20]. The trigeminovascular system has a cerebropro-
tective mechanism which bring the vascular tone back to the baseline level after 
exposure to multiple vasoconstrictors. The possible mechanism likely involves with 
the release and increase of vasoactive neuropeptides in cerebral blood system. Its 
response can be attenuated by trigeminal ganglionectomy [20, 21].
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5  Hypertension and CIRI

Several conditions can predispose stroke patients for CIRI or CHS [3, 22–27]. 
Cerebral vascular reserve reduction, postoperative hypertension, and hyperperfu-
sion lasting a few hours to several days after recanalization therapy seem to be the 
critical risk factors [3, 22–27]. In animal experiments of the effects of hypertension 
on cerebral and mesenteric vessels [28], Byrom et  al. first proposed that acutely 
increased perfusion pressures produced excessive vasoconstriction of the cerebral 
vasculature that resulted in ischemia and cytotoxic edema in the borderzone between 
arterial territories [28].

Hyperperfusion encephalopathy is an acute to the subacute phenomenon which 
result from several days of exposure to increased systemic pressures or cerebral 
perfusion pressures. However, several researchers found that vascular remodeling in 
chronic hypertension maybe protective against cerebral hyperperfusion [29]. 
Chronic hypertension-related vascular pathology typically manifests as an increased 
arterial wall thickness and a decreased intraluminal diameter as a result of lipohya-
linosis. Additionally, chronic hypertension can result in fibrinoid necrosis and 
microaneurysms in small terminal arteries [30]. A sudden, acute elevation of blood 
pressure in these patients could result in a lacunar infarction or hematoma in the 
vascular territories of these end arteries (i.e. basal ganglia, thalamus, centrum semi-
ovale and the pons). It has recently been reported that chronic essential hypertension 
is accompanied with a reduction of NO synthesis in the vascular endothelium [31].

The underlying mechanisms for CBF autoregulation in the human are not entirely 
understood. The traditional view is a combination of neurogenic, myogenic, and 
metabolic factors [6]. Recently, “NO” has been perceived as another critical compo-
nent. Several animal studies showed that autoregulation is still preserved after sym-
pathetic and parasympathetic denervation. This phenomenon suggests that 
neurogenic factors are likely not of primary importance [32]. Different hypotheses 
provide divergent interpretations. The myogenic hypothesis states that smooth mus-
cle in the resistance arteries directly responds to alterations in perfusion pressure by 
contracting muscles during “the pressure increase” and relaxing muscles during 
“the pressure decrease”. The metabolic hypothesis declares that reductions in CBF 
induce the release of vasoactive substances including carbon dioxide, hydrogen 
ions, oxygen, adenosine, potassium and calcium, from the brain which subsequently 
stimulates the dilatation of cerebral resistance arteries.

If the intracranial vessels fail to adequately compensate for the rapid increases 
in blood pressure, the cerebral autoregulation will be impaired eventually. Cerebral 
autoregulation in response to the changes in systemic blood pressure is believed to 
occur predominantly at the level of the small capillary and arteriole which has 
both myogenic and neurogenic components [33]. However, it appears that purely 
myogenic autoregulation, the mechanism whereby increased intravascular pres-
sure results in depolarization of vascular smooth muscle and vasoconstriction, 
plays a relatively minor role in controlling CBF at a higher systemic blood pres-
sures [34, 35]. Myogenic autoregulation occurs in the smaller arterioles, and it 
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appears to be primarily responsible for cerebral autoregulation at systemic blood 
pressures at the upper level of normal physiologic ranges [35]. Autoregulation at 
systemic blood pressures exceeding the limits of myogenic autoregulation is 
likely to be mediated at the level of the large arteriole by perivascular sympathetic 
autonomic nerves in the adventitia of the vascular wall [33]. Furthermore, immu-
nohistochemical study has shown a regional variability in the innervation of cere-
bral arteries. The vertebrobasilar system, particularly the vessels supplying the 
occipital lobe, possess sparse sympathetic innervation and are therefore less well 
protected than the remainder of the brain [36].

6  Hypertension, Cerebral Hyperperfusion, and CIRI

Neal et al. found that if intravascular pressures raise to the point just below what 
required to cause the rupture of the capillary wall, the permeability of the endothe-
lium increased strikingly, [37] Fluid leaks through the capillary wall actively to 
relieve the intravascular pressures preventing hematoma from occurring. This fluid 
accumulation is not cytotoxic or vasogenic edema but better termed “hydrostatic 
edema,” because the etiology of this condition is fluid dynamics.

Another mechanism involved in the pathogenesis of CIRI is the pressure exerted 
on the blood-brain barrier (BBB) with hypertension [38]. The BBB is susceptible to 
hypertensive urgency. During the hypertension urgency, elevated intraluminal pres-
sure induces spontaneous vascular stress to BBB, and as a result, the BBB permea-
bility increase. Endothelial structure and function modifies after long of exposure to 
chronic hypertension, several vasoactive substances (cytokines, endothelin, nitric 
oxide and reactive oxygen species) were released to compromise vascular tone and 
BBB permeability that leads to “vasogenic edema” [38]. Wardlaw et al. investigated 
the integrity of BBB in patients with recent lacunar infarct [39]. They found that 
more leakage of intravenous gadolinium in the white matter of 51 patients with 
lacunar infarcts than the 46 patients with cortical infarcts [39]. This study showed 
that BBB hyperpermeability coupled with dysfunctional endothelium did exist in 
patients with small vessel disease.

7  Blood Pressure Control and Prevention of CIRI

Early recognition of CHS/CIRI is important as it may be reversed at an super early 
stage. Given that the implication of hypertension in CIRI/CHS, restricted blood 
pressure control has been proposed. As a matter of fact, it is widely adopted in the 
clinical practice, especially in the postoperative phase to prevent CIRI. The accom-
panying therapies include treatment of cerebral edema with osmotic agents and 
anticonvulsant agent for seizure. However, there are no definitive guidelines for the 
target blood pressure in CIRI patients and how long blood pressure needs to be 

W. Jiang et al.



211

controlled [1, 16, 40–42]. The target BP level and the extent of BP reduction have 
no consensus, but the lowering of BP by ~10/5 mm Hg can bring demonstrable 
benefits [43]. Such evidence still need to be formally established from carefully 
designed clinical trial.

8  Choice of Antihypertensive Agents

Again, there has been no guideline for antihypertensive therapy to prevent CIRI or 
CHS. Theoretically, drugs without direct effects on cerebral blood flow could be 
advantageous [1].

The β1-adrenergic antagonists (metoprolol) frequently are used to control blood 
pressure in patients with brain injury because it can reduce arterial blood pressure 
with little effect on the intracranial pressure within the autoregulatory range [44]. 
After CEA, the mixed-adrenergic antagonist and α-adrenergic antagonist (labetalol) 
are widely used to prevent CHS [14]. In general, they can decreases the CPP and 
MAP about 30% lower than the baseline without any effects on CBF [45]. Clonidine, 
a central-acting sympatholytic agent, is also used to control blood pressure after 
recanalization therapy for acute ischemic stroke [46]. It is an α2-adrenergic agonist 
which results in vasorelaxation with subsequent decreases in arterial blood pressure, 
heart rate and cardiac output. Direct vasodilators (nitroprusside or glycerol trini-
trate) and calcium antagonists (amlodipine) are contraindicated [23, 44].

9  Summary

Cerebral Ischemic Reperfusion Injury (CIRI), similar to Cerebral Hyperperfusion 
Syndrome (CHS) has been observed in acute ischemic stroke patients after recana-
lization therapy and is associated with poor outcomes. Hypertension and impaired 
cerebral autoregulation have been implicated in the pathophysiological process 
although the exact mechanisms remain unclear. Restricted blood pressure control 
has been proposed and widely used in the clinical practice to prevent CIRI despite 
the fact that it has not been systematically investigated and is lacking evidence from 
well-design clinical trials. This highlights the tremendous needs for further investi-
gations in such topic.
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Chapter 14
Collateral Circulation and Cerebral 
Reperfusion After Ischemic Stroke

Qinghai Huang, Wanling Wen, Myles McCrary, and Ling Wei

Abstract As treatment of acute ischemic stroke embraces its age of reperfusion 
therapy, it has become increasingly evident that cerebral collateral circulation in 
tissue injury development at early stage of brain ischemia is of great importance. 
This article presents some clinical, anatomic and physiological findings on cerebral 
collaterals and unsolved problems as well, aiming to provide an overview of cere-
bral collaterals as a promising diagnostic and therapeutic target of reperfusion injury 
for both clinicians and translational medicine researchers.

Keywords Ischemic stroke · Collateral circulation · Reperfusion

1  The Collateral Circulation and Cerebral Ischemia/
Reperfusion in Acute Ischemic Stroke (AIS)

The progression of brain tissue damage after artery occlusion is inversely cor-
related to the amount of residual blood flow. Cerebral collateral circulation 
refers to the subsidiary network of vascular channels that stabilize cerebral 
blood flow when a principal conduit fails [1]. The cerebral vessel network is 
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complex and consists of plexuses of cortical arteries, arterioles, penetrating 
arterioles, capillaries, venules, and veins. The connections at the Circle of Willis 
and anastomoses between terminals of major artery trees (for example, the lep-
tomeningeal and pial anastomoses) ensure the penetrating arterioles can be 
sourced rapidly by blood flow from other regions when occlusions take place. 
While the hemodynamics of collaterals and their relationship to tissue perfusion 
has not been fully explored, the compensatory effect is evident for their signifi-
cant role in stroke prognosis, infarct progression, and tissue fate after reperfu-
sion in acute ischemic stroke (AIS) ascribed to large artery occlusion [2]. The 
cerebral ischemic reperfusion injury (CIRI) is associated with extent and dura-
tion of primary ischemic insult [3–6].

1.1  Collateral Circulation and Stroke Severity

The amount of collateral circulation is related to functional outcomes in the natural 
history of anterior circulation large artery occlusion. In a prospective study of 126 
untreated patients with anterior circulation large artery occlusion, Lima et al. [7] 
found that the pattern of leptomeningeal collaterals assessed by conventional CT 
angiograms (CTA) were independent predictors of good clinical outcome on 
6 months follow up (odds ratio, 2.37 [95% CI, 1.08–5.20]). In another study, Seyman 
et al. [8] found that the compensatory ability of collaterals in AIS patients (<12 h) is 
inversely correlated with final cortical infarct volume and long term modified 
Rankin Scale (mRS) score. A post-hoc analysis of data from the Warfarin-Aspirin 
Symptomatic Intracranial Disease (WASID) study also revealed increased risk of 
ischemic stroke in patients with poorer collaterals (HR  =  4.78, CI 1.55–14.7, 
p = 0.002). However, the absolute relationship between collateral grade, baseline 
severity, and infarction volume remains controversial. For instance, in one study 
involving AIS patients who underwent emergent endovascular treatment, there was 
no significant association between collateral grade and pretreatment infarct volume 
or National Institutes of Health Stroke Scale (NIHSS) score [9–11]. In another 
study which enrolled 60 patients with anterior circulation AIS (<12 h), there was no 
difference in the rate of good functional outcomes in patients with poor or good col-
laterals after reperfusion [12]. These conflicting studies suggest the significance of 
collateral grade on stroke severity may be time-dependent, or might rely on whether 
reperfusion is achieved.

1.2  Collateral Circulation and Infarct Progression

How does collateral grade affect infarction expansion? Cheripelli et al. [13] exam-
ined the collateral state and penumbra volume of 144 AIS patients within 6 h of 
stroke onset. The patients were grouped according to duration from stroke onset to 
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brain imaging time. While little significant association between penumbra volume 
over time in patients with good collaterals was found, there was a trend towards 
reduction in penumbra proportion among those with poor collaterals [13]. This sug-
gests that targeting the salvageable penumbra region may provide greater benefits 
for patients with poor collaterals. Collateral quality is strongly correlated with the 
rate of penumbra tissue loss during the early stages of stroke progression. Jung et al. 
[11] collected data from 44 AIS patients with M1 or M2 occlusion and calculated 
the rate of penumbra tissue loss using sequent MRI images. In patients who were 
successfully reperfused (without complication), there was a strong association 
between collateral quality and total penumbral tissue loss. Patients with poor col-
laterals (grade 0) lost 27% of their penumbral tissue, while patients with grade 1 lost 
only 11%, and patients with good collaterals actually saw an increase in their pen-
umbra volume (−2% loss). Likewise, the rates of penumbral tissue loss were also 
associated with collateral quality. They concluded that rich collaterals can remark-
ably slow penumbra tissue loss and potentially extend the therapeutic window for 
reperfusion treatment [11]. This is supported by evidence linking residual blood 
flow and oxygen metabolism/extraction to the ability to salvage hypo-perfused 
brain tissue after infarction [14]. Using positron emission tomography studies in a 
swine model, Sakoh et  al. showed that animals subjected to only mild hypo- 
perfusion showed no oxygen-metabolism deficiencies within 6 h, while moderately 
and severely ischemic tissues lost viability after only 3 and 1 h, respectively [14].

1.3  Collateral Circulation and Tissue Fate 
Following Reperfusion

Our understanding of the significance of cerebral collateral circulation has grown 
due to the increasing prevalence of reperfusion therapy following acute ischemic 
stroke. The benefits of reperfusion are magnified in patients with good collater-
als. A meta-analysis of 2652 subjects who received endovascular reperfusion 
showed that patients with good collaterals had higher rates of favorable out-
comes, reduced risks of peri-procedural symptomatic intracranial hemorrhage, 
and reduced 3 month mortality compared to patients with poor collaterals [15]. 
Another study showed that poor collateral circulation is a predictor of malignant 
infarction after reperfusion therapy [16]. In a study involving a cohort of 207 AIS 
patients with M1 occlusion that received endovascular treatment within 8 h, a 
shorter onset-to-reperfusion time was significantly associated with higher rate of 
favorable outcomes in those with poor collaterals, but the difference was not 
significant in the group with good collaterals [17]. Taken together, these studies 
suggest that patients with good collaterals appear to have a longer time window 
for reperfusion therapy, and those with poor collaterals were more likely to have 
dramatic reversion of functional outcome after prompt reperfusion [12]. 
Importantly, the beneficial effects of collateral blood flow are only prominent in 
patients who achieve reperfusion [18].
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1.4  Collateral Blood Flow and Recovery

Collateralization and neovascularization are also very important to recovery after 
ischemic stroke. Post-stroke angiogenesis is a recognized phenomenon that occurs 
in effort to maintain long-term tissue remodeling and homeostasis [19]. In a rodent 
model of ischemic stroke, Wei et al. showed that establishment of collaterals after 
stroke was integral to functional recovery [20]. Arteriogenesis and angiogenesis in 
the penumbra region can facilitate later neurogenesis and likely plays a role in neu-
roplasticity [19, 21]. Methods and treatments to promote vascularization after stroke 
are being explored.

2  The Anatomic and Functional Variability of Collateral 
Circulation

2.1  Anatomic Features and Regulatory Mechanisms 
of Collaterals

The anatomic variation of the Circle of Willis and the number and diameter of the 
leptomeningeal anastomoses (LMAs) can vary substantially between individuals [1]. 
These differences are primarily determined by genetics, however, vessel remodeling 
and extent of collateralization can be influenced by shear stress, chronic ischemia, 
metabolic disorders, aging, and other factors [22–25]. Genetics may play a signifi-
cant role in determining variability in collateral circulation. Variations in native 
LMAs exist between different mouse strains and are correlated to extent of ischemic 
injury induced by permanent focal ischemia [26, 27]. Recently, the Faber lab identi-
fied the gene at the locus determinant of collateral extent 1 (Dce1/Candq1, chromo-
some 7) is related to the number and diameter of collaterals in mice, and also to the 
severity of ischemic injury after experimental infarction [23, 28–30]. Kao et al. con-
firmed the role of the Dce1 locus in the evolution of brain infarction in mice using 
multimodal MRI [31]. They found that mice with collateral-rich genetic backgrounds 
had reduced perfusion-deficits volumes, smaller infarct volumes at 5 h after occlu-
sion, and smaller lesion volumes at 24  h compared to genetically collateral- poor 
mice [31]. In a follow up study, they found that the variations in the gene Rabep2 
(Rab GTPase-effector binding protein 2) are responsible for these phenotypes. 
Rabep2 is involved in VEGF-A/VEGFR2 signaling and plays a significant role in 
collaterogenesis during embryonic development, and subsequently, is a key player in 
collateral extent in adult mice [29]. In a registry study of 206 M1 ± ICA occluded 
patients, metabolic syndrome (OR 3.22 95% CI 1.69–6.15, p < 0.001), hyperurice-
mia (per 1 mg/dl OR 1.35 95% CI 1.12–1.62, p < 0.01), and older age (per 10 years, 
OR 1.34 95% CI 1.02–1.77, p = 0.03) were independent predictors of poor lepto-
meningeal collateral status at baseline [24]. Another report showed that the com-
pleteness of the ipsilateral posterior Circle of Willis and glucose levels at admission 
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are predictive of LA quality, which implies that both congenital and acquired factors 
are involved in the quality of LMAs [32]. Chan et al. explored the reactivity of LMAs 
in rats. They showed that LMAs from rats with spontaneous hypertension were vaso-
constrictive and had impaired vasodilatory responses [33]. This provides evidence 
suggesting targeting LMAs may be a viable strategy to improve collateral circulation 
in AIS, at least in patients with chronic hypertension (Table 14.1).

Table 14.1 Useful mouse strains for studying collateral arteries

Mouse strain Features Representative images

Tie2- GFP Tie2-GFP 
labels 
endothelial cells 
in nearly all 
stages of 
development 
[34, 35]

Tie2-GFP mouse embryo illustrating arteries throughout the 
body. Image modified from Motoike et al. [34]

α-SMA- GFP α-SMA-GFP 
labels α-smooth 
muscle actin in 
vascular smooth 
muscle for 
visualization of 
arteries and 
arterioles

Increased diameter of ipsilateral collaterals was shown 21 days 
after stroke in mice

BALB/c Greatly reduced 
number of 
collaterals, 
reduced 
collateral 
diameters, 
fewer 
anastomoses, 
lower perfusion 
after hindlimb 
ligation [26]. 
Causal gene 
identified to be 
Rabep2 [29]

Fluorescent arteriogram of the pial circulation in C57BL6 (left) 
versus BALB/c mice (right) demonstrates marked reduction in 
collaterals noted by red arrows [26]. Image modified from 
Chalothorn et al. [26]

14 Collateral Circulation and Cerebral Reperfusion After Ischemic Stroke



220

2.2  The Dynamic Pattern of Collateral Circulation during AIS

The leptomeningeal collateral channels are believed to be recruited immediately 
after AIS due to the formation of a pressure gradient caused by arterial occlusion. 
However, collateral flow can be highly variable in the hours, days, and weeks after 
stroke. A number of studies have highlighted changes in collateral circulation pat-
terns and their relevance to outcomes in acute stroke patients. In a study including 
patients who did not undergo reperfusion 3–5 days after AIS, Campbell et all showed 
that deterioration in collateral quality is associated with infarct growth [36]. Using 
laser speckle imaging, Wang et  al. described three kinds of dynamic changes in 
leptomeningeal arteriole flow after middle cerebral artery occlusion: persistent 
LMAs, impermanent LMAs, and transient LMAs [37]. Persistent LMAs were pat-
ent observable over 3 h, while impermanent LOs diminished after 90–150 min, and 
transient LMAs that were no longer observable after 90  min. Importantly, these 
dynamic changes in collateral circulation were correlated to changes in regional 
blood flow. An early study in monkeys by Meyer et al. found that after MCA occlu-
sion, collateral flow can fluctuate to meet the metabolic needs of the ischemic tissue; 
however the collateral flow is variable, and eventually stabilizes after ~2 weeks [38]. 
Some proposed mechanisms of collateral collapse include blood pressure reduction, 
dysfunction of auto-regulation, collateral vessel thrombosis, and venous steal. While 
collateral failure is known to be associated with infarct progression, it is unsure 
whether the effect is causative. These studies suggest that targeting collateral flow 
during the initial stages of AIS may be a viable therapeutic strategy.

3  Assessment of Cerebral Collaterals

Multiple imaging modalities are available for the evaluation of cerebral collateral 
circulation for acute ischemic stroke. The advantages and disadvantages of each 
modality are reviewed elsewhere [39–42]. Briefly, digital subtraction angiography 
(DSA) stands out for its high spatial and temporal resolution and is considered by 
many to be the gold standard for collateral assessment in acute ischemic stroke [39]. 
However, DSA has many major drawbacks. First, it is invasive. Second, not all 
sources of collateral flow may be visualized by a single injection, which can lead to 
collateral underestimation. Furthermore, exposure time may not be long enough to 
present the entire course of contrast in the region affected by ischemia. Finally, the 
total area perfused and the corresponding calculated hemodynamic parameters can 
be affected by the pressure and rate of contrast injection.

Computational tomography (CT) angiography is one of the most frequently 
applied imaging modalities for evaluating vessels in both clinical trials and in 
practice. The advantages of using CT angiography for acute ischemic stroke 
include wide availability, short acquisition time, and a linear correlation between 
contrast concentration and regional blood flow to estimate perfusion. Single-phase 

Q. Huang et al.



221

CT angiography has limited capabilities for the assessment of collaterals since the 
delayed flow from the leptomeningeal anastomoses is underestimated [43]. Multi-
phase CT angiography is more capable of providing the temporal resolution 
needed to assess collateral status (Fig. 14.1). Four dimensional (time-invariant) 
CT angiography provides even more resolution than multi-phase CT angiography 
and may be a useful alternative to digital subtraction angiography for clinical 
assessment of collateral flow (Fig. 14.2).

Traditional magnetic resonance imaging (MRI) techniques are of limited use for 
evaluating collateral flow due to their low spatial resolution and their reduced sen-
sitivity to impeded blood flow. Fluid-attenuated inversion recovery (FLAIR) imag-
ing may be used to visualize distal hyperintense vessels in acute ischemic stroke 
patients, however, their significance is not fully clarified. The presence of distal 
hyperintense vessels may be associated with smaller final infarct volumes and bet-
ter clinical outcomes [45]. Other advanced imaging techniques such as contrast 
enhanced MR angiography and arterial spin labeling may also have a space in 

Fig. 14.1 Multiphasic CT angiography demonstrating the extent of collateral blood flow. Flow 
from good collaterals can be seen as early as non-occluded blood flow on the contralateral side. 
Intermediate collateral flow peaks later, but can be as abundant. Poor collaterals show weak vessel 
filling in all phases. (Source: Menon et al. Radiology, 2015 [43])
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evaluating collateral flow in the setting of acute ischemic stroke. The minutia of 
these methods are reviewed by Raymond et al. [42].

3.1  Using Collateral Parameters to Guide the Treatment 
of AIS Patients

The American Society of Interventional and Therapeutic Neuroradiology (ASITN/
ISR) collateral grading system has related collateral features to clinical outcomes, and 
can be used as a guide for clinical decision making for endovascular treatment in AIS 
patients [46]. Parameters of primary importance to grading collateral flow include the 
abundance of collaterals, their rate of filling, and total area they cover [47, 48]. One 
issue in standardizing the assessment of collateral status is that most scales are quali-
tative. This may create difficulties in comparing vessel assessments. Wen et al. [49] 
and Kawano et al. [48] have used time-intensity curve data from digital subtraction 
angiography and CT angiography to empirically quantify collateral status. Specifically, 

Fig. 14.2 Single phase (S) and time-invariant CT angiography with temporally fused maximum 
intensity projection (TI) images demonstrating the leptomeningeal collateral flow (white arrow) of 
two patients with right middle cerebral artery occlusion. (Source: d’Esterre et al. Stroke, 2017 [44])
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they utilized peak contrast density, filling velocity, and contrast time delay to predict 
clinical outcomes. Future quantitative studies on leptomeningeal hemodynamics are 
expected. Collateral status has become a potential parameter for patient selection of 
reperfusion therapy [50, 51]. Ribo et al. showed that good pial collateral circulation 
predicts a better clinical response to intra- arterial treatment beyond a 5-h treatment 
window [50]. A survey of clinical trials by Ginsberg et al. suggested that collateral 
circulation is a critical determinant of both stroke severity and of clinical improve-
ment, and that the expanded neuroprotection conferred by good collaterals should be 
considered in guiding reperfusion therapy [51].

3.2  The Relation of Vein Hemodynamics to Collateral Status 
in AIS

Collateral status after arterial collusion can also be reflected in the pattern of delayed 
cortical or deep vein contrast filling. The asymmetric appearance of veins on 
dynamic CT angiography can predict poor collateral flow and negative clinical out-
comes in AIS patients [52, 53]. Delayed late-venous phase cortical vein filling was 
associated with collateral quality by assessment of dynamic CT angiography [54]. 
Despite these findings, the importance of vein hemodynamics and their relevance to 
collateral circulation in AIS patients is not fully understood.

4  Collaterals as Therapeutic Targets—Evidence 
and Concerns

The viability of cerebral collateral flow after acute proximal artery occlusion illus-
trates the possibility of enhancing collateral enhancement as a therapeutic strategy 
to preserve tissue before reperfusion. Such methods would effectively convert what 
would be ischemic core tissue into salvageable penumbral tissue. Are there safe and 
effective ways to augment collateral flow in such a short window? How fast can 
leptomeningeal anastamoses remodel to accommodate sufficient collateral flow? Is 
it possible to develop and enhance collateral channels in individuals at high risk for 
ischemic stroke?

4.1  Blood Pressure (BP)

Blood pressure is an important regulator of collateral flow. Early work by Meyer 
et  al. found that the major cortical collateral circulation requires a minimum of 
80–85 mmHg in an experimental MCAO model [55]. Below this pressure, the major 
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collateral branches from the anterior cerebral artery fail to dilate after MCAO. It is 
generally accepted that very low blood pressure is harmful in acute ischemic stroke, 
and that low BP may even warrant careful inotropic support [56]. However, the pos-
sibility of drug-induced hypertension for alleviating ischemic injury via enhancing 
collateral circulation is still under debate. This is due to the association of hyperten-
sion with infarct progression and hemorrhagic transformation, although this is 
mainly in patients with chronic hypertension [57, 58]. Some animal studies show 
potential benefits of inducing hypertension and subsequently improving collateral 
flow. For example, Shin et al. found that hypertensive therapy can drastically reduce 
infarct volume (48%) if given during the duration of ischemia [59]. They also 
showed that hypertensive therapy led to increased blood flow, oxyhemoglobin con-
centrations, and cerebral metabolic rate in both the core and penumbra regions. 
Future research is needed to find strategies to balance the potential benefits of hyper-
tension-enhanced collateral flow in acute ischemic stroke with the serious risks.

4.2  Head Position

A meta-analysis of upright (head position at 30°) versus flat positioning for isch-
emic stroke patients revealed that blood flow velocity can be increased in side of the 
brain affected by ischemic stroke in patients lying flat [60]. However, the clinical 
relevance of this finding is unknown. A cluster randomized multicenter clinical trial 
has been initiated to investigate this question [61].

4.3  Partial Aortic Occlusion

Partial occlusion of the descending aorta can increase flow through the common 
carotids and improve brain perfusion [62]. Interestingly, this treatment can lead to a 
persistent increase in cerebral blood flow. This hemodynamic phenomenon is not 
fully understood. Some possible explanations include shunting of blood from the 
splanchnic reserve, and increased pLMAsma epinephrine/norepinephrine [62–64]. 
A pilot study has been implemented to test the feasibility of partial aortic occlusion 
in the clinic [65].

4.4  High-Dose Albumin

High-dose albumin treatment may be a useful method to increase collateral circula-
tion after stroke. In rodent models, intravenous administration of 25% albumin after 
focal transient ischemia was found to increase regional blood flow, reverse stagna-
tion and thrombosis, and decrease corpuscular adherence within cortical venules 
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during the reperfusion phase [66]. DeFazio et  al. further revealed that high-dose 
albumin can double collateral perfusion in mice with sparse collateralization [67]. 
Contrarily, there are no benefits associated with both isovolemic or hypervolemic 
hemodilution therapy [68]. Unfortunately, a pilot clinical trial testing high-dose 
albumin treatment for AIS was stopped prematurely due to lack of efficacy [69]. For 
this phase 3 clinical trial, 25% albumin was administered within 5 h after stroke for 
patients with a baseline NIHSS score of 6 or greater. There appeared to be an enrich-
ment in adverse effects such as pulmonary edema and intracranial hemorrhage in 
the albumin treatment arm. Future studies are needed to clarify the potential role of 
high-dose albumin therapy for acute ischemic stroke.

4.5  Sphenopalatine Ganglion Stimulation

The nervous system plays a key role in regulating cerebral blood flow. Parasympathetic 
innervation arises from the superior salivatory nucleus via the sphenopalatine and 
otic ganglia to provide vasodilatory responses to the anterior cerebral circulation. In 
animal models, stimulation of the sphenopalatine ganglion can result in an immedi-
ate vasodilatory response in the ipsilateral cerebral vessels to increase cortical blood 
flow by ~40% [70, 71]. Parasympathetic stimulation and the subsequent vasodila-
tion may be useful for the treatment of stroke. To test this possibility, a clinical trial 
has been initiated, but the results have not yet been reported [72].

4.6  Vasoactive Agents

Myogenic tone at the leptomeningeal anastomoses (LMAs) and penetrating arteri-
oles significantly contributes to vessel resistance and blood flow to the cortex. The 
LMAs are presumed to be the bottleneck for collateral cerebral blood flow, however, 
most studies have focused on the vasoactive responses of the parenchymal and pen-
etrating arterioles near or at the area of ischemia. Previous work by Meyer et al. 
showed that collateral vessels were responsive to intrinsic vasoactive agents such as 
oxygen, carbon dioxide, and acidic metabolites in the setting of focal cerebral isch-
emia. Little is known about the mechanisms behind LA regulation and their respon-
siveness to vasoactive agents. Chan et al. investigated the vasoactive properties of 
leptomeningeal arteries ex  vivo. The LMAs in hypertensive rodents were less 
responsive to pressure changes and vasodilatory stimuli after focal ischemic stroke 
than normal, which leads to a greater perfusion deficit [33]. Additionally, Chan’s 
work suggested that the perivascular innervation may play a role in dictating the 
LMA dilatory response, and may be a potential therapeutic target.

Nitric oxide (NO) is also a promising candidate for the treatment of acute isch-
emic stroke. Numerous preclinical experiments in both permanent and transient isch-
emic models have illustrated that treatment with NO donors can improve cerebral 
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perfusion [73]. Terpolilli et al. showed that inhaled NO can selectively dilate both 
arterioles and veins in the ischemic brain without significantly affecting the normal 
tissue to promote penumbral perfusion and reduce infarct volume in sheep [74].

As with other neuroprotective strategies that are struggling to move from bench 
to bedside, it is paramount to address the issues that prevent collateral enhancement 
therapy for AIS from translating to the clinic. One such effort was performed by 
Beretta et al. [77]. In a preclinical rodent model, they investigated four different 
‘collateral therapeutics’, including phenylephrine to induce hypertension, polygel-
ine to increase intravascular volume load, acetazolamide to promote cerebral arte-
riolar vasodilation, and head down tilt (HDT) to encourage cerebral blood flow. 
They attributed the highest efficacy and safety profile to the HDT group. Despite 
these positive findings in rodent models, a recent clinical trial found no significant 
difference between treatment groups for AIS patients (Table  14.2) [76]. Despite 
these results, there is still ample room for the discovery and translation of therapies 
which enhance collateral circulation. As a whole, preclinical studies suggest that 

Table 14.2 Published clinical trials on collateral enhancement therapy for the treatment of acute 
ischemic stroke

Trial title Intervention
Year 
published Inclusion criteria

Effects on 
collateral 
flow Primary result

ENOS [75] Glyceryl 
Trinitrate

2016 Randomized ischemic 
or hemorrhagic stroke 
patients within 48 h 
after ictus

Perfusion 
not 
affected

Safe but not 
effective in 
improving 
functional 
outcomes

ALIAS 
[69]

25% albumin 
intravenous 
administration

2013 NIHSS > 6; able to 
treat within 5 h; i.v. 
tPA or other 
intra-arterial 
treatments were 
permitted

Not 
evaluated

No difference 
between groups; 
increased risk of 
intracranial 
hemorrhage and 
pulmonary 
edema

SENTIS 
[65]

Partial aortic 
occlusion

2011 Symptomatic AIS 
patients; device could 
be implanted within 
14 h; patients who 
received i.v. tPA or 
other intra-arterial 
treatment were 
excluded

Not 
evaluated

Safe but not 
effective in 
improving 
functional 
outcomes

HeadPoST 
[61, 76]

Head position 2017 Clinical diagnosis of 
acute stroke, 
including 
intracerebral 
hemorrhage; excluded 
if head position could 
not be maintained

Not 
evaluated

Safe but not 
effective in 
improving 
functional 
outcomes
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augmenting collateral blood flow after acute ischemic stroke remains a promising 
therapeutic target to preserve the penumbra and alleviate ischemic reperfusion 
injury, particularly in the early stages of AIS management. More effort is needed 
clarify how these findings can be applied successfully to stroke patients.
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Chapter 15
Controlled Reperfusion Against Ischemia 
Reperfusion Injury

Weijian Jiang, Jin Lv, Ying-Ying Zhang, and Kai Wang

Abstract Recanalization and reperfusion after an ischemic stroke sometimes could 
be harmful and deadly, and controlled perfusion may be a potential solution. This 
article summarized controlled perfusion literature, both animal and clinical, on 
heart, lung, kidney, and limbs and compared with brain controlled perfusion. 
Apparently more studies are needed to investigate if controlled perfusion may pro-
vide beneficial effects to stroke patients.

Keywords Recanalization · Stroke · Perfusion · Peripheral organs

1  Introduction

Timely blood flow restoration into ischemic tissue is the primary treatment of acute 
arterial occlusion diseases. However, the restoration sometimes may lead to serious 
ischemia reperfusion injury (IRI), an intractable problem or a dilemma characterized 
by a cascade of deleterious inflammatory responses and cell death in variety of con-
ditions such as myocardial infarction, ischemic stroke and solid organ transplanta-
tion. With the understanding of IRI, controlled reperfusion concept was recently 
proposed as its protection against the IRI was demonstrated in the most of experi-
mental studies. The controlled reperfusion includes perfusate composition- controlled 
one (i.e. ionic content, nutrients and acid-base balance) and physics condition-con-
trolled one (i.e. pressure, flow and temperature). Both may be very promising reper-
fusion strategies because of easy implementation in clinical recanalization practices 
once their clinical net benefits were confirmed. The condition- controlled reperfusion 
was also termed by other names in several earlier studies, for example, gentle, grad-
ual, ramped, progressive and staged reperfusion [1, 2]. It is worth mentioning that 
ischemic conditioning, including pre-, peri- and post-conditioning, is a well-known 
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protection strategy for acute ischemia. However, there is a bit of difference in the 
status of target tissue aimed at by ischemic conditioning and controlled reperfusion. 
The former mainly aims at ischemia tissue in the territory of occluded artery to alle-
viate ischemia insult, and the latter at reperfusion tissue in the territory of recanalized 
artery to mitigate IRI [3, 4]. In this chapter, we will unify the terminology of con-
trolled reperfusion and review its application in heart, lung, limb, kidney and brain.

2  Controlled Reperfusion of Heart/Myocardium

Timely blood flow restoration of ischemic myocardium is the primary treatment of 
acute myocardial infarction (AMI). However, a rapid restoration with uncontrolled 
flow rates and pressures sometimes may exacerbate myocardium damage, known as 
myocardial IRI [5].

In 1981, Follette et al. [6] firstly reported that modified reperfusate with enriched 
ionic content and hyperosmolarity significantly reduced the IRI after 1 h of isch-
emic arrest with canine left ventricular hypothermia. Furthermore, with the use of 
dog model undergoing left anterior descending (LAD) coronary occlusion, Allen 
and colleagues [7] demonstrated that substrate-enriched blood cardioplegic reperfu-
sion alleviated reversible damage and recover cardiac contractile function even after 
up to 6 h of ischemia. Similar protective effects of composition-controlled reperfu-
sion were also observed in porcine models of cardiopulmonary bypass [8] and LAD 
coronary occlusion [9].

Leukapheresis of normal blood is also a maneuver of composition-controlled 
reperfusion. Leukocyte depletion significantly inhibited coronary vascular resis-
tance increase induced by reperfusion, and subsequently reduced myocardium dam-
ages and arrhythmias after 2 h of canine LAD coronary occlusion [10]. Perfusion of 
ex vivo hearts of pig with leukocyte-filtered blood also exhibited an effective recov-
ery of cardiac function, as evidenced by reduction of creatine phosphokinase leak-
age and histopathologic injury score, as compared with hearts without ischemia or 
reperfused by normal blood [11]. Moreover, Okazaki et al. [12] demonstrated that 
reperfusion with leukocyte-depleted blood in rabbit model mitigated coronary 
endothelial damages and enhanced recovery of contractile function after 4 h of nor-
mothermic ischemia. In contrast, normal blood reperfusion caused significant endo-
thelium damages and cardiac dysfunction.

Given the critical roles of reactive oxygen species (ROS) in reperfusion injury, 
concept of hypoxemic reperfusion, characterized by reperfusion with lower oxygen 
content or gradual increase of oxygen content, yielded favorable results by limiting 
ROS generation and oxidative damages. Massoudy et al. [13] observed that low 
PO2 reperfusion of 300 mmHg for the first 5 min after 15 min global ischemia of 
isolated guinea pig heart caused a significant improvement of cardiac function. A 
similar study in Wistar rats also demonstrated that reperfusion with more physio-
logical PO2 (500  mmHg) resulted in significantly improved recovery of cardiac 
function,  compared with high PO2 (700 mmHg) [14]. Furthermore, Petrosillo and 
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colleagues [15] showed that protective effect of hypoxic reperfusion was closely 
related to protection of mitochondrial function and subsequent reduction of ROS 
generation.

Pressure and flow-controlled reperfusion were initially studied in canine 
model of acute coronary occlusion. Reperfusion with constant low pressure/flow 
and gradual increase of pressure/flow was generally adopted. In 1986, Yamazaki 
et al. [16] showed that reperfusion in the initial stage at a constant rate of 20 mL/
min with normal blood reduced arrhythmias and accelerated recovery of cardiac 
function. Almost at the same time, Okamoto and colleagues [17] observed the 
same protective effect in the similar experimental model at a constant reperfusion 
rate of 30 mL/min. The protective effect was also confirmed in studies of pig and 
rat models, showing that the constant low-flow reperfusion lessened end-diastolic 
wall thickness [18] and pressure [19], reduced calcium overload [20] and ultra-
structural ischemic damages [21], and improved myocardial function and ener-
getic recovery in post-ischemic myocardium [22]. Specifically, Ferrera [20] and 
Takeo et  al. [19] further demonstrated that the cardioprotection of low-flow 
reperfusion might be contributed to reduction of calcium overload in myocar-
dium, and there was a critical threshold of blood flow in improving both ventricu-
lar function and bioenergetics [22].

Gradual flow-controlled reperfusion had also been extensively investigated in 
various experimental animal models. An exponential augment of flow rate signifi-
cantly reduced myocardial infarct size and endothelial dysfunction in ischemic dog 
and pig hearts after 60–90 min ischemia of LAD artery [23, 24]. Unexpectedly, the 
cardioprotective effect of gradual flow reperfusion in porcine models was found to 
be unrelated to reperfusion injury salvage kinase (RISK) pathway activation, which 
was generally considered to be critical for ischemic conditioning strategy [24]. 
Moreover, gradual reperfusion with stepwise increase of flow rate from 2 to 10 mL/
min/g was also demonstrated to be cardioprotective in porcine models subjected to 
normothermic 25 min ischemia [25]. However, no beneficial effect of the gradual 
flow reperfusion was found on reducing myocardial infarct size in canine models of 
circumflex coronary artery occlusion [26].

Low-pressure reperfusion had a protective effect superior to constant flow 
reperfusion in canine models of LAD artery occlusion [27]. Bopassa and col-
leagues [28, 29] designed a series of exquisite experiments in isolated rats hearts 
exposed to 30 min of ischemia to determine an optimal pressure and duration of 
low-pressure reperfusion and the underlying mechanisms. Low-pressure reperfu-
sion of 70 cmH2O was found to provide a significant cardioprotection immediately 
after normothermic [30] and hypothermic [31] heart ischemia, by activating phos-
phatidylinositol 3-kinase (PI3K) signaling pathway to inhibit mitochondrial per-
meability transition pore (mPTP) opening [32]. Recently, they further demonstrated 
that there still had been the cardioprotective effect even after a delay of 10–20 min 
reperfusion [33].

Reperfusion with gradual pressure increase was also a strategy of pressure- 
controlled one. Ueno et al. [34] observed a significantly better systolic function and 
less interstitial edema after this kind of reperfusion in rabbit model. In hypothermic 
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cardioplegic ischemia of rat hearts, a combination of the reperfusion and slowly 
 rising temperature was also shown to have roles in improving energy preservation 
and reducing mitochondrial injury and myocyte edema [35, 36].

Although the cardioprotection of controlled reperfusion against IRI was well 
documented in animal models, the road from bench to bedside remains long to fin-
ish because of limited convincing clinical trials until now. The only randomized trial 
among 60 patients receiving pressure-controlled reperfusion with 50 and 75 mmHg 
demonstrated no believable benefits of the low-pressure reperfusion after coronary 
artery bypass grafting [37]. Further clinical studies are needed.

3  Controlled Reperfusion of Lung

Pulmonary IRI after lung transplantation is the main cause of graft dysfunction and 
early mortality after transplantation [38, 39]. In 1996, Hopkinson and Bhabra [40, 41] 
reported firstly application of two pressure-controlled reperfusion strategies in pul-
monary injuries in an ex vivo rat lung experimental model. One was gradual increase 
of pressure every 15 min to physiologic level within 60 min [40]. Another one was 
constant pressure of 50% normal level for 5 or 10 min [41]. Both strategies signifi-
cantly reduced pulmonary IRI and improved function of lung grafts, compared with 
normal pressure reperfusion. Moreover, their study showed that the pressure- 
controlled reperfusion reduced endothelial permeability, prevented pulmonary edema 
formation, and provided protection in early phase of lung graft [42]. Using a similar 
rat lung transplant model, Pierre et al. [43] studied flow-controlled reperfusion form 
initial flow rate of 0.4 mL/min up to 4 mL/min with gradual increment of 0.4 mL/min 
per minute. Their results showed an excellent gas exchange and improved oxygen-
ation of ischemic lung with light and electron microscopy. The subsequent experi-
ments in rabbit model of ischemic lung graft also demonstrated the favorable effect of 
pressure-controlled reperfusion as evidenced by prominently attenuated pulmonary 
injury in 4- to 24-h cold preserved lung graft [44, 45]. Moreover, a 30-min pressure-
controlled reperfusion was determined as optimized duration length for 2-h warm 
ischemic lung grafts [46]. Specifically, a combination of gradual increase of flow rate 
of ventilation and reperfusion further provided the more favorable protection of lung 
function and against pulmonary injury [47].

The favorable effect had also been tested in porcine lung experimental model, where 
pressure-controlled reperfusion was found to result in reduction of IRI and improvement 
of pulmonary function as evidenced by improved pulmonary compliance, decreased 
pulmonary vascular resistance and reduced oxidative stress generation [48, 49].

Beneficial effect of composition-controlled reperfusion, such as modified reper-
fusate solution and leukocyte-depleting filter, was also reported in porcine lung 
model, as evidenced by reduction or complete avoidance of lung IRI [49–51]. 
Moreover, a further improvement of benefit was achieved by a combination of 
pressure- controlled reperfusion and additional pharmacological agents (such as 
pentoxifylline) or modified reperfusate solution [48, 49].
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These promising experimental results accelerated clinical transformation in 
human lung transplantation. In 2000, Lick et al. [52] firstly reported that the con-
trolled reperfusion achieved excellent functional results in all of five patients under-
going lung transplantation. Alvarado et al. [53] also provided striking data that the 
controlled reperfusion favored long-term outcomes post transplantation.

In recent years, the controlled reperfusion strategy had also been applied in car-
diopulmonary bypass (CPB) surgery to alleviate pulmonary IRI.  In Rong et  al. 
study [54, 55], ischemic lung was protected by oxygen-controlled reperfusion 
against IRI in early stages through down-regulation of high mobility group box 1 
(HMGB1) and receptor for advanced glycation end products (RAGE) expressions. 
Slottoscha et  al. [56] investigated the protective effects of combination of 
composition- controlled and pressure-controlled reperfusion in porcine CPB model. 
The combination improved pulmonary mechanics and reduced markers of oxidative 
stress, but failed to avoid completely CPB-related lung injury.

4  Controlled Reperfusion of Limbs

Limb is another organ susceptible to severe IRI.  Like ischemic injury in other 
organs, intracellular energy dysmetabolism is the main pathophysiological process 
of tissue ischemia, though permeability and filtration of capillary remain homeosta-
sis for several hours after acute ischemia of limbs. Once reperfusion occurs sud-
denly, a series of catastrophic injuries will be triggered [57].

As early as the 1980s, many researchers considered that ischemic injury of limbs 
was not reversible if extensive and irreversible damages occurred. However, 
Beyersdorf and his colleagues [58] from John Wolfgang Goethe University observed 
some evidences that necrosis of skeletal muscle did not occur a few hours after 
warm ischemia. Until 1991, they demonstrated that condition and composition con-
trolled reperfusion reduced IRI of limbs in a series of studies. Calcium, osmotic, 
amino acids, free-radical scavengers, PH, reperfusion pressure, temperature, and 
duration were all beneficial factors that could be controlled during reperfusion. 
Furthermore, an initial clinical trial in four patients demonstrated the deleterious 
consequence of reperfusion was minimized by the controlled reperfusion strategy.

Condition-controlled reperfusion was one of the most important strategies. In 
2001, Unal et  al. [59] demonstrated that gradual reperfusion reduced neutrophil 
accumulation, superoxide radical occurrence, and tissue infarction in the rat hind 
limb model. Their key step was gradual increase of blood flow rate from 25% to 
100% of pre-ischemic baseline value by adjusting arterial clamp. For a while of 
13 min, the blood-flow was controlled not to be over 1.5 times of the baseline value. 
In 2009, Dick et  al. [60] reported another study with positive result. The initial 
reperfusion flow (0.3  mL/min) and reperfusate (15  °C, ad 1000  IU heparin and 
Ringer’s lactate 1000 mL) were controlled for 20 min after 4 h of complete arterial 
ischemia of rodent limbs. They believed that IRI of limbs could be significantly 
alleviated by modifying initial perfusate and conditions. Single chemical  composition 
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such as recombinant bactericidal/permeability-increasing protein, plasma rich in 
growth factors, polyadenosine diphosphate-ribose polymerase had been shown to be 
beneficial in rat limb reperfusion [61–63].

Recent studies also demonstrated the protective effects of controlled reperfusion 
in Yorkshire swine. Reperfusion of one whole blood to one crystal solution at 
60 mmHg pressure was used in ischemic limbs for 30 min, which yielded a signifi-
cant reduction of oxidative stress and inflammatory response [64]. Another study on 
acute ischemic limbs of pig also showed that a small amount of reperfusate (hyper-
tonic saline 6% dextran 70) significantly reversed ischemia-induced hemodynamics 
abnormality and tissue metabolic disorder [65].

In the past 30 years, most of animal studies had determined the protective effects 
of controlled reperfusion on ischemic limbs. However, there have been no enough 
evidences to support its application in routine clinical practices. Defraigne [66] in 
1997 and Allen [67] in 1998 respectively reported one anecdotal case of successful 
salvage of ischemic limb with the use of perfusate and condition controlled reperfu-
sion, respectively. A case series study of seven patients with severe acute ischemia 
of lower limb showed a good outcome of amputation-free survival. Six of them 
achieved complete recovery after surgical embolectomy and 30 min of controlled 
crystal reperfusion via a simplified perfusion system [68]. In one clinical trial of 
phase I, Walker et al. [69] observed a notably reduction of systemic complications 
in controlled reperfusion arm with the use of specific perfusion devices (pressure 
and flow controlled) and complex component solutions after lower limb revascular-
ization (0/14 vs 5/21), but with no positive significance in leg edema (1/14 vs 5/21) 
and amputation (2/14 vs 1/21) as compared with control arm. In 2013, Heilmann 
et al. [70] reported results of a randomized, open-label and multicenter trial. The 
trial enrolled 174 patients from 14 centers, who were randomly assigned to perform 
thrombembolectomy plus normal blood reperfusion or plus controlled reperfusion 
(crystalline solution mixed with blood at a maximal perfusion pressure of 60 mmHg). 
Unfortunately, amputation-free survival rate was 82.6% in controlled reperfusion 
group and 82.4% in conventional treatment group (p > 0.05).

5  Controlled Reperfusion of Kidney

Renal IRI affects early and long-term survival of renal transplantation. Its potential 
mechanisms include ROS generation during reperfusion, triggering cascades of delete-
rious cellular responses that cause inflammation, cell death, and acute renal failure [71].

In 1996, Haab et al. [72] showed that pressure-controlled reperfusion with the 
use of initial perfusion pressure of renal artery of 60 mmHg for 20 min was benefi-
cial for porcine renal tolerance to ischemia. They believed that it was reasonable 
that the renal protection during cellular damage repair was contributed to oxygen 
distribution, rather than sodium reabsorption.

Blood flow is also an essential factor for reperfusion condition. Durrani et al. [73] 
demonstrated that a gradual increase of blood flow by gradual release of renal artery 
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microclamps after 45 min of renal ischemia mitigated histopathological changes of 
rat kidneys, as compared with a sudden increase of blood flow by immediate release 
of the microclamps. Furthermore, Mancina et  al. [74] showed that pressure-con-
trolled reperfusion, rather than flow-controlled reperfusion, maintained physiologi-
cal and structural integrity of isolated porcine kidney model throughout 1-h 
reperfusion period. These studies suggested that renal ischemic tolerance may be 
induced by controlled reperfusion.

Following the promising animal studies, a series of clinical trials were performed 
on the protective effects of controlled reperfusion in renal graft. In Maathuis et al. 
study [75], reperfusion at 30/20 mmHg pressure significantly improved renal histo-
pathological changes compared with 60/40 mmHg, with detection of less damage to 
proximal tubules, less release of ROS and inflammatory cytokines, and better corti-
cal perfusion. Recently, Wszola et  al. [76] found that renal reperfusion with a 
pressure- driven device during renal transplantation reduced renal resistance during 
reperfusion, shortened duration of delayed graft function (DGF) after renal trans-
plantation, and alleviated incidence of interstial fibrosis and tubular atrophy (IFTA) 
after 1 year of transplantation. However, the protective mechanisms of pressure- 
controlled reperfusion have not yet been fully elucidated, and its clinical application 
should be carefully considered.

Several chemical substances, such as endothelin-A receptor antagonist, CO-releasing 
molecules 3 and erythropoietin, may play roles in the protection against renal IRI. In 
2001, Knoll et al. [77] demonstrated that high doses of endothelin- A receptor antago-
nists accelerated recovery of acute renal failure of ischemia by improvement of renal 
reperfusion of rats. They found that endothelin-A receptor antagonists provided the 
protection only after reperfusion, involving mechanisms of vasoconstriction and free 
oxygen free radicals. In a series of preclinical studies, pretreatment with erythropoietin 
was showed to have protection against renal IRI. Two independent double-blind ran-
domized trials of erythropoietin from Germany and the United States demonstrated the 
protective effects during kidney transplantation [78, 79]. Recently, a meta-analysis 
from China concluded that the pretreatment of high-dose erythropoietin protected 
renal ischemic injury without increasing the susceptibility to adverse events [80]. 
Mechanisms of the renal protection of erythropoietin remain uncertain, which might 
be achieved by reduction of pro-apoptotic Bax protein, induction of heat shock kinase 
B, and prevention of oxidative stress [81].

6  Controlled Reperfusion in Brain

Brain is more vulnerable to ischemic insult than any other organs. Despite the fact 
that restoration of blood flow as quickly as possible is the primary principle for sav-
ing ischemic penumbra in brain, paradoxical cerebral IRI during rapid reperfusion 
may further aggravate cerebral damages with severe clinical consequences [82]. 
The protective efficacy of controlled reperfusion had been extensively documented 
in a variety of experimental settings, such as acute myocardial infarction, ischemic 
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limb and solid organ transplantation. However, there had been few studies on the 
controlled reperfusion of cerebral ischemia, and some conclusions were conflict.

Allen et al. [83] found that component-controlled reperfusion with leukodepleted 
blood significantly reduced cerebral IRI of porcine model subjected to 90 min of 
hypothermic circulatory arrest, as evidenced by less oxygen free radical formation 
and endothelin-1 release. In contrast, another study on 30-min global cerebral isch-
emia of porcine model failed to obtain any protective efficacy after controlled reper-
fusion with leukocyte-filtered blood [84]. Allen et al. [85, 86] developed a porcine 
global brain ischemia model by cross-clamping of the innominate artery and the left 
subclavian artery. They demonstrated that low-pressure controlled reperfusion 
(<50 mmHg), which was protective in other organs, exhibited no beneficial effects 
on the brain after 30 min of global cerebral ischemia. However, pulsatile-flow con-
trolled reperfusion in the same model significantly improved neurological recovery 
and reduced infarct size [87]. In addition, Munakata et  al. [88] tested protective 
efficacy of low-flow controlled reperfusion in global brain ischemia model of 
canine. They observed a significant reduction of brain edema and apoptosis in low- 
flow reperfusion animals. Gao and colleagues [89] also demonstrated the neuropro-
tective effects of flow-controlled reperfusion in local cerebral ischemia of rat with 
common carotid artery and distal middle cerebral artery (CCA/dMCA) occlusion, 
of which cerebral blood flow was allowed to recover gradually from 25% to 100% 
of the baseline through sequential release of bilateral CCA in 5 min.

7  Summary

Timely reperfusion to save a great quantity of salvageable ischemic tissue is the 
definitive treatment of acute arterial occlusive diseases. On the other hand, the 
reperfusion without control of physics reperfusion condition or perfusate compo-
nent sometimes may cause a serious IRI.  Protections of controlled reperfusion 
against the IRI had been demonstrated by the most of experimental studies in the 
various animals and organs, and in several clinical studies. However, the protection 
was not consistently confirmed, especially in clinical trials. It is a reasonable imag-
ing that the controlled reperfusion will be a promising strategy but entangled with 
frustration for a long time in the future. We should make every endeavor to seek out 
an integrated solution to the IRI. The endeavor is especially important today in the 
era of reperfusion treatments for acute ischemic stroke.
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Chapter 16
Therapeutic Window Beyond Cerebral 
Ischemic Reperfusion Injury

Wengui Yu and Liping Liu

Abstract Reperfusion therapy has been one of the major breakthroughs in clinical 
medicine. Intravenous thrombolysis (IVT) with recombinant tissue plasminogen 
activator (tPA) remains the only FDA approved therapy for acute ischemic stroke 
(AIS). It is effective within 4.5 h of symptom onset and better if given earlier. More 
recently, five randomized controlled trials (RCTs) demonstrated the efficacy of 
endovascular therapy (EVT) for AIS from large vessel occlusion (LVO) in the ante-
rior circulation within 6–12 h of symptom onset. Reperfusion injury with symptom-
atic intracerebral hemorrhage (sICH) is the most feared complication of reperfusion 
therapy. However, the rate of sICH only increases slightly with longer delay to 
reperfusion. Numerous case reports and cohort studies have supported the expand-
ing of therapeutic window up to 24 h in the anterior circulation and beyond in the 
posterior circulation. In patients with acute stroke from LVO in the posterior circu-
lation, EVT up to 48 h after symptom onset was seldom futile in the absence of 
extensive baseline ischemia and longer treatment delay does not increase the risk of 
sICH. Such clinical studies have clearly pushed the boundary of our understanding 
about reperfusion injury and therapeutic time window. Laboratory and translational 
studies may better define collateral circulation, venous drainage, and the molecular 
mechanisms of contrast extravasation, hemorrhagic conversion, and sICH. A solid 
scientific foundation is needed for expanding therapeutic window way beyond 
reperfusion injury.
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1  Introduction

Reperfusion therapies for acute ischemic stroke (AIS) may be the most exciting 
advances in clinical neuroscience in the last 2  decades. In 1995, intravenous 
thrombolysis (IVT) with recombinant tissue plasminogen activator (tPA) was 
shown to be effective for AIS within 3 h of symptom onset by a randomized con-
trolled study (RCT) [1]. The United States Food and Agricultural Agency (FDA) 
approved iv tPA for AIS in 1996. A few RCTs were then conducted to examine the 
effect of intravenous (iv) tPA within 3–6 h of symptom onset [2–4]. In 2008, the 
European Cooperative Acute Stroke Study III (ECASS III) showed benefit of iv 
tPA for AIS within 4.5 h of symptom onset [5–8]. Analysis of pooled data revealed 
that time to treatment initiation is the single most important outcome predictor of 
IVT [9, 10].

Although there were reports of successful endovascular therapy (EVT) for large 
vessel occlusion (LVO) as early as 1999 [11–14], it was only in 2015 that five 
RCTs demonstrated the benefit of EVT for AIS from LVO in the anterior circula-
tion [15–19]. The success was largely accredited to better study design and second- 
generation devices, primarily stent retrievers. Based on these recent landmark 
studies, the National guidelines and consensus statements in the United States, 
Europe, and Canada have all recommended EVT for AIS from LVO in the anterior 
circulation within 6 h of symptom onset. The Canadian guidelines have also rec-
ommended thrombectomy for selected patients up to 12  h of symptom onset 
according to evidence from the ESCAPE trial [17].

The therapeutic window has been increasing over the last few years to allow for 
maximal reversal of cerebral ischemia without worsening reperfusion injury.

2  Cerebral Ischemia Reperfusion Injury (CIRI)

In patients with acute ischemic stroke from LVO, the early pathophysiological 
responses include distal vasodilation to compensate for the poor circulation. The 
cerebrovascular reactivity or autoregulation is eventually lost. Recanalization of the 
occluded artery can therefore cause blood overflow into these dilated vessels, result-
ing in hyperperfusion, edema, capillary leak, or hemorrhage. Endothelial injury and 
breakdown of the blood-brain barrier (BBB) may be the underlying mechanism of 
CIRI [20]. Metabolic factors (such as lactic acid, adenosine, and free oxygen radi-
cal) and vasoactive neuropeptide also play a role. tPA promotes matrix degradation 
in the ischemic brain via activation of MMP-9 and increases both reperfusion dam-
age and hemorrhage risk [21].

Hyperperfusion and reperfusion injury (RI) may cause headache, seizure, focal 
neurologic deficit, or mental status change. The diagnostic imaging criteria include 
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an increase in cerebral blood flow (CBF) compared with baseline values, demon-
stration of hyperperfusion, intracerebral hemorrhage (ICH), or subarachnoid 
 hemorrhage (SAH) on MRI or CT scans. Hyperperfusion syndrome or ICH may 
occur within hours or days of reperfusion therapy.

The major risk factors for reperfusion injury include age >75 years old, long- 
standing hypertension (HTN), severe chronic stenosis ≥90%, severe contralateral 
disease, poor collateral flow, diminished cerebrovascular reserve, postoperative 
HTN, and recent stroke [22]. The severity of reperfusion injury is dependent on the 
duration and intensity of cerebral hypoperfusion, grade of stenosis, and poor col-
lateral flow.

Symptomatic ICH (sICH) is the most feared complication of reperfusion 
therapy. It was defined as intraparenchymal hematoma, SAH, or intraventricular 
hemorrhage associated with a worsening of the NIHSS score by ≥4 points within 
24  h. The key imaging parameters associated with sICH are diffusion lesion 
volume [23], very low cerebral blood volume [24], and severely delayed blood 
flow [25]. These parameters indicate severe ischemia with poor collateral 
circulation.

Numerous preclinical studies and clinical trials have shown that reperfusion in 
the infarcted tissue without perfusion mismatch is ineffective and increases the risk 
of ICH [26]. Intensive control of HTN may reduce the incidence of reperfusion 
injury and ICH [27].

3  sICH from IVT in Randomized Controlled Studies (RCTs)

The rates of sICH from IVT trials and the control arms of recent thrombectomy 
studies are summarized in Table  16.1. In the original National Institute of 
Neurological Disease and Stroke (NINDS) study, IVT was shown to increase the 
risk of sICH by tenfold to 6.4% [1]. Patients with sICH had more severe deficits at 
base line (median NIHSS 20) than the whole study population (median NIHSS 14). 
Nine percent patients with ICH had CT evidence of cerebral edema at base line, as 
compared with 4% in the entire study population. Eleven deaths were attributed to 
ICH. Higher dose of tPA was associated with increased risk of ICH [2]. In the mul-
tivariate analysis of the pooled data, sICH was associated with rPA treatment and 
age, but not the onset to treatment time OTT or baseline NIHSS [4].

There appeared to have a trend of decreased sICH in recent years. The rate of 
sICH is 4.3% in the medical arm of the recent thrombectomy trials, as compared to 
5.9% in those from pooled IVT data.

Of note, the EVT trials only enrolled patients with LVO in the anterior circula-
tion [15–19].
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4  sICH from IVT in Patients with Posterior Circulation 
Stroke (PCS)

The natural history of severe BAO was extremely poor. The Basilar Artery 
International Cooperation Study (BASICS) is the largest multicenter registry for 
acute basilar artery occlusion (BAO) [28].

Of the 27 BAO patients with either comatose (n = 26) or tetraplegic (n = 1) with-
out acute therapy, 26 (96.3%) died within 1 month, and 1 (3.7%) patient survived 
with severe disability (mRS score 5) [28]. The grave prognosis of acute BAO makes 
it unethical to enroll such patients for RCTs.

As shown in Table 16.2, two of the largest case series demonstrated that IVT improves 
the outcome of acute BAO. Of the 72 patients with severe deficit from BASICS registry, 
21% had good outcome with iv tPA therapy. The rate of sICH was 6% [28].

In the Helsinki series of BAO (n = 184) [29], 175 patients were treated with iv 
tPA, and 97% of them received concomitant full-dose heparin. Successful recana-
lization led to favorable outcome at 90 days in 50% of patients with no extensive 
brain infarction (pc-ASPECTS ≥ 8) and 5.9% of those with extensive brain infarc-
tion (pc-ASPECTS < 8; P < 0.001), irrespective of recanalization [29]. The rate of 
sICH was 11.5% in patients without extensive brain infarction (pc-ASECTS ≥ 8) 
and 25% in patients with extensive brain infarct (pc-ACPECTS < 8). Of note, only 
40% these patients were treated with iv tPA within 6  h of symptom onset and 
53.8% patients with extensive brain infarction (pc-ASECTS ≥ 8) received iv tPA 
beyond 12 h of symptom onset. The much higher rate of sICH was most likely the 
results of significantly delayed therapy for most of the patients and concomitant 
treatment with full-dose heparin.

Table 16.1 Symptomatic intracerebral hemorrhage (sICH) and outcomes in patients treated with 
IVT

Study
Patients 
(n)

Median 
NIHSS

IVT 
(h)

OTT 
time 
(min)

sICH 
(%)

Good outcome 
at 90 days (%)

Mortality 
(%)

NINDS 312 14 <3 – 6.4 39 17
ECASSa 247 11 <6 – 19.4 35.7 14.6
ECASS II 81 11 0–3 – 7

326 11 3–6 – 8.3
ECASS III 418 9 3–4.5 – 7.9 52.4 6.1
ATLANTIS 272 10 3–5 – 7 34 11
MR CLEAN 267 18 <4.5 65–116 6.4 19.1 22
ESCAPE 150 16 <4.5 89–183 2.7 29.3 19
SWIFT 
PRIME

98 17 <4.5 80–155 3.1 35.5 12.4

ESTEND-IA 35 13 <4.5 105–180 6 40 20
RRVASCAT 103 17 <4.5 86–137 1.9 28.2 15.5

Abbreviation: IVT intravenous thrombolysis, mRS modified Rankin Score, OTT onset to treatment 
time, sICH symptomatic intracerebral hemorrhage
aiv tPA dose was higher at 1.1 mg/kg of body weight

W. Yu and L. Liu



249

In a prospective multi-center study with 883 consecutive patients treated with iv 
tPA within 4.5 h of symptom onset, patients with PCS (n = 95) had less sICH (0% 
versus 5%, P < 0.05) and more favorable outcome (66% versus 47%, P < 0.001) 
than patients with ACS [30]. Smaller infarct volumes and better collaterals may be 
the reason of lower sICH rates in PCS.

Taken together, the risk of sICH from IVT seems to be lower in PCS than in 
ASC. Onset to treatment time (OTT) and stroke severity predicts risk of sICH.

5  sICH from EVT for LVO in the Anterior Circulation

Five randomized controlled studies have demonstrated the benefit of second genera-
tion endovascular devices (primarily, stent retriever) over medical therapy alone in 
patients with acute ischemic stroke due to LVO [15–19]. The rate of sICH ranged 
from 0% to 7.7% (Table 16.2). The aggregated risk of sICH was 4.3%, almost iden-
tical to that of iv tPA control groups. The data suggest that thrombectomy with stent 
striever itself does not pose significant risk for sICH.

The MR CLEAN trial had a higher risk of sICH compared with other studies, 
likely due to less strict exclusion criteria. It did not use imaging to exclude par-
ticipants with a large infarct core and poor collateral circulations. The probabil-
ity of functional independence (mRS 0–2) at 3  months declined from 64.1% 
with symptom onset-to-reperfusion time of 180  min to 46.1% with symptom 
onset-to- reperfusion time of 480  min. However, rates of mortality, sICH, and 
major parenchymal hematoma did not significantly change with longer delay to 
reperfusion [31].

Table 16.2 sICH from IVT in patients with posterior circulation stroke (PCS)

Study
Patients 
(n) Severity

Mean 
NIHSS

tPA 
within 
6 h (%)

sICH 
(%)

Good 
outcome 
(%)

Mortality 
(%)

Schonewille 
(2009) [28]

49 Mild to moderate 
deficit*

– 84 6 53 16

72 Severe deficit – 81 6 21 46
Strbian 
(2013) [29]

132 pc-ACPECTS ≥ 8 16.5 ± 19 46 11.5 38 38.5

52 pc-ACPECTS < 8 28 ± 12 25 25 5.9 66
Sarikaaya 
(2011) [30]

95 – 9.3 ± 7.9 100
(<4.5 h)

0 66 9

*Patients in a coma, with tetraplegia, or in a locked-in state were classified as having a severe 
stroke. Mild to moderate stroke was defined as any deficit that was less than severe.
sICH was defined by individual investigator [28] or NINDS criteria [29]. Good outcome is defined 
as mRS score 0–2
Abbreviation: mRS modified Rankin Score, pc-ACPECTS posterior circulation Acute Stroke 
Prognosis Early CT Score, sICH symptomatic intracerebral hemorrhage

16 Therapeutic Window Beyond Cerebral Ischemic Reperfusion Injury



250

6  sICH from EVT for LVO in the Posterior Circulation

There has been no randomized trial of EVT for AIS in the posterior circulation. 
Table 16.3 listed recent case series and multicenter registries of EVT in the posterior 
circulation. There were very low rates of sICH in most reports. However, a few case 
series had higher rate of sICH due to wire perforation, artery dissection, or use of 
intra-arterial (IA) urokinase [32–34]. Carneiro et al. described three cases of sICH 
from arterial dissection or perforation [33]. All of them received IVT prior to EVT 
and had right posterior cerebral artery injury by microwire and microcatheter 
manipulation (i.e. unrelated to the stent retriever). One patient had good recovery at 
3 months but the other two patients had severe SAH and poor outcome.

In the largest multicenter registry of 148 patients with BAO, intracranial hemor-
rhage occurred in 9 (6%) patients (two SAH, five ICH, two combinations of SAH 
and ICH) [35]. Three of the ICHs were classified as parenchymal hematoma type II, 
and 2 as hemorrhagic infarction type II. One hemorrhagic complication was classi-
fied as asymptomatic and two SAHs were fatal. All hemorrhagic complications 
occurred in patients being treated with only one device (six cases with stent retriev-
ers). Four of the nine hemorrhagic events (44%) occurred in patients receiving a 
combination of IVT, IA thrombolysis and mechanical thrombectomy.

Among the 705 patients from the pooled data, the rate of sICH is 4.5%. With 
improvement in EVT technology and reduction of guidewire or microcatheter- 
related injury, the rate of sICH should be much lower (Table 16.4).

Table 16.3 sICH from EVT for LVO in the anterior circulation

Study
Patients 
(n)

Median 
NIHSS

EVT 
(h)

Median 
OTT time 
(min)

Type of 
stent 
retriever

sICH 
(%)

Good 
outcome 
(%)

Mortality 
(%)

MR CLEAN 233 17 <6 210–313 Solitaire/
Trevo

7.7 32.6 21

ESCAPE 165 16 <12 176–359 Solitaire/
Trevo

3.6 53.0 10.4

SWIFT 
PRIME

98 17 <6 165–275 Solitaire 1.0 60.2 9.2

ESTEND-IA 35 17 <6 166–251 Solitaire 0 71.4 8.6
RRVASCAT 103 17 <8 201–340 Solitaire 1.9 43.7 18.4
Total 634 4.3 46.1

Abbreviations: OTT onset to treatment time (groin puncture)
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Table 16.4 sICH from EVT for LVO in the posterior circulation

Author and 
year

Patients 
(n)

Median 
NIHSS

iv 
tPA 
(%)

Median 
OTT 
(h)

Type of 
stent 
retriever

sICH 
(%)

Good 
outcome 
(%)

Mortality 
(%)

Espinosa de 
Rueda (2013) 
[53]

18 20.4 – 7.3 Solitaire, 
Trevo

0 50 22

MÖhlenbruch 
(2013) [54]

24 24 87 5.5 Solitaire 4 33 22

Nagel (2013) 
[55]

36 – 64 – Solitaire 3 31 29

Park (2013) 
[56]

16 12.2 25 7.4 Solitaire 0 56 36

Mourand 
(2013) [32]

31 38 61 8.5 Solitaire 16a 35 32

Raoult (2013) 
[57]

12 18.8 17 7.8 Solitaire 8 58

Mordasini 
(2013) [58]

14 21 (5–36) 35.7 6.9 
(4–24)

Solitaire 0 28.6 25

Andersson 
(2013) [59]

28 – – – Solitaire 0 57 35.7

Lefevre 
(2013) [60]

25 20.3 – – Solitaire 4 56 21

Fesl (2014) 
[61]

21 – 52.4 – Solitaire, 
Penumbra

0 28 33

Baek (2014) 
[62]

25 11 24 5.1 Solitaire 0 48 36

Gory (2015) 
[63]

22 13.6 (4–22) 36 8 
(2.5–
12.5)

Solitaire 14 27 12

Singer (2015) 
[35]

148 20 59 – Stent 
retriever

6 34 35

Carneiro 
(2015) [33]

24 20 (12–36) 46 – Trevo, 
Solitaire

12.5b 21 33

Yoon (2015) 
[46]

50 10.5 
(7.7–16)

28 4.6 
(3.4–
5.7)

Trevo, 
Solitaire

0 54 33

Mokin (2016) 
[64]

100 19.2 ± 8.2 32 9.4 ± 
7.8

Trevo, 
Solitaire 
Penumbra

5 35 12

Du (2016) 
[65]

21 25.57 ± 5.20 – 9.7 
(6–16)

Solitaire 0 38.1 –

Van 
Houwelingen 
(2016) [34]

38 21 (15–32) 71 4.8 
(3.6–
6.3)

Trevo, 
Solitaire 
IA 
urokinase

5c 37 39

(continued)
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7  Contrast Extravasation Post EVT

Of note, it is very important to differentiate ICH from contrast extravasation. 
Contrast extravasation due to increased permeability of the BBB may be the most 
common hyperdense lesions on post-procedural CT scan [36–38]. Contrast staining 
usually lasts less than 24  h (Fig.  16.1). In contrast, post-procedural hemorrhage 

Table 16.4 (continued)

Author and 
year

Patients 
(n)

Median 
NIHSS

iv 
tPA 
(%)

Median 
OTT 
(h)

Type of 
stent 
retriever

sICH 
(%)

Good 
outcome 
(%)

Mortality 
(%)

Alonso de 
Lecinana 
(2016) [66]

52 – – 6.4 
(5.3–9)

Trevo, 
Solitaire

2 40 33

Pooled data 705 4.5

Abbreviations: sICH symptomatic intracranial hemorrhage, OTT onset to endovascular therapy 
time
sICH was defined as any parenchymal hematoma, subarachnoid hemorrhage or intraventricular 
hemorrhage associated with a worsening of the NIHSS score by ≥4 within 24  h. A modified 
Rankin score 0–2 was defined as good outcome
aPatient had higher NIHSS scores and five symptomatic intracranial hemorrhages were related to 
the procedure
bAll the three complications were related to arterial well dissection/perforation
cTwo sICH (5%) were seen in patients treated with IA urokinase

Fig. 16.1 Thrombectomy of BA occlusion in patient with recurrent stroke without reperfusion 
injury. Twenty-five year old woman with history of chiropractic neck manipulation presented with 
dizziness and unsteadiness. Image studies showed left cerebellar infarct (a) and bilateral vertebral 
artery dissection at C1–C2 level (b). She developed recurrent stroke on aspirin (c, d) and became 
locked-in from BA occlusion (e, f) on both aspirin and coumadin therapy within 2 weeks. Following 
successful thrombectomy (g, h), CT head showed contrast extravasation (i), which resolved over-
night on repeat CT (j). Patient recovered well with only mild diplopia, hearing loss, and subtle left 
sided weakness
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persists for days to weeks. Definite identification of contrast extravasation requires 
demonstration of contrast washout within 48 h.

8  Collateral Circulation and CIRI

The vasculature of the brainstem is different from that in the anterior circulation [39]. 
Brainstem receives collateral supply from anterior circulation via posterior commu-
nicating arteries (Pcoms). Acute BAO blocks small brainstem perforators and causes 
substantial ischemic risk to vital brainstem tissues. In patients with sufficient collat-
eral retrograde flow from the Pcoms, EVT at any point in time would prevent signifi-
cant infarctions. Collateral status was shown to be an independent predictor of 
outcome [35]. Increased OTT dose not increase rates of sICH in the posterior 
circulation.

Posterior circulation appears to have dynamic collaterals during BAO. Once the 
trunk of BA is occluded by a embolus, blood pressure at the junction of posterior 
cerebral arteries (PCAs) drops immediately and blood flow from the anterior circu-
lation is partially diverted via Pcoms to fill the void in the distal BA, maintaining the 
patency of the superior cerebellar arteries (SCAs), the perforators, and the circum-
ferential arteries. Effective collateral flow to the BA may prolong ischemic tolerance 
and lead to more favorable outcomes [35]. In a case series of acute BAO, five (83%) 
of the six patients with good distal BA collaterals had good functional outcome from 
intra-arterial urokinase [40]. Of the six patients without distal BA collaterals, only 
one (17%) had good functional outcome. Other studies have showed the significance 
of collaterals as a prognostic predictor in the anterior circulation [41, 42].

Brainstem also receives collateral supply from the vertebral arteries (VAs) and 
posterior inferior cerebellar arteries (PICAs). The anterior spinal arteries originate 
unilaterally or bilaterally from the distal VA, PICA, or the ascending cervical arter-
ies [43, 44]. They can also provide reverse flow to PICAs or VAs. PICA provides 
collateral flow to the anterior inferior cerebellar artery (AICA) and SCA and thus to 
the brainstem perforating arterioles. Considerable amounts of artery-to-artery anas-
tomoses exist between the superficial brainstem arteries. However, there is much 
less anastomoses between the internal brainstem arteries [44]. In patient with BAO, 
the collateral circulation may protect the brainstem for a while if the clot does not 
block the perforating arteries. Significant collaterals minimize the disruption of 
BBB and reduces the risk of sICH.

9  Expanding Therapeutic Window Beyond CIRI

In patients with LVO in the anterior circulation, ESCAPE trial has demonstrated 
that EVT is beneficial for selected patients up to 12 h of symptom onset [17]. Meta- 
analysis of the five landmark RCTs has demonstrated that the rate of sICH and 
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major parenchymal hematoma increased slightly with longer delay to reperfusion 
(from 2.9% to 5.5%, and 2.5% to 8.1%, respectively) [31]. DAWN Trial is a clinical 
study designed to compare mechanical thrombectomy with the Trevo® Retriever 
plus medical therapy against medical therapy alone within 6–24 h after last known 
well time. On March 8, 2017, the independent Data Safety Monitoring Board 
(DSMB) recommended stopping study enrollment based on a pre-planned interim 
data review of the first 200 patients. The results were presented on May 16, 2017 at 
the European Stroke Organization Conference (ESOC). Treatment with the Trevo® 
Retriever significantly improved functional independence at 90 days compared to 
medical management alone (48.6% vs 13.1%). It is a 73% relative reduction in dis-
ability. The study showed that one in 2.8 patients treated with the Trevo Retriever 
within 24 h of a stroke is saved from severe disability. The Dawn trial showed elo-
quent data to support the expanding of therapeutic window up to 24 h in anterior 
circulation.

In patients with acute stroke from LVO in the posterior circulation, numerous case 
series and registries demonstrated that EVT of BAO up to 48 h after symptom onset 
was seldom futile in the absence of extensive baseline ischemia [28, 29, 35, 45, 46]. 
The observed efficacy was independent of time to treatment [28, 29, 45]. Longer treat-
ment delays does not increase the risk of sICH [28, 29].

EVT has distinct advantages over IVT or intra-arterial thrombolysis. First, it may 
work rapidly and achieve recanalization within a few minutes rather than hours. 
Second, at experienced high volume centers, EVT is likely to be associated with 
lower risk of reperfusion injury due to comprehensive multidisciplinary care. Third, 
EVT is more effective in removing large embolus in proximal arteries. Lastly 
Multimodality imaging technology can be used to assess the benefit and risk of 
delayed EVT. While contrast extravasation is common in patients with large infarcts 
(Fig.  16.1), advanced age (Figs.  16.2 and 16.3), or matched perfusion deficit 
(Fig. 16.4) in the posterior circulation, sICH is actually very rare with tight peripro-
cedural blood pressure control. Given significant efficacy and low risk of sICH, 
patients with BAO should be considered for treatment with EVT even beyond 48 h 
of symptom onset.

Highly-selected patients have been treated with EVT even at subacute or chronic 
phase well beyond days or weeks of symptom onset in the past [47–52, 67, 68]. 
However, such treatment has been controversial and considered experimental.

10  Implications for Translational Research

Numerous clinical studies and randomized trials have pushed the boundary of our 
understandings in acute ischemic stroke, recanalization and reperfusion injury. The 
molecular mechanisms of contrast extravasation, hemorrhagic conversion, and 
intracerebral hemorrhage remain unclear. Intensive blood pressure control may be 
important post EVT. However, we are not sure what will be the optimal blood pres-
sure control post recanalization. It is also puzzling why pontine hemorrhage is 
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Fig. 16.2 Contrast extravasation from thrombectomy (OTT: 4  h) in elderly patient. Seventy- 
nine year old woman with history of A Fib on Coumadin presented with sudden onset of unrespon-
siveness at 1:30 pm. Image studies showed dense BA sign (a). Her INR was 1.57. After iv tPA at 
4:20 pm, CTA and CT perfusion showed BA occlusion and CBV/MTT mismatch in posterior cir-
culation (b–d). She underwent thrombectomy at 5:30 pm (e, f). Post-procedure CT showed con-
trast extravasation (g, h) in bilateral thalamus and ventral midbrain, which resolved on repeat CT 
next morning (i, j)

Fig. 16.3 Contrast extravasation from thrombectomy beyond 6 h window (OTT: 10 h and 51 min) 
in elderly patient. Seventy-five year old woman presented with drowsiness and speech difficulty at 
3 am. Image studies showed dense BA sign (a), infarcts in midbrain tegmentum and left pons (b, 
c), and distal BA occlusion (d). She underwent thrombectomy at 1:51 pm (e, f). Post procedure CT 
showed contrast extravasation in right ventral midbrain and L pons (g, h), which resolved on repeat 
CT next day (i, j)
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common in hypertensive emergency while CIRI is rare in the brainstem after effec-
tive EVT. Better understanding of the collateral circulation and venous drainage in 
the posterior circulation will also be instrumental in formulating precision reperfu-
sion therapy. We cannot keep “try and fail” in clinical practice for too long as in the 
past. Better laboratory and translational studies may hold the keys to some of the 
above unsolved mysteries.
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