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Preface

This is a very timely compilation of cutting-edge aspects of neuroprotective therapy 
for ischaemic stroke in a myriad of clinical and experimental situations. It was 
assembled by basic and clinical scientists at a time well after the dust had settled on 
the subject, following the difficulties of translating neuroprotection from bench to 
bedside. However, we are still mystified as to why this translational gap persists 
although numerous possible explanations have been given, in what now must be 
thousands of review articles. The book is logically and easily divided into four sec-
tions, ranging from the historical aspects of neuroprotection right through to the 
very latest aspects of clinical trial design.

Several positives have come from the difficulties experienced in translation of 
neuroprotective therapies, and these are all brought out nicely in this volume. First, 
there is now a vastly increased rigour in preclinical trial design which led to the 
STAIR (Stroke Treatment Academic Industry Roundtable) series of recommenda-
tions. These have provided valuable benchmarks for all those now conducting 
research in this area. Second, the idea of aggregating preclinical animal model data 
using meta-analysis techniques as used in the clinical sphere was pioneered by the 
Melbourne and Edinburgh groups led by Malcolm McLeod and David Howells, 
which later exposed problems with sample sizes, publication bias and lack of blind-
ing as only some of the issues that need to be addressed to improve the quality of the 
preclinical research data. These findings have increased the likelihood of translation 
into the clinic. The Melbourne and Edinburgh groups have formalised their efforts 
in this area with the CAMARADES (Collaborative Approach to Meta-Analysis and 
Review of Animal Data from Experimental Studies) collaboration which acts as a 
preclinical form of the Cochrane Collaboration. The groups have also published 
guidelines for experimental design in a number of journals; indeed the movement 
has become so influential that other research disciplines are rapidly following suit. 
Third, translational failures are stimulating the search for new therapeutic targets 
such as autophagy as well as existing pathways and processes such as uric acid 
metabolism and the immune system.



vi

An important component of the book is the recognition that modern endovascu-
lar treatment and its ischaemic consequences play an important part in the 
 neuroprotection story. Indeed, the entirety of Sect. 4 is dedicated to combination 
therapies. Clearly, the outstanding success of recanalisation approaches with devices 
has re-energised the debate about reperfusion injury. There already existed an exten-
sive experimental background well before these interventions were shown to be so 
clinically successful. On balance, the likelihood that an effective form of neuropro-
tection of clinical importance would arise from this type of research would seem to 
be quite high. Time will tell.

The compilation of such a complete range of aspects of neuroprotection raises 
the question as to whom the readership should be directed and who would most 
benefit. It certainly would be an ideal reference for any current researcher in any 
aspect of neuroprotection, either experienced or just beginning. It would also be a 
useful compendium for interested students, clinicians or scientists from other disci-
plines who’d like to dip into its rich matrix.

The quality of the information assembled shines through the experiences of the 
authors who are clearly leaders in their field. This alone makes this volume one that 
anyone would be proud to have on their bookshelf or, as is often the case today, 
readily accessible on their laptop.

Melbourne, VIC, Australia Geoffrey A. Donnan 
2016

Preface
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Chapter 1
Reflections on Neuroprotection Research 
and the Path Toward Clinical Success

Paul A. Lapchak and Paul D. Boitano

P.A. Lapchak, Ph.D., F.A.H.A. (*) • P.D. Boitano, B.Sc. 
Department of Neurology and Neurosurgery, Cedars-Sinai Medical Center,  
Advanced Health Sciences Pavilion, Suite 8305, 127S. San Vicente Blvd,,  
Los Angeles, CA 90048, USA
e-mail: Paul.Lapchak@cshs.org

“Hubris and science are incompatible”
Douglas J. Preston

(American Author, novelist, journalist, 1956-)

Abstract Translational neuroprotection research is currently undergoing a rebirth, 
a much needed revival, in part due to the efficacy of both thrombolytic and endovas-
cular procedures in subpopulations of ischemic stroke patients. Stroke is currently 
treated with the Food and Drug administration (FDA)-approved thrombolytic, tis-
sue plasminogen activator (rt-PA), and can be treated with endovascular approaches 
using the MERCI stent retriever or the Solitaire FR stent retriever, with the applica-
tion of thrombolytic (i.e., rt-PA or urokinase) prior to embolectomy for rt-PA eligi-
ble patients. Moreover, from retrospective analysis in rt-PA ineligible stroke 
patients, embolectomy alone has proven safe and beneficial if completed within 6 h.

Despite many decades of research into the identification and translational devel-
opment of neuroprotective compounds, only few strategies have progressed into 
appropriately designed unbiased, randomized, placebo-controlled clinical trials. 
The FDA has still not been able to afford approval to a neuroprotectant to treat 
ischemic disease, primarily because of exaggerated overestimation of efficacy in 
rodent models that did not translate into efficacy in humans. During the process of 

mailto:Paul.Lapchak@cshs.org
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developing neuroprotective compounds to treat ischemic diseases, stroke in particu-
lar, numerous problems have emerged including the absolute failure to translate 
 preclinical animal efficacy into efficacy in stroke victims, and in some cases, both 
significant adverse events and unforeseen toxicities have hindered drug develop-
ment and approval. This chapter describes successes and failures in the stroke neu-
roprotection research, provides a comprehensive tabulated assessment of select 
neuroprotectants that have been tested in clinical trials, and proposes recommenda-
tions and essential checklists to both guide and improve the quality of science being 
conducted in preclinical and translational laboratories worldwide. The ultimate 
goal is to reap the benefits of a worldwide concerted neuroprotection research effort 
to provide superior care to stroke victims.

Keywords Translational • Neuroprotection • Neuroprotective • Cytoprotective • 
Brain • Stroke • Hemorrhage • SAH • ICH • Clinical trial • NIHSS • STAIR • 
RIGOR • Transparency • Rodin • Penumbra

1  Introduction: A Brief Chronological History of Stroke

Stroke, or a condition referred to as apoplexy, or the sudden onset of paralysis was 
first “reported” by Hippocrates between 460 and 370BC and can be found docu-
mented in Hippocratic transcripts [1]. In 1658, Wepfer redescribed apoplexy or 
apoplectic seizure which formed the basis for stroke classification into cerebral 
infarction and hemorrhagic stroke [2]. The interesting account by Wepfer, dis-
cussed in detail by Gurdjian and Gurdjian [3] communicates the idea that body-
derived “natural spirits” also known as “vital spirits” are transported into brain via 
the carotid and vertebral arteries and a network of arteries at the base of the brain. 
Wepfer hypothesized that oxygenated blood was transported into the brain as a 
vital factor, as a source of nutrition and thereafter Willis suggested that the “cere-
brovascular system” included a network of arteries, including the “circle of Willis, 
which he described in 1664 [4]. In autopsy records from the 1700s there was con-
firmation of two types of apoplexy; the first suggested to be apoplexia serosa 
defined as serous apoplexy and the second apoplexia sanguinea defined as sanguin-
eous apoplexy (i.e., ischemic stroke and hemorrhagic stroke, respectively). In 
1856, Virchow [5] was the first physician to recognize that an “embolus” could 
result in a thromboembolism, and coined both terms related to the pathogenesis of 
ischemic stroke. The 1866 Dictionnaire Encyclopédique des Sciences Médicales of 
Dechambre summarized over 150 apoplexy references [6] documented from the 
1600 to 1800s. More recently, but still of historical significance, Bramwell and 
Symonds published scientific articles in 1886 [7] and 1924 [8] that described 
“spontaneous” meningeal and subarachnoid hemorrhage (SAH). It is currently 
estimated that brain hemorrhage categorized into SAH, intracerebral hemorrhage 
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(ICH), and intraventricular hemorrhage (IVH) occurs in approximately 17–20 % of 
all stroke victims [9–11]; hemorrhage is usually associated with a higher mortality 
rate than ischemic stroke and a rapid decline after vessel rupture. The 30-day mor-
tality rate for ischemic stroke is estimated to be 8–12 %, whereas hemorrhagic 
stroke is estimated to be 50 % [12–15].

1.1  Of Neurons and Time

The term neuroprotection has been in use for more than 50 years [see [16–19]]. The 
first pharmacological “modern” approach to therapeutic neuroprotection, or method 
to prevent neuronal death was the application of barbiturate drugs, which were neu-
roprotective and thought to target and reduce oedema (edema), free radicals, altered 
fatty acid metabolism, and even stabilize membranes [18]. Currently, “neuroprotec-
tion” is used interchangeably with “cytoprotection,” especially when applied to the 
treatment of stroke where there has been the realization that the neurovascular unit 
(neurons, glial cells, and vascular connectivity) requires protection after an isch-
emic event [20–23].

1.1.1  Extrapolated Stroke and Cerebrovascular Disease Incidence

We all agree that there is a critical need for new neuroprotective or cytoprotective 
strategies to reduce the morbidity and mortality incidence related to ischemic 
stroke, and to ultimately improve stroke victim quality of life, not just select clini-
cal measures routinely used for 30- and 90-day evaluation, but every day “quality” 
for all victims. Until recently, stroke has been described as the fifth leading cause 
of mortality and leading cause of adult morbidity in the United States and it is 
estimated that 0.8 million people suffer a stroke in the USA [24], and 15 million 
people worldwide [9]. In the United Kingdom, stroke is the 4th largest cause of 
death with an annual incidence of 152,000 and 12.5 % of stroke victims die within 
30 days.

The societal impact of stroke becomes even more devastating and overwhelming 
if we consider the updated definition of stroke from the American Heart Association 
(AHA)/American Stroke Association (ASA) [25], which now includes “central ner-
vous system infarction of brain, spinal cord or retinal cell death attributable to isch-
emia.” The AHA study authors also suggest that nonsymptomatic silent infarcts 
should be included in the statistical analysis of cerebrovascular disease. With silent 
infarcts included, 15–20 % of the US population would have some form of cerebro-
vascular disease that eventually becomes apparent as cognitive impairment, demen-
tia, and Alzheimer’s disease [25]. With a current worldwide population of 7.4 
billion people [26], the estimated population with cerebrovascular disease escalates 
to 1.4 billon.

1 Reflections on Neuroprotection Research and the Path Toward Clinical Success
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Clinical Trial Time to Treatment 
(min)

Outcome Estimated # Neurons 
Lost (million)

Reference

NINDS rt-PA 180 hours Success 270 (30)
ECASS III 270 hours Success 405 (29, 46, 47)

Endovascular Procedures
(with thrombolysis)

ESCAPE

EXTEND

MR CLEAN

REVASCAT

SWIFT PRIME

rt-PA endovascular

Endo GP 185 (116-315)
rt-PA 110 (80-142)

Endo GP 210 (166-251)
rt-PA 127 (93-162)

Endo GP 260 (210-313)
rt-PA 85 (67-110)

Endo GP 269 (201-340)
rt-PA 117.5 (90-150)

Endo GP 224 (165-275)  
rt-PA 110.5 (85-156)

↑

Success

↓

Endo DTGPT

(range 232-680)

rt-PA 

(range 134-324)

(31-35)

Endovascular Procedures
(without thrombolysis)

Endo GP 
(inclusive of 360) Success 720 (36) but see 

also (37)
FAST-MAG 0.75 hours Failure 90 (38)
SAINT-II 3.76 hours Failure 338.4 (39, 40)
NEST-3 16 hours Failure 1440 (41-44)
DTGPT-door to groin puncture time (median); rt-PA-initiation of thrombolytic administration

Table 1.1 Recent successes and failure in stroke treatment

1.1.2  Time–brain matters!

Time is of the essence according to Saver [27], Holscher et al. [28], and Lapchak 
[29], among others, all researchers who have emphasized that an ischemic event is 
devastating to the brain, and that rapid treatment is essential. It is estimated that two 
million neurons die in the human brain per minute after hypoxia, the majority of 
which are located in the “penumbra” the primary and possibly only target of neuro-
protectants, and 14 billion synapses are lost every minute following an ischemic 
event. As shown in Table 1.1, there is no correlation between time to treatment 
efficacious outcome, and estimated cellular loss in a select few recently conducted 
clinical trials. Within the current clinically recommended door-to-needle-time 
(DTNT) for rt-PA, it can be estimated that a stroke patient loses 120 × 106 neurons 
if treated with 60 min. The losses escalate to fraction of billions, to billions of lost 
neurons in many other recent clinical trials, when the initiation of treatment is 
delayed to hours. This is particularly important when one considers that recent 
reperfusion therapies including endovascular procedures demonstrated consider-
able efficacy up to 6 h following a stroke, but even a classical neuroprotection trial 
attempt (i.e., FAST-MAG) was ineffective even when drug administration starting 
as soon as 45 min following a stroke.

• Is this in any way related to choice of drug/device, target, or patient population 
selection?

P.A. Lapchak and P.D. Boitano
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All of these questions remain to be answered and can only be answered when 
there is conclusive evidence that a neuroprotective therapy is efficacious in stroke 
victims.

2  Limited Benefit Treatment Options for Acute Ischemic 
Stroke Victims: Successes!

This section will provide an overview of currently accepted and utilized treatments 
for acute ischemic stroke. They can both be categorized as reperfusion therapies: (1) 
thrombolysis with rt-PA or other proteins with similar activity [30, 45, 46], and (2) 
endovascular procedures (thrombectomy or embolectomy) in combination with 
thrombolysis [31–35] or without rt-PA administration [36].

2.1  Thrombolysis: Thrombolytic Therapy

The thrombolytic, rt-PA (Alteplase™) was first approved by the FDA in 1996 and 
is now widely accepted as a standard of care, but drastically underutilized in almost 
all communities worldwide. Alteplase has been shown to be effective up to 4.5 h 
after a stroke [45, 46], but it is currently FDA approved for use within a 3-h thera-
peutic window. It has been difficult to estimate the actual use and application of 
rt-PA in eligible stroke victims, but it has been suggested that less than 7–10 % of 
stroke patients are being treated with rt-PA in the United States [47–49] despite the 
fact that rt-PA may be beneficial in up to 50 % of patients provided the drug as a 
treatment option [30].

Clua-Espuny and colleagues have recently reported an important gender differ-
ence in survival response after a stroke that was correlated with benefit when rt-PA 
was provided after a first stroke [50]. Based upon a 1272 patient cohort, the authors 
analyzed survival outcome in male and females with first strokes in Spain and found 
that thrombolysis increased survival in both groups, but there was a pronounced 
survival effect in women that was not observed in men over an 8-year period. 
Clearly, rt-PA should be provided to both genders if they are eligible at time of 
admission.

Cost analysis of rt-PA utilization within 3–4.5 h after stroke onset clearly shows 
incremental benefit in patients with National Institutes of Health Stroke Scale 
(NIHSS) scores of 0–19, compared to no treatment [51]. This translates into quality- 
adjusted life-years (QALY) benefit for the stroke victim [51]. While rt-PA is benefi-
cial, it does have a few shortcomings, primarily a significant risk of hemorrhagic 
transformation (HT) or intracerebral hemorrhage (ICH) in up to 6 % of patients 
treated within 3–4.5 h of a stroke [52], an increase in the odds ratio for mortality rate 
after 4 h [52], and minimal [53, 54] or lack of neuroprotective activities, or possibly 
detrimental biological properties and adverse effects under some circumstances [55].

1 Reflections on Neuroprotection Research and the Path Toward Clinical Success
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Of importance to the topic of this Springer volume of Neuroprotection is the 
measure commonly referred to as DTNT. In the literature, the recommended DTNT 
for standard rt-PA thrombolytic therapy is less than 60 min [56–58]. However, 
according to a recent Cochrane review article, rt-PA is being administered in a time 
frame in great excess of that recommendation [59]. In the original National Institute 
of Neurological Disorders and Stroke (NINDS) rt-PA clinical trial [30], the admin-
istration time was stratified between 0–90 and 91–180 min. Subsequent clinical tri-
als [European Cooperative Acute Stroke Study (ECASS trials)] determined whether 
rt-PA would be efficacious with an expanded therapeutic window [45, 60], rather 
than reduce time to treatment, and rt-PA was shown to retain efficacy in specific 
patient populations.

Table 1.2 summarizes the historical efficacy data from the original NINDS 
rt-PA clinical trial [30], and ECASS III [45, 61, 62], directly comparing 90-day 
outcome on the modified Rankin scale (mRS). In ECASS III [45, 61, 62], the 
safety and efficacy of rt-PA was studied in patients when administered up to 4.5 h 
following an ischemic stroke. The trial showed that there was a significant shift in 
the mRS score 0–3 in 66.5 % of rt-PA-treated patients compared to 61.5 % in the 
control group. This represented an absolute change of 5 %. As recently described 
by the Stroke Thrombolysis Trialists Group [63], administration of a thrombolytic 
is most efficacious when provided within 3 h of a stroke. An additional eight intra-
venous rt-PA clinical trials enrolling 6729 patients also provided data that throm-
bolysis can promote significant improvement in patients when administered up to 
6 h following a stroke. Since time is brain, all efforts should be made to administer 
therapy as soon as possible.

It has now been a milestone 20 years since the FDA approval of rt-PA; somewhat 
of a platinum anniversary, and the treatment is still underutilized worldwide [47, 49], 
but there has been some improvement in DTNT [64, 65]. A leader in the field of 

mRS/OHS Score No Symptoms------------------------------------------------►Death

Study Treatment 0 1 2 3 4 5 6

NINDS rt-PA Control (312)

Intervention (312)

26

39

25

21

27

23

21

17

ECASS Control (403)

Intervention (418)

21.8

27.5

23.3

24.9

16.4

14.1

11.4

9.3

13.7

9.3

5.2

8.1

8.2

6.7

IST-3

(OHS scale)

Control (1520)

Intervention (1515)

8

9

13

15

14

13

13

16

9

8

17

13

27

27

mRS: modified Rankin scale (%); OHS: Oxford Handicap Scale
Highlighted Boxes indicate mRS/OHS 0-2 functional independence.

Table 1.2 Thrombolysis trials—efficacy analysis: mRS 90 day outcome
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stroke clinical trials, Dr. Saver (UCLA, Los Angeles) has published on an  extensive 
data analysis set collected using more than 58,000 stroke patients  receiving rt-PA 
within 4.5 h of symptom onset. The analysis of onset to time of treatment provided 
some evidence for a direct correlation between the rapidity of “thrombolytic” treat-
ment and benefit on measures important to the patient that included increased func-
tional independence and increase time of discharge from the hospital, in addition to 
reduced hemorrhage incidence and mortality. The argument can then be made that 
Time is Brain and the faster reperfusion therapy is administered, the greater benefit 
to the patient [27, 29, 66–69].

Nothing is a waste of time if you use the experience wisely
Francois-Auguste-Rene Rodin
(French born sculptor and progenitor of modern sculpture. 1840–1917)

2.2  Endovascular Procedures and Thrombolysis

The great ESCAPE, EXTEND-IA, MR CLEAN, REVASCAT, and SWIFT PRIME 
endovascular trials demonstrated that a specific well defined, but heterogeneous 
population of acute ischemic stroke patient with a large vessel occlusion (LVO) can 
now be offered additional therapy to successfully improve functional indepen-
dence. Endovascular procedures with clot retrievers can promote functional inde-
pendence at 90 days as indicated by a significant shift in modified Rankin Scale 
score (mRS) 0–2 (common odds ratio range of 1.7–3.1) in 13.5–31 % of patients 
undergoing the endovascular procedure. Moreover, the procedure has now been 
shown to be safe in patients with LVOS, salvageable brain tissue (i.e., large penum-
bra) with small infarct areas ASPECTS score 7–10, and median NINDS score of 
16–17; therapy was neither age, nor gender specific. This section will review 
salient aspects of the efficacy and safety results from the trials, discuss enrollment 
criteria, and propose future stroke development strategies incorporating 
neuroprotection.

Until recently, the use of mechanical embolectomy in patients with documented 
LVO was complicated by lack of efficacy [70–75], either due to clinical trial design 
flaws, patient selection, inadequate device design, or possibly due to methodologi-
cal problems arising from interpretation of recanalization success rates [76]. In pre-
vious embolectomy trials, the procedure was performed more than 6 h after stroke 
onset and did not appear to provide benefit to patients [77–79]. However, with the 
introduction and use of new devices including the Mechanical Embolus Removal in 
Cerebral Ischemia (MERCI retriever; Concentric Medical Inc., Mountain View, 
CA, USA) and Solitaire FR Revascularization Device (Ev3/Covidien, Paris France) 
retrievable stent, patients had substantial benefit when recanalization was initiated 
within 6 h of stroke onset. Now, use of mechanical embolectomy, with or without 
thrombolysis, is considered the newest form of standard of care therapy in patients 
with a documented LVO [31–36].

1 Reflections on Neuroprotection Research and the Path Toward Clinical Success
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2.2.1  ESCAPE [32]: Table 1.3

The Canadian-based ESCAPE trial supported by Covidien enrolled a total of 316 
patients with a proximal intracranial occlusion in the anterior circulation (ICA and 
M1 middle cerebral artery, or M1 or M2 middle cerebral artery segments, and 
moderate- to-good collateral circulation. Importantly, as a measure of a small isch-
emic core and large penumbra, median ASPECTS on CT was 9, interquartile range 
of 8–10 in the embolectomy arm and 8–10 in the rt-PA arm. Patients were enrolled 
up to 12 h after symptom onset; 238 patients received rt-PA (120 in the embolec-
tomy plus IV rt-PA arm and 118 in the rt-PA control group) within a median time of 
110 min for the embolectomy arm and 125 min for the rt-PA control arm. The 
median time from CT head to the first noted reperfusion was 84 min for embolec-
tomy (65–115 interquartile range), defined as the first visualization of reflow in the 
middle cerebral artery, which in most patients was coincident with the deployment 
of a retrievable stent. For embolectomy, the median time from symptom onset to 
groin puncture was 51 min (39–68 interquartile range) in the intervention group, 

Trial Embolectomy +
Thrombolysis Thrombolysis

ESCAPE(32) N=316 (238 received 
intravenous rt-PA)

120 patients 118 patients

Patient population selection: Small infarct core (ASPECTS 6-10), an occluded proximal artery in
the anterior circulation (middle cerebral artery trunk and immediate branches with or without 
internal carotid artery occlusion), and moderate-to-good collateral circulation (filling of 50% or 
more of the middle cerebral artery pial artery circulation).
% Achieving Reperfusion

% Achieving Recanalization @ 24hours

72.4 

NA

31.2

NA 
% Achieving mRS 0-2 (90 days) 53 29.3 [p<0.001]

Age range (yrs):  
NIHSS range interquartile range 
(median)]

60-81 (71)

13-20 (16)

60-81 (70)

12-20 (17)
Time-to-Treat [range (median)] min Endo GP 185 (116-

315)
rt-PA 110 (80-142)

rt-PA 125 (89-183)

Median Time to Reperfusion following 
stroke (min)

241 (176-359)

Symptomatic Intracerebral Hemorrhage 
%

3.6 2.7

Serious Adverse Event Excluding death  
%
(SAE definiton for ESCAPE- resulting
in a prolonged hospital stay, re-
admission, were severe or life
threatening (large or malignant MCAO
stroke, hematoma at access site, 
perforation of the MCA).

7.2 10.7

Mortality Rate % (90 days) 10.4 19.0

Table 1.3 ESCAPE-embolectomy–thrombolysis enrollment—end point analysis
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and rt-PA was initiated within 110 min (80–142 interquartile range). In the control 
group, IV rt-PA was administered within 125 min (89–183 interquartile range) from 
stroke onset. The median time of stroke onset to first reperfusion was 241 min (176–
359 range) in the embolectomy arm. The trial used retrievable stents or balloon 
catheters for suction clot removal. Notably, both groups included 87.3 % of white 
race patients, and 52.1–52.7 % of females. In both groups, the majority of patients 
had hypertension (63.6–72 %), a minority were diabetic (20–26 %) and had atrial 
fibrillation (37–40 %).

In the combination treatment group, 53 % of patients achieved mRS of 0–2 (90 
days) compared to only 29.3 % in the rt-PA group, showing greater benefit of embo-
lectomy plus rt-PA compared to rt-PA alone at 90 days. This benefit could be associ-
ated with a greater population of patients achieving reperfusion in the  embolectomy/
rt-PA group 72.4 % (Thrombolysis in Cerebral Infarction [TICI] scale score of 2b 
or 3) compared to 31.2 % (modified arterial occlusive lesion [mAOL] score of 2 or 
3) in the control group. Both genders, male and female responded equally to treat-
ment with a common odds ratio (95 % Cl) of 2.5 (1.4–4.5 male), to 2.6 (1.5–4.4 
female) favoring embolectomy/rt-PA. While symptomatic intracranial hemorrhage 
(sICH) rates specifically defined as a new intracranial hemorrhage associated with 
evidence of clinical worsening, in which the hemorrhage is judged to be the most 
important cause of clinical worsening, were not significantly different between 
groups (P = 0.75), and were lower (by 50 %) than reported for the NINDS-rt-PA 
trial [30], mortality was greatly reduced by embolectomy/rt-PA compared to rt-PA 
10.4 % vs. 19 % control (P = 0.04). The rate ratio for sICH and mortality was 1.4; 
95 % CI, 0.4–4.7 and 0.5; 95 % CI, 0.3–1.0; P = 0.04, respectively.

2.2.2  EXTEND-IA [33]: Table 1.4

The Australian-based EXTEND-IA clinical trial was a small 70 patient trial, with 
patients receiving rt-PA within 4.5 h of stroke symptom onset. Inclusion criteria 
included occlusion of the internal carotid or middle cerebral artery and evidence of 
salvageable brain tissue and ischemic core of less than 70 mL on CT perfusion 
imaging. Endovascular therapy had to be initiated via groin puncture within 6 h of 
stroke onset and completed within 8 h of onset. The trial demonstrated significant 
efficacy after enrolling 35 patients in each of the two treatment groups. The trial 
enrolled 49 % male/51 % female in both groups, and there was also a history of 
hypertension (rt-PA 66; embolectomy 60 %), diabetes (23 % rt-PA; 6 % embolec-
tomy), and atrial fibrillation (31 % rt-PA; 34 % embolectomy). Thus, the trial was 
stopped at interim analysis because of significant benefit in the endovascular ther-
apy arm and publication of MR CLEAN trial with similar efficacy (see Sect. 2.2.3). 
Patients were treated with the Solitaire FR retrievable stent within a median time of 
248 min from stroke onset to modified TICI2b or 3 or completion of the procedure 
(interquartile range 204–277) for endovascular therapy in combination with rt-PA 
(within 127 min median) compared to a median time of 145 min for rt-PA. The 
median time from stroke to groin puncture was 210 min (166–251 min) and 74 min 
from initiation of rt-PA to groin puncture.
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In the endovascular therapy arm, 94 % of patients achieved recanalization at 24 
h, 89 % had >90 % reperfusion at 24 h and were without symptomatic intracerebral 
hemorrhage, and 71 % of patients achieved mRS of 0–2 at 90 days compared to 40 
% in control arm. This is compared to 34 % of rt-PA patients having extensive reper-
fusion at 24 h and a lower recanalization rate at the same time point (43 % vs. 94 % 
in the endovascular group). As shown in Table 1.4, there were no significant differ-
ences in sICH rate (sICH defined as a large parenchymal hematoma where blood 
occupied >30 % of the infarct volume with mass effect, and an increase of 4 points 
or more in the NIHSS score) or mortality between the groups. The patients included 
in the study were randomized 70 min sooner (30 vs. 100 min) and time from stroke 
onset to groin puncture was faster compared to MR CLEAN (210 vs. 260 min. see 
later).

2.2.3  MR CLEAN [31]: Table 1.5

The Netherlands-based MR CLEAN trial enrolled 500 patients with a proximal 
artery occlusion in the anterior cerebral circulation within 6 h after symptom onset: 
233 enrolled in the intra-arterial treatment arm (mechanical embolectomy and 
thrombolytic) and 267 receiving thrombolytic treatment (either rt-PA maximum 
dose of 90 mg or 1.2 million IU of urokinase with a median time to treatment of 
85 min for the embolectomy arm and 87 min for the rt-PA/urokinase arm. 

Trial Embolectomy +
Thrombolysis Thrombolysis

EXTEND-IA (33) N=70 35 patients 35 patients

Patient population selection: Occlusion in the proximal anterior circulation (middle cerebral 
artery or internal carotid artery) with evidence of salvageable brain tissue and small ischemic 
core (<70ml on CT).
% Achieving Reperfusion

% Achieving Recanalization @24hrs

89 (reperfusion >90% 
without SICH) 
94

34 (reperfusion >90% without 
SICH) [p< 0.001]
42

% Achieving mRS 0-2 (90 days) 71 40 [p=0.01]

Age range (yrs):  
NIHSS range interquartile range 
(median)]

68.6 ±12.3 

13-20 (17)

70.2 ±11.8

9-19 (13)
Time-to-Treat range (median) min Endo GP 210 (166-

251)
rt-PA 127 (93-162)

rt-PA 145 (105-180)

Median Time to Reperfusion following 
stroke (min)

248 (204-277)

Symptomatic Intracerebral Hemorrhage 
%

0 6

Serious Adverse Event  %
(SAE definiton for EXTEND-IA-
parenchymal hematoma)

11 9

Mortality Rate % 9 20

Table 1.4 EXTEND-IA embolectomy–thrombolysis enrollment—end point analysis
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Importantly, as a measure of a small ischemic core and large penumbra, median 
ASPECTS on CT was 9, interquartile range of 7–10 in the embolectomy arm and 
8–10 in the rt-PA arm. Like the ESCAPE and EXTEND-IA trials, the patient popu-
lation was diverse with certain common comorbidities including diabetes mellitus 
(rt-PA 12.7; embolectomy 14.6 %), hypertension (42.1–48.3 %), and atrial fibrilla-
tion (rt-PA 28.3: embolectomy 25.8). The trial was funded and supported in part by 
Covidien/ev3, Medac/Lamepro, and Penumbra.

This comparison study used mechanical treatment in 83.7 % of patients: retriev-
able stents were used in 81.5 % of patients and other devices were used in 2.1 % 
patients assigned to the intra-arterial treatment. There was no difference in the pro-
portion of patients achieving reperfusion between the two groups: 58.7 % (TICI 
score of 2b or 3) vs. 57.5 % (mAOL score of 2 or 3), but there was a statistically 
significant difference in the rate of functional independence (mRS 0–2) in favor of 
combined intervention (32.6 % vs. 19.1 %), an absolute difference of 13.5 %. 
Interestingly, in the intervention group, 75.4 % of patients showed an absence of 
residual occlusion of the target site compared to only 32.9 % in rt-PA patients.

Treatment effect favored endovascular intervention for both age groups >80 and 
<80, and surprisingly, patients in the >80 age group did much better on the endovas-
cular intervention adjusted conditional odds ratio (acOR) 95 % CI 3.24 vs. 1.6). The 
number of serious adverse events in this trial was high for both groups (42.3–47.2 
%), but sICH defined as type 1—one or more blood clots in 30 % or less of the 
infarcted area with a mild space-occupying effect, or type-2 blood clots in more 
than 30 % of the infarcted area with a clinically significant space-occupying effect, 

Trial Embolectomy + 
Thrombolysis Thrombolysis

MR CLEAN(31) N=500 233 patients 267 patients

Patient population: Occlusion of the distal intracranial carotid artery, middle cerebral artery (M1 
or M2) or anterior cerebral artery (A1 or A2) and small ischemic cores ASPECTS (7-10).
% Achieving Reperfusion

% Achieving Recanalization @ 24hours

58.7 (TICI score of 2b 
or 3)

75.4

57.5 ( mAOL score of 2 or 3)
32.9

% Achieving mRS 0-2 (90 days) 32.6 19.1

Age range (yrs)
NIHSS range interquartile range
(median)]

54.5-76 (65.8)

14-21 (17)

55.5-76.4 (65.7)

14-22 (18)
Time-to-Treat [range (median)] min Endo GP 260 (210-

313)
rt-PA 85 (67-110)

rt-PA 87 (65-116)

Median Time to groin puncture 
following stroke (min)

260 (210-313)

Symptomatic Intracerebral Hemorrhage
%

7.7 6.4

Serious Adverse Event Excluding Death 
%

25.3 18.0

Mortality Rate % (30 days) 18.9 18.4

Table 1.5 MR CLEAN-embolectomy–thrombolysis enrollment—end point analysis
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were in line with the 6.4 % observed in the NINDS rt-PA trial (7.7 % in the embo-
lectomy arm and 6.4 % in the rt-PA arm), and mortality rate (30 days) was similar 
in both groups (18.9 embolectomy vs. 18.4 rt-PA). However, thrombolytic agents 
and embolectomy procedure were not limited to tPA and stent retrievers only and 
minimum NIHSS inclusion criterion was 2, which is relatively low compared to 
other trials.

2.2.4  REVASCAT [34]: Table 1.6

The Spanish REVASCAT trial enrolled 206 patients with a proximal anterior circu-
lation occlusion were randomized to receive embolectomy plus IV rt-PA when eli-
gible and control rt-PA within a median time for groin puncture 269 min for the 
embolectomy arm plus 117.5 min for rt-PA compared to 105 min for the rt-PA arm. 
Importantly, as a measure of a small ischemic core and large penumbra, median 
ASPECTS on CT was 7, interquartile range of 6–9 in the embolectomy arm and 8 
with an interquartile range of 6–9 in the rt-PA arm. The study allowed for inclusion 
of patients within 8 h of stroke symptom onset. The Solitaire stent retriever device 
was used in this study, which was funded by Covidien. The study enrolled in the 
embolectomy and control groups, respectively, 53.4 and 52.4 % male participant, 
including 21.4 and 18.4 % diabetic patients, 60.2 and 69.9 % having hypertension, 
and 34.0 and 35.9 % having atrial fibrillation.

Trial Embolectomy + 
Thrombolysis Thrombolysis

REVASCAT(34) N=206 103 patients 103 patients

Patient population: Occlusion in the proximal anterior circulation (middle cerebral artery or
internal carotid artery) and small ischemic cores ASPECTS (7-8).
% Achieving Reperfusion

% Achieving Recanalization @ 24 hours

66 (core assessment) vs. 
80% (interventionalist 
assessment)
NA

NA

NA

% Achieving mRS 0-2 (90 days) 43.7 28.1

Age range (yrs)
NIHSS range interquartile range 
(median)]

65.7 ±11.3

14-20 (17)

67.2 ±9.5

12-19 (17)
Time-to-Treat range (median) min Endo GP 269 (201-

340)
rt-PA 117.5 (90-150)

rt-PA 105 (86-137.5)

Median Time to Reperfusion following
stroke (min)

355 (269-430)

Symptomatic Intracerebral Hemorrhage
%

1.9 1.9

Serious Adverse Event  %
(SAE definition for REVASCAT-
neurologic worsening, malignant
cerebral edema, and recurrent stroke)

30.1 25.2

Mortality Rate (90 days) 18.4 15.5

Table 1.6 REVASCAT-embolectomy–thrombolysis enrollment—end point analysis
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The rates of revascularization in the embolectomy group were reported to be 66 
%, but there was no value provided for the rt-PA group. The reperfusion rate was 
lower when compared to other trials which could be accounted due to delay in treat-
ment (30 min.) for improvement by IV-rt-PA therapy before randomization. As a 
measure of functional independence (mRS 0–2) at 90 days, 43.7 % of patients in the 
embolectomy combined arm and 28.1 % in the standard care arms achieved a “cure.” 
Statistical analysis pointed to an adjusted odds ratio for 1-point improvement of 1.7 
(1.05–2.8) in favor of embolectomy. The sICH rate of 1.9 % was low in both groups 
when using Safe Implementation of Thrombolysis in Stroke: A Multinational 
Multicentre Monitoring Study of Safety and Efficacy of Thrombolysis (SITS- 
MOST) criteria, while serious adverse events (neurologic worsening, edema, and 
recurrent stroke) were 30.1 % in the embolectomy group and 25.2 % in the control 
group. The mortality rate at 90 days was 18.4 % in the embolectomy and 15.5 % in 
the control group (risk ratio 95 % CI 1.2 (0.6–2.2).

2.2.5  SWIFT-PRIME [35]: Table 1.7

The US and Europe-based SWIFT PRIME enrolled 98 patients in the embolectomy 
plus IV rt-PA arm within a median time of 252 min (190–300 interquartile range) 
from stroke onset to first deployment of the stent, and 98 patients in the IV rt-PA 

Trial Embolectomy + 
Thrombolysis Thrombolysis

SWIFT PRIME (35) N=196 98 patients 98 patients

Patient population: Proximal anterior intracranial circulation occlusion in the absence of large
ischemic core lesions  Small ischemic cores ASPECTS (7-10).
% Achieving Reperfusion

% Achieving Recanalization @ 24 hours

82.8 (reperfusion 
≥90%)

88

40.4 (reperfusion ≥ 90%) [p< 
0.0001]

NA
% Achieving mRS 0-2 (90 days) 60.2 35.5 [p = 0.0008]

Age range (yrs):  
NIHSS range (median)

65.0 ± 12.5
13-20 (17)

66.3 ± 11.3
13-19 (17)

Time-to-Treat range (median) min Endo GP 224 (165-
275)  
rt-PA 110.5 (85-156)

rt-PA 117 (80-155)

Median Time to stent deployment 
following stroke (min)

252 (190-300)

Symptomatic Intracerebral Hemorrhage 
%

0 3

Serious Adverse Event  %
(SAE definition for SWIFT PRIME-an 
event that led to death, life-threatening
illness or injury, permanent impairment, 
prolonged hospitalization).

36 31

Mortality Rate % 9 12

Table 1.7 SWIFT PRIME—embolectomy–thrombolysis enrollment—end point analysis
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arm. Patients were enrolled with a proximal anterior intracranial circulation occlu-
sion in the absence of large ischemic core lesions and were randomized within 6 h 
after stroke symptom onset. Importantly, as a measure of a small ischemic core and 
large penumbra, median ASPECTS on CT was 9, interquartile range of 7–10 in the 
embolectomy arm and 8–10 in the rt-PA arm. In the embolectomy group, the median 
time from stroke onset to groin punctures was 224 min. The Solitaire revasculariza-
tion device (self-expanding stent retriever) was used for embolectomy. Like all 
other trials, the majority of patients had one or more comorbidities: hypertension 
(rt-PA 58; embolectomy 67 %), diabetes (rt-PA 15; embolectomy 12 %), and atrial 
fibrillation (rt-PA 39; embolectomy 36 %). The study demonstrated a significant 
improvement in functional independence using the mRS scale (range 0–2) at 90 
days, and greatly enhanced reperfusion in the majority of patients in the combined 
treatment group (83 % at 27 h) with embolectomy, and 40 % (at 27 h) in the rt-PA 
group. Moreover, 60 % of patients treated with embolectomy and intravenous 
thrombolysis had a mRS score of 0–2 compared with standard rt-PA care alone (35 
%).

The rate of sICH assessed radiologically at 27 h was 0 % in the intervention 
group and 3 % in the rt-PA group (Risk ratio 0.00) and mortality rate at 90 days was 
9 % and 12 % in the intervention and rt-PA group, respectively (P = 0.50). Serious 
adverse events defined as an event that led to death, life-threatening illness or injury, 
permanent impairment, prolonged hospitalization was 36 % in the embolectomy 
group and 31 % in the rt-PA group [Risk ratio 1.15 (0.78–1.720 P = 0.54)].

2.2.6  Endovascular Procedure Benefit

As shown in Tables 1.8 and 1.9, there are substantial differences in the rate of func-
tional independence (achieving mRS 0–2) in the five embolectomy trials. The range 
of absolute improvement is 13.5–31 % points, when a direct comparison is made 
between the thrombolytic “control” group and the embolectomy/thrombolytic 
“intervention groups.”

In Table 1.8, odds ratio and significance levels for each of the embolectomy trials 
are presented. Comparison of the odds ratio mean of 2.89 for embolectomy trials 
points to significant benefit over previous thrombolysis trials (mean odds ratio = 
1.46). Thus, embolectomy in combination with IA or IV thrombolysis (rt-PA or 
urokinase) is beneficial in a patients presenting with a large vessel stroke within 
approximately 6 h.

Retrospective meta-analysis (Table 1.9) published by the HERMES collabora-
tion [80] demonstrate that the best embolectomy outcome is achieved when 
ASPECTS was 6–8 or 9–10 indicating a significant amount of penumbra, when the 
clot location was either the ICA or M1 segment middle cerebral artery, and when 
intervention was initiated ≤300 min. There were no significant gender differences, 
but age-dependent improvement was observed. There was benefit in patients 50–80 
years of age, but less benefit between 18 and 49 years of age.
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2.3  Embolectomy Concerns

Clinical trial data presented in Sects. 2.2.1–2.2.7 point to the only major efficacious 
achievement in the treatment of embolic stroke since the approval of rt-PA. While 
the use of embolectomy has somewhat expanded the window for treatment 

mRS Score No Symptoms------------------------------------------------►Death

Study Treatment 0 1 2 3 4 5 6

ESCAPE Control (150)

Intervention (165)

7

15

10

21

12

18

15

16

24

13

12

7

19

10
EXTEND-IA Control (35)

Intervention (35)

17

26

11

26

11

20

11

17

17

3

11

0

20

9

MR CLEAN Control (267)

Intervention (233)

0

3

6

9

13

21

16

18

30

22

12

6

22

21
REVASCAT Control (103)

Intervention (103)

5.8

6.8

6.8

17.5

15.5

19.4

19.4

18.4

16.5

7.8

20.4

11.7

15.5

18.4

SWIFT

PRIME

Control (98)

Intervention (98)

9

17

11

26

16

17

17

12

22

15

26

12
mRS: modified Rankin scale (%)
Highlighted Boxes indicate mRS 0-2 functional independence.

Table 1.8 Embolectomy–thrombolysis trial—efficacy analysis: mRS outcome (90 day)

mRS Score No Symptoms-------------------------------------------►Death

Study Treatment 0 1 2 3 4 5 6

OVERALL Control (645)

Intervention
(633)

5.0

10.0

7.9

16.9

13.6

19.1

16.4

16.9

24.7

15.6

13.5

6.2

18.9

15.3

tPA eligible Control (565)

Intervention
(520) 

5.1

9.9

8.1

17.1

13.8

19.4

17.5

16.6

23.7

17.3

13.3

5.9

18.4

13.7

rt-PA ineligible Control (80)

Intervention

(108)

3.6

10.2

6.2

15.7

12.5

17.6

8.7

18.5

31.2

7.4

15.0

7.4

22.5

23.1

Table 1.9 Embolectomy–thrombolysis trial—hermes efficacy analysis [80]: mRS outcome (90 
day)
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opportunities for patients, there are still challenges that must be overcome to further 
improve long-term clinical outcome. The following sections address patient popula-
tion selection and limitations of the recent clinical trials.

2.3.1  Patient Population Selection for Embolectomy and Thrombolysis

Inclusion and exclusion criteria for embolectomy as an adjunct to thrombolysis are 
routinely used in clinical trials and the 2015 AHA embolectomy guidelines have 
been published [81]. Specific criteria for thrombolysis have also been documented 
[81–84].

The landmark NINDS rt-PA trial established that rt-PA improved neurological 
function (NIHSS and mRS) when administered within 3 h of stroke onset, and addi-
tional trials have established efficacy within 6 h of stroke onset [45, 85–93]. In addi-
tion, the recent embolectomy trials were conducted with patients enrolled to receive 
the procedure within 6 h. Retrospective data analysis of rt-PA trials has shown 
reduced benefit in stroke patients with an NIHSS score >19, and there was decreased 
or no benefit in diabetic patients or patients with atrial fibrillation [51]. However, 
based upon five successful embolectomy clinical trials, all of which included dia-
betic patients and patients with atrial fibrillation, it appears that embolectomy/
thrombolysis should not exclude either patient population. There may be less value 
of endovascular procedures in patients >80 years of age, and patients with NIHSS 
>17, but neither is significant reason to withhold treatment.

2.3.2  Limitations of the Trials

Before deeming the recent embolectomy trials a complete success, it is necessary to 
briefly further examine two main limitations of the trials, specifically the methodol-
ogy used to assess patients for inclusion as well as time to treatment, although other 
limitations and discrepancies have been identified by investigators [94]. At first 
glance, it is apparent that the five studies cannot easily be generalized to all stroke 
patients. The reasons are as follows in the next sections.

Patient Selection Bias

As shown in Tables 1.3–1.7, patients were included in the embolectomy trials if 
the infarct core was small, and in some cases documentation to demonstrate that 
there was brain tissue to salvage. Notably, patients with large core ischemic 
strokes were excluded from the trials. It is interesting to note that the majority of 
patients screened for EXTEND IA and ESCAPE were excluded from the trials 
because of adherence to strict inclusion criteria [32, 33, 94]. In the open popula-
tion of stroke patient in the United States, approximately 30–35 % have large 
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vessels occlusions [30, 94, 95], making the patient selection limitation of the 
 studies troublesome!

Second, each trial had varied methodology used to define the stroke regions and 
“penumbra.” The lack of standardization across the studies can be seen as problem-
atic or even beneficial. For example, in the REVASCAT trial, computed tomography 
(CT) was utilized with ASPECTS; patients with a score less than 7 were excluded, 
or a score of 6 with diffusion-weighted magnetic resonance imaging (MRI) [34], 
and in the EXTEND trial ASPECTS was also used (inclusion criteria score of 
6–10). In the EXTEND-IA trial, CT angiography was used, and automated (RAPID) 
CT perfusion imaging was used to identify salvageable brain tissue [33, 94]. The 
MR CLEAN trial used various methods for inclusion of patients including CT, angi-
ography (CTA), MRI, or digital-subtraction angiography (DSA) [12]. Despite the 
use of various techniques, the defined and very limited patient population improved 
significantly following the endovascular procedure in combination with 
thrombolysis.

Saving Penumbra

The integrity of the ischemic penumbra appears to be key in the success of the endo-
vascular trials and will no doubt be critical in advancing many new therapeutic 
approaches to treat ischemic stroke victims in the near future. In 4 of the 5 trials, 
ASPECTS scoring [96–99] was utilized to define the extent of an ischemic core 
with scoring ranges of 0–5 a large ischemic core, 6–7 a modest sized core, 8–10 a 
small or minimal ischemic score. In the endovascular trials, the median score of 9 
was indicative of small core ischemic strokes with ample penumbra at the time of 
randomization into the two treatment groups. This is a very important factor not 
only for effective thrombolysis, but also for combination therapy where substantial 
additional stent retriever efficacy was demonstrated.

While not openly discussed to any extent in the endovascular trial papers [31–
35], there are other important considerations when offering the stroke victim reper-
fusion therapy, or even enrolling the patient in a randomized clinical trial. It is likely 
that patients with eloquent brain structure damage, either due to the main ischemic 
event or worsening of the ischemic core may specifically affect sensorimotor, lan-
guage, and cognitive functions due to damage in cortical or subcortical brain 
regions. Due to the rapidity now required for endovascular and thrombolytic proce-
dures (DTNT or DTGPT of <60 min), patients with the damage described earlier 
are typically enrolled in clinical trials without the benefit of extensive brain map-
ping using functional MRI (fMRI) and diffusion tensor imaging (DTI) [100]. If the 
damage is severe, then the response of the patient will be less than optimal, thereby 
skewing clinical outcome results and the procedures may offer little long-term ben-
efit to the patient. Nevertheless, the patient should be provided the best possible care 
available because it would be unethical not to do so.
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Time to Treatment

As provided in Tables 1.3–1.7, the success of the trials is attributed to rapid treat-
ment of stroke patients identified within approximately 6 h, and the imaging of the 
infarct and salvageable area accomplished within 60 min or less. The process 
required a well-disciplined multidisciplinary team to efficiently move the patient 
from enrollment to treatment. The concern now is that the clinical trials were “arti-
ficial” and the rapidity of the process is not the norm in most worldwide facilities. 
Thus, reproducibility of safe and effective endovascular procedures will be a chal-
lenge. As described in a few recent publications, there are a limited number of sites 
worldwide that can accomplish the treatment procedures [29, 94, 101–103]. The 
safe use of rt-PA must be expanded in the USA and worldwide to promote recanali-
zation prior to endovascular procedures or other novel procedures targeting 
cytoprotection.

Coadministration of Thrombolytics

In the five trials, rt-PA or urokinase was administered IV well in advance of embo-
lectomy. In the five trials, the median time of thrombolytic administration was in the 
range of 85–127 min in the embolectomy arm and within 87–145 min in the throm-
bolysis arm, both well within current FDA guidelines. Moreover, in the embolec-
tomy arm, the initiation of “thrombolysis” occurred well before the procedure.

There is now some reasonable evidence resulting from retrospective analysis of 
the embolectomy trial database [31–35], demonstrating that embolectomy alone in 
patients ineligible for rt-PA is beneficial [36] based upon mRS scores, and reperfu-
sion measures (Table 1.10). Notably, patients “selected” for the procedures have 
ASPECTS scores of 8–9 [36] indicative of large penumbral areas as a substrate for 
therapy. However, there was a higher mortality rate (61 %) in the embolectomy 
group alone compared to rt-PA + embolectomy.

• Can another adjunct “neuroprotective” therapy complement thrombolysis in the 
clinical setting for the select population selected to receive embolectomy? These 
pertinent questions remain to be addressed and answered.

2.3.3  Future of Embolectomy

Five embolectomy trials conducted worldwide showed efficacy (Australia, Canada, 
Europe, United States) in large vessel stroke patients enrolled within 6 h. This is 
important to note and suggests reproducibility of the results and that the effect is not 
patient population specific. As discussed by Mocco et al. [104], the efficacy may be 
related to the enhanced ability of stroke centers to perform both thrombolysis and 
embolectomy in stroke patients. Currently, this includes an interventionalist, a 
clinician or nurse trained in the administration of IV rt-PA. The future may see 
additional benefit from neuroprotection administered IV, IA, transcranially or via 
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another method yet to be described. To obtain efficacy, some centers may have to 
adopt drip and ship procedures where thrombolysis is provided rapidly at one site 
and the patient is then transported to another site for endovascular procedures. This 
method would result in longer treatment interval times and reduced efficacy com-
pared to sites offering drip and keep procedures where both thrombolysis and embo-
lectomy can be performed rapidly. Clearly, the future of stroke treatment will utilize 
a multidisciplinary team approach to provide the best care to patients, and centers 
will have to be expert with rt-PA and retrievers.

As informed steering committees develop new stroke trials based upon high- 
quality translational studies that incorporate STAIR [105] and RIGOR [106–108] 
guidelines, perhaps the limited “therapeutic window” for embolectomy and throm-
bolytic efficacy described herein should be recognized as critical. Previous argu-
ments have been made for rapid administration of therapy [27, 29, 68] and the 
recommended DTNT for thrombolytic therapy administration is less than 1 h [56–
58, 68]. Nevertheless, all embolectomy trials described in this chapter used a thera-
peutic window 5 or more fold in excess of that recommendation, and efficacy was 
still demonstrated, either with or without rt-PA. The fact that enhanced efficacy and 

Treatment Time-Range Embolectomy Embolectomy with rt-PA

0-3 hours

MCA M1/M2/ICA-T (%)
Baseline NIHSS
Mean Time IV-rt-PA (min)
Last normal to GP (min)
mRS 0-2 (%)
Mortality 90 days (%)

N=40

74
19 (15-21)

NA
135 (101-167)

40
37

N=60

91
21 (17-24)

92 (69-105)
150 (125-165)

50
15

0-4 hours + 5 hours

MCA M1/M2/ICA-T (%)
Baseline NIHSS
Mean Time IV-rt-PA (min)
Last normal to GP (min)
mRS 0-2 (%)
Mortality 90 days (%)

N=102

85
19 (15-24)

NA
202 (160-246)

35
36

N=177

92
20 (16-23)

108 (81-135)
207 (165-240)

45
45

0-6 hours

MCA M1/M2/ICA-T (%)
Baseline NIHSS
Mean Time IV-rt-PA (min)
Last normal to GP (min)
mRS 0-2 (%)
Mortality 90 days (%)

N=169

86
19 (15-24)

NA
250 (181-304)

38
34

N=253

90
20 (15-23)

119 (90-160)
235 (181-289)

45
21

Table 1.10 Efficacy and safety of embolectomy in rt-PA ineligible patients [36]

1 Reflections on Neuroprotection Research and the Path Toward Clinical Success



22

safety were measured when a thrombolytic was preadministered to patients may be 
an important factor, but it is not a critical component to demonstrate significant 
clinical efficacy as reviewed earlier and in HERMES [36].

Endovascular Procedure Summary

Rapid advances are being made in the field of endovascular procedures with new 
devices currently under development. The five embolectomy trials discussed earlier 
will lead the way for new therapeutic options to be provided to stroke patients. The 
second phase of endovascular procedure trials with expanded therapeutic windows 
(6–8 h) is already enrolling patients. Nevertheless, with current clinical embolectomy 
and thrombolysis efficacy data within 6 h, only 13.5–31 % of patients achieve an mRS 
score of 0–2. 70–85 % of patients are not adequately treated and do not return to normal. 
It is doubtful that expanding the therapeutic window for embolectomy/thrombolysis 
will have a significant effect on the proportion of patients improving to the point of 
functional independence. Brain tissue still needs to be preserved, and the literature by 
Saver clearly argues that time is brain and time is extremely important [27]. The 
future of translational and clinical stroke research will be to provide an adjuvant thera-
peutic to patients either in combination with endovascular procedures, in the absence 
or presence of thrombolysis to further improve clinical function, and increase the 
mRS 0-2 population.

If at first, the idea is not absurd, then there is no hope for it
Albert Einstein
(German born American Physicist. 1879–1955)

3  Neuroprotection

Because effective neuroprotection or adjuvant neuroprotection has still not reached 
fruition in stroke victims, this section will only very briefly summarize in the form 
of an extensive, but not all inclusive table, the diverse types of neuroprotective com-
pounds studied in clinical trials, and their outcomes, most quite disappointing 
except for select thrombolytics and a few neuroprotectives. The compilation of this 
encyclopedia of neuroprotective drug candidates was inspired, in part, by the semi-
nal paper entitled “1026 experimental treatments in acute stroke” in 2006 [109], 
which was published 10 years ago.

It has now been 10 years since the exhaustive review on the art of neuroprotec-
tion in animal models, and the list continues to grow almost exponentially. We have 
taken a closer look at a selection of drugs, some with demonstrated efficacy in ani-
mals [109], and have compiled a Table of drugs listed with proposed mechanism for 
each drug (Table 1.11). Where possible, the Table includes a link to the www.clini-
caltrials.gov database or another online database where trial information can be 
found, so that the reader can mine data, and review patient selection criteria and 
other study design information. Since many of the drugs and their targets are 
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Table 1.11 Neuroprotection clinical trials

Drug name Proposed
mechanism

Clinical Trial
Information Date Design (if published) Sample size

(if known)
Result

(Safety and/or Efficacy) References

Excitotoxicity (Pathways)
ACEA 1021 
(licostinel)

NMDA glycine 
site antagonist

― 1999 Licostinel
vs

Placebo

64 Confirmation of safety; 
similar improvement of 
NIHSS scores versus 
placebo

(110)

AR-R15896AR
(AKA-ARL
15896, or AR-
A15896AR )

NMDA 
antagonist

― 2002 AR-R15896AR
vs

Placebo

103 No significant difference
in neurological recovery;
More side effects than 
placebo.

(111)

― 2001 AR-R15896AR
vs

Placebo

175 No significant difference
in neurological recovery; 
dose ranging study. 

(112)

Baclofen GABA-B
agonist

― 2001 Baclofen
vs

Placebo

21 Maintains the reduction of 
the spastic hypertonia 

(113)

Study of the 
Effects on 
Motor 
Recovery of 
Early Post-
stroke 
Spasticity 
Treatment 
(BacloTox)

2015 botulinum toxin and 
placebo baclofen
vs

oral baclofen and placebo 
botulinum toxin
vs

placebo baclofen and 
placebo botulinum toxin

300 Recruiting (114)

SISTERS: 
Spasticity In
Stroke Study
-
Randomized
Study
(SISTERS)

2016 Intrathecal Baclofen
vs

Best Medical Treatment

88 Ongoing but not recruiting (115)

BIII-890-CL Sodium channel
blocker

― 2002 Unknown (116)

Safety and 
Tolerability 
of BIII-890 
in Patients 
With Acute 
Ischemic 
Stroke

2014 BIII-890
Vs

Placebo

97 No designated safety 
issues reported

(117)

BMS-204352 Potassium 
channel opener

POST 2002 BMS-204352
vs

Placebo

1,978 No significant difference
in neurological recovery

(118)

CGS 19755
(Selfotel)

NMDA 
antagonist

― 2000 Selfotel 
vs

Placebo

567 No significant difference
in neurological recovery; 
might have neurotoxic 
effect

(119)

Clomethiazole
(CMZ, Zendra)

GABA agonist CLASS-I 2002 Clomethiazole
vs

Placebo

1,198 Does not improve 
outcome in neurological 
recovery.

(120)

CNS1102 
(Cerestat, 
Aptiganel)

NMDA ion 
channel blocker

― 2001 Aptiganel
vs

Placebo

628 No significant difference
in neurological recovery, 
and may be harmful.

(121)

CP101, 606 
(Traxiprodil)

NMDA ion
channel blocker

A Study to
Evaluate the 
Efficacy and 
Safety of 
CP-101,606 
in Subjects 
With an 
Acute Stroke

2004 CP101, 606
vs

Placebo

300 Study Terminated, 
unreported results

(122)

Dextrorphan NMDA ion 
channel blocker

― 1995 Dextrorphan
vs

Placebo

37 No difference in
neurological outcome;
dose ranging study

(123)

Dextremethorphan NMDA ion 
channel blocker/ 
Neuroprotection

Evaluation 
of the 
neuroprotect
ive effect of 
dextrometho
rphan in the 
acute phase 
of ischaemic 
stroke

2011 Dextremethorphan
vs

Placebo

40 Not neuroprotective, but 
does not worsen condition 
or neurological outcome; 
reduction in seizures, and
increase of MI and renal
failure versus placebo.

(124)

Diazepam
(valium)

Benzodiazepine ― 2006 Diazepam
vs

Placebo

880 Safe in acute ischemic 
stroke, but may better be 
avoided in intracerebral 
hemorrhage.

(125)

Eliprodil (SL
82.0715)

NMDA 
polyamine 
antagonist
Sigma ligand

Eliprodil
trial

1996 Eliprodil
vs

Placebo

483 No significant difference
in neurological recovery

(126)

Fosphenytoin Sodium channel 
blocker, 
Glutamate
release inhibitor.

― 2008 Fosphenytoin
vs

Placebo

462 No significant difference
in neurological recovery

(127)

(continued)
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Gavestinel 
(GV150526A)

NMDA glycine 
antagonist

GAIN 
International 
Trial

2005 Gavestinel
vs

Placebo

3450 No significant difference
in neurological recovery

(128)

Glycine NMDA 
antagonist

― 2000 Glycine
vs

Placebo

200 Confirmation of safety; 
Improvement of
neurological recovery

(129)

GSK249320
(mAb)

Antagonises or 
neutralises 
myelin-
associated 
glycoprotein
(MAG) -
mediated 
inhibition

MAG111539 2013 GSK249320
vs

Placebo

42 Confirmation of safety (130)

Lifarizine (RS-
87476)

Sodium/calcium 
channel
blocker

― 1995 Lifarizine
vs

Placebo

147 Confirmation of safety; 
Mortality and functional 
data suggest favorable 
trends

(131, 132)

Lubeluzole Sodium/calcium 
channel
blocker 
NOS inhibitor

― 2001 Lubeluzole + alteplase
vs

Placebo + alteplase

89 No significant difference
in neurological recovery; 
confirmation of safety

(133)

― 2000 Lubeluzole
vs

Placebo

1,786 No significant difference
in neurological recovery

(134)

― 1998 Lubeluzole
vs

Placebo

725 No significant difference
in neurological recovery; 
did not increase 
morbidity.

(135)

Magnesium NMDA ion 
channel blocker.
Calcium 
antagonist

― 2013 Magnesium sulphate
vs

Placebo

107 Improvement of
neurological recovery; 
confirmation of safety.

(136)

Field 
Administrati
on of Stroke 
Therapy -
Magnesium 
(FAST-
MAG) Trial 
(FAST-
MAG)

2015 Magnesium sulphate
vs

Saline

1700 No significant difference
in neurological recovery

(38)

NA-1 (Tat-
NR2B9c)

Postsynaptic 
density-95 
protein inhibitor 

ENACT 2012 NA-1
vs

Placebo

197 Fewer ischemic infarcts vs 
placebo.

(137)

FRONTIER 2016 NA-1
vs

Placebo

558 Recruiting (138)

Nalmefene Opioid 
antagonist

― 2000 Nalmefene
vs

Placebo

368 No significant difference
in neurological recovery

(139)

Naloxone Opioid 
antagonist

― 1991 Naloxone
vs

Placebo

24 No significant difference
in neurological recovery

(140)

Nicergoline α2 adrenoceptor
agonist 
Enhances 
glutamate 
uptake

― 1997 Nicergoline
vs

Placebo

136 Improvement of
neurological recovery

(141)

2002 Nicergoline
vs

Placebo

25 Improvement of
neurological recovery

(142)

NPS 1506 NMDA ion 
channel blocker

― 2000 NPS 1506
vs

Placebo

36 Confirmation of safety (143, 144)

Remacemide NMDA ion 
channel blocker
Sodium channel 
blocker

― 1999 Remacemide
vs

Placebo

61 Confirmation of safety (145)

Sipatrigine
(BW619C89)

YM872

ZK200775
(MPQX)

Sodium channel
antagonist
Glutamate
release inhibitor
AMPA
antagonist

AMPA
antagonist

ARTIST

ARTIST
MRI

―

―

2000

2006

2006

2002

Sipatrigine
  vs
Placebo

YM872 + Alteplse
  vs
Placebo + Alteplase
YM872
  vs
Placebo
ZK200775
  vs
Placebo

27

NA

NA

61

Neuropsychic events
higher versus placebo; No
significant difference in
neurological recovery
This study was abandoned
after failing an
interim futility analysis.
This study was abandoned
after failing an
interim futility analysis.
Transiently worsened the
neurological condition

(146)

(147)

(147)

(148)
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Dexamethasone Glucocorticoid, 
antiinflammatory

― 2011 Dexamethasone
vs

Placebo

60 Improvement of level of
consciousness was
statistically significant in
Dexamethasone treated
group, but did not reduce
volume of hypodense
area.

(153)

― 2001 Dexamethasone
vs

Placebo

40 Study failed to
demonstrate any benefit of
a short-course of high
dose steroid in improving
the mortality of stroke
patients.

(154)

Enlimomab 
(anti–
ICAM-1 
antibody)

Leukocyte 
migration and 
adhesion
inhibitor

EAST 2001 Enlimomab
vs

Placebo

625 No significant difference
inn eurological recovery;
may significantly worsen
stroke outcome

(155)

FK506 
(Tacrolimus)

Immunosuppres
sant

― 2012 Unknown Stopped in Phase II-
adverse side effects

See review (156)

Fludrocortisone Mineralocorticoid ― 1989 Fludrocortisone
vs

None

91 Although fludrocortisone
treatment tended to
diminish the decrease in
plasma volume, the
difference was not
significant.

(157, 158)

Ganglioside 
GM1

Metabolism, 
growth

SASS 1994 Ganglioside GM1
vs

Placebo

287 Confirmation of safety;
only certain post hoc tests
showed statistically
significant differences or
trends favoring GM1.

(159)

IASS-H 1989 Ganglioside GM1
vs

Placebo

502 No significant difference
in neurological recovery at
120 days.

(160)

Hu23F2G 
(LeukArrest)

Leukocyte 
adhesion 
inhibitor

― 2002 LeukArrest + Alteplase
vs

Placebo + Alteplase

Unknown The trial was terminated
after interim analysis

(161)

Interleukin-1 
receptor 
antagonist(IL-1 
RA)

IL-1 inhibitor ― 2005 IL-1 RA
vs

Placebo

34 Confirmation of safety (162)

Minocycline Broad-spectrum 
tetracycline 
antibiotic

― 2007 Minocycline
vs

Placebo

152 Improvement of
neurological recovery

(163)

NeuMAST 2012 Minocycline
vs

Placebo

139 Study Terminated; interim
analysis shows futility

(164)

― 2015 Minocycline
vs

Control

53 Improvement of
neurological recovery; no
significance between
females and males.

(165)

― 2013 Minocycline
vs

Control

95 Intravenous minocycline
was safe but not
efficacious

(166)

― 2010 6 Terminated; too few acute
stroke patients available to
meet enrollment
requirements

(167)

MINOS 2010

Minocycline
Vs

Enoxaparin
vs

Minocycline + Enoxaparin
Vs

Placebo

Open label dose-
escalation.

60 Dose Finding study (168)

Anti-inflammatory/Vascular Adhesion/Anti-bacterial/Immune suppression
Cyclosporin A Immunosuppres

sant
CsAStroke 2014 Cyclosporin A

vs
Saline

126 Not effective in reducing 
infarct size. However, a 
smaller infarct size was 
observed in patients with 
proximal cerebral artery 
occlusion and efficient 
recanalization.

(149, 150)

Dapsone
(diamino-
diphenyl sulfone,
DDS)

Antibacterial DAISY 2010 Dapsone
vs

Placebo

300 Unknown (151)

Pilot 2007 Dapsone
vs

Placebo

30 Confirmation of safety; 
Improvement of
neurological recovery

(152)
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Antioxidant-free radicals scavengers
Albumin Antioxidant

Improvement of
microcirculation

ALIAS 2011 Albumin
vs

Placebo

434 Preliminary results from 
the ALIAS Part 1 suggest 
a trend toward a favorable 
primary outcome in 
subjects treated with ALB 
and support the validity of 
the statistical assumptions 
that underlie the ALIAS 
Part 2 Trial.

(173)

ALIAS-2 2013 Albumin
vs

Placebo

843 No Clinical benefit; trial 
halted due to futility

(174)

Deferoxamine Iron chelator; 
bacterial 
siderophore

TANDEM-1 2012 Deferoxamine + Alteplase
vs

Placebo + Alteplase

62 Unknown (175, 176)

Ebselen Free radical
scavenger;
synthetic 
organo-selenium
anti-
inflammatory,
anti-oxidant and
cytoprotective
activity; mimic
glutathione
peroxidase

― 2009 Ebselen
vs

Placebo

394 Unknown (177)

― 1998 Ebselen
vs

Placebo

302 Early treatment improved 
the neurological recovery

(178)

Edaravone Free radical
scavenger;
nootropic and
neuroprotective
agent

On 
going

Compound Edaravone
Vs

Control

1200 Unknown (179)

2015 Edaravone
Low/Medium/High Dose
Vs

Control

400 Unknown (180)

CER 2014 Edaravone 
vs

Butylphthalide
vs

Cerebrolysin
vs

Citicoline
vs

Piracetam

20,000 Unknown (181)

YAMATO On 
going

Edaravone (pre-
administaration) +
Alteplase
vs

Edaravone (post-
administration) +
Alteplase 

200 Unknown (182)

PROTECT4.5 On 
going 

Edaravone (pre-
administration)
+ Alteplase 
vs

Edaravone (post-
administaration) +
Alteplase 
vs

Edaarvone + Argatroban
vs

Edaarvone + Sodium 
ozagrel

10,000 Unknown (183)

Neutrophil 
inhibitory factor
(rNIF, UK-
279.276)

Neutrophil 
inhibitor

ASTIN 2003 UK-279.276
vs

Placebo

966 No significant difference
in neurological recovery;
stopped early for futility.

(169)

Niacin Vitamin B(3): 
metabolic
enhancer

― 1980

Pentoxifylline

Xanthinol nicotinate
vs

58 Xanthinol nicotinate
was inferior to
pentoxifylline in
neurological recovery

(170)

Paracetemol 
(Acetaminophen)

Analgesic/antip
yretic COX
inhibitor

PAIS 2009 Paracetemol
vs

Placebo

1,400 Paracetamol might have a 
beneficial effect on 
functional outcome in 
patients admitted with a 
body temperature 37-39 
degrees C, but results do 
not support the use of high 
dose paracetamol for acute 
stroke.

(171)

PAIS 2 2015 Paracetemol
vs

Placebo

1,500 Unknown (172)
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EAIS 2003 Edaravone 
vs

Placebo

250 Improvement of
neurological recovery

(190)

2003 138 Improvement of
neurological 
recovery in combination vs
monotherapy with ozagrel.

(191)

EDO 2009 Edaravone 
vs

Sodium ozagrel

401 Verified that edaravone 
was not inferior to 
ozagrel. Edaravone was 
at least as effective as 
ozagrel for the treatment 
of acute noncardioembolic 
ischemic stroke.

(188)

EAST 2008 Edaravone + Argatroban
Vs

Argatroban

814 No favorable effects of 
edaravone when added to 
baseline treatment with 
argatroban.

(189)

vs
Sodium ozagrel

Edaravone + Sodium
ozagrel

N-acetyl-cysteine
(NAC)

Free radical
scavenger

― 2015 N-acetylcysteine
vs

Acetaminophen
vs

N-acetylcysteine +
Acetaminophen
vs

Placebo

120 Unknown (192)

Nicaraven (AVS) Free radical 
scavenger; 
hydroxyl radical 
scavenger

― 1996 AVS
vs

Placebo

162 Marked improvement in
the Glasgow Outcome 
Scalescores at 1 month, as 
well as a reduction in the 
cumulative incidence of 
death by 3 months.

(193)

NXY-059 Nitrone free 
radical 
scavenger

SAINT II 2008 NXY-059 
vs

Placebo 

3,306 Ineffective within 6 hours 
of symptom onset

(40, 195)

SAINT I 2007 NXY-059 
vs

Placebo 

1,722 NXY-059 significantly 
improved the overall 
distribution of scores on 
the modified Rankin scale, 
as compared with placebo 
(P=0.038). 

(39, 194)

PG2 
(Polysaccharides 
of Astragalus 
membranaceus)

Chinese Herb 
Antiinflammator
y

Pass 2015 PG2 
vs

Placebo

300 Unknown (196)

Tirilazad
(U74006F)

Free radical 
scavenger; 
nonglucocortico
id, 21-
aminosteroid 
that inhibits 
lipid 
peroxidation

RANTTAS 
and 
RANTAS II 

1996 Tirilazad
vs

Placebo
(Randomized, double-
blinded, vehicle-
controlled trial)

556

and

126

No significant difference
in neurological recovery
(worsens stroke outcome)

(197)

2012 Edaravone (pre-
administration) 
+ Alteplase 
vs

Edaravone (post-
administaration) + 
Alteplase 

40 Improvement of
neurological recovery

(184)

2011 Edaravone
Vs

Placebo

50 Improvement of
neurological recovery

(185)

2010 Edaravone (long-term-
administration)
vs

Edaravone (short-term-
administaration)

47 Suppresses the 
progression of disuse 
muscle atrophy and 
improves leg locomotor 
function to a greater 
extent than shorter-term 
treatment in acute stroke 
patients.

(186)

2010 Edaravone (long-term-
administration)
vs

Edaravone (short-term-
administaration)

72 Retrospective study shows 
that Edaravone dose-
dependently increases 
rehabilitation gain

(187)
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NTx®-265 Regeneration; 
Human 
Chorionic 
Gonadotropin 
(hCG) and 
Epoetin Alfa 
(EPO)

REGENESIS 2009 NTx®-265
vs

Placebo

134 Unknown (209)

REGENESI
S-LED

2014 NTx®-265+ EPO
vs

Placebo

96 Confirmation of safety;
study halted; No
significant difference in
neurological recovery

(210, 211)

REGENESIS 2010 NTx®-265+rHCG+ EPO
vs

Placebo

30 Study withdrawn prior to 
enrollment.

(212)

PS519/MLN519 Proteasome 
inhibitor

― 2002 PS519 39 Confirmation of safety (213)

Calcium channel/adrenergic modulators/antihypertensives
Atenolol 
(Tenormin)

Selective β1
receptor
antagonist

― 1993 Atenol + aspirin
vs

Placebo + aspirin

1,473 No significant difference
in the occurrence of stroke 
events

(214)

Candesartan 
cilexetil (TCV-
116, Blopress, 
CV-11974)
Cyclandelate

AT1 receptor 
antagonist 
Antihypertensive

SCAST 2012 Candesartan cilexetil 
vs

Placebo

2,029 No significant difference
in neurological recovery; 
harmful effect suggested.

(215, 216)

Vasodilator 
(calcium
modulator)

― 1987 Cyclandelate 303 Improvement of
neurological recovery; 
uncontrolled study design.

(217)

DP-b99 (DP-
BAPA)

Calcium 
chelator

MACSI 2012 DP-b99
vs

Placebo

446 Interim futility analysis; no 
evidence of efficacy in 
treating human ischemic
stroke

(218-220)

― 2008 DP-b99
vs

Placebo

150 Improvement of
neurological recovery at
90 days.

(221)

Flunarizine Calcium 
channel blocker-
non-selective 
and histamine 
H1 blocker

FIST 1996 Flunarizine
vs

Placebo

331 Flunarizine did not
improve neurologic and
functional outcome in
patients with acute
ischemic stroke

(222)

ILS-920 Calcium 
channel blocker
(Rapamycin 
Analog)

― 2009 ILS-920 16 Unknown (223)

Irbesartan AT1 receptor 
antagonist 
Antihypertensive

― 2012 Irbesartan
vs

Placebo

43 Agent did not appear to
substantially modify
infarct growth.

(224)

Nicardipine Calcium 
antagonist
(dihydropyridine
class of 
calcium channel
blockers)

― 2001 Nicardipine + Aspirin
vs

Aspirin

264 At six months, the 
cumulative incidence of 
recurrent ischemic 
cerebrovascular events was
significantly lower in the
aspirin-plus-nicardipine
group than in the aspirin-
only group.
This difference was no
longer significant at 12 
months.

(225)

Anti-apoptotic/regeneration
Basic fibroblast 
growth factor
(Trafermin.
Fiblast)

Growth factor ― 2002 Trafermin
vs

Placebo

286 Confirmation of safety. (198)

Erythropoietin
(EPO)

Controls 
erythropoiesis, 
or red blood cell 
production

2016 
on 
going

60 Recruiting (199)

― 2009

EPO + G-CSF
vs

Placebo
EPO
vs

Placebo

522 No significant difference
in neurological recovery.
Significantly increased 
mortality rate and safety 
concerns.

(200)

BETAS 2008 15 Confirmation of safety (201, 202)
GM602 Anti-

inflammatory
GMAIS 2016 

(ongo
ing)

36 Unknown (203)

Granulocyte-
colony 
stimulating 
factor
(G-CSF)

Regeneration; 
stimulates the 
bone marrow to 
produce 
granulocytes 
and stem cells

AXIS-2 2013

Beta-hCG+ erythropoietin
GM602
vs

Placebo
AX200
vs

Placebo

328 No significant difference
in neurological recovery

(204, 205)

Lu AA24493 
(carbamylated 
erythropoietinC
EPO)

Controls 
erythropoiesis, 
or red blood cell 
production

CEPO 2011 Lu AA24493 
vs

Placeb

16/24 Unknown-Toxicity 
claims halted development

(206, 207)

MP-124 PARP-1 
inhibitor

― 2011 Unknown 72 Unknown (208)
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SUN-N8075 Anti-oxidant ― 2006 Unknown (247)
S-0139 (SB-
737004)

selective ET-A 
endothelin 
receptor
antagonist

― 2002 Unknown (248)

TS-011 20-
Hydroxyeicosat
etraenoic acid 
synthesis
inhibitor

Effect of a 
New Inhibitor
of the
Synthesis of 
20-HETE on
Cerebral 
Ischemia 
Reperfusion 
Injury 

2006 Phase I development
abandoned

(249)

Verapamil Calcium channel
blocker
(Phenylalkylami
ne calcium 
channel)

SAVER-I 2016 
on 
going

Verapamil 30 Recruiting (250)

Vinpocetine 
(ethyl 
apovincaminate)

Calcium
inhibitor, 
Vasodilator,
Sodium blocker; 
semisynthetic 
derivative of the 
vinca alkaloid 
vincamine, an 
extract from the 
lesser periwinkle 
plant.

CAVIN 2013 Vinpocetine + 
Citicoline + 
Aspirin or Clopidogrel 
vs

Citicoline +
Aspirin or Clopidogrel 

610 Unknown (251)

― 2001 Vinpocetine + Dextran
vs

Dextran

30 Improvement of
neurological recovery

(252)

Papaverine Opium alkaloid 
antispasmodic; 
selective 
phosphodiesterase
inhibitor for the
PDE10A)

― 1979 Papaverine
vs

Vincamine

263 Papaverine was inferior to
vincamine in neurological
recovery

(243)

Propranolol β-adrenergic
blockade,
Membrane 
stabilization

BEST 1988 Propranolol
vs

Atenol
vs

Placebo

302 No significant difference
in neurological recovery

(244)

BIAS 2013 Propranolol
vs

Placebo

20 Unknown (245)

PY 108-068 Calcium 
antagonist; 
dihydro-
pyridine 
derivative

― 1989 PY 108-068
vs

Placebo

19 Safe, but no significant 
difference in neurological 
recovery

(246)

― 2004 Double concentrated
Vs

Triple concentrated IV 
Nicardipine

50 Unknown (226)

Nimodipine Calcium 
channel blocker
(dihydropyridine
calcium channel)

― 2016 
on 
going

Nimodipine
vs

Saline + citicoline

72 Recruiting (227)

NICE 2012 Nimodipine
vs

Placebo

665 Unknown (228)

Nimodipine
vs

Placebo

INWEST 2003 295 No significant difference in
neurological recovery

(229, 230)

Nimodipine
vs

Placebo

VENUS 2001 454 No significant difference in
neurological recovery

(231)

Nimodipine
vs

Placebo

NIMPAS 1999 50 No significant difference in
neurological recovery

(232)

Nimodipine
vs

Placebo

― 1994 350 No significant difference in
neurological recovery

(233, 234)

Nimodipine
vs

Placebo

ANS 1992 1,064 No significant difference in
neurological recovery

(235, 236)

Nimodipine
vs

Placebo

TRUST 1990 1,215 No significant difference in
neurological recovery

(237, 238)

Nimodipine
vs

Placebo

― 1990 164 No significant difference in
neurological recovery

(239, 240)

Nimodipine
vs

Placebo

― 1988 186 Improvement of 
neurological recovery

(241, 242)
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Certoparin A low molecular 
weight heparin, 
primarily active 
against factor Xa

PROTECT 2006 Certoparin
vs

Unfractionated heparin

545 Confirmation of safety (265)

Clopidogrel Antiplatelet; 
thienopyridine-
class antiplatelet 
agent

SPS3 2012 Clopidogrel + Aspirin
vs

Aspirin

3,020 No significant difference
in secondary prevention of 
stroke

(266)

Dalteparin Anticoagulant; 
low molecular 
weight heparin

HAEST 2000 Dalteparin
vs

Aspirin

449 No significant difference
in neurological recovery

(267)

Eptifibatide
(cromafiban;
Integrilin)

Antiplatelet: 
glycoprotein 
IIb/IIIa inhibitor 
class; a cyclic 
heptapeptide 
derived from a 
protein found in 
the venom of the 
southeastern 
pygmy rattlesnake

CLEAR-ER 2015 Eptifibatide + Alteplase
vs

Alteplase

126 Confirmation of safety (268, 269)

CLEAR-
FDR

2015 Eptifibatide + Alteplase
vs

Alteplase

27 Confirmation of safety (270)

CLEAR 2008 Eptifibatide + Alteplase
vs

Alteplase

94 Confirmation of safety (271)

Heparin Anticoagulant IST 1997 Heparin
vs

No heparin

19,435 No significant difference
in neurological recovery

(272)

MRX-801 Microbubbles
w/ultrasound

TUCSON 2009 MRX-801 + Alteplase
vs

Placebo + Alteplase

72 The confirmation of the 
safety; study terminated 
by sponsor

(273)

Pentoxifylline Improve 
capillary flow; 
Blood Viscosity 
Reducer

― 1988 Pentoxifylline
vs

Placebo

297 No significant difference
in neurological recovery

(274)

1985 Acetylsalicylic acid and 
dipyridamole
vs

Pentoxifylline

138 23 ASAD patients and 9 
PTX patients suffered a 
recurrence. This difference
was significant (p=0.019)
in favor of the PTX group.

(275)

Aspirin
(acetylsalicylic
acid)

Antiplatelet CAST-IST 2000 Aspirin
vs

Placebo (CAST), Open 
(IST)

40,000 Secondary prevention of 
stroke

(263)

Batroxobin
(Defibrase, DF-
521)

Snake venom 
produced by 
Bothrops atrox 
and Bothrops
moojeni, 
venomous 
species of pit
viper. It is a 
hemotoxin which
acts as a serine
protease closely 
related to
thrombin 

2005 Defibrase
vs

Placebo

1,053 Improvement of
neurological recovery

(264)

Coagulation Cascade/Clot Stability and Lysis
Abciximab
(reopro, c7E
3Fab)

Antiplatelet: 
glycoprotein 
inhibitor

AbESTT-II 2008 Abciximab
vs

Placebo

808 Trial terminated 
prematurely, trial did not 
demonstrate either safety 
or efficacy of intravenous 
administration of 
abciximab for the 
treatment of patients with 
acute ischemic stroke

(253)

Ancrod Defibrinogenati
ng agent derived 
from the venom 
of the Malayan 
pit viper

ESTAT 2006 Ancrod
vs

Placebo

1,222 No significant difference
in neurological recovery

(254)

STAT 2000 Ancrod
vs

Placebo

500 Improvement of
neurological recovery

(255, 256)

ASPI/ASPII 2010 Ancrod
vs

Placebo

277/311 No significant difference
in neurological recovery

(257, 258)

Argatroban Anticoagulant-
small molecule 
direct thrombin 
inhibitor

ARTSS-2 2015 Argatroban + Alteplase
vs

Alteplase

90 Unknown; terminated to 
begin a new study to test
the safety of combining IA
with tPA and Argatroban

(259)

ARTSS 2012 Argatroban + Alteplase 65 Confirmation of safety (260)
ARTSS-IA

ARGIS-1

ARGIS-1

2015, 
ongoi
ng

Argatroban + Alteplase 10 Unknown (259)

2007

2004

Argatroban
vs

Heparin
vs

No anti-coagulation 
treatment
Argatroban
vs

Placebo

2529

171

Argatroban was inferior to 
heparin
in neurological recovery

Confirmation of safety

(261, 262)

(262)
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3K3A-APC a protease with 
anticoagulant 
and
cytoprotective 
activities

RHAPSOD
Y

2014 3K3A-APC
Vs

Placebo

100 Ongoing (293, 294)

Atorvastatin HMGCoA 
reductase 
inhibitor
Antioxidant

― 2010 Atorvastatin
vs

Simvastatin

371 Improvement of
neurological recovery

(295)

2014 Atorvastatin
vs

no treatment

50 Unknown (296)

ASSORT 2015 Atorvastatin
Vs

Pitavastain
Vs

Rosuvastatin
Vs

Non treated

300 Unknown (297)

SEATIS 2016 
On 
going

Atorvastatin High dose 
(80mg)
Vs

Atorvastatin low dose
(20mg)

256 Unknown (298)

Diaspirin cross-
linked 
hemoglobin

Oxygen delivery 
Free radical
scavenger

― 1999 Diaspirin cross-linked 
hemoglobin
vs

Placebo

85 Significantly worse in 
neurological recovery

(288)

Hyperbaric 
oxygen treatment

Normobaric
oxygen treatment

Oxygengated
flurocarbon
nutrient emulsion

Oxygen delivery

Oxygen delivery

Oxygen delivery

―

―

―

2003

2010

2009

2006

Hyperbaric oxygen 
treatment
vs

Sham treatment
Normobaric oxygen
treatment
vs

Control (room air or
oxygen 2L/min)

Oxygengated
flurocarbon nutrient
emulsion

Normobaric oxygen
treatment
vs

Control (room air or
oxygen 2L/min)

33

40

85

4

No significant difference
in neurological recovery, 
may be harmful in patients 
with acute ischemic stroke
No significant difference
in neurological recovery

Terminated; Imbalance
in deaths favoring control
arm; deaths not attributed
to treatment by the blinded
external medical monitor; 
Confirmation of safety

(289)

(290)

(291)

(292)

Prosatacyclin Antiplatelet: 
Eicosanoid 
vasodilator

― 1987 Prosatacyclin
vs

Placebo

80 No significant difference
in neurological recovery

(276)

Tinzaparin Anticoagulant; 
an anti-
thrombotic; a 
low molecular 
weight heparin

TAIST 2001 Tinzaparin
vs

Aspirin

1,486 No significant difference
in neurological recovery

(277)

CATALIST 2009 Tinzaparin + Aspirin + 
tPA + eptifibatide

18 Safety and dose finding (278)

Tirofiban 
(MK-383, 
aggrastat)

Antiplatelet: 
glycoprotein 
inhibitor; 
glycoprotein 
IIb/IIIa inhibitor.

SaTIS 2011 Tirofiban 
vs

Placebo

260 No significant difference
in neurological/functional 
outcome

(279)

Triflusal 
(2-acetoxy-4-
trifluoromethylb
enzonic acid)

Arachidonic 
acid metabolism
inhibitor 
(antiplatelet; 
platelet 
aggregation 
inhibitor)

MAESTRO 2016 Triflusal
vs

Clopidgrel

795 Unknown (280, 281)

TAPIRSS 2004 Triflusal
vs

Aspirin

431 No significant difference
in prevention of secondary
stroke

(282)

TACIP 2003 Triflusal
vs

Aspirin

2113 No significant difference
in prevention of secondary
stroke

(283)

Glycerol Hyperosmolar 
agent

― 1993 Glycerol
vs

Placebo

113 No significant difference
in neurological recovery

(284)

Dextran Hemodilution ― 1992 Hemodilution with
dextran
vs

No treatment

102 Improvement of
neurological recovery

(285)

Hydroxyethyl 
starch 
pentastarch

Hemodilution ― 2002 Hemodilution with
hydroxyethyl starch 
pentastarch
vs

Hemodilution with saline

106 Confirmation of safety;  
No significant difference
in neurological recovery

(286)

Mannitol Hyperosmotic 
agent. Reduces
edema and ICP

― 2003 Mannitol
vs

No mannitol

805 No significant difference
in neurological recovery

(287)

Fluid regulation

Oxygen Carriers and delivery

Miscellaneous Mechanisms
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Estradiol Antioxidant 
Antiinflammatory 
Antiapoptosis

WEST 2006 Estradiol
vs

Placebo

664 Slightly worse in 
neurological recovery 

(308, 309)

Glyburide
(RP-1127)

Ca-ATP channel 
blocker; 
Glibenclamide is
a sulfonylurea
antidiabetic drug 

GAMES-
PILOT

2014 RP-1127 10 Confirmation of safety (310, 311)

GAMES RP On 
going

RP-1127
Vs

Placebo

83 Unknown (312, 313)

Glyceryl 
trinitrate 
(Nitroglycerin,
GTN)

NO donor ENOS On 
going

Glyceryl trinitrate
vs

No glyceryl trinitrate

3,500 Safe to administer and 
associated with improved 
functional outcome and 
fewer deaths when 
administered within 6 
hours of stroke onset.

(314-316)

Hydergine Nootropic- a 
mixture of the 
methanesulfonat
e salts of three 
dihydrogenated 
ergot alkaloids

― 1978 Hydergine
vs

Dexamethasone
vs

Mannitol
vs

Placebo

300 No significant difference
in neurological recovery

(317)

Hypothermia Reduce reducing 
cerebral oxygen
demand 
(CMRO2),
Metabolic and 
synaptic
transmission 
inhibitor.

ICTuS-L 2010 Hypothemia
vs

Normothemia

59 No significant difference
in neurological recovery. 
Initial studies not powered 
for significance.

(318)

BAY-387271 Cannabinoid 
agonist; 
analgesic and 
neuroprotective. 
High affinity for 
CB1 and CB2 
receptors.

Bayer Phase 1 trial- abandoned. (299)

Caffeinol Stimulant, 
depressant,
diuretic
adenosine 
receptor
modulator

__ 2009 Caffeinol + Alteplase + 
Hypothemia

20 Confirmation of safety (300)

__ 2011 Caffeinol + Hypothemia 30 Confirmation of safety (301)

Cerebrolysin A mixture of 
peptides 
purified from 
pig brains, 
including brain-
derived 
neurotrophic 
factor, glial cell 
line-derived 
neurotrophic 
factor, nerve 
growth factor, 
and ciliary 
neurotrophic 
factor

CASTA 2012 Cerebrolysin
vs

Placebo

1,070 No significant difference
in neurological recovery; 
favorable outcome trend 
seen in severely affected 
patients

(302)

Cilostazol A quinolinone-
derivative; 
Phosphodiestera
se 3 Inhibitor 

― 2012 Cilostazol + Aspirin
vs

Aspirin

76 Improvement of
neurological recovery

(303)

Citalopram Selective
serotonin
reuptake inhibitor

TALOS 2016 
On 
going

Citalopram
vs

Placebo

600 Recruiting (304)

Citicoline 
(CDP choline)

Membrane 
precursor, 
antioxidant
Vascular 
insufficiency
Immunostimulat
ory
Nootropic

ICTUS 2012 Citicoline 
vs

Placebo

2,078 No significant difference
in neurological recovery

(305)

Dexamphetamine Stimulant and
amphetamine
enantiomer

― 2003
vs

Placebo

Dexamphetamine 45 Confirmation of safety;
increase in blood pressure
and heart rate versus
placebo

(306)

EGB-761
(Gingko biloba
extract)

MAO inhibitor
Antiplatelet.
Antioxidant
Reduces
leukocyte
activation
Increases
cerebral blood
flow

― 1995 Gingko biloba extract
vs

Placebo

55 No significant difference
in neurological recovery

(307)

(continued)
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Rosuvastatin HMGCoA 
reductase 
inhibitor

JUPITER 2010 Rosuvastatin
vs

Placebo

17802 Reduces the incidence of 
ischemic stroke

(334)

EUREKA 2013 Rosuvastatin
vs

Placebo

318 Efficacy in reducing 
recurrence in acute stroke 
was inconclusive

(335, 336)

― Ongoi
ng

Rosuvastatin
vs

Placebo

100 Recruiting (337)

REPAIRS Ongoi
ng

Rosuvastatin
vs

Non-treated

456 Recruiting (338)

STAMINA-
MRI

Ongoi
ng

Rosuvastatin
Vs

Atorvastatin

80 Recruiting (339)

― 2012 Rosuvastatin 75 Statin exposure following 
ischemic stroke was not 
associated with ICH.

(340, 341)

HOPE-3 2016 Rosuvastatin +
Candesartan/HCT
vs

Placebo

12705 Significantly lower risk of 
cardiovascular events than 
placebo

(342)

Semax Derivative of 
ACTH-4-10;
nootropic, 
neuroprotective, 
and 
neurogenic/neur
orestorative 
properties

― 1997 Semax
vs

Conventional therapy

110 Confirmation of safety. (343)

Lithium Stimulus of the 
secretion of 
BDNF

― On 
going

Lithium 35 Unknown (319, 320)

Nafronyl oxalate 
(Naftidrofuryl)

Enhance cellular 
oxidative 
capacity, and
may also be a 5-
HT2 receptor 
antagonist.

― 1990 Naftidrofuryl
vs

Placebo

100 No significant difference
in neurological recovery

(321)

Neuroaid
(MLC601, 
Danqi Piantang 
Jiaonang)

Stimulus of the 
secretion of 
BDNF

CHIMES 2012 Neuroaid
vs

Placebo

1,100 Unknown (322, 323)

― 2011 MLC601
vs

Placebo

150 Improvement of
neurological recovery; 
confirmation of safety

(324)

― 2009 Danqi Piantang Jiaonang
vs

Buchang Naoxintong 
Jiaonang.

605 Improvement of
neurological recovery

(325)

ONO-2506 Astrocyte 
modulating 
agent
Anenuates 
extracellular
Monamine; 
homolog of 
valproic acid

― 2012 ONO-2506
vs

Placebo

1,320 Unknown (326)

2006 ONO-2506
vs

Placebo

92 Confirmation of safety (327)

2008 ONO-2506
vs

Placebo

757 Unknown (328)

Pioglitazone PPAR- g agonist ― 2016 Pioglitazone
vs

Placebo

152 Recruiting (329)

Piracetam AMPA (NA+) 
modulator; a 
cyclic derivative 
of GABA

PASS

PASS II

1997

Unknown

Piracetam
vs

Placebo

927 Post hoc analyses suggest
that piracetam may confer
benefit when given within
7 hours of onset,
particularly in patients
with stroke of moderate
Active not recruiting

(330, 331)

(331)
Propentofylline 
(HWA 285)

A xanthine 
derivative with 
neuroprotective 
effects; a 
phosphodiestera
se inhibitor; an 
adenosine
reuptake inhibitor

― 1993 Propentofylline 
vs

Placebo

30 No significant difference
in neurological recovery

(332)

Repinotan 
(BAY × 3072)

Serotonin 
agonist; 
selective 5-
HT1A receptor 
full agonist

mRECT 2009 Repinotan
vs

Placebo

681 No significant difference
in neurological recovery

(333)

(continued)
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Desmoteplase A highly fibrin-
specific 
thrombolytic 
agent from the 
common 
vampire bat 
Desmodus 
rotundus

DIAS-4 2014 Desmoteplase
vs

Placebo

270 Study halted; due to 
DIAS-3 indicated primary 
endpoint unlikely to be 
reached

(356)

DIAS-3 2014 Desmoteplase
vs

Placebo

492 No significant difference
in neurological recovery

(355)

DIAS-2 2009 Desmoteplase
vs

Placebo

193 No significant difference
in neurological recovery

(357)

Enoxaparin Heparin-based 
anticoagulant

PREVAIL 2009 Enoxaparin
vs

Unfractionated heparin

1762 Clinical benefits 
enoxaparin are not 
associated with poorer 
long-term neurological 
outcomes or increased 
rates of symptomatic 
intracranial hemorrhage

(358, 359)

Microplasmin Thrombolytic; a 
molecule created
from plasminogen

― 2009 Microplasmin
vs

Placebo

40 Confirmation of safety (360)

Simvastatin HMGCoA 
reductase 
inhibitor
Antioxidant

STARS07 On 
going

Simvastatin
vs

Placebo

340 Unknown (344)

― 2014 Simvastatin
vs

Placebo

104 Unknown (345)

MISTICS 2008 Simvastatin
vs

Placebo

60 Confirmation of safety (346)

Spheno-Palatine 
Ganglion (SPG) 
stimulation

Induction of 
cerebral 
vasodilatation

ImpACT-24 On 
going

The Ischemic Stroke 
System
vs

Sham control

800 Unknown (347)

ImpACT-
24Bt

On 
going

The Ischemic Stroke 
System + rtPA
vs

Sham control + rtPA

150 Unknown (348)

SUN N4057
(Piclozotan)

A partial 
serotonin 1A 
receptor agonist

― 2007 Piclozotan high dose/ low 
dose
vs

Placebo

43 Unknown (349)

Transcranial 
laser therapy
(TLT)

Mitochondrial 
stimulation, 
enhanced blood 
flow, neuron
repair

NEST-3 2012-
Ended

NeuroThera® Laser
System
Vs

Sham treatment

1,000 Futile (44)

NEST-2 2009 NeuroThera® Laser
System
vs

Sham treatment

660 No overall difference, but
benefit noted when
NIHSS stratified < 16

(42)

NEST-1 2007 NeuroThera® Laser
System
vs

Sham treatment

120 Benefit improved 
neurological function

(43)

Trazodone 
(Desyrel)

Serotonin 
reuptake 
inhibitor

― 1986 Trazodone
vs

Placebo

49 No significant difference
in neurological recovery

(350)

Drug name Drug proposed 
mechanism

Trial name Date Design Sample size Result References

Alfimeprase A fibrolase 
derivative with 
thrombolytic 
activity 

― 2008 Alfimeprase 7 Phase 2 data did not show 
efficacy. 

(351)

Alteplase
(rt-PA)

Thrombolytic; 
a serine protease

EXTEND On 
going

Alteplase 
vs

Placebo

400 Unknown (352)

NINDS rt-PA 1995 Alteplase vs placebo 624 Improvement of
neurological recovery

(30)

IST-3 2012 Alteplase 
vs

Placebo

3,035 Improvement of
neurological recovery

(353)

ECASS III 2008 Alteplase 
vs

Placebo

821 Improvement of
neurological recovery

(45)

SITS-MOST 2007 Alteplase 
vs

Placebo

6,483 Improvement of
neurological recovery

(354)

Thrombolytic

Nadroparin Heparin-based 
anticoagulant

FISS-tris 2007 Nadroparin
vs

Aspirin

353 No significant difference
in neurological recovery

(361, 362)

Heparinas 2013 Nadroparin
vs

Heparin
vs

placebo

150 Unknown (363)

FISS 2000 High Dose Nadroparin
Vs

Low Dose Nadroparin
Vs

Placebo

312 Significant dose 
dependent effect 

(364, 365)

(continued)
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Urokinase
(Abbokinase)

Thrombolytic; 
a serine protease

SWISS 2015 Urokinase (Intravenous)
vs

Urokinase (Intraarterial)

1368 Unknown (389)

― 2012 Urokinase
vs

Antiplatelet drugs

143 Improvement of
neurological recovery

(390)

― 2002 Urokinase
vs

Placebo

511 Improvement of
neurological recovery

(391)

AUST-
PILOT

2009

1998

Urokinase+heparin
vs

Heparin

16 A good outcome was 
observed in 4 of 8 patients 
who received intra-arterial 
urokinase compared with 
1 of 8 patients in the 
control group

(392)

AUST Urokinase+heparin
vs

Heparin

200 Unknown/ suspended (393)

Tenecteplase Thrombolytic; 
a recombinant 
fibrin-specific 
plasminogen 
activator

2012 Tenecteteplase
vs

Alteplase

75 Improvement of
neurological recovery

(379)

NOR-TEST 2015 Tenecteteplase
vs

Alteplase

954 Recruiting (380)

ATTEST 2015 Tenecteteplase
vs

Alteplase

104 Neurological and 
radiological outcomes did 
not differ between the 
tenecteplase and alteplase
groups

(381, 382)

DIVA 2015 Rt-PA + Tenecteteplase
Vs

Rt-PA

60 Not open (383)

TNK-S2B 2005 Tenecteteplase +tPA
Vs

tPA

112 Prematurely terminated; 
Neither promise nor futility
could be established.

(384)

TEMPO-1 2014 Tenecteteplase + tPA 50 Confirmation of safety (385, 386)
TEMPO-2 2015 TNK-tPA Vs

Control (antiplatelets)
1274 Recruiting (387)

EXTEND-
IA TNK

2015 TNK
vs

tPA

64 Recruiting (388)

Org 10172 
(Danaparoid, 
Orgaran)

Heparin-based 
anticoagulant

TOAST 1998 Org 10172
vs

Placebo

1,281 No significant difference
in neurological recovery

(366)

Prourokinase Thrombolytic; 
a serine protease

PROACT II 1999 Prourokinase + Heparin
vs

Heparin

180 Improvement of
neurological recovery

(367)

Reteplase Thrombolytic; 
non-
glycosylated 
form of human
tPA

― 2011 Reteplase + Alteplase
vs

Urokinase + Alteplase

197 Confirmation of safety (368)

2002 ReoPro +Reteplase
Vs

ReoPro

72 Unknown (369)

SAR104772 Thrombolytic; 
a thrombin-
activable 
fibrinolysis 
inhibitor

― 2009 Unknown (370)

Solulin Thrombomodulin
analog

― 2011 Solulin
vs

Placebo

42 Confirmation of safety (371)

Streptokinase Thrombolytic; 
bind and 
activate human 
plasminogen

ASK 1996 Streptokinase 
vs

Placebo

340 No significant difference
in neurological recovery

(372)

MAST-E 1996 Streptokinase 
vs

Placebo

310 No significant difference
in neurological recovery; 
Increased mortality

(373)

MAST-I 1995 Streptokinase 
vs

Aspirin
vs

Streptokinase + Asprin
vs

Neither

622 No significant difference
in neurological recovery

(374)

TAL-05-00018
(human plasma-
derived
fibrinolysin)

Thrombolytic; 
human plasma-
derived plasmin

― 2014 TAL-05-00018 61 Unknown (375)
― 2014 20 mg of Plasmin,

40 mg of Plasmin,
80 mg of Plasmin

40 Safety and dose finding 
for ICH

(376)

THR-18 plasminogen 
activator 
inhibitor-1
peptide

― 2010 THR-18 + Alteplase
vs

Placebo + Alteplase

22 Unknown (377)

2013 THR + tPA
Vs

tPA + Placebo

30 Unknown (378)

Table 1.11 (continued)

1 Reflections on Neuroprotection Research and the Path Toward Clinical Success



36

 discussed in detail by other contributors to this landmark neuroprotection volume, 
there will be limited discussion of the Table contents.

Upon review of the published literature [109], and noting some indication of the 
estimation of the quality of STAIR criteria used in preclinical and translational stud-
ies, we propose that a short list of previously clinically tested compounds be resur-
rected and further studied in preclinical stroke models, and then tested for efficacy 
in combination with modern endovascular reperfusion therapy (See Evolving 
Opportunities later). Further study is necessary in stroke victim pertinent animal 
models because many of the therapies never did undergo systematic testing in mul-
tiple species, mixed gender populations, or animals with predisposing conditions 
(see Sect. 3.3). Since most studies were not conducted using the now standard rigor-
ous criteria adopted by the majority of the scientific community, funding agencies 
should not only support research into new avenues, but also support research to 
further develop therapies for which there is already a substantial knowledge base.

3.1  Evolving Opportunities

Over the last decade, there have been many promising neuroprotective treatments 
developed through one or more animal species, all of which have failed in clinical 
trials for one or more reasons [29, 109, 394–397]. The positive endovascular/throm-
bolytic trials represent an opportunity to revisit, even revive some of the  therapeutics 
that were promising in early clinical trials, but eventually failed in larger clinical 
trials.

A few of the most promising approaches that require new investigations are as 
follows

 1. NXY-059 (SAINT I–II trials) [39, 40, 398–401]
 2. Radicut (Edaravone; no organized randomized double-blind trial), which is 

already approved in Japan and other parts of Asia [402, 403]
 3. Transcranial laser therapy (NEST 1–3 trials) [43, 395, 404]
 4. Albumin (ALIAS trials) [174, 405, 406]
 5. Magnesium (FAST-mag trials) [38, 102, 103, 407]

The FAST-mag trial by Saver and colleagues established a network of capable 
paramedics to be utilized in the field for rapid administration of proposed neuropro-
tective compounds; a component that may be key in obtaining efficacy for a neuro-
protective [27, 29, 68, 408], but the FAST-mag treatment strategy failed.

Currently, there are a few promising target-selective and pleiotropic “neuro-
protective agents” advancing through the drug development pipeline that could 
potentially be utilized in conjunction with endovascular procedures, with or with-
out thrombolysis. For instance, because current embolectomy procedures target 
patients with large penumbral areas (ASPECTS >8), it would be most important 
to add on a neuroprotective that could enhance brain tissue oxygenation [409, 
410]; and/or attenuate reperfusion-injury and free radical production [39, 40, 
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398, 399, 402, 403]. Since current embolectomy procedures are most effective in 
the presence of thrombolytic therapy, adjuvant thrombolytics or fibrinolytics, 
which may also promote clot destabilization and further promote recanalization 
[379, 411] could eventually be used in combination with endovascular 
procedures.

Lastly, one must be open to novel therapeutic and physical approaches to pro-
mote cytoprotection including compounds that have shown efficacy in multiple spe-
cies such as compounds that uncouple postsynaptic density protein PSD-95 from 
neurotoxic signaling pathways (PSD-95 inhibitors) [412], promote synaptic plastic-
ity [413–415], or possibly improve the safety of current thrombolytic standard-of- 
care therapy [416–418]. Alternative approaches including hypothermia, which has 
inherent delivery and recovery problems has not been validated for stroke. Physically 
induced hypothermia has not been shown to be beneficial as a method of cerebral 
protection during surgery [419], has limited temporary efficacy in aged rodents 
[420], and even promotes infarct growth [420] and cell death [421] under certain 
conditions. However, new pharmacological-induced hypothermia strategies are 
promising and safer and are now being pursued using cannabinoid and neurotensin- 
receptor ligands [422–427]. Some of these topics and drug development opportuni-
ties for neuroprotection are discussed by experts contributing chapters to this 
volume.

3.2  The RIGORs of Drug Development: Guideline Adherence

There have been numerous iterations of a set of recommendations proposed by 
stroke therapy academic industry roundtable (STAIR), a collaborative effort between 
academics and industry in an effort to provide guidance to researchers with the 
intent to develop effective stroke treatments [428]. STAIR recommends that pre-
clinical studies be randomized and blinded, efficacy should be established in two or 
more laboratories, and efficacy should be replicated in a second species. STAIR 
suggested the possible use of small species (rodents), and large species (rabbits and 
nonhuman primates) to test treatment strategies measuring two outcomes: (1) func-
tional response and, (2) histological outcome in both the acute stroke phase (1–3 
days) and long term (7–30 days). The use of multiple species allows investigators to 
bridge the gap between animals and humans and demonstrate irrefutable efficacy 
and reproducibility of therapy effect in multiple species. Sharp and colleagues [429] 
emphasized the utility of the rabbit (Oryctolagus cuniculus), a large animal nonro-
dent species, to test stroke therapies because the model was used effectively for the 
preclinical development of rt-PA [429–431]. The proposal suggests that the rabbit 
small clot embolic stroke model (RSCEM) be used for primary screening of thera-
pies alone or in combination with tPA, which is a bona fide “positive control” for 
stroke. For additional drug development, nonhuman primates have also been used as 
bridge of the translational gap between animals and humans [432]. While this has 
not been validated for any therapy, the process is underway for a PSD95 inhibitor 
[38, 412].
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An example of the high quality of translational research obtained using the 
RSCEM is demonstrated in Fig. 1.1. Figure 1.1 shows a pair of heterogeneous pop-
ulation response curves from vehicle and tPA-treated rabbits. tPA results clot lysis, 
and significant behavioral improvement when administered 60 min following 
embolization.

The use of a clinical rating score is a desirable primary end point to use when a 
novel therapeutic is being tested for further development and to support a clinical 
trial [430, 431]. Clinical scores in combination with quantal analysis is a sophisti-
cated statistical analysis method to determine how a large population of stroke 
“patients,” in this case, rabbits, will respond to a treatment. To evaluate the quantita-
tive relationship between clot dose lodged in the brain and behavioral deficits or 
clinical scores, logistic sigmoidal (S-shaped) quantal analysis curves were fit to 
dose–response data as originally described by Waud [433]. To construct a quantal 
analysis curve, a wide range of clot doses were injected via the indwelling carotid 
catheter in order to produce a spectrum of behaviorally normal to abnormal animals, 
which included death on the continuum of embolization-induced effects. In the 
absence of a neuroprotective treatment regimen, small numbers of microclots 
lodged in the brain vasculature cause no grossly apparent neurologic dysfunction. 
However, when large numbers of microclots become lodged in the vasculature, they 

Fig. 1.1 Effect of standard dose tPA on behavioral outcome in embolized rabbits. For the super-
imposed graphs, behaviorally normal animals are plotted on the y-axis at 0 and abnormal animals 
are plotted at 100. The figure shows that there is positive correlation between the raw data and the 
statistically fit sigmoidal quantal curves. (a) Black circles-control; red circles tPA. The slope of 
each quantal curve is defined by the statistical quantal analysis curve-fitting program [430, 431, 
433, 436, 437] and is a direct representation of the behavioral response of the population around 
the P50 point
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invariably caused encephalopathy due to ischemia, neuronal degeneration, deple-
tion of ATP, and cell death [434, 435]. A three-tiered clinical scoring scale is used 
for analysis of embolized rabbits: normal, abnormal, or dead. Embolized rabbits are 
scored as abnormal if they have one or more of the following symptoms: ataxia, 
leaning, circling, lethargy, nystagmus, loss of balance, loss of limb/facial sensation 
and occasionally, hind-limb paraplegia. Using a simple dichotomous rating system, 
with a reproducible composite result and low interrater variability (<5 %), each 
surviving animal is rated as either behaviorally normal or abnormal by an observer 
naïve to the study design and/or treatment groups. For construction of quantal anal-
ysis curves, clot burden is plotted against clinical function (behavior) in order to 
define the P50 value (in mg). A separate quantal curve was generated for each treat-
ment condition and a statistically significant increase in the P50 value (or the amount 
of blood clots in brain that produce neurologic dysfunction in 50 % of a group of 
animals) compared to a control curve is indicative of neuroprotection or a behav-
ioral improvement in the study population.

Figure 1.2 is a graphic compilation of historical data demonstrating the repro-
ducibility of tPA response in the RSECM. Data was mined from Lapchak et al. 
articles from 2000 to 2016. In the original landmark Science article from Zivin and 
colleagues, there was significant behavioral improvement when tPA was adminis-
tered 45 min after an embolic stroke; behavioral improvement correlated with a 67.1 
% increase in ED50, now commonly referred to as a P50 value in all subsequent 
 articles using the quantal analysis technique. However, in the original study, 100’s 

Fig. 1.2 Effect of standard dose tPA on behavioral outcome in embolized rabbits: a historical 
perspective. The graph documents the P50 value of vehicle-treated rabbits compared to standard 
dose tPA-treated rabbits for neuroprotection studies published in the peer-reviewed literature 
between 2002 and 2016. References: 2002 [399]; 2003 [438]; 2004 [411]; 2006 [439]; 2007 [440]; 
2009 [403]; 2010a [441]; 2010b [442]; 2013 [443]; 2015 [444]; 2016 [435]

1 Reflections on Neuroprotection Research and the Path Toward Clinical Success



40

of mg of small-sized blood clots were injected to produce an embolic stroke in cath-
eterized rabbits. Today, the model has been refined, and only mg levels of blood 
clots produce the full spectrum of behavioral deficit in embolized rabbits.

As noted in Fig. 1.2, there is some level of inherent variability in both the vehicle 
baseline values as well as the tPA-response values, and this is common in the model, 
as it is in all stroke clinical trials. The RSCEM is a model built on assessing the 
response of a population of rabbits with embolism-induced stroke, and unlike most 
animal models being used for research purposes, all embolized animals are included 
in final quantal analysis, without exclusions to select specific stroke deficits or mag-
nitude of stroke deficits or to tighten data sets. Thus, data resulting from 
 blinded- randomized testing in the RSCEM is a true reflection of population response 
to a novel therapeutic, a critical step in the drug development process.

There is still no consensus regarding the optimal path to achieve success with a 
neuroprotective agent, which is evidenced by the path of recent clinical trials that 
have been initiated, which have foregone adequate testing in species other than 
small rodents [293, 294], and did not fulfill minimum STAIR criteria. Moreover, 
with a high level of uncertainty regarding the development of a neuroprotectant, 
even funding organizations have faltered in direction, and have proposed the use of 
few animals to develop a neuroprotective strategy. The divergence from a stan-
dardized systematic approach to develop an effective stroke therapy is quite 
disconcerting!

To aid the stroke researcher with development challenges, this section of the 
chapter will deal with possible guidelines that should be considered when designing 
translational studies. Table 1.12 is a simplified checklist and development plan 
based upon recommendations that have been published in the literature [106, 108, 
445–448].

3.3  Meta-analysis of Translational Studies

While this topic will be covered in another chapter in this volume by Howells and 
colleagues, it is important to briefly survey some of the historical findings of the 
Collaborative Approach to Meta-Analysis and Review of Animal Data from 
Experimental Studies (CAMARADES) project [449, 450]. The authors have delved 
into possible reasons for the failure of neuroprotectants in clinical trials by investi-
gating the quality of the preclinical studies that were conducted to “support” initia-
tion of a clinical trial.

• Numerous meta-analysis publications indicate that investigators report larger 
measured efficacy effects or improvement on behavioral or histological end 
points when the study was not randomized or when study end points were 
assessed by nonnaïve raters. For example, between 2004 and 2011, STAIR con-
tinued to report on recommendations for developing neuroprotective therapies, 
expanding treatment options, utilizing combination therapies, and designing 
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A) Species Us ed in Investigation

1) Small animals

Mice (common: C57BL/6J)

Gerbil 

Rat (Sprague-Dawley; Wistar; Fisher 344)

1.1) Large animals

Dog

Cat

Rabbit (common: New Zealand white)

Swine (common: white Yorkshire swine)

Non-human primate lissencephalic and gyrencephalic 
(common: Common marmoset; cynomologous; rhesus
macaque)
1.2) Gender Analysis

Male

Female

1.3) Co-morbidities

Age (3 ages required for an aging study; i.e. 3 month, 12 

month and 24 month)

Diabetes (diet and/or streptozotocin-induced)

Type 2

Type 1

Hypertension (genetic or induced)

B) Experimental quality

Study Randomization 

Surgeon naïve to study details

Assessment of outcome by naïve raters

Temperature controlled
(if required to maintain homeostasis)
Conflict of interest statement

Funding statement
(Government, industry, donation, private)
Ethics approval
(Formal review and approval of  animal protocol)
Power Analysis: Sample-size calculation

Pre-defined exclusion criteria

Identified Statistical Analysis
(ANOVA, Bonferonni correction)
D) Co-administration with Standard-of-Care Therapy

Thrombolysis
(rt-PA, urokinase, streptokinase)
Anti-hypertensive 
i.e.: Angiotensin converting enzyme (ACE) inhibitors, 
Angiotensin II Receptor Blockers (ARBs), calcium channel 
antagonist, b-adrenergic receptor [BAR] antagonist 
(blocker)
Anti-diabetic

i.e.: Metformin, insulin

Table 1.12 Translational study design and requirement characteristics
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clinical trials [445–448]. The recommendations attempted to address the prob-
lems resulting from the devastating failure of NXY-059 [40]. While the develop-
ment of NXY-059 was deemed as an acceptable, but not optimal plan [394, 396, 
451–453] according to original STAIR criteria, retrospective analysis showed 
that the efficacy of was greatly overestimated in preclinical studies [394]. Thus, 
even though these new criteria were put into place, subsequent clinical trials, 
relying on this more stringent criteria, failed to produce any benefit?

• Specific examples that can be applied to translational stroke research demon-
strate that only 36 % of published studies reported randomization and only 29 % 
of published studies were blinded.

• Moreover, prior to the institution of NINDS transparency guidelines [106–108], 
there was the absence of power analysis for studies, and there was inadequate 
statistical analyses for many published studies. The guidelines are now being 
considered by most authors, and in most articles there is now a comprehensive 
statistical analysis section.

• Despite guidelines to publish “negative” data [454], there also appears to be sig-
nificant amounts of unpublished negative or neutral data in the hands of research-
ers, while only positive data is published. One of the many reasons for “negative” 
data is the observation that many researches do not conduct dose–response anal-
ysis in their model of choice. In many published studies, only a single dose is 
tested; this is insufficient analysis for translational purposes! Suppression of 
negative data causes an overestimation of drug efficacy and provides erroneous 
support for expensive clinical trials. There is still some apprehension by Editors 
when negative study data is presented without adequate control (negative and 
positive).

• Importantly, there was no significant association (r2 = 0.06) between the quality 
of science being published in journals and the impact factor of the journal.

• There was also no significant association (r2 = 0.004) between the quality of sci-
ence and the number of citations of a particular study article.

Based upon the findings cited earlier, recommendations for effective transla-
tional research, which should be routinely incorporated into translational research 
programs are proposed herein. The following recommendations should ensure 
reproducible, rigorous research findings (Table 1.13).

• The investigator should provide sufficient rationale for the model selection and 
end points being measured.

• The studies should incorporate justification of sample size, including complete 
power analysis calculations for primary end points. Power analysis for secondary 
end points may be of little benefit.

• An adequate number of control groups using an appropriate route of administra-
tion and timing of intervention delivery should be incorporated into the study to 
reflect eventual use in the patient population (i.e., oral, intravenous, acute, 
chronic).
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• The studies should be fully randomized and blinded with respect to surgical 
interventions, drug treatments, in vivo analysis, and postmortem biochemical 
and histochemical analysis.

• The statistical analysis for results interpretation should be consistent with study 
design. For example, if multiple groups are being compared, ANOVA with a post 
hoc test incorporating the Bonferroni correction may be required.

4  Comorbidities and Models

There have been STAIR recommendations to address comorbidities that are com-
mon in stroke patients, and suggestions that some comorbidities be included in 
clinically relevant translational stroke studies. The long-standing recommendations 
are population based and are centered around the idea that studies in animal models 
with comorbidities such as hypertension, diabetes, and hypercholesterolemia would 
better reproduce the “pathophysiological” state of some portion of patients present-
ing with strokes [see, for example, patient enrollment in [31–36]].

Using the NINDS rt-PA, ECASSIII and recent endovascular trials as examples, 
the stroke patient population had the characteristics described in Table 1.14. The 
Table was populated with data when the investigators reported the data either in the 
primary article or supplemental article information. The most pertinent aspects are 
that strokes occur in a mixed gender aged population, particularly those with a his-
tory of hypertension or diabetes, which is usually controlled by one or more phar-
maceuticals. Moreover, the majority of stroke patients are not antihypertensive 
naive [455, 456], they may receive antihypertensive agents, anticoagulants, and 
statins [31–36, 455], but the studies do not explicitly include the mode of regulation 
of hypertension or diabetes? These points are important when considerations are 
made regarding the use of an appropriate animal model for drug development.

Drug Development Profiles Selected References

Chemical Profile for CNS active drugs Blood Brain Barrier Penetrating Drugs (471-473)

BBB Penetration Profile (MDCK analysis in vitro) (474)

BBB Penetration Profile (Multiple species in normal animals and animals with
stroke)

(470)

Dose-Response Analysis in Multiple Species (Required for estimating dosing in
clinical trials-human equivalent dosing) Dose-extrapolation: Allometric-Body
Surface Area.

(475)

Therapeutic window Analysis (Clinically relevant in humans)
(See NINDS rt-PA and endovascular procedure trials)

(30-35)

Standard ADME (minimal half-life, distribution, secretion) (476)

hERG inhibitory activity (477-481)

CP450 inhibition analysis (482-484)

Toxicity screen (in vitro CeeTox analysis) (414, 415)

Toxicity screen (in vivo-2 species) (485, 486)

Table 1.13 Drug development
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4.1  Hypertension Models

The exact hypertension model (s) to be used to screen and develop new therapeutic 
strategies have become quite controversial, in part due to the “limited value” of 
conducting studies in models that are not representative of hypertension in humans, 
and the exorbitant cost of conducting comorbidity analysis studies [457]. It is 
becoming apparent that commonly used inbred spontaneously hypertensive rats 
(SHR) and spontaneously hypertensive stroke prone (SHRSP) are inferior choices 
for a translational stroke model due to the unfortunate pathophysiological character-
istic that the animals have little to no penumbra following an ischemic event [458, 
459], and infarcts are larger. Thus, if the penumbra is indeed the target for neuropro-
tection, there is little substrate available. This is exemplified by numerous reports in 
the literature, including the study by McCabe and colleagues [460, 461] and 
Letourneur et al. [458]. In the studies, the authors showed that rodents with either 
genetic [i.e., spontaneously hypertensive rats (SHR), spontaneously hypertensive 
stroke-prone (SHRSP)] have smaller salvageable penumbra and larger ischemic 
cores compared to control Wistar–Kyoto (WKY) rats. One might suggest an induced 
hypertension model to be more representative of slowly developing hypertension 
observed in humans, but a recent article [458] suggests that renal-clamp-induced 
hypertensive rats [i.e., renovascular chronic arterial hypertension (CAH)] will also 
lead to pathophysiology which limits penumbra (see also [459]).

• Is there any evidence that hypertensive patients have altered pathophysiological 
consequences of a stroke due to increased stroke volume and low APECTS com-
pared to nonhypertensive stroke patients?

Table 1.14 Clinical trial patient characteristics

Characteristic NINDS rt-
PA(30)

ECASS III
(45)

Endovascular Trials
(31-36)

MR CLEAN SWIFT
PRIME

ESCAPE EXTEND-IA REVASCAT

Age (years) >66 >64.9 54.5-76 65 ± 12.5 60-81 68.6 ± 12.3 65.7 ± 11.3

Gender (male) 57-60% 57.3-63.2% 58-67% 52.4-53.4% 47.3-47.9% 49% 52.4-53.4%

Mean NIHSS 14-15

(median)

10.7-11.6 14-21 13-20 13-20 13-20 14-20

Hypertension 64-66% 62.4-62.8% 42.1-48.3% 58-67% 63.6-72% 60-66% 60.2-69.9%

Diabetes 20-24% 14.8-16.6% 12.7-14.6% 12-15% 20-26% 6-23% 18.4-21.4%

Prior use of drugs:
1) aspirin/antiplatelet
2) anticoagulant
3) tobacco (current)
4) tobacco (Ex-smoker)
5) anti-hypertensives
6) anti-diabetics
7) statin 
8) hyperlipidemia

26-41%
__

37-43%
__

__

__

__

__

31.1-32.5%
__

28.8-30.6%
20.6-24.6%

__

__

__

__

27.5-30.0%
7.7-7.9%

28.9-31.0%
__

__

__

27.9-29.2%
24.9-26.6%

__

__

__

42-43%
__

__

__

22.7-24.5%

__

__

48.8-49.3%
__

__

__

__

35.2-44.5%

__

__

34-43%
__

__

__

__

__

25.2-30.1%
15.5-22.3%
22.5-25.2%

__

__

40.8-46.6%
52.4-60.2%
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4.2  Diabetic Models

There is also significant information available in the literature regarding the group 
of refractory diabetic patients enrolled in the NINDS rt-PA trial [30] and the ECASS 
III trial [45], which includes a small percentage of patients with diabetes (Table 
1.14). It is extremely difficult to treat diabetic stroke patients since they do not 
respond to rt-PA [51] or have an attenuated response to standard dose thrombolytic 
therapy [462–464]. Patients with diabetes have been shown to be independently 
associated with poor neurological outcome and higher mortality in the absence of 
thrombolytic treatment [462–464] and among patients treated with intravenous tPA 
[30], the presence of diabetes significantly reduces the odds of favorable outcome at 
3 months. It is important to note that glucose levels in stroke patients are important 
to regulate since recent studies have shown that elevated glucose levels differen-
tially affects outcome in diabetic and nondiabetic stroke patients [465]. Importantly, 
the authors demonstrated that nondiabetic patients with hyperglycemia had signifi-
cantly increased infarct growth compared to nonhyperglycemic patients; impor-
tantly in diabetics, there was no significant difference between infarct size in the 
absence or presence of hyperglycemia. Thus, the glucose state of all patients must 
be closely monitored during the therapy development process. These points are 
critical to the development of a translational research program, when an investigator 
must utilize the animal model most representative of the disease condition for drug 
development.

4.2.1  Coadministration of Drugs in Stroke Models

Based upon the recent endovascular trials, the stroke patient population included in 
the trials were a mixed gender aged population, had a history of hypertension or 
diabetes, which may have been controlled by one or more prescription drug or other 
pharmaceutical. Basic researchers have now begun to address this new avenue of 
drug coadministration. For example, the Fagan group has discussed the treatment of 
type 2 diabetic Goto–Kakizaki (GK) rats [378, 466–468] to restore “normal” cel-
lular signaling mechanisms [466, 469]. Considering the information provided ear-
lier and the refractory phenomenon in diabetic patients, will using a standard naive 
hypertensive rodent be appropriate or sufficient to predict drug efficacy in a hetero-
geneous population of stroke patients?

• Should translational studies attempt to address the diabetic population presenting 
with a stroke, or should “proof of concept” efficacy first be obtained for the 
larger mixed gender aged population, leaving the quest for efficacy in diabetics 
for post drug approval?

Considering the extensive population information discussed earlier, the stroke 
research community will need to address animal models and determine which ani-
mal model (s) best reproduce the embolic stroke target population. Will using a 
standard “drug” naive hypertensive rodent be sufficient to predict drug efficacy in a 
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heterogeneous population of stroke patients? There is no clear answer other than 
translational studies should incorporate aged mixed gender species for preliminary 
therapy investigation studies.

5  Drug Development Considerations

In addition to current translational research guidelines (i.e., STAIR and RIGOR), 
standard industry drug development guidelines should be considered by researchers 
interested in applying their research to developing a drug through to fruition, a clini-
cal trial end point. The development of CNS-active drugs to treat stroke require 
special attention since they must be able to cross the blood–brain barrier (BBB) to 
penetrate into the penumbra. This can be taken into consideration when developing 
molecules using the Lipinski rules as well as utilizing BBB penetration assays, first 
in vitro for candidate selection and then in vivo [470–472]. Table 1.13 provides 
references for many useful drug development profiling tools.

6  Conclusion

In conclusion, while many neuroprotective strategies have been assessed in animals 
and humans, to date, none have been FDA approved. With significant efficacy of 
embolectomy alone and in combination with tPA, a select few previously tested 
strategies should be reconsidered for trials as well as novel new strategies that are 
currently being developed. To promote good laboratory practices, the RIGOR 
guidelines discussed earlier, most importantly, method of blinding, study group ran-
domization, complete Power analysis, and statistical analysis should be incorpo-
rated into translational research programs. Science should be conducted at the 
highest possible level with full confidence that the path forward will eventually 
allow for the effective treatment of stroke victims. Randomized, blinded, controlled 
clinical trials should not be initiated for any compound or device until the new neu-
roprotective strategies are thoroughly investigated in multiple species, including a 
rodent, and one or more large animal species models representative of the target 
stroke population. This strategy will allow investigators to derisk the drug develop-
ment process, reduce the continuing trend for failure in stroke victims, and provide 
some level of patient satisfaction and benefit so they are not blindsided by the cul-
mination of poorly conducted or inadequately conducted science when they consent 
to be the final test subject for a new therapy. Ethics in translational science and 
clinical trials must guide the process, not Hubris.
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Systematic Review and Meta-analysis: 
Important Tools in Understanding Drug 
Development for Stroke
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Abstract Animal models of ischaemic stroke have become an integral part of the 
preclinical pipeline for identifying novel neuroprotective drug targets and drugs. 
As the process serves as a filter, researchers do not expect complete concordance 
between the experimental animal and human clinical trial data. However, the pau-
city of clear examples of translation of promising animal results into drugs that 
work in a clinical setting has raised concerns about the utility of this translational 
paradigm. Preclinical systematic reviews have been used in response to these con-
cerns to identify weaknesses in animal studies and provide empirical evidence sup-
porting improvements to the design and conduct of preclinical animal experiments. 
We propose that further strategic development and application of data analysis 
methods can help continue this process of improvement and help identify the most 
promising therapeutic targets and drugs. These next steps in systematic review aim 
to tighten the focus of preclinical research, streamline the drug development pro-
cess, and minimise research waste.
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Abbreviations

ARRIVE Animal Research: Reporting of In Vivo Experiments
CAMARADES Collaborative Approach to Meta-analysis and Review of Animal 

Data from Experimental Studies
CONSORT Consolidated Standards of Reporting Trials
EBPM Evidence-based Preclinical Medicine
EDA Experimental Design Assistant
EuroHYP-1 European multicentre randomised, phase III clinical trial of 

hypothermia plus best medical treatment versus best medical 
treatment alone for acute ischaemic stroke

FOCUS Fluoxetine or Control Under Supervision
IL-1 RA Interleukin-1 receptor antagonist
MeSH Medical Subject Headings
NC3Rs National Centre for the Replacement Refinement and Reduction 

of Animals in Research
NIH National Institutes of Health
NINDS National Institutes of Neurological Disorders and Stroke
NMDA N-methyl-d-aspartate
PRISMA Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses
QUOROM Quality of Reporting of Meta-analyses
SAINT Stroke -Acute Ischemic NXY Treatment
STAIR Stroke Treatment academic industry roundtable
SYRCLE Systematic Review Centre for Laboratory Animal 

Experimentation
three Rs Replacement reduction and refinement
tPA Tissue plasminogen activator
UK United Kingdom
US United States

1  Introduction

Preclinical experiments involving animal models are used to investigate the pathophys-
iology of stroke, identify new therapeutic targets, and evaluate new treatments for clini-
cal application. In the first and second of these research efforts, the contribution of 
animal experiments has been critical for our understanding of many aspects of human 
stroke [1]. However, when used to select candidate drugs for clinical trial, apparently 
successful animal experiments have generally not yielded clinically useful stroke drugs.

Reasons for the disparity between preclinical and clinical treatment efficacy are 
hypothesised to include that the animal experiments are falsely positive; clinical tri-
als are falsely negative; or we cannot model stroke in animals with sufficient fidelity 
to provide a useful tool for translation. The hypothesis that animal experiments may 
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report overly or falsely positive results has been the focus of intense scrutiny in 
recent years, fuelled largely by the results of preclinical systematic reviews. 
Systematic review and meta-analysis are summary techniques developed to com-
bine the results of clinical trials and inform evidence-based health care policy and 
practice. Their application to preclinical research is relatively recent, but increas-
ingly used not only to summarise available evidence, but to understand poor transla-
tion and identify approaches to improve the robustness of animal experiments.

One of the earliest systematic reviews and meta-analyses of preclinical stroke studies 
illustrates the high attrition rate when moving from the bench to the clinic. O’Collins and 
colleagues identified over 500 experimental stroke treatments effective in animals, of 
which only one, tissue plasminogen activator (tPA), proved successful in the clinic [2]. 
This exception highlights the important principal that animal experiments can be highly 
predictive of human outcomes. However, it should be noted that while the animal and 
human data are highly concordant, commencement of the clinical trial preceded the 
majority of the preclinical data. For tPA, the human and animal outcome data are almost 
identical with respect to the critical issues of timing of therapy and contraindicated 
comorbidities [3]. Similar parallels have been drawn by Dirnagl and Endres for the pre-
dictive value of preclinical studies of statins and antiplatelet agents and for the harmful 
interaction between tPA and erythropoietin [1]. However, systematic review and meta-
analysis with follow-up experimentation also suggest that the presence of unrecognised 
biases within the preclinical datasets probably account for the failure of clinical trials of 
the free radical scavenger NXY-059 [4, 5] and of magnesium as an inhibitor of the 
NMDA receptor [6, 7]. Over-optimistic reportings of benefit when researchers fail to 
prevent bias in experimental design, or use cohort sizes too small to provide adequate 
statistical power for their animal experiments, are common themes in many analyses [8, 
9]. Performing only those experiments most likely to provide a positive outcome and 
ignoring more difficult experiments in animals with comorbidities prevalent in the clinic 
(e.g. old age, hypertension, diabetes) and known to yield smaller treatment effects [8] are 
also likely to contribute to these difficulties. Overall, these observations suggest a failure 
of the drug evaluation process rather than failure of the animal models themselves.

The consequences of low-quality preclinical evidence are broader than failure to 
translate efficacy in clinical trials, extending to waning investment [10] and wasting 
of scarce research funds [11]. Strategies are needed to improve the quality of pre-
clinical data collection and to allow more effective selection of therapeutic targets 
and drugs for stroke. Increased use of systematic review and meta-analysis should 
be part of this strategy.

2  Evidence-Based Approaches to Understanding 
Translational Stroke Research

The process and value of systematic review and meta-analysis is exemplified by 
Cochrane [12]. Cochrane, coupled with impetus from the CONSORT statement for 
better performance and reporting of clinical trials [13], has been highly successful 
in synthesising clinical trial data and providing outcomes in an easily assimilated, 
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widely recognised format readily useable for healthcare policy and day-to-day clinical 
practice decisions. The systematic review process has been invaluable in identifying 
and understanding deficiencies and areas for improvement in clinical trial design, 
conduct, and reporting; this has driven unprecedented improvements in clinical 
research quality [14].

Systematic review aims to capture all evidence relevant to a pre-specified 
research question and the statistical pooling of outcome data (meta-analysis) pro-
vides a summary estimate of effect. These are transparent, reproducible methods to 
objectively synthesise and interpret scientific evidence. The processes and conclu-
sions of a systematic review have a reduced risk of bias when compared to tradi-
tional, narrative reviews. In contrast to clinical systematic reviews, our primary 
interest is generally not in the ‘headline’ summary effect of an intervention, but 
investigating differences in efficacy between groups of studies, known as heteroge-
neity. Using these methods, we can assess the quality and range of available evi-
dence; assess for publication bias; identify gaps in a field and inform the design of 
future experiments; try to explain discrepancies between preclinical and clinical 
trial results; and inform clinical trial design.

Prior to 1996, only 13 systematic reviews and/or meta-analyses of animal studies 
were identified through systematic searching. By 2006, this number had risen to 103 
[15] and there are now over 500 reviews of in vivo animal experiments [16], a high 
proportion of these examining focal ischaemic stroke studies. Increasing the value 
of existing research, informing future research, and reducing research waste are just 
a few of the benefits derived through conducting these reviews.

Over the past 10 years, we have witnessed the evolution of methodologies [17] 
and applications for preclinical systematic review, which is now emerging as a field 
in its own right. Ongoing advances signal the promotion of these methods to prereq-
uisites in the process of experimental design.

To date, preclinical systematic review and meta-analysis in stroke have helped 
identify animal experiments that are at high risk of experimental bias (leading to 
overstatement of efficacy) [5, 18–21] and publication bias [22]. They have identified 
that many researchers use cohort sizes too small to provide adequate statistical 
power [8, 9]. These analyses also suggest that modelling variables such as the choice 
of anaesthetic used have an impact on outcome [3, 5, 19, 23] and imply that we do 
not fully understand the animal models. Moreover, the observation by O’Collins that 
the effect sizes for those drugs taken forward to clinical trial were not substantially 
different from the average of all drugs tested in animals suggests that we may not 
even be prioritising the most promising treatments for progress to clinical trial [2].

2.1  Assessing the Quality and Range of Available Evidence

Quality and range are central to evaluating the evidence supporting a new pathophysi-
ological mechanism, therapeutic target, or therapy for stroke. Quality is related to 
internal validity and is assessed at the level of individual studies or outcomes—how 
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well were they conducted and how reliable are their results? Range of evidence refers 
to the body of evidence as a whole and speaks to its external validity and generalis-
ability—has the target or therapy been tested over a number of experimental models 
and animal species, and in a clinically relevant context?

2.1.1  Quality of Evidence

The usefulness of animal data is often impaired by limited methodological quality. 
Problems with the design and execution of experiments, including risks of bias, can 
lead to exaggeration of the effect under investigation. Bias can introduce systematic 
error in the results of a study and can occur due to inadequacies in design, conduct, 
analysis, or reporting. In clinical research, assessing study quality helps to identify 
what evidence can be used to reliably inform healthcare decisions.

Assessing the quality of preclinical experiments is a critical component of sys-
tematic review, which allows us to evaluate the reliability of evidence and the level 
of confidence in our conclusions. This has proven itself a useful tool to highlight 
and investigate the impact of deficiencies in study quality. Quality assessment 
involves critically appraising studies based on the implementation of experimental 
design measures to reduce biases affecting selection, performance, measurement, 
attrition, and outcome reporting (Table 2.1). Random allocation of animals to exper-
imental groups helps to ensure that groups are balanced for baseline characteristics. 
Measured effects are therefore more likely due to the intervention than pre-existing 
group characteristics. Blinding experimenters to group allocation ensures that biases 
in the way that animals are handled, stroke is induced, and outcomes are measured 
are reduced. To prevent attrition and reporting biases, exclusion criteria and primary 

Table 2.1 Examples of types of bias that can threaten internal validity and measures to reduce 
their impact

Type of bias Description
Study design and reporting 
measures to mitigate bias

Selection bias Systematic differences between study 
groups at the start of an experiment

Randomise animals to 
groups

Performance bias Systematic differences between how 
groups are handled during an 
experiment

Blind induction of 
ischaemia

Blind conduct of 
experiment

Measurement or 
detection bias

Systematic differences between groups 
in how outcomes are measured

Blind assessment of 
outcome

Attrition bias Systematic differences between groups 
in the number of animals excluded

Pre-specify exclusion 
criteria

Report all exclusions

Outcome reporting 
bias

Systematic differences in the nature or 
direction of reported vs. unreported 
outcomes

Pre-specify outcomes

Report all outcomes
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and secondary outcomes should be pre-specified. All animals involved in an 
experiment should be accounted for and all outcomes reported, not only those that 
are significant or interesting.

Sample size calculation is also a critical element of study design; the number of 
animals included in an experiment affects both its validity and external factors. Too 
few animals and the result will be imprecise and lack the statistical power to detect 
meaningful differences between groups; too many and resources—animals, money, 
time—are wasted. While bias introduces systematic error, imprecision refers to ran-
dom error and, despite smaller studies being less precise, they are not necessarily 
more biased [24]. To date, the impact of carrying out a sample size calculation has 
been difficult to measure in stroke studies due to low prevalence of reporting 
(Table 2.3, Fig. 2.1). Performing a sample size calculation and taking measures to 
reduce the biases in Table 2.1 are widely accepted to form a core set of standards 
that should be addressed in all experimental stroke studies [25, 26].

Fig. 2.1 Prevalence of reporting selected risks of bias in 2671 publications describing interven-
tions in animal models of disease [28]. (a) Randomisation, (b) blinded assessment of outcome, (c) 
sample size calculations, and (d) conflict of interest; Alzheimer’s disease (AD, n = 324 publica-
tions), focal cerebral ischaemia (FCI, 704), glioma (175), Huntington’s disease (HD, 113), intrace-
rebral haemorrhage (ICH, 72), experimental autoimmune encephalomyelitis (EAE, 1029), 
myocardial infarction (MI, 69), and spinal cord injury (SCI, 185). Vertical error bars represent 
95 % confidence intervals, and the horizontal grey bar represents the 95 % confidence interval of 
the overall estimate

S.K. McCann et al.



79

Further quality characteristics of stroke study conduct, reporting, and publication 
are described in Table 2.2. These items cover control of variables that have been 
shown to influence stroke outcome including temperature, physiological parame-
ters, and cerebral blood flow. While anaesthetics have also been shown to impact 
stroke outcomes, the use of this item as a measure of quality can be contentious 
given the reported neuroprotective properties of many anaesthetics [27].

A systematic review by Krauth and colleagues identified 30 distinct instruments 
developed to assess quality and risk of bias in published animal studies [24]. Nine 
stroke-specific instruments were identified, the highest representation for disease- 
specific assessment tools; however, the validity and reliability of most of these tools 
has yet to be tested. In Table 2.3, we show the prevalence of reporting quality items that 
fulfil the Collaborative Approach to Meta-Analysis and Review of Animal Data from 
Experimental Studies (CAMARADES) checklist from systematic reviews of experi-
mental ischaemic stroke studies. Within this cohort of studies, randomisation, blinding, 
allocation concealment, and a statement of potential conflict of interest are all reported 
in less than 50 % of publications, and a sample size calculation reported in only 3 %.

Within publications from different biomedical fields, identified in the context of 
systematic review, the prevalence of reporting measures to reduce selected biases 
varies considerably (Fig. 2.1) [28]. In this cohort of studies, focal cerebral isch-
aemia studies perform close to the average with slightly higher rates of  randomisation 
(40.1 %) and blinding (38.5 %) than other fields and lower reporting of potential 
conflicts of interest (5.2 %). Across the board, reporting a sample size calculation is 
almost non-existent in preclinical studies (overall 0.8 %). There is room for substan-
tial improvement in reporting these measures in the range of disease models 
investigated and likely across the biomedical sciences.

Table 2.2 Quality checklist items relating to stroke study conduct, reporting, and publication

Quality item Description

Study conduct—stroke induction

Control of temperature To ensure that outcome effects are dependent on 
the intervention and not hyper- or hypothermic 
disturbances

Monitoring of blood pressure and blood 
gases

To ensure that physiological changes are not 
contributing to the treatment effect

Confirmation of cerebral blood flow 
reduction and (for transient ischaemia) 
restoration

Via laser Doppler or perfusion imaging, to 
establish that baseline ischaemic insult is similar 
in all animals

Avoidance of anaesthetics with marked 
intrinsic neuroprotective properties

To ensure that any intervention effect is not 
confounded by the action of anaesthesia

Study reporting and publication

Publication in peer-reviewed journal Indicating that the methods, results, and 
interpretation have undergone independent 
third-party appraisal

Statement of compliance with regulatory 
requirements

Indicating experiments have been conducted in 
accordance with ethical standards

Statement regarding possible conflict of 
interest

To help identify possible bias introduced by vested 
interests of the researchers involved
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2.1.2  Range of Evidence

Systematic reviews summarise comprehensively the range of evidence supporting a 
specific research question. No animal model of stroke can encapsulate the heteroge-
neous human disease in its entirety. Evidence that mechanisms of disease or treat-
ments work under a range of conditions in multiple models is therefore necessary. 
Consistent results across diverse experimental designs inspire confidence that 
humans might respond in a similar manner. This ability to generalise findings across 
different measures, settings, and times is known as external validity and is assessed 
over a body of evidence. Construct validity refers to how well the experiment mod-
els human stroke and can be threatened when only specific characteristics of the 
disease are represented. Recommendations regarding the range of evidence that 
should be reported before research into a particular therapeutic target or drug 
advances through the translational pipeline have been discussed in detail by the 
STAIR collaboration and others and are listed in Table 2.4 [25, 29].

Some of the headline recommendations include evidence of an effect using 
clinically relevant endpoints, including sensorimotor and cognitive outcomes, at 
time points delayed from stroke onset to ensure sustained effects of treatment. In 
addition, efficacy should be shown in aged and comorbid animals of both sexes to 
avoid the notable discordance that currently exists between subjects of in vivo stroke 
studies and the human stroke population. Healthy, young, male animals are not 
representative of the often elderly stroke patient who may have co-existing condi-

Table 2.4 Checklist of the 
range of circumstances 
neuroprotective mechanisms 
or drugs should be tested 
under

Range of evidence

Assessment of histological outcome

Assessment of behavioural outcomes

Assessment of outcomes at acute and 
delayed time points

Replication in two or more laboratories

Tested in models of temporary and 
permanent ischaemia

Tested in males and females

Tested in animals with comorbidities 
including hypertension and diabetes

Tested in multiple species

Clinically appropriate route of 
administration tested

Dose–response relationship tested

Optimal time window of treatment 
investigated

Interaction studies with medications 
commonly used in stroke patients

Relevant biomarker endpoints 
examined
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tions such as hypertension, diabetes, or hypercholesterolemia. In animals with 
comorbid conditions including hypertension and diabetes, a number of treatments 
show reduced or no effect [5, 19–21, 30, 31]. While it is recommended to show 
evidence of efficacy in multiple species to illustrate conservation of effect, the ben-
efit of testing in higher order species is yet to be proven and increases markedly the 
cost and ethical considerations of experiments. The usefulness of testing in gyren-
cephalic species may be dependent on intervention mechanism of action. Evidence 
of efficacy using clinically relevant times and routes of treatment administration and 
investigation of the dose–response relationship are all recommended. Lastly, it is 
recommended that any effects should be replicated in at least two independent labo-
ratories to avoid basing decisions on irreproducible results, a widespread problem in 
biomedicine [32]. By investigating the impact of different experimental design 
parameters and modelling characteristics, we can identify the range of circum-
stances where an intervention is effective and the limits to this efficacy.

2.2  Assessing for Publication Bias

Where data are collected but remain unpublished, they cannot contribute to our 
working knowledge of disease mechanisms and the efficacy of new treatments. 
Publication bias occurs when the results of published and unpublished studies differ 
systematically; typically the selective publication of significant, positive, or 
hypothesis- supporting results. This distorts scientific evidence and contributes to 
exaggerated intervention efficacy in research summaries. Research waste also 
occurs when investigators duplicate experiments with negative or neutral results 
that are not freely available in the public domain. An analysis of publication bias in 
systematic reviews of experimental ischaemic stroke by Sena and colleagues found 
that, of 525 unique publications, only 2 % reported no significant results. Further, 
they estimated that, in this dataset, published studies overestimated efficacy by 
approximately 30 % [22].

Assessment of publication bias is increasingly used in systematic reviews to 
detect and quantify the impact of selective publication [16]. This commonly includes 
assessing funnel plot asymmetry and estimating the number and effect magnitude of 
theoretically missing studies (Fig. 2.2). There are important limitations to these 
tests, including low power, factors other than publication bias causing funnel plot 
asymmetry, and both known and unknown additional factors confounding effect 
size estimates; they do, however, provide useful tools [22]. For ischaemic stroke 
reviews carried out using the CAMARADES database from 2010, publication bias 
was detected in 5 out of 9 datasets assessed. Bias resulted in relative overestimations 
of treatment efficacy of up to 65.3 % for structural outcomes [33] and 52.1 % for 
functional outcomes [23].

Publication bias is now recognised as one of a group of publication-related 
biases that can be introduced during the dissemination of preclinical evidence. 
These include biases caused by time, type and language of publication, multiple 
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publication, selective citation, and database indexing (Table 2.5) [34, 35]. 
Selective outcome reporting bias is also often considered under the umbrella of 
dissemination bias, in addition to threatening internal validity. Some of these 
biases can be mitigated during systematic review by ensuring methods are 
robust: searching multiple literature databases, not specifying language restric-
tions, and checking for duplicate publications. However, detection of many 
biases is difficult and no formal tests or research exist in the preclinical literature 
on, for example, rates of multiple publication, selective citation, or database 
indexing biases.

An alternative approach to detecting publication-related biases in large datasets 
is to test for excess significance by examining whether too many studies report sig-
nificant results compared to what is expected. Using this method, substantial excess 
significance was found in focal ischaemic stroke meta-analyses: 626 results were 
observed to be positive, where only 370 would be expected a priori [9].

Fig. 2.2 Examples of plots used to assess publication bias. (a) Asymmetry in a funnel plot can be 
caused by non-publication of smaller studies that lack significant effects. The horizontal line rep-
resents the global estimate of efficacy. (b) This asymmetry can be tested using Egger’s test; a 
regression line that does not pass through the origin suggests the presence of publication bias. (c) 
The number and effect sizes of theoretically ‘missing’ studies (red points) are estimated using trim 
and fill. An adjusted global estimate can be calculated, taking into account these missing studies 
(red line). Data are from a range of preclinical systematic reviews of interventions for focal isch-
aemic stroke [22]
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By quantifying the extent and likely impact of publication biases in the preclinical 
literature, systematic review and meta-analysis have served as a catalyst for debate 
and changes in publication policy and practice. There are a growing number of 
journals and journal sections devoted to negative or null results, including the 
BioMed Central Journal of Negative Results in Biomedicine, PLOS ONE’s Missing 
Pieces Collection, and the Journal of Cerebral Blood Flow and Metabolism’s 
Negative Results Section. Additional measures include new publication models 
focussing on transparency, data sharing, and the pre-registration of preclinical stud-
ies with guaranteed publication of final results.

When trying to mitigate these biases, it is also important to acknowledge that much 
of science is built upon perverse incentives that reward scientists for ‘impact’ and ‘pro-
ductivity’ rather than for the quality of their research or its reproducibility. Non-
publication is a prevailing issue in the biomedical sciences, which can just as likely 
result from researchers not submitting neutral studies for publication as editors not 
deeming them worthy. Only half of completed preclinical and clinical studies are 
reported at all with selective publication of positive or significant results further biasing 
the literature [36]. A shift in attitudes and reward mechanisms in science is needed to 
address this problem. Standards for reporting study protocols, all study outcomes, and 
underlying data should be endorsed and enforced by all stakeholders including funding 
bodies, animal ethics committees, academic institutions, journals, and publishers [36].

2.3  Impacts of Systematic Reviews

Systematic reviews have proven useful to identify where data are lacking in terms of 
both the quality and range of evidence and to inform the design of future primary 
studies that fill these gaps. In 2006, Banwell and colleagues conducted a systematic 

Table 2.5 Types of publication-related or dissemination biases

Type of bias Description

Publication bias Occurs when the publication of research findings depends on their 
nature and direction, leading to systematic differences between 
published and unpublished studies

Time lag bias When the time between the collection and publication of results 
depends on their nature and direction, meaning potentially important 
information remains hidden from public scrutiny

Language bias Occurs when results are published in a particular language depending 
on their direction and strength

Multiple (duplicate) 
publication bias

Resulting from significant results generating duplicate or multiple 
publications

Location bias Occurs when the location (journal) of publication depends on the 
direction and nature of findings, resulting in systematic differences in 
ease of access, visibility, and indexing

Citation bias When the likelihood of a study being cited is influenced by its results

Indexing bias Resulting from systematic differences in the indexing of published 
studies in literature databases
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review of IL-1 RA in models of stroke [37]. The review suggested a number of 
shortcomings in the range of conditions under which efficacy was tested, specifically 
in terms of comorbidities and time to treatment, study quality was modest, and there 
was evidence consistent with substantial publication bias. Leaders in the field have 
suggested that this initial review had a meaningful impact on their research focus and 
the manner in which they reported future in vivo studies. A recent update, 10 years 
later, suggests that many of the evidence gaps have indeed been filled [33]. The qual-
ity of the primary studies appears to have improved substantially; evidence of effi-
cacy of IL-1 RA in stroke has now been demonstrated in comorbid animals, at much 
later times of administration and where delivery is via a clinically feasible route.

Establishing the prevalence and impact of risks of bias in the animal literature 
modelling stroke has had broader implications than the design of primary stroke stud-
ies and practice within specific research programmes. In response to the accumulat-
ing evidence from systematic reviews, Macleod and colleagues, in 2009, developed 
Good Laboratory Practice Guidelines in an attempt to address the limitations in the 
design, conduct, and reporting of animal experiments in stroke that were published in 
three major stroke journals [38–40]. The following year, the ARRIVE guidelines 
were developed by the NC3Rs to address these issues more broadly across the use of 
animals in experiments of the life sciences [41]. The necessity to improve the rigour 
with which we undertake and disseminate preclinical studies is now appreciated more 
widely. The ARRIVE guidelines have been endorsed in the UK by all major scientific 
journals, funding bodies, universities, and learned societies. In 2013, the Nature 
Publishing Group changed its editorial policy to try and address the replication crisis 
by requesting much more robust reporting by contributors to their journals [42].

The plethora of evidence has made substantial strides in highlighting the potential 
impact of bias on research findings, but informal discussions suggested that practical 
assistance to overcome these limitations was missing. In late 2015, the NC3Rs launched 
the Experimental Design Assistant (EDA) to engage researchers to think more critically 
about experimental design and provide a platform that assists in this process.

Granting bodies have also taken heed of the evidence from systematic review 
and concerns of replication crisis. The US National Institutes of Neurological 
Disorders and Stroke (NINDS) at the National Institutes of Health (NIH) and 
Research Councils UK now require substantially more detail regarding the rigour of 
experimental design including, for instance, randomisation, blinding, and meaning-
ful power calculations.

Some potential impacts are yet to be realised. An important consideration in the 
use of animals in biomedical research is the application of the three Rs. Systematic 
review has potential to lead to Refinement and Reduction in the modelling of stroke. 
On Reduction, very few (less than 1 in 50) publications report a sample size calcula-
tion; systematic reviews can provide reliable data to support sample size calculations 
for various outcome measures. On Refinement, systematic reviews can allow com-
parison of the statistical performance of different outcome measures. All other things 
being equal, investigators should choose the outcome measure with the greatest pre-
cision. Further, different outcome measures do measure different aspects of biology; 
but since more than one outcome is reported for many experiments, and because a 
diverse range of biological activity is usually represented in the candidate 
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interventions, we can use meta-regression to understand the relationship between 
different outcomes at different times. We can therefore start to characterise the extent 
to which subjecting the animal to an additional test results in additional knowledge. 
One benefit of this approach is that it uses existing data, rather than requiring addi-
tional animal experiments to develop and validate the approach.

2.4  Providing Potential Explanations for Discrepancies 
Between Preclinical and Clinical Trial Results

When a clinical trial does not show the efficacy which was predicted from animal 
models, it may be useful to identify possible reasons for this. These fall into three 
categories; that the clinical trial was falsely negative; or the animal studies were 
falsely positive; or that the animal model used did not recapitulate key features of 
human disease with sufficient fidelity to be useful in predicting efficacy in humans. 
By identifying limits to the efficacy of treatments in animal models, for example 
relating to dose or time to treatment, we can investigate whether clinical trials oper-
ated outside of these limits, as a possible reason for translational failure. To provide 
contrasting examples, NXY-059 was tested in humans on the basis of promising 
animal data, but—in addition to problems with the rigour of many of the animal 
experiments—only 7 % of the animals studied had high blood pressure [5]. This 
compares with two thirds of participants in the SAINT 2 clinical trial who had a 
history of hypertension at study entry [4]. As a second example, there are large 
datasets (involving more than 3000 subjects each) from animal and human studies 
of tPA. In thrombotic occlusion models in animals, the decline in efficacy in 90 min 
epochs from the time of occlusion is very similar to that seen in individual patient 
meta- analysis of clinical trials, suggesting that the impact of “duration of occlu-
sion” on the development of brain injury is broadly similar between human and 
non-human animals, thus providing validation for the use of animal models [3].

2.5  Informing Clinical Trial Design

Of course, it makes more sense to set up our clinical trials to match—as closely as 
practicable—the circumstances under which efficacy was observed in animals when 
the clinical trial is designed, than to use such differences, identified after the event, 
to explain why clinical trials failed. There are several examples of where this has 
been done, including in the design of the EuroHYP-1 trial of brain cooling for 
stroke [43], where several key trial parameters (including the target temperature and 
the allowable delay before the initiation of treatment) were determined after taking 
into account findings from a large systematic review of animal data [44]. Additionally, 
the use of pethidine to manage shivering was allowed following subsequent targeted 
animal experiments [45].

S.K. McCann et al.



87

Other examples in stroke include antidepressants [46], tested in the FOCUS 
trial [47]; and this approach has also been used in trials in spinal cord injury 
[48, 49] and multiple sclerosis ([28], https://clinicaltrials.gov/ct2/show/
NCT01910259?term=MS-SMART&rank=1).

While the exclusive use of this approach limits the clinical investigator to 
considering those data which already exist, it might effectively be combined 
with phase III preclinical studies, in a development path which sees the support-
ing evidence for candidate drugs summarised using systematic review and meta-
analysis; before key findings are confirmed and areas of uncertainty resolved in 
high quality large multicentre animal studies. While the costs of this approach 
have to date, at least in stroke, deterred either industry or academic funders from 
adopting this approach, it is likely that it would represent substantial value [50].

3  Limitations of Systematic Review and Meta-analysis

While preclinical systematic review and meta-analysis can provide valuable infor-
mation, they are not without limitations. A frequent criticism is the grouping together 
of studies with sometimes vastly different characteristics. While this certainly limits 
the usefulness of an overall estimate of effect, by explaining this heterogeneity we 
can draw conclusions about differences in efficacy between groups. There is also an 
argument for including only high quality studies in a systematic review to establish 
conclusions with the highest degree of certainty and reliability. While this is a com-
mon strategy in clinical systematic review, where often inclusion is restricted to 
randomised controlled trials, we are not at a point in preclinical research where this 
is a feasible option. We consider exploring the impact of quality items and establish-
ing guidance to improve study quality more valuable than excluding studies based 
on quality, at this time. An important caveat occurs where it is unethical or unfeasi-
ble to carry out research on humans and preclinical data solely inform clinical 
guidelines, for example, neonatal exposure to anaesthetics. In this context, it is para-
mount to include only high quality preclinical studies in decision-making.

As with any research domain, systematic reviews and meta-analyses are suscep-
tible to bias and the quality of a review itself relies on robust methodology and 
reporting. While there are groups that have assessed the quality of systematic 
reviews [15, 16], this is based on expert opinion rather than an evidence-based 
approach. Mueller and colleagues reported poor methodology in preclinical system-
atic reviews, especially assessment of dissemination bias. Review quality was 
observed to be improving, however, with increased implementation of Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) and Quality 
of Reporting of Meta-analyses (QUOROM) checklists [16]. As yet, there are no 
evidence-based quality assessment tools to assess risks of bias in preclinical 
systematic reviews.

A major limitation of systematic review methodology as it currently stands is 
the sheer number of person-hours required, especially screening publications for 
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inclusion and extracting data. When delays in publication are added to this equation, 
a search may be many years out of date before the results of a review are published. 
Clinical systematic reviews are generally not considered out of date as swiftly as 
preclinical reviews due to the fact that clinical trials are larger, take longer to com-
plete than preclinical experiments, and are fewer in number.

Systematic review can only provide evaluation of reported study characteristics. 
These items may be confounded in some instances by reporting criteria set by some 
journals, but not others, and article word count restrictions. It is argued, for example, 
that failing to report blinding does not necessarily mean a study was conducted 
unblinded. Evidence suggests, however, that poor quality reporting is correlated with 
exaggerated results. Despite best practice, it can also be difficult to locate and procure 
all relevant articles, leading to publication bias in review results and conclusions. 
Finally, although we can detect and quantify heterogeneity, it is not always possible to 
determine its exact sources, and in some reviews, much heterogeneity remains unex-
plained. The methods for carrying out a preclinical systematic review and meta-anal-
ysis are evolving to address many of these limitations, discussed in detail in Sect. 4.

4  Future of Preclinical Systematic Review and Meta-analysis

Improvements to the range and sophistication of methodologies and applications for 
preclinical systematic review will help to guide the next generation of neuroprotec-
tion research. As more authors begin to report the facets of experimental design 
essential for its rigorous evaluation, the development of an evidence-based risk of 
bias tool will become possible. We will be able to determine which aspects of exper-
imental design are most important by untangling collinearity between risks of bias. 
Moreover, it will become possible to properly examine the underlying biology of a 
problem, adjust for the quality of evidence from different studies and determine the 
range of circumstances under which a therapy has the potential to be effective in the 
clinic. Identifying well-designed and performed experiments will become easier 
and the value of the published literature will increase. This is already being recog-
nised by publishers by establishment of journals such as Evidence-based Preclinical 
Medicine (EBPM) and the introduction of a specific Meta-Research section to 
PLOS Biology. No systematic or evidence-based criteria exist to inform the deci-
sion to venture from preclinical testing into clinical development. Recent initiatives 
have hypothesised that multicentre preclinical trials, which are of high internal and 
external validity, may be an appropriate and robust framework in which to test can-
didate interventions prior to clinical trial. Systematic reviews have been proposed 
as an important factor in this process to ensure that candidate interventions have 
been tested under a range of conditions and experiments are of sufficient quality 
prior to initiating high resource multicentre preclinical studies.

If we accept that this process of improvement will continue, what are the next big 
steps for advancing the technology itself and the value obtained from preclinical 
systematic review and meta-analysis?
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Perhaps the most important issue is data volume. There is now more research 
published than ever before. The primary bibliographic database for biomedical 
research, PubMed, contains more than 24 million citations, and since 2005 has 
added 2000–4000 new references every working day [1]. A random sample of 2000 
publications in PubMed suggests that ~31 % describe primary laboratory research. 
Eighteen percent of these describe in vivo research involving animals, of which 4 % 
are in pharmacology and 3 % are in the neurosciences. In the 750,000 PubMed cita-
tions indexed in 2014, approximately 30,000 will be neuroscience papers. No one 
individual can read, let alone appraise critically or use, even a small fraction of this 
new information, information which is the product of years of investigator effort 
and substantial investment of research funds [51].

This mismatch, between the amount of research produced and the amount that 
can be effectively used, is a major challenge to biomedical research. The sheer vol-
ume and publication rate of preclinical data predicate that methodology innovations 
are required beyond the largely manual processes that are currently adopted for 
most clinical systematic reviews. For example, in our systematic reviews of neuro-
pathic pain, data from 229 clinical trials required extraction [52], whereas for the 
corresponding on-going preclinical systematic review, over 40,000 publications had 
to be screened and data are being extracted from ~4000 of these.

Automation of these processes by machine learning and data mining to identify 
relevant publications is essential. However, this is hindered by the fact that no single 
database covers all information needs [53–55]. Moreover, the controlled vocabularies 
of MeSH and BIOSIS and the Natural Language searching of Emtree are all subtly 
different and can change without backward compatibility, rendering reproducible 
searching over time a challenge. Libraries of verified search strategies, as exemplified 
by the SYstematic Review Centre for Laboratory animal Experimentation (SYRCLE) 
filter used to find data for animal experiments [56], that can be redeployed in different 
combinations will help. Better indexing and search engines for citation indices will 
also provide a part of the solution and this will be augmented by machine learning 
algorithms adept at finding critical words and phrases within that proportion of papers 
accessible to electronic searching. However, once relevant papers have been found, 
the daunting task of data extraction still remains. For newer electronic publication 
formats, identification and extraction of this information is becoming a possibility. 
However, a more logical long-term approach is linking of publications to the raw 
data, held in accessible public data repositories open to secondary data analysis.

Another often held, but difficult to accomplish, desire for systematic reviewers is 
the wish to rank the effectiveness of different treatment strategies when the back-
ground to each experiment is slightly different and the outcome measures used do not 
naturally align. This will be aided by the incorporation of a subset of standardised 
outcome assessments in experiments to facilitate development of better “normalisa-
tion” tools. Inclusion of common positive and negative controls within experiments 
will permit the use of network meta-analysis and thus the ability to perform secondary 
comparisons never envisaged by the original experimenters. Both will combine to 
improve our ability to select candidate drugs for future experiments, and in particular, 
inform the process of collaborative multicentre phase III preclinical drug trialling.

2 Systematic Review and Meta-analysis: Important Tools in Understanding Drug…



90

5  Conclusions

Preclinical systematic review and meta-analysis are proving to be valuable tools for 
understanding how our animal models work and the strengths and weaknesses of the 
data we use to make decisions to move forward. This includes selecting drugs for 
more advanced preclinical testing and for moving from the laboratory to the clinic, 
where these tools also permit evidence-based design of clinical trials. Importantly, by 
aggregating and summarising large volumes of data in a rigorous way, they have also 
provided the ammunition to motivate structural changes in the way preclinical 
research is funded, performed, and reported. However, much work is still needed to 
refine the statistical methodologies of preclinical systematic review and meta-analysis 
and to address the complexities of data access in a world where how we store data is 
rapidly changing and the volume of those data is expanding at an unprecedented rate.

6  Resources

• To our knowledge, there are two main groups who work to assist and educate 
preclinical systematic review authors and produce methodological tools and 
guidelines to generate high quality reviews: CAMARADES (http://www.dcn.
ed.ac.uk/camarades/) and SYRCLE (https://www.radboudumc.nl/Research/
Organisationofresearch/Departments/cdl/SYRCLE/Pages/default.aspx).

• The CAMARADES-NC3Rs SYstematic Review Facility (SYRF), a fully inte-
grated online platform for performing systematic reviews of preclinical studies, 
has recently launched: http://syrf.org.uk/.

• Evidence-based Preclinical Medicine publishes preclinical systematic reviews 
and meta-analyses (http://onlinelibrary.wiley.com/journal/10.1002/%28ISSN 
%292054-703X) and have a helpdesk to answer review author questions: ebpm.
helpdesk@wiley.com.
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Chapter 3
Neuroprotection Is Technology, Not Science

Donald J. DeGracia, Doaa Taha, Fika Tri Anggraini, and Zhifeng Huang

Abstract All human clinical trials of neuroprotection after brain ischemia and 
reperfusion injury have failed. Brain ischemia is currently conceptualized as an 
“ischemic cascade” and therapy is directed to treating one or another element of this 
cascade. This approach conflates the science of cell injury with the development of 
neuroprotective technologies. Here we review a theory that describes the generic 
nonlinear dynamics of acute cell injury. This approach clearly demarcates the sci-
ence of cell injury from any possible downstream technological applications. We 
begin with a discussion that contrasts the qualitative, descriptive approach of biol-
ogy to the quantitative, mathematical approach used in physics. Next we discuss 
ideas from quantitative biology that underlie the theory. After briefly reviewing the 
autonomous theory, we present, for the first time, a non-autonomous theory that 
describes multiple injuries over time and can simulate pre- or post-conditioning or 
post-injury pharmacologics. The non-autonomous theory provides a foundation for 
three-dimensional spatial models that can simulate complex tissue injuries such as 
stroke. The cumulative theoretical formulations suggest new technologies. We out-
line possible prognosticative and neuroprotective technologies that would operate 
with engineering precision and function on a patient-by-patient basis, hence person-
alized medicine. Thus, we contend that a generic, mathematical approach to acute 
cell injury will accomplish what highly detailed descriptive biology has so far failed 
to accomplish: successful neuroprotective technology.

Keywords Brain ischemia • Ischemic cascade • Autonomous theory • Lac operon • 
Boolean network • Acute cell injury • Bistable bifurcation

D.J. DeGracia (*) 
Department of Physiology, Wayne State University, Detroit, MI 48201, USA

Center for Molecular Medicine and Genetics, Wayne State University,  
Detroit, MI 48201, USA 
e-mail: ddegraci@med.wayne.edu 

D. Taha • Z.-F. Huang 
Department of Physics and Astronomy, Wayne State University, Detroit, MI 48201, USA 

F.T. Anggraini 
Department of Physiology, Wayne State University, Detroit, MI 48201, USA

© Springer International Publishing Switzerland 2017 
P.A. Lapchak, J.H. Zhang (eds.), Neuroprotective Therapy for Stroke  
and Ischemic Disease, Springer Series in Translational Stroke Research, 
DOI 10.1007/978-3-319-45345-3_3

mailto:ddegraci@med.wayne.edu


96

1  Introduction

In the setting of brain ischemia, neuroprotection can be defined as taking a post- ischemic 
brain region we know will die and performing some intervention to prevent it from 
dying. While many neuroprotective interventions are described in the preclinical litera-
ture, none have successfully “translated” to clinical stroke neuroprotection in humans 
[1–4]. Analogous failures have plagued other biomedical fields, such as cardiac and 
renal ischemia [5, 6]. These are not isolated cases, but part of a larger pattern of defi-
ciencies in biomedical research. The “lack of reproducibility” of biomedical results has 
garnered national media attention and serious reform efforts from journal editorial 
boards and the NIH [4, 7–11]. All of this, we suggest, is part of the same picture. 
Attempts to remedy these deficiencies have focused almost exclusively on technical 
details of experimental execution [12–14]. That empirical ambiguity needs to be mini-
mized should go without saying. We have argued that an equal, or even greater, contrib-
uting factor is the lack of theoretical foundation in biomedical research [15–19].

The purpose of this chapter is to consider what neuroprotection might look like in a 
world that possessed a working theoretical biomedicine. We have offered such a theory 
and summarize it below. The theory has not yet been empirically validated. Nonetheless, 
the theoretical construct clarifies a number of critical issues. Perhaps most importantly, 
it makes clear the distinction between the science of cell injury and therapeutic technol-
ogy. Developing and confirming the theory constitute the science. Any application that 
stems from the scientific results constitutes technology. Hence, neuroprotection becomes 
a technological goal that comes after the science is completed. Efforts that conflate sci-
ence and technology in biomedical research have only served to confound both.

This chapter has two main parts. In the first part, we discuss the broader views that 
underlie our approach. We consider how physics and biology differ and why it matters 
to the idea of neuroprotection. We begin at the root of the problem and briefly compare 
the scientific cultures of physics and biology. We then briefly discuss the foundations 
of our approach which are grounded in network theory. In the second part, we illustrate 
an approach to acute cell injury that utilizes the principles and notions described in the 
first part. The solutions of this theory offer paradigm- transforming insight into the 
nature of acute cell injury. The theoretical findings provide clear directions for techno-
logical application, of which we consider three facets: (1) therapy as sublethal injury, 
(2) the technology of prognostication, and (3) the technology of neuroprotection.

2  Part 1: Physics and Biology

2.1  A Tale of Two Cultures

Since their respective inceptions in the modern era, biology and physics have devel-
oped along separate tracts. Biology was burdened with the task of describing the 
myriad biological organisms and the almost infinite variations of their structures, 
functions, niches, and so forth [20]. Physics, on the other hand, since the time of 
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Galileo, sought to find mathematical patterns that described some general aspect of 
entire classes of phenomena. In Galileo’s own words [quoted in [21]]:

Philosophy [nature] is written in that great book whichever is before our eyes—I mean the 
universe—but we cannot understand it if we do not first learn the language and grasp the 
symbols in which it is written. The book is written in mathematical language…without 
whose help it is impossible to comprehend a single word of it; without which one wanders 
in vain through a dark labyrinth.

The essence of the method of physics was captured succinctly by the mathemati-
cian Morris Kline [21]:

The bold new plan, proposed by Galileo and pursued by his successors, is that of obtaining 
quantitative descriptions of scientific phenomena independently of any physical explanation.

The distinction between the qualitative classifications of biology and the quanti-
tative descriptions of physics illuminates the crisis in biomedical research as 
explained by entrepreneur Bill Frezza [22]:

[We must]…shift the life sciences over to practices that have been advancing the physical 
sciences for years. In order to do this the culture must change. Mathematics is the language 
of engineering and life scientists can no longer take a pass on it. A system that cannot be 
modeled cannot be understood, and hence cannot be controlled. Statistical modeling is not 
enough, for the simple reason that correlation is not causation. Life science engineers need 
to catch up with their peers in the physical sciences when it comes to developing abstract 
mathematical representations of the systems they are studying. Progress comes from con-
stantly refining these models through ever more detailed measurements.

2.2  What Is Measured?

Since the time of Newton, physicists have struggled with the link between the physical 
objects we perceive and their description by mathematical patterns [21]. The domi-
nance of mathematical abstraction over physical intuition was definitively established in 
the 1920s. The founders of quantum mechanics were forced by the empirical behavior 
of light and atoms to abandon appeals to everyday physical intuition. Quantum mechan-
ics made clear that physics provides mathematical descriptions of phenomena whether 
or not they make sense to everyday intuition. For example, a physical intuition of the 
superposition of quantum states is not possible [23]. This approach has been justified by 
the overwhelming scientific and technological success of quantum mechanics.

Physics of course did not come to this realization overnight. The transition 
occurred over centuries. However, from the time of Galileo, physical objects were 
idealized into mathematical quantities. Physical objects were imagined to be points 
(center of mass) moving through frictionless media, whose motion traced out ideal-
ized geometric curves. Idealizing perceptions of the real world in this fashion 
allowed the recognition that the same mathematical pattern could be applied, for 
example, to projectiles and planetary motion, as Newton famously showed [24].

Thus, from its inception, what was to be measured in physics was intimately 
bound to mathematical description. It did not matter if it was an apple, cannon ball, 
or the Moon. The qualitative differences were ignored and each was to be treated as 
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a point-like object distinguished only by its quantitative mass. Mass is a nonsensory 
abstraction [25]. We perceive weight, which is a function of position in a gravity 
field. A cannon ball becomes weightless in outer space, but the mass remains con-
stant. The perception of weight was the intuitive forerunner of mass. Mass is a 
mathematical quantity in the equations of physics. Thus, what is measured in phys-
ics are operational quantities that are defined exclusively in mathematical terms.

In contrast, in modern biomedicine, organisms are dissected/homogenized into 
relatively stable pieces that are measured by a variety of means (centrifugation, 
Western blot, etc.), and intuitively thought of as classical objects with classical func-
tions. There is no underlying mathematical theory to guide the definition of such 
objects. The nature of the objects is wholly dependent on the methods of isolation. 
Different methods can result in different manifestations of supposedly the same object 
[26]. Some subcellular components are not yet amenable to biochemical isolation 
[27]. The employment of the arsenal of molecular biological tools without an underly-
ing mathematical conception has led to empirical chaos where definitions rest not on 
sound theory, but on the methods used to generate the objects of study. This approach 
is not systematic, and it is no wonder that control of such systems has been elusive.

We present below an approach to acute cell injury based on the method of math-
ematical abstraction and idealization used in physics, where the main concepts and 
objects of measurement are defined by the theory. Before describing the theory, we 
discuss the foundations on which it rests.

2.3  The Mathematizing of Biology

It is a common assertion that biology is too complex to treat mathematically the way 
physics treats physical phenomena. The truth of this assertion has continuously 
eroded over time. This section briefly reviews one line of development that has suc-
cessfully mathematized biology. Some of this material was discussed in greater 
detail elsewhere [19], so only salient aspects are presented here.

The first major step was the discovery of graph theory by the famous eighteenth 
century mathematician Euler, which initiated the study of networks as mathematical 
entities [28]. However, the relevance of network mathematics to biology did not 
become explicit until the 1960s.

After the discovery of the structure of DNA, and the cracking of the genetic code 
in the 1960s, the physical and informational structure of chromosomes was at least 
partially revealed. Even in the context of the now discredited “one gene one protein” 
model, a central paradox became apparent in the construction of organisms. Using 
current numbers, there are on order 20,000–30,000 genes in multicellular organ-
isms. Yet an organism is made of a much smaller number of cell types, on the order 
of several dozens. The question thus arose [29]: how can such a large number of 
genes lead to a much smaller number of cell phenotypes? This question has a para-
doxical character because there are an astronomical number of combinations of 
gene expression patterns. Yet, the limited number of cell phenotypes indicates that 

D.J. DeGracia et al.



99

most of these possibilities play no role in organismic biology. Somehow, only an 
extremely small percentage of possible gene expression patterns actually mattered. 
Could there be a basic theoretical principle behind this observation?

The discovery leading to the resolution of this seeming paradox was the Nobel 
Prize winning work of Jacob and Monad. As is well-known, Jacob and Monad dis-
covered the Lac operon [30], providing the first clear example of gene regulation. 
The key finding was that the product of the lacI gene, the lac repressor protein, 
could control the transcription of the lac operon. Binding of lac repressor protein 
inhibited transcription of the genes contained in the lac operon. But lactose binding 
to the lac repressor protein dissociated it from the DNA, thereby inducing lac operon 
transcription. This discovery revealed that gene products could regulate the expres-
sion of other genes and showed that genes were functionally interlinked to form a 
self-regulating network of mutual influences.

Shortly after discovery of the Lac operon, in 1969 Stuart Kauffman demonstrated 
that Boolean networks, in which each node is either “on” or “off”, could model gene 
networks [29]. Kauffman did not use Boolean networks to model any specific gene 
network. Instead, he studied the generic mathematical properties of random Boolean 
networks. A random Boolean network of N nodes has 2N possible states. For exam-
ple, a network of N = 25 nodes will have 225 = 33,554,432 possible states.

Kaufmann’s main finding was that, of all the possible states, only a small number 
of them were stable. A stable network state, also called an attractor state, is one that, 
once obtained, no longer changes to another state [31]. He found that the number of 
attractor states was on the order of N  [29, 32]. Thus, for N = 25 nodes, there 
would be ~5 attractor states. This represents ~150 parts per billion of the possible 
network states, a vanishingly small fraction.

Kauffman’s theoretical finding gave insight into how gene networks could oper-
ate. If each gene was taken as a node, and the network was approximated as Boolean 
(i.e. each gene was simply on or off), there would be 220,000 possible states. However, 
there would only be ~ ,20 000  or 141 stable states, a not unrealistic number of cell 
types in an organism. Thus, Kauffman’s work led to a critical new insight: the stable 
states of a network, the attractor states, could be associated with the phenotypes of 
cells. If validated, this would stand as a basic principle in theoretical biology based 
on the mathematical properties of networks.

The empirical demonstration of Kauffmann’s theory had to await the advent of omic 
technology where thousands of genes could be measured simultaneously. In 2007, 
Huang and colleagues provided compelling evidence that changes in gene expression 
could be modeled as changes in the gene network from one stable attractor state to 
another [33]. The initial and final gene expression patterns, each associated with a 
distinct cell type, were stable, but the intermediate gene changes between the two phe-
notypes were dynamic and followed a precise mathematical pattern of change. Below, 
we utilize the same mathematical pattern to theoretically model acute cell injury.

These ideas were a critical advance towards quantitatively abstracting biological 
systems. Cell phenotypes correspond to gene network attractor states. This thinking 
accounts for two levels of biological action simultaneously: (1) the level of the gene 
network and its potentially very complex molecular interactions, and (2) the level of 
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the phenotype which represents the net action of the underlying molecular network. 
In physics, this is sometimes called a “dual” representation, where a problem that 
may be overwhelmingly complex in one representation is considerably simplified in 
the other representation [34]. Phenotypes and genotypes have been linked since 
Mendel. The view above cracks the barrier to precisely quantifying what has until 
now been treated in qualitative terms. Our theory of acute cell injury is grounded in 
this quantitative network view that links the gene network and cell phenotype.

3  Part 2: A Theory of Acute Cell Injury

3.1  Introduction to the Theory

We have presented our theory in detail elsewhere [35] and so here summarize salient 
points. We begin with a qualitative heuristic, and then present the autonomous form 
of the theory, where “autonomous” is a technical mathematical term that means 
time, t, is absent from the right hand side of a differential equation [31]. We briefly 
review the solutions of the autonomous theory. We then discuss three possible tech-
nological directions suggested by the theory:

 1. A non-autonomous version of the theory allows for sequential injuries. This sim-
ulates preconditioning and other clinically relevant conditions. However, this 
result has much broader significance by indicating that therapy in general is 
synonymous with sublethal injury.

 2. To develop a quantitative approach to prognostication of acute cell injury, such 
as stroke, we outline an externally perturbed spatial model on a 3D connected 
lattice.

 3. Based on the previous two discussions, we describe a possible quantitative 
approach that would use precisely targeted radiation to affect neuroprotection.

The “take home message” of our presentation is that the main advantage of a 
theory-driven biomedicine is that the theory provides a clear, stepwise roadmap 
from the science of acute cell injury to therapeutic technology.

3.2  Qualitative Description of the Theory

The theory is an idealization of what happens when a single cell is acutely injured. 
Three features of cell injury are abstracted as continuous mathematical quantities: 
(1) the intensity of the injury, I, (2) the total amount of cell damage, D, and (3) the 
total amount of all stress responses induced by the injured cell, S. The theory 
addresses how D and S change over time, t, as a function of I. How to characterize 
the specific injury and specific cell type naturally emerges as we proceed.
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Imagine a generic cell acutely injured by a generic injury mechanism with 
intensity, I. This will activate many simultaneous damage and stress response 
pathways. The sum of all damage at any instant is D. The sum of all activated 
stress responses at any instant is S. By definition, D and S are mutually antago-
nistic. The function of stress responses is to combat damage, but the damage 
products can inhibit or destroy the stress responses. Therefore, D and S “battle”, 
and the level of each changes over time. The “battle” concludes with only one of 
two possible outcomes: D > S or S > D (the special case of D = S is discussed 
below). If D > S, damage wins out over the stress responses and, unable to over-
come the damage, the cell dies. If S > D, then stress responses win, the cell repairs 
itself and survives.

We can summarize the qualitative idea with a circuit diagram (Fig. 3.1). The core 
of the diagram is the mutual antagonism of D and S. D is positively driven, and S is 
negatively driven, by I. This is intuitive: the stronger an injury (the higher the value 
of I), the more damage it will produce, and the less the cell will be able to respond 
effectively to the injury.

Tying into the general ideas discussed above, our theory recognizes an unin-
jured cell as a stable phenotype generated by a stable pattern of gene expression. 
Application of an acute injury is an extrinsic perturbation (of intensity I) to the 
system. The genetic changes associated with cell injury are explained as a devia-
tion from the stable gene network state into a series of unstable states. The instabil-
ity of the gene network resolves itself either by returning to its original stable state, 
or by becoming so unstable that the system can no longer maintain integrity and so 
disintegrates, i.e. dies.

In addition to the gene network, we posit that the damage pathways generated by 
acute injury also act as a network [19]. The various damage pathways do not act 
independent of each other. Instead, each damage pathway has a point or points of 
contact with others that link them into a unified network. Hence, D, the damage 
network that seeks to destroy the cell, interacts with S, the gene network that seeks 
to maintain homeostasis. Thus, we need only consider the net action of the two 
competing networks and not concern ourselves with the details of the specific pathways 
that instantiate the networks.

Fig. 3.1 Circuit diagram 
of the theory of acute cell 
injury
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3.3  The Autonomous Theory

The above qualitative picture becomes a mathematical theory via the following four 
postulates:

 1. D and S exist.
 2. The mutual antagonism of D and S follows S-shaped curves (Hill functions).
 3. D and S are exponentially driven by I and −I, respectively.
 4. Decay from the attractor state, (D*, S*), is a function of |D* − S*|.

Postulate 1 was justified in the previous section. Postulate 2 is expressed by Eq. 
(3.1), a system of autonomous ordinary differential equations that is well-known 
[36] to model two mutually antagonistic factors.
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Equation (3.1) specifies that the net rate of change of D or S equals the rate of 
formation minus the rate of decay. The rate of formation is given by Hill functions 
with a Hill coefficient n, threshold Θ, and velocity v. ΘD is the value of D at a 50 % 
decrease in S. ΘS is the value of S at a 50 % decrease in D (Fig. 3.2). The mutual 
inhibition is captured by the inverse relationships dD/dt ∝ 1/Sn and dS/dt ∝ 1/Dn. Eq. 
(3.1) treats the decay rate as first order, with decay constants kD and kS.

Postulate 3 is expressed by having the thresholds change as a function of injury 
intensity, I. The minimal assumption is an exponential relationship. The threshold of 
D, ΘD, is proportional to IeI. The threshold of S goes as Ie−I. To convert to equality, 
multiplier (c) and exponential (λ) proportionality constants are required:
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Fig. 3.2 The threshold of D, ΘD, represents the strength of D to inhibit S by 50 %. The threshold 
of S, ΘS, represents the strength of S to inhibit 50 % of D
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The specific injury and the specific cell type naturally emerge from Eq. (3.2) via 
the proportionality constants [15]. (cD, λD) quantify the lethality of the injury mecha-
nism, analogous to how LD50 quantifies the lethality of a substance. Larger values 
of (cD, λD) mean an injury mechanism is more lethal than one with lower values. (cS, 
λS) quantify the strength of a cell’s intrinsic stress responses. Larger cS and smaller 
λS correspond to stronger stress responses. Thus, every possible acute injury mecha-
nism and every specific cell type can, in principle, be given numerical values for (cD, 
λD) and (cS, λS), respectively. This step is analogous to how an apple, cannon ball, or 
planet is abstracted to its numerical mass, which eliminates the qualitative distinc-
tions. Similarly, specific qualitative injures such as ischemia, head trauma, or poi-
soning will each have distinct values of (cD, λD). Specific cell types, such as neurons, 
myocytes, or endothelial cells will each have distinct values of (cS, λS).

Substituting Eq. (3.2) into Eq. (3.1) gives the autonomous version of the nonlin-
ear dynamical theory of acute cell injury:
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The autonomous theory is based on the first three postulates. Postulate 4 is intro-
duced after studying the solutions to Eq. (3.3). By studying the solutions to Eq. (3.3) 
and giving them biological interpretations, the theory provides a universal under-
standing of acute cell injury dynamics.

3.4  Solutions of the Autonomous Theory

Equation (3.3) is solved by Runge-Kutta numerical methods [32] that apply the 
input parameters to Eq. (3.3) and output the solution as a phase plane containing all 
possible trajectories. By varying I as the control parameter, the theory can model 
an injury system over a range of injury intensities. A single trajectory starts at an 
initial condition (D0, S0). Each trajectory converts to a pair of covarying D and S 
time courses. The time course pairs converge to some steady state. This steady state 
is called a fixed point, which, by definition, is where the rates of all variables simul-
taneously equal zero. There are two types of fixed points, notated (D*, S*), relevant 
to our theory. Trajectories converge to attractors and diverge from repellers [31]. 
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Plotting fixed points vs. the control parameter is called a bifurcation diagram and 
shows quantitative and qualitative changes in fixed points. A qualitative change in 
fixed points is called a bifurcation.

Above we said if D > S, the cell dies, but if S > D the cell recovers. In the solutions 
to Eq. (3.3), outcome is determined by the D and S values of the attractors. If 
S* > D*, the cell recovers. If D* > S*, the cell dies. We demonstrated for all numeri-
cal combinations of (cD, λD, cS, λS, I), that Eq. (3.3) outputs only four types of bifur-
cation diagrams [35]. Here we discuss two of the bifurcation diagram types to 
illustrate our main theoretical findings.

3.5  Monostable Outcome

We now explain how the theory mathematically defines cell death, illustrated by the 
bifurcation diagrams. Figure 3.3, panel 1, shows a bifurcation diagram plotting D* 
vs. I (red) and S* vs. I (green). As I increases continuously, at each I the phase plane 
is monostable, containing only one attractor. Four phase planes are shown (at values 
of I indicated by orange dashed lines on bifurcation diagrams). Trajectories from 
(D0, S0) = (0, 0) either recover (green) or die (red). Initial conditions (0, 0) corre-
spond to the uninjured state, or “the control condition”.

The special case of D = S occurs when the bifurcation curves cross at D* = S* 
(Fig. 3.3, panel 1, arrow). This crossing occurs at a specific value of I termed IX, the 
tipping-point value of I. IX is intuitively understood as the “cell death threshold”. 
Technically, IX is not a threshold (thresholds are illustrated in Fig. 3.2). IX is the tip-
ping point value of injury intensity, I, defined as that value of I where D* = S*. For 
I < IX, S* > D* and the cell recovers. For I > IX, D* > S*, and the cell dies.

At D* = S*, ΘD = ΘS, and Eq. (3.2) can be solved to calculate IX:
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Fig. 3.3 A monostable bifurcation diagram describes the case where there is only one outcome at 
each value of injury intensity, I. The phase planes in panels 2–5 are marked by orange dashed lines 
on the bifurcation diagram in panel 1. The attractor states are indicated by green (S* > D*) or red 
(D* > S*) circles on each phase plane
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This is a rather amazing result in the context of descriptive biomedicine. Given 
the parameters for any injury mechanism (cD, λD) and any cell type (cS, λS), we can, 
in principle, calculate beforehand the “cell death threshold” or tipping point inten-
sity, IX, for that combination. Additionally, Eq. (3.4) makes explicit that the “cell 
death threshold”, IX, is a function of both the injury mechanism and cell type. That 
means different cell types in a tissue (e.g. cortical vs. hippocampal neurons in brain) 
will die at different values of injury intensity. This is, at best, only intuitively under-
stood in descriptive biomedicine. Our theory derives it as a mathematical fact.

The monostable case in Fig. 3.3 matches the general intuition that a cell will 
survive injury intensities less than the “cell death threshold” (IX), but die if injury 
intensity is greater than IX.

3.6  Bistable Outcome

We now state the most important feature of the autonomous theory: For some 
parameter sets, both a survival and a death attractor are present on the same phase 
plane. The scenario of two attractors on a phase plane is called bistability [31, 32]. 
This result is counterintuitive. The monostable case corresponds to our intuition 
that a single injury intensity leads to either a survival or a death outcome. Our theo-
retical investigation demonstrates that some injury magnitudes are bistable and have 
both a survival and a death outcome.

Bistability is illustrated in Fig. 3.4, panel 1. As I increases, there is a value of I at 
which the phase planes transform from having one attractor to having two attractors 
and one repeller. The system is said to bifurcate at this value of I. The system is 
bistable for a range of I (yellow region) and then bifurcates again to monostable. 
The value of IX falls exactly in the middle of the bistable range of I values.

The monostable bifurcation diagram (Fig. 3.3) displays only two dynamical 
states: (1) recovery for I < IX, and (2) death for I > IX. The bistable bifurcation dia-
gram shows four dynamical states: (1) monostable recovery, (2) bistable recovery, 
(3) bistable death, and (4) monostable death.
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Fig. 3.4 A bistable bifurcation diagram describes the case where, for some range of injury intensi-
ties, both death and survival outcomes are possible for each injury intensity in that range
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3.7  Pre-treatment Therapies

The mathematical results described in the previous section provide a new, paradigm- 
transforming definition of therapy. In the monostable case, there is only one possible 
outcome at each value of injury intensity, either recovery for I < IX, or death if I > IX. 
No therapy is possible for injured cells with monostable dynamics because there is 
no attractor with S* > D* when I > IX. For the bistable bifurcation diagram, a range 
of injury intensities contain both the capacity to recover and to die. In other words, 
our theory demonstrates that bistability is required if we wish to take a system on a 
pro-death trajectory and convert it to a pro-survival trajectory.

For the autonomous theory, whether a trajectory leads to recovery or death 
depends on initial conditions (D0, S0). Altering initial conditions corresponds to a 
pre-treatment therapy. The effect of altering initial conditions was extensively stud-
ied [15], so only salient points are outlined here. When D0 < 0 (D0 is a negative 
number), this represents pre-administering an agent (drug) that inhibits damage. 
Starting at S0 > 0 (S0 is a positive number) corresponds to a manipulation that acti-
vates stress responses prior to inducing injury, for example, by transfecting a protec-
tive gene (e.g. heat shock 70).

For the bistable death range, all trajectories from (D0, S0) = (0, 0) will die. But if 
initial conditions D0 < 0 or S0 > 0, then the system may follow a trajectory to the 
recovery attractor (Fig. 3.4, panel 4, green trajectory). Thus, the theory clearly indi-
cates that the ability to convert a cell on a pro-death trajectory to a pro-survival 
trajectory is due to the bistable dynamics of the system.

This is truly a paradigm-transforming insight. It mathematically expresses the 
intuition that some injury magnitudes that are lethal if untreated can be reversed by 
therapy. Such insight is, at best, only intuitively apprehended using the prevalent 
qualitative molecular pathways approach and certainly cannot be calculated. Our 
theory defines therapeutics mathematically and calculates the range of lethal injury 
intensities that can be recovered by any possible therapy.

However, a limitation of the autonomous version is that it cannot model a post- 
injury treatment. The need to model a post-treatment provided major motivation to 
develop the non-autonomous theory. We described this new theory for the first time 
below. However, before giving the new theory, we turn attention to the main limita-
tion of the autonomous version.

3.8  Closed Trajectories and the Autonomous Theory

The solutions to Eq. (3.3) capture only half of what happens to an acutely injured 
cell. Acute injury displaces the cell from its stable phenotype through a continuous 
series of unstable states. The attractor solutions to Eq. (3.3) represent the maximum 
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deviation from the stable state and specify whether outcome will be recovery 
(S* > D*) or death (D* > S*). However, the cell must “decay” from maximum insta-
bility either to its initial phenotype (recover) or cease to exist (death). We developed 
[35] a stop-gap solution to overcome this limitation which is expressed by Postulate 
4: decay from the attractor state, (D*, S*), is a function of |D* − S*|.

We noted that, from the perspective of the theory, both recovery and death are repre-
sented when D = S = 0. Recovery is the state where there is no longer any damage (D = 0) 
and stress responses are no longer expressed (S = 0). Death is the complete disappearance 
of the cell, and hence all of its variables, including D and S, will equal zero.

Thus, we asked: what determines how long it takes (the decay time, τD) for the 
cell to go from the attractor (D*, S*) back to (D, S) = (0, 0)? If D* is much greater 
than S* (D* ≫ S*), damage is so great the cell will die quickly (τD is short), which 
is a condition widely recognized as necrosis. If S* ≫ D*, stress responses over-
whelm the small amount of damage, and the cell recovers quickly (τD is short). If D* 
is only slightly larger than S*, it will take a longer time for damage to overcome the 
stress responses (τD is long), and vice versa if S* is only slightly larger than D*. We 
thus noticed the importance of the magnitude |D* − S*|. The decay time, τD, from the 
attractor state (D*, S*) is an inverse function of |D* − S*|.

The simplest assumption was an exponential decay of the cell from the attractor 
to (D, S) = (0, 0):
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We then concatenated solutions from Eq. (3.5) to Eq. (3.3) to obtain closed tra-
jectories (Fig. 3.5). In Fig. 3.5, the trajectory solution to Eq. (3.5) is overlaid on the 
phase plane solution to Eq. (3.3). In actual fact, Eqs. (3.3) and (3.5) would have 
different phase planes, but depicting it as we have makes clear the need to have a 
closed loop trajectory on the phase plane to fully model the temporal progression of 
acute cell injury and recovery or death.
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Fig. 3.5 Closed trajectories obtained by applying postulate 4 where the decay rate to recovery or 
death goes as e−|D*−S*|
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This line of questioning showed that the empirically observed facts of rapid 
(necrotic) and delayed death after injury emerged naturally from our theory. Delayed 
neuronal death (DND) occurs in hippocampal CA1 after global ischemia [37] and in 
penumbra after stroke [38]. Many molecular pathways have been advanced to 
explain DND such as apoptosis, aponecrosis, protein aggregation, and so on [39–
42]. However, the main feature of DND is time, the quintessential dynamical quan-
tity. The theory indicates that if |D* − S*| is small, the cell will take a long time to die. 
Thus, delayed death after injury is a consequence of the injury dynamics. Biological 
factors are not causative, but instead merely mediate what is intrinsically a dynami-
cal effect.

However, even though the theory could address rapid and delayed death after 
injury, the need to concatenate equations was artificial. Thus, an important motiva-
tion behind the non-autonomous theory was to develop a mathematical framework 
that could automatically calculate closed loop trajectories that model the full 
sequence of injury and recovery or death. Solving this problem automatically solved 
the post-injury treatment issue, as we now discuss.

4  Technological Applications

We now describe possible technological applications of the dynamical theory of acute 
cell injury. These require modifications of the autonomous formulation. We discuss: (1) 
multiple sequential injuries, (2) a three-dimensional version of the theory to model tis-
sue injury, and (3) a possible neuroprotective technology based on the former two 
results.

4.1  Approaches to Therapy

The autonomous theory, Eq. (3.3), can only deal with pre-treatment by altering the 
initial conditions. In clinical practice, injuries need to be treated after they occur, 
necessitating post-injury therapy. The key to achieving this result is the realization 
that therapy is necessarily a sublethal injury. However, therapy is generally not 
thought of as such in typical biomedical research. Instead, there are diverse 
approaches to defining therapy. Typical notions of therapy include: (1) inhibiting 
damage mechanisms induced by injury [43], (2) bolstering stress responses (includ-
ing the immune system) to allow injured tissue to repair itself [44], (3) some com-
bination of 1 and 2 (e.g. multiple drug treatments) [45, 46], and (4) treatments 
designed to decrease the intensity or duration of the injury [47]. Our theory clearly 
demarcates control of injury intensity, I, from control of D and S.
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4.2  Ascertaining Injury Intensity

In clinical practice, controlling injury intensity, I, is often not an option. For a given 
injury mechanism (ischemia, trauma, poisoning), a large range of continuous values 
of injury intensity, I, can present clinically. The clinical problem is therefore to esti-
mate the magnitude of I (e.g. duration of ischemia, force of trauma, concentration 
of poison) and to determine if an intervention is possible, e.g. tPA or surgery for 
stroke [48]. It is important to know the duration from time of injury to clinical pre-
sentation (e.g. 2 h time window for stroke).

Bifurcation diagrams (Figs. 3.3 and 3.4) provide a systematic framework for esti-
mating injury intensity, I. A given injury will correspond to specific value of I and 
its accompanying phase plane. The phase plane provides time courses from differ-
ent initial conditions, one of which will describe the injury evolution over time. 
Thus, in principle, it is possible to achieve engineering levels of prognosticative 
precision by using our theory.

4.3  Protective Therapeutics

The most common view of post-injury therapy is that there exists a “silver bullet” 
treatment (pharmacologic or otherwise) to stop cell death [49]. We note this notion 
fails completely to account for the range of injury intensities that are possible for a 
given acute injury. In the context of stroke, such a treatment to stop neuron death is 
called neuroprotection. It is almost universally agreed that a drug will specifically 
target the molecular mechanism that causes cell death. This definition of therapy 
presumes a detailed understanding of the biological specifics of the injury and the 
drug action. We assert that this view is wholly incorrect.

Instead, our theory clearly indicates that a drug is a nonspecific form of injury. If 
given at high enough concentration (≫LD50), a drug is lethal. This is well-known. Ideas 
of “on-target” and “off-target” effects are arbitrary distinctions that reflect only our igno-
rance of the total biological action of a drug [17]. For example, how many neuroprotec-
tants were thought to have “specific” actions inhibiting a damage pathway but later 
discovered to simply lower temperature? In the most general terms, any drug will inter-
fere with normal cell function and act as an injury mechanism. At low concentrations 
(low values of I), it is sublethal. At high concentrations (high values of I), it is lethal.

We also note that the logic of “specific targets” has proven elusive with the two 
most neuroprotective stroke therapies: hypothermia and pre-conditioning. Pre- 
conditioning is, by definition, sub-lethal injury. Hypothermia too is an injury 
 mechanism. If the intensity of hypothermia is too large (e.g. temperature is reduced 
too much), the system will die. Therapeutic hypothermia is the application of a 
sublethal dose (intensity) of hypothermia.
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Therefore, through the lens of our theory, all possible therapies fall into only two 
categories: (1) efforts to reduce injury intensity, which have limited practicality when an 
injury has already occurred prior to clinical presentation, and (2) sublethal injuries 
whose main effect is to alter the trajectories of D and S. This understanding provides 
very strong motivation to reformulate our theory so that we can apply sequential injuries 
over time. The solution to this problem is the non-autonomous version of the theory.

4.4  The Non-autonomous Dynamical Theory  
of Acute Cell Injury

The non-autonomous theory builds stepwise on the autonomous theory. The autono-
mous theory treats the threshold parameters, Θ, in Eq. (3.2) as functions of injury 
intensity, I, but treats the v and k parameters as constants. The non-autonomous 
theory assigns functions to the v and k parameters. These are captured by modifying 
postulate 4 and adding a new postulate 5:

 4. The decay parameter, k, is a function of the instantaneous value of |D − S|.
 5. The velocity parameter, v, decays exponentially with time: v ∝ e−t.

With regard to new postulate 4, the importance of the term |D* − S*| for realistic 
injury dynamics (e.g. necrosis vs. DND) was discussed above. Instead of taking 
|D − S| only at the attractor, we set the decay parameter k for both D and S equal to 
the instantaneous value of |D − S| times a constant of proportionality c2. The effect 
of |D − S| is augmented by multiplying it by time, t, causing the injury to decay faster 
than if k was taken only as a function of |D − S|:

 
k k c t D SD S= = -2  (3.6)

For postulate 5, recall that the velocity parameter, v, gives the rate of D and S 
formation in Eq. (3.1). Setting v = 1 (or any number) means D and S will continue to 
increase at a constant rate over time. This is physically unrealistic. We expect the 
rate of formation of both D and S to slow down with time after the injury. Of the 
possible functional forms, the simplest is an exponential decay:

 v v vD S= = -
0

1e c t

 (3.7)

In Eq. (3.7), v0 is the initial velocity of formation of both D and S, and c1 is a time 
constant that specifies the rate of decay of velocity. The presence of time, t, in Eqs. 
(3.6) and (3.7) makes the theory non-autonomous.

Substituting Eqs. (3.6) and (3.7) into Eq. (3.3) gives the non-autonomous version 
of the dynamical theory of acute cell injury:
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4.5  Sequential Injuries

Equation (3.8) solves both limitations of the autonomous theory: (1) it generates 
closed trajectories that automatically return to (D, S) = (0, 0) and (2) it allows simu-
lation of multiple injuries over time as, for example, with ischemic precondition-
ing. Injury 1 (at intensity, I1) is applied at time zero, and injury 2 (at intensity, I2) 
can be applied at any time thereafter. In general, the sequential injuries either inter-
act or they do not interact. The non-interacting case is not realistic and so discarded 
on the grounds that the second injury will necessarily interact with the first.

There are multiple ways to model how injuries 1 and 2 interact. We consider only 
one form of interaction here where D and S from the second injury (D2, S2) antagonize 
each other as well as D and S from the first injury (D1, S1). This formulation is based 
on the approach of Zhou and colleagues [50], is represented by the circuit diagram 
in Fig. 3.6, and gives rise to a system of four coupled nonlinear, non- autonomous 
differential equations:

Fig. 3.6 Circuit diagram 
for two interacting injuries
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In Eq. (3.9), v is as given in Eq. (3.7). The k parameter is modified to allow D and 
S to interact:

 
k c t D D S S= +( ) - +( )2 1 2 1 2  

(3.10)

For Eqs. (3.9) and (3.10), the interaction of injury 1 and injury 2 is by addition of 
the values of D and S from each injury. Whether this is true or not must be empirically 
tested. For our purposes, it stands as an assumption. Our goal here is to study solu-
tions of Eq. (3.9) and determine if they do or do not conform to what is already 
empirically established.

4.6  Solutions of the Multiple Injury Model

We present three examples of solutions to Eq. (3.9). Example 1 considers the case 
of preconditioning. Examples 2 and 3 simulate a post-injury drug treatment, where 
example 2 considers the effect of time of administration, and example 3 illustrates 
the effect of dose.

4.6.1  Preconditioning

Preconditioning is simulated by setting the parameters of injury 1 equal to those of 
injury 2, except for injury intensity, I. Equal values of (cD, λD) and (cS, λS) for both 
injuries mean applying the same injury mechanism to the same cell type. Injury 1 is 
sublethal (I1 < IX) and injury 2 is lethal (I2 > IX), thereby simulating the case where a 
sublethal injury precedes a lethal injury, which is the definition of ischemic 
preconditioning.

Injuries 1 and 2 increasingly interact as time between them (Δt) decreases. When 
Δt = 250 h, injury 1 mostly runs its course and has little effect on lethal injury 2, and 
the system dies (Fig. 3.7a). When Δt is 72 h, the injuries interact, but not enough for 
injury 1 to salvage injury 2 and thus D edges out S and the system dies (Fig. 3.7b). 
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However, at Δt = 48 h, the excess total stress responses of injury 1 adds, in a nonlin-
ear fashion given by Eq. (3.9), to those of injury 2, allowing it to overcome total 
damage and survive (Fig. 3.7c). Therefore, Eq. (3.9) effectively simulates 
preconditioning.

4.6.2  Post-injury Drug Treatment

By modifying the input parameters to Eq. (3.9), it can be used to model a post-injury 
therapy. In this case, injury 1 is the lethal injury, and injury 2 is the therapy, treated 
as a sublethal injury. The parameter sets used in the example are:

INJURY 1 parameters INJURY 2 parameters

cS1 = 0.25; λS1 = 0.9; n1 = 4 cS2 = 0.25; λS2 = 0.9; n2 = 4
cD1 = 0.1; λD1 = 0.1 cD2 = 0.001; λD2 = 0.01
IX = 0.92 IX = 6.1
v0,1 = 0.1; c1,1 = 0.1 v0,2 = 0.5; c1,2 = 1
c2,1 = 0.2 c2,2 = 1

To model applying the injuries to the same cell type, the parameters (cS, λS) are 
set equal for the two injuries. The Hill coefficients are, arbitrarily, also kept equal. 
We assume that a drug, as a form of injury, will be considerably weaker than the 
main injury (which might be ischemia, or trauma, or etc.). Therefore, for injury 2, 
cD is 1/100th and λD is 1/10th that of injury 1. Eq. (3.4) calculates the tipping point 
injury intensities for injury 1, IX = 0.92, and for injury 2, IX = 6.1. Thus, the main 
injury is lethal if I1 > 0.92, and the therapy is lethal if I2 > 6.1. The velocity parame-
ters, v0 and c1, and decay parameter, c2, control the overall rate of the injury. It is 
assumed that a drug will act quicker and so these parameters are 5×, 10×, and 5× 
that of injury 1. There are two additional parameters typically associated with a 
post-injury therapy. The time of administration of the therapy is set by the time after 
injury 1 when injury 2 is initiated. The dose of the therapy (e.g. drug dose) is set by 
the parameter, I, the injury intensity.
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Fig. 3.7 Simulation of preconditioning where a sublethal insult is given before a lethal insult for 
three different time differences between injuries 1 and 2
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The results of running Eq. (3.9) with the above parameters are shown in Fig. 3.8. 
Figure 3.8a shows the main injury, injury 1, with lethal I = 1, and no treatment. The 
injury runs >90 % of its course over 100 time units. To precisely quantify whether 
the system survives or dies, we calculated the area under the D time course (AD), the 
cumulative total damage, and the S time course (AS), the cumulative total stress 
responses. We assert but do not attempt to justify here that AS > AD is the condition 
of survival, and AD > AS is the condition for death. When injury 1 with I = 1 is 
untreated, AD = 5.5 > AS = 3.5 and it dies.

Panels B–D of Fig. 3.8 show the effect of altering the time of administration. 
When the drug is given very early in the time course (t = 0.9), AS > AD, and the system 
survives. However, if the sublethal injury (i.e., drug) is given at t = 5 or t = 20, the 
system dies. This result is consistent with the common experience that a drug must 
be administered within a specific time window to be effective at halting cell death.

Panels E–G show the effect of concentration of the sublethal therapy. Panel F 
reproduces panel B showing that sublethal therapy of I2 = 1 at t = 0.9 causes survival 
of lethal injury 1. However, if the dose of therapy is either halved (I2 = 0.5, panel E) 
or doubled (I2 = 2, panel G), damage dominates and the system dies. This result 
reproduces the notion of an optimal dose of therapy. If the dose is too small, it will 
be ineffective. If the dose is too large, it contributes to lethality.
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Fig. 3.8 Post-injury therapy of intensity I2, applied to the main, lethal injury of lethal intensity, 
I1 = 1. Blue arrows in (b–d) indicate time of application of second, sublethal injury
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These examples show proof of principle that the non-autonomous theory can 
simulate multiple sequential injuries. We are systematically studying the non- 
autonomous model and will present a full exposition at a later date. The above 
examples illustrate how the theory generalizes the notion of therapy as sublethal 
injury. As such, the theory provides a novel framework for pharmacodynamics.

The therapy (sublethal injury) may be applied before the lethal injury (pre- 
conditioning) or after (post-injury therapy), capturing mathematically several 
important empirical results. The theory provides a systematic framework to calculate 
beforehand all doses and times of administration, allowing optimization of out-
come. Further, the theory is not confined only to two sequential injuries, but can 
model any number of injuries over time.

4.7  Spatial Applications

In this section, we briefly outline a spatial application of the theory that can be used 
to model three-dimensional (3D) tissue injury and thereby, for example, prognosticate 
stroke. We do not give a mathematical exposition, but instead merely outline the 
construction of this application.

Spatial applications involve two main components: (1) a 3D lattice with (2) a 
spatially distributed injury superimposed over the lattice. Each vertex of the lattice 
is taken as a biological cell, and multiple instances of the theory [e.g. Eq. (3.9)] are 
run in parallel at each lattice point. Figure 3.9 illustrates a simple 3D grid lattice. 
The injury mechanism is depicted as a colored solid in which the lattice is embedded. 
The legend maps the colors to a continuous distribution of injury intensity, I, which 
runs from sublethal to lethal and depicts a bistable system. The value of I at the location 
of a vertex serves as the I input parameter for that vertex.

The new feature of a spatial model is a coupling function between the cells/ver-
tices, indicated by μ in Fig. 3.9. In general, the coupling function, μ, represents 
interaction between neighboring cells. Examples of what could be modeled by μ 
include an incremental addition of I to neighboring cells if the central cell dies, 
paracrine or autocrine influences between cells, or both.

Every aspect of a spatial application is constructible. The 3D lattice and superim-
posed injury mechanism can take on any geometry. The injury mechanism may be 
static or dynamic. The coupling functions can represent any possible interactions 
among cells. The common features of any spatial applications are: (1) a (x, y, z) depen-
dence on both cell locations and the distribution of the injury mechanism (2), the 
coupling among cells, and (3) the need to run multiple instances of the theory in paral-
lel. In general, spatial applications will be massively parallel computing problems.

We can envision a spatial application to invent technology to prognosticate stroke 
outcome. The cerebral blood flow (CBF) distribution, ascertained by PET or fMRI, 
could be used to generate the spatially distributed injury. The blood flow distribu-
tion could be mapped across an entire bifurcation diagram (Fig. 3.10a). The 3D cell 
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lattice can approximate the distribution of cells in the affected brain tissue. The lat-
tice is then superimposed with the patient’s 3D CBF distribution (Fig. 3.10b, C). 
Blood or cerebrospinal fluid could also provide biomarkers to further parameterize 
the theory, e.g. by estimating time after injury. Such a simulation could, in principle, 
be generated and solved in near real time on a patient-by-patient basis directly at the 
patient bedside. Figure 3.10b–d show an initial time (say, patient presentation) used 
to parameterize the spatial application. Solving D & S time courses at each vertex, 
based on the patient’s CBF gradient, could, in principle, fully prognosticate out-
come. The blow-up in Fig. 3.10c shows calculated initial and final lesions. Here 
green points survive, yellow points are bistable and live or die depending on I (pen-
umbra), and red is necrotic core. Figure 3.10d shows the final 3D reconstructions 
that could be generated in the clinic for physician use at the bedside.

Many neuroimaging efforts are directed at prognosticating stroke outcome [51, 
52]. To date there has been no unequivocal success in this endeavor [53]. Our theo-
retical approach provides a missing link between the raw biological data of neuro-
imaging and biomarkers, on one hand, and prognostication on the other hand. The 
raw data needs to serve as input into a theory capable of prognosticating outcome, 
which is precisely the purpose of the dynamical theory of acute cell injury.

x
y

z

sublethal lethal
mono monobi bi

I
I1 I2 I3 I4

I1 I2 I3 I4

(1,1,3)
(1,2,3)

m(1,1,3),(1,2,3)

Fig. 3.9 A simple spatial 
model of acute cell injury. 
“Mono” indicates 
monostable attractors. “Bi” 
indicates bistability
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4.8  A Possible Neuroprotective Technology

From the multiple injury models, we conclude that, theoretically, any form of protective 
therapy is necessarily a form of sublethal injury. Spatial applications hold out the 
promise to model, simulate, and prognosticate outcome in 3D tissue. We combine 
these with other insights offered by the theory and present a possible technology for 
stroke neuroprotection.

From studying bifurcation diagrams with I as the control parameter, it is necessarily 
the case that the behavior of an acutely injured system varies with injury intensity, I. 
This means a patient who experiences 40 % CBF is a completely different case than 
one with 20 % CBF or 0 % CBF. Simply stated, there will never be a “one size fits all 
single” or a “silver bullet” treatment for stroke. Each case will be different in the 
particulars of time after injury, degree and distribution of CBF reductions, comor-
bidities, etc. Furthermore, the theory unambiguously specifies that therapy is only 
possible when the injury dynamics are bistable. Prognostic efforts must be able to 
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Fig. 3.10 The spatial model applied to stroke prognosis. (a) Mapping a bistable bifurcation dia-
gram to cerebral blood flow (CBF) rates. (b) Superimposing a lattice of cells over real time CBF 
measurements, where CBF serves as the spatially distributed I parameter for the simulation. (c) 
Zoomed view from panels in (b). (d) Final 3D reconstruction calculating outcome would serve to 
prognosticate changes in lesion volume over time
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identify the bistable volumes of tissue. Then, the theory can calculate the conditions 
required to transform bistable lethal trajectories to survival trajectories.

Therefore, if clinical neuroprotection is possible, it must be tailor-made for each 
patient, on a patient-by-patient basis. That is, stroke neuroprotection is inherently an 
example of so-called “personalized medicine”, not by choice but by necessity. The 
prognosticative technology considered in the previous sections shows how a patient- 
specific prognosis is possible in principle. It is only a small conceptual step from the 
prognosticative technology to neuroprotective technology that can be applied on a 
patient-by-patient basis. Our example will describe a technology that does not yet exist. 
It speaks to the power of our theory that it allows us to imagine new technology.

The example of a post-injury treatment given above (Fig. 3.8) considered the 
post-injury therapy to be a drug. But once we recognize that therapy is, in the con-
text of our theory, always a form of sublethal injury, we are free to consider other 
ways to induce sublethal injury. We require a form of sublethal injury that can be 
precisely targeted and whose intensity can be precisely controlled. We also require 
something that can penetrate the skin and skull and be controlled to penetrate to any 
required depth in the brain tissue. The obvious possibility is some form of radiation 
that can be administered on an intensity continuum from nonlethal to lethal. We thus 
envision a machine that targets a brain-penetrant radiation, of variable intensity, to 
specific voxels in the brain. This is not an unheard of possibility. Recent work sug-
gests that infrared or other radiation may be used as a neuroprotectant [54–57]. Our 
theory suggests that the “mechanism” of the neuroprotective action of radiation may 
precisely be its ability to impact acute injury dynamics.

Location, intensity, and duration of radiation are determined by the calculated 
prognosis (Fig. 3.11). If left untreated, the theory can calculate which bistable 
regions (e.g. penumbra) will survive and which will die, and therefore predict the 
maximum final lesion. Because the prognostic calculations can distinguish bistable 
from monostable lethal cases, the regions susceptible to neuroprotective therapy 
can be determined. Further, on a voxel by voxel basis, the intensity of the sublethal 
injury required to convert death trajectories to survival trajectories can be calculated 
(e.g. as illustrated in Fig. 3.8). Therapy would then be administered in the form of 
precision targeted sublethal injury (Fig. 3.11).

Ideally, all bistable regions susceptible to therapy would be shifted to pro- survival 
dynamics, resulting in the minimal lesion volume where only monostable lethal 
volumes die. It is well-recognized that core is not subject to salvage. The goal of 
neuroprotective therapy is to minimize the extent to which penumbra converts to 
additional core lesion. Our theory offers the possibility of engineering-level preci-
sion over these factors.

This section provides merely a rough sketch of a possible neuroprotective 
technology in the context of the dynamical theory of acute cell injury. Many scien-
tific and technological hurdles exist before such technology can become reality. 
That the theory allows imagining such possibilities speaks of the strength of a math-
ematical and theoretical view of cell injury. Such technology cannot be envisioned 
from the qualitative, descriptive, pathway-centric view of cell injury that currently 
dominates biomedical research.
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5  The Mathematical Road to Neuroprotection

This chapter has outlined the path from the science of acute cell injury to the 
technology of neuroprotection. A succinct summary of the steps is:

 1. The correct mathematical form of the theory must be empirically validated for 
single injuries.

 2. The correct mathematical form of the theory applied to multiple sequential inju-
ries must be empirically validated.

 3. The links between autonomous and non-autonomous versions must be system-
atically studied.

 4. The theory provides the scientific basis to determine the parameters for combi-
nations of injury mechanisms (cD, λD) and cell types (cS, λS) in the laboratory.

 5. As injury dynamics become well-understood empirically, the doors to techno-
logical applications open. Possible technologies to prognosticate stroke outcome 
and to administer stroke neuroprotection were given as examples.

Fig. 3.11 A possible neuroprotective technology based on the nonlinear dynamical theory of acute 
cell injury. Penumbra is envisioned to consist of voxel dynamics that are either sublethal or lethal 
bistable, where lethal bistable voxels have the potential to be salvaged via a sublethal injury 
therapy

3 Neuroprotection Is Technology, Not Science



120

There is thus a stepwise progression from science to technology. The scientific 
step is to fully parameterize and validate the theory. This in turn provides the infor-
mation to calculate outcomes at all injuries I (e.g. Fig. 3.11a). Technology then uses 
this information to design applications. The theory thus provides a quantitative and 
systematic platform to study therapeutics for all possible combinations of acute 
injury mechanisms and cell types.

By applying the method that Galileo advocated some 350 years ago to the study 
of cell injury, we have constructed a mathematical theory that has the potential to 
radically alter the understanding and treatment of acute cell injury. In short, the 
theory can usher in a new paradigm of acute cell injury that is firmly grounded in a 
mathematical paradigm of biology. We feel this direction will go a long way to 
overcome the weaknesses that are evident in the qualitative, pathways-based 
approach that currently dominates biomedical research.
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Chapter 4
History of Experimental Stroke Research

Victoria E. O’Collins

Abstract For a student investigating the history of experimental stroke research, the 
first challenge is developing an awareness of the evolving definition of stroke and of 
the multiple meanings of the word history as used in medical science papers. Stroke 
is a cerebrovascular disease involving the occlusion or rupture of a blood vessel sup-
plying part of the brain accompanied by a decline in cerebral function (Stroke 
44(7):2064–2089, 2013). Formal scientific classifications of stroke do not use the 
terms part or whole, but instead favor focal or global, respectively (Stroke 44(7):2064–
2089, 2013). If wide regions of the brain are affected, it may be due to compromised 
cardiac or respiratory function and it is typically not designated a stroke. For the past 
few decades, much of stroke research has ignored physiology below the neck. With 
the rise of systems biology, this blinkered perspective is starting to decline.

Keywords Animal experiments • Cerebral ischemia • History • Stroke models • 
Experimental stroke • History • Stroke

Abbreviations

FDA Food and Drug Administration
tPA or rtPA Tissue plasminogen activator

1  Introduction

Early work by Johann Jakob Wepfer (1620–1695) and Giovanni Battista Morgagni 
(1682–1771) demonstrated that stroke can be caused by the blockage or rupture of 
vessels, a distinction which persists to this day [1]. The blockage (ischemic stroke) 
or rupture (hemorrhagic stroke) may occur in the arteries or veins supplying or 
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draining blood from the brain, where the blockage or rupture is not caused by 
trauma and does not rapidly or automatically reverse. A third category is a lacunar 
stroke, characterized by fluid-filled cavities deep in the brain’s white matter [2, 3].

2  Etymology, Origins, and Evolution of the Term Stroke

While the term stroke is commonly used now, many other terms have been used to 
describe the disease. These include cerebrovascular accident, cerebrovascular 
insult, cerebral infarct, silent infarct, brain ischemia, and more recently, brain 
attack—a term used to connote the urgency of stroke, by analogy with heart attack. 
Early uses of the word stroke date back to an 1599 recommendation for “an excel-
lent Cinnamome water for the stroke of Gods hande” [4] and a medical essay by 
William Cole written in 1689 [5].

Historically, the term apoplexy was favored. Recorded as far back as Hippocrates 
in 400 BC [5], it continued to find use—through to the nineteenth century. In his 
1658 essay, Historiae Apoplecticorum, Johann Jakob Wepfer [6] addresses the 
symptoms of apoplexy in Marcello Malpighi, the Pope’s physician and professor of 
anatomy at Bologna. Without the window into the skull provided by modern brain 
imaging, it is difficult to determine the root cause of all historical references to 
strokes of apoplexy, but it is usually thought they are linked to hemorrhagic stroke 
(Fig. 4.1). The modern definition and classification of stroke has evolved greatly 
since the advent of brain imaging in the twentieth century [5].

A second trap for the new student is the use of the term history. History may refer 
to the case history of a patient, the information gained during a clinical examination. 
History may also indicate the “natural history” of stroke, the progression of stroke 
symptoms as the disease runs its course. Furthermore, history describes the names 
and dates of the men—and occasional woman—who developed the models of 
stroke, together with the culture, context, and meaning of those scientific advances 
[1, 7–10]. It is in this sense that the term history is used in this paper.

Histories of medicine often begin with Hippocrates (460–370 BC), while histo-
ries of experimental medical science often begin with Greek physician Claudius 
Galenus, also known as Galen of Pergamon (129 AD—c. 200/216) [11]. This is not 
necessarily because of the accuracy or primacy of Classical medicine, because 
many of the theories from other cultures may either be impenetrable—or incompa-
rable thus far to those schooled in Western science. Our understanding of the history 
of stroke medicine is the poorer for it and waiting to be corrected.

Galen’s ideas on vascular anatomy were developed through studies in Barbary 
macaques and oxen [12] as contemporary Roman law prohibited the use of human 
cadavers. His mechanistic theory explains blood flow as tidal ebb and flow from the 
body’s core to the periphery and back. Medical writer for the New Yorker, Dr. Atal 
Gawande, argues that science is “beautifully self-correcting”[13]. Galen’s theory 
took well over millennia to be displaced.
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Writing in 1940s, A.C. Ivy asserted that: “This evidence of the Renaissance from 
the barbarism and paganism of the Dark Ages was climaxed in 1628 by Harvey’s 
‘discovery of the circulation’ which involved controlled observations on animals 
and man” [11]. Such views on medieval Europe now seem rather quaint. While 
scientific advancement in the West might have been slowed by the religious mores 
of the ruling powers, it certainly had not stopped. William Harvey’s work On the 
Motion of the Heart and Blood in Animals (De Motu Cordis) 1628 is a masterpiece 
and a revelation for the contemporary science student accustomed to the sterile and 
manufactured language of modern experimental science reports. However, his dis-
covery built the knowledge of those before him. “Few working scientists can give a 
ground-up explanation of the phenomenon they study; they rely on information and 
techniques borrowed from other scientists. Knowledge and the virtues of the scien-
tific orientation live far more in the community than the individual” [13].

Descriptions of the circulation of blood had already been given by Ibn an Nafis 
of Cairo (1210–1280), Michael Servetus (1509/1511–1553), who was burned as a 
heretic by Calvin in 1553 and the more fortunate Andrea Cesalpino (1919–1603), 
physician to Pope Clement VIII [14]. Yet the most profound influence on Harvey 
must have been the community of scientists he found in Padua. Founded in 1222, 
the University of Padua was established near the colossal Byzantine trading port of 

Fig. 4.1 The origins of modern brain imaging (1920)
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Venice. Its fame, cosmopolitanism, and relatively liberal environment attracted 
students and teachers from across Europe. A professor at Padua, the Brussels born 
anatomist Andreas Vesalius (1514–1563) sparred with authorities to enable learning 
through experimentation (Fig. 4.2), the results of which may be read in De Humani 
Coris Fabrica (1543). Being a skilled teacher and communicator, his greatness can 
be measured by the success of those that came after him such as Harvey (Fig. 4.3).

William Harvey studied at Padua from 1599 to 1602 under the tutelage of Fabricius 
of Aquapondente, the surgeon and anatomist credited with the discovery of valves 
within veins. Also teaching at the University during Harvey’s time was Galileo 
(1592–1610). While there is no evidence that Harvey knew Galileo, Fermi writes: 
“The nucleus of his audience was the medical student who took mathematics in order 
to understand cosmography and astrology; they needed astrology, for despite the new 
trends in medicine all good physicians were expected to draw on horoscopes” p 32 
[15].1 Harvey’s teacher, Fabricius, was also Galileo’s physician and colleague.

The parallels between Harvey’s and Galileo’s ideas are striking. Living near 
Venice, the tidal flows of the Mediterranean were of no small consequence. Galileo 
used the tides in his Dialogues between Salviati and Simplicio as an important piece 
of evidence to establish mathematically that flows were attributable to the circula-
tion of the planets around the sun [16]. For tidal flow to be kept in circulation, they 
must be unbounded and infinite. Harvey recognised that the venous valves discov-
ered by his teacher Fabricius would prevent unbounded and infinite flow in both 
directions, contrary to Galen’s ebb and flow hypothesis of blood flow.

Anatomical and physiological knowledge continued to build through the 
seventieth to twentieth century. As Harvey did not have access to the compound 
microscope, he was not able to complete the circuit from arteries to veins via the 
capillaries. This discovery was made by Marcello Malpighi (1628–1694) [14]. 
Advances were then made in the understanding of blood pressure, in the coagula-
tion process by Andrew Buchanan (1845), Alexander Schidt (1831–1894), and Olof 
Hammarsten (1875) and in identification of embolic causes of infarction by Rudolph 
Virchow (1821–1902) [1]. Up to the mid-twentieth century, scientific reports were 
predominantly physician-driven studies of blood flow in dogs and cats and clinical 
syndromes from patients. For instance, the towering figure of C. Miller Fisher was 
legendary for his clinical symptomatology of stroke [17].

New scientific techniques developed during the twentieth century enabled spatial 
or temporal information to be collected about the brain physiology. This led to a 
significant departure from the purely vascular-driven approach to stroke. Now, both 
vessels and the brain tissue they supplied featured in the theories of stroke. The 
most gripping of the new theories of stroke were the ischemic penumbra [18] and 
the ischemic cascade, initially reported in the kidney literature [19] and quickly 
adapted to the brain [20, 21]. The ischemic penumbra theory postulated that there 
were zones in the brain, a penumbra or shadow, where cells were electrically or 

1 Galileo was teaching not 20 years after the bubonic plagues claimed at least 16 % of Venice’s 
population and decimated the region, including Padua. “Universal” and “distant” causes in the 
motion of the planets were frequently applied to such calamities.
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Fig. 4.2 The scientific tools of Vesalius from the “Studio of Titian” featured in De Humani 
Corporis Fabrica. Reproduced with permission of the National Library of Medicine (NML) 
(source: https://www.nlm.nih.gov/exhibition/historicalanatomies/vesalius_home.html)

Fig. 4.3 Portrait of 
Vesalius from De Humani 
Corporis Fabrica. 
Reproduced with 
permission of the National 
Library of Medicine 
(NML) (source: https://
www.nlm.nih.gov/
exhibition/
historicalanatomies/
vesalius_home.html)
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functionally inactive but not yet dead [18]. “Possible reversibility of the functional 
inactivation in ischemia is the key problem of interest here” (p. 56), said the 
architects of this concept [18]. The theory of the ischemic cascade gave a timeline 
by which different, destructive physiological processes were set in action.

The development of modern therapies for stroke has been driven by physicians 
and scientists seeking to target blood flow in the ischemic penumbra or stymie 
destructive processes within the ischemic cascade. Many of the approaches have 
been developed from existing ideas adapted from other fields and applied in the 
context of stroke. Aspirin has been used to prevent the recurrence of stroke through 
the prevention of clots, yet was isolated in 1763 and the clinical use of the willow 
tree bark from which it was derived dates back to antiquity.2 Clot busting therapy 
using tissue plasminogen activator (tPA or rtPA) received approval from the Food 
and Drug Administration (FDA) in 1996 for the treatment of ischemic stroke fol-
lowing the positive NINDS tPA Stroke Study [22]. It had been approved by the FDA 
for use in acute myocardial infarction (heart attack) 9 years earlier than stroke.

The possibility of treating stroke created a demand for developing potential 
stroke therapeutics and a demand for animal models of stroke in which to test them 
[23]. After the failure of a large number of high profile clinical trials including 
candidate NXY-059 [24], there was a retreat from the optimistic outlook and a re- 
evaluation of the animal models of stroke. This led to the further tightening of 
ethical and experimental guidelines and the greater alignment of standards for pre-
clinical studies and clinical trials [25–27].

What is striking about reports of modern stroke experiments compared to the 
experiments reported by William Harvey is how narrow, formulaic, and confirma-
tory their methodology is.3 For example, to explore the motion of blood, Harvey 
used the entire animal kingdom from flies, hornets, wasps, bees, hornets, crayfish, 
sponges, oysters, crabs, shrimps, frogs, partridge dogs, hogs, sheep, and ox [28]. In 
contrast, in a review of animal models of stroke, 80 % of animal experiments were 
conducted in the rat, and of these, 41 % used a single rat strain—the Sprague- 
Dawley [29]. The remainder were largely undertaken in mice [29]. We have not yet 
fully grasped how the generalizability of experimental results to humans is affected 
by the use of a quadrupedal species with a smaller brain, different allergens, circa-
dian rhythms, and heat regulation systems. Such differences may or may not have 
profound effects.

The recent gap in translation of findings from animals to humans would suggest an 
apparent failure of positivist approach to stroke science where the determination of 
outcomes can be based purely on empirical evidence interpreted by reason and logic. 

2 The fate of Russian turned at least in part on the use of aspirin. Administered to the Russian Tsar’s 
hemophiliac son Alexis by doctors, Rasputin reputedly halted the treatment, the bleeding subsided 
and his influence grew.
3 A Chinese speaking colleague once commended me on ability to translate a Chinese animal stroke 
paper. I had to concede that I had no knowledge whatsoever, but on reading close to 10,000 or so 
of the papers, the reporting of methods and results in stroke papers was so predictable it was easy 
make a guess at extracting the information I was asking her to translate and confirm.
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However, the tight formulation of introduction, methods, results, and discussion, 
which are governed by statistical testing, left little room for publication of informa-
tion on outliers, anomalies and failed experiments. The importance and richness of 
such information cannot be underestimated in the drive for scientific advancement, 
yet it is typically only shared within the laboratory or informally at conferences.

To remedy this, scientists such as Ioannidis [30] have called for a greater rigor in 
experimental methodologies, including: better powered evidence through large 
studies and meta-analysis; enhanced research standards and diminution of bias; 
upfront registration of studies; hypothesis generation; networking of data collections; 
and use of a Bayesian approach to experimentation whereby prior information is 
included as part of the experimental data stream and inferences are updated regu-
larly. Steps are being made to implement many of these changes, though the 
Bayesian approach is yet to find routine use in stroke. Systemic constraints on 
experimentation such as the use of standard operating procedures, the grant-funding 
process, and ethics committee approvals tend towards a slow and discrete approach.

While the dashed optimism is frequently attributed to the shortcomings in exper-
imental models and procedures, there is room to question the way in which the tar-
gets for therapy are selected. The dominant theoretical frameworks in stoke—the 
ischemic penumbra and ischemic cascade—have great explanatory power. However, 
like the enduring hold of Galen’s ebb and flow hypothesis, these frameworks with 
their readily graspable poetic references to clouds and waterfalls have power to 
blind scientists to contrary evidence. How many potential treatments may have been 
rejected because they did not fit neatly within these theories? How much contrary 
evidence was dismissed in the evaluation of parts of the cascade such as excitotoxic-
ity [31], when much of the early evidence was drawn from small studies in the less 
relevant global model of ischemia? As noted by Kuhn (p. 122): “Given a paradigm, 
interpretation of data is central to the enterprise that explores it. But that interpretive 
enterprise…can only articulate a paradigm, not correct it” [32].

Almost 1000 years ago, Roger Bacon (c. 1219/1220–c. 1292) advised that: “He 
therefore who wishes to rejoice without doubt in regard to the truths underlying phe-
nomena must know how devote himself to experiment” p. 584 [33]. In contrast, the 
ability of modern computing to capture large, structured, and unstructured data has 
led to pronouncements of the death of the experiment. The big data debate highlights 
the tension between expert knowledge and unfiltered data, between supervised, driven 
approaches and unsupervised, accumulated knowledge. Yet expert knowledge can be 
quantitatively distorted by bias, as shown by work of the international collaboration 
CAMARADES (Collaborative Approach to Meta-Analysis and Review of Animal 
Data from Experimental Studies) [34, 35]. Researchers need to arrive at a consensus 
on which experimental data is necessary to capture to parallel the personalized 
medicine approach facilitated by big data. Experimental controls will need to be scru-
tinized with reference to their validity and generalizability to the human condition 
[29]. Researchers will also need new ways of representing and processing large sets 
of data, while recognizing that patterns do not necessarily imply causation.

Recent years have also seen major breakthroughs in gene targeting technologies, 
which allow human genomes to be altered permanently [36, 37]. These tools also 
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enable human tissue to be developed within animal hosts, blurring the line between 
animal model and the clinical condition it is mimicking. Such techniques raise 
profound ethical and safety concerns; gene editing and gene drive systems which 
alter whole populations are currently outpacing regulatory systems for analysis and 
oversight [38]. Given that stroke is a genetically heterogeneous disease primarily 
affecting the older population, it is not clear how such advances will play a role in 
stroke management, beyond the identification of genetic risk factors and targeting 
of individual genes in therapy.

3  Conclusion

Historical narrative is shaped by the present and future outlook and much has changed 
in scientific research over the past 10 years. There is now greater involvement of the 
public through open science and citizen science movements. There are challenges to 
the validity and ethics of animal studies. There is pressure from pharmaceutical com-
panies to get a larger return on investment following a number of clinical trials failing 
to demonstrate a positive therapeutic effect. There are profound advances in tech-
nologies that decode and manipulate genes and data. Moving forward, different meth-
ods will be needed to measure progress in experimental stroke research in this 
changing environment. Keeping half an eye on the past can only help.
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Chapter 5
History of Neuroprotection: Trials 
and Tribulations

Ali Razmara and Steven C. Cramer

Abstract Neuroprotection is a strategy of interference, antagonism, and slowing down 
the sequence of molecular pathophysiological processes eventually resulting in irrevers-
ible cerebral ischemia. Over the past two decades, neuroprotection in ischemic stroke 
has emerged as a central topic of intense experimental animal studies and clinical trials 
in humans. Although rigorous animal studies have provided the proof of principle that 
neuroprotection is achievable, the novel agents and mechanisms investigated in human 
clinical trials have consistently failed to demonstrate a significant beneficial effect. Here 
we survey key neuroprotective trials and consider the strengths and shortcomings of 
these studies. Agents and mechanisms considered include calcium channel blockers, 
glutamate antagonists, GABA agonists, antioxidants and free radical scavengers, nitric 
oxide signal-transduction, modulation of inflammation, hemodilution, hypothermia, 
albumin therapy, and magnesium therapy. These human trials of neuroprotection thera-
pies have been disappointing, unlike successful acute stroke approaches using reperfu-
sion therapies such as thrombolytics or clot-retrieving devices. We highlight how 
improved clinical trial design and translational strategies and lessons learned from these 
negative trials will guide future directions including better clinical trial design and 
patient selection, multiple agent-combination therapies, and pre-hospital intervention.

Keywords Neuroprotection • Cerebral ischemia • Clinical trials • Lessons learned 
• Pre-hospital intervention
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ASTIN Acute Stroke Therapy by Inhibition of Neutrophils
CDP Choline-cytidine 5-diphosphocholine
CLASS Clomethiazole Acute Stroke Study
DNA Deoxyribonucleic acid
Epo Erythropoietin
FAST-MAG Field Administration of Stroke Therapy-Magnesium
GABA Gamma-aminobutyric acid
GAIN Glycine Antagonist in Neuroprotection
ICTUS International Citicoline Trial on Acute Stroke
ICTuS Intravascular Cooling in the Treatment of Stroke
IMAGES Intravenous Magnesium Efficacy in Stroke trial
MCA Middle cerebral artery
MRI Magnetic resonance imaging
mRS modified Rankin scale
NIHSS National Institutes of Health stroke scale
NMDA N-methyl-d-aspartate
PBN a-phenyl-N-tert-butyl nitrone
RANTTAS Randomized Trial of Tirilazad mesylate in patients with Acute Stroke
SAINT Stroke-Acute Ischemic NXY Treatment
STAIR Stroke Therapy Academic Industry Roundtable
tPA Tissue plasminogen activator
VENUS Very Early Nimodipine Use in Stroke

1  Introduction

Over the last two decades, animal models of ischemic brain injury have elucidated the 
basis for the understanding of the pathophysiological mechanisms underlying isch-
emic stroke [1]. The concept of neuroprotection was an extension of the knowledge 
and strategic approach to interfere and hinder the underlying molecular cascade of 
events leading to irreversible cerebral ischemia [2]. The basic goal of neuroprotection 
is to protect brain tissue by impeding molecular targets in the ischemic cascade or by 
enhancing inherent protective mechanisms, until such time that cerebral perfusion is 
restored by spontaneous, pharmacological, or interventional procedures.

The definition of neuroprotection excludes reperfusion strategies including intra-
venous thrombolytics, antiplatelet and antithrombotic medications, and intra- 
arterial endovascular mechanical thrombectomy. The first and only pharmacological 
compound shown to be effective in acute stroke therapy is intravenous tissue plas-
minogen activator (tPA) within 3 h [3] and up to 4.5 h after the onset of stroke 
symptoms [4]. In addition, several recent positive trials [5–9] signal a new era of 
mechanical thrombectomy, with newer generation stent retrievers showing not only 
favorable radiological results, but now also improved functional outcomes. 
Endovascular thrombectomy alone was not beneficial, but only with pre-treatment 
with intravenous thrombolysis. Given these recent developments, the American 
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Heart Association/American Stroke Association recently updated their acute isch-
emic stroke treatment guidelines [10]. A critical distinction to be appreciated is that 
these reperfusion-based strategies target clots and arteries, while neuroprotection 
strategies target neurons and glia.

Neuroprotection was initially thought to hold the promise of assisting clinicians 
to reduce stroke morbidity and mortality in order to improve the quality of life of 
stroke survivors. Targeting molecular pathways appears to be relatively simple 
in vitro and in preclinical studies; however, data from numerous human trials have 
not been promising. Although a significant number of agents have been investi-
gated, none has shown definite benefit in clinical trials of humans. Key agents tested 
in clinical trials in this context are described below.

2  Cerebrovascular Ischemia Cascade

A fundamental understanding of the ischemic cascade is important in order to 
formulate and design neuroprotection strategies. Cerebral ischemia is typically 
caused by an arterial occlusion leading to diminished cerebral blood flow, oxygen 
deprivation, and activation of a cascade of molecular events leading to tissue damage 
and ultimately neuronal death through necrosis and apoptosis. The goal of neuro-
protection is to interfere in the molecular pathway that ischemic neurons undergo, 
leading to cell death and to salvage the ischemic penumbra [11]. The ischemic cas-
cade has been extensively studied and a brief overview will aid in understanding the 
reasoning underlying clinical trial design of neuroprotection.

When there is a decrease in cerebral perfusion and oxygenation, neurons are unable 
to continue aerobic respiration in the mitochondria. Subsequently, there is a change to 
predominantly anaerobic metabolism and excess lactic acid production, leading to a 
decrease in pH due to unbuffered hydrogen ions [12]. This leads to decreasing effi-
ciency of the electron transport chain, decreasing adenosine triphosphate production, 
and failure of the sodium-potassium pump. This leads to deterioration of membrane ion 
gradients, opening of various selective and unselective ion channels, and anoxic depo-
larization. Potassium leaves the cell, while sodium, chloride, and calcium enter, follow-
ing which excitatory neurotransmitters such as glutamate and aspartate are released 
from cells in toxic concentrations [13]. Ultimately, failure of these energy-dependent 
mechanisms leads to cellular swelling with infusion of water and sodium flowing down 
osmotic as well as electrolyte gradients, leading to cytotoxic edema, which can be 
measured indirectly by changes in water on diffusion-weighted magnetic resonance 
imaging as a very early change following an acute ischemic stroke [14, 15].

Excitatory neurotransmitters, oxidative stress, and inflammation play important 
roles in the early stages of the ischemic pathway. Presynaptic glutamate is released 
early on in high concentrations [16, 17], binding to ligand-gated ion channels, 
including N-methyl-d-aspartate (NMDA), alpha-amino-3-hydroxy-5-methyl-
4-isoxazole propionate (AMPA), and kainate receptors. Binding of glutamate to 
NMDA receptors leads to ion channel activation, large calcium influx, and eventual 
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cell death as the culmination of these molecular cascades [18, 19]. Calcium- 
dependent processes include activation of proteases, lipid peroxidases, and eventual 
breakdown of DNA through activated endonucleases [20]. Reactive oxygen species 
are present during normal cellular respiration, but when free radical formation 
exceeds cellular antioxidant mechanisms, deleterious effects occur on DNA, lipids, 
and proteins. Inflammation is also an underlying mechanism associated with the 
ischemic cascade. Increased pro-inflammatory cytokines, such as tumor necrosis 
factor and interleukin-1, may be a late response in ischemic areas and the surround-
ing penumbra with damaging consequences, leading to disruption of the blood- 
brain barrier through upregulation of adhesion molecules [21].

Neuroprotection as a concept is not novel. The first recognized form of neuropro-
tection was hypothermia during the 1940s–1950s when a neurosurgeon, Dr. Temple 
Fay, observed improved outcomes in severe head trauma treated with hypothermia 
[22]. Since then, numerous agents have been shown to have efficacy in animal models 
of stroke, with ten classes of pharmacological agents reaching class III testing [23]. 
The focus of this chapter will not be on thrombolytics, antiplatelets, or anticoagula-
tion therapies, but on agents acting on the different phases of the ischemic cascade 
that has been developed and tested in the laboratory and in clinical trials. The purpose 
of this chapter will be to highlight important agents and clinical trials as well as les-
sons learned and future directions for further advancing acute stroke therapies.

3  Drug Targets

3.1  Calcium Channel Blocker: Nimodipine

Calcium is a key player in the pathophysiologic mechanism underlying cardiac and 
cerebral ischemic injury [20, 24–26]. Nimodipine is a 1,4-dihydropyridine calcium 
channel antagonist that preferentially causes cerebral vasodilation with less sys-
temic effects [27]. Nimodipine has been shown to reduce the severity of neurologic 
deficits due to cerebral vasospasm in subarachnoid hemorrhage [28]. Over 250 ani-
mal studies have been published examining nimodipine in cerebral ischemia, with 
only 20 deemed to be of adequate quality based on factors such as administering 
nimodipine after ischemia induction or inclusion of a control group [29]. Only half 
of these 20 studies favored nimodipine, and overall changes from treatment after 
1 h stroke induction were not significant [29]. Five randomized trials of nimodipine 
in patients with acute ischemic stroke have been published [30–34]. A meta-analysis 
of these and other smaller trials found no overall benefit of nimodipine, however, 
with a subgroup of patients having beneficial effect on neurological and functional 
effects with 12 h of stroke onset [35]. However, a subsequent meta- analysis of over 
7500 patients did not confirm these positive results and indeed showed that intrave-
nous administration of calcium antagonists was associated with worse outcomes, 
and that oral nimodipine started within 12 h did not have any benefit [36]. The 
VENUS Trial aimed to test efficacy of early nimodipine administration with 
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randomization of 454 patients to oral nimodipine or placebo with treatment within 
6 h and continued for 10 days [34]; however, the trial was ended due to sample size 
concerns with primary end point of poor outcome not differing between treatment 
group and placebo [34]. There were several reasons for the failure of these trials 
including flawed trial design, timing of therapeutic efficacy, small sample size, cri-
tique of inclusion criteria, and outcome measures used. Prophylactic therapy with 
nimodipine is now the standard treatment in aneurysmal subarachnoid hemorrhage 
with the usual dosing of 60 mg orally every 4 h for 21 days. There is still uncertainty 
whether nimodipine has its primary effect in this clinical setting as a neuroprotec-
tive agent or as a vasodilator.

3.2  Glutamate Antagonists

As an excitatory neurotransmitter, glutamate can induce excitotoxic injury via the 
ischemic cascade [18, 37, 38] with relevant receptors including N-methyl-d- 
aspartate (NMDA) and the 3-hydroxy-5-methyl-4-isoxazole proprionic acid 
(AMPA). Dizocilpine (MK-801) is a non-competitive NMDA receptor antagonist 
that has been extensively studied in animal models of focal ischemia [39, 40], with 
evidence of ischemic volume reduction most effective prior to ischemia or within 
the first 1–2 h afterwards; however, it caused dose-related neuropsychological 
adverse events [41]. Dextromethorphan and its metabolite dextrorphan also have 
high affinity as non-competitive NMDA antagonists and have been shown to be 
neuroprotective in animal models [39, 40], but a variety of dose-related adverse 
effects occurred including nausea, vomiting, somnolence, hallucinations, agitation, 
and symptomatic hypotension.

Aptiganel (CNS-1102, Cerestat) is the only non-competitive NMDA antagonist that 
has been studied in clinical trials. In pre-clinical studies, aptiganel treatment 15 min 
after middle cerebral artery occlusion in rats showed significant decrease in infarction 
volumes by magnetic resonance imaging and post-mortem analysis [42]. The Aptiganel 
Acute Stroke Trial randomized to treatment within 6 h with high or low doses of apti-
ganel versus placebo [43]; however, there was no improvement in the modified Rankin 
score at 3 months and mortality rate at 4 months was higher in the high-dose aptiganel 
group (26 %) versus placebo (19 %) [43] and subsequently the trial was aborted.

One competitive NMDA antagonist, selfotel (CGS 19755), was investigated in 
an MCA occlusion model in rats with administration within 5 min of insult reducing 
infarct size and post-ischemia glucose hypermetabolism [44]. A safety and tolera-
bility trial showed significant adverse effects including delirium, confusion, agita-
tion, paranoia, and hallucinations [45] and a clinical trial showed higher mortality 
in the selfotel treatment group [46, 47].

Glycine is also an agonist at the NMDA receptor complex. Gavestinel 
(GV150526), a highly selective potent antagonist of this glycine site, has been 
investigated. In pre-clinical studies of MCA occlusion in rats, gavestinel adminis-
tration up to 6 h after occlusion resulted in significant infarct volume reduction and 
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protected somatosensory-evoked potential responses [48]. Two important clinical 
trials were performed: the GAIN International Trial [49] and the GAINS Americas 
Trial [50]. The two trials were similarly designed with age and stroke severity strati-
fication and treatment within 6 h with either intravenous gavestinel versus placebo; 
however, both trials showed no difference for the primary outcome of Barthel index 
at 3 months or mortality [49, 50].

Several factors contributed to the discrepancies between the pre-clinical and 
clinical studies including the timing of intervention, with very early administration 
in pre-clinical studies, dose-limiting toxicity in humans, and also the possibility of 
potential detrimental effects of interference of NMDA receptor antagonism in sur-
vival mechanism of neurons [51]. In addition, pre-clinical studies were judged to be 
suboptimal [52] with difficult to replicate results [53].

AMPA receptor antagonists have shown evidence of neuroprotection in pre- 
clinical studies [54–56]. The AMPA antagonist ZK200755 was administered in a 
phase II trial [57] that was suspended due to safety concerns with worsening neuro-
logical exam. The AMPA antagonist YM872 was administered within 6 h in the 
AMPA Receptor Antagonist Treatment in Ischemic Stroke (ARTIST MRI Trial) and 
within 3 h in a related trial, ARTIST+; however, both trials were terminated after 
failed interim analysis, and the results have not been published.

3.3  Gamma-Aminobutyric acid (GABA) Agonists

Clomethiazole is a GABA(A)-agonist potentiating the activity of GABA, the main 
inhibitory neurotransmitter in the brain [58], and indeed this drug is used as a seda-
tive. In pre-clinical evaluation models of focal ischemia in rats with 1-h MCA 
occlusion followed by 24 h reperfusion, clomethiazole was given either 1 h prior to 
occlusion, at 10 min after reperfusion, or at 70 min after ischemia onset [59] and 
tissue preservation was seen. In an MCA occlusion model, clomethiazole signifi-
cantly reduced ischemic stroke volume at 1 h after occlusion, but was ineffective at 
3 h [60]. In the CLASS Trial, clomethiazole was administered within 12 h to acute 
hemispheric stroke patients with no difference found in achieving functional inde-
pendence at 90 days; however, in the subgroup of anterior circulation strokes, clo-
methiazole showed improved functional outcome, with sedation as the most 
common adverse effect [61]. Then in CLASS-I [62], patients with large ischemic 
strokes with limb weakness, cortical signs, and visual field deficits were random-
ized to clomethiazole or placebo with a 12-h time window, with final results show-
ing no difference in Barthel scores at 90 days and no treatment effect with early 
intervention less than 6 h after stroke onset. Pre-clinical success appears to be 
dependent on very early administration, while the clinical trials allowed timing of 
treatment to be at 12 h. Diazepam, which is a GABA-ergic agent, has also been 
studied in stroke patients within 12 h of onset and showed to have no significant 
difference on modified Rankin scale at 3 months [63].
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3.4  Antioxidants

Several antioxidant molecules have been evaluated clinically based on the assump-
tion that impeding oxidative damage from free radicals will lead to decreased tissue 
damage in the ischemic cascade. Several free radical scavenging agents have under-
gone clinical trials that deserve to be reviewed. The first is NXY-059 (disodium 
4-[tert-butylimino)methyl] benzene-1,3-disulfonate N-oxide), which is a proprie-
tary nitrone spin-trap agent and a bis-sulfonated derivative of PBN [a-phenyl-
N-tert-butyl nitrone] that has been shown to have neuroprotective roles in animal 
models. In pre-clinical MCA transient occlusion models in rats, NXY-059 adminis-
tration 1 h after reperfusion had a dose-dependent effect on reducing infarct volume 
[64] that has also been confirmed in other similar models [65]. There is also evi-
dence of reduction in infarct size after permanent MCA occlusions models [65, 66]. 
The pre- clinical studies were promising enough to justify clinical trials. Two large 
randomized, double blind trials studied NXY-059, SAINT I and SAINT II, in which 
both trials randomized patients to receive a 72-h infusion of intravenous NXY-059 
or placebo within 6 h of stroke onset. In SAINT I [67], NXY-059 improved modi-
fied Rankin scores but did not improve NIHSS or Barthel index, while SAINT II 
[68] had entirely negative results [69].

The pre-clinical studies investigating NXY-059 were more extensive than for 
other candidate neuroprotective agents. First, the drug was studied in both transient 
and permanent focal ischemia models; in both rodents and non-human primates; a 
range of outcomes was measured including histological, physiological, and behav-
ioral; and results were replicable; however, various deficiencies in preclinical inves-
tigations were also identified [70]. There are inherent shortcomings in the agent itself 
in terms of being polar, highly water-soluble, and with low blood-brain barrier per-
meability [64] and low cellular penetration [71], and being less potent as an antioxi-
dant agent compared to other physiological compounds such as vitamin E, glutathione, 
and beta-carotene [72–74]. The discrepancy between the two clinical trials investi-
gating NXY-059 is also interesting. The results of SAINT I showed quite modest 
clinical effect and others have criticized the trials design and statistical weakness of 
SAINT I [75, 76]. Likely, factors contributing to the failed clinical trials include the 
suboptimal biochemical profile of the agent as described above, as well as the likely 
use of longer time window for treatment than that used in pre- clinical studies.

Other antioxidant agents have also been investigated in larger (several hundred 
patients) trials. One example is tirilazad mesylate (U-74006F), which is a non- 
glucocorticoid 21-aminosteroid inhibitor of lipid peroxidation. A systemic review 
and meta-analysis of animal models of focal ischemia observed maximal efficacy 
with pre-treatment before onset of ischemia, although with potential sources of 
bias [77]. The RANTTAS trial was conducted to evaluate treatment with tirilazad 
within 6 h of onset of acute stroke [78]; however, the trial was terminated prema-
turely based on interim analysis with no effect on infarct volume or functional 
outcome. A subsequent trial was planned, but also not completed due to questions 
regarding safety. A Cochrane meta-analysis of four published and two unpublished 
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trials [79] showed that tirilazad increased the odds of death or disability with 
borderline significance. Potential reasons for failure of these clinical trials include 
use of a wider dose range and a longer time to treatment compared to animal stud-
ies that administered the agent with a median time of only 10 min.

Another promising antioxidant agent was ebselen (2-phenyl-1,2- benzisoselenazol- 
3(2H)-one), which is a selenium compound with glutathione peroxidase-like activ-
ity that reacts with peroxynitrite [80]. In animal models, positive results were seen 
in terms of reducing ischemic damage when administered pre-ischemia [81], given 
within 30 min after ischemia [82], and 2 h after MCA occlusion in rats, where 
improvement of neurological deficits was seen at 24 h [83]. However, a clinical trial 
of acute stroke patients randomized to oral ebselen or placebo within 48 h and con-
tinued for 2 weeks did not show sustained effects at 3 months [84].

Edaravone (MCI-186; 3-methyl-1-phenyl-2-pyrazolin-5-one) is another oxygen- 
free radical scavenger and blocker of lipid peroxidation that has been investigated, 
with pre-clinical studies reporting positive results in focal and global animal models 
of ischemia [85]. However, these beneficial effects were related to timing of admin-
istration, with favorable effects apparent when drug was given prior to stroke onset, 
while no protection was observed when drug was initiated a few hours after isch-
emia onset [86]. A phase II trial showed administration of edaravone within a 72-h 
window resulted in improved modified Rankin scores at 3 months [87]. Another 
trial of this agent in lacunar stroke patients has reported decreased infarct volume 
and neurological improvement [88]. However, larger trials showing clinical effi-
cacy and improving outcomes remain lacking [89].

3.5  A Phospholipid Precursor: Citicoline

Citicoline is an exogenous form of cytidine 5-diphosphocholine (CDP-choline), a 
precursor to choline. Citicoline is rapidly absorbed, crosses the blood-brain barrier, 
and is incorporated into the phospholipid membrane of neurons [90, 91]. Several 
studies of animal models of focal ischemia have shown promising results when the 
agent is administered early after stroke onset [92, 93]. Individual clinical trials have 
been inconclusive; however, a pooled analysis from the 4 randomized trials of oral 
citicoline given within the first 24 h and using a global 3-month outcome measure 
incorporating NIHSS and modified Rankin scale showed statistically significant 
effect on global recovery (25.2 % versus 20.2 %, OR 1.33, 95 % CI 1.10–1.62, 
p = 0.0034) [94]. Subsequently, in the International Citicoline Trial on Acute Stroke 
(ICTUS), patients with moderate to severe acute stroke were randomly assigned to 
either citicoline or placebo within the first 24 h and continued for 6 weeks. While 
citicoline had a good safety profile, disappointingly, at 90 days there were no sig-
nificant differences between treatment arms in the modified Rankin scale scores or 
global test of combining Barthel Index, mRS, and NIHSS [95].
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3.6  A Nitric Oxide Signal Transduction Modulator: Lubeluzole

Lubeluzole, the S-isomer of 3,4-difluoro benzothiazole, is a modulator of 
glutamate- activated nitric oxide synthase [96] and has been shown to protect hip-
pocampal neurons against toxicity due to nitric oxide [97]. In pre-clinical studies, 
lubeluzole has been shown to reduce infarct size when administered early, i.e., 
within 15 or 30 min following MCA and carotid artery occlusions [98]; in addi-
tion, hippocampal CA1 neurons were protected in the setting of global cerebral 
ischemia in rats treated with lubeluzole within 5 min of ischemia onset [99]. In 
one clinical trial, patients with acute stroke who were randomized to lubeluzole or 
placebo within 6 h of symptom onset did not have a significant difference in mor-
tality at 12 weeks, although there was improvement in NIHSS and Barthel index 
[100]. In two other clinical trials [101, 102], there was similarly no difference in 
mortality. A subsequent Cochrane Database meta-analysis reviewing five trials 
showed no effect on mortality or other key outcomes, but there was a significant 
increase in cardiac conduction disorders such as Q-T prolongation in the lubelu-
zole-treated patients [103]. There were several factors that likely contributed to 
the failed clinical trials of lubeluzole including the choice of mortality as the pri-
mary outcome measure, plus the use of a 6-h treatment window given that this was 
not strongly supported by pre-clinical trials.

3.7  Albumin

Albumin has been shown to have multiple potential neuroprotective mechanisms 
such as an antioxidant, hemodiluting agent and maintenance of colloid oncotic 
pressure, maintenance of vascular endothelial permeability, reducing cerebral 
swelling, improving perfusion, and decreasing erythrocyte sedimentation rate 
[104]. In a meta-analysis of focal ischemia animal studies, rats treated with albu-
min showed approximately 80 % decrease in infarct volume [105]. The Albumin 
in Acute Stroke (ALIAS) clinical trial [106] evaluated the safety of albumin 
administration within 16 h of stroke onset. Albumin therapy was safe and well-
tolerated, there was a possible positive synergistic effect with intravenous throm-
bolysis in the half of patients who received intravenous thrombolysis, and a trend 
towards improved mRS score was also noted. In the ALIAS Part 2 trial [107], 
patients with acute ischemic stroke were randomized within 5 h of symptom 
onset to either intravenous administration of 25 % human albumin or placebo, 
with mRS and NIHSS scores used as primary outcome measures. The albumin-
treated patients had more unfavorable complications including pulmonary edema, 
symptomatic intracerebral hemorrhage within 24 h, and there was no difference 
in the primary outcome measure.
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3.8  Hyperbaric Oxygen

Oxygen has been shown to have various potential neuroprotective effects including 
blood-brain barrier stabilization, inhibition of inflammation, improved penumbra 
oxygenation, and decreasing excitotoxicity, while also having associated harmful 
effects including generation of reactive oxygen species and vasoconstriction. 
Hyperbaric oxygen therapy has shown contradictory results, although the sample size 
in such studies has been small [108, 109]. Introduction of oxygen after stroke has also 
been shown to reduce hemorrhage and edema associated with intravenous thromboly-
sis in a MCA occlusion experimental stroke model [110]. In a recent Cochrane review 
[111], 11 randomized controlled trials of hyperbaric oxygen for acute ischemic stroke 
were reviewed with no evidence of significant improvement in clinical outcomes.

3.9  Neurotrophic Factors

Various neurotrophic and growth factors have been investigated in experimental and 
clinical studies. Basic fibroblast growth factor has been shown to protect against exci-
totoxicity in vitro and in animal model of permanent focal ischemia by reducing isch-
emic volume [112]. Clinical safety and efficacy trials did not show any serious adverse 
effects [113], but no significant clinical improvement was shown thus the trials were 
halted [114], although patients enrolled in the latter hours of the time window appeared 
to benefit more than patients enrolled in the very earliest hours possibly suggesting a 
restorative mechanism. Recombinant erythropoietin (Epo) has also been shown to be 
safe and beneficial in experimental studies [115]. A clinical trial subsequently was 
negative with higher mortality and complications in patients receiving Epo likely due 
to interaction with intravenous thrombolysis, causing increased mortality [116]. 
Lastly, granulocyte colony-stimulating factor has also been studied in a dosing study 
with subjects receiving the agent within 12 h with reports of safe tolerability [117]; 
however, AX200, a larger follow-up study, did not find any benefit [118].

3.10  Modulation of Inflammation: Inhibition of Leukocytes

Modulation of inflammation represents an additional potential mechanism for 
achieving neuroprotection early after stroke onset. Enlimomab is an intercellular 
adhesion molecule-1 antibody that modulates leukocyte adhesion. In animal stud-
ies, rats undergoing transient MCA occlusion treated with this compound 1 h post- 
reperfusion showed a decrease in ischemic lesion size; however, no effect was seen 
in a permanent occlusion model [119]. However, in a multi-center clinical trial 
[120], acute stroke patients randomized to enlimomab within 6 h of stroke onset had 
a significantly worse outcome in terms of mRS scores and higher mortality. Reasons 
speculated for this negative trial include potential activation of innate neutrophils 
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and complement in an acute ischemia [121]. In the ASTIN Trial [122], UK 279,276, 
a recombinant protein inhibitor of neutrophil activation on the CD11b/CD 18 recep-
tors, was administered within 6 h of acute stroke; however, the trial was terminated 
early due to futility and lack of efficacy.

3.11  Hemodilution

Hemodilution, by decreasing blood viscosity, has been considered a theoretical 
means to increase oxygen delivery and cerebral perfusion; however, the concept has 
proven to be difficult to implement, with various hemodilution agents having wide- 
ranging results. Agents studied include dextran 40, 10 % hydroxyethyl starch, 20 % 
albumin with crystalloids, and venesection. Several small hemodilution trials for 
stroke have been studied in a Cochrane review [123]. The Scandinavian Stroke 
Study administered both dextran 40 and venesection to acute stroke patients within 
48 h of symptom onset; however, there was no improvement in survival or outcome 
[124]. Similarly, in another large trial, both ischemic and hemorrhagic stroke 
patients were administered dextran 40 and venesection within 12 h with hematocrits 
35 % or greater with no major differences in mortality or outcome improvement 
[125]. Hypervolemic hemodilution has also been studied in clinical trial without 
any benefit with 10 % hydroxyethyl starch [126].

3.12  Hypothermia

Fever has been shown in experimental and clinical studies to worsen outcome in stroke 
and other neurological injuries [127–130]. Hyperthermia has also been shown to be a 
predictor of poor neurological outcomes after acute ischemic stroke [131]. Moderate 
therapeutic hypothermia has been extensively studied over the last two decades with 
evidence suggesting neuroprotection in both focal and global ischemia models [132–
138]. Two seminal clinical trials have shown that mild therapeutic hypothermia to 
32–34 °C for 12 or 24 h after cardiac arrest significantly decreased mortality and 
improves neurological function [139, 140], and therapeutic hypothermia continues to 
be recommended for patients with an initial non- shockable arrest rhythm [141]. Also, 
hypothermia in cardiac arrest at a targeted temperature of 33 °C did not provide a ben-
efit compared to 36 °C in a subsequent trial [142]. These data pertain to cardiac arrest; 
the application of therapeutic hypothermia in the treatment of patients with acute 
stroke has been difficult and complicated. Factors contributing to this include complex 
care of the patient often in an intensive care unit with management of intubation, seda-
tion, shivering, cooling device management as well as potential adverse effects of 
hypothermia including cardiac arrhythmias, coagulopathies, and infection risk. A 
Cochrane review analyzed 8 trials of hypothermia in acute ischemic stroke and found 
no clinical efficacy and a non-significant risk of infection complications [143].
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Advances in the management of shivering and cooling technology, such as endo-
vascular cooling catheters, have recently advanced the feasibility of therapeutic 
hypothermia in acute stroke patients. In the Intravascular Cooling in the Treatment 
of Stroke (ICTuS) trial, stroke patients were successfully cooled using a novel endo-
vascular cooling catheter and antishivering regimen [144]. In the ICTuS-L study, 
endovascular hypothermia was combined with intravenous thrombolysis and proved 
to be feasible, and hypothermia was associated with increased risk of pneumonia but 
no increased risk of bleeding complications [145]. The ICTuS2/3 trial still ongoing 
will assess whether the combination of endovascular hypothermia and thrombolysis 
is superior to thrombolysis alone with assessment of 90-day mRS score [146].

3.13  Magnesium

As an endogenous calcium antagonist, magnesium could theoretically provide neuro-
protection through a number of divergent mechanisms, including blocking NMDA 
receptors, inhibiting excitatory neurotransmitter release, inhibiting calcium channels, 
and promoting vascular smooth muscle relaxation [147]. Clinically, magnesium has 
been used for the treatment of pre-eclampsia by reducing the risk of seizures, and thus, 
eclampsia by more than 50 % [148]. Although in several pre- clinical studies magnesium 
has been shown to reduce infarct volume with administration after the stroke insult 
[149–151], a subsequent review of these studies [152] showed mixed results and poten-
tial confounding factors including hypothermia. In clinical trials, the Intravenous 
Magnesium Efficacy in Stroke Trial (IMAGES) investigated intravenous treatment with 
magnesium sulfate within a 12-h window in patients with acute stroke [153], resulting 
in magnesium failing to improve disability at 90 days associated with a slight increase in 
mortality. Recently, the FAST- MAG trial showed pre-hospital administration of intrave-
nous magnesium sulfate was safe and allowed initiation of therapy within 2 h of stroke 
symptom onset; however, there was no improvement in mortality or functional outcome 
at 90 days [154]. Although the results were disappointing in terms of magnesium activ-
ity as a neuroprotectant, FAST-MAG showed that it was possible to treat patients within 
the “golden hour” [155], that is, the first 60 min after the onset of stroke symptoms.

4  Reasons for Failure: Pre-clinical Experimental Studies

Many critics have asserted that the failure of neuroprotection trials is attributable to 
inadequate animal studies. Many variables influence the design and implementation 
of experimental investigations in animals that ultimately impact the quality, reliabil-
ity, and results of preclinical experimental studies. First, there are animal-related 
factors including the species, strain, age, and sex. Although the vascular anatomy of 
rodents is similar to humans, it has been argued that there is significant difference in 
proportion of white matter between rodent and human brains [156], and note that the 
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resting pulse of a rodent is five times that of a human. Then there are factors related 
to the model of ischemia: focal versus global ischemia, method of vessel occlusion, 
transient versus permanent occlusion, duration of ischemia and reperfusion, dura-
tion of survival, selection of anesthetic agent, and presence of multiple diseased 
arteries concomitantly. Almost all animal models are MCA occlusion- related, while 
stroke in humans is extremely heterogeneous. Factors influencing outcome assess-
ment include behavioral testing methods, quantification of infarction, and neuronal 
survival and death. The quality of the study design is important with key factors 
including randomization, blinded versus unblinded assessment, biological variabil-
ity of models, presence of multiple risk factors, age of subjects, statistical analysis, 
appropriate testing and evaluation, and correlation to outcome measures.

Furthermore, neuroprotective agents are required to have appropriate bioavail-
ability, stability, and solubility for absorption across the blood-brain barrier. Also, the 
route of administration as well as pharmacokinetics and pharmacodynamics relating 
to plasma drug levels, timing of administration of agent with respect to ischemic 
insult, as well as activity and consequences of metabolites are all essential factors. 
Agents with poor blood-brain barrier permeability would require higher doses, likely 
increasing the incidence of systemic side effects, leading to lower therapeutic indices 
and any clinical gains being outweighed by adverse effects. Finally, approaching a 
single molecular target, as compared to multiple targets, may have less impact on 
complex ischemic cascade. As such, agents with multiple target or actions would 
likely have a more significant impact on ischemic damage prevention and recovery.

On the basis of these observations, the Stroke Therapy Academic Industry 
Roundtable (STAIR) recommendations were developed to provide guidance for 
potential therapeutic agents [157]. Even though these recommendations were pub-
lished more than a decade ago, few drugs have met all the criteria, and more work 
on animal models is essential to improve the chances of successful translational 
studies for acute stroke patients.

5  Reasons for Failure: Clinical Trials

Over the last decade, clinical trials evaluating neuroprotective agents have progres-
sive improvements in trial design, patient selection, and assessment of clinically 
meaningful outcome measures. The most recent clinical trials have incorporated the 
use of neurological outcomes and functional recovery as more appropriate outcome 
measures. However, earlier phase III trials had significant shortcomings, and it is 
important to review these. First, the therapeutic index of many agents were not 
clearly defined and thus doses tested in human clinical trials often differed and in 
many cases were much lower than doses that showed clinical efficacy in animal 
studies as evidenced with the adverse effects limiting dosing of the NMDA antago-
nists [158]. Moreover, while in animal models almost all neuroprotective agents 
showed efficacy only within an early limited time window, in human trials there 
was often extension of the treatment time window, e.g., with extension to many 
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hours after acute stroke onset [59–61]. Also, since clinical trials often include 
patients with heterogeneous stroke types and severities, there may be a diluting 
effect of neuroprotective agents especially with agents with only marginal efficacy. 
Also, previous trials were not able to identify patients with salvageable penumbra 
that were unlikely to benefit from any intervention, thus further decreasing efficacy 
effect of the agent. Many previous trials also often had small sample size of patients 
that were not adequately powered in order to measure outcomes sufficiently.

Although previous clinical trials have been disappointing, the concept of neuro-
protection has been emphatically proven in experimental models of ischemic stroke. 
Lessons learned include further understanding of enhanced drug development and 
improved clinical trial designs with well-selected acute stroke patients who are 
treated in a timely manner within the first “golden hour” [155]. Agents that can be 
administered in this hyperacute phase may be more useful in extending penumbra 
survival and increasing the applicability of reperfusion strategies. Most importantly, 
any potential neuroprotectant agent requires rigorous preclinical evaluation prior to 
entry into the clinical arena of human studies.

6  Future Directions and Lessons Learned

Insight gained from numerous experimental studies and clinical trials of neuro-
protective agents in acute stroke will provide guidance for future endeavors. 
Basic scientists must develop potent agents or combinations of agents with dif-
ferent mechanisms of action with multiple targets in the complex pathophysio-
logical mechanism underlying the ischemic cascade. Improved blood-brain 
barrier permeability and showing molecules reaching their intended target as 
well as innovative drug delivery strategies may provide improved therapeutic 
efficacy. Using the STAIR recommendations as a guide for the stringent trans-
lational preclinical testing will hopefully provide sound clinical trials. 
Additionally, it is important to use advanced imaging in both animal models to 
identify targeted delivery of molecules and in clinical trials to better identify 
patients with a salvageable penumbra in order to provide the best chance of 
clinical efficacy of putative neuroprotective agents.

Moreover, targeting mechanisms beyond the ischemic cascade, such as restor-
ative therapies [159], will likely provide synergistic effects. Combinations of 
molecules and reperfusion strategies with better patient selection, improved clinical 
outcome measures, and more sound clinical trial design will further increase the 
chances of potentially identifying the next breakthrough in acute stroke therapies. It 
is also important that our expectations should be recalibrated in the setting of well- 
established data supporting simple control of various established vascular risk fac-
tors and thus these neuroprotective agents will hope to further augment and enhance 
our capability to improve patient outcome.
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Chapter 6
Targeting PSD-95 as a Novel Approach 
in the Treatment of Stroke

Linda M. Haugaard-Kedström, Eduardo F.A. Fernandes, 
and Kristian Strømgaard

Abstract During ischemia and stroke, a large excess of glutamate is released from 
the presynaptic terminal into the synaptic cleft. The NMDA receptor is activated by 
glutamate in the presence of glycine and triggers an influx of Ca2+ and hence induces 
excitotoxicity. PSD-95 is a scaffolding protein comprising three PDZ domains, one 
SH3 and one GK domain, which modulates numerous physiological relevant 
protein–protein interactions by interacting with the C-terminus or an internal 
binding motif of protein partners. The GluN2B subunit of the NMDA receptor and 
nNOS forms a ternary complex together with PSD-95 by interacting with PDZ1 and 
PDZ2 of PSD-95, respectively. Upon Ca2+ influx, this ternary complex induces the 
production of the toxic substance nitric oxide and further on ischemic brain damage. 
Numerous attempts and strategies have been applied to inhibit PSD-95/ 
nNOS/NMDA receptor-induced excitotoxicity. Here we will present previous and 
ongoing efforts to develop and evaluate peptide, peptidomimetics and small mole-
cule inhibitors targeting PSD-95.

Keywords PSD-95 • PDZ • nNOS • NMDA receptor • Ischemic stroke • Inhibitors
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CaMKII Calcium calmodulin-dependent kinase II
cAMP Cyclic adenosine monophosphate
CCI Chronic construction of the sciatic nerve
CREB cAMP response element-binding protein
CRIPT Cysteine-rich interactor of PDZ 3
DAPK1 Death-associated protein kinase 1
ELISA Enzyme-linked immunosorbent assay
ENACT Evaluating neuroprotection in aneurysm coiling therapy
FAD Flavin adenine dinucleotide
FMN Flavin mononucleotide
FP Fluorescence polarization
GK Guanylate kinase
GLP-1 Glucagon-like peptide-1
HIV-1 Human immunodeficiency virus type 1
HSQC Heteronuclear single quantum coherence
i.p. Intraperitoneal
i.t. Intrathecal
i.v. Intravenous
iGluR Ionotropic glutamate receptor
ITC Isothermal titration calorimetry
KA Kainate
KO Knockout
MAGUK Membrane-associated guanylate kinase
MCA Middle cerebral artery
MCAO Middle cerebral artery occlusion
mGluR Metabotropic glutamate receptors
MRI Magnetic resonance imaging
NADPH Reduced nicotinamide adenine dinucleotide phosphate
NMDA N-methyl-d-aspartate
NMDAR N-methyl-d-aspartate receptor
NMR Nuclear magnetic resonance
nNOS Neuronal nitric oxidase synthase
NO Nitric oxide
OGD Oxygen-glucose-deprived
PDZ PSD-95/discs large/ZO-1
PEG Polyethylene glycol
pMCAO Permanent middle cerebral artery occlusion
PPBP 4-Phenyl-1-(4-phenylbutyl)-piperidine
PPIs Protein–protein interactions
PSD Postsynaptic density
PSD-95 Postsynaptic density protein 95
s.c. Subcutaneous
SAP Synaptic-associated protein
SAR Structure–activity relationship
SH3 Src homology 3

L.M. Haugaard-Kedström et al.



159

SynGAP Synaptic Ras GTPase-activating protein
Tat Nuclear transcription activation protein
TIP-1 Tax-interacting protein 1
tMCAO Transient middle cerebral artery occlusion
ZO-1 Zonula occludens-1

1  Introduction

During cerebral ischemia, a complex system of biochemical and molecular 
mechanisms is triggered, such as excitotoxic glutamate signaling, ionic imbalance, 
free- radical reactions, and inflammation, which all results in impaired neurological 
function and ultimately the death of brain tissue [1, 2].

Glutamate is the major excitatory neurotransmitter in the brain and hence a key 
mediator of intracellular communication, plasticity, growth, and differentiation [3]. 
During normal physiological conditions, the glutamate concentration in the synap-
tic cleft is in the low micromolar range and is responsible for the synaptic signaling 
via activation of metabotropic (mGluR) and ionotropic glutamate receptors (iGluRs) 
[4]. The mGluRs are G protein-coupled receptors, whereas the iGluRs are cationic 
selective ligand-gated ion channels. Glutamate binds to three subtypes of iGluRs, 
namely N-methyl-d-aspartate (NMDA) receptor, α-2-amino-3-(3-hydroxy-5- 
methylisoxazol-4-yl) propionate (AMPA) receptor, and kainate (KA) receptor [3, 5, 6]. 
During ischemia, the concentration of glutamate in synaptic cleft is amplified due to 
the increased glutamate efflux and reduced uptake [7]. This build-up of extracellular 
glutamate triggers an influx of Ca2+ and further on intracellular secondary Ca2+-
mediated enzymatic activation reactions and subsequent cell damage [2]. Nearly all 
glutamate receptors have been implicated to be involved in neurotoxicity. However, 
it is generally accepted that the NMDA receptor is the key mediator of glutamate 
neurotoxicity, due to its high Ca2+ permeability, Fig. 6.1 [1, 8]. As the critical role of 
NMDA receptor-mediated calcium influx in stroke pathogenesis has been well-
described, numerous attempts have been made to develop NMDA receptor 
antagonists as a direct protective treatment strategy for neuronal hypoxia. Different 
strategies have been used, such as developing competitive antagonists (e.g. selfotel 
[9] and midafotel [10]) and non-competitive antagonists (e.g. aptiganel/CNS 1102 
[11]), uncompetitive channel blockers (e.g. dextrorphan [12] and remacemide [13]) 
and inhibitors of the glycine-binding site (e.g. gavelstinel [14] and licostinel [15]). 
However, none of the drugs, which target the NMDA receptor directly, has been 
approved for clinical use for the treatment of ischemic stroke. The reason for this is 
multifactorial, but mainly falls within two categories; (1) NMDA receptor blockers 
generate side effects related to the induced impairment of key brain functions, such 
as sedation and psychotomimetic side effects and (2) NMDA receptor blockers have 
a short therapeutic window for drug administration, as they are effective only when 
administrated before or shortly after a stroke. Other studies have also shown that the 
optimal plasma concentration cannot be achieved within a timely manner when 
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administrated at the max tolerated dose and that the optimal neuroprotective con-
centration in animal models could not be translated to humans and further on failed 
to show any clinical efficacy [13, 15–19]. In an effort to circumvent the side effects 
related to the direct targeting of NMDA receptor, recent studies have targeted the 
downstream signaling cascade rather than the receptor itself. This includes targeting 
the transcription factors responsible for neuronal death upon NMDA receptor acti-
vation and direct activation of Akt and cyclic adenosine monophosphate (cAMP) 
response element-binding protein (CREB) [20–24]. In addition, targeting the inter-
actions between the NMDA receptor C-terminal tail and its associated signaling 
proteins such as death-associated protein kinase 1 (DAPK1), calpain family mem-
bers, and postsynaptic density protein 95 (PSD-95) has been investigated with 
promising results [25–31].

1.1  PSD-95/nNOS/NMDA Receptor Signaling Complex

The postsynaptic density (PSD) is a membrane-associated highly protein dense 
region mainly located at the head of the dendritic spines. The PSD contains 
receptors, adhesion molecules, signaling enzymes, and cytoskeletal elements, 
which are held together and organized by a set of abundant scaffolding proteins. 
The functional role of the PSD is to mediate the apposition of pre- and postsynaptic 

Fig. 6.1 Schematic representation of excitotoxicity induced by NMDA receptor activation. (a) 
During ischemia and stroke, a large excess of glutamate is released from the presynaptic terminal 
into the synaptic cleft. The NMDA receptor is activated by glutamate in the presence of glycine 
and induces an influx of Ca2+. Glutamate and glycine are under normal physiological conditions 
rapidly removed from the synapse by uptake via glutamate (EAAT and VGLUT) and glycine trans-
porters (GlyT), respectively. (b) Up on Ca2+ influx, the extreme C-terminal of the NMDA receptor 
subunit GluN2B and nNOS bind to PSD-95 PDZ1 and PDZ2, respectively, and induce the produc-
tion of toxic nitric oxide (NO) and further cell death
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membranes, cluster postsynaptic receptors, and to facilitate the activation of 
postsynaptic receptors to biochemical signaling events in the postsynaptic neuron 
[32]. Numerous attempts have been made to try to analyze and identify the compo-
nents of the PSD. The total numbers of putative proteins in the PSD range from a 
few hundred to thousands depending on analysis [33–35]. However, the most 
abounded proteins are members of the Ca2+/calmodulin-dependent kinase II 
(CaMKII) family, the scaffolding protein PSD-95, and the synaptic Ras GTPase-
activating protein (SynGAP) [32, 36]. In addition, a core set of 288 and 77 proteins, 
which are associated with PSD-95 and NMDA receptors, and largely overlapping, 
has been identified and is considered to include the key proteins in the PSD [37, 
38]. It should, however, be noted that the composition of the PSD varies between 
brain regions and different cell types [39, 40].

1.1.1  NMDA Receptors

The NMDA receptors are typically found at postsynaptic and extrasynaptic sites 
and are essential mediators of synaptic transmission, synaptic plasticity, learning, 
and memory formation [41, 42]. There are seven different receptor subunits in 
three different subfamilies, namely GluN1, GluN2A-D, and GluN3A-B. The 
NMDA receptor assembles into a heterotetrameric ion channel complex by asso-
ciating two GluN1 and two GluN2 subunits or two GluN2 and one GluN1 and one 
GluN3 [42, 43]. The composition of the subunits is the major determinant of the 
NMDA receptor functional heterogeneity, as the subunits display distinct agonist 
sensitivity, deactivation kinetic, gating, and permeation properties [44–46]. The 
NMDA receptors share an overall structure, comprising two large extracellular 
domains (the N-terminal domain and the agonist-binding domain), a three trans-
membrane spanning segment, a re-entrant loop which forms the ion channel, fol-
lowed by a C-terminal tail involved in trafficking and binding to intracellular 
interaction partners [46, 47]. The opening and closing of the ion channels are 
primarily regulated by ligand binding, where glycine binds to the GluN1 or GluN3 
subunits and glutamate to GluN2 subunit [48, 49], and the voltage-dependent 
Mg2+ blockade [50]. Upon channel activation, an influx of Na+ and Ca2+ and an 
efflux of K+ occurs [46].

1.1.2  PSD-95

PSD-95 is, together with PSD-93, synaptic-associated protein 97 (SAP-97) and 
SAP-102, members of the membrane-associated guanylate kinase (MAGUK) 
superfamily. Structurally, the MAGUK members contain three PSD-95/discs large/
zonula occludens-1 (ZO-1) (PDZ) domains followed by one Src homology 3 (SH3) 
and one guanylate kinase (GK) domain, Fig. 6.2 [51–54]. The sequence identity 
among the MAGUK members are >70 % in the domain regions, thus being highly 
conserved, but <20 % in the linker regions [54].
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The main function of PSD-95 is to bind to and stabilize various membrane 
and signaling proteins in the PSD. Subsequently, PSD-95 is a key component 
and centrally involved in synaptic function and has been shown to be essential 
for the  three- dimensional molecular organization of the PSD [55]. As such, 85 

Fig. 6.2 Schematic representation of the domain arrangement of the MAGUK family members, 
tertiary structure of PSD-95 PDZ3, and sequence alignment of the MAGUK PDZ domains. (a) 
PSD-95, PSD-93, SAP-97, and SAP-102 contain three PDZ domains (grey) followed by one SH3 
(blue) and one GK (red) domain. SAP-97 has an additional L27 (green) domain located in the 
N-terminal. (b) X-ray crystal structure of CRIPT binding to PSD-95 PDZ3. PDZ domains gener-
ally contain six β-sheets (A–F) and two α-helices (A–B) arranged in a partially open β-barrel 
capped by two α-helices. The ligand-binding site is located between the βB and the αB, indicated 
by the CRIPT ligand (red). PDB ID: 1be9. (c) Amino acid sequence alignment for the highly con-
served PDZ domains for PSD-95, PSD-93, SAP-97, and SAP-102. The secondary structure is 
indicated by arrows and boxes above the sequence and based on PSD-95 PDZ1. The amino acid 
numbering reflects the numbering of PSD-95 PDZ1. The conserved GLGF loop is highlighted in 
dark grey and fully conserved residues among the MAGUK members are highlighted in light grey. 
The sequence alignment was generated using Clustal Omega. Star indicates a fully conserved 
residue; colon and period indicate conservation between group of strongly similar properties and 
conservation between groups of weakly similar properties, respectively
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different proteins have been identified to interact with PSD-95, Fig. 6.3 [56]. In 
particular, the clustering ability of PSD-95 to assemble NMDA receptor-
associated protein complexes, which facilitates and regulates the functional 
coupling with downstream signaling molecules in the PSD to, e.g., neuronal 
nitric oxidase synthase (nNOS), is pivotal [57]. PSD-95 interacts with the 
extreme C-terminal of primarily GluN2B and GluN2A subunits of the NMDA 
receptors via the PDZ1 and PDZ2 domains [58, 59]. The PDZ2 domain also 
interacts with nNOS and hence brings the NMDA receptor, PSD-95 and nNOS 
in close proximity, Fig. 6.1. This complex assembly ensures an efficient 
activation of nNOS by the influx of calcium ions [57, 60].

Fig. 6.3 The human PSD-95 interactome. Seventy-eight human proteins have been identified to 
interact with PSD-95 according to the database BioGRID3.4. The abbreviations for the proteins are 
based on the gene name for the corresponding protein, except for PSD-95, PSD-93, and SAP-102, 
which are denoted according to the protein abbreviation and displayed in red. NOS1 (nNOS) and 
GRIN2B (GluN2B) are highlighted in grey
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1.1.3  nNOS and NO Production

nNOS is a member of the NOS enzyme family, which catalyzes the conversion of 
l-arginine to nitric oxide (NO) and citrulline, in the presence of O2 and reduced 
nicotinamide adenine dinucleotide phosphate (NADPH) [61]. nNOS is highly 
important for the excitotoxicity and ischemic brain damage, as it has been shown 
that primary brain cultures treated with NOS inhibitors and nNOS knockout mice 
are resistant to NMDA-induced excitotoxicity [62, 63]. Multiple splice variants of 
nNOS, which are functionally distinct, have been reported. The main differences 
are found in the N-terminal domain, where the nNOSα protein isoform contains a 
PDZ domain, which is highly important for protein–protein interactions (PPIs) 
[64, 65]. In addition, nNOS consists of a heme, calmodulin, flavin mononucleo-
tide (FMN), flavin adenine dinucleotide (FAD), and NADPH binding domains 
[66, 67]. nNOS is constitutively expressed and requires the formation of the Ca2+/
calmodulin complex for its activation [68]. nNOS is recruited to the PSD by PSD-
95, where PDZ2 recognize the internal β-hairpin finger adjacent to the nNOS 
PDZ domain [60], Fig. 6.4. The production of NO under normal physiological 
conditions plays an important role in synaptogenesis, long-term potentiation, and 
long-term depression, hence modulating synaptic plasticity and memory function 
[68]. However, during ischemic stroke, when excessive levels of NO are pro-
duced, NO is neurotoxic. The neurotoxic effect is mediated via numerous signal-
ing pathways, such as NO-induced potentiation of damage to the mitochondrial 
respiration system, glycolysis and DNA replication by inhibiting enzymes 
involved in these processes, and formation of peroxynitrite and free radicals lead-
ing to lipid peroxidation [69–71].

2  PSD-95 as Drug Target

PSD-95 has emerged as a new and exciting target for the treatment of ischemic 
brain damage after stroke [72], with promising results in both animal [73] and 
human [74] disease models. Inhibiting the PPIs in the ternary PSD-95/nNOS/
NMDA receptor complex is believed to be the key mechanism underlying neu-
roprotection after glutamate excitotoxicity in stroke [75]. However, targeting 
protein–protein interfaces pose some challenges compared to conventional 
small molecule binding sites. PPIs have usually larger (1500–3000 Å2) contact 
areas than protein–small molecules interactions (300–1000 Å2) and these sur-
faces are generally shallow and lack deep grooves and pockets [76]. Due to their 
size and flexibility, peptide ligands appear to be more suited to inhibit PDZ 
domain-mediated PPIs and show higher binding affinities compared with small 
molecules [77, 78].

The PDZ domains of PSD-95 consist of approximately 90 amino acids 
arranged in a stable tertiary fold consisting of six anti-parallel β-strands (βA-βF) 
and two α-helixes (αA and αB), Fig. 6.2. The interaction partners of PSD-95 bind 
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to the PDZ domains via two different binding modes: a so-called canonical and a 
non-canonical binding mode, respectively. The binding of free carboxyl-terminal 
peptides to PDZ domains is referred to as the canonical binding mode and bind-
ing of an internal protein motif is referred as the non-canonical binding mode. 
The canonical mode was elucidated by both X-ray crystallography [79] and solu-
tion nuclear magnetic resonance (NMR) [80] using PDZ3 of PSD-95 and the 
cysteine-rich interactor of PDZ three (CRIPT) peptide. C-terminal peptide ligands 

Fig. 6.4 Canonical and non-canonical binding modes of PDZ domains share similar interaction 
patterns. (a) Canonical binding mode represented by CRIPT peptide bound to PSD-95 PDZ3. Val 
(P0) backbone and its carboxyl-terminal interact by hydrogen bonds with residues within the 
GLGF loop (Gly322-Phe325) and its side-chain interacts with Phe325 by hydrophobic interac-
tions. Thr (P−2) backbone forms a hydrogen bond interaction with the backbone of Ile327 and its 
side-chain forms a hydrogen bond with His372, located in αB. (b) X-ray structure of α-syntrophin 
PDZ domain bound to the nNOS β-finger by a non-canonical binding mode. The backbone car-
bonyl and amide of Phe (P0) interacts with the backbone of Gly93 and Ile94 by hydrogen bonds 
and mimics Val (P0) of CRIPT. In both binding modes, the side-chain of the residue at position P0 
inserts into a hydrophobic pocked and the hydroxyl of Thr side-chain at position P−2 makes a 
hydrogen bond with a His residue. Hydrogen bonds are shown in blue and hydrophobic interactions 
are shown by black curves. PDB ID: 1be9 (a) and 1qav (b)
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bind as a β-strand between the βB and αA in the PDZ domain and the C-terminal 
carboxylate binds to a highly conserved loop (GLGF) between βA and βB, 
Fig. 6.4. This loop stabilizes the  binding of the peptide carboxyl-terminal via 
backbone hydrogen bonds. Recent studies have demonstrated the importance of 
these backbone interactions by introduction of amide-to-ester mutations in the 
GLGF loop and in the βB strand. This study demonstrated a pivotal role for the 
GLGF backbone hydrogen bond interaction to the free carboxylate, whereas the 
non-canonical interaction was fundamentally different for the corresponding 
amide-to-ester mutations [81].

Although classification of PDZ domains is still a matter of debate, PDZ1 and 
PDZ2 of PSD-95 have been grouped into the class I PDZ domain [82]. In this 
class, PDZ domains recognize an S/T-X-ϕ peptide motif, with S/T representing a 
Ser or a Thr residue; X any amino acid and ϕ representing a hydrophobic car-
boxyl-terminal residue, preferentially Val or Leu [83]. Amino acids are numbered 
starting with the C-terminal amino acid being P0 and subsequent amino acids P−1, 
P−2, P−3, etc. It is generally agreed that amino acids in positions 0 and −2 are pri-
marily responsible for the canonical interaction to PDZ domains. Truncations of 
the endogenous peptide ligand, the carboxyl-terminal GluN2B subunit of the 
NMDA receptor (YEKLSSIESDV), have been evaluated by yeast two-hybrid [58] 
and fluorescence polarization (FP) assays [84], revealing that only the last 5–7 
amino acids are required for binding to PSD-95 with retained binding affinities of 
18 and 4 μM for PDZ1 and PDZ2 of PSD-95, respectively. Interestingly, the tri-
peptide TAV still binds to PSD-95 PDZ2 with a Ki value of approximately 40 μM, 
but shorter peptides result in a pronounced affinity loss [84]. Within the five last 
amino acids, mutations on the carboxyl-terminal Val (P0) and in the Ser/Thr resi-
dues (P−2) generally abolish binding, while the presence of Gln or Glu at P−3 is 
shown to slightly increase binding affinity. Amino acids in position P−4 and further 
upstream are more promiscuous and a variety of different amino acid residues can 
be accommodated [85]. As in the case for the C-terminal carboxylate interaction 
with the GLGF loop, backbone hydrogen bonds from the peptide ligand to PDZ 
domains also play an important role for binding of peptides to the PDZ domains 
of PSD-95 [86].

A subclass of PDZ domains also recognizes internal peptide motifs, denoted the 
non-canonical binding mode, such as the nNOS PDZ β-hairpin structure (β-finger) 
binding to PSD-95 PDZ2 [87], where it is known that the entire folded nNOS 
β-finger is required for binding [66]. The β-finger is comprised of two β-strands 
connected by a sharp β-turn and occupies more than twice the surface area on the 
protein compared to peptides binding in the canonical binding mode. Both the 
β-finger and carboxyl-terminal peptides have key interactions with the GLGF bind-
ing loop in the PDZ domains, Fig. 6.4. Furthermore, the Phe residue in the nNOS 
β-finger has an analogous role to Val in the carboxyl-terminal position P0. 
Interestingly, positions P−2 and P−3 in the β-finger also comprise the same residues 
as the carboxyl-terminal peptide ligands, Thr and Glu. Ala mutations in these three 
positions disrupted binding between nNOS and PSD-95 PDZ2, with Phe at position 
P0 being the most sensitive position [60].
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2.1  Neuroprotective PSD-95 Inhibitors: NA-1

The NA-1 peptide was the first peptide developed to prevent excitotoxicity in 
ischemic stroke by targeting PSD-95. NA-1 was developed in parallel with the eluci-
dation of the role of the PSD-95/nNOS/NMDA receptor complex in excitotoxicity. 
Initially, it was observed that suppression of PSD-95 by antisense DNA in cultured 
neurons increased cell viability and reduced NO levels after NMDA induced toxicity 
without changing neuronal currents and calcium influx [57]. Later, NA-1 was 
designed by fusing the last nine amino acids from the C-terminal NMDA receptor 
subunit GluN2B (KLSSIESDV) with a cell-penetrating peptide sequence 
(YGRKKRRQRRR) derived from the nuclear transcription activation protein (Tat) 
from human immunodeficiency virus type 1 (HIV-1). Treatment of cortical neuron 
cultures with NA-1 reduced cell death induced by treatment with NMDA [29], and 
importantly, reduced brain infarct volumes in vivo in the transient middle cerebral 
artery occlusion (tMCAO) model in rats [29]. Proteomic analysis of potential binding 
partners of NA-1 among 145 expressed human PDZ domains revealed that NA-1 
binds to seven PDZ domains, comprising the four MAGUKs (SAP-102, SAP- 97, 
PSD-95, and PSD-93) and the human Tax-interacting protein 1 (TIP-1) at 
7 nM. However, using an increased NA-1 concentration of 500 nM, the number of 
interacting PDZ domain proteins increased to 44. Suppression of MAGUKs, TIP-1, 
and nNOS proteins using RNAi did not affect the neuronal morphology and integrity. 
Furthermore, inhibiting MAGUKs and TIP-1 had no effect on neurons’ viability after 
being challenged with NMDA. In contrast, inhibition of PSD-95 and nNOS expres-
sion decreased the NMDA-induced cytotoxic effect after the same treatment [75]. 
These results stimulated further studies of NA-1 using different dose regimens and 
different in vivo stroke models (Table 6.1). These studies were pioneered by 
Tymianski and colleagues, who are currently also supporting NA-1 phase IIb/III clin-
ical trials. The wide range of outcome measurements for the same compound reflects 
how complex the mechanisms of brain injury in stroke are. Ideally, the choice of an 
animal model to study neuroprotection must account for this complexity and poorly 
designed pre-clinical trials are one of the reasons why so many compounds that 
appeared effective in animal studies failed to translate its effectiveness into humans 
[88]. For example, the antioxidant NXY-059 showed 36–44 % infarct volume reduc-
tion in the rat permanent MCAO (pMCAO), even in treatments starting 4 h after 
occlusion [89, 90]. However, after having enrolled more than 3000 patients, a clinical 
trial showed no significant effects in functional outcome measurements [91].

In most pre-clinical studies, NA-1 was tested in rodent models using pMCAO, 
tMCAO, or the three-pial vessel occlusion (3PVO) lesion models. In the pMCAO 
model, the occlusion is maintained throughout the study and should cause a more 
severe brain damage than the other models [92]. In the tMCAO model, occlusion is 
kept for a fixed period with an intraluminal suture, which is removed and allows 
reperfusion. This should result in a smaller lesion that decreases progressively with 
time [93]. In the third model, three cortical branches of the middle cerebral artery 
(MCA) are permanently electrocauterized, and since some collateral branches of the 
MCA are not blocked, reperfusion is higher and the resulted lesions are generally 
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Table 6.1 Summary of pre-clinical assessments of NA-1 in vivo efficacy as a neuroprotectant for 
ischemic stroke

Reference
Occlusion 
methoda Animal modelb

Dose and 
dose 
regimenc

Outcome measurementsd

Infarct reduction 
(% of control) Functional assays

Aarts 
et al. [29]

tMCAO 
(90 min)

SD rat 3 nmol/g 
(1 h AO)

67e n = 8 Postural reflexe

3 nmol/g 
(45 min BO)

55e n = 8 Postural reflexe

Soriano 
et al. [96]

MCAO+ SD rat (12 d) 3 nmol/g 
(30 min BO) 
i.p.

15NS n = 7–20 NA

3PVO SD rat 3 nmol/g 
(15 min BO)

80e n = 8 NA

Sun et al. 
[94]

pMCAO SD rat 0.3 nmol/g 
(1 h AO)

39e n = 7 NA

3 nmol/g 
(1 h AO)

34e n = 8 NA

tMCAO 
(90 min)

SD rat 0.03 nmol/g 
(3 h AO)

67e n = 6 NA

0.3 nmol/g 
(3 h AO)

75e n = 6 NA

1 nmol/g 
(3 h AO)

63e n = 6 NA

3 nmol/g 
(3 h AO)

53e n = 8 Barnes mazee

3PVO SD rat 3 nmol/g 
(1 h AO)

60e n = 8 NA

0.3 nmol/g 
(1 h AO)

5NS n = 8 NA

Bråtane 
et al. [95]

pMCAO Wistar rat 3 nmol/g 
(1 h AO)

30e n = 8 Menzies indexe

Bach 
et al. [31]

pMCAO C57BL/6 mouse 
(7–8 w)

3 nmol/g 
(30 min AO)

20NS 6 h, 
n = 17

NA

pMCAO 3 nmol/g 
(30 min AO)

6NS 48 h, 
n = 17

Grip STRENGTHNS, 
rotarode

Teves 
et al. 
[102]

tMCAO 
(30 min)

C57BL/6 mouse 
(8–10 w)

3 nmol/g 
(30 min AO)

0NS n = 10 Bederson scaleNS

10 nmol/g 
(30 min AO)

24e n = 10

tMCAO 
(60 min)

3 nmol/g 
(1 h AO)

0NS n = 20

10 nmol/g 
(1 h AO)

26e n = 20

Bell et al. 
[136]

3VPO SD rat 3 nmol/g 
(15 min BO)

80e n = 8, IA NA

(continued)
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restricted to the cortex. In general, it is seen that NA-1 causes a higher reduction in 
infarct volumes when transient, rather than permanent, models are employed 
(Table 6.1). Sun et al. [94] and Bråtane et al. [95] described reduction of infarct vol-
umes of up to 40 % in the pMCAO model, whereas Aarts et al. [29] and Sun et al. [94] 
reported reductions of more than 70 % using the tMCAO model, while the highest 
reduction (80 %) was observed in the 3PVO model [96]. This indicates that increas-
ing reperfusion could be correlated with increased neuroprotection by PSD- 95 inhib-
itors. The in vivo neuroprotective efficacy of NA-1 was also assessed in gyrencephalic 
non-human primate models, developed by Tymianski and co- workers. This included 
two new tMCAO lesion models; a more severe tMCAO(−p) that results in a rapidly 
shrinking penumbra and second tMCAO(+p) model that allows for collateral 
circulation and increasing the ischemic penumbra area [73]. NA-1 was shown to be 
effective in both models, decreasing infarct volumes and improving functional 
measurements [97]. Interestingly, NA-1 reduced infarct sizes to a larger extent in the 
more severe model, which however could be related to the earlier administration of 
NA-1 in this model, namely 1 h after occlusion versus 3 h after in the tMCAO(+p) 
model. NA-1 was also evaluated in non-human primate model, specifically designed 
as a proof-of-concept study for the subsequent phase II clinical trial, the ENACT 

Table 6.1 (continued)

Reference
Occlusion 
methoda Animal modelb

Dose and 
dose 
regimenc

Outcome measurementsd

Infarct reduction 
(% of control) Functional assays

Cook 
et al. [73]

tMCAO(−p) 
(4.5 h)

Cynomologous 
macaques

1 nmol/g 
(1 h AO)

28e 7d, 
n = 6, 
MRI

NHPSSe

tMCAO(+p) 
(3.5 h)

1 nmol/g 
(3 h AO)

27e 14d, 
n = 12, 
MRI

NHPSSe

tMCAO(−p) 
(90 min)

1 nmol/g 
(1 h AO)

60e 30d, 
n = 10

NHPSSe

Cook 
et al. [98]

Embolic Cynomologous 
macaques

1 nmol/g 
(1 h AO)

60e n = 5, 
MRI

NHPSSNS

apMCAO permanent middle cerebral artery occlusion, 3PVO three pial vessel occlusion, tMCAO 
temporary middle cerebral artery occlusion, MCAO+ severe middle artery occlusion, tMCAO(+p) 
transient middle cerebral artery occlusion with preserved penumbra, tMCAO(−p) transient middle 
cerebral artery occlusion with reduced penumbra, Embolic occlusion was archived by intracarotid 
injection of twenty 100 μm polystyrene spheres, (time) indicates occlusion period in transient 
models
bAll animal models used were male adult individuals except when indicated; SD Sprague–Dawley 
rat strain, d,w animal age in days or weeks, respectively
cAll drugs were administrated intravenously, except indicated; (time) AO drug administrated after 
a specific time after occlusion, (time) BO administration before a specific time before occlusion, 
(time), i.p. intraperitonial administration
dInfarct volumes were measured by histology after 24 h of occlusion, except indicated
eSignificantly different from control; NS non-significantly different from control, IA % of infarct 
area reduction compared with control, MRI magnetic resonance imaging, NA not available, NHPSS 
non-human primate stroke scale
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(Evaluating Neuroprotection in Aneurysm Coiling Therapy) study [98]. In this 
model, it was investigated if NA-1 could reduce the number and volume of small 
embolic strokes lesions generated after intravascular manipulation. Stroke was 
induced in animals with intracarotid injection of small polystyrene spheres, generat-
ing multiple small ischemic areas that could be visualized by MRI and histology. 
NA-1 treatment reduced the number and volume (56 %) of stroke lesions, mainly in 
the cortex region. However, neurological scores showed no differences between drug 
and placebo treatment [98]. Finally, NA-1 safety and efficacy have been assessed in 
a human phase II clinical trial, the ENACT trial [74]. One hundred and eighty-five 
patients who underwent aneurism endovascular repair were treated with NA-1 
(1 nmol/g) immediately after the procedure and infarct volumes and functional out-
comes were compared after 30 days. No serious adverse effect could be attributed to 
NA-1 treatment, nor did the drug affect biochemical and hematological markers. 
NA-1 reduced the number of ischemic infarcts, but not the volume of the lesions or 
the values of the neurocognitive scores. Currently, NA-1 is being evaluated in a 
phase IIb/III clinical trial (The Frontier Trial), in which NA-1 is administrated i.v. by 
paramedics in the ambulance, i.e. prehospital treatment. If NA-1 is proven efficient, 
it has the potential of changing the paradigm in stroke therapy and represents a 
unique successful case after more than hundreds of failed clinical trials.

2.2  Multimeric Ligands Targeting PSD-95

The tandem arrangement of the first two PDZ domains of PSD-95, which is also 
found in the other MAGUKs [36], is suggested to form a supramodular structure 
with distinct binding proprieties from the simple sum of the two individual domains 
[53, 99]. The PSD-95 PDZ12 tandem construct showed limited rotational mobility 
in NMR studies and their binding pockets appear to face the same direction [53]. 
Furthermore, binding affinities between wild-type peptide ligands and PSD-95 
PDZ12 were higher than between the same ligands and the individual PDZ1 and 
PDZ2 domains [53, 100]. This arrangement of PDZ domains was the basis of the 
design of dimeric inhibitors of PSD-95 [84]. These peptides would not only enhance 
binding affinity, but also increase selectivity, as a dimeric interaction with a tandem 
PDZ domain would be more unique than the multitude of possible interactions 
mediated by the S/T-X-ϕ motif alone [75, 101]. Currently, the only dimeric peptide 
ligand that has shown effect in stroke models is AVLX-144, while peptides described 
in this section all showed reduced in vitro affinity to PSD 95 compared to AVLX- 
144 and have not been examined as neuroprotective agents.

The design of AVLX-144 was based on the knowledge that a pentameric 
peptide showed wild-type affinity and that PDZ1 and PDZ2 bind to similar 
peptide sequences [84]. Thus, by cross-linking two pentameric peptides with a 
linker of appropriate length, it should be possible to generate dimeric peptides 
with increased affinity. Bach et al. [30] explored this principle, by connecting 
the IESDV pentapeptide with a polyethylene glycol (PEG) linker, which imme-
diately led to a 100-fold affinity increase. Subsequent optimization of the linker 
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length and peptide sequence (IETAV) led to a dimeric peptide, AVLX-125 
(UCCB01-125), with a Kd of 10 nM, thus being by far the most potent inhibitor 
of PSD-95 and of any PDZ domain in general [30]. Later studies showed that 
AVLX-125 did not permeate the blood–brain barrier to a large extent, which led 
to the design and synthesis of the second- generation dimeric inhibitors. Key to 
this was the design of a custom-made PEG linker including a nitrogen as a 
chemical handle (NPEG-linker), which allowed the introduction of a cell-
penetrating Tat peptide into the dimeric structure, Fig. 6.5 [31]. Gratifyingly, 
these modifications increased affinity relative to AVLX-125, and the resulting 

Fig. 6.5 Structures and binding affinities for PSD-95 and nNOS inhibitors. Kd and Ki values are 
given if otherwise not stated. Affinities for honokiol, tramiprosate, and PPBP have not been 
reported. NA not available
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compound, AVLX-144, is currently the most potent PSD-95 inhibitor with a 
Kd of 4.6 nM, thus being 1000-fold more potent than NA-1 [31]. The increased 
in vitro affinity was also shown to translate into a more effective neuroprotection 
in a pMCAO mouse stroke model compared to NA-1. The mice were treated 
with either AVLX-144 or NA-1 at 3 nmol/g 30 min after occlusion. AVLX-144 
resulted in reduced infarct volumes (40 %) and correspondingly improved neu-
romuscular functions, whereas NA-1 did not show significant effects [31]. 
Recently, Teves et al. [102] examined NA-1 in a tMCAO mouse model and con-
firmed the lack of efficacy of NA-1 at 3 nmol/g, but found a significant infarct 
reduction at 10 nmol/g. Thus, it seems that the therapeutic window of NA-1 
might be smaller than that of AVLX- 144, which could be of importance for the 
further development of these compounds; however, future studies of safety and 
efficacy should hopefully resolve this.

A number of other dimeric ligands targeting PDZ1 and PDZ2 of PSD-95 have 
been developed, Fig 6.5. The supramodular nature of PSD-95 PDZ12 domains was 
investigated by linking a PSD-95 PDZ12 ligand analog through Cys disulphide 
bonds, Fig. 6.5. A decapeptide comprising the six last C-terminal amino acids of the 
Kv1.4 K+ channel, with a Val to Trp mutation in the P−4 position, was connected by 
a peptide linker (Ser-Gly-Ser) and a N-terminal Cys. The dimeric peptide showed 
~20-fold higher affinity for PSD95 PDZ12 relative to the monomeric ligand [53]. 
Rigidified peptide dimeric ligands were prepared and the influence of linker length 
in PSD-95 PDZ12 binding was evaluated. Contrary to previous studies [31], linker 
length caused minor changes in binding affinities, and in all cases, the rigidified 
peptides retained nanomolar affinities to PSD-95 [103].

The role of PSD-95 in trafficking of membrane receptors in neurons was studied 
using dimeric ligands. The NMDAR subunit GluN2A was specifically disrupted 
from PSD-95 seemingly without affecting subunit GluN2B by a 
NRRVYKKλPSIESDV (λ = norleucine) sequence dimerized, Fig. 6.5 [100]. The 
dynamics of AMPA receptors in neurons were studied by inhibiting its interactions 
with PSD-95 and other MAGUK proteins with no influence on Shaker-type K+ 
channels. In contrast, monomeric peptides failed to influence AMPA receptor stabi-
lization and showed reduced binding affinity to PSD-95 PDZ12 [104].

The multimerization strategy was further explored by synthesis of trimeric 
ligands that simultaneously bind to all three PDZ domains of PSD-95 [105]. Starting 
from a dimeric ligand [30], a third binding moiety was added comprising a linker 
and a truncated C-terminal peptide derived from CRIPT. The binding affinity of this 
trimeric peptide for the full length PSD-95 was tenfold higher compared with 
dimeric ligands [105].

In order to enhance the in vivo stability of the dimeric peptide ligand AVLX-125, 
the secondary amine in the NPEG-linker of the dimeric ligand was acylated by dif-
ferent fatty acids, Fig. 6.5 [106]. Similar modifications have previously been shown 
to enhance the half-life of the glucagon-like peptide-1 (GLP-1) in pigs [107]. 
Addition of a fatty acid did not compromise binding to PSD-95 PDZ12, but the 
modification not only dramatically enhanced the in vitro plasma stability, but also 
prolonged the absorption and increased the elimination half-life in rats after 
subcutaneous (s.c.) administration [106].
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2.3  Peptidomimetics Targeting PSD-95

Peptidomimetics are compounds that show structural similarity with peptides and can 
mimic the biological effect of a peptide [108], but offer advantages as drug candi-
dates, such as increased stability against proteolysis, higher permeation through bio-
logical membranes, and the possibility to stabilize a favorable structure conformation 
[109]. In regard to PSD-95, extensive biophysical studies on its binding site identified 
key amino acid residues required for binding [53, 79, 80]. These residues, also called 
‘hot-spots’ [110], were specifically targeted by peptidomimetic compounds in an 
attempt to design small, stable, and cell permeable compounds. While some peptido-
mimetics achieved binding affinities to PSD-95 comparable to wild-type ligands, 
none of them were as active as the dimeric peptide inhibitors [78].

The GluN2B C-terminal sequence was the starting point for the design of PSD- 
95 peptidomimetics inhibitors by Bach and co-workers [84]. First, sequential trun-
cations reduced the natural ligand to the smaller IESAV pentapeptide, which 
retained wild-type affinity to PSD-95 PDZ1 and PDZ2. Then, the ESAV peptide 
was explored in a structure-activity relationship (SAR) study, demonstrating that 
d-amino acids and several non-proteinogenic amino acid substitutions reduced 
binding while N-terminal alkylations increased affinity. Further incorporation of 
bulky groups in N-terminal, such as the cyclohexylethyl group, led to a tenfold 
affinity increase (Ki = 1 μM) compared to the wild-type peptide. Finally, combining 
N-terminal alkylations with introduction of a thioamide between P0 and P−1 in the 
ETAV peptide, Fig. 6.5, increased membrane permeability and plasma stability 
while retaining affinity towards PSD-95 PDZ2 [111].

A range of peptidomimetics was synthesized in parallel by acylating the amino side-
chain at P−1 of the CRIPT analogue (YKQTKV) with different organic acids. In total, 
272 compounds were prepared and screened in a high-throughput ELISA- type assay. 
The top-scoring hits were prepared and a derivative containing a bromobenzylethyl 
amide showed the highest affinity to PSD-95 PDZ3 (Kd = 0.33 μM) compared to the 
CRIPT peptide (Kd = 6.3 μM). Interestingly, the peptidomimetic compound shifted 
NMR signals from PSD-95 PDZ3 residues that are situated beyond the canonical bind-
ing pocket [112], which might indicate that these derivatives bind to additional regions 
not explored by the CRIPT peptide. In a similar study, halogenated phenylalanine 
derivatives were replaced at the P−1 position in the peptide KKETFV. 3,4-Difluoro ana-
logues showed the highest affinity (Kd = 0.28 μM) among the different peptidomimetics, 
but comparable to the previously reported bromobenzylethyl amide [113].

The CRIPT peptide was also used as a template for the synthesis of cyclic peptides 
that inhibited PSD-95 PDZ1 interactions. Positions P−1 (Ser) and P−3 (Gln) were 
replaced by Glu and Lys, respectively, and cyclized through amide bonds using a 
βAla as a linker, generating Tyr-Lys-c[-Lys-Thr-Glu(βAla)]-Val, Fig. 6.5. NMR-
based titrations showed that this compound bound to PSD-95 PDZ1 with a Kd of 
1 μM. Additionally, the cyclic peptide inhibited the interaction between GluK2 sub-
unit of the kainate receptor and PSD-95 PDZ1 with a higher affinity. This inhibition 
was sustained for a longer period, compared with its linear counterpart, which could 
indicate increased peptide stability with no changes in the binding mode [114].
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2.4  Small Molecules Targeting the NMDA Receptor/nNOS/
PSD-95 Complex

In addition to the design and development of peptide and peptidomimetic-based 
inhibitors of the nNOS/PSD-95/NMDA receptor complex, a number of small 
molecule inhibitors have been investigated, although with significant lower affinity 
to PSD-95 compared to their peptidic counterparts.

2.4.1  IC87201

The first small molecule inhibitor targeting the nNOS/PSD-95 complex, IC87201 
(2-((1H-benzo[d][1-3]triazol-5-ylamino)methyl)-4,6-dichlorophenol), Fig. 6.5, was 
identified by ICOS corporation through a high throughput screen of their library, 
consisting of 150,000 small molecules [115]. The screening assay was based on a 
96-well format where the wells were coated with recombinant nNOS (1–299) fol-
lowed by addition of biotinylated PSD-95. The small molecule inhibitors were then 
added in increasing concentrations to the nNOS/PSD-95 complex and the affinity 
was detected using fluorescence. IC87201 was determined to block the interaction 
between nNOS and PSD-95 with an IC50 of 31 μM. The in vitro screen was followed 
up by determining the rate of NMDA-induced increase in cGMP production, which 
is an indirect measurement of NO production, in neuronal cell culture and in pri-
mary rat hippocampal neurons. IC87201 was shown to dose-dependently inhibit the 
cGMP production with an IC50 of 2.7 μM. IC87201 was further characterized in vivo 
using several hyperalgesia models, such as, mouse thermal hyperalgesia model 
using intrathecal (i.t.) administration, tail flicking analgesia model, NMDA-induced 
nociceptive behavioral responses, and mechanical allodynia in rats with chronic 
construction of the sciatic nerve (CCI), which concluded that the IC87201-induced 
inhibition of thermal hyperalgesia could not be explained by inhibition of normal 
nociception. Pharmacokinetic studies in mice showed that peak plasma level was 
reached after 15 min following intraperitoneal (i.p.) administration, whereas the 
behavioral responses peaked after 45 min, suggested being due to the time needed 
for IC87201 to reach its target [115]. Lee et al. later verified that IC87201 disrupts 
the interaction between PSD-95 (1–392) and nNOS (1–199), with an EC50 of 
23.9 μM, by using the fluorescent-based in vitro assay AlphaScreen [116].

2.4.2  ZL006

ZL006 is the result of further optimization of IC87201, Fig. 6.5, and structurally 
similar compared to IC87201 [117]. ZL006 has been described to be an efficient 
inhibitor of the PSD-95/nNOS complex and has shown promising results in vivo 
using ischemic stroke (tMCAO), depression (forced swimming test and tail 
suspension test), and regenerative repair after stroke (tMCAO) models [117–119]. 
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In addition, ZL006 has also been shown to induce neurite outgrowth in vitro and 
inhibit oxidative stress and promote neuroprotection in Parkinson’s disease (PD) 
models [120, 121]. Recently, Lee et al. followed up with an in vitro AlphaScreen 
binding study by using PSD-95 (1–392) and nNOS (1–299). The IC50 of ZL006 
was determined to 12.9 μM [116]. ZL006 has, however, showed low cellular 
uptake [122], and to further enhance the therapeutic effect of ZL006, due to the 
poor permeability across the blood-brain barrier, Wang et al. used T7-conjugated 
PEGylated liposomes loaded with ZL006 (T7-P-LPs/ZL006) to increase the 
transferrin receptor- mediated endocytosis. The ZL006 loaded T7-P-LP lipo-
somes showed a time and concentration-dependent increase in cellular uptake 
using brain capillary endothelial cells (BCEC), two to threefold increase in the 
in vivo biodistribution in the brain after i.v. administration, and significant 
reduced infarct volume in rats after tMCAO, compared to free ZL006, thus 
improving the therapeutic effect [122]. However, the mechanism of action of 
ZL006 has not been well-studied and the proposed inhibition mechanism is sug-
gested to be a direct binding of ZL006 to the extended nNOS PDZ β-finger, 
which binds PSD-95, and thus uncouples the interaction between nNOS and 
PSD-95 [116]. It has previously been shown that a salt bridge interaction between 
Arg121 (in the nNOS β-finger) and Asp62 (in the nNOS PDZ domain) is crucial 
for the interaction between nNOS and PSD-95, as it has a stabilizing effect on the 
secondary structure of the β-finger [123]. As such, Zhou et al. have proposed that 
the carboxylate of ZL006 interrupts the salt bridge interaction between Arg121 
and Asp62 [117]. To gain further insights into the ZL006 binding mechanism, 
Bach et al. utilized several biochemical and biophysical methods, but could not 
show that ZL006 directly interacts with the PDZ domains of nNOS (12–130) or 
PSD-95, nor inhibits the interaction between nNOS/PSD-95 [124]. This indicates 
that the mechanism of action of ZL006 might be through an indirect nNOS effect, 
rather a direct interaction between ZL006, nNOS, and PSD-95.

2.4.3  Tramiprosate

Tramiprosate (homotaurine, 3-amino-1-propane sulfonic acid (3-APS)) is a 
small aminosulfonate compound derived from red marine alga [125], Fig. 6.5. It 
has previously been investigated as a potential drug candidate for the treatment 
of Alzheimer’s disease (AD), but failed in Phase III clinical trials [126]. Wu 
et al. further characterized the adverse effects of tramiprosate by investigating 
the neuroprotective effect on ischemic-induced brain damage and its modula-
tory effect on the PSD-95/nNOS/NMDA receptor complex. Tramiprosate was 
shown to dose- dependently reduce infarct volume in tMCAO-induced rats with 
a protective effective dose at 6 mg/kg and with a therapeutic time window 
(50 mg/kg) up to 6 h for cerebral ischemia. To investigate the potential effect on 
the PSD-95/nNOS/NMDA receptor complex by activating NMDA receptor, the 
non-selective NMDA receptor subunit antagonist MK801 (1 mg/kg) was 
administrated 4 h post MCAO. Tramiprosate alone reduced the infarct volume, 
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whereas the co-administration of MK801 and tramiprosate abolished the effect, 
indicating that effect of tramiprosate is mediated by the NMDA receptor path-
way. To further investigate the importance of PSD-95/nNOS/NMDA receptor 
complex, Wu et al. performed co-immunoprecipitation on lysate from rat brain 
tissue from the ipsilateral ischemic area 24 h post MCAO, primary neurons, and 
PC12 cells. Tramiprosate treatment showed that the translocation of nNOS to 
the membrane from the cytosol was significantly inhibited without affecting the 
total nNOS expression level in vivo and in vitro, indicating that neuroprotective 
effect of tramiprosate is potentially driven by the modulation of the PSD- 95/
nNOS interaction and nNOS translocation [127].

2.4.4  4-Phenyl-1-(4-Phenylbutyl)-Piperidine

The sigma receptor agonist 4-phenyl-1-(4-phenylbutyl)-piperidine (PPBP), 
Fig. 6.5, has also been shown to decrease the membrane recruitment of nNOS 
via modulating the PSD-95/nNOS interaction without affecting the NMDA 
receptor/PSD-95 interaction. Goyagu et al. found that continuous i.v. adminis-
tration of PPBP after tMCAO attenuates infarct volume in rat. In addition, the 
[14C]-citrulline recovery in the striatum was markedly reduced, which is an indi-
rect measurement of reduced NO production, as NO is the side product of NOS-
catalyzed conversion of arginine to citrulline. The decrease of infarct volume 
following PPBP treatment reflected the effect of 7-nitroindazole (7-NI), an 
inhibitor of nNOS. However, combining PPBP and 7-NI did not further alter the 
infarct volume. To get insights into the mechanism, Goyagu et al. used geneti-
cally deficient nNOS mice (nNOS knockout (KO)). Upon PPBP treatment, the 
nNOS KO mice showed a decrease in infarct volume similar to the decrease for 
WT animals treated with PPBP, indicating that PPBP likely acts upstream of 
neuronal NO production [128]. Yang et al. has further investigated the effect of 
PPBP by showing that a low continuously i.v. dose of PPBP has a neuroprotec-
tive effect in newborn piglets after hypoxia–ischemia brain injury, to the same 
effect as seen for MK801. However, a high dose of PPBP had only marginally 
improved effects. The authors speculate that this could be due to the side effects 
generated by a complete block of the NMDA receptor. In addition, a high dose 
of PPBP could potentially also affect the sigma-1 receptor and its interaction 
partners. Yang et al. also showed that the nNOS protein expression in the mem-
brane fraction of putamen was significantly induced 3 h after induced hypoxia–
ischemia in newborn piglets (H–I) and that this increase could be reduced by 
treatment of PPBP. However, the expression of nNOS in the cytosolic fraction 
was not affected 3 h after H–I or by PPBP treatment. To further investigate if the 
altered nNOS expression levels after H–I were related to the PSD-95/nNOS/
NMDA receptor interaction, Yang et al. could show by co-immunoprecipitation 
that the level of PSD-95 coupled to nNOS, but not the amount PSD-95 coupled 
to GluN2A/2B, was significantly increased after H–I and further on that this 
increase could be reduced by PPBP treatment. However, the interactions 
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between nNOS/PSD-95 and PSD-95/GluN2A/B were not affected in prefrontal 
cortex after H–I or PPBP treatment. This tissue-specific mechanism of anchoring 
nNOS to PSD-95 was shown to be regulated by phosphorylation of nNOS at 
Ser847. Interestingly, PPBP treatment reduced the phosphorylation level of 
Ser847. Thus, it is still up for debate if PPBP directly regulates the PSD-95/
nNOS interaction or if the neuroprotective effect is mediated via a yet undefined 
indirect mechanism [129].

2.4.5  Honokiol

Honokiol is a natural biphenol compound, Fig. 6.5, which can be extracted and 
isolated from bark from several species of the magnolia family [130]. Honokiol 
has previously been shown to have anxiolytic, analgesic, anti-depressant, anti- 
inflammatory, anti-thrombic, anti-microbial, anti-tumorigenic, and neuroprotec-
tive properties [130]. Furthermore, multiple putative pathways for modulation of 
the neuroprotective effect have been investigated and relate to its described mod-
ulatory effect on GABAA receptor, NFkB, and NMDA receptor [131–134]. In 
2013, Hu et al. investigated the effect of honokiol on the NMDA receptor-signal-
ing pathway and showed that honokiol significantly protected rat cortical neu-
rons from glutamate and oxygen-glucose-deprived (OGD)-induced injury. 
Hence, Hu et al. further investigated the effect of honokiol on the PSD-95/
nNOS/NMDA receptor complex and found that honokiol disrupts the nNOS/
PSD-95 interaction but not the PSD-95/NMDA receptor and inhibits the translo-
cation of nNOS from the cytosol to the membrane, without affecting the total 
expression of nNOS in cultured cortical neurons. Furthermore, neurons pretreated 
with 10 μM honokiol for 1 h significantly inhibited the toxic NO production in 
neurons challenged with glutamate, which further supports a modulating effect 
of honokiol [135]. Nonetheless, there is no detailed information regarding the 
binding site for honokiol, nor any data showing a direct interaction between 
nNOS and/or PSD-95 and honokiol.

3  Conclusion and Outlook

Ischemic stroke is certainly among the largest and most challenging unmet medical 
needs in the Western world today. Historically, developing safe and efficient drugs 
to treat ischemic stroke has for many reasons been exceedingly difficult. In recent 
years, PSD-95 has emerged as one of the most promising strategies for neuropro-
tection and potential treatment of ischemic stroke and currently two compounds, 
NA-1 and AVLX-144, have shown particular promise. Thus, targeting PSD-95, 
combined with exciting developments in clinical trials of ischemic stroke, seems 
to hold great promise.
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Chapter 7
ATP-Sensitive Potassium Channels (KATP) Play 
a Role in Hypoxic Preconditioning Against 
Neonatal Hypoxic-Ischemic Brain Injury

Zhong-Ping Feng and Hong-Shuo Sun

Abstract ATP-sensitive potassium (KATP) channels are known as the potassium- 
conducting channels coupling cellular metabolic status to membrane electrical 
activity. Either an increase in ADP or decrease in ATP levels opens KATP channels 
and hyperpolarizes the membrane potential. Knocking out the inward rectifier K+ 
channel (Kir6.2) subunit of the KATP channels or pharmacologically blocking KATP 
channels increases brain injury. Overexpression of the Kir6.2 subunit or pharmaco-
logically opening KATP channel reduces neuronal injury from ischemic insults. 
Hypoxic preconditioning (HPC) provides neuroprotection against subsequent isch-
emic brain injury. Similar to its effects in heart, KATP channels contribute to the 
hypoxic preconditioning-induced neuroprotection. KATP channels may therefore 
serve as therapeutic targets in ischemic or hypoxic-ischemic brain injury.

Keywords Ion channels • KATP channels • Neuroprotection • Hypoxic precondi-
tioning • Hypoxic-ischemic brain injury • In-vivo
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Abbreviations

ABC ATP-binding cassette protein
ABCCx ATP-binding cassette Cx gene
ADP Adenosine diphosphate
ATP Adenosine triphosphate
HPC Hypoxic preconditioning
IPC Ischemic preconditioning
KATP ATP-sensitive potassium channels
KCN Gene name for potassium channel
KCNJ11 Potassium channel J11 gene
Kir Inward rectifier potassium channels
MCAO Middle cerebral artery occlusion
NBD Nucleotide binding domain
PIP2 Phosphatidylinositol 4,5-biphosphate
PKA Protein kinase A
PKC Protein kinase C
RT-PCR Reverse transcription polymerase chain reaction
SNr Substantia nigra
SUR Sulfonylurea receptor
TM Transmembrane region
TMD Transmembrane domain

1  Introduction

Adenosine triphosphate (ATP)-sensitive potassium (KATP) channels conduct weak 
inward-rectifier potassium currents that are inhibited by intracellular ATP and linked 
the cellular metabolic status to the cell membrane electrical activity, thus regulating 
the cell function [1–4]. KATP channels belong to the Kir superfamily and were origi-
nally identified in the heart [1]. These channels were later reported in other tissues, 
including the skeletal muscle [5], smooth muscle [6], brain [7–10], pituitary gland 
[11, 12], kidney [13], and in pancreatic beta cells [2, 14–16]. Opening of K+ chan-
nels hyperpolarizes the cell membrane potential toward the K+ equilibrium potential 
(EK), and thus, stabilizes the membrane [17]. A decrease in the ratio of ATP/ADP 
(adenosine diphosphate) opens KATP channels (leading to hyperpolarization), 
whereas an increase in the ATP/ADP ratio closes KATP channels (leading to depolar-
ization). Thus, KATP channels are considered as a cellular metabolic sensor- regulating 
electrical activity of cell membranes.

KATP channels play a critical neuroprotective role in stroke or ischemic brain injury 
[18] as one of the non-glutamate mechanisms for stroke [19, 20]. Ischemic precondi-
tioning (IPC) of the heart [21, 22] and ischemic tolerance of the brain [23, 24] are natu-
ral adaptive processes induced by a range of sublethal insults (such as brief ischemia or 
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transient hypoxia) preceding sustained ischemia and can decrease infarct size [22, 25]. 
This chapter focuses on neuronal KATP channels and the neuroprotective role of KATP 
channels in pre-conditioning in cerebral ischemia and hypoxic-ischemic brain injury.

2  Classification and Structures of KATP Channels

KATP channel is a member of the inward rectifier K+ (Kir) channel superfamily [1]. 
The functional KATP channels are hetero-octamers constituted of four pore-forming 
Kir6 subunits [26, 27] and four modulatory sulfonylurea receptor (SUR) subunits 
[3, 28, 29]. These subunits are organized in a one-to-one stoichiometry ratio.

2.1  Kir6.1 and Kir 6.2 Subunits

The Kir6.x includes two members, Kir6.1 and Kir6.2, encoded by KCNJ8 gene and 
KCNJ11 gene, respectively. Kir6.1 gene (KCNJ8) is mainly found in the mitochon-
dria [10, 30, 31] and Kir6.2 gene (KCNJ11) is located on chromosome 11. The 
human Kir6.2 submit shares 96 % identity with the sequences of that in mouse and 
rat [26]. Kir6.2 subunits are found in cell membranes (cell surface membranes, 
plasmaleminal or sarcolemmal membrane) [3, 10, 28, 29, 31]. Both sarcolemmal 
and mitochondrial KATP channels have been reported [3, 10, 28, 29, 31].

Kir6.2 subunit consists of two transmembrane domains (TM1, and TM2), which 
are linked by an extracellular loop (H5) to constitute the pore [17, 32] (Fig. 7.1). 
The KATP channel pore is formed within the four TM2 domains of the Kir6.2 sub-
unit. The Kir6.2 channel selective filter is located in the H5 region and encoded the 
signature sequence GFG, which differs to the conserved GYG sequence in the other 
K+ channels [17]. The cytoplasmic amino (N-) and carboxyl (C-) terminals of the 
Kir6.2 subunits link together as the cytoplasmic domain and are responsible for 
channel gating and ATP binding [17, 32]. Similar to other Kir subunits, Kir6 subunit 
does not contain the S4 voltage sensor segment that is critical for gating in all 
voltage- dependent calcium, sodium, and potassium channels. KATP channels are 
constitutively active when ATP are low or absent.

2.2  SUR 1 and SUR 2 Subunits

The SUR regulatory subunits of KATP channels belong to the ATP-binding cassette 
(ABC) transporter family [33, 34]. Two regulatory SUR subunits of KATP channels 
have been identified, SUR1 and SUR2 [34, 35]. SUR1 subunit is encoded by the 
ABC C8 (ABCC8) gene located on chromosome 11p15.1, and SUR2 encoded by 
the ABCC9 gene located on chromosome 12p12.1.
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The SUR regulatory subunits bind to Mg-ADP [17]. Each SUR subunit has 17 
TM sections that are grouped into three transmembrane domains (TMDs) 
(Fig. 7.1). In contrast to TMD1 (TM6-11) and TMD2 (TM12-17), which are con-
served among other members of the ABC family, TMD0 (TM1-5) of SUR1 is 
structurally unique to SUR. TMD0 is responsible for trafficking the Kir6.2 
subunits to the membrane surface [36]. SUR subunits also contain two nucleotide-
binding domains (NBDs), similar to all other ABC transporters. The dimer of 
NBDs creates a single nucleotide- binding site and a catalytic site each. 
Mg-dependent hydrolysis of the NBD dimer disinhibits ATP blockage on Kir6.2 
[32]. The SUR regulatory subunits do not conduct any current, in contrast to the 
other traditional ABC transporters [34].

SUR1 subunit is mainly found in pancreatic beta cells and neurons [34, 35, 37]. 
The SUR2 subunit is mainly found in the heart and skeletal muscles, also in some 
neurons [17, 32]. SUR2A and SUR2B are the two alternative splice variants of 
SUR2 subunit. Both are structurally similar except the last 42 C-terminal residues 
(C42) [38]. However, the C42 of SUR2B are highly homologous to the C42 of 
SUR1 [38]. Since most KATP channels reported contain the Kir6.2 pore-forming 
subunit, the heterogeneity observed between the channels is mainly due to the dif-
ferential expression of the regulatory SUR subunits. SUR1 subunit binds to sulfo-
nylurea with a high affinity [34, 35, 37], whereas SUR2 has lower affinity for 
sulfonylureas binding [17, 32].

Membrane topology of KATP channel (SUR / Kir6.x)
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Fig. 7.1 Schematic display of membrane topology of KATP channel. Sulfonylurea receptor (SUR) 
has three transmembrane domains, TMD0, TMD1, and TMD3, with each domain with five, six, 
and six transmembrane segments. Nucleotide binding folds, NBF-1 and NBF-2, are in the intracel-
lular loop between TMD1 and TMD2 domains and in the intracellular C-terminal region. Walker 
A motif (A) and Walker B motif (B) in the nucleotide-binding folds
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3  Gating, Regulation, and Pharmacology of KATP Channels

3.1  Gating

A functional KATP channel requires (SUR/Kir)4 [3, 28, 29], consisting of four 
pore- forming subunits (Kir6.1/Kir6.2) and four modulatory sulfonylurea recep-
tor (SUR1/SUR2) subunits [2, 14]. The KATP channels consisting of Kir6.1 sub-
unit exhibit a smaller unitary conductance than that of Kir6.2 subunit [28], and 
the most functional KATP channels reported are Kir6.2-based. The KATP channels 
conduct a weak inwardly rectifying K+ current to hyperpolarize the membrane 
following energy depletion, and thus regulate the electrical activity of cell 
membranes as a cellular metabolic sensor [3, 28, 29, 39] (Fig. 7.2).

KATP channels are activated by Mg-ADP via binding to SUR regulatory sub-
unit [3, 28, 29, 40]. KATP channels exhibit fast gating with long inter-burst closing 
kinetics [41–43]. The pore-loop near the selectivity filter of the Kir6.2 subunit 
determines the fast gating properties [41, 44], while ATP binding to the TM2 
helices regulates the long last inter-burst closing kinetics [42, 45]. KATP channels 
exhibit one open and multiple closed states shown by the conformational 
modeling [32, 43]. All four Kir6.2 subunits in the open conformation are required 

KATP Channel Functions as Metabolic Sensors
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Fig. 7.2 Schematic display of neuronal KATP channels functions in the brain. KATP channels act as 
metabolic sensors to link cell membrane electrical activity of the neuron to the cell metabolic sta-
tus. Under normal metabolic conditions, KATP channels close due to the high ATP/ADP ratio inside 
the cell. When the ATP/ADP ratio drops by either decreasing ATP levels or enhancing ADP levels 
inside the cell, KATP channels open and allows potassium (K+) ions to flow out of the cells, thus 
hyperpolarizing the neuronal cells (SUR sulfonylurea receptor)
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for the open state of the channel. Once any one of the four subunits binds to ATP, 
the channel will be shifted from the open state of a closed state. SUR subunits 
couple their N-terminal bundle of five TM helices (TMD0-L0) to the outer helix 
and N-terminus of Kir6.2, to keep the gating of the ATP-inhibited Kir6.2 pores 
[37, 46]. This coupling bidirectionally modulates channel gating [37, 46].

3.2  Regulation by Nucleotides, ATP and Mg-ADP

Sensitivities of the KATP channels to the nucleotides ATP and ADP are dependent on 
the channel subtypes [28]. Kir6.2 subunit binding to ATP inhibits the KATP channels 
[47]. Each Kir6.2 subunit forms one ATP-binding pocket located at the cytoplasmic 
domain [36, 44, 48]. The ATP-binding pocket is composed of residues R50, I182, 
K185, R201, and G334 [17, 32]. Interruption of ATP binding releases channel inhi-
bition and permits channel activation [17, 32].

The SUR subunits bind to Mg-ADP [3, 28, 29, 40] which is the endogenous 
activator of KATP channels [17]. The NBDs, Walker A, and Walker B motifs are 
located at the two large cytosolic loops following the TMD1 and TMD2 each 
(Fig. 7.1). Dimerization of the two NBDs creates the catalytic sites for ATP 
hydrolysis and is essential for transducing the ADP effect on Kir6.2 [49–51]. 
Mutations, including G1479R [40, 52] in the NBD2 of SUR1 and V187D [53] in 
the TMD0 of SUR1, disrupt NBD dimerization and reduce the ADP-mediated 
activation of KATP channels [47]. Under normal physiological ATP levels, the 
probability of opening KATP channels is extremely low in the absence of SUR 
regulatory subunits [17, 32].

3.3  Pharmacological Properties

KATP channels have distinctive pharmacology [28], and the major pharmacologi-
cal targets are the SUR subunits. The sulfonylureas, including glibenclamide, 
acetohexamide, tolbutamide, glipizide, and glimepiride, bind to SUR subunits 
to block the channels with different affinity [28, 54]. Kir6.2/SUR1 KATP chan-
nels [55] bind to tolbutamide and glibenclamide with a high affinity (Ki = 2 μM), 
which is determined largely by the serine residue (S1237) at the C-terminus of 
SUR1. The SUR1 subunit binding to glibenclamide also requires a bivalent 
structure in the cytoplasmic loop 3 between TM5 and TM6 and the cytoplasmic 
loop 8 between TM15-TM16 [56]. Kir6.2 subunit binds to tolbutamide with a 
low affinity (Ki = 1.8 mM) [57].

KATP channel openers increase the channel conductance and hyperpolarize cell 
membrane. The typical channel openers include diazoxide, cromakalim, pinacidil, 
nicorandil, minoxidil sulfate, and iptakalim. Diazoxide [3] has been suggested to 
bind to SUR1 subunits to increase K+ efflux through the Kir6.2/SUR1 channels 
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[58], while the site of action for diazoxide on KATP channels remains controversial. 
Cromakalim, pinacidil, and nicorandil bind to the TM2 domain of SUR2; specific 
residues that are essential for the drug binding in SUR2A include L1249 and T1253, 
and in SUR2B include T1286 and M1290 [59–61]. Iptakalim interacts with the 
SUR subunits [62] of Kir6.2-KATP and/or Kir6.1-mitoKATP channels [63], leading to 
cytoprotection [64]. In general, SUR1- and SUR2-based channels have different 
binding affinities to sulfonylureas drugs, whereas SUR2A- and SUR2B-based 
channels have different affinity to diazoxide [28].

3.4  Non-nucleotide Cellular Regulation

KATP channel activity is regulated via other cellular mechanisms, in addition to 
ATP and ADP. For instance, phosphatidylinositol 4,5-biphosphate (PIP2) binds to 
channels via the cytoplasmic domain, decreases the ATP sensitivity of the chan-
nels, and prevents the channel from closing, thus stabilizing the channel open 
state [39, 65, 66]. KATP channel activity is regulated by protein kinase A (PKA) in 
smooth muscle cells [67, 68]. In β-pancreatic cells, the channels are regulated by 
leptin via both PKA [69, 70] and AMP-activated protein kinase [69]. In β-pancreatic 
cells, syntaxin 1A, a SNARE protein, binds to the SUR1 subunits, suppresses KATP 
channel activities [71–75], reduces the membrane expression level of KATP chan-
nels [76], and attenuates effects of the channel openers, including diazoxide, 
P1075, and cromakalim [77, 78].

4  Distribution of Neuronal KATP Channels

The neuronal KATP channels are mainly Kir6.2/SUR1 [3, 7, 10]. In the mamma-
lian brain, Kir6.2-based KATP channels are found in various regions [7, 9, 79], 
including the substantia nigra (SNr) [80, 81], neocortex [82], hippocampus [83], 
and hypothalamus [84, 85], and in multiple type of brain cells, including glial 
cells [83, 86] and neurons in the hippocampus [87], dorsal vagus [88], hypo-
thalamus [84, 85, 89], and SNr [90]. Kir6.2 mRNA, detected by single cell 
RT-PCR analysis, is predominantly expressed in interneurons, pyramidal, gran-
ule, and neuroglial cells in the hippocampus of young rats (10-13 days) [83]. 
Kir6.2 subunits are mainly located in the somata and dendrites of the central 
neurons [91–93].

The mitochondrial protein level of Kir6.1 subunit is 6–7 fold higher in the 
brain than that in the heart and liver in rat [10]. Radioligand binding assays 
showed the heterogeneous regional distribution of glibenclamide-sensitive KATP 
channels, with the highest densities in the substantia nigra and the globus pallidus 
regions, and the low level in hypothalamic nuclei and the main medullar oblon-
gata areas [94].
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5  The Roles of Neuronal KATP Channel Under Physiological 
Conditions

KATP channels exhibit two major roles under physiological condition, glucosensing 
and non-glucosensing. KATP channel is involved in glucose homeostasis in the hypo-
thalamus by regulating the hormone secretion via the autonomic nervous system 
[95]. The non-glucosensing role of KATP channels [83, 89, 96] includes regulating 
cell excitability [97, 98]. Opening KATP channels by the ketone body R-beta- 
hydroxybutyrate increases neuronal electrical activity [99]. In brainstem inspiratory 
neurons, burst openings of single KATP channel synchronize with the rhythm of fir-
ing [100]. Blocking the Na–K ATPase suppresses the single channel conductance of 
KATP channels in the dentate granule (by strophanthidin) [99] and reduces the Popen 
of KATP channels [100]. It is likely that Na influx during action potentials activates 
Na–K ATPase, increases ATP consumption, and thus regulates the opening of KATP 
channels under physiological conditions.

6  Neuroprotective Role of KATP Channels in Cerebral 
Ischemia

KATP channels in the central neurons remain closed due to high intracellular ATP 
levels under physiological condition. Under conditions of severe metabolic depriva-
tion, such as anoxia, ischemia, or hypoxia, energy failure reduces the ATP/ADP 
ratio and activates neuronal KATP channels (Fig. 7.2).

Consistent with other studies [87, 101–106], we reported that the KATP channel- 
mediated neuroprotection occurs during the initial phase of ischemia/hypoxia in 
focal and global ischemia models [92, 93]. During the first 5 min of ischemia, mem-
brane hyperpolarization was observed in both hippocampal and cortical neurons in 
the wild-type animal [93]. The hypoxic hyperpolarization was absent in Kir6.2 
knockout mice [92] or following pretreatment with the KATP channel blocker tolbu-
tamide [93]. In addition, rapid depolarization and increased neuronal activity were 
observed in hippocampal CA1 neurons in Kir6.2 knockout mice [92]. In vivo study 
showed that cortical neurons in the Kir6.2 knockout mice [92] are more vulnerable 
to ischemic insults by middle cerebral artery occlusion than that in the wild-type 
[93]. In an independent study, LePoith group showed that overexpression of 
Kir6.2 in knock-in (KI) mice reduced the spontaneous electrical activity of the neu-
rons from hippocampal and cortical regions and decreased the infarction area as 
comparing to that of the wild-type animals [107]. Opening of KATP channels causes 
cell membrane hyperpolarization and in turn suppresses neuronal activity and excit-
ability [87, 92, 93, 103]. This hypoxia-ischemia-induced membrane hyperpolariza-
tion is considered as one of the cellular mechanisms underlying neuroprotection 
against stroke [92, 93]. Taken together, these findings using the pharmacological 
and genetic approaches strongly support the notion that Kir6.2-containing KATP 
channels are neuroprotective against ischemia.
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Ischemic insults and stress cause anoxic membrane depolarization and 
excitotoxicity and resulted in neuronal damage and neurodegeneration [23, 104]. 
Low energy levels activate the cell membrane KATP channels to hyperpolarize neu-
rons (Fig. 7.2) during ischemic insults and stress [108], thus protecting neurons 
from death. KATP channel proteins have been detected in different neurons in the 
hippocampus of adult rats [86]. The interneurons, CA3 neurons, and granule cells 
are relatively resistant to ischemic injury, especially in global ischemia [109, 110], 
which may be, at least in part, related to their higher expression level of KATP chan-
nels. In addition, KATP channels have been found in astrocytes [106] and reactive 
microglial cells [105]. Upregulation of SUR1 [105, 106], SUR2B [106], and Kir6.2 
[106] subunits in the non-neuronal cells was also observed following ischemic 
insult. Taken together, neuroprotective role of KATP channels may be mediated via 
multiple mechanisms following ischemic brain injury and these mechanisms require 
further investigation.

7  KATP Channels in Preconditioning in Cerebral Ischemia or 
Hypoxic-Ischemic Brain Injury

7.1  Ischemic or Hypoxic Preconditioning

One of the fundamental properties of living cells is their adaptive capability for cyto-
protection following recurrent sublethal stressors. Ischemic preconditioning (IPC) or 
hypoxic preconditioning (HPC) is one of these capacities that allow cells to survive 
exposure to recurrent brief ischemic or hypoxic stressors. Preconditioning induces isch-
emic tolerance that includes a rapid phase that lasts for an hour followed by a delayed 
sustained phase [111]. The delayed ischemic tolerance phase is normally detectable 
after 1 day and reaches to the peak at 3 days before fading out after 7 days [111], and 
thus, provides the time window for preconditioning-induced neuroprotection.

IPC was first reported in the heart [21, 22] as a natural adaptive cytoprotective 
process induced by a range of transient ischemic/hypoxic insult preceding sustained 
ischemia [22, 25]. Such inducible ischemic tolerance, HPC, was also found in the 
brain [23, 24]. Ischemic tolerance has been successfully induced in experimental 
models of cerebral ischemia in both adult [112, 113], and neonatal animals [114–
117], and is considered as a promising approach for neuroprotection.

7.2  KATP Channels in Hypoxic Preconditioning-Induced 
Neuroprotection

We recently reported that KATP channel activity increased together with an upregula-
tion of the protein level of Kir6.2 subunits in hippocampal neurons after HPC [118]. 
HPC 2 days prior to HI insults reduced subsequent HI-induced infarct volume and 
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TUNEL positive cell counts in the neonatal brains. The expression and activities of 
KATP channel reach a stable high level 2 days following the HPC [118], consistent 
with the time course for the delayed phase of ischemic tolerance [111]. A PKC 
inhibitor, chelerythrine, when applied 2 days after the preconditioning and before 
the HI, blocked the HPC-mediated protective effect in the hypoxic-ischemic brain 
injury [118]. HPC enhances the pro-survival and suppresses pro-apoptotic signaling 
pathways [119–121]. In the neonatal HI model, HPC 2 days prior to HI restored the 
Akt pro-survival signaling and inhibited the caspase-3 pro-apoptotic signaling and 
improved functional and behavioral recovery [115]. The ischemic tolerance induced 
by HPC was blocked by the KATP channel blocker tolbutamide, further supporting 
the notion that HPC in neonatal HI brain injury is mediated by neuronal KATP chan-
nels. The cell protective effects of preconditioning can be chemically mimicked by 
the KATP channel opener diazoxide, both in heart [122] and in brain in adult [123] 
and neonates [118].

Activation of mitochondrial KATP channels initiates IPC in heart and reduces the 
Ca2+-dependent mitochondrial dysfunction during ischemic reperfusion [124–126]. 
Similarly, mitochondrial KATP openers, diazoxide or BMS-191095, reduce neuronal 
death [mice: [127]; rats: [124, 128–130]]. A selective mitochondrial KATP channel 
blocker, 5-hydroxydecanoate, blocks HPC-induced neuronal protection in MCAO 
focal cerebral ischemia [131]. In contrast, xenon-induced preconditioning is only 
mediated by cell membrane KATP channels [132]. The mechanisms underlying the 
KATP channel-related neuroprotective effects during HPC remain unclear. However, 
SUR1 subunits may not be directly involved because SUR1 knockout mice in adult 
exhibit preconditional ischemic tolerance [132].

8  Conclusion

Preconditioning increases the resistance of tissue against subsequent and poten-
tially lethal ischemic attack and is a natural adaptive process against cell death 
preceding sustained ischemia. Strong evidence indicates both plasma membrane 
and mitochondrial KATP channels are involved in preconditioning, thus providing 
potential drug targets for preventing damage and enhancing functional recovery for 
neuroprotection against stroke-related brain injury. It is critical to understand the 
fundamental molecular and cellular mechanisms contributing KATP channel-medi-
ated preconditioning, so that novel therapeutic methods can be established in future.
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Chapter 8
Targeting Oxidative Stress in Stroke

Anders Bach

Abstract Reactive oxygen species (ROS) and reactive nitrogen species (RNS) 
are produced under physiological conditions as innocent by-products and serve as 
useful redox signalling molecules. An advanced set of endogenous antioxidants 
safely handle these reactive species, which allows for them to be utilized by our 
cells and tissues. In many diseases, including ischaemic stroke, this fine balance 
is shifted so that our antioxidants are outnumbered by ROS and RNS; this results 
in oxidative stress, which can lead to toxicity and cell death with severe and 
potentially lethal consequences for the individual. Oxidative stress plays a crucial 
and central role in the pathophysiological cascade responsible for brain damage 
following a stroke by mediating severe toxicity in the acute phase and initiating 
and contributing to late- stage apoptosis and inflammation. This review will 
describe the chemistry, biochemical sources, and harmful effects of ROS/RNS in 
order to provide insight into the diverse and complex elements of oxidative stress. 
Then, oxidative stress’ relationship to ischaemic stroke will be addressed, with a 
focus on the biochemical mechanisms that lead to neurotoxicity. Pharmacological 
strategies to inhibit oxidative stress in cerebral ischaemia are discussed, including 
examples that cover past and present efforts. Three potential drug targets against 
oxidative stress and ischaemic stroke are highlighted, namely PSD-95, NADPH 
oxidase, and Keap1, and the potential of multi-target drug discovery in relation to 
ischaemic stroke is outlined.
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Abbreviations

AIF Apoptosis-inducing factor
AKBA Acetyl-11-keto-β-boswellic acid
AMPA α-Amino-3-hydroxyl-5-methyl-4-isoxazolepropionic acid
Apaf-1 Apoptotic protease-activating factor-1
ARE Antioxidant response element
BBB Blood-brain barrier
cGMP Cyclic guanosine 3′,5′-monophosphate
COPD Chronic obstructive pulmonary disease
COX-2 Cyclooxygenase-2
CPP Cell-penetrating peptide
CREB cAMP response element-binding protein
CSD Cortical spreading depression
DC Direct current
DMF Dimethyl fumarate
ENACT Evaluating neuroprotection in aneurysm coiling therapy
eNOS Endothelial nitric oxide synthase
FAD Flavin adenine dinucleotide
FADH2 Flavin adenine dinucleotide (reduced)
FBDD Fragment-based drug discovery
FMN Flavin mononucleotide
GPx Glutathione peroxidases
GST Glutathione S-transferase
HCAR2 Hydroxycarboxylic acid receptor 2
HNE 4-Hydroxy-2,3-nonenal
HO-1 Heme oxygenase 1
HTS High-throughput screening
ICH Intracerebral haemorrhage
iNOS Inductive nitric oxide synthase
Keap1 Kelch-like ECH-associated protein 1
l-NAME l-NG-nitroarginine methyl ester
l-NNA l-NG-nitroarginine
LTP Long-term potentiation
MMF Monomethyl fumarate
MOMP Mitochondrial outer membrane permeabilization
MPT Mitochondrial permeability transition
MPTP Mitochondrial permeability transition pore
NADH Nicotine adenine dinucleotide (reduced)
NADPH Nicotinamide adenine dinucleotide phosphate (reduced)
NMDA N-methyl-d-aspartate
nNOS Neuronal nitric oxide synthase
NOX NADPH oxidase (catalytical subunit)
NQO1 NAD(P)H dehydrogenase (quinone) 1
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Nrf2 Nuclear erythroid-related factor 2
8-OH-dG 8-Hydroxy-deoxy-guanidine
8-oxodG 8-Oxo-2′-deoxyguanosine
PARP Poly (ADP-ribose) polymerase
PBN α-Phenyl-N-tert-butyl nitrone
PDZ PSD-95/Discs-large/ZO-1
PI3K Phosphatidylinositol-3-kinase
PKC Protein kinase C
PLA2 Phospholipase A2
PLC Phospholipase C
pMCAO Permanent middle cerebral artery occlusion
PSD-95 Postsynaptic density protein-95
RET Reverse electron transport
RNS Reactive nitrogen species
ROS Reactive oxygen species
RSCEM Rabbit small clot embolic stroke model
rtPA Recombinant tissue-plasminogen activator
RyR1 Ryanodine receptor Ca2+ channel
SDH Succinate dehydrogenase
SOD Superoxide dismutase
STAIR Stroke therapy academic industry roundtable
STAZN Stilbazulenyl nitrone
tBHQ tert-butylhydroquinone
TCA Tricarboxylic acid
tMCAO Transient middle cerebral artery occlusion
TRPM7 Transient receptor potential cation channel M7
XO Xanthine oxidase

1  Oxidative Stress

1.1  Introduction

Oxygen (O2) is a vital molecule for plant and animal life. In aerobic organisms, 
oxygen is needed to drive the mitochondrial respiration process, which is essential 
for cellular energy metabolism. As a side effect, this process generates reactive oxy-
gen species (ROS) that can react with and oxidize bioorganic molecules, such as 
DNA, protein, lipids, and enzymatic co-factors [1]. If it was not for a sophisticated 
myriad of endogenous defence molecules that neutralize ROS, and the related reac-
tive nitrogen species (RNS), our cells would be damaged by normal energy metabo-
lism. Interestingly, eukaryotic cells have not only adapted to tolerate oxygen 
metabolism, but also developed the ability to synthesize and exploit ROS for vari-
ous beneficial purposes. For example, ROS are used as anti-bacterial weapons by 

8 Targeting Oxidative Stress in Stroke



206

immune cells, in the biosynthesis of hormones, and as signalling molecules (i.e., 
redox signalling) between and within cells [2–6]. Hydrogen peroxide, in particular, 
has been recognized as a signalling molecule by modifying proteins via oxidation 
of active site cysteines, leading to reversible activation or deactivation, similar to 
phosphorylation. Redox signalling functionally links cellular compartments and is 
required for important processes like cell proliferation, differentiation, and migra-
tion as well as wound healing and healthy immune responses [2, 4–7]. Obviously, 
this dichotomy of useful and harmful properties of ROS requires tight regulation of 
cellular oxidant and antioxidant levels; however, disease and exogenous sources 
(pollutants, drugs, smoke, ionizing radiation, UV light, heat, and diet) may lead to 
enhanced ROS/RNS production that strains the capacity of endogenous antioxidant 
systems. This situation is termed oxidative stress and, when prolonged or severe, 
leads to toxicity. The oxidant/antioxidant balance is actually very delicate, and cer-
tain tissues and organs like the brain [8, 9] are not particularly suited to handle 
dramatic ROS increases. Ultimately, increased ROS/RNS can irreversibly damage 
cells and tissues and are key players in the pathophysiology of diseases like athero-
sclerosis, cancer, diabetes, rheumatoid arthritis, chronic inflammation, multiple 
sclerosis, stroke, and CNS degenerative diseases [1, 3, 9, 10].

1.2  Chemistry of Oxidative Stress

ROS and RNS include a range of molecular species that can react with biomolecules 
or each other to form new reactive species. The addition of one electron to oxygen 
results in the charged radical superoxide (•O2

−), and further reductions lead to 
the neutral but reactive molecule hydrogen peroxide (H2O2) and the very reactive 
hydroxyl radical (•OH) [3–5, 11, 12]. Superoxide can form hydrogen peroxide 
(H2O2) either spontaneously or when catalyzed by the enzyme superoxide dis-
mutase (SOD) [3, 4, 13]. Hydrogen peroxide can convert to the highly reactive 
hydroxyl radical (•OH) when reacting with superoxide (the Haber–Weiss reaction) 
or ferrous (Fe2+) and copper (Cu+) ions (the Fenton reaction) [3, 4, 14, 15]. Nitric 
oxide (•NO) is produced by endothelial, inductive, or neuronal nitric oxide synthase 
(eNOS, iNOS, and nNOS, respectively) in a process that converts arginine to citrul-
line. This neutral RNS radical serves as a secondary messenger as well as a para-
crine hormone during homeostasis [3, 10], but in the presence of superoxide reacts 
to give the negatively charged and very reactive peroxynitrite (ONOO−) [3, 5, 10].

An important aspect of ROS and RNS biochemistry is their diffusion capability 
and membrane permeability. Hydrogen peroxide and nitric oxide are neutral and 
sufficiently stable to traverse lipid membranes and serve as signalling molecules 
between cells and cell compartments. Peroxynitrite is more reactive than nitric 
oxide and superoxide, but its half-life still allows its diffusion over 1–2 cell diame-
ters. Interestingly, peroxynitrite can permeate membranes via anion channels and/or 
passively as peroxynitrous acid (wide infra). Superoxide is stable enough to allow 
for some diffusion inside cells; its charge generally disfavours membrane  permeation, 
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but in certain cases transport is facilitated by anion channels (wide infra). Hydroxyl 
radicals are not charged, but extremely reactive and are immediately quenched by 
surrounding macromolecules [3, 5, 10, 16].

1.3  ROS Sources

ROS can be generated from numerous cellular sources under both physiological 
and pathophysiological conditions, but three main categories exist (Fig. 8.1) 
[1–4, 11, 17]. First, a major source of ROS is the respiratory electron transport 
chain of mitochondria, which generates superoxide and hydrogen peroxide as 
by-products of normal respiration [1]. Electrons are donated by the reduced 
forms of nicotine adenine dinucleotide (NADH) and flavin adenine dinucleotide 
(FADH2) and transported stepwise through four major transmembrane enzyme 
complexes situated in the inner membrane of mitochondria. Via this process, 
oxygen is reduced to water at complex IV, and a proton gradient is created that 
drives the production of ATP by complex V (ATP synthase). However, of the 
electrons that enter the respiratory electron transport chain, a small proportion 
(0.2–2 %) leaks away, primarily from complex I and III, and leads to the release 
of partially reduced oxygen in the form of superoxide in both the mitochondrial 
intermembrane space and matrix [1, 17]. Under normal conditions, superoxide 
is quickly dismutated to hydrogen peroxide (and oxygen) by SOD, and the 
resulting hydrogen peroxide is then reduced to water by glutathione peroxidases 
(GPx) [1, 3, 13]. However, if the superoxide level in the intermembrane space is 
extensive, some ROS may be transported to the cytosol via membrane pores like 

Fig. 8.1 The three main cellular producers of ROS (blue) and RNS (red) are mitochondria, 
NADPH oxidase, and the group of flavoproteins. Superoxide (•O2

−) reacts with nitric oxide (•NO) 
produced by NOS (a flavoprotein) to give peroxynitrite (ONOO−). Hydrogen peroxide (H2O2) can 
be converted to hydroxyl radicals (•OH) in reactions facilitated by metal ions or superoxide. ROS 
and RNS are quenched by endogenous antioxidants or macromolecules
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voltage-dependent anion channels [18]. The amount of mitochondrial ROS is 
increased as a result of changes in the proton gradient-induced mitochondrial 
membrane potential, impaired metabolism, and changes in oxygen levels [1, 
17]. Secondly, superoxide and hydrogen peroxide are generated by the enzyme 
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase [19]. Seven 
types of NAPDH oxidase enzymes have been found (NOX1-5, DUOX1-2), 
which are expressed in tissues and cell types throughout the human body and are 
responsible for ROS production during a wide range of physiological processes 
as well as disease [19, 20]. Thirdly, ROS are generated by flavoproteins that use 
flavin- based co-enzymes, such as flavin adenine dinucleotide (FAD) and flavin 
mononucleotide (FMN), and are engaged in metabolic oxidation-reduction 
reactions [4, 11]. The human genome encodes for 90 flavoproteins; some impor-
tant flavoproteins are succinate dehydrogenase (SDH) (complex II in the respi-
ratory electron transport chain), monoamine oxidase A/B, xanthine 
dehydrogenase/oxidase, glutathione reductase, NOS, and NADPH oxidases 
[21]. Flavoproteins can also produce ROS (hydrogen peroxide and superoxide) 
by autoxidation when oxygen accidently reacts with dihydroflavin, i.e., the 
reduced form of flavin [11, 22, 23].

1.4  The Antioxidant System

ROS and RNS levels are regulated by a series of enzymatic and non-enzymatic 
antioxidants (Fig. 8.1). Antioxidant enzymes mainly include SODs, catalase, and 
peroxidases [1, 3, 24]. SOD neutralizes superoxide to hydrogen peroxide, and 
three isoforms exist: SOD1, found throughout the cell (nucleus, cytosol, and 
mitochondrial intermembrane space); SOD2, located in the mitochondrial matrix; 
and the extracellular SOD3 [1, 3]. Catalase is a heme protein mainly located in 
peroxisomes, where it efficiently decomposes the hydrogen peroxide generated 
during fatty acid degradation to water and oxygen and thus serves as an important 
regulator of cellular redox homeostasis [1, 3, 17]. Catalase has also been found in 
the mitochondria of the heart and skeletal muscle [25, 26]. Peroxidases comprise 
a family of enzymes that reduces hydrogen peroxide to water or organic perox-
ides (e.g., lipid peroxides) to corresponding alcohols by the aid of a cofactor that 
is being oxidized. For example, several GPx isoforms exist, with varying cellular 
locations and substrate specificity (hydrogen peroxide or lipid peroxides) [24]. 
GPx uses glutathione (GSH) as a cofactor, which is oxidized to its dimeric gluta-
thione disulphide form (GSSG) during the catalytic cycle. The resulting GSSG is 
converted back to GSH by glutathione reductase in a NADPH-dependent reac-
tion, and thus a sound ROS homeostasis also depends on the availability of glu-
tathione reductase and NADPH [1, 3]. In addition to the above-mentioned 
enzymes, thioredoxin, with two active site cysteines, serves as an electron donor 
and antioxidant [1, 3, 24]. Thioredoxin facilitates the reduction of disulphide 
bridges of substrate proteins, which may have been formed as a result of enhanced 
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ROS levels. Several substrate proteins have been found for mammalian thiore-
doxin, e.g., ribonucleotide reductase, methionine sulfoxide reductases, and per-
oxiredoxins [27], which by themselves are involved in redox signalling or 
antioxidant processes. For example, peroxiredoxins directly scavenge hydrogen 
peroxide, organic peroxides, and peroxynitrite [5, 28, 29]. Similarly, glutaredox-
ins use GSH to reduce protein disulphide bonds and, in addition to thioredoxins, 
are able to reduce protein-SG adducts [28]. Another class of antioxidant proteins, 
though with a more indirect effect, is metal-ion storage and transporting proteins 
such as ferritin, ceruloplasmin, and lactoferrin, which reduce the levels of free 
metal ions and thus prevent unintended metal-catalyzed ROS production. For 
instance, ferritin stores iron in the ferric (Fe3+) state and thus prevents excessive 
ROS production by Fenton chemistry, while still making iron ions available for 
important cellular processes [3].

In addition to the specific and efficient enzymatic anti-ROS defence system, our 
cells, blood, and tissues are equipped with non-enzymatic and highly abundant anti-
oxidants such as vitamins (A, C, and E), GSH, and uric acid. These molecules 
directly scavenge ROS or serve as electron-donating co-enzymes and account for a 
great part of our total antioxidant capacity [3–5, 9, 10, 30, 31].

2  Harmful Effects of Oxidative Stress

2.1  ROS/RNS Reactivity

ROS and RNS can harm cells in several ways if they are not controlled. Hydrogen 
peroxide is a potent oxidizing agent of protein amino acids like cysteine and 
methionine, iron-sulphur clusters, and active site metals, although the reactivity 
greatly depends on the protein environment. The majority of hydrogen peroxide’s 
toxicity, however, must be ascribed to its conversion to the highly reactive 
hydroxyl radical, which readily and unselectively reacts with surrounding macro-
molecules (lipid, DNA, and proteins), causing great damage [2–5]. Superoxide is 
not particularly reactive and its toxicity is mainly explained by its conversion to 
the highly reactive peroxynitrite and the resulting depletion of nitric oxide, which 
affects vascular functions. Also, superoxide conversion to hydrogen peroxide (and 
then hydroxyl radical) and its specific affinity for iron-sulphur clusters lead to loss 
of function in certain enzymes (e.g., mitochondrial complex II and aconitase) and 
iron release, which are important toxic mechanisms [2–5, 10, 32]. Likewise, the 
toxicity of nitric oxide, which is also not particularly reactive, can be understood 
by its conversion to peroxynitrite and also by its specific inhibition of enzymes 
where metal centres and/or radicals take part of the catalytic cycle. For example, 
nitric oxide can diffuse into mitochondria, where it specifically and reversibly 
inhibits the metal centres of complex IV in the electron transport chain, leading to 
enhanced ROS production due to slower respiration. Also, nitric oxide may react 
with mitochondrial superoxide to generate peroxynitrite, which will inhibit 
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complexes I-III and V by oxidizing sulfhydryl groups, nitrate tyrosines, and dam-
age iron-sulphur clusters, thereby inducing further superoxide production and 
impaired ATP production [1, 5, 10, 17, 33]. In contrast to nitric oxide, peroxyni-
trite is highly reactive and directly oxidizes amino acid side chains and enzyme 
metal centres, facilitates the depletion and inactivation of antioxidants like GSH, 
GPx, and SOD [34], and induces lipid peroxidation and DNA strand-breakage 
[10]. Also, peroxynitrite decomposes into other very reactive species, leading to 
tyrosine nitration and thus impaired enzymes, changes in protein structure, and 
inhibition of signal transduction, all of which can ultimately induce necrosis or 
apoptosis [3, 5, 10, 35].

2.2  Susceptibility of Macromolecules

Due to the diversity of ROS/RNS reactivity, basically all biomolecules can be 
modified by these species. Proteins are most susceptible to modifications at cys-
teine, methionine, tyrosine, tryptophan, and histidine residues, which are oxi-
dized by hydrogen peroxide, superoxide, and hydroxyl radicals. Cysteine side 
chains may form new disulphide bridges, either within the protein itself or to 
other proteins, forming homo/hetero protein dimers. Also, proteins can be cross-
linked via tyrosines (dityrosines). If hydroxyl radicals are created near proteins, 
these can be severely damaged, leading to ubiquitination and proteosomal degra-
dation. Therefore, overall, these modifications can induce the inactivation, frag-
mentation, and aggregation of important proteins and form new antigens that are 
recognized as non-self by the immune system [2, 3, 36]. DNA can be oxidized at 
all four bases, but guanidine-adducts, such as 8-oxo-2′-deoxyguanosine 
(8-oxodG) and 8-hydroxy- deoxy-guanidine (8-OH-dG), serve as quantitative 
DNA markers for oxidative stress [37]. Often, it is either peroxynitrite or hydroxyl 
radicals (created via Fenton chemistry in the nucleus) that are responsible for 
DNA damage [3, 10, 22]. The ROS/RNS damage can cause mutations by base 
pair substitutions, strand breakage, and chromosomal rearrangements, which can 
lead to both carcinogenesis and blockage of DNA replication and apoptosis [38]. 
Unsaturated lipids in membranes are readily oxidized to lipid peroxides in a chain 
reaction called lipid peroxidation, where radicals like hydroxyl radicals, per-
oxynitrite, and protonated superoxide are quenched by the lipid, which then itself 
becomes a radical and thus reactive. The lipid radical is readily oxidized by oxy-
gen to form lipid peroxyl radicals. This species absorbs hydrogen from surround-
ing lipids and is thereby converted to lipid hydroperoxide while creating a new 
lipid radical, which can continue this damaging process and influence membrane 
permeability. Also, lipid hydroperoxide can break down and form new reactive 
radicals and aldehyde-alkene end-products like 4-hydroxy-2,3-nonenal (HNE), 
leading to disturbed signal transduction, impaired macromolecules, and the 
triggering of apoptosis or necrosis [3, 39].
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2.3  Cell Death Mechanisms

Prolonged exposure to ROS/RNS can initiate critical cellular mechanisms like 
apoptosis, autophagy, necrosis, and inflammation. The mitochondria are essential in 
these processes [1, 38]. ROS can lead to changes in mitochondrial inner and outer 
membrane permeability, whereby cytochrome c can leak out into the cytosol, where 
it binds to apoptotic protease-activating factor-1 (Apaf-1) to form apoptosomes that 
activate caspase-9 and thereby initiate apoptosis [1, 10, 17, 38, 40, 41]. Specifically, 
ROS like peroxynitrite can oxidize key sulfhydryl groups of the proteins that form 
the inner membrane mitochondrial permeability transition pore (MPTP), which 
together with Ca2+ overload leads to increased permeability of the inner membrane, 
a process known as the mitochondrial permeability transition (MPT). This causes a 
reduction of the mitochondrial membrane potential, electron transport, and ATP 
generation and increased ROS production. Also, the increased inner membrane per-
meability is followed by swelling of the matrix, which can induce membrane rup-
ture and thus extensive release of cytochrome c and activation of apoptosis [1, 10, 
17, 41, 42]. Furthermore, MPT and/or other apoptotic activators trigger the forma-
tion of outer membrane pores by proapoptotic proteins, such as Bid, Bax, and Bak, 
leading to mitochondrial outer membrane permeabilization (MOMP) and intensifi-
cation of cytochrome c release [10, 17, 38, 40, 41]. In another route, ROS-mediated 
DNA damage is detected by p53, leading to activation of caspase-2 and enhance-
ment of apoptosis [38]. Instead of apoptosis, the cell may rescue itself by encapsu-
lating and degrading defective organelles like mitochondria by autophagy; but, if 
the oxidative stress is too severe and this process eliminates too many organelles, 
the cell may become non-sustainable and die anyway. Thus, apoptosis and autoph-
agy are interlinked and the balance between the two is important for the final fate of 
the cell [38, 43]. Alternatively, high amounts of ROS can induce necrosis, which is 
generally considered more uncontrolled than apoptosis and often leads to increased 
cell membrane permeability and thus the leakage of cell components into the sur-
rounding tissue and hence triggering of the immune system, inflammation, and 
worsening of the tissue damage [10, 36, 44–46]. Necrosis may be mediated by the 
enzyme poly (ADP-ribose) polymerase (PARP), which binds to DNA strand breaks 
and synthesizes ADP-ribose polymers from nearby proteins, such as histones, lead-
ing to the recruitment of DNA repair proteins. However, the polymerization reaction 
uses NAD+ as substrate, and if DNA damage is extensive, PARP will deplete the 
NAD+ stores, leading to ATP starvation. Hence, because apoptosis is ATP- 
dependent, extensive PARP activity leads to necrosis instead [10, 47, 48]. PARP 
may also induce apoptosis by triggering the mitochondrial release of apoptosis- 
inducing factor (AIF), which translocates to the nucleus and induces DNA fragmen-
tation [10, 42, 49]. In addition, ROS can also activate the immune system more 
directly. Mitochondrial redox signalling is central in the activation of both adaptive 
and innate immune cells in a process facilitated by NADPH oxidase, and ROS may 
lead to the release of pro-inflammatory cytokines and chemokines and thus over- 
activation of the immune system and further tissue injury [1, 2, 10, 36, 50].
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3  Ischaemic Stroke and Oxidative Stress

Stroke is the second leading cause of death and the leading cause of adult disability 
worldwide, affecting around 17 million people per year and imposing major costs 
on society [51–53]. Stroke can lead to loss of motor function, visual impairment, 
aphasia, headache, and cognitive dysfunctions and induces death in about 35 % of 
the cases. Two main types of stroke exist: Ischaemic stroke, responsible for about 
87 % of stroke incidences, is caused by a blood clot (thrombus or embolus) that 
blocks the blood supply to the brain; and Haemorrhagic stroke, which accounts for 
13 % of strokes and is caused by a rupture of brain blood vessels, leading to the 
dangerous leakage of blood into the brain [46, 54, 55].

3.1  The Ischaemic Cascade

Ischaemic stroke is a complex disease, where several mechanisms, together called 
the ischaemic cascade, are responsible for the neurological damage (Fig. 8.2a) [46, 
56–59]. These devastating changes in the brain’s biochemistry kick in within min-
utes of the blood flow reduction. The core of the affected brain area will be irrevers-
ibly damaged as the absence of blood leads to impaired energy metabolism and 
necrotic cell death. The less affected surrounding area, called the penumbra, is still 
partly perfused via collateral blood vessels and therefore viable (Fig. 8.2b). This 
area of the brain can be rescued from cell death by proper treatment, for example, 
by restoring the blood supply within 2–4 h after stroke onset [46, 56, 58, 60–62]; 
without treatment, however, the infarct core will expand into the penumbra and thus 
exacerbate the injury.

Fig. 8.2 (a) A complex and intertwined series of events, together called the ischaemic cascade, are 
responsible for the neurological damage during stroke. Excitotoxicity links to oxidative stress, and 
these biochemical changes lead to a mix of apoptosis, necrosis, and inflammation. Also, the BBB 
is affected. Oxidative stress is augmented by reperfusion. (b) Schematic illustration of the isch-
emic core (red) and the penumbra (blue)
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Excitotoxicity, i.e., a pathological excess of excitatory amino acids, and oxidative 
stress are central factors of the ischaemic cascade (Fig. 8.2a) and related diseases, 
such as brain trauma, epilepsy, and chronic neurodegenerative disorders [10, 49, 63]. 
In ischaemic stroke, excitotoxicity is initiated by the lack of blood supply to the 
brain and thus depletion of oxygen and glucose levels. Thereby, energy levels are 
dramatically reduced with the immediate consequence that the ATP-dependent ion-
channel Na+/K+-ATPase can no longer uphold the plasma membrane potential. As a 
result, neurons and glial cells depolarize and neuronal voltage-dependent Ca2+ chan-
nels are activated, leading to synaptic glutamate release. Also, reuptake mechanisms 
fail due to the impaired membrane potential, which contributes further to the accu-
mulation of glutamate in the extracellular space [49, 56, 64, 65]. This overload of 
glutamate leads to excessive activation of ionotropic N-methyl-d-aspartate (NMDA) 
and α-amino-3-hydroxyl-5-methyl-4-isoxazolepropionic acid (AMPA) receptors 
and thus a massive influx of Ca2+ and Na+ ions into neurons. The extensive influx of 
ions is followed by water and can give rise to cell lysis and cerebral oedema, which 
can be life-threatening [49, 56, 59]. The Ca2+ ions entering neurons via the NMDA 
receptor and other impaired ion channels situated in neurons and glial cells [46, 66, 
67] are toxic to the cells when Ca2+ exceeds the capacity of intracellular storage 
organelles (e.g., endoplasmic reticulum and mitochondria) because Ca2+ activates a 
series of lipases, nucleases, and proteases that degrade cellular components and lead 
to irreversible damage (Fig. 8.2a) [56]. For example, phospholipase A2 (PLA2) and 
C (PLC) are activated by Ca2+ and degrade membranes. Subsequently, the arachi-
donic acid released by PLA2 is metabolized by cyclooxygenase- 2 (COX-2) and 
lipoxygenases in a process that produces ROS, lipid peroxidation, toxic lipid-alde-
hyde species, and prostaglandins. This leads to further membrane damage and the 
process is linked to apoptosis and inflammation [10, 68–70]. Also, Ca2+ activates 
calpain that cleaves key structural proteins, such as cytoskeletal and microtubule 
subunits, and activates pro-death signalling pathways [49, 71].

3.2  Ischaemia and ROS

Cerebral ischaemia induces oxidative stress via several mechanisms, but generally, 
the three major routes behind physiological ROS production (Fig. 8.1) are also the 
most significant ones during stroke [10, 46, 69]. In mitochondria, NADH and FADH2 
levels are reduced due to the impaired blood supply. Normally, these reduced co-
enzymes are generated by oxidative metabolism of glucose and the tricarboxylic acid 
(TCA) cycle and further processed by the electron transport chain to create 
ATP. Together with low levels of oxygen, this metabolic situation slows the electron 
transport chain, whereby superoxide generation from complexes I and III is enhanced 
[41, 42]. Additionally, the Ca2+ ions entering neurons are absorbed by mitochondria, 
where they cause membrane depolarization and further impairment of the electron 
transport chain, leading to more ROS and less ATP [41, 42, 72, 73]. The Ca2+, together 
with ROS, facilitates the opening of MPTPs, and the resulting membrane leakage 
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leads to complete mitochondrial depolarization and energy deprivation [10, 41, 42, 
64]. Importantly, studies have shown that MPTPs are closed during ischaemic condi-
tions, but open as reperfusion induces a burst of ROS, Ca2+, and importantly, a rise 
and normalization of pH [74, 75]. Also, MPTPs and/or MOMP may induce mito-
chondrial rupture and thereby the release of cytochrome c, Ca2+, and ROS into cyto-
sol, causing cell damage and apoptosis (Fig. 8.2a) [10, 40–42]. Noticeably, the extent 
of mitochondrial injury and potential reversibility is directly proportional to the dura-
tion of ischaemia [73, 74]. If ATP impairment becomes too severe, the neurons will 
undergo abrupt necrosis [42], but in less affected areas, a more prolonged and ATP-
dependent cell-death occurs [73]. Unfortunately, keeping up sufficient ATP levels is 
particularly challenging for mitochondria during neuronal ischaemia, because an 
extensive amount of ATP is used by cell membrane ion pumps to counteract NMDA 
receptor-mediated Ca2+ and Na+ influx. Also, ROS oxidize key thiol groups of the 
adenine nucleotide transporter, which is exacerbated by ROS-mediated GSH deple-
tion and impairs ATP delivery from mitochondria to cytosol. Thus, the increased 
demand for ATP and the reduced capacity to deliver and produce it create a vicious 
cycle, which can ultimately lead to the collapse of energy resources and membrane 
ion flux mechanisms and cell death [64, 73].

In addition to mitochondria, a major source of superoxide and/or hydrogen perox-
ide during cerebral ischaemia is NADPH oxidases, primarily NOX2, which is situated 
in neuronal cell membranes and produces superoxide. NOX4 releases hydrogen per-
oxide and may also contribute to oxidative stress during ischaemia [76–78]. NOX4 
has been detected in various subcellular compartments, such as mitochondria (although 
this has been questioned [79]), and the nucleus, endoplasmic reticulum, and plasma 
membrane [6, 80]. NOX2 is activated by NMDA receptor- mediated Ca2+ influx via 
protein kinase C (PKC) [81], and the resulting superoxide can cause membrane dam-
age, convert to hydrogen peroxide (spontaneously or by SOD), or fuse with nitric 
oxide to produce the very harmful peroxynitrite species and cause cell death (Figs. 8.1 
and 8.2a). NOX2 is located in neurons containing NMDA receptors and nNOS [82]. 
Interestingly, mitochondria were also found in close proximity to NOX2 [82], whereby 
ROS downstream of NOX2 may impair mitochondrial respiration and facilitate mito-
chondrial ROS generation [79, 82]. Also, mitochondrial ROS can activate NADPH 
oxidase, providing the basis for a malicious feed-forward ROS-producing cycle, 
although the mechanism behind this has not been fully elucidated [79].

Finally, several flavoproteins are activated during ischaemic conditions (Fig. 8.2a). 
For example, xanthine dehydrogenase is converted to the oxidoreductase xanthine 
oxidase (XO) by either oxidation of key sulfhydryl groups, mediated by the general 
pro-oxidant environment during ischaemia, or proteolytic cleavage [83, 84]. XO con-
verts oxygen to superoxide, hydrogen peroxide, and the highly reactive carbonate 
radical anion using xanthine and hypoxanthine as substrates that accumulate due to 
ATP catabolism during ischaemia [72, 85, 86]. Also, the uncoupling of nNOS and 
eNOS converts these into superoxide-producing enzymes, which will contribute to 
vascular oxidative stress and endothelial dysfunction for eNOS and neuronal toxicity 
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for nNOS. This uncoupling is mediated by peroxynitrite, which oxidizes the NOS 
cofactor tetrahydrobiopterin, and lack of the substrate l-arginine [46, 87–90].

Mitochondria have been considered the primary source of superoxide during 
NMDA-mediated neurotoxicity [41], but other studies of excitotoxicity considered 
NOS [89] or arachidonic acid [91] to be the main superoxide generators. More 
recent studies suggest that NADPH oxidase is the major supplier of NMDA-induced 
superoxide production in neurons [81]. In oxygen-glucose-deprived neurons, mito-
chondrial ROS dominate in the early phase, followed by a XO-mediated ROS burst, 
and then, upon reoxygenation, an NADPH oxidase-mediated ROS production. In 
this study, neuroprotection was achieved by inhibiting NADPH oxidase and XO, but 
not by inhibiting mitochondrial ROS [72].

3.3  Ischaemia and RNS

The main sources of RNS during cerebral ischaemia are the three nitric oxide- 
producing enzymes, eNOS, iNOS, and nNOS. In general, eNOS mediates vasodila-
tion upon activation and plays a neuroprotective role by enhancing blood flow 
levels. However, in stroke, as in cardiovascular disease [87], eNOS uncoupling and 
superoxide-mediated nitric oxide depletion counteract this beneficial effect [88]. 
Induction of the immune system during stroke results in expression and activation 
of iNOS in brain-infiltrating macrophages and glial cells, and thus a damaging, late- 
stage nitric oxide production [10, 56, 89, 90]. Ca2+ ions that enter neurons via the 
NMDA receptor directly activate nNOS [92–94]. The importance of nitric oxide in 
excitotoxicity was elucidated by demonstrating that inhibition of nitric oxide syn-
thesis impaired NMDA-mediated toxicity in neuronal cultures and reduced brain 
damage in mice following focal cerebral ischaemia [95, 96]. Also, nNOS knock-out 
mice demonstrated marked reduction in infarct size upon middle cerebral artery 
occlusion (MCAO) [97]. During ischaemic stroke, nitric oxide reacts with specific 
enzymes, such as caspases and metalloproteases, by S-nitrosylation of cysteines, 
leading to an overall inhibition of pro-survival pathways and activation of pro-death 
signalling [46, 49, 62]. Also, nitric oxide disturbs mitochondrial electron transport 
chain complexes, either directly or via its conversion to peroxynitrite [10], as 
described above. Peroxynitrite is central in mediating RNS neurotoxicity [10, 49, 
90], as thoroughly demonstrated by preventing either nitric oxide or superoxide 
formation in various in vitro and in vivo models of stroke [81, 89, 98–102]. 
Peroxynitrite directly affects mitochondria and macromolecules, causing extensive 
cell damage and ultimately apoptosis or necrosis [10, 49]. Also, peroxynitrite acti-
vates the transient receptor potential cation channel M7 (TRPM7), leading to Ca2+ 
influx and thus contributing further to the ischaemia-induced Ca2+ overload [67, 
103]. In particular, PARP activation triggered by peroxynitrite-mediated DNA dam-
age is considered a major reason for neuronal death following excitotoxicity [10, 
49, 71, 104–106].
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In order for superoxide and nitric oxide to collide and generate peroxynitrite, 
they have to be present in the same cellular compartments. Nitric oxide is poten-
tially produced directly by mitochondrial NOS [10, 33, 74, 107–109], or alterna-
tively, it diffuses into mitochondria from nNOS-containing neurons, where it can 
react with superoxide [98, 110]. Extracellular or intraorganellar superoxide can 
be generated by NADPH oxidases and react with freely diffusible nitric oxide 
[19]. Cytosolic superoxide can originate from several sources, e.g., arachidonic 
acid metabolism, flavoproteins like XO, uncoupled NOS, and leaking mitochon-
dria. Even superoxide produced by NADPH oxidase (e.g., NOX2), which is 
delivered extracellularly, can enter the cytosol via anion channels [19, 102, 111, 
112]. Also, peroxynitrite generated outside cells can traverse cell membranes, 
partly via anion channels and partly by passive membrane diffusion as peroxyni-
trous acid [10, 102, 113–117].

3.4  Brain Damage

The brain contains low levels of antioxidants, but high levels of polyunsaturated 
fatty acids and transition metal ions and consumes a lot of oxygen relative to other 
organs. Therefore, the brain is particularly sensitive to ischaemia and the resulting 
oxidative stress [8, 9, 62, 69, 118, 119]. The situation is exacerbated by the acidic 
environment created as a result of ATP depletion and lactic acid accumulation [42], 
which leads to release of Fe3+ from ferritin inside neurons. Fe3+ is reduced to Fe2+ by 
superoxide, facilitating the conversion of the less severe hydrogen peroxide to the 
highly toxic hydroxyl radical by Fenton chemistry [68, 69]. Also, reperfusion of 
damaged brain tissue is, on the one hand, necessary for recovery, but on the other 
hand, leads to a secondary surge of ROS/RNS production as dysfunctional mito-
chondria and enzymes are provided with oxygen (Fig. 8.2a) [10, 42, 54, 58, 62, 
118]. Mitochondria are particularly responsible for generating post-ischaemic ROS 
[6, 74, 86], but XO is also considered central during reperfusion [6, 84, 120]. 
However, the studies by Abramov et al. [72] (wide supra) clearly suggested that 
NADPH oxidase (NOX2), and not mitochondria or XO, is the main ROS producer 
upon reoxygenation [72].

ROS and RNS modify macromolecules, inactivate important enzymatic co- 
factors, and disturb mitochondrial respiration and beneficial vasoregulatory 
effects and thereby contribute to neuronal damage and cell death, as described. 
Whether the cells will recover or undergo apoptosis or necrosis depends on the 
severity and duration of the ischaemia and its location relative to the ischaemic 
core [46, 56]. In addition, blood-brain barrier (BBB) integrity is affected 
(Fig. 8.2a). The lower nitric oxide levels in endothelia, due to eNOS uncou-
pling, facilitate platelet aggregation and leukocyte adhesion and thereby vascu-
lar inflammation [46, 54, 118]. Also, ROS lead to activation of cytokines (e.g., 
via NFkB that is activated by hydrogen peroxide [118, 121]) and metalloprote-
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ases, leading to changes in the vascular structure, a leaking BBB, and activation 
of microglia. These conditions facilitate the invasion of immune system cells 
into the brain parenchyma and result in brain inflammation that persists for days 
[10, 46, 54, 56, 62, 118]. Inflammation is further substantiated by the release of 
cellular components after necrosis and oxidative stress, which are recognized 
by receptors on innate immune cells, and the inflammation contributes to further 
BBB degradation, cytokine production, cerebral oedema, and thus exacerbation 
of the brain damage (Fig. 8.2a). However, notably, some aspects of the inflam-
matory process are likely important for cellular repair and the recovery phase 
following a stroke, which poses a challenge for therapeutic interventions target-
ing inflammation [46, 56, 57, 62, 118].

4  Stroke Treatment and Drug Discovery

4.1  Reperfusion

The development of therapeutics against acute ischaemic stroke has been very 
unproductive so far; only recombinant tissue-plasminogen activator (rtPA) is 
approved in the EU and USA. rtPA converts plasminogen to plasmin, which pro-
motes thrombolysis of blood clots and thus re-establishes brain blood supply, but 
this comes with a 2 % increased risk of fatal intracranial haemorrhage (total risk of 
intracranial haemorrhage is about 4–6 %, relative to ~1 % in non-treated groups 
[122, 123]), and therefore rtPA treatment of elderly and hypertensive patients should 
be done with care [124]. For the drug to be effective, it must be given within 4.5 h 
from stroke-onset, but preferably within 3 h [124, 125], and even then, a sufficient 
reperfusion is only obtained in less than 50 % of the cases [61, 126]. Due to safety 
concerns and its narrow therapeutic time window, less than 5 % of all stroke patients 
are treated with rtPA [126, 127], and a recent review of the clinical benefits of rtPA 
revealed a modest effect: 33 % of the treated patients showed good outcomes relative 
to 23 % of the non-treated patients [124]. Alternatively, five clinical trials have 
recently shown positive outcomes of thrombectomy as a treatment for acute isch-
aemic stroke. The mechanical removal of the blood clot was more efficient than rtPA 
treatment and allowed for a larger therapeutic window; thus, this endovascular pro-
cedure provides a complementary reperfusion strategy to rtPA [60, 61, 128]. 
Although rtPA and endovascular procedures benefit several individuals, acute stroke 
clearly remains a major challenge in clinical medicine [46, 126]. Therapeutic time 
windows, contraindications, clot sizes and locations, recanalization efficiency, and 
the risk of bleeding are still major complications, and importantly, the oxidative 
stress and excitotoxic events may still evolve even after reperfusion [54, 126]. Also, 
for haemorrhagic strokes and global ischaemia due to cardiac arrest, reperfusion 
therapy is obviously not relevant. Therefore, a majority of stroke patients are either 
not treated or do not benefit from currently available therapy. A drug that protects 
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neurons from the devastating effects of ischaemia in an efficient and safe manner 
would be a huge contribution to stroke treatment. Such a neuroprotective agent 
could be used as a stand-alone drug for non-reperfused patients or in combination 
with rtPA. Combining reperfusion with protection against ischaemic conditions and 
reperfusion damage could provide an efficient combinatorial therapy in terms of 
effects and extended therapeutic window [58, 59, 129–134]. Particularly, if drug 
safety would allow early administration based on a symptom-based diagnosis [135, 
136], in contrast to reperfusion therapy, where haemorrhagic stroke must be ruled 
out by neuroimaging, the clinical utility of neuroprotectants is obvious. Early admin-
istration could be facilitated by enhanced medical care logistics and ambulance 
treatments, which several cases showed was feasible [133, 137–139].

4.2  Past Failures

The complexity of ischaemic stroke poses a huge challenge for drug development. 
In 2006, an evaluation revealed that 114 drug candidates targeting the ischaemic 
cascade (e.g., 29 anti-excitotoxic and five radical scavengers) failed clinical trials 
of acute ischaemic stroke [140]; however, thorough analyses of these failures 
point out several flaws and shortcomings of the trial designs and the drug candi-
dates themselves [56, 133, 140–145]. Often, the trials were initiated based on 
insufficient preclinical validation, the dose was too low because of side effects, 
patients were treated later than supported by preclinical data, or patient groups 
were too small or diverse in their aetiology and severity for significant improve-
ments to be measurable. Also, some of the compounds were inferior with respect 
to target activity and BBB permeability in humans, and the quality and transla-
tional value of the animal models have been questioned too [131, 140, 141]. 
NMDA receptor antagonists are highly abundant on the list of past failures due to 
a combination of severe psychomimetic and cardiovascular side effects, which 
halted the trials and prevented effective dosing in humans, and the mentioned 
flaws in clinical trials [49, 56, 133, 142, 145, 146]. Additionally, the underlying 
mechanistic hypothesis was likely too simplified, as NMDA receptor antagonists 
inhibit neuroprotective and Ca2+-mediated pro-survival pathways downstream of 
NMDA receptors and thereby contribute to neuronal cell death. The magnitude of 
activation, extrasynaptic versus synaptic location, and subunit composition of 
NMDA receptors are important for determining their role as either pro-death or 
pro-survival mediators [46, 49, 66, 133, 146–149].
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4.3  New Development

The many failures have made drug companies and investors reluctant to pursue 
stroke therapies, despite their obvious commercial potential. However, based on 
our learning outcome from past failures, enhanced biological understanding, and 
identification of new intriguing targets [46, 49, 58, 67, 150, 151], there should be 
ground for optimism for future stroke drug discovery. Also, translational stroke 
research has advanced with detailed recommendations for preclinical validation 
serving as useful guidelines [131, 134, 141, 152–156], and new advancements in 
primate, rodent, and rabbit models may potentially result in better prediction 
value [131, 157–160]. Additionally, new clinical paradigms, such as iatrogenic 
stroke [136, 161] and early ambulance treatment [133, 137–139], allow for more 
controlled studies or hyper- acute treatment, enhancing study reliability and the 
chances for success.

In the following section, I analyse the option of targeting oxidative stress in 
future stroke therapy, discuss various strategies, and present some promising targets 
in this area.

5  Targeting Oxidative Stress in Stroke: Strategies 
and Examples

It is well elucidated that oxidative stress is critical for mediating neuronal cell death 
following brain ischaemia [46, 56, 59]. More than 22 knock-out and transgenic 
mouse studies clearly demonstrate that deleting SOD1/2/3 from the genome 
enhances brain damage, while overexpressing SOD1/2/3 leads to protection follow-
ing transient or permanent focal cerebral ischaemia [118, 121]. Similarly, the neu-
rotoxic effects of nNOS and iNOS and the neuroprotective role of eNOS have been 

Fig. 8.3 Three overall strategies to inhibit oxidative stress
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convincingly demonstrated in 13 studies using genetically manipulated mice; and 
knocking out NADPH oxidases or PLA2 or overexpressing GPx, heme oxygenase 1 
(HO-1), or thioredoxin reduces infarct volumes [10, 118, 121]. Inhibiting oxidative 
stress is a direct way of addressing acute neurotoxicity and reperfusion damage, and 
additionally, oxidative stress is linked to delayed processes, such as vascular dam-
age, apoptosis, and inflammation (Fig. 8.2a). Thus, based on this, oxidative stress is 
likely an effective target for intervention against ischaemic stroke. So, how do we 
most efficiently inhibit oxidative stress in stroke? Three overall strategies are out-
lined here (Fig. 8.3): (1) scavenge ROS/RNS with antioxidants; (2) inhibit the 
enzymes that produce ROS/RNS; and (3) upregulate endogenous and protective 
antioxidant enzymes.

5.1  Strategy 1

Following this strategy, the administration of exogenous antioxidants will lead to 
reactions between the reactive species and the antioxidant, whereby the ROS/RNS 
are scavenged or converted into harmless molecules. This approach has been applied 
in many preclinical and experimental studies [6, 8, 162] and even pursued in large 
clinical stroke trials that tested tirilazad mesylate (U-74006F), ebselen, NXY-059, 
and edaravone (MCI-186) [140, 142, 163]. Tirilazad is an inhibitor of lipid peroxi-
dation and was found to be neuroprotective in several models of focal cerebral isch-
aemia, especially transient occlusion models [142, 163, 164]. Despite living up to 
most of the STAIR (stroke therapy academic industry roundtable) criteria [140], the 
compound failed to show reductions in disability or infarct volume in a clinical 
study that included 556 ischaemic stroke patients [142, 163]. This could be because 
patients were treated later than suggested by the preclinical studies, and/or because 
tirilazad had a narrow effective dose range and was metabolized differently in 
women [142, 163, 164]. Ebselen is a selenium-containing compound that can con-
vert hydrogen peroxide to water and scavenge peroxynitrite. In addition, ebselen 
enhances the expression of endogenous antioxidant enzymes by covalent modifica-
tion of cysteines on kelch-like ECH-associated protein 1 (Keap1) and activation of 
the nuclear erythroid-related factor 2 (Nrf2) (wide infra) [165, 166]. Ebselen is neu-
roprotective in the transient MCAO (tMCAO) model when given before or at reper-
fusion and also shows modest effects when given 30 min post-occlusion in a 
permanent model [140, 142, 163]. Interestingly, ebselen showed a synergistic effect 
with rtPA in the rabbit small clot embolic stroke model (RSCEM) when co-admin-
istered 1 h after ischaemia, but alone it was only effective when administered 5 min 
post-stroke [167]. Despite the seemingly narrow time window in animals, humans 
were administered ebselen within 48 h post-stroke in a clinical trial that included 
302 patients. After three months, there was no positive outcome among the treated 
patients compared to the placebo group, but the subgroup of patients treated within 
24 h actually did show improved outcomes after one month [140, 142, 163]. 
Therefore, ebselen seems to provide some validation of the antioxidant strategy in 
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humans, although more studies are needed to confirm that; follow- up studies were 
announced but have not been carried out. NXY-059 represents one of the most dev-
astating failures in translational stroke research. NXY-059 is a nitrone-based spin-
trap molecule that can scavenge free radicals, and it showed remarkable 
neuroprotective properties in preclinical transient and permanent stroke models, 
including rats, rabbits (RSCEM model), and monkeys (marmosets) [130, 168–170]. 
Despite infarct reductions of >40 % in most of the animal studies, a 4–5 h therapeu-
tic time window in rats and monkeys (but only 1 h in rabbits [159]), and a seemingly 
perfect adherence to the STAIR criteria [140, 142], NXY-059 failed after two large 
phase 3 clinical trials. The first study (SAINT I) [171, 172] indicated a positive 
effect relative to placebo, but the larger follow-up study (SAINT II) [173], which 
included 3195 patients, could not validate this. Subsequent analyses revealed many 
problems with the compound itself and its development, which retrospectively 
makes the failure less surprising. Concerns about the extent of blinding, randomiza-
tion, inclusion/exclusion criteria, and confirmation of actual arterial occlusion dur-
ing the preclinical assessment of NXY-059 have been expressed [174–176] and 
have led to more elaborate STAIR criteria in order to avoid bias in future studies 
[153]. Also, the SAINT trials have been criticized for using inappropriate outcome 
measures and statistics, applying an extensive time window (<6 h) and including 
very diverse stroke patients [132, 142, 159, 174]. Mechanistically, it is also impor-
tant to note that NXY-059 does not permeate the BBB in rats due to its hydrophilic-
ity, and its antioxidant and neuroprotective effects in animals were therefore believed 
to be exerted at the blood-endothelial cell interface and by interacting with inflam-
matory cells [168, 169]. Hence, NXY-059 has not tested the clinical relevance of 
reducing oxidative stress in the brain parenchyma. Also, the spin-trapping potency 
of NXY-059 is lower than vitamin E and the more hydrophobic and brain-perme-
able spin-trap compounds stilbazulenyl nitrone (STAZN) and α-phenyl-N-tert-butyl 
nitrone (PBN) [177–179]. Thus, the non-optimal potency and pharmacokinetic 
properties of NXY-059 could be the main reasons for its clinical failure [132, 142, 
159, 174].

The final important compound in the category of clinically tested antioxidants is 
edaravone, which is able to scavenge oxygen radicals, including lipid peroxyl radi-
cals. Edaravone improved neurobehavioral outcomes and reduced infarcts in several 
preclinical stroke studies [140, 142, 163]. There is some discrepancy in the litera-
ture with respect to its time window, as one study of mice exposed to 1 h tMCAO 
showed neuroprotective effect when edaravone was given 6 h after ischaemia [180], 
while a similar study in rats did not show effect of edaravone when given 1–2 h 
post-stroke [181]. In the RSCEM model, edaravone had a long therapeutic time 
window; it was effective when given 3 h post-embolization and earlier (but not at 
6 h), which is about twice as long as that of rtPA and NXY-059 [182]. In an acute 
ischaemic stroke study with 250 patients, edaravone showed clear positive effects, 
even though a very broad 72-h treatment window was applied [183]. Also, edara-
vone resulted in smaller infarct volumes in another clinical study of acute ischaemic 
stroke when measured within 1 year, although the neurological score was only 
improved within 1–2 months [184]. A third study of cardioembolic stroke indicated 
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modest improvement in mildly affected patients [185]. Additionally, a range of 
smaller clinical studies have been performed with positive outcomes [186], and 
therefore edaravone clearly supports the hypothesis that targeting oxidative stress is 
a viable strategy for treating acute ischaemic stroke patients [159, 186, 187]. 
Interestingly, edaravone is approved and widely used in Japan (where most of the 
clinical trials were conducted) and China as a stroke drug. However, additional 
large, randomized, and double-blinded clinical studies are warranted to establish a 
clearer relationship between dose, time window, and positive outcomes [159, 163, 
186, 187]. Of interest, edaravone’s mode of action is likely to be multifactorial. In 
addition to its direct antioxidant properties, such as inhibiting lipid peroxidation and 
protein oxidation, edaravone inhibits apoptosis, inflammation, and oedema in ani-
mals. Also, metalloproteinase-9 activity is reduced by edaravone, which potentially 
explains the inhibition of vascular damage and haemorrhage [126, 186]. Whether 
the many effects of edaravone are due to pleiotropy (i.e., that inhibition of ROS 
leads to several seemingly unrelated down-stream effects) or multi-target mecha-
nisms (i.e., that edaravone directly affects several targets, e.g., ROS and specific 
proteins) have not been elucidated in detail. However, it is notable that the reported 
beneficial effects are mechanistically linked to oxidative stress, and thus the diverse 
biological impact caused by edaravone may illustrate the efficiency of targeting 
oxidative stress.

5.2  Strategy 2

The second strategy is to inhibit ROS/RNS-producing enzymes. Rather than trying 
to eliminate the short-lived, widespread, abundant, and highly reactive species that 
are already present, as in strategy 1, strategy 2 targets the evil at its root (Fig. 8.3) 
[76, 188]. By inhibiting pathologically related ROS/RNS production while leaving 
beneficial redox signalling intact, this could provide a specific and efficient approach 
[6, 46]. NOS inhibitors serve as illustrative examples, although they were never 
developed into clinical stroke trials [189, 190]. Initial studies of NOS inhibitors 
gave conflicting results due to lack of selectivity. Later, selective nNOS and iNOS 
inhibitors were shown to be neuroprotective in permanent and transient animal 
stroke models, while non-selective NOS inhibitors gave mixed results, likely due to 
eNOS activity and effects on cerebral blood flow [10, 90, 191]. The therapeutic time 
window was generally promising for NOS inhibitors (>1 h) [191] and especially 
extensive for certain iNOS inhibitors (6–18 h) [90, 192] and nNOS inhibitors, which 
also had antioxidant properties (8 h) [193]. Based on this, selective nNOS and iNOS 
inhibitors could have some potential in the treatment for acute ischaemic stroke; 
however, at the time they were developed, they gave mixed results and showed non- 
optimal selectivity and drug-like profiles [190, 194], which together with the com-
plex biology of nitric oxide [10, 73, 90] and the many stroke failures probably 
hindered further development.
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XO inhibitors constitute another example of the second strategy. Allopurinol and 
oxypurinol are close analogues of the natural XO substrates, xanthine and hypoxan-
thine; they serve as useful experimental XO inhibitors and allopurinol is even used 
in the treatment of gout. Both compounds have shown promise in transient and 
permanent stroke models and can reduce infarcts and neurological damage in sev-
eral species [84]. Importantly, oxypurinol was protective, not only when given as a 
pretreatment but also when administered 1 h after ischaemia in a permanent MCAO 
(pMCAO) rat model [195]; however, oxypurinol failed to show neuroprotective 
effects in a gerbil global ischaemia model when administered 30 min after 
 reperfusion [196], or when given after 2 h of MCAO occlusion followed by 2 h of 
reperfusion in rats [197]. In humans, allopurinol has shown beneficial effects in 
asphyxiated infants [198], and a phase IV study (XILO-FIST) has been scheduled 
to study the long-term effects of allopurinol on stroke recovery and recurrent stroke 
frequency [199]. Together, these studies indicate an important role for XO during 
cerebral ischaemia; however, it should be kept in mind that allopurinol and oxypu-
rinol may also act via mechanisms other than XO inhibition, e.g., radical scaveng-
ing [84], although a study did show specificity for oxypurinol among the various 
ROS- producing phases in neurons [72]. Also, allopurinol and oxypurinol are not 
particularly potent XO inhibitors, and despite the fact that more potent inhibitors 
exist (e.g., BOF-4272 and febuxostat), they have not been tested in stroke models 
[84]. Thus, to further explore the potential of XO inhibition in relation to stroke 
treatment, new compounds need to be identified that are potent, selective, drug-like 
and sufficiently brain-permeable.

A final important target in this category is SDH, which participates in both the 
citric acid cycle by converting succinate to fumarate and the mitochondrial electron 
transport chain as complex II. During ischaemia, succinate accumulates due to the 
reverse activity of SDH, mediated by fumarate overproduction from the catabolism 
of purines, and partial reversal of the malate/aspartate shuttle. Upon reperfusion, 
the accumulated succinate is oxidized to fumarate by SDH, which initiates super-
oxide production at complex I by reverse electron transport (RET) [86]. Recently, 
it was convincingly demonstrated that dimethylmalonate inhibits SDH and thereby 
reduces the accumulation of succinate during ischaemia and the subsequent oxida-
tion of succinate at reperfusion [86]. This strategy was also shown to reduce isch-
aemia/reperfusion-mediated ROS production via complex I. Dimethylmalonate 
administered right before and during ischaemia reduced brain infarct by ~50 % and 
improved neurological scores in rats exposed to 45 min of MCAO and 3 days of 
reperfusion. Similarly, dimethylmalonate reduced tissue damage in the heart fol-
lowing ischaemia/reperfusion damage [86]. Future studies will hopefully clarify if 
these promising results can be translated into safe and efficient drug-like molecules 
with a reasonable therapeutic time window. Regardless, this illustrates how ROS 
production can be directly inhibited by targeting mitochondrial enzymes.
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5.3  Strategy 3

The third strategy is to upregulate endogenous and protective antioxidant enzymes 
instead of direct scavenging or preventing the formation of ROS/RNS (Fig. 8.3). 
The hypothesis is that the diverse set of ROS/RNS species are best tackled by a bat-
tery of antioxidants, and that the catalytic and consistent properties of our endoge-
nous antioxidant enzymes make them exceptionally efficient, more so than drugs 
designed to scavenge or inhibit ROS/RNS formation. Also, this could offer a more 
generally applicable antioxidant strategy because knowing the exact source of the 
ROS/RNS is less crucial for a positive outcome.

In the following, three protein targets will be described in detail, representing 
the second (postsynaptic density protein-95 (PSD-95) and NADPH oxidase) and 
third (Keap1) strategies. These are promising targets against ischaemic stroke due 
to their central role in stroke pathophysiology and proven relevance in disease 
models of stroke.

5.4  PSD-95

PSD-95 is a scaffolding protein found in neuronal synapses, where it interacts with the 
NMDA receptor and nNOS through its PSD-95/Discs-large/ZO-1 (PDZ) domains. 
This ternary nNOS/PSD-95/NMDA receptor complex facilitates efficient and local-
ized nitric oxide production as a result of glutamate-mediated Ca2+ influx via the 
NMDA receptor (Fig. 8.4a) [92, 200]. During cerebral ischaemia, excessive release of 
glutamate leads to extensive NMDA receptor activation and thereby harmful levels of 
Ca2+ and nitric oxide, which ultimately induce neuronal death and brain damage [92, 

Fig. 8.4 (a) PSD-95 links glutamate-mediated Ca2+ influx via the NMDA receptor with nitric 
oxide (NO) production. PSD-95 inhibitors (here a dimeric one) bind PDZ1-2 and block the forma-
tion of the ternary nNOS/PSD-95/NMDA receptor complex and thereby reduce NO generation. 
(b) Tat-NR2B9c and Tat-N-dimer are peptide-based PSD-95 inhibitors under development
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93, 95, 97]. Antisense suppression of PSD-95 in cultured cortical neurons inhibited 
NMDA receptor-induced neurotoxicity and also nitric oxide generation, as shown by 
using guanosine 3′,5′-monophosphate (cGMP) as a surrogate measure [92]. Later, 
similar results were obtained by pharmacological means using a 20-mer peptide, Tat-
NR2B9c (Fig. 8.4b), corresponding to the 9 C-terminal amino acids of GluN2B fused 
to the HIV-1 Tat peptide to facilitate permeability across cell membranes and the BBB 
[93]. Tat-NR2B9c binds to PDZ1 and PDZ2 of PSD-95 and thereby blocks the forma-
tion of the nNOS/PSD-95/NMDA receptor complex and uncouples NMDA receptor 
activity from nitric oxide production. Tat-NR2B9c improved neurological function and 
reduced infarct volumes by 55 % when given before reperfusion and by 67 % when 
administered 1 h after reperfusion following a 90-min period of MCAO in rats [93]. 
Impressively, similar levels of neuroprotection were achieved when administering Tat-
NR2B9c 3 h post-stroke and over a wide range of doses (0.03-3 nmol/g) in the rat 
tMCAO model [201]. Also, Tat-NR2B9c reduced infarcts and improved neurological 
scores in various permanent rodent stroke models [201–204], in a mouse tMCAO 
model [205], and in three versions of a newly developed non-human primate model 
with a 1–3 h therapeutic window [157, 206]. Based on this strong preclinical founda-
tion, Tat-NR2B9c was tested in clinical trials under the name NA-1. In the ENACT 
(Evaluating Neuroprotection in Aneurysm Coiling Therapy) phase 2 trial, NA-1 met its 
primary safety endpoints and reduced the number of small infarcts in patients undergo-
ing endovascular aneurysm repair. There were no observed effects on total infarct vol-
ume or clinical outcome, perhaps due to limited group size (185 patients in two groups) 
[161]. Further studies will hopefully be conducted to evaluate the potential of NA-1 as 
a neuroprotective drug.

The affinity of Tat-NR2B9c towards its target, PSD-95, is quite low for a drug 
candidate. Affinity (Ki) values of 5–10 μM were found for Tat-NR2B9c towards 
PDZ1 and PDZ2 of PSD-95 [207, 208], and an ELISA assay suggested inhibitory 
IC50 values of 0.2–8 μM against PDZ2 interactions with various NMDA receptor 
tails and nNOS [209]. This seemingly low affinity of Tat-NR2B9c prompted the 
design of a dimeric compound, Tat-N-dimer (Fig. 8.4b), which binds PDZ1 and 
PDZ2 of PSD-95 simultaneously, leading to 1000-fold higher affinity compared to 
the monomeric inhibitor Tat-NR2B9c [208]. Tat-N-dimer was neuroprotective in a 
pMCAO mouse model, where it reduced infarct volume by 40 % and improved 
motor function when administered 30 min post-ischaemia. Under the same condi-
tions and dose (3 nmol/g), Tat-NR2B9c did not show significant protection [208]. 
Interestingly, both Tat-NR2B9c and Tat-N-dimer contain the cell-penetrating pep-
tide (CPP) Tat to improve transport into cells and brain. This is a common trick used 
in experimental tool compounds, but no marketed drugs with a Tat moiety yet exist. 
Whether this is due to toxicity—e.g., related to histamine-release, which limited the 
human maximum tolerated dose of Tat-NR2B9c/NA-1 to 2.6 mg/kg [161, 210]—or 
the rather unspecific and limited membrane permeability [211] is not known. 
Currently, no small-molecule PSD-95 inhibitors with reasonable potency exist 
[212], and in general PDZ domains are difficult to target with conventional drug- 
like molecules; instead, their binding pockets are more prone to bind peptide-based 
ligands [213]. Hopefully, the promising results of Tat-NR2B9c/NA-1 in advanced 
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primate models and humans indicate that Tat- and peptide-based PSD-95 inhibitors 
are sufficiently safe and efficient in the setting of acute ischaemic stroke.

The main protective effect of PSD-95 inhibition is believed to be reduction of nitric 
oxide and subsequent impairment of RNS-related toxicity. NMDA receptor ion-flux 
and nNOS expression were not affected by PSD-95 inhibition [92, 93], and Tat-
NR2B9c was found to inhibit pro-death signalling pathways mediated by NMDA 
receptor and nNOS activation of p38, while not impairing pro-survival signalling via 
cAMP response element-binding protein (CREB) and Akt [202, 214]. Likewise, elec-
trophysiological measurements in neurons treated with peptide-based PSD-95 inhibi-
tors revealed no effects on basal synaptic transmission or induction of long-term 
potentiation (LTP) [202, 215]; therefore, based on this, PSD-95 inhibition is consid-
ered a safe and efficient alternative to NMDA receptor antagonists and nNOS inhibi-
tors as drug candidates for ischaemic brain damage. However, mechanisms other than 
nitric oxide reduction may contribute to the neuroprotective effects of PSD-95 inhibi-
tion. PSD-95 interacts with a range of proteins in the brain, and homologues of PSD-
95, such as PSD-93, SAP-97, and SAP-102, are likely also affected by PSD-95 
inhibitors [209, 216–218]. Accordingly, cell-permeable peptide- based PSD-95 inhibi-
tors reduced NMDA receptor surface expression by 20 % [219], reduced PSD-95/
NMDA receptor colocalization [215], and affected the subunit composition of synap-
tic NMDA receptors in neurons [220]. The question is if PSD- 95 inhibitors affect these 
systems to an extent that influence the neuroprotective properties—either positively or 
negatively. A few studies indicate that more than nitric oxide reduction might be going 
on; for example, Tat-NR2B9c protected striatal medium-sized spiny neurons from 
NMDA-mediated cell death without the concomitant impairment of nitric oxide levels 
(i.e., cGMP levels). Of note, this was only seen in neurons transfected with huntingtin 
to mimic Huntington’s disease, which sensitizes neurons to excitotoxicity, and not in 
the corresponding wild-type neurons [219]. Also, Tat-NR2B9c enhanced CREB-
dependent gene expression, which was important for Tat-NRB9c neuroprotection 
in vivo [204] and known to mediate synaptic NMDA receptor-dependent neuroprotec-
tion [221]. One mechanism behind this could be the uncoupling of PSD-95 (and asso-
ciated proteins) from NMDA receptors, thereby preventing the activation of negative 
regulators of Ca2+/calmodulin signalling and CREB activation [204].

Recently, it was demonstrated that the Tat-N-dimer can ameliorate key aspects 
of cortical spreading depression (CSD) [222], which is believed to contribute to 
infarct expansion during cerebral ischaemia [46, 62]. CSD is induced by high 
levels of extracellular glutamate and potassium ions, leading to a slowly propa-
gating wave of depolarized neurons and glia. Tat-N-dimer reduced the drop in 
direct current (DC) potential by 33 % and partially preserved spontaneous neuro-
nal activity following CSD, without affecting cerebral blood flow or oxygen con-
sumption [222]. The molecular mechanisms behind these effects are not known, 
but could be due to changes in the dynamics and sorting of transmembrane ion 
channels. It is not clear if this amelioration of CSD contributes to the neuroprotec-
tive properties of Tat-N- dimer, but the experiments indicate that PSD-95 inhibi-
tion may induce other effects besides those initially presumed [222]. Finally, 
Tat-NR2B9c was shown to protect against NMDA-induced neurotoxicity by 
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inhibiting p47phox phosphorylation and thereby preventing NOX2 activation and 
superoxide production [223]. Importantly, the nNOS inhibitor l-NG-nitroarginine 
methyl ester (l-NAME) did not suppress superoxide levels, but did protect the 
neurons. Therefore, these studies indicate that Tat-NR2B9c inhibits NOX2 activa-
tion, independent from its effect on nitric oxide production, and that both super-
oxide and nitric oxide are important for NMDA receptor-mediated toxicity, likely 
via peroxynitrite formation [223].

Overall, PSD-95 inhibitors are promising drug candidates against acute isch-
aemic stroke. Their main mode of action is likely via reduction of nitric oxide and 
RNS toxicity, but additional mechanisms may also contribute.

5.5  NADPH Oxidase

NADPH oxidases produce superoxide (NOX1-3, 5) or hydrogen peroxide (NOX4, 
DUOX1-2) for a range of physiological processes, such as migration, cell survival, 
and differentiation [19, 20, 76]. In the CNS, NOX2 is believed to play a modulatory 
role in LTP and memory and participate in intercellular signalling [19]. During isch-
aemia, the production of ROS is too extensive and causes toxicity. A direct way of 
attenuating oxidative stress is therefore to inhibit the activity of NADPH oxidase 
enzymes. All seven isoforms of NADPH oxidase comprise a transmembrane cata-
lytic core subunit (NOX1-5, DUOX1-2) that can transfer an electron from cytosolic 
NADPH via a FAD coenzyme and two heme groups across the membrane, where 
oxygen acts as the final electron acceptor. Various membrane and cytosolic proteins 
are required to get fully active NADPH oxidase enzymes. For example, a matura-
tion and stabilization partner is necessary for NOX1-4 (p22phox) and DUOX1-2 
(DUOXA1/2) function, and NOX1 and NOX2 depend on cytosolic organiser 
(NOXO1 and p47phox, respectively) and activator (NOXA1 and p67phox, respectively) 
subunits [19, 76]. NOX2 was initially found in phagocytes, where it produces ROS 
in relation to respiration bursts as a defence mechanism against bacterial infections. 
NOX2 is activated by phosphorylation of the organizer subunit p47phox, leading to 
translocation of p47phox and the activator subunit p67phox to the membrane and thus 
assembling and activation of the entire multi-subunit NOX2 complex (Fig. 8.5a) 
[19, 76]. Later, NOX2 was identified in brain neurons, microglia, and astrocytes 
[19, 78, 82], and similarly to phagocytes, neuronal NOX2 is activated by NMDA 
receptor- mediated Ca2+-influx, presumably via phosphatidylinositol-3-kinase 
(PI3K) activation of PKCζ, which then phosphorylates p47phox and induces the 
assembly and activation of NOX2 [81, 224]. To support this, an adaptor protein 
named APPL1 was shown to interact with the NMDA receptor tail and PI3K simul-
taneously [225], providing a structural link for mediating efficient PI3K activation 
upon Ca2+ influx. One study showed that the NOS inhibitor l-NG-nitroarginine (l-
NNA) reduced NMDA-induced superoxide production in mouse neocortex and cul-
tured neurons, indicating that nitric oxide also contributes to the activation of NOX2 
after NMDA receptor stimulation [82]. However, other studies [81, 91, 223] showed 
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that NOS inhibitors did not reduce NMDA-induced superoxide production (but 
NOX2 inhibition did [81, 223]), thereby questioning the role of nitric oxide in 
NMDA receptor- mediated activation of NOX2.

NOX1, 2, and 4 are the most studied NOX proteins in relation to brain diseases 
and are all expressed in the cerebrovascular system and brain cells, such as neurons, 
microglia, and astrocytes [19, 78, 226]. Genetic knock-out studies have been instru-
mental in elucidating the importance of individual NOX isoforms [76, 78, 227]. 
NOX1 knock-out gave mixed results in four studies, indicating a minor role of this 
isoform [78, 227]. For NOX2, nine independent studies have shown that genetic 
knock-out protects against ischaemic brain damage in rodents, as infarct volumes 
were reduced by ~50 % on average [228–236]. Interestingly, infarct size was similar 
to that of wild-type mice when reintroducing NOX2-containing neutrophils to the 
NOX2 knock-out mice by bone marrow transplantation, indicating that migrating 
neutrophils are responsible for NOX2-mediated infarct development during isch-
aemia [228]. However, transplanting NOX2-deficient bone marrow into wild-type 
mice did not reduce infarct volume [228]. Thus, neutrophil NOX2-mediated ROS 
production is seemingly important, but not determinant for infarct development, and 
neuronal NOX2 is likely important too. Similar findings and conclusions have been 
reported in another study [235]. Knocking out NOX4 has been shown to be neuro-
protective (75 % infarct reduction), and interestingly, this study also demonstrated a 
lack of neuroprotection by knocking out NOX2 [77]. However, the NOX4 knock- 
out results could not be repeated in another mouse strain [78]. The reasons for the 
contradicting results could be related to technical issues specific to the various 
knock-out models, expression levels of NOX2/4, and the differences in transient 
versus permanent models [78, 227, 237].

In oxygen-glucose-deprived neurons, NOX2 is clearly the primary source of 
ROS following reoxygenation, as both NOX inhibitors and knocking out the cata-
lytic core subunit of NOX2 reduced ROS production and cell death [72]. Likewise, 
NOX2 (and not NOS, XO, or mitochondria) was the main producer of ROS and 

Fig. 8.5 (a) The activated and assembled NOX2 multi-subunit enzyme complex consists of mem-
brane (NOX2, p22phox) and cytosolic (p47phox, p67phox, p40phox, and Rac) proteins. (b) Key NADPH 
oxidase inhibitors
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responsible for neuronal death in NMDA-treated cultured neurons and in situ mouse 
hippocampus, as demonstrated pharmacologically and by gene-deletion of p47phox 
[81]. Similarly, p47phox knock-out or pharmacological NOX inhibition in wild-type 
mice reduced superoxide production and neuronal death in vivo following transient 
cerebral ischaemia [238]. Overall, these studies strongly suggest that NOX2 is a 
crucial enzyme for producing ROS during cerebral ischaemia and reperfusion and 
is a potential future drug target against ischaemic stroke.

Current NADPH oxidase inhibitors suffer from many limitations, such as off- 
target binding, lack of isoform selectivity, and intrinsic anti/pro-oxidative effects, 
which obviously complicates the interpretation of biological results. Often, they 
have been identified by functional screening assays, wherefore their exact molecu-
lar mechanisms are not known [239–242]. Still, several pharmacological in vivo 
studies support the idea that NADPH oxidases play a key role in cerebral ischaemia 
[78, 227]. Apocynin is a naturally occurring organic molecule reported to inhibit the 
membrane translocation of p47phox and thus activation of the NOX2 complex 
(Fig. 8.5b) [242, 243]. It has been widely studied in MCAO models under various 
conditions and generally shows neuroprotective effects when given before or during 
reperfusion, even after a 2-h ischaemia period, but not when given >0.5 h after 
reperfusion [78, 227]. However, apocynin has several off-target effects, such as 
inhibition of rho kinases and both pro-oxidant and antioxidant effects (dependent on 
dose and cellular conditions), and its activity also depends on its conversion to a 
dimeric form by myeloperoxidase, which is not present in all cells [78, 239, 242, 
243]. Therefore, results based on apocynin should be interpreted with caution. 
Nevertheless, apocynin reduced infarct volume by ~50 % and inhibited superoxide 
production in normal mice, but not in NOX2 knock-out mice, when exposed to 
0.5-h ischaemia and reperfusion, indicating that NOX2 is the relevant protein for 
apocynin-mediated neuroprotection [232].

The small molecule triazolopyrimidine VAS2870 (Fig. 8.5b) inhibits NOX1/2/4/5 
selectively over eNOS and XO and shows no ROS scavenging effects [242, 244]. 
The exact mechanism of action is not known, but VAS2870 has been suggested to 
inhibit NOX assembly or conformational changes important for NOX activity [245]. 
VAS2870 reduced infarct volume by 75 % in mice exposed to 1 h of tMCAO when 
administered intrathecally 2 h after occlusion and again at 12 h, and neurological 
function and motor coordination were also improved [77]. It was the same study that 
showed reduced infarct volumes in NOX4, but not in NOX2, knock-out mice. 
Accordingly, administering VAS2870 to NOX4 knock-out mice did not improve 
infarct volume further, which was interpreted as proof of VAS2870-mediated neuro-
protection via NOX4 [77]. An alternative explanation is that maximal neuroprotec-
tion was already achieved by knocking out NOX4. Unfortunately, VAS2870 was not 
tested in their NOX2 knock-out model to explore if VAS2870 acted via NOX2 inhi-
bition. Later, VAS2870 was found to thioalkylate cysteine residues in the ryanodine 
receptor Ca2+ channel (RyR1) and GSH, and it was illustrated that NOX4 activity 
was sensitive to cysteine alkylation [246]. However, it is not settled if this mecha-
nism can explain the observed neuroprotective effects of VAS2870 [242]. Recently, 
questions were raised about the ability of this compound to inhibit NOX4 [78].
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The pyrazolopyridine compounds GKT136901 (Fig. 8.5b) and GKT137831 
potently inhibit NADPH oxidases with a ~10-fold selectivity towards NOX1, 4, and 
5 over NOX2, and they do not inhibit XO or scavenge ROS/RNS (except for 
GKT136901, which reacts with peroxynitrite [247]) [239, 242, 248]. GKT137831 
was tested in clinical trials of diabetic nephropathy and is currently explored in 
fibrotic indications. The neuroprotective properties of these compounds have not 
been elucidated.

Isoform-specific NOX inhibitors are highly valuable tools for unravelling the 
cellular roles of individual NADPH oxidases and could facilitate further drug devel-
opment. NOX2 inhibitors can be achieved with compounds that can prevent the 
assembly of the NADPH oxidase complex by targeting the protein–protein interac-
tions mediated by the p47phox and/or p67phox subunits [76]. Peptides derived from 
NOX2 (aka gp91) [249], p22phox [250], or p47phox [251] target the corresponding 
binding pockets on p47phox and p67phox and inhibit the assembly and thus activation 
of NOX2. The NOX2-derived gp91d-tat peptide (Fig. 8.5b) reduced superoxide lev-
els in aorta and blood pressure in angiotensin II-induced hypertensive mice [249], 
inhibited neuronal death in hippocampus in mice exposed to global cerebral isch-
aemia [252, 253], and reduced oxidative stress and neuronal death in NMDA-treated 
cultured neurons [82, 223, 224]. It has been suggested that inhibition of the NOX2 
subunits p47phox/p67phox would also affect NOX1 due to homology and cross- 
reactivity among their respective activator and organizer subunits [76, 242, 254]; 
however, gp91ds-tat was shown to inhibit only NOX2 and not NOX1 (or NOX4) in 
cell-free reconstitution assays [255, 256]. Thus, p47phox/p67phox peptide inhibitors 
demonstrate the feasibility of specifically affecting NOX2 by preventing the assem-
bly of the multi-subunit complex. Interestingly, this strategy has been adapted to 
small-molecules targeting the p67phox-Rac GTPase interaction [257], and in another 
study ebselen and analogues were able to inhibit the p22phox/p47phox interaction 
likely by binding to the bis-SH3 domain of p47phox [258].

In conclusion, NADPH oxidases play a central role in mediating oxidative stress 
during cerebral ischaemia. The majority of in vivo data indicate that NOX2 is the 
relevant isoform, which is corroborated by a wealth of mechanistic studies in neu-
rons; however, NOX4 could also be relevant. To advance the field, isoform-specific 
and drug-like NOX inhibitors are highly warranted. This could perhaps be achieved 
with small-molecule inhibitors of p47phox and p67phox.

5.6  Keap1

Keap1 is a substrate adaptor protein, which under normal conditions binds to Nrf2 in 
cytosol and targets it for cullin 3-mediated ubiquitination and proteasomal degrada-
tion. Keap1 also serves as a redox sensor, as ROS modify sulfhydryl groups on 
Keap1 and induce a conformational change that prevents ubiquitination and degra-
dation of Nrf2 [4, 259, 260]. Nrf2 then accumulates in the cytosol and translocates 
to the nucleus, where it forms a transcription factor complex that binds to the 
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antioxidant response element (ARE) promoter region and induces gene expression 
of detoxifying antioxidant enzymes, such as catalase, SOD, GPx, thioredoxin, 
HO-1, ferritin, glutathione reductase, NAD(P)H dehydrogenase (quinone) 1 
(NQO1), and glutathione S-transferase (GST) (Fig. 8.6a). Amplifying the Nrf2 
pathway provides a promising strategy to augment endogenous antioxidant 
enzymes, whereby oxidative stress and pro-inflammatory redox signalling are 
reduced (Strategy 3, Fig. 8.3) [54, 69, 259, 261].

Enhanced Nrf2 translocation and gene activation can be obtained with covalent 
Keap1 modifiers as well as reversible peptide or small-molecule Keap1-Nrf2 
 inhibitors (Fig. 8.6a) [262]. A plethora of electrophilic compounds, many of which 
are natural product compounds, covalently react with the key sulfhydryl groups of 
Keap1 and thus enhance Nrf2 transport to the nucleus [259, 263]. Dimethyl fuma-
rate (DMF, Tecfidera®, Fig. 8.6b) is an important example and approved and mar-
keted drug for multiple sclerosis [264]. DMF is taken orally and converts into 
monomethyl fumarate (MMF) during absorption, which can permeate blood cells 
and cross the BBB. MMF covalently affects Cys151 of Keap1, leading to Nrf2- 
mediated gene transactivation in brain neurons and glial cells, and attenuates oxida-
tive stress and inflammation, explaining its neuroprotective effects and mode of 
action in relation to multiple sclerosis [265]. In general, the adduct-forming mecha-
nism of covalent modifiers is a cause for concern due to potential unspecific reac-
tions and subsequent toxicity or harmful immune response. Indeed, DMF leads to 
GSH depletion and affects hydroxycarboxylic acid receptor 2 (HCAR2)—side reac-
tions that may contribute to the mode of action in relation to multiple sclerosis, but 
also explain some of the side effects [264]. Instead of covalent inhibitors, non- 

Fig. 8.6 (a) Keap1 targets Nrf2 for ubiquitination (Ub) and degradation. Compounds targeting the 
Kelch domain of Keap1 displace Nrf2 and allow Nrf2 to translocate to the nucleus, where it forms 
a heterodimer with Maf and initiates transcription of antioxidant enzymes. Covalent Keap1 modi-
fiers and ROS/RNS are also able to affect the Keap1/Nrf2 interaction and thereby reduce Nrf2 
degradation and augment Nrf2 translocation to the nucleus. (b) Key Keap1 inhibitors
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covalent Keap1-Nrf2 inhibitors represent an attractive strategy for future drug 
development. Several peptide-based inhibitors have been identified, which consti-
tute useful tool compounds and starting points for further peptidomimetic drug dis-
covery [262, 266, 267]. Also, a range of interesting small-molecule Keap1 inhibitors 
have been presented in the recent literature [268–279]; four series are especially 
promising (Fig. 8.6b). Tetrahydroisoquinoline-based compounds inhibit the interac-
tion between the Keap1 Kelch domain and Nrf2-derived peptides in inhibition 
assays with good affinities (Kd/IC50 ~1 μM), and they potently induce Nrf2 nuclear 
translocation and ARE gene expression in cell-based assays [268, 269]. Several 
X-ray crystal structures displaying the molecular details of the interaction with the 
Kelch domain were presented [269], which provide useful data for future rational 
drug design. Compounds based on a naphthalene sulphonamide-scaffold also dem-
onstrate low micromolar affinities in competition assays of the Kelch domain and 
Nrf2 peptides and are active in cellular ARE reporter assays [270]. Optimization has 
led to very potent and well-characterized analogues with low nanomolar affinities 
[271–274] and the ability to reduce inflammation in mice challenged with lipopoly-
saccharide [272, 274]. The triazole-based compounds (Fig. 8.6b) inhibit Keap1- 
Kelch/Nrf2 in vitro at low micromolar affinity and in live cells and induced 
Nrf2-mediated gene expression [275]. Finally, fragment-based drug discovery 
(FBDD) (wide infra) provided novel and very potent benzotriazole-containing 
Keap1 inhibitors (Kd ≥ 1.3 nM) (Fig. 8.6b). Several useful X-ray crystal structures 
were generated through this work, and the optimized analogue induced Nrf2- 
dependent gene expression in cells and rats and reduced inflammation and restored 
GSH levels in a rat model of chronic obstructive pulmonary disease (COPD) [276]. 
The abilities of the above-mentioned compounds to cross the BBB or affect CNS 
disease have not been reported. A common caveat is that they all have carboxylic 
acid groups, which, due to its charge at physiological pH, is likely to prevent or 
decrease brain permeability.

Activation of Nrf2 protects neurons against cerebral ischaemia, haemorrhagic 
stroke, traumatic brain injury, and neurodegenerative disorders in animals [54, 57, 
69, 259]. This has been elucidated by genetic knock-out studies and pharmacologi-
cal inhibition using covalent modifiers and peptide inhibitors of Keap1. In a tMCAO 
model, infarct volumes were about 1.8-fold larger in Nrf2-deficient mice than in 
wild-type mice [280]. In another study, pre-treatment with tert-butylhydroquinone 
(tBHQ), a covalent Keap1 modifier, gave considerable smaller cortical infarcts in 
rats subjected to 1.5 h of MCAO followed by 24 h of reperfusion [281]. Accordingly, 
sensorimotor deficiency was reduced and cortical GSH levels were increased. Also, 
pMCAO induced larger infarcts in Nrf2 knock-out mice than in wild-type animals 
after 7 days, but not after 1 day, indicating that Nrf2 activity affects delayed pro-
cesses, such as inflammation or apoptosis. Importantly, tBHQ did not reduce infarct 
volumes in Nrf2-deficient mice following endothelin-1-induced ischaemia [281], 
confirming that neuroprotection by tBHQ was obtained via Nrf2 activation. Similar 
results were obtained with acetyl-11-keto-β-boswellic acid (AKBA), which reduced 
infarct volume by 34 % when administered at reperfusion after 2 h of MCAO in rats. 
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Neurological scores were likewise improved and Nrf2-controlled genes upregulated 
by AKBA. AKBA also protected oxygen-glucose-deprived neurons, but not if the 
Nrf2 or HO-1 genes were deleted [282]. Further validation of the importance of 
Keap1 in ischaemia was obtained by in vitro studies. DMF and MMF protected hip-
pocampal slices and neuronal cell lines from cell death following oxygen-glucose 
deprivation. The Nrf2-pathway was activated by DMF (but not MMF) as shown by 
increased mRNA and protein levels, and when the Nrf2 gene was silenced with 
RNA interference, DMF-mediated neuroprotection was abrogated [283].

In a mouse model of intracerebral haemorrhage (ICH), Nrf2-deficient animals 
experienced a 1.6-fold larger brain injury volume, which correlated with  neurological 
deficits. Also, leukocyte infiltration and ROS production were increased in mice with-
out Nrf2 [284]. In line with these findings, the covalent isothiocyanate Keap1 modi-
fier sulforaphane, injected 30 min after ICH in mice, activated the Nrf2 pathway, 
reduced oxidative stress and neutrophils in the brain, and improved neurobehavioral 
scores [285]. Deletion of Nrf2 resulted in behavioural scores worse than wild-type 
mice after ICH, and noticeably, sulforaphane had no effect on these animals [285]. In 
a similar ICH study, DMF activated Nrf2 gene expression and reduced ICH-induced 
brain damage and neurological deficits when given 2 h after ICH in rats. Impressively, 
DMF improved neurological scores in mice when administered 24 h after ICH and 
had no effect in Nrf2-deficient animals [286].

The above validation studies were conducted with covalent modifiers. 
Importantly, similar findings were obtained with the reversible peptide inhibitor Tat- 
Cal- DEETGE (Fig. 8.6b). This peptide was designed by fusing an Nrf2-derived 
amino acid sequence (LDEETGEFLP) with Tat and a calpain (Cal) cleavage 
sequence [287]. The peptide induced expression of Nrf2-controlled genes in brain- 
injured mice (controlled cortical impact model), but only if the Cal-site was present, 
and not in uninjured animals. Tat-Cal-DEETGE reduced traumatic brain injury-
associated disruption of the BBB following intracerebroventricular injection 2 h 
before injury and when given directly into the cortex 10 min after injury [287]. 
Later, this peptide was challenged in a global cerebral ischaemia rat model, where 
it reduced oxidative stress and neuronal cell death in the hippocampus and improved 
cognitive function when administered 30 min before ischaemia into the brain ven-
tricles [288]. Mechanistically, Tat-Cal-DEETGE was shown to inhibit the interac-
tion between Keap1 and Nrf2 in the cytosols of hippocampal neurons by using the 
proximity ligation assay, and it enhanced Nrf2 nuclear location, DNA binding, and 
gene expression. Tat-Cal-DEETGE also improved neuronal survival and cognition 
when administered subcutaneously with a mini-pump, starting 1 day after reperfu-
sion and lasting for 9 days [288].

Overall, there is an extensive amount of data demonstrating that Keap1 inhibition 
leads to the amplification of Nrf2 pathways and neuroprotection in a range of condi-
tions, including haemorrhagic, ischaemic, and traumatic brain injury. These studies 
were diligently conducted, as they combined pharmacological inhibition with 
genetic knock-out and biochemical characterization. However, the data were 
obtained with either covalent Keap1 modifiers or peptides. To advance drug discov-
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ery, future efforts should aim at developing drug-like, specific, and reversible 
Keap1-Nrf2 inhibitors that enter the brain following peripheral administration. Such 
compounds would be ideal tools to investigate if Keap1 inhibitors could become 
future drug candidates for treating ischaemic stroke and related brain injuries. 
Fortunately, a range of compounds already exist showing that the binding pocket of 
Keap1 is amenable to small-molecule drug discovery.

6  Multi-target Drug Discovery

Because ischaemic stroke is a multifactorial disease, it could be necessary to inhibit 
several pathways to obtain effects in ischaemic stroke patients [46, 134]. This can 
be done by polypharmacy, where more than one drug is used to achieve additive or 
synergistic therapeutic effects [131, 132], as illustrated to be efficient in several 
animal stroke studies using various compound combinations—e.g., PSD-95/JNK 
inhibition [202] and rtPA in combination with NXY-059 [130], ebselen [167], eda-
ravone [182], or others [62]. While polypharmacy is promising in the cases where 
pharmacokinetic and dynamic profiles allow co-treatment, one drawback is the 
high costs and risks of developing two drugs rather than one (unless one of the 
compounds is already marketed) [59, 134, 289, 290]. Instead, finding a single com-
pound that modulates several disease-relevant pathways is an attractive strategy 
[126, 134]. Interestingly, the neuroprotective properties of some of the most effec-
tive compounds discussed above (e.g., ebselen, edaravone, and PSD-95 inhibitors) 
and other treatments (e.g., statins [291] and hypothermia [59]) are believed to be 
mediated via multiple beneficial mechanisms [126]. A compound can have pleio-
tropic effects by inhibiting a target that connects to several unrelated down-stream 
pathways. For example, PSD-95 inhibitors link to nitric oxide and pro-survival 
pathways. Alternatively, multi-target compounds bind to several targets belonging 
to separate disease-relevant pathways. In both cases, the compound modulates sev-
eral processes and thereby represents a potential powerful strategy towards isch-
aemic stroke.

Many well-established and clinically used drugs interact with more than one 
target [289]. The multi-target profiles of these drugs were not due to deliberate 
design strategies, but rather discovered retrospectively. Rational and intentional 
development of multi-target compounds is a relatively new approach. The main 
challenge is to tailor the selectivity profile of the compound so that desired targets 
are affected, without the compounds becoming promiscuous and binding irrele-
vant or even harmful targets. Also, finding multi-target starting points is not 
straightforward. One approach is high-throughput screening (HTS) against pre-
specified targets, followed by optimization to obtain the desired selectivity profile 
[289]. Functional screening assays followed by delineation of the mechanism of 
action are also an option [292]. Alternatively, two existing compounds binding to 
separate targets can be linked or merged together to produce one compound with 
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dual activity [289]; an example of this is BN 80933, where a NOS inhibitor is 
linked to an antioxidant moiety [193]. The challenge in linking is that the mole-
cules can become too big to cross the BBB or lose other drug-like properties. 
Merging molecules while still preserving activity toward the desired targets is a 
great medicinal chemistry challenge.

FBDD provides another interesting and promising approach for developing 
multi-target inhibitors (Fig. 8.6). FBDD has, in recent years, grown into a powerful 
strategy for identifying potent and drug-like small-molecule protein inhibitors and 
has provided several clinical candidates [293–295]. The principle of FBDD is to 
screen for small substructures (fragments) of drug-like compounds with molecular 
weights of 100–300 Da and few functional and hydrogen-bonding groups [296]. 
This increases the chances for finding hits, as long as sensitive detection methods 
are applied, and the fragment-hits often bind more closely and efficiently to the 
target protein due to fewer clashes and functionalities. The fragment-hits can then 
be converted to highly optimized and drug-like structures. For finding multi-target 
starting points, FBDD is particularly useful. By screening fragments towards the 
desired targets, fragments that recognize several targets can be found (Fig. 8.7). 
Importantly, due to the lower complexity of fragments, the chances of finding multi- 
target hits are higher than when screening normal-sized compounds [297–299]. 
Although the subsequent optimization is likely challenging, this approach provides 
a unique and direct search for multi-target inhibitors. Promisingly, examples of this 
approach have been presented in recent literature [300–302].

Fig. 8.7 The principle of using fragment-based drug discovery for finding multi-target inhibitors
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7  Conclusion and Perspectives

Oxygen is fundamental for life as we know it. By exploiting the chemistry of oxy-
gen, biological systems are capable of utilizing and handling reactive molecules 
like ROS and RNS in physiological redox signalling. Also, cells can tolerate a 
certain amount of ROS and RNS as side products from mitochondrial respiration 
and other biochemical reactions. In many diseases, however, ROS and RNS over-
whelm our antioxidant defence system, and their diverse and toxic reactivity can 
lead to cell death and physiological deterioration. Interestingly, it is often the same 
sources that produce ROS and RNS during physiological conditions, which are also 
responsible for oxidative stress in disease. Three groups are especially important: 
the mitochondria, NADPH oxidases, and flavoproteins (e.g., NOS and XO). In 
ischaemic stroke, oxidative stress immediately kicks in as a result of dysregulation 
of the three mentioned ROS/RNS sources. Mitochondrial ROS are enhanced by 
energy depletion and Ca2+ influx, NADPH oxidases are overly activated, and flavo-
proteins like NOS and XO are excessively stimulated and modified to produce ROS 
and RNS. The oxidative stress contributes to immediate necrosis as well as more 
delayed processes, like apoptosis and inflammation, and thereby plays a central 
function in the development of infarction and concomitant brain damage seen in 
stroke. A key question is if targeting oxidative stress can provide new treatment 
strategies against ischaemic stroke. Ischaemic stroke is a major cause of death and 
disability and imposes a huge burden on affected individuals and society. 
Unfortunately, there have been many failures in the ischaemic stroke drug discov-
ery field, especially in the late 1990s, which have caused resignation and reluctance 
to invest resources into the area. However, detailed analyses of past clinical failures 
have identified the many shortcomings of these trials. New animal models have 
appeared and extensive guidelines for improving the quality and translational value 
of preclinical models now exist. Also, new treatment paradigms and logistics facili-
tate hyper-acute treatment. Therefore, there are reasons to be optimistic about 
future stroke drug discovery efforts. A vast amount of preclinical experiments and, 
importantly, even evidence from clinical studies suggest that oxidative stress plays 
a key role in ischaemic stroke. PSD-95, NADPH oxidase, and Keap1 represent 
specific protein targets with a clear mechanistic link to oxidative stress and cerebral 
ischaemia, and their inhibition leads to significant neuroprotection in animals. For 
PSD-95, there are indications from a clinical trial that corroborate its potential as a 
target for treating stroke. Finally, the multifactorial character of ischaemic stroke 
may necessitate the development of multi-target or pleiotropic drugs, and the devel-
opment of such compounds should be a future direction for ischaemic stroke drug 
discovery.

Conflict of Interest The author is the cofounder of Avilex Pharma, which develops peptide-based 
PSD-95 inhibitors for stroke treatment.
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Chapter 9
Nitrones, Old Fellows for New Therapies 
in Ischemic Stroke

Alejandro Escobar-Peso, Mourad Chioua, Valerio Frezza, Emma  
Martínez- Alonso, José Marco-Contelles, and Alberto Alcázar

Abstract Ischemic stroke is suffered by millions of people worldwide, being the 
second cause of death in 2012. To date, only recombinant tissue plasminogen acti-
vator and thrombectomy, as first-line recanalization approaches, are the only treat-
ments approved for ischemic stroke therapy. Nevertheless, the low number of 
patients who can benefit from this treatment, as well as the limited beneficial out-
come, even if proper recanalization rates are achieved, make evident the need for 
complementary therapeutic approaches. Among them, the neuroprotection strategy 
appeared as a promising approach which led to the development of drugs targeting 
distinct steps of the biochemical pathways that take place during and after the isch-
emic insult. However, no effective translation from preclinical studies to clinical 
use has been achieved until now, rising thus doubts about the suitability of the neu-
roprotection therapeutic strategy. Regarding the intrinsic complexity of ischemic 
stroke, pleiotropy has been proposed as a key issue, and nitrones, known to act as 
radical traps, have arisen as interesting drug candidates. From its widely known 
antioxidant behavior, new mechanisms of action have been proposed based on 
reported evidence. In this chapter, nitrones pleiotropy is reviewed. Specific results 
of nitrones developed by our group are reported and discussed.
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1  Introduction

Stroke can be defined as a pathology in which a cerebral vessel affection produces 
an impairment in cerebral blood flow (CBF), altering the normal function of the 
whole brain or a specific part of it, either permanently or temporarily [1]. In the 
period 2010–2012, stroke was the second most common cause of death, accounting 
in 2012 for 11.9 % of deaths produced worldwide, just after ischaemic heart disease 
[2]. In the same period, stroke was the third largest cause of disability [3].

Among the two main types of stroke, hemorrhagic and ischemic, the latter 
accounts for more than 80 % of all the cases registered worldwide. Caused by an 
occluding agent formed within the brain (thrombus), in the heart (embolus), or by 
a systemic hypoperfusion [4], a variable impairment of blood flow is produced to 
the entire brain, in what is named a global ischemia, or to a specific part of it, 
focal ischemia. Usually, spontaneous reperfusion occurs quickly after the occlu-
sion and no irreversible damage is produced, being called a transient ischemic 
attack (TIA) [5]. In contrast, a genuine acute ischemic stroke (AIS) is character-
ized by the presence of irreversibly damaged tissue named ischemic core, close to 
the vessel blockage [6]. The penumbra, or the perinfarct zone, surrounds the isch-
emic core and presents remaining CBF, allowing this area to maintain ATP stores, 
oxygen metabolism, and ionic gradient homeostasis even though electrical activ-
ity is depleted and the protein synthesis inhibited [6]. Therefore, within the pen-
umbra, the cellular integrity is kept, but at high risk. Restoration of the normal 
circulatory conditions may reverse the damage produced within this area, but if 
ischemic insult is maintained over a longer period, it may also turn into infarcted 
tissue (reperfusion window) [7].

Under this perspective, achieving a proper reperfusion remains as the first goal 
for stroke treatment, but complementary therapies are needed. Despite the latest 
failures, neuroprotection remains as a promising approach. In this chapter, we will 
pay special attention to nitrones as well-known radical scavenging agents and pleio-
tropic drugs for ischemic stroke.

2  Ischemic and Reperfusion Damage

As for other diseases affecting the central nervous system, many important 
aspects of ischemic stroke have remained unknown for the scientific community 
for long time. It has been only recently, when advanced imaging techniques 
developed, that more about the physiopathology of the brain during an ischemic 
insult was really known. Even nowadays, while some aspects are being unfold, 
many others arise, creating an exhausting but challenging disease that is worth 
fighting against.

What is clear is that ischemic stroke is a very complex and multifactorial disease. 
In this sense, not only the etiology of the occlusion, but also its severity, its duration, 
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and the vessel occluded play key roles. From that point, the whole brain can be 
affected (global ischemia), or just some part of it (focal ischemia). If the latter, spe-
cific affected areas and potential residual blood flow must be considered. A gradient 
of blood flow may take place and, therefore, different biochemical pathways can be 
activated depending on the CBF impairment. Additionally, cerebral tissue is formed 
by several cellular types, which react differently to the insult, and reperfusion, if 
happens, may influence the final outcome in one way or another, depending on the 
methodology used, its efficacy, the formation of secondary clots, possible hemor-
rhage, and so on. Of course, time windows are important variables and, with them, 
countless factors and parameters could be added.

Having presented its inherent complexity, in the following section we will 
discuss the most important biochemical pathways that take place after the isch-
emic stroke (Fig. 9.1) in order to properly understand neuroprotection and 
nitrone-based therapies that will be mentioned later. In particular, short-term and 
long-term damage contributions are explained for both ischemic core and pen-
umbra in Sect. 2.1. Specific contribution of the following reperfusion to damage 
is considered in Sect. 2.2.

Fig. 9.1 Cascade of ischemia-reperfusion damage
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2.1  Damage During Ischemia

During vessel occlusion, decreased nutrients supply, along with toxic metabolites elimi-
nation failure, causes a metabolic disruption within the affected tissue in what is called 
ischemic damage. As was previously mentioned, the specific brain regions affected as 
well as the severity and duration of the ischemic insult, among others, determine pro-
gression of ischemic injury, which can continue for minutes, hours, or even days [8].

Being conscious of this complexity, elucidation of metabolic consequences of the 
different grades of CBF impairment led to experimental determination in animal mod-
els of limits or thresholds. In this regard, in a first approach to this issue, Simon et al. 
reported the existence of two basic limits: a first ‘functional threshold’ (20–18 mL/100 g/
min), in which brain functional activity is impaired due to the energy- consuming pro-
cesses inhibition; and a second ‘structural threshold’, in which structural integrity is 
lost (<15 mL/100 g/min) [9]. According to this basic division, Astrup et al. identified 
the tissue that usually surrounds the ischemic core and places between these two 
thresholds as penumbra, meaning a tissue that is functionally compromised, but struc-
turally intact [6]. Further studies of the penumbra raised the clinical relevance of this 
area, as blood supply restoration at any time was expected to reactivate its normal func-
tion [10]. Unfortunately, a correlation between higher blood flow and better functional 
outcome cannot be totally established, as we will see in the next sections.

Further investigation in the last 30 years reported a complete set of intermediate 
thresholds that trigger different and complex biochemical processes [10] and are 
referred as ischemic cascade (see Fig. 9.1). In rodents, from a normal CBF of 
70–80 mL/100 g/min, the first consequence of O2 and nutrients decrease is the inhibi-
tion of protein synthesis, the most sensitive parameter, which reaches its 50 % value at 
55 mL/100 g/min [11]. Glucose consumption is enhanced below 35 mL/100 g/min, 
when anaerobic metabolism is activated. Nevertheless, progressive accumulation of 
lactate as an anaerobic metabolism by-product prompts glucose consumption inhibi-
tion below 25 mL/100 g/min [12]. At around 20–25 mL/100 g/min, tissue acidifica-
tion inhibits oxidative phosphorylation (OxPhos) and causes severe energy depletion, 
along with protein uncoupling and iron release from intracellular stores [13].

Energy depletion causes loss of membrane potential in what is called anoxic depo-
larization of neurons and glia below 10–15 mL/100 g/min, limit of infarction. 
Consequently, intracellular sodium/potassium ratio increases and glutamate and other 
neurotransmitters are released into the extracellular space. Overstimulation of volt-
age-dependent calcium channels, as much as glutamate-regulated channels (AMPA, 
NMDA, and metabotropic receptors), causes a massive calcium, sodium, and chloride 
influx into the neurons (excitotoxicity) [14], a concomitant entrance of water that con-
tributes to cellular edema [15] and depletion of calcium from the endoplasmic reticu-
lum (ER) [16]. Cells within the ischemic core are not able to repolarize, whereas in the 
penumbra its higher CBF allows recovery of functional potential, intermittently lost 
due to extracellular glutamate in what are called perinfarct depolarizations.

Calcium ion is one of the major players in stroke damage. Massive calcium 
influx is produced by the previously mentioned voltage- and glutamate-dependent 
calcium channels, depletion from intracellular stores such as ER or mitochondria, 
and activation of acid-sensing ion channels [17]. This second-messenger overload 
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further contributes to degradation by several pathways: (1) activation of proteolytic 
enzymes such as calpain, known to degrade cytoskeleton [18] and extracellular 
matrix-proteins [19]; (2) activation of endonucleases and phospholipases; (3) acti-
vation of reactive species-producing enzymes such as nitric oxide synthase (NOS) 
[20]; and (4) mitochondria degradation and release of cell-damaging product by 
mitochondrial permeability transition (MPT) pore opening and other means [21].

Nitric oxide (NO) role in ischemic/reperfusion injury has been subject of contro-
versy since its proposal as a key mediator in stroke by Marshall and Kontos in 1990 
[22]. Existence of different NOSs with variable roles depending on the time window 
and tissues present may have contributed. First described in neurons and endothelial 
tissue, nNOS and eNOS, respectively, are Ca2+-activated enzymes [20]. In contrast, 
the inducible form of NOS (iNOS) was first discovered in macrophages [23]. Thus, 
ischemic activation of both nNOS and eNOS is expected within the first hours after 
stroke, when calcium accumulates in the cytoplasm, whereas delayed iNOS expres-
sion has been reported to occur in rodents 12 h after permanent medial cerebral artery 
occlusion [24], contributing to a long-term damage in inflammation injury. Apart from 
its combination with other free radicals (Fig. 9.2), NO production leads to cellular 
damage by oxygen exchange from the heme group of mitochondrial enzymes, ensu-
ing mitochondrial transport chain inhibition and enhanced ATP depletion [25].

Increased amounts of other reactive species are also present within the penumbra 
under hypoxic conditions. Mitochondria dysfunction promotes electron leakage 
from electron transport chain, working as a major source for superoxide anion [26], 
as well as non-radical metabolites autoxidation catalyzed by released metals [27]. 
Calcium-mediated protease activation catalyzes xanthine dehydrogenase cleavage 
to xanthine oxidase, promoting xanthine conversion to uric acid, superoxide anion, 
and hydrogen peroxide [28]. In addition, the aforementioned enzyme NOS may 
produce superoxide [29], and stimulation of NADPH oxidase during inflammatory 
response is also an important source of the same radical [30].

These reactive oxygen or nitrogen species (ROS, RNS) play, therefore, important 
roles in cellular damage during the ischemic insult. Nevertheless, this deleterious 
role would be more pronounced during reperfusion, when massive oxygen supply 
facilitates even more its generation (see Sect. 2.2).

Additionally, during ischemia, resident microglia, astrocytes, and neurons in 
regions with residual blood supply upregulate their production of cytokines and 
chemokines due to increased intracellular calcium, ROS, RNS as well as hypoxia 
itself [31]. Among these inflammatory mediators, pro-inflammatory IL-1, IL-6, and 
TNF-α activate signaling pathways leading to adhesion molecules production 

Fig. 9.2 ROS and RNS 
possible reactions
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(selectins, integrins, immunoglobulins) by the endothelial surface that promotes 
neutrophil accumulation in the vessel lumen [32]. This recruitment can obstruct the 
microcirculation and may be responsible for a CBF decrease in the penumbra, as 
well as may prevent proper reperfusion when recanalization is produced [33].

Eventually, adhesion molecules expression, along with calcium-mediated blood- 
brain barrier (BBB) disruption [34], results in leukocyte infiltration into the dam-
aged tissue, neutrophils being the first to cross the damaged vascular endothelium 
[32]. In the brain, they are known to enhance production of cytokines and release 
reactive species such as NO•− by iNOS− and proteolytic enzymes such as protein 
kinase C [35] as well as further stimulate inflammatory mediators production.

Thus, inflammation contributes to exacerbate brain injury during ischemic insult. 
However, increasing evidence suggests that inflammation has both beneficial and 
deleterious effects, contributing to brain recovery [31]. In any way, inflammatory 
response is enhanced after reperfusion, being an important contribution to final 
patient outcome. That is why it will be also considered as part of the reperfusion- 
mediated damage (see below).

2.2  Reperfusion Damage and Other Long-Term Contributions: 
Oxidative Stress

During ischemia, previously mentioned phenomena take place, leading to cell dam-
age. Necrosis in the ischemic core may occur within minutes, whereas in the penum-
bra, less severe ischemic insult promotes a delayed cell damage by longer-term 
processes such as apoptosis (Sect. 2.2.2) or inflammation (Sect. 2.2.3). However, if 
the ischemic insult remains, expansion of the ischemic core into the penumbra, 
increasing the infarct size, is only a matter of time [7]. That is why allowing reperfu-
sion as soon as possible will avoid the ischemic core progression. Nevertheless, reper-
fusion does not necessarily improve patient outcome. As it was previously mentioned, 
complex signaling pathways take place in the penumbra, and longer- term processes 
triggered during the ischemic time (apoptosis, inflammation) may make difficult its 
complete recovery. Besides, ROS and RNS production is enhanced after reperfusion 
is produced, leading to reperfusion damage that must also be considered.

Regarding oxidative stress, sources of ROS and RNS activated during the isch-
emic insult have their activity enhanced because of the massive oxygen supply 
 produced after spontaneous reperfusion or recanalization. This overwhelming con-
centration of oxidative species surpasses antioxidant capacity of endogenous sys-
tems, some of them shown in Table 9.1.

As a consequence, different reactive species are formed, as shown in Fig. 9.2.
Peroxynitrite forms by the combination of superoxide and nitric oxide, mainly 

after reperfusion [36]. Since its first proposal as a reactive species implicated in 
oxidative stress, peroxynitrite has been reported to directly oxidize and nitrate pro-
teins, lipids, and DNA, as well as work as a source of hydroxyl radical (•OH), nitro-
gen dioxide (NO2

•), and carbonate radical (CO3
•−) [36, 37]. Free metals released 

during ischemia, such as iron or copper, are a source of hydroxyl radical (·OH) by 
the Fenton-type reaction (Fig. 9.3) [38].
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Table 9.1 Main antioxidant systems present in brain

Enzymes Cofactor MW (Da) Subcellular location Reaction

Superoxide dismutase (SOD)

Cu, Zn-SOD 
(SOD1)

Cu2+, Zn2+ 15936 Cytosol, lysosomes, 
mitochondrial 
intermembrane 
space

2O2
•− + 2H+ → H2O2 + O2

Mn-SOD  
(SOD2)

Mn2+ 24722 Mitochondrial 
matrix

Extracellular 
SOD (SOD3)

Cu2+, Zn2+ 25851 Extracellular

Catalase (CAT) Heme, 
NADP+

59756 Peroxisomes 2H2O2 → O2 + 2H2O

Glutathione peroxidase (GSHPx)

GSHPx1-2 ~22000 Cytoplasm 2GSH + H2O2 → GS–GS + 
2H2OGSHPx3,5-7 ~21–

25,000
Extracellular

GSHPx4 22175
19525

Mitochondrion, 
cytoplasm

2GSH + Lipid–OOH → 
GS-GS + Lipid−OH + 2H2O

Peroxiredoxin

Peroxiredoxin-1 22110 Cytoplasm, 
melanosome

2 R′–SH + ROOH → 
R′–S–S–R′ + H2O + ROH

Peroxiredoxin-2 21892 Cytoplasm

Peroxiredoxin-3 27693 Mitochondrion

Peroxiredoxin-4 30540 Cytoplasm, 
extracellular

Peroxiredoxin-5 22086
17031

Mitochondrion, 
Cytoplasm, 
Peroxisome

Peroxiredoxin-6 25035 Cytoplasm, 
Lysosome

Antioxidant 
Molecules

MW (Da) Structure

α-Tocopherol 
(vitamin E)

430

Ascorbic Acid 
(vitamin C)

176

Glutathione 
(GSH)

307

Melatonin 232
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In general, these and other reactive species can directly oxidize cellular struc-
tures such as lipids, proteins, or nucleic acids, or they can interfere in diverse meta-
bolic pathways acting as signaling molecules, as in apoptosis and inflammation.

2.2.1  Lipid Peroxidation

As it was previously mentioned, calcium-activated phospholipase A2 [39] and 
depolarization- activated phospholipase C [40] release fatty acids, mainly arachi-
donic acid, by membrane phospholipid hydrolysis [41]. This not only produces a 
concomitant cellular damage or inhibits oxidative phosphorylation [42], but also 
serves as a source of substrates for the lipid peroxidation radical reaction. This 
effect is of great importance in brain since, compared with other organs, it has a 
high concentration of polyunsaturated fatty acids [43].

In particular, OH is able to abstract H• from the polyunsaturated hydrocarbon 
chain of a membrane fatty acid, forming carbon-centered radicals that undergo oxy-
gen addition to form lipid peroxides. These peroxides can attack double bonds in 
their own chain (forming cyclic peroxides), or in adjacent fatty acids and so on, 
propagating the free radical chain reaction [44], as shown in Fig. 9.4.

As a consequence of lipid peroxidation reaction, leakage of cellular bilayers and 
damage to membrane proteins are produced, altering normal membrane permeabil-
ity. Additionally, cytotoxic by-products, such as 4-hydroxi-2-trans-nonenal, [45] 
are generated, along with more free radicals and pro-inflammatory products [46].

2.2.2  Apoptosis

As signaling molecules, ROS and RNS are known to promote a longer-term damage 
by apoptosis activation and neuronal death.

In contrast to the necrosis that usually takes place within the ischemic core, where 
CBF reaches the lowest thresholds for energetic maintenance, apoptosis appears in 

Fig. 9.3 Fenton type 
reaction catalyzed by iron 
salts

Fig. 9.4 Lipid peroxidation reaction
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the penumbra, where some energetic metabolism is kept, as a result of varied death 
signals that trigger apoptotic cell death. One of these signals is the one regarding 
ROS and RNS. Apart from the damage produced, they are known to directly activate 
mitochondrial-mediated apoptosis (also referred as non-receptor- mediated apopto-
sis) by mitochondrial membrane degradation. Release of pro- apoptotic molecules 
such as cytochrome C [47], Smac/DIABLO factor [48], procaspases, and apoptosis-
inducing factor (AIF) is produced consequently. This is translated by complex bio-
chemical pathways that imply caspase route and poly(ADP-ribose) polymerase 
(PARP) cleavage [49], to DNA damage and, eventually, cell death [50].

2.2.3  Reperfusion Contribution to Inflammation

ROS and RNS are also known to play important roles in further contribution to 
inflammation.

As it was previously mentioned, leukocytes accumulate into the vascular endo-
thelial surface as a consequence of adhesion molecules overexpression and BBB 
disruption. When the clot is dissolved and recanalization is allowed, this leukocyte 
plugging may make proper reperfusion to the brain difficult in what is known as the 
ischemic no-reflow phenomenon [32].

If leukocytes cross BBB, they release neurotoxic substances and pro- inflammatory 
mediators, such as cytokines, chemokines, and radical species, further contributing 
to inflammatory response. In these cells, as well as in activated microglia and isch-
emic neurons, radical producing enzymes are activated, and therefore, restoration of 
oxygen levels will enhance radical production. Among these, NO production is 
strongly induced after ischemic insult both by calcium-modulated isoforms of NOS 
or by iNOS synthesis de novo, in later stages of the inflammatory response [51]. 
Other enzymes, such as cyclooxygenase 2 (COX-2), are also highly expressed in 
neutrophils, vascular cells, and neurons, and it is known to produce superoxide 
anion and prostanoids, typical pro-inflammatory mediators [52]. In addition to all 
these factors, recanalization may increase flow of immune cells to the ischemic 
region, increasing cellular inflammatory response.

In conclusion, reperfusion-mediated contributions amplify inflammatory 
response and enhance deleterious effects. These may eventually lead to BBB break-
age, cytotoxic edema, cell death, and hemorrhagic transformation, drastically wors-
ening patients outcome [53].

2.3  Induced Reperfusion as Therapy for Stroke Treatment

The induction of reperfusion by endovascular mechanical procedures (thrombec-
tomy) or systemic thrombolytic drugs is, to date, the only approved therapy for 
stroke treatment.
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The majority of ischemic strokes result from thrombus occlusion. The thrombus 
is formed by blood cells in a fibrin matrix and its dispersion (fibrinolysis) is enzy-
matically driven by plasmin, a serine protease, which is activated from its zymogen 
plasminogen by naturally present tissue plasminogen activator (TPA). Genetic mod-
ifying techniques over these endogenous compounds led to the development of 
Alteplase®, a recombinant tissue plasminogen activator (rTPA), which is, to date, 
the only drug approved for acute stroke treatment by the Food and Drug 
Administration (FDA) and European Medical Agency [54].

In spite of being approved, rTPA present several deficiencies, such as short treat-
ment time window of only 4.5 h after the symptoms onset [55] and neurotoxic side 
effects resulting from NMDA channel stimulation that contributes to excitotoxicity 
[56]. Additionally, rTPA use is associated with higher risk of subsequent hemor-
rhage (hemorrhagic transformation) and reocclusion, due to ineffective thromboly-
sis [57]. These factors, along with a low number of patients who can benefit from 
this therapy (approx. 5 %) and low recanalization rates (<50 %) [58], enhance the 
need for a proper reperfusion treatment.

As an alternative to systemic thrombolysis, besides being reported ineffective for 
large artery occlusions, thrombectomy methods try to remove the obstruction and 
eliminate the thrombus with the use of an intra-arterial mechanical device operated 
by high-skilled clinicians. Several devices have been approved by FDA: MERCI 
[59], PENUMBRA [60], SOLITAIRE FR [61], and TREVO [62]. Among these, 
most modern stent-retrievers (SOLITAIRE, TREVO) are preferred over the older 
generation (MERCI, PENUMBRA) and over systemic thrombolytics, since they 
show higher and faster recanalization rates and lower procedure complications, 
although phase III studies to prove better clinical outcome compared with standard 
4.5 h rTPA-induced thrombolysis (Table 9.2) are still missing [63].

Apart from the previously mentioned methods, numerous researches have been 
done in the development of new recanalization approaches. Most promising 
approaches are summarized in Table 9.2 [82, 83].

As this summary tries to show, great advances have been made in the last fifteen 
years in order to find an effective therapy for reperfusion. Last thrombectomy tech-
niques have arisen as promising alternatives to systemic thrombolysis because of 
higher recanalization efficacy and less procedure complications, which have led to 
an increasing number of patients who can benefit from this treatment. Nevertheless, 
there is a high percentage among them (>50 %) whose reperfusion does not translate 
into improved outcome, which is leading to an increasing number of patients with 
“futile recanalization” [84].

Complementary strategies guaranteeing improvement for those patients are, 
therefore, more required than ever due to the expansion of recanalization approaches. 
Neuroprotection strategies, which originally focused on recuperation of the ischemic 
penumbra, must now be aimed also to prevent damage produced during reperfusion 
and promote patient recovery. Pleiotropic drugs, as an interesting approach, could 
achieve these goals, benefiting not only patients with futile recanalization, but also 
spontaneously reperfused and even those directly benefited by clot dissolution.
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Table 9.2 Up-to date summary of recanalization methodologies

Methodology Current status Study/clinical trial

Systemic thrombolysis

Recombinant tissue 
plasminogen activator 
(rTPA)

First-line drug of choice 
to use within 4.5 h after 
the stroke onset [54]. To 
date, improvement 
between 4.5-6 h is not 
conclusive

Phase III

NINDS [64] for 3 h

ECASS-3 [55] for 4.5 h

IST-3 [65] and SITS-ISTR [66] for 6 h

Tenecteplase Phase III clinical trials 
ongoing [67]

Phase II

ACTRN12608000466347 [68]

ATTTEST [69]

TEMPO-1 [70]

Phase III

NOR-TEST (NCT01949948)

TASTE (ACTRN12613000243718)

TEMPO-2 (NCT02398656)

Desmoteplase Phase III studies showed 
good pharmacological 
profile but no significant 
improvement when 
compared with placebo. 
Testing in earlier 
time-windows was 
proposed [71]

Phase II

DIAS [72]

DEDAS [73]

Phase III

DIAS-2 [74]

DIAS-3 [75]

DIAS-4 (NCT00856661)

Argatroban Argatroban and rTPA 
combination Phase II 
studies reported safety 
and higher canalization 
rates than rTPA alone. 
Further Phase II studies 
ongoing

Phase II

ARTSS-1 [76]

ARTSS-2 (NCT01464788)

ARTSS-IA (NCT02448069)

Ultrasound + rTPA 
(Sonothrombolysis)

Ultrasound in 
combination with rTPA 
showed safety and good 
recanalization rates in 
Phase II studies. Phase III 
results pending

Phase II

CLOTBUST-HF [77]

Phase III

CLOTBUST-ER (NCT01098981)

Endovascular reperfusion

Thrombectomy With higher and faster 
recanalization rates, 
several mechanical 
devices have been 
approved by the FDA, 
although Phase III studies 
proving safety and 
efficacy compared with 
4.5 h rTPA are still 
ongoing

Phase II

MERCI, Multi-MERCI [78]

PENUMBRA [60]

SWIFT [79]

TREVO 2 [62]

Phase III

SWIFT PRIME [80]

REVASCAT [81]

9 Nitrones, Old Fellows for New Therapies in Ischemic Stroke



262

3  Neuroprotection: Nitrones as Promising Drug Candidates

Based on the current understanding of the biochemical processes taking place after 
the stroke onset and during reperfusion, many compounds have been developed 
targeting different ischemic/reperfusion cascade steps in order to lessen the neuro-
logical damage. In general, compounds aimed to avoid this and any other kind of 
neurodegeneration processes have been referred as neuroprotective.

Despite promising results in preclinical phases, neuroprotection drugs for stroke 
have failed in their attempt to reach the clinic. In 1999, this situation prompted the 
formation of the Stroke Therapy Academic Industry Roundtable (STAIR), which 
proposed a series of guidelines aimed to improve quality of preclinical and clinical 
studies [85]. Anyhow, since its formation, no neuroprotective drug has been granted 
approval by the FDA for stroke treatment. Numerous reviews, manuscripts, and 
meta-analysis have been published about this issue, leading to interesting conclu-
sions questioning preclinical and clinical procedures.

3.1  Nitrones as Antioxidant Agents and Spin Traps Deserve 
Special Attention

Despite this disappointing situation, neuroprotection in stroke still remains an 
attractive and promising therapeutic field. In this context, different strategies have 
been developed aimed to target different components of the ischemic cascade (glu-
tamate receptors, apoptosis inhibitors, inflammation modulators, etc.) [86]. 
However, among them, oxidative stress reduction or prevention has become one of 
the most interesting approaches because of its key relevance in ischemic/reperfu-
sion injury (see Sects. 2.1 and 2.2). Additionally, the special sensitivity of the brain 
to this issue is due to its: (1) high oxygen consumption; (2) great cellular accumula-
tion of iron, producer of radical species [87]; (3) high concentration of unsaturated 
lipids known to be targets for oxidation [43]; and (4) its relatively low amount of 
antioxidant mechanisms [88]. All these factors make oxidative stress an appealing 
target from where the development of stroke’s pleiotropic drugs, meaning mole-
cules able to show diverse polypharmacology, can begin.

In this regard, nitrones-derivatives, as well organic compounds known for their 
radical trapping capacity, have attracted the interest of a number of research groups 
and projects. These compounds were first developed by analytical chemists as radi-
cal detection tools when stable nitrone-radical adducts formation were observed 
[89]. Detection and characterization of such short-lived species became therefore 
possible by electron spin resonance methods applied to the more stable and para-
magnetic “spin adducts” formed (Fig. 9.5) [90].

Shortly after this discovery, subcellular radicals detection using this technique 
[91–93] has led to an extensive knowledge of the potential of nitrones as therapeutic 
candidates for cancer [94–98], neurodegenerative disorders [99], hearing loss [98], 
visual impairment [100], and stroke [98, 101, 102], among others. In particular, the 
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first proposal of nitrones as potential therapeutic agents for circulation issues was 
produced in 1986, when Novelli and coworkers found that phenyl-t-butylnitrone 
(PBN) (Fig. 9.6), a previously and widely used spin-trapping nitrone, prevented and 
reversed traumatic shock injury in rats [103].

3.2  NXY-059 as the Furthest-Reaching Nitrone-Derived Drug 
Candidate to Date

A PBN derivative, NXY-059 (Fig. 9.6) (Cerovive®, developed by Centaur 
Pharmaceuticals, later acquired by Renovis, which licensed it to AstraZeneca), was 
the first nitrone to reach clinical trials and, therefore, the first nitrone tested in humans.

Phase I and II studies reported no toxicity and a good pharmacokinetic profile, with 
low binding to plasma proteins (40 % approx.), short plasma elimination half- life 
(2–4 h), and low metabolic rate (about 80–90 % was excreted unchanged). Renal 
clearance was determined to be the most important parameter in NXY-059 elimina-
tion, which was not affected by urine pH or urine flow rate [104]. Regarding its tissue 
penetration, lower brain penetration than PBN was reported in several in vitro BBB 
penetration studies, but significantly increased during hypoxia or ischemic episodes 
[105]. From these results, no safety concern could be raised against this agent, as 
NXY-059 was demonstrated to be as safe as any other drug-candidate, which sup-
posed great advances in nitrone-development field and promoted Phase III studies.

First Phase III studies, SAINT-1, began in USA in 2003 [106], with positive but 
not conclusive results. A second Phase III trial, SAINT-2, with larger number of 
patients was completed in 2006. Pooled analysis of both SAINT-1 and SAINT-2 
trials concluded that NXY-059 was not effective as a treatment for ischemic stroke, 
despite all the previous results in preclinical and clinical stages [107]. This failure 
meant a disappointment in nitrone development, which casted doubts on neuropro-
tection as a strategy for stroke treatment [108, 109].

Fig. 9.5 Reaction of nitrones as free-radical trapping agents

Fig. 9.6 PBN and its 
derivative, NXY-059, are 
the best known nitrones for 
stroke treatment
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At this point, controversy was raised, as several studies published thereafter 
highlighted methodological defects, such as short delays between onset of ischemia 
and treatment [110, 111] and lack of rigor in individual studies of preclinical phases 
of NXY-059 [109], even though they were supposed to be developed according to 
the previously mentioned STAIR criteria [112]. Further meta-analysis pointed out 
that even NXY-059 showed neuroprotection in preclinical phases, questionable per-
meability, inadequate concentrations, and small sample size issues during these 
stages could have led to an overestimation of preclinical efficacy [113], in addition 
to inadequate design of clinical trials. Further, some authors raised the need for a 
proper characterization of the NXY-059 mechanism of action [114].

3.3  Current Development of Nitrones

Despite its concerns, NXY-059 set up the basis for the pharmacological development 
of new nitrones, which are known to possess several advantages with respect to other 
antioxidant candidates. First, nitrones present high versatility. They are easily afforded 
than different starting materials, and their reactivity and radical trapping properties 
can be easily modulated by simple chemical changes, leading to innovative designs 
hardly explored. Second, although nitrones are known for their radical trapping prop-
erties, its biological activity might go beyond this characteristic, as we will discuss in 
the next section, and therefore, multipotency may be affordable when combining with 
proper chemical motifs. Third, nitrones can be easily incorporated also in complex 
biochemical molecules, such as lipids, carbohydrates, proteins, etc., giving rise to 
interesting research lines regarding potential compartmentalization and specific bio-
logical targets. Fourth, latest advances in bio- organic chemistry have reported the use 
of nitrones as biorthogonal reagents, allowing the selective labeling of peptides and 
proteins [115, 116], creating interesting and challenging future perspectives. Finally, 
we must point out that, as it was previously mentioned, nitrone study started with 
analytical purposes and, therefore, they are well-documented probes for radical visu-
alization. The combination of their diagnostic potential with their therapeutic activity 
could lead to interesting theranostics, not only for stroke, but also for many other 
diseases. In fact, and not surprisingly, numerous stroke research groups are investigat-
ing on new nitrones, such as TBN [128, 129] and STAZN [130, 131] (Fig. 9.7).

4  New Nitrones

After NXY-059 failure, but aware of the therapeutic potential of nitrones, our group 
decided to start in 2009 a medicinal chemistry program aimed to develop new 
potential compounds for ischemic stroke.

Although different scaffolds were tested, the most interesting results 
were achieved with compounds RP17, RP26 (Phenylnitrones), RP18, RP19 
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(Quinolylnitrones), and F2 (Cholesteronitrone) [117], shown in Fig. 9.8. Previously 
reported [102, 118] and unpublished preclinical results obtained for these com-
pounds are summarized and discussed in the next section.

4.1  In Vitro Tests for Antioxidant Effects

As radical-trapping agents, nitrones are expected to delay or prevent oxidation of 
easily oxidizable substrates, therefore being considered antioxidants. In vitro radi-
cal trapping and antioxidant activity were studied for nitrones RP17, RP26, RP18, 
RP19, F2, and PBN as reference compound, using the DPPH quenching, •OH and 
O2

•− scavenging, and inhibition of lipid peroxidation by AAPH tests. Results are 
shown in Table 9.3 [102, 118]. Within the groups of nitrones tested, RP26 and RP18 
are the best inhibitors of lipid peroxidation, according to AAPH test (81 and 85 %, 
respectively), in contrast to PBN, which showed no effect. DPPH and O2

•− scaveng-
ing activities were low in general, with moderate values for RP17 and RP19 (0.9 % 
and 29 %, 42.3 % and 23 %, respectively). Scavenging of hydroxyl radical, as one of 
the most toxic radicals generated during ischemic stress, was also determined, 
showing that, except for RP17, higher trapping activities were achieved than refer-
ence compound PBN.

Fig. 9.7 Nitrones developed to date for the treatment of ischemic stroke

Fig. 9.8 Examples of nitrone-derived compounds assayed in our laboratory
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Neuroprotective effect in stroke, however, may go beyond antioxidant capacity 
just reported, as was previously mentioned. Testing in living systems obviously 
casts a more precise image of real neuroprotective effect of the developed com-
pounds and, for this reason, neuroprotective effect was also evaluated in neuronal 
cultures and in in vivo experiments.

4.2  Neuroprotective Properties of Nitrones in Neuronal 
Cultures and in Animal Model of Transient Global 
Ischemia

Neuroprotective effect of nitrones RP17, RP26, RP18, RP19, F2, and PBN and 
NXY-059 as reference compounds was studied in primary neuronal cultures from 
cerebral cortex, which were subjected to oxygen-glucose deprivation (OGD) as an 
in vitro model of ischemia. Cell viability was evaluated by quantification of living, 
metabolically active cells, as determined by the MTT assay. Neuroprotection is 
expressed as the percentage to reach the control value (100 %), from the untreated 
ischemic neurons value (0 %) (Table 9.4).

From these results, interesting neuroprotective effects in neuronal cultures were 
observed for all the nitrones tested, showing values in all cases higher than the one 
determined for PBN (−13.4 ± 1.9 % at 5 mM) and NXY-059 (56.8 ± 2.5 % at 
250 μM). However, remarkable results, especially, were analyzed for RP19 
(87.5 ± 3.2 % at 50 μM) and F2 (80.7 ± 2.7 % at 5 μM), a fact that prompted us to 
undertake further in vivo studies.

Transient global brain ischemia was performed on adult rats by the standard 
four-vessel occlusion model (4VO), in which carotid arteries are occluded during 
15 min 24 h after the irreversible occlusion of vertebral arteries by electrocoagula-
tion [119, 120]. Ischemic animals were treated with RP19, F2, and NXY-059 diluted 

Table 9.3 In vitro antioxidant activity

Nitrone AAPH (%)a (min)b DPPH (%)c •OH (%)d O2
•− (%)e

RP17 no (0) 0.9 60 29

RP26 81 (36.6) ndf 98 no

RP18 85 (56.7) 1.7 100 12

RP19 37 (78) 42.3 95 23

F2 55 (ndf) 4 83 ndf

PBN no (0) ndf 90 15
aDetermined at 0.1 mM
bInduction time (tinh) produced by the tested nitrones
cDetermined at 0.5 mM except for F2, that was determined at 0.1 mM
dDetermined at 0.1 mM
eDetermined at 0.1 mM
fnd not determined
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in 10 % ethanol in saline as vehicle by intraperitoneal injection when carotid arteries 
were un-clamped for reperfusion. Animals were studied after 5 d of reperfusion 
(R5d) after killing by transcardiac perfusion performed under deep anesthesia. 
Treatments were blindly and randomly performed and body temperature of 37 °C 
was maintained (Table 9.4).

Cell death and apoptosis were assessed in the hippocampal cornu ammonis 1 
(CA1) region and cerebral cortex (C). Nitrones RP19 and F2 showed higher inhibi-
tion of cell death than for NXY-059. In particular, best results were obtained with 
F2 at 0.1 mg/kg concentration, and RP19 at 0.5 mg/kg concentration. Apoptosis 
reduction followed similar trend: F2 (35 % in hippocampal CA1, 91 % in cortex, at 
0.1 mg/kg concentration) and RP19 (38 % in hippocampal CA1,79 % in cortex, at 
0.5 mg/kg concentration) showing the best results, both higher than the values 
observed for nitrone NXY-059 (21 % in hippocampal CA1, 55 % in cortex) at the 
same concentration.

The potential therapeutic value of these results has been recently confirmed in 
ischemic mice using a model of transient focal cerebral ischemia by distal middle 
cerebral artery occlusion. The study was carried out as randomized and double- 
blind with compound F2 [121] and RP19 [122], opening the way to start with the 
pre- clinical phase in the future.

5  Nitrones Pleiotropy: New Perspectives

As it was previously mentioned, ischemic stroke is a multifactorial disease in which 
different metabolic pathways, as well as many other diverse aspects, determine 
patient’s final outcome. However, candidate drugs for stroke treatment have been 
usually aimed to target only one of these disease aspects and many authors have 
pointed out that this monofunctionality, combined with a questionable design of 
preclinical and clinical studies, could be the cause of the complete lack of effective 
neuroprotection therapies nowadays [98, 123].

As a consequence, multiple efforts are being done in the last years in order to 
design pleiotropic drugs not only for stroke, but also for many other complex 
diseases without a current proper treatment. Additionally, new mechanisms of 
action are also being discovered for old-drugs, whose therapeutic effect is then 
being revealed much more complex than thought in its origins. In this sense, a 
stroke- directed drug only approved in Japan, edaravone (Radicut®), has received 
special attention regarding a possible multifunctionality as the cause of its thera-
peutic effects. In particular, apart from its antioxidant capacity derived from its 
radical trapping properties, edaravone has been suggested to suppress delayed 
neuronal death, reduce long-term inflammation, prevent edema growing, or pro-
tect brain vessel from vascular damage, among others. Taken together, these fac-
tors would undoubtedly make edaravone a perfect candidate for stroke treatment. 
Nevertheless, further clinical trials are needed to show its efficacy and be granted 
approval by the FDA [124].
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As for edaravone, nitrones may also enter this multi-targeted drugs group. PBN 
and related compounds, despite its well-documented radical trapping activity, are 
not expected to act as radical traps in biological systems, since low reported reaction 
rates would mean high concentrations of nitrone, which hardly occurs in the lower 
neuroprotective concentrations used in biological tests [98]. For this reason, addi-
tional mechanisms have been added in order to account for the activity observed in 
biological systems. Among them, influence in membrane enzymes is one of the 
reasons proposed, due to high PBN lipophilicity, even though no clear evidences 
have been reported regarding ischemic stroke. Additionally, anti-inflammatory 
activity has been also pointed out, as PBN has been reported to inhibit iNOS and 
COX-2 in several biological models and systems [98].

But then, a question may arise: what makes a drug pleiotropic? Pleiotropic drugs 
are, by definition, compounds able to show diverse pharmacological effect. These 
functionalities depend on the physicochemical properties and the biological system 
tested and, therefore, any drug target profile could be modulated by varying any of 
these conditions. In the particular case of nitrones, pleiotropy has appeared as a 
necessity to justify a therapeutic effect that was unjustifiable based on previous 
knowledge, i.e., radical trapping activity. However, there are still great advances to 
be made in this aspect. Not only the exact mechanism of action of nitrones accord-
ing to their chemical composition must be determined, but also the exact mecha-
nism of cell death during ischemic stroke (Fig. 9.9). In doing so, more efficient and 
interesting drug developments could be performed, combining needed functional-
ities (Fig. 9.9) and making great advances that are required for the treatment of 
diseases such as stroke.

5.1  In Silico Target Identification for Nitrones

Regarding this high concern, one of the goals of our group is to elucidate the mecha-
nism of action of the different nitrones developed. As case examples, we report herein 
interesting results obtained for previous nitrones RP17, RP26, RP18, RP19, and F2.

Computer-assisted methodologies are seen as promising predictive method-
ologies in drug discovery processes. Taken with precaution, results obtained, if 

Fig. 9.9 Scheme of 
potential functionalities 
that could be added to 
nitrone-derived drugs
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confirmed experimentally, can direct further drug developments and increase its 
efficacy. Pythia software, developed by Intelligent Pharma [125], helps in eluci-
dating potential targets by comparison of a test compound chemical structure 
with existing molecules and drugs. Then, a set of targets is proposed for the 
tested compound, which are sorted according to a MoA score, parameter that 
describes the quality of the prediction taking into account both similarity and 
reported activity of the drug (Table 9.5, Predicted targets).

After particular set of targets is proposed for each molecule tested, Pythia 
searches similar target profiles that correspond to known drugs, and its similarity is 
defined by the IT score (from 0 to 100 % of correspondence). Based on the specific 
drug found, a therapeutic group is assigned to the tested compound, according to the 
Anatomical Therapeutic Chemical (ATC) classification system, defined by the 
World Health Organization Collaborating Center (WHOCC) for Drug Statistics 
Methodology (http://www.whocc.no) (Table 9.5, Target profile comparison).

Compounds RP17 and RP26 (phenyl), RP18 and RP19, (quinolyl), F2 (choles-
terol), and reference compounds PBN and NXY-059 were subjected to Pythia algo-
rithm prediction. In Table 9.5, Predicted Targets, those repeated in the different 
structural groups (phenyl, quinolyl, and cholesterol), as well as those present in 
their inactive precursors, were not shown, as an attempt to identify the targets 
responsible for their selective biological activity found. Highest MoA score for each 
target is reported. In Table 9.5, Target Profile Comparison, drugs showing target 
profiles with TI score >40 compared to the tested compound were shown. The drug 
found is reported according to its ChEMBL code (https://www.ebi.ac.uk/chem-
bldb), along with its correspondent ATC code and therapeutic indication group 
according to ATC classification system (http://www.whocc.no/atc_ddd_index).

Regarding predicted targets, different types are proposed for each compound, 
which may account for a pleiotropic effect. Many of them are not known to play 
important roles in stroke disease, but some are interesting targets regarding an effec-
tive multifunctionality, as we will discuss later on. In addition, there is a huge vari-
ability among different structural groups, when the main structural scaffold is changed 
and also variations in substituents promote complete different target profiles.

Among all the targets proposed, three of them (metabotropic glutamate receptor 
1, vascular endothelial grow factor (VEGF) receptor, and mitochondrial glutamin-
ase) appear in different compounds corresponding to the same structural group and 
could account for interesting neuroprotective behavior. In particular, RP18 and 
RP19 are suggested to modulate metabotropic glutamate receptor, which is an obvi-
ous target for excitotoxicity reduction (see Sect. 2.1). Mitochondrial glutaminase, 
present in PBN and RP17, is known to play crucial role in glutamate metabolism in 
neurons, as it catalyzes glutamine conversion to glutamate in axonal terminals 
[126]. Vascular endothelial growth factor receptor (VEGFR), present in RP18 and 
RP19, is implied in vasculogenesis and angiogenesis [127], and therefore its stimu-
lation could favor recovery of proper circulatory conditions after the ischemic insult.

From those targets only present in one molecule tested, special relevance has plas-
minogen activator inhibitor-1, proposed for RP26, whose modulation has obvious 
implications. Monoamine oxidase, suggested for RP17, is also of great importance. 

A. Escobar-Peso et al.
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As it is widely known, this enzyme catalyzes oxidation of monoamines, which are 
usually neurotransmitters such as dopamine, serotonin, or adrenaline and, since oxy-
gen is used as a substrate, this enzyme could be implied in oxidative stress contribu-
tion to cell damage. Calpain, present for RP18, was considered as one of the enzymes 
activated by calcium and its inhibition could avoid cellular structures degradation (see 
Sect. 2.1). Finally, cytochrome C, which appears for F2, was mentioned in several 
stages of ischemic-reperfusion damage. It is not only implied in oxidative stress, as an 
important partner of the respiratory chain, but also is responsible for triggering apop-
tosis in later stages of cellular damage.

A remark must be made, however, on NXY-059, as it was not suggested to modu-
late any interesting target regarding stroke disease, despite being the furthest reach-
ing nitrone drug candidate to date.

Target profile comparison also gave rise to interesting concerns, being the most 
noted the high similarity found for RP18, RP19, and NXY-059 with anti- 
inflammatory agents, both non-steroids anti-inflammatory agents and corticoids 
(see Target profile comparison, Table 9.5). In this regard, PBN target profile could 
also be identified with anti-inflammatory activity since, as it is well-known, sali-
cylic acid and derivatives have this effect. Again, considering crucial relevance of 
inflammatory response in stroke outcome, it would be of great interest to confirm 
this anti-inflammatory activity, as it could partly justify those in vivo results found 
experimentally.

To summary these interesting results, some promising targets have arisen by 
using computer-assisted methodologies that could account for the neuroprotective 
behavior reported. Nevertheless, as an in silico prediction, it must be taken with 
precaution until confirmed experimentally.

5.2  Exploring Nitrone-Based Multidrug Therapy

In order to explore that nitrones tested may have different targets as deduced by in 
silico analysis, multidrug studies were performed. Variable concentrations of F2 
were combined with the other nitrones at sub-optimal concentrations (Table 9.4) 
and evaluated in primary neuronal cultures subjected to OGD as in [102]. Results 
obtained are shown in Fig. 9.10.

From neuroprotection values of F2 (black line), a significant higher neuroprotec-
tion was achieved when combined with low concentrations of RP17 and RP19 (blue 
line and red line, respectively) at smallest concentrations of F2 (0.5 and 1 μM). 
Since these neuroprotection values were higher than highest neuroprotective con-
centrations for F2 (5 μM), different target modulation with complementary effect 
can be inferred. However, this effect seems to be dependent on concentration, as can 
be seen with RP19 when combined with F2 5 μM. On the other hand, opposite 
effect is achieved when combining F2 with RP26 or RP18, which means this com-
bined modulation of targets was, in this case, antagonist.

9 Nitrones, Old Fellows for New Therapies in Ischemic Stroke
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From these results, it is feasible that nitrones, due to their potential multitarget-
ing, can be combined properly to achieve better effects than performed alone. 
However, at the same time, if the multitargeting has opposite effects, these com-
pounds in combination could yield pernicious effects.

6  Conclusions

In this chapter, we have updated and summarized the current status of the neuropro-
tection strategy centered on the oxidative stress, for the development of new drugs 
for stroke therapy. Particular attention has been devoted to old and currently 
neglected nitrones as potential drugs for the treatment of this pathology. Our most 
recent results confirm that the neuroprotective strategy and nitrones as therapeutic 
agents still offer strong and unexpected opportunities for improvement and thera-
peutic efficacy. The new and for the first time investigated quinolylnitrones, as well 
as the cholesteronitrones, have created great expectations that we must still re- 
confirm. Neuroprotection causes go beyond their radical trapping activity, but the 
exact target(s) modulated are still unknown. In silico studies show that pleiotropy—
as multitargeting—may be a feature among the nitrones tested. Thus, computational 
methodologies can be useful in determining the target profile, although additional 
experimental studies must be performed.

Fig. 9.10 Combination studies. Cell viability in OGD-exposed neuronal cultures treated with dif-
ferent concentrations of F2 in absence (black line) or combined with the indicated nitrones. *,+, x, 
#p < 0.05, and **, ++, xxp < 0.01 compared with the value without additions, by one-way analysis of 
variance (p < 0.001) following Dunnett’s post-test

A. Escobar-Peso et al.
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These nitrones, and others that may come, appear as promising compounds due 
to robust antioxidant properties and potential pleiotropic activity, capable to target 
distinct steps of the biochemical pathways during and after the ischemic insult.
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Chapter 10
Neuroprotective Strategies via Modulation 
of Innate Immune Receptors

George Trendelenburg

Abstract Innate immune receptors, such as the Toll-like receptors (TLRs) and the 
NOD-like receptors (NLRs) represent a class of central sensors not only for infective 
microorganisms, but also for danger signals released during cerebral ischemia. The 
activation of these pattern recognition receptors (PRRs) mediates the initiation of 
the innate immune response and thereby also contributes to the ischemic injury. 
Accordingly, there is increasing interest in modulating these initial steps of immune 
activation for the sake of neuroprotection. Whereas TLRs are membranous recep-
tors, NLRs are mainly cytosolic. Members of both classes of PPRs were shown to 
be activated by various factors released under circumstances of sterile inflamma-
tion, e.g., by ischemic tissue damage. Moreover, blocking these receptors or dele-
tion of endogenous danger molecules in transgenic mice has been shown to 
efficiently reduce the ischemic neuroinflammatory response or the resulting isch-
emic brain damage. The role of the PRRs in ischemic stroke is discussed as well as 
the ways to modulate these pathways with the aim to develop successful future 
stroke therapies.

Keywords Stroke • Cerebral ischemia • Neuroprotection • Inflammasome • Innate 
immune response • Toll-like receptors • NALP • TLR • Neuroinflammation
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NLR NOD-like receptor
NLRP NOD-like receptor protein
PAMP Pathogen-associated molecular pattern
PRR Pattern recognition receptor
ROS Reactive oxygen species
TLR Toll-like receptor

1  Danger Theory and General Concept  
of Danger Signals (DAMPs)

Receptors of the innate immune system have been shown to be involved in various 
diseases with an acute inflammatory component and represent an important molecu-
lar part of the innate immune system. They are thought to detect invading pathogens 
by the recognition of pathogen-associated molecular patterns (PAMPs) but are also 
able to detect signals of tissue stress under pathogenic situations, such as ischemic 
injury. Accordingly, these signals are named ‘help-me’ signals, ‘danger signals,’ or 
danger-associated molecular patterns (DAMPs). In congruence with Matzingers 
danger theory [1, 2] of the immune system, their presence is required to activate the 
immune response, which thereby could discriminate between symbiotic and detri-
mental microorganisms, or could discriminate between tissue injury and situations 
of normal development. This recognition of the pathogenic potential of invading 
microorganisms is of central significance for higher order species, as multicellular 
organisms are exposed to various pathogen attacks, but often also benefit from sym-
biotic life constellations. Thus, it could be extrapolated that the resulting response 
to an ‘immune-on’-signal (as assumed to be present under situations of danger) 
needs to be of high efficiency and must rather follow a digital rapid all-or-nothing 
concept than a ‘wait-and-see’ concept. According to that idea one could be easily 
imagine that this rapid activation could also carry the innate immune response to a 
vast and overwhelming immune response if a rapid release of huge amounts of these 
signals occur at once. Thereby, the immune activation could contribute to tissue 
injury, whereas on the same time it could also protect the healthy tissue of the bor-
der zone against damage when this tissue is potentially exposed to necrotic material, 
cellular debris, or toxic substances released from dying cells (Fig. 10.1).

2  Types of Innate Immune Receptors (PRRs)

The best known group of innate immune receptors comprises the toll-like receptor 
family. There are 13 toll-like receptor family members which are located at the outer 
membrane (e.g., TLR2, TLR4) or at the membranes of intracellular organelles (TLR3, 
TLR7, TLR8, TLR9). The central role of these receptors not only for the activation of 
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the innate immune response and neuroinflammation (often via activation of TNF-
alpha-stimulated induction of proinflammatory cytokines) but also for the regulation of 
the following adaptive immune response (e.g., by the activation of TLRs of Treg cells) 
has been demonstrated in various studies [3, 4]. Moreover, these receptors play an 
essential role already during the chronic exposure of immune cells with bacterial 
pathogens in the gut: TLR-deficiency results in an altered gut microbiome composition 
[5] and also is thought to be implicated in autoinflammatory diseases.

Corresponding to the membranous Toll-like receptors, a class of pattern rec-
ognition receptors (PRRs) was identified in the cytosol: NOD-like receptors 
(NLRs) are typically located in the cytosol of the cells, but—similar to TLRs—
are also able to detect PAMPs or DAMPS. Depending on the exact type of NLR, 
direct binding of the activating PAMP or DAMP was experimentally shown to 
activate some NLR- associated multiprotein complexes, called inflammasomes 
[6]. Alternatively, the activation of the corresponding NLR-multiprotein com-
plex could also occur by the action of a second signal released under circum-
stances of stress, danger, or by the pathogen exposure. As it is true for TLRs, 
different NLRs respond to different signals. Prototypical activation of NLRs 
results in the aggregation of a multiprotein complex which is called inflamma-
some [6], which typically comprises a central scaffold protein named ASC (for 
apoptosis speckle like protein), which by homotypic binding via CARD and 
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Fig. 10.1 Molecular mechanisms in ischemic brain injury (modified with permission from 
Iadecola et al. [7]). Danger associated patterns (DAMPs) are released by injured neurons and are 
thought to activate inflammatory cells such as macrophages or microglia. After activation of innate 
immune receptors (TLRs or NLRs), these cells release proinflammatory cytokines (e.g., IL-1β or 
TNFα) which further contribute to ischemic damage
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PYD-domains activates autocleavage of the pro- caspase- 1 protein into the active 
proinflammatory caspase-1 (or ICE). Caspase-1 then cleaves pro-interleukin-1β 
(proIL-1β) into the active IL-1β, which is an important pyrogen and proinflamma-
tory interleukin. IL-1ß, together with other proinflammatory cytokines and in 
concert with other parts of the innate and adaptive immune system could contribute 
to ischemic injury, however, possibly could also participate in later mechanisms 
of repair [7].

Inflammasome subunits are differentially expressed in different cell types of the 
central nervous system: the NLPR3 inflammasome is mainly expressed in immune 
cells, whereas the NLRP1 inflammasome is mainly expressed in neurons [8]. 
Making analysis even more complex, certain human and rodent inflammasome 
subunits differ substantially in their structure, and data based on the use of the 
‘caspase- 1- knockout’ mice in the past have been performed actually with transgenic 
mice, that were caspase-1 and caspase-11 double knockout mice [9].

3  Mechanisms of PRR Activation Under Ischemic 
Conditions

There are different ways in which PRRs could influence ischemic events: in the 
acute phase of a vessel occlusion PRRs contribute to ischemic damage and inhibi-
tion. Accordingly, a protective effect in the acute phase of ischemic injury was 
shown for several TLRs (e.g., TLR2 and TLR4) as well as NLRs (e.g., NALP3) 
[10]. Moreover, there are arguments for a relevant role in later stages following the 
acute injury event: PRRs are thought to be involved in rebuilding tissue homeosta-
sis, plasticity, and mechanisms of repair.

Various reports define the role of TLRs in ischemic brain damage and neurode-
generation, whereas the consequences of NLR activation during ischemic brain 
injury are only partially understood up until now. However, the activation of TLRs 
and NLRs is functionally connected, as the classical two-step model of inflamma-
some activation comprises an initial ‘priming step,’ which is normally derived by 
TLR stimulation and NFkB-mediated induction of pro-IL-1β mRNA and poten-
tially further transcripts of inflammasome subunits, such as ASC or NLRP3 [10]. 
The second stimulus then activates the inflammasome either via direct binding of 
DAMPs to NLRs, or via a postulated interconnected signal (e.g., mitochondrial 
dysfunction with release of ROS, cathepsin, K+ efflux, drop of the pH, or a yet 
unknown signal). There are several DAMPs which potentially activate TLR signaling 
during ischemic brain injury: heat-shock protein (HSP) 70, Hmgb1, Mrp14, fibrinogen, 
or hyaluronan and others.

The second step for activation of inflammasome during ischemic injury is possi-
bly mediated by a drop of pH during ischemic tissue stress, by reactive oxygen spe-
cies (ROS), K+ release, or DAMPS, which may directly bind to NLRs. Inflammasome 
activation in model organisms recently revealed a fascinating mechanism of innate 
immune activation by prion-like protein polymerization of inflammasome subunits 
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such as ASC [11]. Together with the work of Lu et al. [12], a unified model of 
ASC-dependent inflammasome activation evolved: after the insult reaches a thresh-
old, NLRP3 is released by autoinhibition, allowing the interaction of this PYD 
domain with the PYD domain of ASC, which results in ASC-prion-like nucleation. 
However, the consequences of this prion-like polymerization for perpetuation of 
autoinflammatory diseases, or atherosclerosis, and the significance of inflamma-
some degradation by autophagy still remain to be elucidated [10].

Moreover, activation of the inflammasome and proinflammatory conse-
quences are modified by another part of the innate immune system: the comple-
ment system. Accordingly, the complement subunit C3a was shown to regulate 
NLRP3- inflammasome activation in monocytes and the complement factor C5a 
was shown to represent a potent primer for cholesterol crystal-induced Il-1β 
release [13, 14].

The activation of the inflammasome is also triggered by dysfunction of intra-
cellular organelles, such as the mitochondria or the lysosome [15]. Accordingly, 
lysosomal membrane rupture after exposure to cell-toxic aggregates such as 
monosodium urate (MSU), or amyloid-beta in Alzheimer’s disease activate the 
inflammasome [16].

The central contribution of Toll-like receptors for ischemic brain damage is well 
documented by various studies, but also the NOD-like receptors contribute to the 
ischemic brain injury via activation of the inflammasome and via interleukin-1β- 
mediated effects [17].

4  Modulation of PRRs in Stroke or Ischemia

The innate immune system could be modified in ischemic stroke by different 
ways. Potentially, a decrease of the systemic proinflammatory ‘load’ could be 
envisaged by decreasing pathogen-associated molecular patterns on body sur-
faces or within the systemic vasculature, e.g., by the use of prophylactic antibi-
otic treatment in patients with a high risk of stroke. Despite several studies using 
prophylactic antibiotic treatment in patients with acute stroke, there is only insuf-
ficient information about the potential benefit of this kind of treatment when 
applied before any stroke occurs. However, there are hints that antibiotic treat-
ment affects outcome in stroke patients in specific subgroups in which systemic 
thrombolysis is applied [18].

Another strategy is focused on the endogenous modulating capabilities of the 
immune system. It is well known that short ischemic periods lead to ischemic toler-
ance (ischemic preconditioning), which is thought to be caused by reprogramming 
of the cerebral tissue and the immune system. The contribution of Toll-like recep-
tors for preconditioning has been shown in different studies [19]. Thus, the strength 
of a stimulus (e.g., the degree of TLR activation or the duration of vessel occlusion) 
could lead to either protection (preconditioning) or severe brain injury but may 
involve the same molecular pathways. The significance of TLR signaling for both 
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situations has been demonstrated by various studies [10, 20–22]. Accordingly, 
NLRP3 deficiency protects against renal ischemia and cerebral ischemia in rodents, 
as well as in in vitro models of stroke [23, 24].

Interestingly, glyburide, a widely used antidiabetic drug inhibits NLRP3 inflam-
masome in vitro and its use in stroke patients correlated with a better clinical out-
come [25]. Another small molecule (16673-34-0), which is an intermediate substrate 
in the glyburide synthesis inhibits NLRP3 inflammasome in cardiomyocytes and 
protects against ischemia–reperfusion injury in the mouse [26].

However, one have to keep in mind that almost all successful strategies of neuro-
protection in experimental stroke failed in the clinic [27]. Potentially, this could 
explained by the use of wrong or artificial models, short observation times, publica-
tion bias, use of the wrong outcome parameters, or too small group numbers in 
animal stroke studies. Thus, before the use of immune-modulating therapies should 
be tested in the clinic, a more profound knowledge of immune effects in stroke is 
required, which also takes into account opposing effects in different cell types or 
different organs, resulting effects for different doses, and time-dependent conse-
quences of immune-modulating strategies.

A ‘crosstalk’ between different organs, such as the central nervous system, the 
thymus, or the gut has been identified: apoptotic thymocyte cell death causes severe 
immune depression after stroke [28], and recent studies note that the immunologi-
cal barrier in body surfaces not only protects against invasion of foreign pathogens, 
but also modulates the composition of commensal microbiota. Accordingly, modi-
fication of the innate immune system by the use of transgenic mice is able to alter 
the gut microbiota and results in altered severity and frequency of various autoim-
mune diseases [29] and antibiotic treatment affects mortality after stroke [30].

Thus, it is increasingly recognized that not only local molecular mechanisms of 
ischemic brain injury should be taken into account when analyzing the effects of the 
immune activation in stroke, but also the contribution of substantial systemic fac-
tors, such as the ‘bacterial burden’ on the various body surfaces, the basic systemic 
inflammatory level, and the activation state of the immune system.
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Chapter 11
Harnessing the Power of the Human Immune 
System via Multi-omic Immune Profiling 
in Stroke Treatment and Recovery

Taura L. Barr, V. Gionis, and R. Giersch

Abstract Precision health is an unrealized opportunity in the practice and care of 
stroke patients. To achieve truly person-centered care as the Precision Medicine 
Initiative (PMI) outlines, a new approach to stroke research is necessary. Multi- omic 
profiling of the immune system response to human stroke provides a significant 
advantage over single system and/or multibiomarker analyses. By combining powerful 
‘omic’ technologies with machine learning and pattern recognition for interpretation 
of this multi-omic data, we are better able to understand the complexity of stroke 
physiology. These measurements allow for new methods in the diagnosis, treatment 
stratification, and design of personalized approaches to stroke recovery. The founda-
tion by which these novel approaches can be utilized to understand human stroke 
complexity and translated into programs of research and clinical practice paradigms 
is being created, and will ultimately change the way we diagnosis and treat stroke 
patients. This review will briefly outline current approaches and how to leverage 
these discoveries to achieve person-centered stroke care.

Keywords Precision health • Multi-omic profiling • Immunogenomics • Stroke

1  Introduction

The human response to stroke is complex, and no one animal model can account for 
the variability seen in patient recovery. Given the tremendous advancements in 
‘omic’-based technology and big data analytics we can now study the human patient, 
to some extent, as we did the animal model in years past. This approach is gaining 
traction through the use of peripheral blood multi-omic profiling and has shown 
great success in achieving precision diagnostics and treatments for cancer [1–4]. 
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Unlike cancer patients, stroke patients are difficult to study due to the acuity of their 
condition, the high cost of clinical trials, and the complexity of carrying out a rapid 
evaluation in an emergency setting while generating high-quality clinical data. 
Another challenge is the lack of access to brain tissue. These limitations leave clini-
cal researchers with a paucity of ‘omic’-related stroke data to guide the design of 
future bench and clinical studies. In addition to the difficulty of capturing multi- omic 
data in a stroke population, there is also the challenge of interpreting the multilevel 
physiological responses in a timely manner to guide acute clinical decision making. 
Precision medicine requires that we comprehensively evaluate the patient’s physio-
logical responses to disease within the context of their environment and behaviors to 
make informed decisions about their care. The Precision Medicine Initiative (PMI) 
will enable scientists and clinicians to collect the necessary data to make sense of the 
variability in patient responses and identifying targetable multi- omic phenotypes for 
treatment. This approach has the potential to revolutionize acute stroke therapy, par-
ticularly for diagnostics and the extension of the therapeutic time window [5]. Stroke 
patients are not homogenous; even subgrouping patients based on type and stroke 
location doesn’t account for the many external and internal factors that contribute to 
patient variability, making it very difficult to not only translate bench studies, but 
also find ways to improve clinical practice. To overcome this challenge and realize 
the full potential of precision medicine for stroke, a new approach to the study and 
treatment of stroke is necessary. Using similar methodology as current cancer trials, 
stroke can be evaluated using the peripheral blood multi-omic and immune system 
responses, in conjunction with big data analytics to identify the patterns of stroke 
response over time. When used in combination with patient symptom and other phe-
notype data, this information is expected to identify individual patient variables that 
can be used to guide treatment, similar to the concepts of directed cancer immuno-
therapies [6, 7]. This approach also allows for the quantification of the patients’ 
internal neuroprotection capabilities and the patient’s physiological health to aid in 
clinical decision making. Subsequent neuroprotection strategies based on these iden-
tified innate healing mechanisms and the patient’s individual therapeutic milieu can 
be realized by monitoring these multisystem responses over time. However, as a 
scientific community, a significant amount of work is required to collect, analyze, 
and interpret this type of data and to make it work for the assessment of acute neuro-
logical disease just as we have seen done in cancer treatments and therapies.

2  Profiling the Multi-omic Stroke Response 
and the Complexity of the Immune System

Complexity is a marker of a healthy adaptable system. In fact, studies have shown 
that when variability in physiological response is decreased, recovery is poor [8, 9]. 
Heart rate variability is probably the most widely used marker of physiological vari-
ability; however, there are many physiological systems that can be monitored in the 
stroke patient that have yet to be explored. The response to stroke is coordinated, 
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with each system doing its part and when one falls short, another steps in to take 
over. We are only limited in the understanding of this process. Even in the patients 
that have a poor post stroke recovery, it is evident that complex neuroprotective 
mechanisms were at work. A reductionist approach to teasing out the nuances in 
this response is futile, and the long history of failed clinical trials is a reminder that 
our approach must change. Rather than preformed hypotheses about specific neuro-
protective targets and exploring single markers in depth, science as a whole is moving 
toward unbiased explorations of these complex human systems to generate novel 
hypotheses from which to design and conduct bench and clinical studies [10]. In 
addition to a change in the scientific approach, there is also a shift in the dynamics 
of research teams, by combining disciplines outside of the health sciences and mov-
ing away from one-person leadership to team science; this is the only way to make 
sense of the massive amount of data that is generated from these studies.

To date, most of the science around neuroprotection has focused on the acute 
phase of stroke injury and neuron-specific responses [11]. However, there are many 
points of influence over the course of a patient’s recovery that can be augmented to 
enhance recovery, not just in the initial hours and days. The traditional approach to 
identifying neuroprotective candidates has been via identification of neuroinflammatory 
mediators that contribute to initial or secondary injury. However, the immune 
responses that are secondary to the initial inflammatory reactions (adaptive immu-
nity and chronic innate signaling) are targetable in the acute, subacute, and chronic 
phases of recovery and offer greater promise in terms of contributing to enhance-
ments in patient outcome. Much of what is known about the immune response to 
stroke is limited to the initial hours and days following injury, with very little work 
on the subacute to chronic periods of recovery. It is understood that the initial inflam-
matory cascade is followed by an intense immunosuppression that protects the brain 
from autoimmune reactions, but increases the patient’s risk for infection and a 
‘stunted’ immune response during the weeks and months following the initial injury 
[12]. The degree of immune suppression is what is most important for the patient and 
requires a balance between innate and adaptive mechanisms, i.e., a healthy variable 
system. A nonvariable immune response or one in which the innate and adaptive 
immune systems are not communicating with one another is maladaptive and a pre-
dictor of poor recovery. Very generally, this maladaptation can be assayed poststroke 
by evaluating the neutrophil/lymphocyte ratio [13, 14]. It is plausible that a more 
specific marker of a nonvariable immune response can be identified by intense 
immune investigation and a multi-omic evaluation of the immune system. Multi-
omic responses can be assayed in the peripheral blood by genomic, transcriptomic, 
proteomic, and metabolomic approaches. Immunogenomics is a new area of science 
that provides a greater characterization of the immune system as a whole and attempts 
to quantify the ever-changing immune landscape [15, 16]. Evaluating the multi-omic 
response (genomic, transcriptomic, proteomic, metabolomics, and immungenomic) 
to human stroke will for the first time provide a comprehensive evaluation of the 
systems responding to and changing to stroke over time. This information can be 
used to design bench studies to determine causality and function as well as in clinical 
trials to test the use of this information in clinical practice to guide diagnosis and 
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repurposing of immune-modifying drugs for stroke treatment [17, 18]. There is also 
the possibility of targeting specific immune cell populations with nanomaterials to 
enhance immune modulation [19]. Much work is needed, but there is a foundation 
for which this new area of stroke research can be expanded [20–23].

Pattern recognition is imperative when interpreting the vast amount of data col-
lected using multi-omic approaches. Cognitive computing, such as that offered by 
IBM Watson, is a form of artificial intelligence (AI) that uses mathematical algorithms 
to “learn” patterns and preferences over time. These algorithms typically include 
machine-learning approaches that are expected to play a critical role in facilitating the 
use of multi-omic analyses to guide patient care [24, 25]. Our team recently employed 
a basic machine-learning approach using principal component analysis to discover the 
pattern of a five-gene profile for stroke diagnosis [26]. Not only was this useful for 
determining which markers carried the most weight, but also for understanding the 
relationships among the markers and how they were changing over time in the context 
of stroke severity. This approach is not without its limitations and requires further 
optimization of the learning algorithms. The expected outcome of these learning algo-
rithms is that additional biomarkers will be added to this 5-gene profile to increase 
sensitivity and specificity for guiding precision stroke diagnostics and treatments. A 
controversial topic in this area is the reliance on statistical significance to guide the 
development of these learning algorithms. In fact, the American Statistical Society 
(ASA) recently published an article on the misuse of statistical significance. In that 
article they urged scientists to critically evaluate their statistical approach and move 
beyond the traditional p<0.05 as their sole criterion for acceptance [27]. Another 
option for analytical integration is deep learning or the study of neural networks. Deep 
learning is a branch of machine learning that has yet to be fully utilized for the inter-
pretation of multi-omic data but has been critical to the understanding of high-level 
nervous system responses [28]. There is much potential in these AI-based approaches; 
however, the challenge that lies ahead is to move these complex analytical approaches 
to the bedside by improving interpretability while maintaining data accuracy [29].

3  Leveraging Multi-omic Responses to Aid Stroke Diagnosis, 
Treatment, and Recovery

3.1  Stroke diagnosis

Improving prehospital stroke diagnosis is a critical need, particularly in rural under-
served geographic areas. Thirty percent of patients are misdiagnosed in the 
prehospital setting [30]; and these estimates are likely higher for younger patients, 
women, and minorities [31]. The Institute of Medicine (IOM) recently published a 
report on the importance of accurate diagnosis to decrease hospital readmissions 
and improve patient quality of life. They provide a list of recommendations which 
include developing and deploying approaches to reduce diagnostic errors in clinical 
practice and provide dedicated funding for research on the diagnostic process [32]. 
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Accurate prehospital diagnosis of stroke is a problem that needs immediate atten-
tion given the projected increase in strokes expected to occur by 2020. Our labora-
tory and others have confirmed that specific omic’s based blood profiles can 
differentiate stroke from nonstroke in the acute care setting [33]. Rather than target-
ing the inflammatory response to stroke, which is often nonspecific, we have chosen 
to study the systems level response to stroke and have discovered that a stroke-
specific pattern can in fact be identified [34, 35]. This approach relies on the use of 
multi-omic (RNA, protein, and immune cell) analyses that produce a profile with a 
higher sensitivity and specificity for stroke diagnosis than the current gold standard. 
The technologies that enable the analysis of these multi-omic multiplexed systems 
are not yet available at the point of care. However, technologies which allow for 
simultaneous quantification of RNA, DNA, and protein targets, such as that offered 
by Nanostring, are being rapidly developed.

3.2  Stroke Treatment and Recovery

What if patient outcomes were viewed as varying degrees of adaptation to a stressor 
rather than good versus poor outcomes? Some patients do a better job of adapting; their 
physiological systems are healthy enough to survive the initial insult and create a new 
‘normal’ by which their systems respond to future events. The secret to neuroprotection 
to enhance recovery lies with the patients who have very severe strokes but recover well. 
Not only can we identify individual multi-omic profiles of recovery from these patients, 
but we can also use this information to guide treatment decisions throughout the patient 
journey. Along these same lines, it is interesting to consider whether the brain learns 
about its environment through interacting with immune cells that are constantly survey-
ing and carrying loads of information around with them. This is not illogical, given that 
the human brain and the immune systems evolved together and from a very rudimentary 
perspective it was the immune system that came first and then layers upon layers of 
complexity followed to bring us to the ‘human’ as we know it today. By understanding 
the evolution and development of the immune system, we can gain a deep understanding 
about neuroprotection and how we can target it for stroke therapeutics. For example, 
using pathway analysis to identify significant pathways responding to stroke in the 
peripheral blood, we found Ephrin signaling to be a key player in the first 0–24 h follow-
ing the insult [35]. Ephrin signaling guides many biological processes during embryo 
development as well as some neuronal growth processes in adulthood. Ephrins serve as 
navigational guides for cell migration and can conduct bidirectional signaling. 
Interestingly, some recent studies in stroke have identified a potential role for Ephrins in 
stroke neuroprotection, which validates the powerful approach of multi-omic profiling of 
peripheral blood in patients to identify relevant physiological targets for treatment [36].

A final concept for further evaluation of neuroprotective stroke treatments is the tim-
ing of physiological responses and their associated immune implications. This can only 
be achieved by time-series analyses and following patients throughout the course of 
their recovery to identify points of inflection by which immune mediators move from 

11 Harnessing the Power of the Human Immune System via Multi-omic Immune…



298

being protective to detrimental or vice versa. In immunology and physiology, many 
factors have dual roles and depending upon internal and external signaling environ-
ments their impact can be very different. Identifying these patterns will be critical for 
creating treatment strategies that fit the patient throughout their journey and may even 
be dependent upon the patient’s inherent immune complexity (i.e., immune repertoire). 
The immune repertoire refers to the diverse combinations of T and B cell lymphocytes 
produced by somatic recombination. Greater diversity equates to a healthier immune 
system. Next-generation sequencing of the immune repertoire is on the horizon and 
expected to provide a greater classification of immune responses as well as novel 
immune mechanisms and pathways [37].

Every patient’s recovery journey is unique. Not only are there physiological 
variables that contribute to recovery, but there are also social, emotional, behavioral, 
environmental, and genetic factors that all interact to either aid or hinder the recovery 
process. A comprehensive assessment of these domains combined with a multi- 
omic physiologic approach would enhance and individualize current stroke recovery 
programs. Lastly, nontraditional and integrative medicine approaches may offer 
additional neuroprotection for recovering patients, and this needs to be considered 
when designing stroke clinical trials [38].

4  Future Opportunities

Given the rapid advancements in multi-omics-based technology it will be imperative to 
remain flexible and open to improvements in methods as they arise, while balancing the 
need to maintain rigor and continued validation and optimization. Even the design of 
clinical trials is changing, particularly in oncology where traditional approaches are 
being replaced by adaptive trial designs that allow for ongoing optimization throughout 
the course of study, reducing time and cost [39]. The ISPY 1/2 (investigation of serial 
studies to predict your therapeutic response with imaging and molecular analysis) trial 
is an example of such a trial that allows for a biomarker- driven therapeutic approaches 
for the treatment of cancer [40–42]. Other adaptive clinical trials include MIDAS (the 
multicandidate iterative design with adaptive selection) [43] and BATTLE (Biomarker-
integrated Approaches of Targeted Therapy for Lung Cancer Elimination) [44]. These 
trials have confirmed the feasibility, safety, and potential to improve chemotherapeutic 
response and optimize individual patient recovery in many cancers. There are many 
options to modify adaptive trial designs to fit the study and disease of interest and are 
quickly gaining traction in personalized medicine trials [45]. N of 1 clinical trials are an 
additional option for rare, or difficult to treat cancers and other chronic and comorbid 
diseases allowing clinicians to determine the effectiveness of therapies in individual 
patients [46]. This approach is likely difficult for acute stroke therapies but may be 
feasible for tailoring subacute to chronic treatment and rehabilitation approaches. 
Given that many stroke patients struggle with refractory or difficult-to-treat poststroke 
depression and anxiety, it may be interesting to consider whether an N of 1 approach 
could allow for drug repurposing, identification of novel neuroprotective strategies, and 
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improve overall outcome for these patients. The reporting of N of 1 has unfortunately 
been inadequate. Thus, a recommendation was made in 2015 to follow a checklist to 
decrease variability and improve overall acceptance of reported data (A Consolidated 
Standards of Reporting Trials (CONSORT) extension for N-of-1 trials [47].

Exciting technologies expected to play a greater role in clinical research and 
medicine in the upcoming years are sensor and nanotechnology combined with cloud 
computing. With the digitalization of society, the internet of things (IoT) and wear-
able devices, these technologies have the potential to offer real-time feedback to 
patients and providers to enhance personalized approaches to treatment, medication 
adherence, and overall wellness strategies to improve recovery and quality of life 
[48]. The application of these technologies to health (the Internet of BioThings) is 
new with very little data to support the efficacy of this approach for chronic condi-
tions. However, preliminary data in hypertension suggests the approach is easy to use, 
feasible, and well accepted in the patient population [49]. Data integration, provider 
bandwidth, and security issues are the largest challenges we face as we continue to 
implement and test the concept of the IoT in chronic cardiovascular conditions.

5  Conclusions/Summary

In comparison to the tremendous advancements in precision health for cancer- 
related conditions, there is a shortage of information to guide personalized 
approaches to stroke diagnosis and treatment. Mutli-omic profiling combined with 
big data analytics and adaptive clinical trial designs has the potential to revolutionize 
the approach to acute, subacute, and chronic stroke care. Exciting opportunities lie 
ahead to allow real-time monitoring via sensor-based technology and cloud 
computing that could be utilized at the bench and the bedside. As a scientific com-
munity, the success of precision stroke care requires a concerted effort to collect, 
analyze, and interpret relevant physiologic phenotypes that can be used at the point 
of care while leveraging the existing successes from cancer immunogenomics to 
accelerate biomarker-driven diagnostics and therapeutics for stroke.
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Chapter 12
Polarization of Microglia/Macrophages 
in Brain Ischaemia: Relevance for Stroke 
Therapy

Diana Amantea, Rosaria Greco, Cristina Tassorelli, and Giacinto Bagetta

Abstract The innate immune system plays a pivotal role in ischemic stroke patho-
biology, involving soluble and cellular mediators activated locally or recruited from 
the periphery. Upon injury, subtle modifications of the local environment trigger a 
rapid activation of microglia that peaks few days after the insult and may persist for 
several weeks. Initially, the alternatively activated M2 phenotype predominates, 
whereas, upon priming by ischemic neurons, microglia shift towards the M1 pheno-
type characterized by reduced phagocytic capacity and release of inflammatory cyto-
kines. Maximally activated microglia can eventually turn into a round amoeboid 
phenotype morphologically indistinguishable from blood-derived macrophages.

A typical hallmark of cerebral ischaemia is the increased permeability of cerebral 
microvessels that, together with the upregulation of adhesion molecules on post- 
capillary venules and the choroid plexus, facilitate brain recruitment of leukocytes. 
Bone marrow-derived monocytes rapidly extravasate via a chemokine receptor 2 
[CCR2]-dependent pathway and, once in the injured tissue, differentiate into non- 
inflammatory M2 macrophages, mediating neuroprotection and repair of the neuro-
vascular unit. M2 macrophages peak few days after the insult in the core region, 
whereas the pro-inflammatory M1 phenotype predominates in the peri-infarct areas 
to gradually increase in number in the core, outnumbering M2 cells over time. The 
dualistic role exerted by microglia/macrophages suggests that a mere inhibition of 
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their activation/recruitment might not represent a promising strategy to rescue isch-
emic brain injury. By contrast, as thoroughly reviewed here, a rational modulation of 
their polarization status, aimed at adjusting the M1/M2 ratio coherently with the 
spatio-temporal progression of injury, has recently been validated in animal models.

Keywords Immune system • Ischemic stroke • Macrophages • Monocytes  
• Microglia • M1/M2 phenotypes

Abbreviations

ATP Adenosine 5′-triphosphate
BBB Blood–brain barrier
BDNF Brain-derived neurotrophic factor
CB Cannabinoid receptor
CCL2 Monocyte chemoattractant protein-1
CCR2 CC chemokine receptor 2
CNS Central nervous system
CXCR1 Fractalkine receptor
DAMPs Danger-associated molecular patterns
GDNF Glia-derived neurotrophic factor
GFP Green fluorescent protein
IGF Insulin-like growth factor
IL Interleukin
IL-1R Interleukin-1 receptor
INF Interferon
Ly6C Lymphocyte antigen 6 complex, locus C
MCAo Middle cerebral artery occlusion
MCP Monocyte chemoattractant protein
MHC Major histocompatibility complex
MIP Macrophage inflammatory protein
miRNAs MicroRNAs
MMPs Matrix metalloproteinases
MR Mineralcorticoid receptor
nAChR Nicotinic acetylcholine receptor
PACAP Pituitary adenylate cyclase-activating polypeptide
PBMCs Peripheral blood mononuclear cells
PPAR Peroxisome proliferator-activated receptor
PRRs Pattern recognition receptors
ROS Reactive oxygen species
RXR Retinoid X receptor
SR-A Class A scavenger receptor
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TGF Transforming growth factor
TLR Toll-like receptor
TNF Tumour necrosis factor
TREM Triggering receptor expressed on myeloid cells
USPIO Ultrasmall superparamagnetic iron oxide particles

1  Introduction

The pathological consequences of ischemic stroke involve a complex cascade of 
events, including both neuronal and non-neuronal mechanisms that actively partici-
pate in the progression of brain damage. In contrast to the old “neuronocentric” view, 
in which neuronal activity and networking were considered the sole regulators of 
cerebral activities, during the past decades, a more integrated concept was developed 
based on the involvement of virtually all the cell types of the neuro-glio- vascular unit 
in brain function and dysfunction [1–5]. Accordingly, glial cells, such as astrocytes 
and microglia, as well as vascular endothelium and perivascular elements are affected 
by the ischemic insult and may participate in cell-specific signalling and execution 
cascades leading to brain damage [6, 7]. In addition, blood-borne immune cells play 
a crucial, dualistic role in the evolution of cerebral ischaemia, contributing to both 
detrimental and reparative processes [8]. Thus, the early evidence of local activation 
of microglia and cerebral recruitment of circulating leukocytes has stimulated a 
growing number of studies aimed at exploring the involvement of the immune sys-
tem in ischemic pathobiology. In fact, although the brain was traditionally thought to 
be completely devoid of immunologic reactions, this old conviction has been aban-
doned as neuroscientists and immunologists have begun to unveil that immune medi-
ators are intimately related to neurons, as recently highlighted in a series of 
neurodegenerative conditions including stroke [1]. It is now clear that after cerebral 
ischaemia, a complex crosstalk occurs between the cellular elements of the brain, 
namely neurons, astrocytes, microglia and dendritic cells, and blood-borne immune 
cells, including neutrophils, macrophages and T cells [9]. This is further underscored 
by recent blood expression profiling studies reporting that most genes upregulated 
early after stroke injury in patients are implicated in the regulation of the innate 
immune system [10–13]. In addition, circulating levels of markers of acute inflam-
mation correlate with the severity of behavioural and histological outcomes [14–18]. 
Thus, immune mediators activated not only in the brain but also in the periphery 
participate in the early and late responses to cerebral ischaemia. In this context, an 
important issue to be considered is the dualistic nature of immune cells that may 
acquire either detrimental or protective phenotypes, thus prompting neuronal dam-
age or repair depending on specific systemic or microenvironmental stimuli gener-
ated during the spatio-temporal evolution of ischemic brain damage. Unravelling the 
intricate brain-immune interplay will improve our understanding of the involvement 
of the immune system in ischemic tissue damage, protection and repair, and will 
open new avenues to the discovery of novel pharmacological targets [19].
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2  The Innate Immunological Response of the Brain to Stroke

After blood vessel occlusion, the reduced blood supply to the cerebral tissue trig-
gers multiple inflammatory cascades in the brain and in the peripheral immune sys-
tem [8]. Activation of platelets and of the complement system represents an early 
trigger of the inflammatory response [20, 21]. Moreover, swelling of perivascular 
astrocyte end feet is the first cellular event detected after cerebral ischaemia [22]. In 
fact, as early as few minutes after the ischemic insult, cytokines and reactive oxygen 
species (ROS) released by neurons and glial cells alter astrocytes phenotype induc-
ing their hypertrophy and proliferation [23]. Upon the insult, injured neurons and 
other damaged brain cells release a series of molecules that act as danger-associated 
molecular patterns (DAMPs) or alarmins by binding and activating specific pattern 
recognition receptors (PRRs) on various cells [24]. Adenosine 5′-triphosphate 
(ATP), released or leaked from injured cells, activates purinergic P2Y [1] receptors 
on astrocytes prompting the release of inflammatory cytokines, such as interleukin 
(IL)-1β, or matrix metalloproteinases (MMPs) that participate in blood–brain bar-
rier (BBB) rupture and vasogenic edema [25–29]. In line with the dualistic nature 
of most immune cells, also astrocytes may participate in protective and reparative 
responses by providing extracellular glutamate uptake [30, 31], BBB reconstitution 
[32, 33] and release of neurotrophic factors [34, 35]. Therefore, the exact role 
played by reactive astrogliosis in the progression of ischemic cerebral injury 
depends on the polarization of astrocytes towards distinct phenotypes [36–38] and 
on their interaction with the surrounding environment generated by neighbouring 
neurons and microglia/macrophages [39, 40].

Despite astrocytes play a crucial role in the modifications and remodelling of the 
neurovascular unit following the ischemic event, immunity in the brain is mainly 
sustained by cells from the mononuclear phagocyte system [41]. The only haema-
topoietic cells resident in the central nervous system (CNS) parenchyma are 
microglia that execute homeostatic and surveillance tasks in the healthy brain. 
Although in the past there was some debate regarding the precise nature of microg-
lia progenitors, nowadays a generally accepted concept is that microglia are of 
myeloid origin [42]. In particular, microglia originate from yolk sac-derived mac-
rophages that seed the brain rudiment during early foetal development. Moreover, 
emerging evidence suggests that other progenitors may supersede the yolk sac con-
tribution, including blood-borne monocytes or other bone marrow-derived cells that 
enter the CNS, especially during pathological conditions characterized by BBB 
rupture, either to generate the post-natal microglial compartment or to maintain it 
into adulthood [42, 43].

During cerebral ischaemia, microglial reactivity is modulated by a series of 
receptors, including purinergic ATP receptors, such as P2X purinoceptor 7 (P2X7) 
and platelet adenosine diphosphate receptor P2Y12 receptors, Toll-like receptor 
(TLR)-4, fractalkine receptor (CX3CR1), peroxisome proliferator-activated recep-
tor (PPAR)-γ, cannabinoid receptor (CB)-2, triggering receptor expressed on 
myeloid cells (TREM)-2 and/or CD200 receptor [44–52]. Activation of microglial 
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cells occurs very rapidly after ischaemia and is driven by subtle modifications of the 
local environment [53, 54]. Microglia become activated within minutes after the 
insult and their reactivity and proliferation peak few days after the insult and may 
persist for several weeks, as observed both in pre-clinical stroke models [55–57] 
and in patients [46, 58, 59]. The temporal and spatial activation of microglia in the 
brain of mice subjected to transient middle cerebral artery occlusion (MCAo) was 
recently described by an original multimodal imaging approach [60]. The complex 
functional changes of activated microglial cells are accompanied by a gradual mor-
phological transformation from the highly ramified shape, typical of the surveil-
lance mode, to cells with larger somata, displaying shorter and coarser cytoplasmic 
processes [61]. Maximally activated microglia can eventually turn into a round 
amoeboid phenotype associated with increased proliferation, production of inflam-
matory mediators and upregulation of myeloid markers, rendering these cells mor-
phologically indistinguishable from blood-derived macrophages [55, 62–65]. In the 
ischemic brain, ramified microglia and “amoeboid” microglia were found surround-
ing intact and dying neurons, respectively [55, 66].

Once activated, microglia upregulate expression levels of CD11b and ionized 
calcium-binding adapter molecule 1 (Iba1), and gain expression of molecules asso-
ciated with antigen presentation, such as major histocompatibility complex 
(MHC)-II [67]. Functional activation is consistent with increased expression and 
release of inflammatory cytokines, namely IL-1 and tumour necrosis factor (TNF)-α 
[26, 57, 68–70], reactive oxygen and nitrogen species [71, 72] and proteases [73]. 
These harmful mediators underlie the detrimental role of microglia in ischemic 
inflammation and injury, as highlighted by the evidence that pharmacological- or 
microRNA-induced suppression of microglial activity limits ischemic cerebral 
injury [61, 74–76]. Activated microglia also participate in BBB rupture through the 
release of ROS, MMPs and pro-inflammatory cytokines [46]. Using time-lapse two- 
photon microscopy in vivo, a recent study dynamically observed that microglia in 
the penumbra rapidly expanded cellular protrusions towards blood vessels. These 
perivascular microglia phagocytosed endothelial cells, contributing to the disinte-
gration of blood vessels and, eventually, to the rupture of the BBB [77, 78]. 
Nevertheless, the causal relationship between microglia activation and BBB disrup-
tion has been questioned by some studies. In fact, BBB disruption can, in turn, 
cause microglia activation, and microglia may also play a protective role through 
secretion of progranulin, involved in reducing BBB damage and brain oedema after 
ischemic stroke [79–81].

Accordingly, there is evidence suggesting that microglia can also be poten-
tially beneficial under certain circumstances. Selective ablation of proliferating 
resident microglia results in elevated brain lesion size associated with an 
increase in  apoptotic neurons in transient focal cerebral ischaemia [82]. 
Conversely, intrarterial injection of exogenous microglia isolated from brain 
cultures increases neuronal survival in the ischemic hippocampus of gerbils 
[83], whereas intracerebroventricular injection of exogenous microglia decreases 
neuronal loss induced by transient focal ischaemia in rats [84]. The positive 
effects of microglia on neuronal survival have been attributed to their ability to 
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release anti-inflammatory and neurotrophic molecules, including IL-10, trans-
forming growth factor (TGF)-β, brain-derived neurotrophic factor (BDNF), 
glia-derived neurotrophic factor (GDNF) and insulin-like growth factor (IGF)-1 
that participate in the resolution of inflammation and to the reparative mecha-
nisms implicated in late tissue recovery [41, 82, 83, 85, 86]. Some of these 
mediators are also involved in the biphasic role of different activation states of 
microglia on neurogenesis [87].

The dualistic nature of the microglial response is ascribable to the ability of 
these myeloid cells to polarize towards a number of phenotypes, ranging from 
the classic M1 to the alternatively activated M2 phenotypes [88]. The pro-inflam-
matory M1 phenotype is usually activated by interferon (INF)-γ or through TLRs 
modulation, whereas the “beneficial” M2 phenotype is prompted by regulatory 
factors, such as IL-4, IL-10, IL-13, and TGF-β [89, 90]. At early stages after 
ischemic injury, the M2 phenotype predominates, whereas, upon priming by the 
ischemic neurons, microglia shift towards the pro-inflammatory M1 phenotype 
characterized by reduced phagocytic capacity and by the release of TNF-α, 
IL-1β, monocyte chemoattractant protein (MCP)-1, macrophage inflammatory 
protein (MIP)-1α and IL-6 [53] (Fig. 12.1). Thus, blocking this process by main-
taining the M2-polarization status of microglia or promoting the M1-to-M2 
polarization shift represents a promising strategy for a rational immunomodula-
tion in the early stages after ischemic stroke. Although its relevance in patients 
has not been assessed yet, this approach has successfully been validated in ani-
mal models (see below).

2.1  Blood-Borne Myeloid Cells

A typical hallmark of cerebral ischaemia is the increased permeability of cerebral 
microvessels that allows brain transfer of blood-borne cells and molecules that do not 
normally cross the BBB [91]. Hypoxic/ischemic injury differentially affects micro-
vascular endothelial cells and perivascular cells, i.e. pericytes and astrocytes, and this 
may have marked impact on barrier stability [92]. Upregulation of adhesion molecules 
on post-capillary venules and the choroid plexus, together with the secretion of che-
mokines, facilitates the recruitment of circulating immune cells to the ischemic or 
haemorrhagic brain [93–96]. Moreover, the activation of proteases (i.e. MMPs) and 
the local increase of inflammatory cytokines (e.g. IL-1 and TNF-α) further elevate the 
expression of adhesion molecules and BBB breakdown leading to leukocytes extrava-
sation in the injured brain [97–100]. Thus, upon activation by soluble factors released 
upon injury, the immune response engages specialized blood-borne cells, such as neu-
trophils, monocytes/macrophages, dendritic cells and T lymphocytes, that eventually 
migrate to the lesioned brain [8, 98, 101]. Indeed, growing evidence documents that, 
regardless of their ability to actually infiltrate the brain, circulating immune cells con-
tribute to the evolution of cerebral ischemic damage.
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The relevance of the peripheral immune system in stroke pathobiology is under-
scored by the evidence that peripheral blood genomic profiles are associated with 
brain profiles and correlate with cerebral inflammation and injury [13, 102, 103]. 
More importantly, the majority of the genes identified in all the stroke-specific pro-
files published to date are related to the regulation of the immune system [10–12, 
102]. A recent work originally identified a panel of five genes overlapping among 
these studies; four of these genes (i.e. arginase 1, lymphocyte antigen 96, MMP-9, 
S100 calcium binding protein A12) are implicated in the regulation of the innate 
immune response [13]. Accordingly, the majority of the genes acutely regulated in 
the blood of stroke patients are expressed in neutrophils and, to a lesser extent, in 
monocytes [10]. The importance of innate immunity in ischemic stroke is further 
highlighted by the evidence that monocytes/macrophages and neutrophils are the 
first cells to infiltrate the injured brain, reaching a peak within 24–72 h after the insult 
[95, 104, 105]. Moreover, higher peripheral leukocyte and neutrophil counts, but not 

Fig. 12.1 Polarization of microglia/macrophages towards the protective M2 or the pro- 
inflammatory M1 phenotype after ischemic stroke. At early stages after the ischemic insult, locally 
activated microglia/macrophages and blood-borne monocytes/macrophages adopt the M2 pheno-
type characterized by enhanced phagocytic activity, reduced production of inflammatory media-
tors and pro-survival properties towards hypoxic/ischemic neurons. Therefore, the early recruitment 
of microglia/macrophages may represent an endogenous attempt to clear debris and to limit brain 
damage. This M2-mediated response is transient and extinguishes by a week after the insult, being 
replaced by an abundant wave of M1-polarized cells that display reduced phagocytosis and ele-
vated release of pro-inflammatory and neurotoxic mediators
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lymphocyte counts, are associated with larger infarct volumes in patients [106], 
whereas cerebral accumulation of neutrophils correlates with brain damage severity 
and poor neurological outcome both in humans [107] and in rodents [108–110].

The majority of leukocytes are recruited into the ischemic brain following a spe-
cific temporal profile, with activation of microglia and migration of monocytes/
macrophages preceding infiltration of neutrophils, dendritic cells and lymphocytes 
to the lesioned regions [95]. In particular, brain recruitment of circulating mono-
cytes is coordinated by inflammatory cytokines, chemokines and de novo expressed 
adhesion molecules.

Activation of CX3CR1 signalling during stroke has been suggested to pro-
mote recruitment of peripheral monocyte/macrophages and expansion/activation 
of CNS microglia and macrophages, associated with a shift towards pro-inflam-
matory phenotypes and thus the exacerbation of cerebral damage [44, 111, 112]. 
In addition, activation of CC chemokine receptor 2 (CCR2) by MCP-1 (CCL2) 
has been implicated in brain recruitment of bone marrow-derived monocytes to 
the ischemic brain. CCR2+ monocytes have been shown to play either detrimen-
tal roles [113–116] or reparative functions acting via TGF-β1 to maintain the 
integrity of the neurovascular unit [39, 117] or promoting M2 polarization of 
macrophages following brain ischaemia [118]. Indeed, once in the damaged tis-
sue, blood-borne monocytes can differentiate into macrophages that, in turn, 
may develop into different polarizations states, ranging from the classically acti-
vated M1 subtype to the alternatively activated M2 phenotypes. M2 macro-
phages peak 3–5 days after the insult in the core region, whereas the 
pro-inflammatory M1 phenotype predominates in the peri- infarct areas to gradu-
ally increase in number in the core, outnumbering M2 cells over time [119]. 
However, in human brain, accumulation of monocytes seems to be more delayed 
as compared to rodents, since inflammatory mononuclear cells and macrophages 
have been detected in the brain of ischemic patients from 2 days up to 53 years 
[120, 121]. Although immunosuppression occurs after acute stroke, a significant 
elevation of the number of circulating monocytes has been reported in patients 
[122–125]. The ability of these cells to differentiate into specific phenotypes 
characterized by a distinct expression of CD14 and CD16 antigens in human has 
been correlated with outcome severity [125].

An intriguing hypothesis that has recently emerged refers to the putative splenic 
origin of recruited monocytes during ischemic injury, based on the identification of 
a major monocyte reservoir in the spleen of rodents. In fact, ischaemia-induced 
splenic atrophy has been associated with the release of inflammatory mediators and 
of spleen-derived inflammatory cells into the circulation, possibly followed by their 
migration into the brain, thus increasing the inflammatory response and promoting 
secondary cerebral damage [126–130]. There is evidence that the spleen might con-
tribute to both pro-inflammatory lymphocyte antigen 6 complex, locus C (Ly6C)hi 
and regulatory Ly6Clo monocytes after brain ischaemia in mice [131, 132]. 
Nevertheless, further work is needed to provide a direct demonstration supporting 
the concept that monocytes migrating to the brain are actually mobilized from the 
spleen and contribute to brain injury.
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Although brain recruitment of leukocytes has been widely demonstrated, some 
studies have argued that not all the immune cells actually infiltrate the cerebral 
parenchyma, since polymorphonuclear granulocytes recruited to the infarcted area 
do not cross the vascular endothelium but remain restricted to luminal surfaces or 
perivascular spaces of cerebral vessels [133]. Neutrophils have been show to exert 
detrimental effects through the production of ROS, the release of MMPs [134–
136] and the induction of microvessel obstruction/thrombosis [137, 138]. 
Moreover, recruited neutrophils scan for activated platelets and participate in the 
integration of signals from the endothelium and the circulation before inflamma-
tion proceeds [139]. Recent findings have suggested that neutrophil–lymphocyte 
ratio may reflect post-stroke outcome and represents a useful biomarker to predict 
short-term mortality in ischemic stroke patients [103]. This further highlights that 
peripheral blood profiles may be exploited for disease diagnosis and prognosis, for 
monitoring treatment and intervention responses and, notably, for the identification 
of pharmacological targets.

2.2  Differentiating Brain Resident Microglia  
from Blood- Borne Macrophages

One of the major challenges in microglia/macrophage research arises from the 
aptitude of microglia to evolve into a round amoeboid phenotype after injury 
[140]. In fact, the majority of macrophages in the infarct area are derived from 
local microglia, demonstrating a significant predominance of local defence 
mechanisms over blood-borne immune cells [62]. In turn, haematogenous mac-
rophages infiltrating the infarcted brain are able to acquire a ramified morphol-
ogy indistinguishable from resident microglia [62]. This greatly hampers our 
comprehension of the contribution of in situ microglia proliferation versus 
blood-borne monocyte infiltration to the local immune response, since both cell 
types may differentiate into a macrophage- like phenotype upon cerebral isch-
aemia [46, 62]. Interestingly, a series of recent innovative studies have demon-
strated that infiltrating monocyte-derived macrophages perform indispensable 
roles that cannot be provided by their resident counterparts [141]. However, to 
date, only few studies have addressed this issue reaching the critical goal of dif-
ferentiating the response of the mononuclear phagocyte system of the brain from 
that elicited in the periphery.

After cerebral ischaemia, brain resident microglia and infiltrating monocyte/
macrophages respond to different activation periods. Microglia are the dominating 
cell type in post-stroke neuroinflammation during the first days after ischemic stroke 
[62, 65, 142]. In fact, brain resident microglia plays a major role in phagocytosis 
within 3 days after photothrombosis-induced focal ischaemia in mice, whereas bone 
marrow-derived macrophages provide removal of necrotic tissue after 6 days [65]. 
These findings were confirmed by a more sophisticated experimental approach using 
bone marrow chimeric mice generated by transplanting green fluorescent protein 
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(GFP) transgenic bone marrow into irradiated wild-type recipients subjected to 
transient MCAo. In this model, microglia are activated and proliferate as early as 
24 h after the ischemic attack, peaking at 4 days and gradually declining to return to 
baseline levels 28 days after [62]. By contrast, brain infiltration of GFP+ macro-
phages begins 4 days and peaks 7 days after the insult [143]. At these time points, 
the number of microglial cells is reduced due to their vulnerability to the detrimental 
effects of ischaemia, whereas infiltrating monocytes predominate and display higher 
phagocytic capacity as compared with local microglia [144]. Blood-borne myeloid 
cell infiltration was also tracked by tagging/labelling these cells with ultrasmall 
superparamagnetic iron oxide particles (USPIO). Infiltration of USPIO- labelled 
mononuclear phagocytes was observed by day 4 in the core region and by day 7 in 
the boundary areas of the brain of rats subjected to permanent focal cerebral isch-
aemia [145, 146]. This time course was also partially confirmed by flow cytometry 
(Gelderblom et al. [95]; but see also Stubbe et al. [147]) that allows to differentiate 
microglia from haematogenous macrophages on the basis of their diverse expression 
level of CD45 [148, 149]. In fact, CD11b-immunopositive cells identified as CD45lo, 
CD45int or CD45hi represent resting microglia, activated microglia, or monocytes/
macrophages, respectively [150]. Murine monocytes can be further classified as 
Ly6Chi pro-inflammatory monocytes or Ly6Clo anti-inflammatory monocytes [89, 
151] and these markers have been used to characterize brain migration of bone mar-
row-derived monocytes/macrophages [117]. CCR2 expressed on Ly6Chi monocytes 
plays a pivotal role in their extravasation and transmigration into the brain after 
cerebral ischaemia-reperfusion [118, 152]. Intriguingly, pharmacological blockade 
of this receptor results in worsened functional outcomes and larger infarct volumes, 
associated with reduced M2 polarization and increased peroxynitrite production in 
macrophages in mice undergone transient MCAo [118]. Thus, during the acute post-
stroke period, Ly6Chi monocytes enter the circulation and then the ischemic brain to 
protect the neurovascular unit and to limit inflammatory and oxidative injury by 
promoting M2 polarization of macrophages [117, 118]. Similarly, a recent study 
demonstrated that a subset of immature pro-inflammatory Ly6ChiCD43lo monocytes 
recruited to the ischemic tissue suffered progressive differentiation to macrophages, 
downregulating the expression of Ly6C and acquiring the expression of markers of 
an alternative phenotype, suggesting their role in tissue repair during the subacute 
phase after stroke [153]. Thus, both inflammatory and non-inflammatory, repair-
associated macrophage populations may derive from inflammatory Ly6Chi/CCR2+ 
monocytes. By contrast, Ly6Clo patrolling monocytes have been suggested to be 
redundant in the progression and recovery of ischemic stroke [154]. Since they do 
not give rise to significant numbers of non-inflammatory macrophages, Ly6clo/
CX3CR1hi monocytes may instead represent a form of terminally differentiated 
blood-resident macrophage monitoring the vascular lumen for endothelial integrity 
[155–157]. The time course of microglia activation and  macrophage infiltration 
strongly depends on the type of ischaemia, being permanent vessel occlusion associ-
ated with a more pronounced microglia activation at 1 and 5 days and with an earlier 
brain infiltration of blood-borne immune cells [93, 158]. Thus, being the first cells 
activated after brain injury, microglia clear cell debris and injured neurons by 
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phagocytosis and participate in the resolution of inflammation by engulfing invading 
neutrophils [50, 85]. By contrast, phagocytosis also underlies detrimental effects by 
microglia through engulfment of viable neurons in the ischemic penumbra [159]. 
Actually, both microglia and haematogenous macrophages infiltrating the ischemic 
brain [62, 160] may differently affect the evolution of tissue damage, depending on 
their aptitude to switch between pro-inflammatory M1 and protective M2 pheno-
types [53, 161–163]. Classically activated M1 microglia/macrophages trigger and 
maintain the inflammatory reaction sustaining neurotoxicity during the ischemic 
insult. By contrast, M2-polarized cells provide protective functions, including debris 
clearance, angiogenesis, tissue remodelling and repair [88, 164].

3  Polarization of Monocyte- or Microglia-Derived 
Macrophages in Stroke

Due to their tremendous plasticity and ability to integrate microenvironment signals, 
activation of microglia/macrophages can be represented by a multi- dimensional 
model characterized by a finely regulated cellular programming that is both tissue- 
and disease-specific, characterized by different activation states and mixed pheno-
types [163, 165, 166]. In fact, the M1/M2 dichotomy is an oversimplified conceptual 
framework that only represents two extreme activation states, since in vivo microg-
lia/macrophages may adopt a spectrum of different, often overlapping functional 
phenotypes [89, 165]. Accordingly, a growing body of evidence reveals the exis-
tence of diverse M2 subpopulations, including M2a, M2b, M2c and M2d, character-
ized by unique features and distinct biological functions [89, 167, 168]. Since these 
subpopulations have not been fully characterized in brain disorders, the broad M1/
M2 classification is commonly accepted and allows the comprehension of the dis-
tinct roles of microglia/macrophages during cerebral injury, including stroke [169].

Although ischaemia-induced upregulation of pro-inflammatory and cytotoxic 
mediators due to classically activated M1 cells has been extensively reported, grow-
ing evidence highlights a concomitant elevation of the expression of M2 markers 
(CD206, Arginase 1, Ym1, IL-10 and TGF-β) in the ischemic brain [51, 53, 66, 161, 
170]. This has been ascribed to locally activated microglia/macrophages that adopt 
the M2 phenotype early after the ischemic insult, but also to an increased infiltration 
of alternatively activated (M2) blood-borne monocytes into the brain parenchyma 
[53, 66]. Interestingly, the deterioration of functional outcome, that occurs in aged 
mice undergone ischemic stroke, has been linked to reduction of M2 polarization of 
microglia/macrophages [171]. M2 polarization is induced by factors released by isch-
emic neurons and is associated with a healthier phenotype characterized by enhanced 
phagocytic activity, reduced production of inflammatory mediators and pro-survival 
properties towards hypoxic/ischemic neurons [53, 163]. Therefore, the early recruit-
ment of microglia/macrophages may represent an endogenous attempt to clear debris 
and to limit brain damage. However, this M2-mediated response is transient and 
extinguishes by a week after the insult, being replaced by an abundant wave of 
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M1-polarized cells that display reduced phagocytosis and elevated release of harmful 
mediators such as TNF-α and nitric oxide [53]. This highlights that the M2-to-M1 
shift occurring during chronic inflammation after ischaemia contributes to the expan-
sion of cerebral injury and to the impairment of neuronal recovery (Fig. 12.1).

A crucial issue that needs further research to be clarified is the identity of the 
molecular switches that control the phenotypic changes of microglia/macro-
phages. To this aim, a series of receptors have been implicated in the polariza-
tion of these myeloid cells after ischemic stroke (Fig. 12.1). The absence of 
Class A scavenger receptor (SR-A) was associated to lower expression of M1 
microglia/macrophages- related genes, i.e. TNF-α, inducible nitric oxide syn-
thase, MCP-1 and IL-1β, and preservation of alternatively activated M2 mark-
ers, resulting in reduced infarct size and improved neurological function in mice 
subjected to focal ischaemia [162]. Similarly, the fractalkine receptor CX3CR1 
has been associated with a pro- inflammatory milieu in mice characterized by 
elevation of M1/M2 ratio [111]. Conversely, deficiency of the mineralocorticoid 
receptor (MR) reduces the expression of M1 markers while elevating 
M2-polarized myeloid cells in the ischemic brain, thus resulting in a better 
stroke outcome in MR−/− mice [161]. Another receptor that has been demon-
strated to be relevant for immunoregulation in stroke is the α-7 nicotinic acetyl-
choline receptor (nAChR), since its activation has been shown to provide 
neuroprotection in rodent models through reduction of M1/M2 macrophage 
ratio [172, 173]. Further work has demonstrated that a subpopulation of bone 
marrow-derived monocytes/macrophages, recruited via CCR2 and acting 
through TGF-β1, preserves the integrity of the neurovascular unit in murine 
stroke models [117]. Recent findings have also highlighted that the hydroxy-
carboxylic acid receptor 2 promotes a neuroprotective phenotype in monocytes/
macrophages infiltrating the ischemic brain; thus, activation of this receptor 
might underlie the neuroprotective effects of the ketone bodies or ketogenic diet 
[174]. Among soluble factors, IL-10 is critical in modulating microglia polariza-
tion towards M2 phenotype as suggested by the evidence that IL-10 knockout 
mice showed worsened histological and functional outcomes and reduced M2 
microglia/macrophage markers expression [175]. Moreover, IL-4, a potent 
M2-polarizing cytokine, released by sublethally ischemic neurons may offset 
the ischaemia-induced M1 polarization process. In fact, upon priming by endog-
enous or exogenously administered IL-4, microglia/macrophages participate in 
the removal of ischemic debris and produce trophic factors that may provide 
brain repair, probably through PPAR-γ activation [52, 176, 177]. In fact, PPAR-
γ-mediated CD36 upregulation contributes to the modulation of microglia phe-
notype, triggering phagocytosis of apoptotic  neutrophils, and thus promoting 
resolution of inflammation following ischemic stroke [178].

These studies underscore the crucial concept that a mere inhibition of microglia/
macrophages activation and recruitment, disregarding their dualistic role, does not 
represent an efficient strategy to rescue ischemic brain injury. Conversely, recent 
work has validated the proof of concept that therapeutic interventions that promote 
M2 polarization provide neuroprotection in stroke models (Fig. 12.2).
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The majority of drugs that display the peculiar ability to reprogram microglia/
macrophages in the setting of stroke were (often unintentionally) identified through 
the drug repurposing approach [179]. Among these, the neuroprotective properties 
of certain antibacterial drugs have been demonstrated in ischemic stroke models. 
By inhibiting MMPs and microglia reactivity, minocycline exerts anti-inflamma-
tory effects during the subacute phase of stroke. In addition, the protective effects of 
early minocycline treatment last for weeks after the insult due to ability of this drug 
to trigger alternative activation of microglia/macrophages and, thus, neurovascular 
remodelling [180, 181]. In fact, minocycline reduces typical markers of M1 activa-
tion, such as TNF-α and IL-1β, while it increases levels of M2 markers, namely 
TGF-β, IL-10 and Ym1, in the brain of adult spontaneously hypertensive rats sub-
jected to transient MCAo [180]. Another antibacterial drug that shows potential to 
be repurposed for ischemic stroke, based on its immunomodulatory properties, is 
azithromycin. We have recently shown that a single administration of this macrolide 
antibiotic prevents BBB rupture, ameliorates neurological outcome and reduces 
brain infarct damage in mice subjected to transient MCAo [170]. Notably, neuro-
protection exerted by azithromycin was associated with the induction of M2 polar-
ization in microglia and in blood-borne macrophages [170].

Another class of drugs that exerts beneficial effects in stroke is represented by 
certain antidiabetics that, regardless of their classical molecular targets, promote 
M2-polarization of myeloid cells. These include the thiazolidinediones, metfor-
min and Exendin-4, whose neuroprotective efficacy has been validated in stroke 
models. By promoting microglial polarization towards the M2 phenotype and 
 oligodendrogenesis, rosiglitazone has been shown to improve long-term white 
matter integrity and to promote resolution of inflammation following a focal isch-
emic insult [178, 182]. Conversely, activation of PPAR-γ on haematogenous 
monocyte/macrophages has been suggested to underlie the ability of pioglitazone 
to trigger an anti- inflammatory profile in these myeloid cells, thus providing ben-
eficial effects in focal cerebral ischaemia, including stabilization of neovessels in 
the infarct border and reduction of secondary intracerebral haemorrhage [183]. 

Fig. 12.2 Drugs that 
induce M1-to-M2 
polarization shift promote 
resolution of inflammation 
and neurorepair in 
ischemic stroke models
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Interestingly, a recent study demonstrated the efficacy of pioglitazone in reducing 
the risk of future cardiovascular events in patients with a recent history of isch-
emic stroke or transient ischemic attack [184]. Activation of PPAR-γ has also 
been associated with the expression of M2-related genes induced in microglia by 
IL-4, thus providing an endogenous defence mechanism elicited by this cytokine 
to afford brain repair after stroke [52]. Interestingly, PPARγ, and more specifi-
cally its heterodimer with the retinoid X receptor (RXR), has also been impli-
cated in N2 polarization of neutrophils. These immunomodulatory properties 
have been involved in the neuroprotection exerted by the PPAR-γ/RXR agonists 
bexarotene and rosiglitazone in rodent models of ischemic stroke [185, 186]. In 
mice subjected to MCAo, the antidiabetic drug metformin provides tissue repair 
and functional recovery by triggering M2 skewing of microglia/macrophages 
through activation of adenosine 5′-monophosphate- activated protein kinase [187]. 
Upregulation of M2 markers was also associated with the neuroprotective effects 
exerted by the glucagon-like receptor 1 agonist, Exendin-4, in young healthy and 
in aged diabetic/obese mice subjected to focal cerebral ischaemia [188]. Moreover, 
a recent study using stem cell transplantation to deliver pituitary adenylate 
cyclase-activating polypeptide (PACAP) into the mouse brain demonstrated that 
this neuroprotective peptide reduces brain infarct size and improves functional 
recovery by redirecting the microglial response towards a neuroprotective M2 
phenotype [189].

In addition to these M2-inducing strategies, recent findings have also assessed 
the potential benefit of the administration of M2 cells to stroke animals or patients. 
Preliminary work in rodents has demonstrated that the efficacy of systemic admin-
istration of human umbilical cord blood mononuclear cells in reducing infarct vol-
ume and promoting functional recovery is mainly due to the presence of monocytes 
[190]. Although intravenous injection of M2 macrophages during the subacute stage 
of ischaemia proved to be ineffective in a rat model of transient MCAo [191], 
myeloid cell lineage appeared to be an important component within bone marrow- 
derived mononuclear cells that contribute to improved outcomes after stroke in 
rodent stroke models [192]. More importantly, intrathecal administration of autolo-
gous M2 cells in stroke patients was reported to be safe and resulted in a better 
neurological recovery, which appeared to be mediated by the immunomodulatory 
activity of M2 macrophages [193]. Nevertheless, further clinical work is needed to 
assess the feasibility and efficacy of these procedures in patients.

4  Modulation of Microglia/Macrophages by microRNAs

Increasing evidence demonstrates that microRNAs (miRNAs) play an important 
role in the pathophysiology of stroke through a series of mechanisms, including the 
modulation of microglia/macrophages activation and/or polarization [46, 194]. 
Peripheral blood mononuclear cells (PBMCs) from patients with acute ischemic 
stroke display decreased levels of miR-122, miR-148a, let-7i, miR-19a and 
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miR- 320d, while miR-363 and miR-487b levels were shown to be increased [195]. 
Importantly, all these miRNAs appear to play a role in inflammation-related 
pathways, such as TLR and NF-kB signalling. Let-7c-5p and miR-424 are signifi-
cantly decreased in the blood of patients with ischemic stroke as well as in brain and 
plasma of experimental animals [75, 196]. The protective effects observed after 
overexpression of let-7c-5p in experimental stroke have been ascribed to its ability 
to suppress microglia activation [196]. Moreover, lentiviral overexpression of miR- 
424 inhibited neuronal apoptosis and microglia activation, through suppression of 
ionized calcium-binding adaptor molecule-1 expression and reduction of TNF-α 
production [75]. Also miR-203 suppresses ischaemia-induced microglia activation 
by targeting MyD88, an adapter protein implicated in most TLRs and interleukin-1 
receptor (IL-1R) pathways. Through negative feedback, enforced expression of 
miR-203 inhibits downstream NF-kB signalling and microglia activation, thereby 
lessening neuronal injury [197].

This issue has been further extended by recent studies highlighting the associa-
tion of specific miRNAs with different microglia/macrophages phenotypes [194, 
198]. MiR-155 is widely recognized as a pro-inflammatory miRNA and has been 
associated with M1 phenotype in both microglia and macrophages [198–201]. After 
cerebral ischaemia, miR-155 is upregulated and underlies pro-inflammatory 
responses in microglia [201–203]. In fact, disruption of brain homeostatic balance 
(M1) is associated with elevated expression of miR-155, and reduction of miR-124, 
whereas its reposition (M2) and maintenance (M0) have been correlated with 
increased expression of miR-145 and miR-124, respectively [194].

5  Conclusions

The innate immune system plays a pivotal role in the progression of ischemic 
cerebral injury, with microglia and macrophages exerting either detrimental or 
reparative functions depending on their polarization towards specific pheno-
types. The dualistic role exerted by these myeloid cells suggests that a mere 
inhibition of their activation/recruitment is not adequate to obtain significant 
neuroprotection, whereas a rational modulation of their polarization status, 
aimed at adjusting the M1/M2 ratio coherently with the spatio-temporal progres-
sion of injury, may represent a promising strategy [164]. This concept is sup-
ported by a number of studies demonstrating that the immunomodulatory 
properties of various repurposed drugs result in neuroprotection in experimental 
models of ischemic stroke [1] (Fig. 12.2). Nevertheless, most of our knowledge 
on polarization of innate immunity cells derives from rodent studies and, although 
some similarities have been postulated, the applicability to human microglia and 
monocytes/macrophages of the polarization features of rodent cells needs to be 
further investigated [89, 204, 205]. More importantly, planning future proof of 
concept studies in stroke patients is pivotal for validating the clinical efficacy of 
M1-to-M2 polarization shift in human.
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Chapter 13
Endoplasmic Reticulum Stress: 
An Opportunity for Neuroprotective 
Strategies After Stroke

Morgane Louessard, Eloise Lemarchand, Carine Ali,  
Denis Vivien, and Benoit Denis Roussel

Abstract Worldwide, ischaemic stroke is a major cause of death and the leading 
cause of acquired disability. To date, pharmacological thrombolysis with tissue-type 
plasminogen activator (alone or with mechanical thrombectomy) remains the gold 
standard acute treatment for ischaemic stroke. Many strategies of neuroprotection 
have been tested in the past, but none has ever succeeded in clinical trials. 
Accumulating evidence suggests that stroke activates the endoplasmic reticulum 
(ER) stress response, which likely deleteriously contribute to stroke damages. 
However, this remains to be clearly established. In the present chapter, we provide 
a snapshot on ER stress in ischaemic stroke, and intend to show that knowledge on 
ER stress in ischaemic context affecting other organs than the brain can provide 
interesting therapeutic avenues for neuroprotection.
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eIF2 Eukaryotic initiation factor 2
ER Endoplasmic reticulum
ERAD Endoplasmic reticulum associated degradation
Ero1 ER oxidoreductin I
GADD34 Growth arrest and DNA damage-inducible protein 34
GLS Golgi localization signal
Grp Glucose related protein
Hsp Heat shock protein
I/R Ischaemia/reperfusion
IP3R Inositol-1,4,5-trisphosphate receptor
IRE1 Inositol-requiring protein 1
KEAP1 Kelch-like ECH-associated protein 1
NE Nuclear envelope
OGD Oxygen and glucose deprivation
PERK Protein kinase RNA-like endoplasmic reticulum kinase
PP1 Protein phosphatase 1
RER Rough endoplasmic reticulum
RIDD IRE1-dependent decay of mRNA
ROS Reactive oxygen species
RyR Ryanodine receptor
S1P Site-1 protease
S2P Site-2 protease
SER Smooth endoplasmic reticulum
SERCA Sarco endoplasmic reticulum Ca2+-transport ATPase
tPA Tissue-type plasminogen activator
UPR Unfolded protein response
UPRE Unfolded protein response element
XBP1 X-box binding protein 1

1  The ER Structure and Functions

1.1  General Information

The endoplasmic reticulum (ER) is a major organelle in eukaryotic cells, con-
sisting of a single membrane system with a continuous intraluminal space. The 
ER lumen occupies 10 % of the total cell volume while its membrane represents 
almost half of the total cell membranes [1]. It is thus a compartment completely 
separated from the cytosol, allowing the ER to maintain essential conditions 
(proteins for the molecular machinery, high concentration of calcium ions and 
oxidizing condition) for its various functions. The ER is involved in synthesis, 
folding and post-translational modification of proteins and also in protein trans-
port and calcium homeostasis (the ER is one of the main calcium reserve in 
cells) [2, 3].
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The ER is traditionally divided into three parts: the nuclear envelope (NE), 
the rough ER (RER) and the smooth ER (SER). By using electron microscopy, 
RER appears granular and tubular due to the attachment of ribosomes on its sur-
face. It is found in all eukaryotic cells that synthesize and fold proteins [4]. 
Contrary to the RER, the SER does not contain ribosomes and has a more 
expanded and tortuous shape. The SER is the place of lipid synthesis, cell detoxi-
fication and calcium storage [4]. The NE surrounds the entire nucleus. It is an 
essential part of the ER as it defines the border between the nucleus and the 
cytoplasm. This physical limit is a fundamental characteristic of eukaryotic cells 
which can regulate gene expression at different levels [5]. The ER can also be 
divided into specialized regions depending on its morphology, its protein compo-
sition or its proximity to other organelles [1].

Even if all cytosolic proteins do not need to traffic through the ER, it is still an 
essential compartment for the maturation and the proper folding of the majority of 
proteins [1]. The oxidative environment of the ER lumen is optimal for the various 
mechanisms required for protein maturation, including the formation of disulphide 
bonds and their folding by chaperones proteins. Many cellular damages are linked 
with chaperone dysfunctions, representing then an essential target for neuroprotec-
tion (see part IV). Under physiological conditions, chaperones are involved in the 
synthesis, folding and degradation of newly synthesized proteins and can be divided 
into three main groups:

1.1.1  Chaperones of the Hsp70 (Heat Shock Protein 70) Family

They include Grp78 (Glucose Regulated Protein 78, also called Bip for Binding 
immunoglobulin protein) as its most abundant member, and Grp170 (Glucose 
Regulated Protein 170) [6]. Grp78 binds to proteins during their folding to pre-
vent their aggregation and participates in the ERAD (Endoplasmic-reticulum-
associated degradation) mechanism by directing misfolded proteins to the 
proteasome by retro-translocation via the translocon [7, 8]. Moreover, Grp78 is 
involved in calcium homeostasis and is a major player in the induction of the UPR 
(unfolded protein response; see part II) [2]. The roles of Grp170 are less known, 
but it seems to be involved in protein maturation during ER stress (such as hypoxia 
and glucose deprivation).

1.1.2  Grp94

It is the only known representative chaperone of the Hsp90 family. Grp94 roles 
overlap in many ways with those of Grp78 and both chaperones likely work in pairs 
[9]. While Grp78 binds to unfolded proteins since their entrance into the ER, Grp94 
operates on partially folded proteins released by Grp78. Interestingly, Grp94 pri-
marily promotes the biosynthesis of specific secreted or membrane proteins, such as 
immunoglobulins [7] or Toll-like receptors [10].
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1.1.3  Calnexin/Calreticulin

They are lectin site chaperones that bind to proteins during the whole process of 
folding [11, 12]. Calnexin and calreticulin bind to all newly synthesized 
N-glycosylated proteins, allowing misfolded proteins to stay longer in the ER, 
leaving time to reach a correct folding [13]. Another important feature of these 
chaperones is the catching of calcium from the ER in very large quantities, 
hence their name.

The ER has a quality control machinery of newly synthesized proteins that 
discriminates correctly folded from misfolded proteins and allows them to reach 
a stable conformation or to be degraded. The main pathway for misfolded pro-
teins destruction is called ERAD. ERAD includes two groups of proteins: chap-
erone proteins and glycan modifying enzymes (EDEM proteins 
(ER-Degradation- Enhancing alpha-Mannosidase-like protein)). Successive 
enzymatic reactions (digestion and addition of sugars) on the hydrocarbon chain 
allow the control of protein folding. Correctly folded glycoproteins are then 
transported to the Golgi apparatus. If the right protein structure cannot be 
achieved and maintained, EDEM proteins interact with these misfolded proteins 
and translocate them to the cytosol where they are poly-ubiquitinated and 
degraded by the proteasome [14, 15].

The ER is the main calcium storage site in many cells, playing then an important 
role in the regulation of calcium homeostasis. While the concentration of free cal-
cium in the cytoplasm is 1 nM, the ER-calcium concentration is between 100 and 
800 μM [16]. This difference of concentration is regulated by the presence of chan-
nel receptors and pumps on the ER surface. There are two types of channel recep-
tors that allow calcium release into the cytosol:

1.1.4  IP3R (INOSITOL-1,4,5-Trisphosphate Receptor) Channels

They belong to a superfamily of ionic channels with 6 transmembrane domains. 
There are 3 isoforms in mammals which have different affinities for IP3 (inositol- 
1,4,5-trisphosphate) [17]. Even if IP3 is the main activator, calcium can also activate 
IP3R with a biphasic manner: activation at low concentrations of cytosolic calcium 
versus inhibition at high calcium concentrations.

1.1.5  RyR Channels (Ryanodine Receptor)

Three isoforms of RyR have been identified in mammals (RyR1, RyR2 and RyR3), 
sharing 65 % homology. Numerous agents including calcium and ATP modulate the 
activity of RyR. Calcium exerts a biphasic effect on its activity, like for IP3R [18].

To ensure a high concentration of calcium within the ER, the SERCA pump 
(Sarco endoplasmic reticulum Ca2+-transport ATPase), through an active ATP- 
dependent process, withdraws calcium from the cytosol to the ER [19].

M. Louessard et al.



333

1.2  The ER in Neurones

Neurones have a complex ER that extends all over the cell and formed by both RER 
and SER, depending on its localization. The RER is present from the nuclear outer 
membrane to the soma and is involved in protein synthesis. In dendritic spines and 
in the axon, the ER becomes SER and is involved in pre- and post-synaptic calcium 
signalling involved in synaptic plasticity [20].

In neurones, the nuclear envelope has a density of nuclear pores greater than in 
other cell types [21]. In the soma and at the beginning of dendrites, the ER forms 
sub-membrane tanks when close to the plasma membrane, whereas in axons, the RE 
is organized into interconnected tubules that run parallel to the axon axe. This ER 
axonal tubular network extends into the axon terminal, where it is closely linked to 
mitochondria. They form an interconnected dynamic network that collaborates with 
the genesis of the calcium signal, the RE extends into the dendrites down to the 
spines where it ends as “spine apparatus” [22]. This “spine apparatus” plays an 
important role in calcium regulation and in the delivery of components of the plasma 
membrane, as well as those of the axon terminal [23].

All situations leading to the impairment of ER functions prevent the correct pro-
tein folding. Unfolded proteins cannot move to the Golgi apparatus, then accumu-
late within the ER lumen and activate an adaptive programme named UPR (unfolded 
protein response). This adaptive cell response aims to reduce the amount of unfolded 
protein and to restore the ER homeostasis [24]. Many diseases are associated with 
UPR dysregulation or over activation: Alzheimer’s disease, Parkinson’s disease, 
Huntington’s disease and also stroke [2, 3]. Modulation of the UPR activation 
appears then as an interesting and innovative therapeutic target for neuroprotection.

2  The ER Stress Response/The UPR

Alzheimer’s disease, Parkinson’s disease, Huntington’s disease and ischaemia 
are known to activate ER stress and the UPR (Fig. 13.1). The UPR activates a 
set of cytoplasmic and nuclear signalling pathways characterized by three steps 
[25]: (1) a translational response to induce a quick reduction of the general pro-
tein synthesis by decreasing mRNA translation; (2) a transcriptional response to 
induce the expression of ER genes, like chaperone proteins, to increase the 
ER-folding capacity and (3) activation of the ERAD system to degrade unfolded 
proteins.

To control the accumulation of proteins in the ER, there are three anchored sen-
sors at its membrane: PERK (protein kinase RNA-like endoplasmic reticulum 
kinase), IRE1 (Inositol-Requiring protein 1) and ATF6 (activating transcription fac-
tor 6) [25]. Under physiological conditions, Grp78 binds to the intraluminal domain 
of the three sensors and keeps them inactive. Grp78 regulates the signal by an 
exchange system of the balance between misfolded proteins and the sensors [26]. 
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Fig. 13.1 In healthy conditions (upper panel), eIF2β binds with eif2α to form the eIF2 complex 
to initiate protein translation. Newly synthesized proteins are translocated into the ER lumen and 
fold with the help of chaperones like Grp78. Once correctly folded they traffic along the secretory 
pathway via the Golgi apparatus. ER stress sensors (PERK, ATF6 and IRE1) are inactivated by 
their association to Grp78. Under ER stress conditions (bottom panel), misfolded proteins accumu-
late within the ER lumen and sequester Grp78 from the three sensors. PERK phosphorylates
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Following ER stress, the amount of misfolded proteins increases and the competitive 
binding of Grp78 to these proteins induces its dissociation from PERK, ATF6 and 
IRE1 allowing their respective activation [27].

ATF6, IRE1 and PERK control the regulation of the transcriptional and transla-
tional phases of the UPR [28]. The first phase is the attenuation of protein transla-
tion by PERK and aims to limit the addition of newly synthesized proteins within an 
already overloaded ER. During the second phase, IRE1 and ATF6 trigger a tran-
scriptional activation of genes coding for chaperone and resident enzymes of the 
ER, as well as for components of the exporting and protein degradation pathways. 
The UPR not only helps cells to respond immediately to the presence of misfolded 
proteins but also prepare them to support further ER stress by changing its transcrip-
tional programme in the long term [29]. If cells cannot restore a correct folding 
capacity, ER stress will eventually activate death signals [25, 30] (Fig. 13.1).

2.1  Origin of ER Stress Activation

Every situation that alters ER functions modifies the normal protein folding process. 
Unfolded proteins are no longer able to move towards the Golgi apparatus, then 
accumulate in the ER lumen and trigger the UPR. ER stress plays a particularly 
important physiological role in maintaining cellular homeostasis.

Activation of the UPR has many origins like glucose deficiencies, imbalance of 
redox status or hypoxia [25]. Protein folding within the ER is energetically costly, 
explaining the sensitivity of the ER to glucose deficient conditions. In addition, the 
absence of glucose alters post-translational modifications and more specifically gly-
cosylation [31]. Furthermore, a decrease in extracellular glucose concentration 
results in the induction of ER stress genes through the PERK signalling pathway 
[32]. Hypoxia causes an alteration in protein conformations within the ER, espe-
cially due to the drop of ATP (Adenosine Tri-Phosphate) and leads to the activation 
of the UPR. Hypoxia affects various components of the protein folding machinery 
and induces an alteration of disulphide bridges formation [33], an increased expres-
sion of chaperones [34] and the inhibition of protein synthesis [35, 36].

The ER transiently produces ROS (reactive oxygen species) during disulphide 
bridges formation, which makes the ER sensitive to oxidative stress. Oxidative stress 

Fig. 13.1 (continued) eIF2α allowing the inhibition of translation but paradoxically it will induce 
the transcription of ATF4, CHOP and GADD34. CHOP activates pro-apoptotic genes such as Bim 
and caspase 12 to trigger apoptosis. CHOP also activates Ero1, leading to oxidative stress. 
GADD34 binds to PP1c to form an active eIF2α phosphatase, allowing a negative feedback of the 
PERK pathway to restore protein translation. IRE1 also contributes to the inhibition of translation 
by degraded mRNA associate with the ER. IRE1 splices one intron into the XBP1 mRNA sequence. 
XBP1s is an active transcription factor which activates the transcription of EDEM and IRE1. ATF6 
migrates into the Golgi apparatus where it is cleaved by protease SP1 and SP2. ATF6 cytosolic 
portion acts as a transcription factors and activates the expression of XBP1 and IRE1
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leads to protein aggregation that may be due to uncontrolled disulphide bridges 
formation or to the inactivation of proteins involved in ERAD [37]. These oxidative 
stresses induce UPR mainly by the activation of PERK. The PERK signalling path-
way also engages the transcription factor Nrf2 to counter oxidative stress [38, 39].

2.2  PERK Pathway

2.2.1  Translational Response Mediated by PERK

The first event occurring after the activation of the UPR is the oligomerization and 
trans-autophosphorylation of PERK (by the detachment of Grp78), followed by the 
phosphorylation on the serine 51 of the α-subunit of eukaryotic initiation factor 2 
(eIF2α), leading to the shutdown of translation [25, 40]. In eukaryotes, eIF2α is 
associated with eIF2β and eIF2γ to form the eIF2 complex, an essential element for 
the formation of the translation initiation complex [41]. In PERK-deficient cells, 
phosphorylation of eIF2α and inhibition of protein synthesis are indeed totally 
missing during ER stress [32] (Fig. 13.1).

2.2.2  Transcriptional Response Mediated by PERK

The global attenuation of protein synthesis paradoxically induces mRNA translation 
of UPR elements, including the activating transcription factor 4 (ATF4) [28]. Some 
studies show the presence of upstream open reading frames (uORFs) in the mRNA of 
eIF2α-phosphorylated target genes, like ATF4, CHOP (CAAT/enhancer binding pro-
tein homologous transcription factor; also known as GADD153 (growth arrest and 
DNA damage-inducible protein 153)) and GADD34 (growth arrest and DNA dam-
age-inducible protein 34). These targets are more efficiently translated when eIF2α is 
phosphorylated. Indeed, under low phosphorylation of eIF2α, the presence of uORFs 
slows the reading of mRNA by the ribosome and is either poorly or not translated. In 
conditions of high phosphorylation of eIF2α, ribosomes are preferentially recruited at 
the uORFs and mRNAs containing them are more efficiently translated [42].

CHOP is an important protein activated by the PERK pathway and is crucial for 
the cell fate. Indeed, in high stress conditions (intensity and/or duration) CHOP acti-
vates, among others, the transcription of pro-apoptotic genes such as Bim and cas-
pase-12 to trigger cell death and thus to eliminate damaged cells [43]. CHOP also 
activates the transcription of Ero1 (ER oxidoreductin I), which catalyses the exchange 
between proteins and the PDI to facilitate the formation of disulphide bridges [44]: 
taken together, CHOP will dramatically increase the oxidative stress (Fig. 13.1).

A feedback of the PERK pathway exists. ATF4, alone or in combination with 
CHOP, activates the transcription of GADD34, a binding factor of the catalytic 
subunit of the protein phosphatase 1 (PP1c) to form an active eIF2α phosphatase, 
allowing then a negative feedback of the PERK pathway [44, 45]. But, persistent or 
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prolonged expression of GADD34 increases protein translation and potentially 
exacerbates protein misfolding. Thus, mammalian cells have developed complex 
mechanisms, including the GADD34 trafficking from the cytosol to the ER, and the 
poly-ubiquitination of the α-amino group at the N-terminus of GADD34, to actively 
degrade proteins via the proteasome [46, 47].

The CReP protein (Constitutive Repressor of eIF2α phosphorylation) can also 
bind to the PP1c to form an active phosphatase of eIF2α and induces its dephos-
phorylation. Whereas GADD34 expression is triggered by CHOP, CReP is consti-
tutively expressed. Of note, the dephosphorylation of eIF2α by the CReP-PP1c 
complex is slower than the one induced by the GADD34-PP1c complex [48].

2.3  ATF6 Pathway

Under physiological conditions, Grp78 is associated with ATF6 at its GLS (Golgi 
localization signal) sequences and is sequestrated within the ER. ATF6 is also restraint 
in the ER by interaction between its glycosylated residues and calreticulin [49]. 
Under stress conditions, ATF6 is released from Grp78 and migrates to the Golgi appa-
ratus where it is cleaved by proteases S1P (Site-1 protease) and S2P (Site-1 protease) 
[50]. S1P cleaves ATF6 in its luminal portion releasing its C-terminal part and leaving 
its N-terminal portion anchored in the membrane. S2P cleaves ATF6 in its transmem-
brane portion thus releasing the N-terminal cytoplasmic part. The cleaved cytosolic 
fragment acts as a transcription factor and also activates the expression of ER stress 
genes, such as Grp78 and other chaperones [25, 50]. The multiple steps involved in 
ATF6 trafficking, followed by the proteolytic processing and its entry into the nucleus, 
make the ATF6 pathway slower than the PERK pathway. Additionally, the half-life of 
Grp78 is longer than that of ATF4, CHOP or GADD34. Activation of the ATF6 path-
way and the delayed increase of Grp78 expression allow cells to anticipate the arrival 
of other misfolded proteins, ensuring their survival [51] (Fig. 13.1).

Regarding feedbacks of the pathway, there are two isoforms of ATF6: ATF6α and 
ATF6β. Both are induced by ER stress, but ATF6α is the predominant isoform in 
many cells. While studies in mice suggest that ATF6α and ATF6β have redundant 
functions [52], others show that the expression of ATF6β is slightly delayed com-
pared to that of ATF6α and that the β isoform can reduce the α isoform’s functions 
[53]: the β isoform would be at the origin of a negative feedback.

2.4  IRE1 Pathway

Following ER stress, Grp78 dissociates from IRE1 allowing its homodimerization 
and activation by autophosphorylation [54]. IRE1 is an enzyme with both kinase 
and endonuclease activities. Its main function is the splicing of 26 nucleotides in the 
intron of the transcription factor XBP1 (X-box binding protein 1) mRNA, thereby 
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generating a shift in the reading frame, and producing an active transcription factor 
[55, 56]. In mammals, this splicing seems to occur in the nucleus and IRE1 localizes 
at the inner nuclear membrane [57]. The spliced XBP1 mRNA (XBP1-s) encodes a 
transcription factor for UPR response genes. There is no difference in the regulation 
of translation of the XBP1-s mRNA and XBP1-u (unspliced form), but a competi-
tion between XBP1-s and XBP1-u for their dimerization with cofactors. Moreover, 
XBP1-u can inhibit the transcription induced by XBP1-s. Rapid degradation of 
XBP1-u by the proteasome is, however, observed via the activation of IRE1/XBP1-s 
pathway [58]. The XBP1 promoter also contains an unfolded protein response ele-
ment (UPRE) sequence, suggesting a positive feedback loop [55]. Indeed, XBP1 
can activate his own transcription, which keeps the IRE1 signalling pathway acti-
vated after the repression of the ATF6 and PERK pathways (Fig. 13.1).

IRE1 also degrades mRNA associated to the ER by a mechanism called IRE1- 
dependent decay of mRNA (RIDD) and can also contribute to the reduction of 
translation [59, 60].

2.5  UPR: Friend or Foe?

The origin of ER stress encountered by a cell dictates the nature of the UPR. Under 
physiological conditions, a secretory cell will experience considerable variations in 
the flow of newly synthesized proteins that will cross the ER according to its needs. 
When protein synthesis goes from a low flow to a high flow, the cell needs to increase 
its ability to fold proteins in the ER to avoid the overloading. In this case, the UPR 
regulates transcription factors which target genes of the ER machinery proteins. But 
this response includes a time delay, since new chaperones cannot be available 
instantly. To avoid further accumulation of misfolded proteins, the UPR must adjust 
downward the transcription of secreted proteins. The modulation of both transcrip-
tion and translation by the UPR provides a coordinated response adapted to the cell 
situation. However, if the ER stress is too high and/or too long then this beneficial 
phenomenon becomes deleterious by inducing different cell death pathways [29].

3  ER Stress and Stroke

ER stress is a conserved mechanism which is thought to be beneficial if cells restore 
a correct cellular homeostasis; otherwise its overactivation becomes harmful and 
induces a cell death response. ER stress is activated in many neurodegenerative 
diseases [2] including stroke, for which restoring the blood flow is mandatory for 
the recovery of cellular homeostasis.

During cerebral ischaemia, the energetic depletion impairs calcium homeostasis 
within the ER. In neurones, the ER is the main calcium pool, and disturbance of 
calcium homeostasis is known to activate ER stress [61, 62]. Moreover, the energetic 
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failure stops SERCA pumps. Therefore, the calcium initially stored in the ER 
translocates to the cytosol and contributes to the uncontrolled increase of its 
concentration causing chaperones dysfunction, and finally ER stress [63].

Activation of the UPR has been revealed in both in vitro and in vivo models of 
stroke [62, 64–67]. In these studies, protein synthesis is rapidly inhibited and 
accompanied by the phosphorylation of eIF2α [68, 69]. In parallel to the inhibition 
of protein translation, the UPR induces an increased expression of ER-response 
genes [25]. Many studies have clearly demonstrated the activation of ER stress in 
in vitro and in vivo models of stroke. ER stress markers such as PERK, IRE1, 
GADD34, ATF4, CHOP and Grp78 are shown to be clearly upregulated in various 
models, including in cultures of cortical neurones subjected to oxygen deprivation 
[70], cultures of rat astrocytes subjected to oxygen and glucose deprivation (OGD) 
[71], and primary cultures of mixed rat brain cortical cells under OGD [72]. 
ER-stress related genes and proteins are also increased in rodent models of middle 
cerebral artery occlusion [65, 67] and in transient models of common carotid arter-
ies bilateral occlusion [62, 64, 73]. However, some discrepancies remain about the 
role of ER stress in stroke: some studies demonstrate a deleterious effect of the 
induction of ER stress after stroke [64, 71, 74], whereas few others show a benefi-
cial effect [65, 70]. The consequences of ER stress likely depend on its level of 
activation. In the first phase of stroke, ER stress is moderate and promotes cell 
survival by decreasing general translation and promoting the degradation of mis-
folded proteins. But if ER stress is prolonged, it becomes deleterious by inducing 
cytoplasmic calcium overload, increasing toxic products and activating cell death 
pathways [75, 76]. All these studies use different models of stroke and the subse-
quent ER stress activation is then different between them, depending on the severity 
of the model.

4  ER Stress and Other Ischaemic Diseases

4.1  Cardiac Ischaemia

More recently, several studies have demonstrated the activation of ER stress in the 
myocardium after ischaemia or ischaemia/reperfusion (I/R). A microarray study 
shows that numerous ER stress response genes are induced 24 h after myocardial 
infarction in ischaemic mouse hearts in vivo [77]. ER stress markers are also 
increased in both mouse hearts subjected to I/R ex vivo, and in surviving cardiac 
myocytes bordering the infarct zone in a mouse model of myocardial infarction 
[78]. XBP1 splicing is also detected in cultured neonatal rat ventricular myocytes 
subjected to ischaemia [78, 79]. Dominant-negative XBP1 increases apoptosis in 
isolated cardiomyocytes in response to I/R, suggesting a cardioprotective effect of 
ER stress in cardiac ischaemia [77]. Moreover, the overexpression of activated 
ATF6 in transgenic mouse hearts decreases ischaemic damages and increases 
ventricular pump functions in an ex vivo I/R model [80].
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Even if ER stress can be activated by cardiac ischaemia and I/R, it is not clear 
whether ER stress is protective or deleterious in this context [81]. Perhaps mild or 
brief episodes of ischaemia would favour the activation of pro-survival aspects of ER 
stress, whereas severe or long episodes would lead to an activation of pro- apoptotic 
factors. Further studies are required to delineate the circumstances under which ER 
stress is protective or deleterious in the myocardium and what ER stress- inducible 
genes and pathways are important contributors to these outcomes in the heart.

4.2  Renal Ischaemia

To date, only few studies have demonstrated the implication of ER stress in renal 
ischaemia. CHOP expression is increased after renal ischaemia and leads to apoptotic 
cell death [82], confirmed by another study showing an overexpression of both Grp78 
and CHOP after I/R and confirming the link between CHOP and apoptotic cell death 
[83]. Moreover, these two studies demonstrate that deletion of CHOP prevents cell 
death in renal ischaemia. It is also suggested that ischaemic preconditioning attenu-
ates oxidative and ER stresses leading to kidney protection [84]. All these studies 
demonstrate a deleterious effect of ER stress activation following renal ischaemia, 
consistent with studies showing a protective effect of ER stress inhibition [85–87].

5  ER Stress and Neuroprotection in Ischaemic Diseases

5.1  Through UPR Pathways

Modulation of ER stress holds a promise of therapeutic benefits in ischaemic condi-
tions (Table 13.1). Stroke highly activates the PERK-eIF2α pathway [62, 88], lead-
ing to the deleterious activation of CHOP [64, 71]. Indeed, in an in vivo model of 
stroke, PERK deficient mice do not present eIF2α phosphorylation or protein aggre-
gation [62]. Moreover, PERK activation participates to the loss of motor neurones 
of the upper airways in a model of obstructive apnoea sleep inducing recurrent 
cerebral hypoxia in mice [89]. Prevention of the activation of this pathway by salu-
brinal, an inhibitor of the eIF2α phosphatase GADD34 [90], decreases ER stress 
and kainate-induced neurotoxicity in vitro [68] and reduces infarct size in an in vivo 
stroke model [69].

Many studies consider CHOP as a pro-apoptotic factor. One of the first studies 
was performed by Tajiri and colleagues in 2004 who showed that hippocampal neu-
rones from CHOP deficient mice were more resistant to hypoxia-reoxygenation 
than those from wild-type littermates [64], and this effect is also confirmed in an 
in vivo model of stroke [69, 74]. CHOP is also increased in astrocytes under OGD, 
leading to cell death [71]. So targeting CHOP by an inhibitor of p38MAPK which 
reduces its activity holds a possible strategy to inhibit UPR-induced cell death.

M. Louessard et al.



341

Other drugs have also demonstrated promising results in experimental models. 
Dantrolene, a ryanodine receptor antagonist used as muscle relaxant, significantly 
decreases the infarct volume and provides a neuroprotective effect in a rat stroke model, 
by reducing ER stress-mediated apoptosis in the ischaemic area [91]. Berberine, an 
alkaloid, also attenuates ischaemia/reperfusion (I/R) injury in kidney by inhibiting oxi-
dative and ER stresses [85]. The flavonoid glycoside Baicalin, isolated from Scutellaria 
baicalensis, also protects kidney from I/R injury by reducing oxidative and ER stresses 
through the activation of the anti-oxidative Nrf2 signalling pathway [86]. Intermedin, a 
member of the calcitonin/calcitonin gene-related peptide family, down-regulates Grp78, 
CHOP and caspase 12 protein and prevents apoptosis after renal ischaemia [87] and the 
non-competitive inhibitor of nicotinic acetylcholine receptor Catestatin decreases ER 
stress markers after cardiac ischaemia [92]. Regarding cardiac ischaemia, elatoside C 
inhibits ER stress-associated markers (Grp78, CHOP, Caspase-12 and JNK) and pro-
vides a significant protection against ischaemia-induced cardiomyocytes death [93, 94].

5.2  Through Chaperones

Chaperone proteins also appear as good targets to counteract the deleterious events 
associated to ER stress, since they are implicated in both ER stress inhibition (by the 
binding of Grp78 to the ER stress sensors) and in protein folding (Table 13.1). For 
example, Grp78 expression increases up to 2 weeks after I/R with a maximum 
between 24 and 72 h [66, 95, 96] and protects neurones from death [67, 97]. Moreover, 
overexpression of Grp78 in astrocytes has a protective effect after OGD [72] and by 
opposition, deletion of Grp78 increases apoptotic mechanism in in vitro models of 
excitotoxicity or oxidative stress in primary culture of hippocampal neurones [98]. 
Grp170, another chaperon of the Hsp70 family, might have an anti- apoptotic role in 
cerebral [99, 100], renal [101], and cardiac [102] ischaemic injuries.

Developing chaperone-inducer compounds is also a strategy to protect cells from 
ischaemia. The injection of BIX (BiP protein Inducer X) before stroke induces 
Grp78 and reduces brain damages and the numbers of apoptotic neurones in the 
penumbra [97]. Sodium 4-phenylbutyrate (PBA), a chemical chaperone is also pro-
tective by decreasing the load of unfolded proteins within the ER during cellular 
stress, and preserves cells against ischaemic spinal cord damages [103].

5.3  Through Other Cell Death Pathways

As stated before, UPR activation often leads to cell death by activating several path-
ways, mainly initiated by CHOP and linked to apoptosis by the PI3K-Akt pathway 
[74]. The inhibition of CHOP effectors, like BIMEl (Bcl-2 interacting mediator of 
cell death), a pro-apoptotic BCl-2 family member, also leads to cellular protection 
and is a therapeutic target [43] (Table 13.1).
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Oxidative stress is also induced after stroke, and as described previously, leads 
to protein aggregation due to uncontrolled disulphide bond formation or inactiva-
tion of proteins involved in ERAD [37]. Crosstalk between ER stress and oxidative 
stress potentiates each other [104] and so, activates endogenous anti-oxidant path-
ways: this represents another strategy for protecting cells after ischaemia. 
Compounds inducing the endogenous Nrf2-KEAP1 (Kelch-like ECH-associated 
protein 1) anti-oxidant pathway show neuroprotection after stroke [105, 106]. 
Moreover, others anti-oxidant drugs like edaravone and apocynin have shown prom-
ising results on the inhibition of ER stress in stroke models [107, 108].

6  Conclusion

The growing interest into the ER stress field opens new horizons for original thera-
peutic approaches. It is now clear that ER stress leads to UPR activation in cerebral, 
renal or cardiac ischaemia. Strategies to counteract the deleterious overactivation of 

Table 13.1 Protective drugs against ER stress-induced cell death in ischaemic diseases

Drugs Mechanisms/targets Pathology Ref

Salubrinal Inhibition of GADD34 Cerebral 
ischaemia

[68, 69]

p38MAPK antagonist Inhibition of CHOP activity [109]

BIX (BiP protein Inducer X) Inducer of Grp78 Cerebral 
ischaemia

[97]

Sodium 4-phenylbutyrate 
(PBA)

Chemical chaperone Spinal cord 
ischaemia

[103]

Dantrolene Ryanodine receptor antagonist Cerebral 
ischaemia

[91]

Inhibition of ER stress-mediated 
apoptosis

Berberine (alkaloid) Inhibition of oxidative and ER 
stresses

Renal ischaemia [85]

Baicalin (flavonoid glycoside) Activation of the anti-oxidative 
Nrf2 signalling pathway

Renal ischaemia [86]

Carnosic acid Activation of the anti-oxidative 
Nrf2 signalling pathway

Cerebral 
ischaemia

[105]

Intermedin (calcitonin/
calcitonin gene-related 
peptide family)

Down-regulation of ER stress-
associated markers (Grp78, CHOP, 
Caspase-12)

Renal ischaemia [87]

Catestatin Non-competitive inhibitor of 
nicotinic acetylcholine receptor

Cardiac ischaemia [92]

Inhibition of ER stress

Elatoside C Inhibition of ER stress- associated 
markers (Grp78, CHOP, 
Caspase-12 and JNK)

Cardiac ischaemia [93, 94]

BIMEl (Bcl-2 interacting 
mediator of cell death)

Inhibition of CHOP effectors Cerebral 
ischaemia

[43]
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ER stress have been developed, in particular in stroke. CHOP overexpression acti-
vates death pathways, but CHOP inhibitors are not yet fully developed or specific. 
For the moment, the use of chemical chaperones or chaperones inducer like BIX is 
a promising way for stroke: as chaperone induction is at the “end” of the UPR path-
way, inducing their expression earlier during the acute disease seems to be protec-
tive. Other agents have demonstrated good results, but their mechanism of action is 
not fully understood or even not described at all: these agents decrease many ER 
markers without specificity. More work is necessary to decipher ER stress mecha-
nisms and actions to propose specific inhibitors/strategies to counteract its deleteri-
ous actions in ischaemia, without affecting its beneficial effects.
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Chapter 14
Effects of Neuroprotectants Before and After 
Stroke: Statins and Anti-hypertensives

Roberto Federico Villa, Federica Ferrari, and Antonio Moretti

Abstract Neuroprotection, as an anjunct or alternative therapy to thrombolysis, 
may be a rational strategy to improve penumbra survival. Nevertheless, so far none 
of the neuroprotectants found active in preclinical studies have been translated into 
clinical use.

The hypolipidaemic statins and the anti-hypertensive drugs are widely used as 
preventive treatments before and after stroke and whose neuroprotectant effects 
were demonstrated in experimental and some clinical studies.

Indeed, pleiotropic effects were reported on both cerebral endothelium 
(through the NO-induced vasodilation, and the anti-thrombotic, anti-oxidant and 
anti- inflammatory activities) and brain parenchyma (anti-excitotoxic, neuro-
trophic, anti- oxidant activities).

In this chapter we first describe the pharmacological activities of statins and vari-
ous anti-hypertensive classes (drugs active on the RAS, CCBs, sympatholytics and 
diuretics), giving particular emphasis on their pleiotropic mechanisms. We then 
examine the evidence for their primary and secondary stroke-preventive activities. 
Overall, favourable effects were shown in non-thrombolyzed patients, though with-
out clear differences among the four classes of anti-hypertensives. However, insuf-
ficient and inconclusive findings were reported in patients treated with thrombolysis, 
thus making more ad hoc experimental studies and RCTs highly recommended.
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1  Introduction

The only currently approved therapy for acute ischaemic stroke (AIS) is thromboly-
sis with intravenous (IVT) recombinant tissue plasminogen activator (rtPA). 
Endovascular thrombolysis with mechanical recanalization devices (EVT) is also 
increasingly applied. The aim of thrombolysis is to recanalize an occluded vessel as 
quickly as possible, in order to salvage the still-viable brain tissue (penumbra). 
Thrombolysis beneficial effects have been definitely demonstrated in terms of ves-
sel reperfusion and functional recovery. However, this therapy has a number of 
drawbacks and restrictions that limit its extensive use, as recently reviewed in [1, 2].

There is, therefore, a need to identify and develop effective and safe neuroprotec-
tive and neurorestoring therapies targeting brain parenchyma (to stabilize penum-
bra) as alternative or adjunct treatments to thrombolysis [3]. The disappointing fact 
that preclinical studies on neuroprotectants were not translated into clinical use dur-
ing the past three decades [4] should not prevent further pursuing that goal. A phar-
macological strategy based on well-known drugs for primary and secondary stroke 
prevention may be useful due to their availability in the ischaemic brain, thus hope-
fully resulting in therapeutic effects. Greater access of drugs to the ischaemic tissue 
after reperfusion may also be reasonably expected.

The hypolipidaemic statins and the anti-hypertensives are the most frequent 
among the various pharmacological classes that patients are treated with, both in 
pre- and post-stroke phases [5]. Both classes showed compelling evidence of pri-
mary and secondary stroke-preventing activities and of neuroprotective effects inde-
pendently from their primary action.

Therefore, the objectives of this chapter are threefold: (1) reviewing the afore-
mentioned evidence regarding statins and anti-hypertensives, (2) examining the 
mechanisms of their neuroprotective effects, and (3) analyzing the possible interac-
tions of neuroprotectants with the thrombolytic therapy.

2  Statins

2.1  Hypercholesterolaemia as a Risk Factor for AIS

As stated in the 1985 Nobel Lecture by Michael Brown and Joseph Goldstein (who 
received the Prize for their fundamental work on cholesterol homeostasis and the 
role of low-density lipoproteins), “cholesterol is a Janus-faced molecule. The very 
property that makes it useful in cell membranes, namely its absolute insolubility in 
water, also makes it lethal” [6].

Indeed, besides hypertension, abnormalities in plasma cholesterol and lipopro-
teins are the most firmly established risk factors for atherosclerosis and are clearly 
correlated with coronary heart disease (CHD). By contrast, the relationship of dys-
lipidaemia with acute ischaemic stroke (AIS) is controversial. Some observational 
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studies found a positive association with total cholesterol (T-C), low-density 
lipoprotein cholesterol (LDL-C), very low-density lipoprotein cholesterol (VLDL-C), 
intermediate-density lipoprotein (IDL) and an inverse association with protective 
high-density lipoprotein (HDL-C) [7–9]. These results on AIS were not replicated by 
other studies even in the presence of a significant association with CHD [10–12]. 
Moreover, the positive association between LDL-C and large artery stroke of athero-
thrombotic origin, but not cardioembolic stroke [12, 13], highlights the significance 
of the classification of AIS subtypes. It was also suggested that, besides hypertension 
and other risk factors, low plasma cholesterol may be associated with a risk factor for 
intracerebral haemorrhage (ICH) [14].

In conclusion, much of the discrepancy of some of the above-mentioned reports 
on the association between dyslipidaemia and AIS might be explained by the het-
erogeneity of the types of stroke (ischaemic vs. haemorrhagic), the subtypes of isch-
aemic stroke, and the patients’ age.

2.2  Pharmacology and Pharmacokinetics of Statins

Despite the conflicting results previously reported, the consensus is almost unani-
mous regarding the benefit of cholesterol-lowering treatment aimed at reducing the 
progression or inducing regression of atherosclerosis, thus decreasing the risk of 
carotid atherosclerotic plaque and the incidence and mortality of CHD and AIS.

The most active drugs are statins. They are competitive, reversible inhibitors of 
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, the first and rate- 
limiting step in the biosynthesis of cholesterol in liver microsomes:

 

3 3 2 2

2

   hydroxy methylglutarylCoA NADPH H mevalonate

NADP

+ + + ® +
+ ++CoA  

Since the 5′-hydroxypentanoic pharmacophore of the statins resembles HMG- 
CoA, it can bind competitively to the catalytic domain of HMG-CoA reductase 
thereby preventing HMG-CoA from the access to the active site of the enzyme (see 
[15] for an historical account of statins).

In vitro the available statins inhibit the enzyme activity in the nanomolar range 
with atorvastatin and pitavastatin being more potent (Table 14.1).

LDL receptor is subjected to feedback regulation, i.e. its production is controlled 
by the need of cholesterol by cells. When the statin decreases cholesterol inside the 
cells, the LDL-receptor expression is enhanced and more receptor is found on the 
liver cell surface resulting in decreasing plasma LDL-C. In other words, the ulti-
mate aim of statin is to stimulate the normal gene to produce higher number of LDL 
receptors in the hepatocytes [16].

While statins share the same mechanism and the effects on cholesterol, LDL and 
triglycerides, they differ regarding a number of physicochemical and  pharmacokinetic 
characteristics (Table 14.1). Some derive from fungi, but others are synthetic. Their 
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side chain can be either open (acid) or closed ring (lactone). The latter is inactive and 
must be opened to the β-hydroxy acid form by liver and plasma carboxyesterases.

Statins also vary regarding lipophilicity (they are all lipophilic except pravastatin 
and rosuvastatin) and various pharmacokinetic parameters: bioavailability, half-life 
and metabolism.

Statins are readily (though variably) absorbed from the intestine and undergo 
greater or lesser extensive first-pass metabolism in the liver through the action of 
cytochrome P450 (CYP) isoenzymes resulting in reduced systemic bioavailability. 
This is particularly remarkable for the more lipophilic statins (atorvastatin, lovas-
tatin, simvastatin) which are metabolized via CYP3A4. By contrast, the disposition 
of pitavastatin and rosuvastatin is barely influenced by CYP enzymes and they are 
mostly excreted unchanged. In addition to metabolism, drug transporters (OATP) 
also play a significant role in statin disposition, including pitavastatin and rosuvas-
tatin. Finally, with the exception of pravastatin, statins are highly bound to plasma 
proteins.

These pharmacokinetic characteristics can result in substantial consequences on 
the effects of statins. Let us consider two examples:

 1. Since the access to CNS by passive diffusion depends on lipophilicity, simvas-
tatin and lovastatin have a high potential to enter CNS, followed by fluvastatin. 
Nevertheless, focal cerebral ischaemia is associated with the dysfunction of neu-
rovascular unit and the disruption of blood–brain barrier (BBB). This may facili-
tate statin entering and treatment of ischaemic disease [17, 18].

 2. The interactions with other drugs, which in turn may influence the efficacy and 
side effects of statins. The selectivity of statin target (HMG-CoA reductase) pre-
vents the interactions at pharmacodynamic level. Instead, they can take place at 
pharmacokinetic levels, especially regarding CYP enzymes in liver microsomes 
(Table 14.1) which catalyze the metabolism of all statins except the hydrophilic 
pravastatin and rosuvastatin (not extensively metabolized in the microsomes) 
and pitavastatin (excreted in unchanged form). More common interactions con-
sist in the competitive inhibition of these enzymes leading to increased plasma 
level and potential side effects of statins. In other cases, their induction will 
result in a reduced plasma level and clinical activity of statins (reviewed in [19, 
20]). These effects may be more serious in elderly patients who are frequently 
affected by comorbidities and inevitably receive multiple medications.

2.3  The Pleiotropic Effects of Statins

Apart from their cholesterol-reducing property, statins may also act through numer-
ous cholesterol-independent, pleiotropic effects that occur before the reduction of 
serum LDL-C as reviewed in [21–27].

Most of these effects are secondary to the inhibition of the synthesis of isoprenoid, 
hydrophobic molecules with long acyl chains, which are downstream products of meva-
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lonate in the cholesterol biosynthesis pathway. By inhibiting the synthesis of mevalonate 
(and consequently that of isoprenoids) statins induce the accumulation of the inactive, 
cytoplasmatic form of small G proteins, thereby inhibiting these signalling molecules.

A number of experimental investigations suggest that statins possess the follow-
ing pleiotropic activities:

 1. Improve endothelial dysfunction which is an early and crucial state of athero-
sclerosis. This effect is related to the increased availability of the potent vasodi-
lator nitric oxide (NO) through the upregulation of its synthesizing enzyme 
(endothelial NO synthase, eNOS). Contributing to this result is the anti-oxidant 
effect: statins downregulate the activity and expression of the isoforms of 
NADPH oxidase, thus reducing the production of superoxide anion (O2

-.) and the 
oxidative stress in the vascular wall. In this context, atorvastatin reduced lipoper-
oxidation, and nitration and increased GSH levels in dog cortex [28].

 2. Exert anti-inflammatory effects as shown by the decrease in the expression and 
circulating levels of inflammatory mediators: C-reactive protein (CRP), IL-6, 
IL-1β and TNF. Statins also reduced inflammatory cells in atheromatous plaques 
leading to plaque-stabilizing effects (review by [29]) and slowed down the pro-
gression of carotid atherosclerosis (Cochrane meta-analysis by [30]). Statins 
inhibit atherogenesis by reducing cholesterol accumulation and migration and 
proliferation of vascular smooth cells [31].

 3. Have anti-thrombotic activity [32].
 4. Promote angiogenesis, thus improving collateral blood supply [33].
 5. Exert neuroprotection as shown by numerous experimental studies in neuronal 

cell cultures (e.g. showing increasing neurogenesis and synaptogenesis and pro-
tecting against NMDA-mediated excitotoxicity) and in various animal stroke 
models in which they reduced ischaemic lesion and ameliorated functional 
recovery [34–37] also in combination with tPA [38].

 6. Exhibit neurotrophic effect by upregulating BDNF in neurons, microglia and 
astrocytes via the PPARα-CREB pathway and improve memory in mice [39].

 7. Reduce the extracellular level of β-amyloid (Aβ, the main hallmark of Alzheimer’s 
disease) both by cholesterol-dependent and isoprenoid-dependent mechanisms 
(review by [40, 41]) and regulate microglia-mediated inflammatory response to 
Aβ [42].

In summary, through their pleiotropic effects at vascular and parenchymal level, 
statins may affect multiple steps in the complex cascade of events that lead to ath-
erosclerosis, thrombosis and cerebral ischaemia.

There is still some dispute whether the clinical activities of statins in the primary 
and secondary prevention of stroke are attributable to their pleiotropic effects or to 
cholesterol lowering.

On the one hand, a beneficial effect of statins in terms of good functional outcome 
was showed in patients with normal range of LDL [43, 44], without  correlation 
between T-C and LDL-C and stroke outcome. Moreover, in a primary prevention 
RCT, rosuvastatin treatment was associated with a 48 % reduction in the risk of 
stroke (mostly AIS) in a large healthy population with normal LDL-C (<130 mg/dL), 
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but high CRP levels [45]. This finding was matched by the observation of the role of 
CRP (but not of LDL-C) in statin-induced reduction of coronary atheroma and car-
diovascular events [46], thus underlying once more their effects on inflammation as 
relevant mechanism of action. There is also experimental evidence that acute, intra-
vascular statins induce parenchymal protection in animal AIS models [17, 47].

Arguing against a cholesterol-independent mechanism of stroke prevention, a 
thorough meta-analysis and meta-regression of 82 randomized trials on various 
cholesterol-lowering treatments found that the reduction of total stroke was propor-
tional to the percent of T-C and LDL-cholesterol decline, as shown by odds ratio 
(OR) = 0.88 (0.83–0.94, P < 0.001) with 0.8 % reduction in the relative risk of stroke 
for each 1 % reduction of cholesterol [48]. Another meta-analysis also showed that 
the anti-inflammatory effect of statins (in terms of CRP reduction) is actually cor-
related with the magnitude of LDL decrease [49].

It is therefore reasonable to conclude that, while the pivotal role in statins action 
is played by LDL-cholesterol lowering, the pleiotropic anti-inflammatory and anti- 
thrombotic effects on the atherosclerotic plaques may also contribute extensively.

2.4  Statins and Primary AIS Prevention

Statins have been definitely proved to reduce cardiovascular risk and improve clini-
cal output in CHD. Likewise, a number of studies demonstrated the beneficial 
effects of long-term statin treatment in preventing stroke incidence in subjects with 
or at high risk of atherosclerosis (reviews by [50–52]).

Table 14.2 displays the results of eight meta-analyses of numerous controlled 
trials on AIS risk prevention. The following conclusions can be drawn:

 1. Statin long-term pre-treatment substantially reduces the risk of stroke, either 
total or non-fatal stroke (mainly ischaemic), but not that of fatal stroke.

 2. This effect is associated with LDL-C lowering.
 3. Intensive treatment is more effective than non-intensive.
 4. The beginning of the statin era has lowered stroke incidence in familial 

hypercholesterolaemia.

Previous treatment with statins was also associated with improved functional 
outcome and reduced mortality in AIS patients (Table 14.3). The beneficial effects 
were reported up to 1 year post-stroke and in both large-artery and small vessel 
strokes. Moreover, statin pre-treatment was associated with reduced stroke severity 
and infarct volume [53, 54].

The aforementioned findings were confirmed by various studies in which a 
favourable outcome was either reported at presentation [55, 56], at discharge [57–
60] or at 12 months (but not 3 months) [61]. The beneficial effect of statins was 
subtype dependent, since it was evident in atherothrombotic/large artery and lacunar, 
but not in cardioembolic strokes [62]. This finding was confirmed by Choi et al. [55] 
who reported lower initial NIHSS score in statin users than in non-users in athero-
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sclerotic/large artery, small-vessel occlusion and other subtypes of stroke, but not in 
cardioembolic ones. Intensive treatment with statin also prevented MRI- assessed 
ischaemic brain damage or microvascular alterations (white matter hyperintensities) 
in familial hypercholesterolaemia patients [63, 64]. Moreover, among different 
classes of cardiovascular drugs, only the use of statins was significantly associated 
with improved NIHSS score (OR 0.740, 0.580–0.944) [65].

Adverse effects: statins can be associated with increased risk of muscle-related 
adverse effects (myalgia, myopathy and, more rarely, rhabdomyolysis) and hepato-
toxicity. They are caused by interactions with other drugs at the level of CYP 
enzymes or drug transporters (OATP) resulting in increased statins plasma concen-
tration, which is an index of their potential toxicity. Drugs potentially interacting 
with statins belong to various, different pharmacological classes: cardiovascular, 
immunosuppressants, fibrates, SSRIs, protease inhibitors, macrolides. Should a 
statin-treated patient be prescribed one of these drugs, the statin dose must be 
properly reduced (reviewed in 19).

Concern was also raised by some reports of a significant increase in the odds of 
intracerebral haemorrhagic (ICH) or symptomatic haemorrhagic stroke (SICH) 
with statin therapy, but these preliminary findings were not confirmed. As shown in 

Table 14.3 Pre-stroke statins and outcome in AIS patients: meta-analyses

Authors
Studies 
no.

Types and 
subtypes of 
stroke Functional outcome OR (a) Mortality OR

Biffi et al. 
(2011)

12 Ischaemic
Large-artery
Small vessel

90 d: 1.62 (1.39–1.88)
2.01 (1.14–3.54)
2.11 (1.32–3.39)

Nì Chròinin 
et al. (2013)

9
11
9

Ischaemic at discharge: 1.64 
(1.14–2.36)
90 days: 1.41 (1.29–1.56)
1 year: 1.12 (0.90–1.40) NS

at discharge/30 days: 
0.63 (0.54–0.74)
90 days: 0.71 
(0.62–0.82)
1 year: 0.80 
(0.67–0.85)

Hong and Lee 
(2015)

19
5
8

Ischaemic 90 days: 1.50 (1.29–1.75)
effect on initial stroke 
severity: 1.24 (1.05–1.48)

7–90 days: 0.42 
(0.21–0.82)

OR = odds ratio; ICH = intracerebral haemorrhage
(a) mod Rankin scale (mRS 0-2); single statins were not reported
Differences were statistically significant (P < 0.05) or highly significant (P ≤ 0.001) except when 
indicated (NS)
Refs
Biffi, A, Devan WJ, Anderson CD, Cortellini L, Furie KL, Rosand J et al. Statin treatment and 
functional outcome after ischemic stroke. Case-control and meta-analysis. Stroke. 2011;42:1314–9
Hong K-S, Lee JS. Statins in acute ischemic stroke: a systematic review. J Stroke. 2015;12:282–301
Nì Chròinìn D, Asplund K, Asberg S, Callaly E, Cuadrad-Godia E, Díez-Tejedor E et al. Statin 
therapy and outcome after ischemic stroke. Systematic review and meta-analysis of observational 
studies and randomized trials. Stroke. 2013;44:448–56

R.F. Villa et al.
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Table 14.2, the CCT trial found a non-significant trend towards ICH increase. 
Moreover, two meta-analysis of 23 [66] and 31 [67] RCTs, respectively, docu-
mented the lack of association of statins with a statistically significant increment in 
the risk of ICH. Relative risks were, respectively, 1.10 (0.86–1.4) for primary and 
secondary prevention together [66] and 0.96 (0.75–1.23) for only the primary pre-
vention [67]. Of note, there has also been a report of improved functional outcome 
in patients with haemorrhagic stroke pre-treated with statins [68].

2.5  Statins and Primary Prevention in AIS Patients Treated 
with Thrombolysis

The aforementioned promising results on statin stroke prevention suggested a pos-
sible improvement of pre-stroke statins on functional activities also in tPA-treated 
patients.

Experimentally, simvastatin administered before a large clot embolic stroke in 
rabbits subsequently treated with tPA significantly reduced the tPA-induced haem-
orrhagic incidence and volume [69].

As displayed in Table 14.4, studies in patients with AIS treated with i.v. throm-
bolysis yielded controversial findings. A large, recent meta-analysis [70] and a 
study on dose-related statins [71] reported beneficial effects of pre-stroke statin on 
functional outcome. Investigations on early clinical recovery [72] and on reperfu-
sion were consistent with favourable effects. Conversely, three previous meta- 
analyses [73–75] failed to find them. Moreover, meta-analyses and the Scheitz’s 
study [71] on high doses showed a detrimental statin effect on the rate of ICH and 
SICH. This finding was also replicated in EVT-receiving patients [76], although 
recent trials with more advanced thrombectomy devices are lacking. However, a 
pooled observational study (not shown on Table 14.4) did not find significant differ-
ences between statin users and non-users regarding functional outcome and ICH in 
stroke patients treated with IVT [77].

2.6  Statins and Secondary Prevention of Recurrent Stroke

Survivors of AIS are at high (though variable across studies) risk of recurrence [78]. 
A systematic review and meta-analysis of 13 studies reported a cumulative risk of 
3.1 % at 30 days, 11.1 % at 1 year, 26.4 % at 5 years and 39.2 % at 10 years after the 
first stroke [79]. Main predictors were age, previous TIA and diabetes mellitus. 
Association was also reported with atherogenic dyslipidaemia, particularly in 
patients with strokes of large-artery atherosclerosis subtype [80].

Experimentally, in middle cerebral artery occlusion (MCAO) statin administra-
tion (1) reduced infarct area and upregulated eNOS in rat blood vessels [81], (2) 

14 Effects of Neuroprotectants Before and After Stroke: Statins and Anti-hypertensives
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induced both parenchymal and vascular protection and (3) improved functional 
recovery in mice [82].

Neuroprotection by statin in stroke animal models was also corroborated by (1) 
the interaction with Rho-kinase signalling pathway [83] and (2) the proteomic anal-
ysis of rat brain homogenates showing that the reduction of infarct volume and 
neurological improvement were associated with oxidative stress attenuation and 
BBB protection [84].

Clinically, the effects of statins in preventing the risk of recurrent AIS are displayed 
in Table 14.5, while Table 14.6 outlines the outcome in recurrent AIS (review by 85).

In the SPARCL trials, high-dose atorvastatin (80 mg daily) in patients with a recent 
AIS (70 %) or TIA (30 %) significantly reduced the recurrent risk of all AIS by 16 % 
and that of fatal AIS (but not of non-fatal) by 43 %. Comparable effects were found in 
men vs. women, in patients aged >65 years vs. those <65 years, and in those with 
carotid stenosis vs. no carotid stenosis. The statin preventive effect of recurrent AIS 
was related to the reduction of LDL-C, thus supporting their role as a surrogate thera-
peutic target, but not to baseline stroke subtypes (large-vessel vs. small-vessel disease) 
[86]. The latter finding was not replicated by Hosomi et al. [87] who documented 
reduced atherothrombotic AIS rate (but not of other subtypes) in patients treated with 
pravastatin. It is unknown whether this observation can be generalized or is peculiar to 
Asian patients, whose stroke profile is different from Caucasians due to higher preva-
lence in the former ones of lacunar/small vessel infarction and cerebral haemorrhage.

Of note in SPARCL, atorvastatin treatment was associated with higher incidence 
of ICH [88], a finding not supported by the large meta-analysis by McKinney and 
Kostis [67]. Increased rate of ICH was also documented in a subset of patients in the 
Heart Protection Study (HPS) [89] with a history of prior ICH, suggesting the need 
of caution in using statins in these particular subjects [5].

Regarding the outcome (Table 14.6), the majority of studies indicate better func-
tional outcome (or less poor [90]) and reduced mortality as a result of statin treat-
ment. Two observations are worth mentioning: (1) the effects of in-hospital or 
post-stroke statin treatment seem to be higher than the pre-stroke one, and (2) with-
drawal of therapy is an independent predictor of worsened outcome and mortality, 
in agreement with previous reports [91, 92]. This further underlines the importance 
of prolongation of post-stroke treatment as recommended by the Guidelines [5]. 
Notably, in-hospital survival was associated with early statin treatment as shown by 
progressively increased hazard ratios from 0.51 (initiation on Day 1) to 0.57 (Day 
2), and 0.68 (Day 3 or later) [93]. The same authors reported a dose–response rela-
tionship with high doses more active than low-moderate doses both in the pre-stroke 
and in-hospital setting. This further strengthens the casual relationship between 
statin use and post-stroke survival. Statin use was also significantly associated with 
increased likelihood of discharge at home (or to rehabilitation centre) and decreased 
death in hospital. Again, the in-hospital statin initiation (OR 2.02) provided significantly 
better outcome than the pre-stroke treatment (OR 1.21). For patients treated before 
stroke and in-hospital the OR was 2.08 [57].
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2.7  Statins and Secondary Prevention in AIS Patients Treated 
with Thrombolysis

To our knowledge, experimental and clinical studies on the effects of statins com-
bined with or following tPA are scant.

Experimentally, the post-stroke combination of high-dose atorvastatin with rtPA 
in a rat embolic MCAO reduced the infarct volume at 7 days and the incidence of 
ICH, enhanced CBF in the ipsilateral hemisphere (without affecting that in the con-
tralateral one), and improved neurological outcome. These results could be  attributed 
to the effects on cerebral microvascular integrity by the upregulation of eNOS 
expression [38, 94]. Conversely, given alone, simvastatin improved behaviour fol-
lowing embolization through a neuroprotective mechanism, but did not exert addi-
tive or synergistic effects in combination with tPA [69].

Among the few available clinical studies (Table 14.7) three [95–97] reported 
significantly good or excellent functional outcome and neurological improvement 
by in-hospital, post-thrombolysis statin administration in statin-naive patients, 
whereas no statin use was associated with poor outcome. However, one study [98] 
did not find favourable results. Moreover, statin treatment started before stroke and 
continued in the acute phase, and cardioembolic stroke was the only factor associ-
ated with SICH [95].

2.8  Conclusions

Over the past decade a number of experimental and clinical studies (RCTs, obser-
vational and meta-analyses) reported the benefit of primary and secondary statin 
therapies regarding the risk and outcomes of first and recurrent ischaemic strokes. 
These effects were obtained in patients with a different range of ages and blood 
pressures, irrespective of sex, previous vascular disease or baseline LDL level [61]. 
Favourable effects on stroke correlate with the substantial reduction of the risk for 
CHD in the context of the management of various vascular risk factors (hyperten-
sion, diabetes mellitus, atrial fibrillation). At variance with the above-mentioned 
statement, three meta-analyses found that the outcome in thrombolyzed patients 
pre-treated with statins did not significantly improve. The evidence (shown in post 
hoc analysis of SPARCL and HPS) linking long-term statins to ICH (Table 14.5) 
was based on a relatively low number of events and not confirmed by the large meta- 
analyses of Hackam et al. [66] and Mc Kinney and Kostis [67].

Two controversial issues have arisen:

 1. The mechanism(s) of action of statins: as discussed before, lipid lowering is 
considered to be the main mechanism of statins (although in some cases it was 
not correlated to stroke prevention), but clinical activities are also attributable to 
their pleiotropic effects. An example of this is the atheroprotective effects on the 
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carotid and major cerebral arteries resulting in the suppression of atherosclerotic 
process. Haemorrhagic complications could also be attributed to pleiotropic 
effects of statins through their anti-thrombotic activity.

 2. The balance between risks and benefit of statin administration in AIS patients with 
particular reference to intracerebral haemorrhage: the ICH risk in patients on pre-
stroke statin and treated with thrombolysis (Table 14.4) might be related to the 
upregulation of tPA and reduction of the activity of plasminogen activator inhibitor 
1 (PAI), thereby resulting in the stimulation of the fibrinolytic system [99]. ICH 
could especially occur in patients with small vessel disease who often have silent 
intracerebral microhaemorrhages progressing into manifest macrohaemorrhages.

The crucial question is, therefore, whether pre-stroke statin treatment should be 
discontinued after AIS. As noted by Scheitz et al. [100] on the basis of a survey of 
12 trials, available data do not indicate that statins long-term treatment confers a 
substantially higher risk of ICH, except in chronic haemorrhagic patients with risk 
of recurrence, for whom extreme caution should be exercised when considering 
continuation of statin therapy. On the other hand, abrupt discontinuation increases 
infarct volume and worsens clinical outcome. Even a brief withdrawal of statins for 
>2 days after AIS causes a significantly enhanced mortality [93].

Indeed Guidelines recommend continuation of statin therapy during and after 
AIS. Regrettably, the patients’ long-term compliance to secondary statin treatment 
after first stroke remains uncertain and probably inadequate [85, 101].

Finally, despite the dearth of available studies, the in-hospital initiation of statin 
treatment in the acute phase of AIS—whether or not in combination with rtPA—
might suggests a favourable short- and long-term outcome, in some cases even 
more robust than that obtained with pre-stroke administration. In the lack of ad hoc 
RCTs, this issue is still debated. A cautionary view urges that, because of safety 
issues (risk of ICH, myopathy, elevation of liver enzymes), statins should not be 
used indiscriminately, but only in atherosclerotic strokes and weighing the charac-
teristics of the individual [102, 103]. Conversely, others emphasize the favourable 
effects of statins in terms of reduced stroke recurrence and better functional out-
come (probably related to the pleiotropic effects) in the first post-stroke days [104].

In view of the central importance of neuroprotective therapies for post-stroke 
recovery in thrombolyzed, as well as in non-thrombolyzed patients, there is a need 
for appropriate, definite RCTs. Indeed, the hard part is yet to come.

3  Anti-hypertensives

3.1  Hypertension as a Risk Factor for AIS

Hypertension has been arbitrarily defined by the World Health Organization as systolic 
blood pressure (SBP) > 140 mmHg and diastolic blood pressure (DBP) > 90 mmHg. It is 
long known that hypertension is one of the most important modifiable risk factors for 
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AIS, the relationship between BP levels and first stroke risk appearing to be log-linear 
[105]. In particular, Lewington et al. [106] showed that over the range of 115/75 to 
185/115 mmHg, each 20-mmHg elevation in SBP doubles the risk of death from stroke.

The ways by which hypertension may cause stroke are manifold. Several studies 
have shown that the CBF remains steady to its normal value (approximately 
50 mL/100 g/min in humans) within a fixed range of mean BP (60–150 mmHg). 
Upon neuronal activity, CBF is rapidly increased through the activation of 
 autoregulation mechanisms, based on the dilation and constriction of cerebral ves-
sels to meet the metabolic requirements of the brain parenchyma.

Chronic hypertension induces complex pathological changes in the medias of 
brain arteries, producing vascular hypertrophy and increasing the vascular resistance 
to protect the cerebral microcirculation. On the other hand, these structural changes 
predispose to cerebral ischaemia by impairing vasodilation, promoting atherosclero-
sis in large cerebral arteries, and lipohyalinosis in small penetrating arterioles [107].

Recently, the Reasons for Geographic and Racial Differences in Stroke (REGARDS) 
study, a longitudinal cohort study involving 30,239 community- dwelling black and 
white individuals aged >45 years, showed that hypertensive individuals had over twice 
a residual risk of stroke compared with those who were normotensive without medica-
tion, this risk increasing with the number of employed anti-hypertensive classes: being 
the SBP target value <120 mmHg, patients treated with 1 class of antihypertensive 
medication showed 42 % higher stroke risk than those who were at that same BP level 
without medications. The risk of stroke was, respectively, 1.60-fold and 2.48-fold 
higher among hypertensive individuals who were taking 2 and ≥3 classes [108].

Therefore, although decades of studies on the impact of hypertension and of anti- 
hypertensive treatments on AIS risk, many aspects remain unclear, suggesting that 
the real problem is not hypertension per se but its pathogenetic cause, unfortunately 
unknown in the majority of cases.

3.2  The Mechanism of Action of Anti-hypertensives and Their 
Pleiotropic Effects

3.2.1  ACE-Is and ARBs

The renin–angiotensin system (RAS) plays an important role in the regulation of 
volaemia and BP. This system is activated by the release from the kidneys of the 
aspartyl protease renin, which cleaves the first ten amino acids present on the angio-
tensinogen, an inactive precursor of hepatic origin. These cleaved residues are 
referred to as angiotensin I (Ang I), which is the substrate of the angiotensin- 
converting enzyme (ACE) that transforms angiotensin I into vasoactive angiotensin 
II (Ang II) through the removal of further two amino acids [109].

However, Ang II exerts several other physiologic effects through the binding to its 
specific receptors AT1R and AT2R: it has a direct effect both on blood vessels, being 
a potent vasoconstrictor, and on kidneys, where it regulates the renal blood flow and 
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Na+ reabsorption; moreover, Ang II is dipsogen and stimulates the adrenal gland to 
produce aldosterone, an hormone that induces the reabsorption of water and of Na+ 
in the distal tubules and collecting ducts of nephrons, therefore increasing water 
retention and BP. Besides these physiological effects whose imbalance may explain 
high BP occurrence, by interacting with AT1R, Ang II seems also to promote throm-
bosis [110, 111] and atherosclerosis [112, 113], overall increasing the risk of AIS.

The anti-hypertensive action of ACE inhibitors (ACE-Is) relies on the blockade 
of the conversion of Ang I to Ang II and on the prevention of the deleterious effects 
of Ang II. The Heart Outcomes Prevention Evaluation (HOPE) study has suggested 
that these drugs might be beneficial on endothelium, possessing an anti- 
atherosclerotic effect in addition to their BP-lowering properties [114]. Moreover, 
in RCTs, ACE-Is short-term treatment significantly reduced concentrations of 
fibrinogen and of plasminogen activator inhibitor-I [115, 116].

The newer drug class of Angiotensin II Receptor Blockers (ARBs), which are 
antagonists of the AT1R, has been developed to overcome the adverse effects of 
ACE-Is arising from the non-selectivity of the enzyme ACE towards Ang I, being 
also bradykinin and other tachykinins substrates of this enzyme. Another advantage 
of ARBs over ACE-Is is that, apart from their anti-hypertensive effect, ARBs exert 
also a neuroprotective action through the AT2R stimulation as a consequence of the 
selective AT1R inhibition [117]. To this purpose, many experimental studies have 
confirmed the positive effects of AT2R agonists on functional deficits and infarct 
volume in several stroke models, such as focal cerebral ischaemia–reperfusion by 
MCAO [118, 119] and temporary endothelin-1-induced stroke of MCA in con-
scious spontaneously hypertensive rats [120, 121].

Moreover, there are pieces of evidence supporting the beneficial effects of ARBs 
beyond lowering BP and AT2R stimulation: in rats exposed to MCAO, sub- 
hypotensive doses of candesartan were shown to promote neuroplasticity by enhanc-
ing the expression of vascular endothelial growth factor (VEGF), brain-derived 
neurotrophic factor (BDNF; [122]), synaptophysin and PSD-95 [123], and to reduce 
BBB disruption and oedema [124].

Recently, several studies have produced new insights about the RAS system 
(reviews by [125–127]), and novel molecules have been identified that seem 
involved in neuroprotection, next to the classical components of the RAS system 
(ACE/Ang II/AT1 axis). The most studied molecules in this context have been those 
of the ACE2/Ang (1–7)/Mas axis [128–130]. Briefly, the enzyme ACE2 converts 
Ang II into the peptide Ang (1–7), which in turn binds to its receptor Mas exerting 
several cerebroprotective effects, such as the stimulation of vasodilation and of 
anti- thrombotic, anti-inflammatory and anti-oxidative mechanisms (reviews in 
[131, 132]).

These beneficial effects have been observed also in experimental ischaemic stroke 
models [127, 133–135] and, interestingly, all the components of the ACE2/Ang 
(1–7)/Mas axis have been shown to be overexpressed after AIS in rats [136], suggest-
ing that these molecules should be considered as part of endogenous mechanisms of 
tissue repair and promising molecular targets of new therapeutic strategies.
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3.2.2  Calcium Channel Blockers

Calcium channel blockers (CCBs) are antagonists of the voltage-gated L-type Ca2+ 
channels (LTCCs) and were firstly developed for the treatment of angina pectoris, 
having been afterwards proven beneficial also for ischaemic heart disease and 
hypertension.

The BP-lowering mechanism of action of these drugs is based on the prevention 
of free Ca2+ entry in the smooth muscle cells of the vessels and thus on the preven-
tion of the activation of the Ca2+-calmodulin myosin light-chain kinase, which is 
responsible for the phosphorylation of myosin light chain, increasing the activity of 
actin-myosin kinase and muscle contraction. Therefore, CCBs act by relaxing vas-
cular smooth muscles and decreasing the systemic vascular resistance, with negli-
gible effects on venous capacitance vessels.

LTCCs are expressed in many tissues and not only on smooth muscle cells: 
as reviewed by Striessnig et al. [137], Cav1.1 channels are present almost 
exclusively in skeletal muscle where they are responsible for depolarization-
induced Ca2+ release from the sarcoplasmic reticulum; Cav1.2 and Cav1.3 are 
expressed in many organs, such as heart and brain, while Cav1.4 channel is 
present in the retina.

Apart from their anti-hypertensive action, many studies proposed that CCBs 
might exert neuroprotective effects, not only for AIS [138] but also for neurodegen-
erative diseases like Parkinson’s disease [139]. This hypothesis about CCBs as neu-
roprotectant arose several years ago, starting from a study by Steen and colleagues 
published in 1983 about the neuroprotection induced by nimodipine in animal mod-
els of ischaemia [140].

Neuroprotection by CCBs may be achieved by many molecular mechanisms:

 1. By dilating the collateral blood vessels. Actually, this effect may reveal itself a 
double-edge sword, being autoregulation of CBF preserved only in non- 
ischaemic areas, where consequent intracerebral flow steal and hypotension 
may occur.

 2. By blocking the excessive increase of intracellular Ca2+ concentrations and by this 
way counteracting glutamate-Ca2+ overload neurotoxicity [141]. Nevertheless, it is 
now acknowledged that glutamate massive release peaks within 30 min from AIS 
occurrence [142], being glutamate promptly metabolized [143].

 3. By exerting anti-oxidant properties, preventing the formation of intracellular 
reactive oxygen species produced after neuronal Ca2+ overload [144] and increas-
ing the activity of anti-oxidant enzymes, such as glutathione peroxidase, gluta-
thione reductase and superoxide dismutase [145]. This hypothesis was confirmed 
by Yamato et al. [146], which demonstrated that nifedipine reduced ischaemic 
lesion volume and oxidative stress after MCAO in rats.

 4. By preventing the progression of cellular apoptosis and preserving mature neu-
rons, as shown by Maniskas et al. [147] in mice treated with intra-arterial vera-
pamil immediately after MCAO.
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3.2.3  Sympatholytics

In the therapy of hypertension, both drugs acting on α and β adrenergic receptors are 
currently used. Nevertheless, as regards AIS, clinical trials focused mainly on 
β-blockers. The anti-hypertensive mechanism of this latter drug class is to decrease 
myocardial contractility, heart rate, cardiac output and renin release from the kid-
ney, thus reducing the production of Ang II.

As for CCBs, also for β-blockers, the first studies about their potential neuropro-
tective actions are dated back to mid-1980s [148–151]. Apart from the purported 
hypothesis that β-blocker neuroprotection may be mediated by the attenuation of 
catecholamines elevation induced by brain injury [152], other experimental obser-
vations suggest that the involved mechanisms are manifold.

Song et al. [153] showed that betaxolol abolished oedema formation in a mice 
MCAO model after 3 h of ischaemia and 8 h of reperfusion, the drug having been 
administered intraventricularly 15 min before the occlusion. Moreover, β-blockers 
were shown to suppress the elevation of glutamate concentration in the ipsilateral 
striatum in a model of rat transient focal ischaemia [154] and esmolol reduced neu-
ronal hippocampal damage in CA1 [155].

Overall, these studies have been made on β1 receptor antagonists, being those 
primarily involved in BP lowering; recently, an increasing interest has been put 
also on the antagonists of the β2 receptor because of their anti-inflammatory 
effects. Mracsko et al. [156] demonstrated that β2 receptors mediate the 
catecholaminergic- induced apoptosis of, and decrease interferon-γ release from, 
leukocytes from spleens of MCAO ischaemic mice, these effects being reverted by 
a β2-blocker added in vitro.

Finally, controversial experimental results have been reported for α2 ago-
nists: α2 receptors mediate pre-synaptic negative feedback regulation by inhibit-
ing the central release of catecholamines upon stressful stimuli [157]. Early 
studies [158, 159] showed that α2 agonists improve the morphologic and func-
tional outcome when administered during experimental ischaemia in the rat 
likely through (1) the inhibition of voltage-operated Ca2+ channels, (2) the acti-
vation of G protein-linked inward rectifying K+ channels and (3) membrane 
hyperpolarization. Beneficial effect of the α2 agonist clonidine was observed 
also in preventing memory deficits, brain damage, brain oxidative stress and the 
lowering of AChE activity in ischaemia-induced vascular dementia in mice 
[160]. Moreover, pre-conditioning with the α2 agonist clonidine 6, 18 and 24 h 
before forebrain ischaemia in rats improved neurological deficit scores and 
reduced infarct size [161].

Nevertheless, Brede et al. [162] failed to demonstrate a neuroprotective 
effect of clonidine in an MCAO model in the rat and further studies are recom-
mended, also because of the known interference of this drug with brain energy 
metabolism [163, 164].
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3.2.4  Diuretics

A brief mention is deserved also by diuretics as regards their potential neuroprotective 
effects, even if these are more directly linked to their principal mechanism of action: 
diuretics are prescribed for hypertensive patients because of their hypovolaemic 
effect, achieved by the increased excretion of water from the body through urine.

Although thiazide diuretics are currently the most used class in primary and sec-
ondary AIS prevention, neuroprotection research focused on loop diuretics and in 
particular on bumetanide, because these drugs inhibit the electroneutral Na+–K+–Cl− 
co-transporter (NKCC) present in the Henle’s nephron loop that was demonstrated 
to participate through its brain isoform NKCC1 to the ischaemia-induced cerebral 
oedema formation [165].

Bumetanide was shown to decrease not only brain swelling but also brain infarction 
[166] and both grey and white matter ischaemic damage [167] in rats after 2 h of 
MCAO and reperfusion; these results have been confirmed by Wang et al. [168], who 
also demonstrated that this drug downregulated the expression level of the NKCC1 
protein in the rat brain cortex. Moreover, Migliati and colleagues [169] showed that 
bumetanide decreased the perivascular pool of aquaporin-4 48 h after MCAO in mice.

3.3  Primary AIS Prevention

3.3.1  ACE-Is and ARBs

Both ACE-Is and ARBs have been proven to be effective in AIS primary prevention in 
several experimental and clinical settings (Table 14.8), being the results obtained in the 
first studies, conducted on smaller sample sizes, confirmed in broader clinical trials.

The North-East Melbourne Stroke Incidence Study (NEMESIS), Australian, pop-
ulation-based stroke incidence study, recruited 718 patients with first-ever AIS of 
which 25 % were taking ACE-Is before stroke. Pre-stroke administration of ACE-Is 
was independently associated with a reduced risk of severe neurologic deficits (OR 
0.56, 0.35–0.91) and mortality within 28 days (OR 0.46, 0.24–0.87; [170]).

However, Yu et al. [171] later reported controversial results, observing in a retro-
spective chart review of 553 consecutive AIS patients that pre-morbid Ang 
II-suppressing medications were associated with more severe strokes (OR 2.13, 
1.00–4.52). Nevertheless, both ACE-Is and β-adrenergic receptor blockers were 
included within the Ang II-suppressing agents, originating a possible confounding 
factor in data interpretation. In fact, following studies confirmed that (1) patients 
who were not taking pre-stroke ACE-Is showed higher in-hospital mortality (OR 
2.7, 1.4–5.4; [172]) and (2) in-hospital survival was positively associated with 
ACE-I  pre- treatment (OR 3.42, 1.9–8.1; p = 0.012) in the GIFA (Italian Group of 
Pharmacoepidemiology in the Elderly) study [173].
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More recently, Sundbøll et al. [174] performed a large nationwide population- based 
cohort study with follow-up of 100,043 patients hospitalized for a first time stroke. 
Even though they did not distinguish between ACE-I and ARB use at the time of 
admission, pre-stroke treated patients showed lower 30-day mortality for current 
users (last prescription within 90 days; OR 0.85 (0.81–0.89)) and for former users 
(last prescription between 90 and 180 days; OR 0.99 (0.90–1.09)) compared with 
patients not taking either ACE-Is or ARBs before AIS.

Also ARBs alone have been proven beneficial in primary AIS prevention. 
Seminal clinical trials have been:

 1. The LIFE (Cardiovascular Morbidity and Mortality in the Losartan Intervention 
for Endpoint Reduction in Hypertension) study, a randomized, double-blinded 
trial that enrolled 9193 patients aged 55–80 years with essential hypertension 
(BP 160–200/95–115 mmHg) and left ventricular hypertrophy [175]. This study 
firstly compared the effects of an ARB, i.e. losartan, with the β-blocker atenolol 
and showed that fatal and non-fatal stroke was reduced by 25 % in the losartan 
group (p = 0.001), although the BP reduction was similar.

 2. The Study on Cognition and Prognosis in the Elderly (SCOPE), a randomized, 
double-blind, placebo-controlled trial that enrolled 4964 hypertensive elderly 
patients (aged 70–89 years) with SBP = 160–179 mmHg and/or DBP = 90–99 mmHg 
[176]. Also in this trial, the studied ARB, i.e. candesartan, showed a 27.8 % reduc-
tion in non-fatal stroke vs. placebo (p = 0.04).

The positive effects of pre-treatment with ARBs on AIS outcome has been pro-
vided by the more recent study by Miyamoto et al. [177], a regression analysis 
indicating that in patients with a modified Rankin Scale (mRS) score of 0–2, there-
fore with a favourable outcome, pre-treatment with ARBs was associated with bet-
ter outcomes.

In any case, when comparing the effects of ACE-Is and ARBs, the advantage of 
using one drug class over the other was not clearly highlighted.

In the ONgoing Telmisartan Alone and in combination with Ramipril Global 
Endpoint Trial (ONTARGET), the efficacy of telmisartan, ramipril and their com-
bination was compared [178]. In this study, death from cardiovascular causes 
occurred similarly in the three groups, even if there was no additional advantage 
from the combination of telmisartan plus ramipril instead of ramipril alone; on the 
contrary, the combination of the two drugs induced hyperkalemia, low blood pres-
sure and worsening of kidney function compared with the single drug 
administration.

Interestingly, Desmaele et al. [65] conducted a retrospective study on 1974 
patients with a suspected stroke, reporting that the pre-stroke ARB use did not show 
a significant relationship with the NIHSS score (OR 1.240, 0.891–1.727; p < 0.203).

In summary, even though the experimental results suggest that ARBs may exert 
higher neuroprotective effects over ACE-Is, clinical reports indicate that there are 
little differences between the two anti-hypertensive drug classes and that ACE-Is 
should be preferred as a first-line drug, being ARB use restricted to patients intoler-
ant to ACE-Is [179].

R.F. Villa et al.



379

3.3.2  Calcium Channel Blockers

The beneficial effects of CCBs in primary stroke prevention has been widely con-
firmed: nitrendipine was shown to reduce the incidence of fatal and non-fatal stroke 
by 38 % [180] and nifedipine that of stroke or TIA by 30 % in the A Coronary dis-
ease Trial Investigating Outcome with Nifedipine GITS (ACTION) study performed 
on patients with stable angina and hypertension [181].

Nevertheless, a consensus is lacking about the superiority of CCBs over other 
anti-hypertensive drug classes in primary AIS prevention. Experimentally, both 
short- and long-term pre-treatments with losartan protected stroke-prone spontane-
ously hypertensive rats from stroke more than amlodipine that, on the contrary, was 
more effective in counteracting cell apoptosis through the enhancement of anti- 
oxidants defences [182].

On the other hand, in the clinical setting, a meta-analysis of >40 trials by Lawes 
et al. [183] reported that stroke risk was reduced with respect to placebo with pooled 
relative risk reductions for β-blockers and/or diuretics, ACE-Is and CCBs of 35 %, 
28 % and 39 %, respectively; however, these differences between the considered 
anti-hypertensive drug classes were not found when the comparison was made 
between the different anti-hypertensives and not vs. placebo.

A following outcome analysis of 12 trials [184] is partially in accordance with the 
previous results: amlodipine-treated patients showed reduced stroke and myocardial 
infarction than those treated with other anti-hypertensive drugs, including ARBs.

However, because of the evident difficulties in highlighting clear superiority 
between anti-hypertensives in primary AIS prevention, a strategy put forward has 
been to identify effective combination therapies. In this context, the Combination 
Therapy of Hypertension to Prevent Cardiovascular Events (COPE) trial has been 
developed to examine the combination effects of the CCB benidipine with a thiazide 
diuretic, an ARB and a β-blocker [185]. Results indicated that BP lowering was 
achieved similarly in the various groups, but the incidence of fatal or non-fatal 
strokes was reduced primarily in the benidipine-thiazide diuretic treated group 
(p = 0.0109). These results have been confirmed by a post hoc analysis of the COPE 
trial [186] addressing potential differences in relation to the stroke subtype: the 
hazard ratios both for haemorrhagic and ischaemic stroke were higher in benidipine- 
β- blocker-treated patients than in those treated with benidipine-thiazide diuretic 
(HR 4.60, 1.00–21.31 for haemorrhagic stroke; HR 2.56, 1.00–6.60 for ischaemic 
stroke) while no differences were reported for benidipine-ARB combination ther-
apy with respect to the other treatment regimens.

3.3.3  Sympatholytics

Considering the protective effects towards first-ever stroke by ARBs (see 
Sect. 3.3.1), it has been already pointed out that in the LIFE study [175] losartan 
proved to be more effective in reducing fatal and non-fatal stroke with respect to the 
β-blocker atenolol.
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However, experimentally, esmolol and landiolol pre-stroke administration 
improved both the histological and neurological outcomes after 7 days from tran-
sient forebrain ischaemia in rats [187]. In Clinics:

 1. Dziedzic et al. [188] showed that β-blocker pre-treatment was associated with 
reduced risk of glucose level on admission ≥7.8 mmol/L (OR 0.22, 0.07–0.74) 
and fasting glucose 1 day after admission ≥7.0 mmol/L (OR 0.21, 0.05–0.91), 
suggesting that these drugs may reduce the risk of hyperglycaemia, a complica-
tion that occurs in 60 % of AIS patients and is correlated with a poor clinical 
outcome [189];

 2. Sykora et al. [190] failed to detect in 5212 patients of Virtual International Stroke 
Trials Archive (VISTA) database either a significant reduction of mortality after 
3 months or an improvement of functional outcome in patients treated pre-stroke 
with β-blockers, even if this treatment was associated with reduced frequency of 
post-stroke pneumonia (adjusted RR 0.77; 0.6–0.98).

Therefore, β-blockers were demonstrated to exert some degree of neuroprotec-
tion in both experimental and clinical settings, although less compared to ACE-Is, 
ARBs and CCBs; this is confirmed also by the studies evaluating the beneficial 
effects of anti-hypertensives in secondary prevention of recurrent stroke (see 3.5).

As regards primary AIS prevention exerted by drugs acting on α adrenorecep-
tors, a few studies addressed this issue. In this context, interesting is the study by 
Lai et al. [191] who observed in 7502 patients aged ≥50 years and treated with α 
antagonists an increased incidence risk of ischaemic stroke (adjusted IRR 1.40, 
1.22–1.61) within 21 days from the initiation period.

3.3.4  Diuretics

Several pieces of evidence support the hypothesis that diuretic pre-treatment is ben-
eficial in primary stroke prevention:

 1. In the Anti-hypertensive and Lipid-Lowering Treatment to Prevent Heart Attack 
Trial (ALLHAT), a randomized, double-blind, active-controlled clinical trial that 
involved 33,357 hypertensive patients at cardiovascular risk aged ≥55 years, 
patients treated with the ACE-I lisinopril had higher rate of stroke with respect to 
the thiazide-like diuretic chlortalidone (6.3 % vs. 5.6 %; RR 1.15, 1.02–1.30) 
after 6 years of follow-up [192].

 2. In the GIFA study [173], in-hospital survival was positively associated not only 
with pre-stroke treatment with ARBs (see 3.3.1) but also with diuretics (OR 
5.12, 1.9–12.8; p = 0.014).

 3. In a study evaluating the prognosis of 140 AIS patients [193], pre-stroke use of 
thiazide diuretics demonstrated to improve the functional status as assessed by 
mRS score after 3 months of follow-up (mRS ≤ 2: 42.4 % vs. 26.9 %; OR 3.34, 
0.13–0.86; p = 0.02).

 4. In a study involving 482 AIS patients [194], diuretic treatment before stroke was 
associated with non-severe stroke (OR 0.22, 0.09–0.51; p < 0.001).
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Negative effects were otherwise observed in the NEMESIS study (see 3.3.1; 
170), where pre-stroke diuretics were associated with an increased risk of neuro-
logic deficits (OR 1.81, 1.13–2.90) and at borderline significance with early death 
after stroke (OR 1.68, 0.95–2.96).

Also the Second Australian National Blood Pressure Study (ANBP2), a practice- 
based open-label trial that compared the effects of the diuretic hydrochlorothiazide 
with the ACE-I enalapril [195] in 6083 patients aged ≥65 years showed that enala-
pril was marginally beneficial over hydrochlorothiazide in preventing cardiovascu-
lar events plus all-cause mortality, including stroke (11 % reduction; RR 0.89, 
0.79–1.00; p = 0.05). Having been this study published in the same years of the 
ALLHAT study, a scientific debate arose highlighting that the two trials are not 
directly comparable above all because of the difference between the evaluated drugs 
and the population of hypertensive patients [196, 197].

Nowadays, diuretics are recommended in primary stroke prevention: in the 
Italian Stroke Organization (ISO)-SPREAD Guidelines [198], diuretics and CCBs 
should be preferred, above all in older patients with isolated systolic hypertension 
(ISH), in accordance with a seminal Systolic Hypertension in the Elderly Program 
(SHEP) study [199].

In any case, as recommended by American Heart Association/American Stroke 
Association (AHA/ASA) Guidelines [51], at present BP lowering remains the goal 
to prevent stroke occurrence, and treatments should be individualized in relation to 
the single patient clinical picture and medication tolerance.

3.4  Primary Prevention in AIS Patients and Interaction 
with Thrombolysis

To our knowledge, there is a scant number of studies in literature directly addressing 
potential interactions between anti-hypertensive drugs with rt-PA in AIS, even if 
several were focused on the effects of anti-hypertensives in the acute phase, when 
these drugs have been investigated for their BP-lowering properties (for ACE-Is and 
ARBs see ([200–204]; for CCBs see [205–210]); for diuretics see [211, 212]; for 
β-blockers see the seminal BEST trial [213–215]).

In this regard, the recent Third International Stroke Trial (IST-3) randomized 3035 
AIS patients to rtPA within 6 h from the onset of symptoms and showed that high 
baseline BP and BP variability during the first 24 h were associated with early adverse 
events and early deaths; otherwise, employing BP-lowering treatment during the first 
24 h was associated with a reduced risk of poor outcome at 6 months (OR 0.78, 
0.65–0.93; p = 0.007), independently from the administration of rtPA [216].

This observation is interesting because the interactions between anti- 
hypertensives and fibrinolytic system have been observed (reviewed in [217]). For 
example, the PAI is increased both by Ang II and aldosterone and consequently by 
ACE-Is, but not by ARBs [218]; also CCBs may impact thrombolysis, because of 
their direct action on the inhibition of platelet activation [219]. Moreover, Gremmel 
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et al. [220] recently demonstrated that the effect of clopidogrel on ADP-inducible 
platelet activation is decreased by dihydropyridinic CCB treatment in patients 
undergoing angioplasty and stenting for cardiovascular disease, likely because of 
the inhibition of cytochrome 3A4 and the interference with the conversion of clopi-
dogrel to its active form [221]. Additionally, the ACE-I lisinopril, the ARB irbesar-
tan and the CCB amplodipine were shown to decrease differently the mean plasma 
levels of PAI, thrombomodulin and p-selectin in hypertensive patients after 1 and 6 
months of follow-up [222].

A reported correlation supported by several clinical pieces of evidence is between 
ACE-Is and rt-PA and is orolingual angioedema, i.e. one of the adverse reactions to 
rt-PA that might be life-threatening because of airway obstruction [223, 224]. In a 
recent meta-analysis, ACE-Is were associated with a high relative risk of orolingual 
angioedema after intravenous rt-PA (12.9, 4.5–37.0; [225]). Accordingly, Hurford 
et al. [226] observed that only ACE-I pre-treatment was a significant independent 
predictor of angioedema (OR 2.3, 1.1–4.7) in 530 patients receiving tPA for AIS.

Finally, a recent study addressed what anti-hypertensive treatment regimen 
between labetalol, nicardipine and hydralazine grants a better time-to-target BP 
before alteplase administration in AIS patients [227]; results showed that median 
time-to-target BP was 10, 22 and 25 min, respectively, labetalol being the most 
effective in particular if 20 mg was administered with respect to 10 mg p.o.

3.5  Secondary Prevention of Recurrent Stroke

The control of hypertension is one of the major secondary prevention strategies of 
recurrent AIS stroke (review in [228]): in a meta-analysis of 16 randomized con-
trolled trials including 40,292 patients [229], BP lowering reduced the risk of recur-
rent stroke by 18 % (9–26 %), being each 10-mmHg SBP reduction associated with 
33 % (9–51 %) reduction in the risk of recurrent stroke.

However, although BP lowering is acknowledged as a primary goal in prevent-
ing recurrent strokes, conclusive evidence of what class of anti-hypertensive drugs 
should be recommended is lacking (Table 14.9).

As regards the inhibition of RAS, results are controversial:

 1. The Perindopril Protection Against Recurrent Stroke Study (PROGRESS) trial 
was the first study to provide reliable evidence that BP lowering could be a strat-
egy for preventing recurrent stroke [230]. The PROGRESS was a randomized 
placebo-controlled trial on 6105 patients with prior stroke or transient ischaemic 
attack (TIA) and reported that over a mean follow-up of 4 years, the overall rela-
tive risk of recurrent stroke was reduced by 28 % (17–38 %) in the perindopril- 
treated group compared to placebo.

 2. The Prevention Regimen For Effectively Avoiding Second Strokes (PRo-FESS) 
trial investigated the effects of telmisartan in 20,322 AIS patients but treated 
patients showed reduced risk of recurrent stroke only by 5 % (4–14 %; [231]). 
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Moreover, the Pro-FESS MRI sub-study failed to find a significant benefit in 
telmisartan-treated patients over placebo when evaluating the progression of 
both periventricular and sub-cortical white matter lesions [232].

Hopefully, the upcoming CEREBRAL study, a randomized open-label con-
trolled trial with blinded end-point assessment and a prospective cohort study in 
elderly hypertensive AIS patients, will give new insights about the effectiveness of 
ACE-Is and ARBs in preventing the occurrence of a fatal or non-fatal secondary 
cerebrovascular event and the progression of cerebrovascular lesions as evaluated 
by magnetic resonance imaging [233].

Interestingly, Levijoki et al. [234] demonstrated that valsartan plus levosimen-
dan, a vasodilator acting on ATP-sensitive K+ channels, had a cumulative beneficial 
effect in extending mean survival times after the first ischaemic event, and clinical 
investigations on this interaction should be undertaken in the future.

Also as regards CCBs, reduction in recurrent stroke has been demonstrated (see 
Felodipine Event Reduction (FEVER) study [235]), but results remain so far con-
troversial when beneficial effects have been assessed with respect to other anti- 
hypertensive drug classes:

 1. the large-scale randomized Morbidity and Mortality After Stroke, Eprosartan 
Compared With Nitrendipine for Secondary Prevention (MOSES) trial [236] 
showed that the ARB eprosartan was superior to the CCB nitrendipine in reduc-
ing recurrent strokes and TIA (IDR 0.75, 0.58–0.97; p = 0.026) and

 2. the risk of primary composite events such as death, cardiovascular or cerebrovas-
cular event (IDR 0.79,0.66–0.96; p = 0.014), despite the two drugs resulted in 
similar achieved follow-up BP levels. However, a relevant limit to this study 
should be reported, i.e. that the observed risk reduction was mainly due to TIA 
and by single patients with multiple events;

 3. the Cilnidipine effect on high blood pressure and cerebral pERfusion in Ischemic 
Stroke patients with Hypertension (CHERISH) trial [237] assessed the effects of 
the ARB losartan vs. that of the CCB cilnedipine on CBF of AIS hypertensive 
patients after 4 weeks of follow-up, but failed to demonstrate a significant differ-
ence, being the CBF enhanced by both drugs.

Also diuretics and β-blockers have been studied for recurrent stroke prevention: 
in the intervention Cochrane review by De Lima et al. [238], β-blockers showed no 
statistical reduction in risks of fatal and non-fatal stroke with respect to placebo (RR 
0.94, 0.76–1.18), while in the early Post-Stroke Anti-hypertensive Study [239], the 
diuretic indapamide reduced the risk of recurrent stroke by 27 % (11–40 %). These 
latter results have been consolidated by an updated analysis of PATS [240], where 
the authors made also a systematic review of 10 trials, reporting that a significant 
reduction in recurrent stroke was achieved with diuretics (alone or in combination 
with ACE-Is) but not with ARBs, CCBs and β-blockers alone.

Considering all these heterogeneous results, the ISO-SPREAD guidelines [198] 
recommend BP control in patients with previous AIS or TIA, preferably with drugs 
acting on RAS, CCBs and diuretics to prevent secondary stroke. On the other hand, 
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the AHA/ASA Guidelines [5] do not recommend an optimal drug regimen, however 
specifying that (1) diuretics or diuretics plus ACE-Is could be superior over the 
other anti-hypertensive drug classes for secondary stroke prevention and (2) the 
choice of drugs should be individualized on the basis of pharmacological proper-
ties, mechanism of action and consideration of patient characteristics.

Finally, another controversial point about BP-lowering beneficial effects is 
emerged starting from an observational analysis of the Pro-FESS trial [241], which 
reported a J-shaped association, with both the highest and the lowest BP levels 
being related to the increased risks of recurrent stroke. In this regard, Arima and 
Chalmers [242] failed to demonstrate an association between recurrent stroke 
occurrence and larger SBP reductions in a post hoc PROGRESS analysis. Further 
studies should be conducted to clarify this point.

3.6  Secondary Prevention in AIS Patients Treated 
with Thrombolysis

As for primary prevention, secondary prevention in patients treated with thromboly-
sis is scarcely addressed even if, surely, the studies about the anti-hypertensive 
effects in preventing stroke recurrence include also patients treated with alteplase. 
Likely, this could occur because:

 1. Only a small percentage (≤10 %) of AIS patients receive thrombolysis [2] 
because of the restricted exclusion criteria for the use of rtPA [243].

 2. international guidelines [5, 51] focus on the importance of BP lowering instead 
of a precise recommendation for a specific anti-hypertensive drug to be employed.

3.7  Conclusions

BP lowering is one of the main strategies to prevent AIS and improve patients’ out-
come. This beneficial effect of BP lowering has been confirmed in recent systematic 
review and meta-analysis by the Blood Pressure Lowering Treatment Trialists’ 
Collaboration (BPLTTC; [244]), which showed that, in mild hypertensive patients, 
the reduction of BP was positively correlated with less stroke events over 5 years 
(OR 0.72; CI 0.55–0.94).

Several anti-hypertensive drugs are nowadays available and have proven to pos-
sess heterogeneous neuroprotective properties alongside the BP-lowering effects. 
This observation is confirmed not only by the several experimental studies but also 
by the clinical practice, where anti-hypertensives are first row agents in both pri-
mary and secondary AIS prevention. Nevertheless, a conclusive evidence of what 
class of hypertensive should be recommended is lacking: even if in primary stroke 
prevention diuretics and CCBs seem to be preferred, the main goal remains BP 
normalization.
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As regards the major interest of this chapter, i.e. the pharmacological influence 
on therapy and patients’ outcomes with respect to the interactions between the drugs 
used before stroke and thrombolysis in patients suffering from both first and recur-
rent stroke, this has not been directly addressed so far for the anti-hypertensives. 
Considering that alteplase is the only drug currently approved to be used in AIS, a 
further clarification of the interactions with other widely employed drugs, such as 
anti-hypertensives, is strongly recommended through ad hoc experimental and clin-
ical studies.
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Chapter 15
Toward Effective Combination Therapy 
and Pleiotropic Drugs

Sergio Amaro, Xabier Urra, and Ángel Chamorro

Abstract Acute ischaemic stroke is a major cause of morbidity and mortality. The 
most effective treatment is early reperfusion, although less than half of patients who 
are finally treated obtain permanent benefits. The combination of rapid reperfusion 
and neuroprotective therapies would be of added value for maximizing the benefi-
cial effects of rapid reperfusion and to reduce the harmful consequences of reperfu-
sion injury, including the no-reflow phenomenon, after recanalization. Given the 
relevance of oxidative stress in the physiopathology of brain ischaemia, the use of 
antioxidant molecules, such as uric acid, could translate into effective neuroprotec-
tive effects. Uric acid is the most potent natural antioxidant, and its exogenous 
administration is neuroprotective and has synergistic effects when administered 
alongside alteplase, a thrombolytic drug. In humans, uric acid therapy is safe and 
has measurable neuroprotective effects, especially in patients with pre-treatment 
hyperglycaemia or in women. Given the encouraging preclinical and clinical data 
regarding the potential neuroprotective effects of uric acid administration in combi-
nation with reperfusion in acute brain ischaemia, the development of adequately 
powered pivotal confirmatory clinical trials is warranted.
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Abbreviations

AIS Acute ischaemic stroke
BBB Blood–brain barrier
MCA Middle cerebral artery
ROS Reactive oxygen species
rtPA Recombinant tissue plasminogen activator
UA Uric acid

1  Introduction

Acute ischaemic stroke (AIS) is a devastating disease that represents the second 
leading cause of death worldwide and a major health problem. The age- standardized 
rates of AIS mortality have decreased in the past two decades, but the absolute num-
ber of people who have a stroke every year, stroke survivors, related deaths, and the 
overall global burden of stroke is high and increasing [1]. The treatment of AIS is a 
major medical challenge given the high incidence of the disease and the complexity 
of its biology. Consequently, there is an imperative need for effective preventive 
therapy, early critical care, and rehabilitation in patients with stroke. The emergent 
therapy of AIS has made significant progress in the last years, in particular after the 
demonstration of the clinical value of early reperfusion strategies. These therapies 
include the intravenous administration of recombinant tissue plasminogen activator 
(rtPA) within 4’5 h from stroke onset and/or the use of endovascular mechanical 
thrombectomy within 6 h from stroke onset [2]. Early reperfusion is associated with 
a significant increase in the odds of good functional outcome at long term and a 
significant reduction in the risk of death [2]. However, inter-organizational, intra- 
organizational, medical, and psychological barriers hamper a broader implementa-
tion of early reperfusion therapies for acute ischaemic stroke [3]. In the case of rtPA, 
these factors determine that only about 20 % of stroke patients arrive in time and/or 
are eligible to be treated with early reperfusion therapies, and less than 10 % of all 
stroke patients are actually treated with rtPA [4]. In the best scenario, less than half 
of those who are finally treated obtain permanent benefits from reperfusion therapy, 
while up to one-third of the patients continue with long-term substantial disability 
[2]. This notion was further confirmed in five randomized controlled trials per-
formed in 2015 which demonstrated the superiority of endovascular thrombectomy 
over best medical treatment to improve outcome in patients with AIS and large 
proximal artery occlusions [5–9], but these trials also brought into attention that 
more than half of the randomized patients did not improve the functional outcome 
following the endovascular procedure. Importantly, these relatively modest clinical 
results were in sheer contrast with the observation that three out of four patients that 
received mechanical thrombectomy displayed a full recanalization of the occluded 
vessel by the end of the procedure. Although the proportion of patients who 
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reperfused following endovascular therapy was not reported in these trials, adequate 
brain perfusion was presumably a prevalent problem, for previous studies suggested 
that one out of four patients may not reperfuse despite recanalization [11–14]. These 
data underlines the need for additional strategies aimed to maximize the benefits of 
reperfusion therapies [15].

2  Adequate Reperfusion Is a Major Target 
for Neuroprotection

The aim of systemic or endovascular thrombolysis is to reopen an occluded artery, 
restore anterograde perfusion, salvage ischaemic brain, and improve clinical out-
come. Early vessel recanalization is associated with a four to fivefold increase in the 
odds of good long-term functional outcome, and a four to fivefold reduction in the 
odds of death [16]. However, as introduced before, arterial recanalization is not 
always followed by clinical improvement. In the case of effective vessel recanaliza-
tion, the lack of favourable response may be related to fast infarct progression 
before recanalization, inadequate reperfusion (no reflow), downstream emboliza-
tion, or reperfusion injury. Untimely reperfusion may be injurious and facilitate the 
development of cerebral oedema, brain haemorrhage, or both in experimental con-
ditions [17]. In human stroke, the relevance of reperfusion injury is less well estab-
lished, but brain perfusion MRI studies suggest that 40–50 % of the patients show 
hyperperfusion within hours of stroke onset [18]. The tenfold increase of cerebral 
bleeding encountered in thrombolysed patients could also be due in part to reperfu-
sion injury. Indeed, experimental and clinical data show that recanalization itself 
may partially override the beneficial effects of tissue reperfusion when the return of 
oxygen to the ischaemic brain paradoxically facilitates oxidative stress [19]. 
Arguably, neuroprotection could be accomplished in patients with AIS using drugs 
that harness the effects of reperfusion injury. Thus, improving the current treatment 
of AIS will require not only fixing the plumbing but also impeding the tissue and 
cellular consequences induced by the ischaemia [15, 20].

Cerebral blood flow interruption results in a rapid failure of cell bioenergetics, 
followed by an ever-increasing list of reported cellular perturbations in neurons, 
astrocytes, endothelial cells, oligodendrocytes, and subpopulations of these cells 
[21]. The immediate consequence of diminished energy reserves is perturbation 
of membrane electrochemical gradients, depolarization, and activation of tran-
scription factors, phospholipases, endonucleases, and proteases that lead to 
deranged intracellular signalling, compromised cellular function, and loss of 
structural integrity. Excessive release of glutamate results in an increased activa-
tion of glutamate receptors and an additional influx of calcium, accentuating cel-
lular injury. Many different neuroprotection approaches targeting different aspects 
of the ischaemic cascade were tested previously in animal stroke models and 
clinical development programmes [22]. However, despite many successful treat-
ment experiments in animals regarding both infarct size reduction and improved 
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functional outcome, no neuroprotective drug demonstrated unequivocal efficacy 
in clinical trials that would have satisfied the threshold to apply for regulatory 
approval [23]. A frequently quoted explanation of previous failures is that most 
neuroprotective drugs had a narrow specific therapeutic target, such as competi-
tive and non-competitive receptor antagonists, while the current prevailing view 
is that drugs with broader and pleiotropic effects on the ischaemic cascade are 
potentially more appealing [24].

It was initially expected that reperfusion would simply be a reversal of the 
ischaemia- induced disruption of the cellular milieu to re-establish function. 
However, experimental evidence shows that reperfusion also triggers a set of 
unique, potentially pathologic events including, for example, increased prosta-
glandin synthesis, elevated production of second messengers, inflammation, and 
mitochondrial dysfunction, as indicated by elevated reactive oxygen species 
(ROS) and the opening of the mitochondrial permeability transition pore. These 
effects are mainly a consequence of oxidative stress. The ischaemic brain is par-
ticularly vulnerable to oxidative stress compared with other organs as the result of 
its high consumption of oxygen, its rich content of iron and unsaturated lipids, 
and its relatively low antioxidant capacity [25]. Under physiologic conditions, the 
mitochondria-generated O2, H2O2, and OH− play important roles in regulating 
those pathways integral to signalling and metabolism, and these ROS are nor-
mally inactivated by endogenous scavenging systems. Excessive ROS production, 
however, can overwhelm free radical scavenging systems that may have been 
compromised by ischaemia. Indeed, during ischaemia, there is a surge in produc-
tion of superoxide (O2

−), nitric oxide (NO), and peroxynitrite (ONOO−) for at 
least 6–12 h that facilitates mitochondrial dysfunction, excitotoxicity, lipid per-
oxidation, and inflammation [26]. The increased production of superoxide anion, 
hydrogen peroxide, hydroxyl radical, peroxynitrite, or nitrogen dioxide has been 
localized in infiltrating phagocytes, vascular cells, and glial cells (astrocytes, oli-
godendrocytes, and microglia) [27, 28]. The levels of superoxide start to rise dur-
ing the ischaemic phase, followed by a much larger increase during the early 
reperfusion period, both in neurons and in endothelial cells [29]. The sources of 
high concentrations of superoxide include the mitochondrion [30], the activity of 
cyclooxygenase enzymes [31], NADPH oxidase expressed by neurons [32], endo-
thelial cells [33], and infiltrating neutrophils, and the hypoxic- dependent conver-
sion of xanthine dehydrogenase into xanthine oxidase [21]. In humans, there is an 
increase in the levels of nitric oxide metabolites (nitrates and nitrites) in blood 
and cerebrospinal fluid within 24 h of stroke onset which is correlated with infarc-
tion volume and the risk of early neurological worsening independent of other 
important factors. Neuronal nitric oxide synthase plays the predominant role in 
the formation of nitric oxide in the early phase of ischaemia and reperfusion, but 
endothelial nitric oxide synthase plays this role in the vascular endothelium dur-
ing the early reperfusion phase. At later stages of stroke, formation of nitric oxide 
is totally dependent on the expression of inducible nitric oxide synthase. In addi-
tion to direct toxic effects, the enhanced release of free radicals resulting from 
ischaemia and reperfusion can modify the expression of several genes that up-regulate 
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the redox-sensitive transcription factor nuclear factor-kB. This  mechanism may 
result in an increased expression of pro-inflammatory cytokines and endothelial 
adhesion molecules, which play a relevant role in the fate of brain tissue under 
ischaemic conditions. Moreover, infiltrating inflammatory cells may elaborate 
more ROS that increase oxidative stress, induce blood–brain barrier damage, and 
facilitate further brain injury.

Common to all these mechanisms of reperfusion injury are concomitant 
changes in the microvascular structure which may be major determinants for the 
impairment of brain reperfusion, and this inadequate matching of blood flow to 
neural activity may produce damage to neurons or glial cells beyond that caused 
by the initial ischaemia [34]. Models of transient experimental brain ischaemia 
performed on albino rabbits more than 40 years ago identified the lack of reflow at 
the microcirculation following the ischaemic insult [35]. These pioneer studies 
described the presence of narrowed brain capillary lumina filled with entrapped 
erythrocytes and mottled areas of nonperfused brain tissue interspersed with well-
perfused tissue. The no- reflow phenomenon was primarily attributed to spasm or 
swelling of the cells in or around the vessel wall, while an increase in the viscosity 
of the blood was considered a secondary contributing factor. Yet, the rich expres-
sion of thromboplastins in the brain tissue also lent support to speculate that fibrin 
clots would form within the capillary bed because the ischaemic brain injury 
would expose these thromboplastins to the circulation, although a weakness of 
this hypothesis was that brain perfusion did not improve when animals received 
large doses of heparin. Later experimental studies found capillary-obstructing 
polymorphonuclear leukocytes in the microvascular bed and this finding led to 
postulate their role in early microvascular injury [36]. Other putative mechanisms 
advocated to explain the no-reflow phenomenon were refinements of the original 
descriptions, including the clogging of the perivascular space secondary to fibrin-
ogen extravasation and activation of tissue factor due to increased blood. The 
increased production brain barrier (BBB) permeability, distal microembolism 
originating from a disintegrated proximal thrombus, or microvascular obstruction 
that would result from compression by swollen astrocyte end-feet, although later 
work suggested that this effect had been overestimated. A major step forward to 
understand the mechanisms of the no-reflow phenomenon was the identification of 
a rich expression of NADPH oxidases in endothelial, vascular smooth muscle, and 
adventitial cells of cerebral arteries and in brain capillary pericytes [37], as these 
enzymes are a major source of oxygen and nitrogen radicals such as superoxide 
and peroxynitrite [38]. Pericytes are cells apposed to central nervous system capil-
laries and contain contractile proteins that can control the diameter of capillaries, 
and thus are essential regulators of the microcirculatory blood flow [39]. Pericytes 
express a number of receptors for vasoactive mediators such as catecholamines, 
angiotensin-II, vasoactive intestinal peptide, endothelin-1, and vasopressin, and 
also modulate the growth and development of endothelial cells, play a part in 
angiogenesis and differentiation of the BBB, and take part in immune responses. 
Some pericytes constrict at the start of ischaemia because in the absence of ATP, 
Ca2+ is not able to pump out of the cell. Contrary to this view, a recent study that 
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used optical imaging techniques in living mice claimed that capillary pericytes 
were not contractile on the vascular tree, while it suggested that the regulation of 
cerebral blood flow in physiological and pathological conditions was mediated by 
arteriolar smooth muscle cells [40]. Alternatively, pericytes would not be adequate 
targets for pharmacological intervention as these cells stay in rigor following the 
onset of brain ischaemia because no ATP is available to relax their contractile fila-
ments. However, other studies suggest that pericytes are essential regulators of the 
microcirculatory blood flow and showed that superoxide and peroxynitrite caused 
pericyte contraction [41]. A schematic outline of the effects of oxidative stress in 
the physiopathology of brain ischaemia is shown in Fig. 15.1.

Fig. 15.1 Consequences of oxidative and nitrosative stress in cerebral ischaemia. During isch-
aemia, there is a surge in production of superoxide (O2

−), nitric oxide (NO), and peroxynitrite 
(ONOO−). The increased production of superoxide anion, hydrogen peroxide, hydroxyl radical, 
peroxynitrite, or nitrogen dioxide has been localized in infiltrating phagocytes, vascular cells, and 
glial cells. Excessive ROS production during reperfusion can overwhelm free radical scavenging 
systems that may have been compromised by ischaemia. The enhanced release of free radicals 
facilitates mitochondrial dysfunction, excitotoxicity, lipid peroxidation, and can modify the 
expression of several genes that up-regulate the transcription factor nuclear factor-kB (NF-kB). 
This results in an increased expression of pro-inflammatory cytokines and endothelial adhesion 
molecules. Moreover, infiltrating leukocytes may elaborate more ROS that increase oxidative 
stress, induce blood–brain barrier damage, and facilitate further brain injury. Increased activity of 
matrix metalloproteinases further increases tissue damage, mainly through degradation of the 
extracellular matrix (ECM). Superoxide and peroxynitrite also favour pericyte contraction that 
may impair the restoration of blood flow in the microcirulation despite large vessel recanalization
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From a clinical standpoint, several observational studies have described 
decreased antioxidant capacity in patients with acute stroke in parallel with 
reduced levels of vitamin C, vitamin E, and superoxide dismutase [42]. During 
reperfusion, as it may occur more frequently after thrombolytic therapy, oxida-
tive stress reaches higher peaks and has a more sustained duration than other 
pathogenic mechanisms of ischaemic cell death, further supporting the research 
of antioxidant therapies in these patients [43]. Preclinical and clinical data sus-
tain that the amplification of the antioxidant capacity in humans could translate 
into effective strategies to minimize the global burden of stroke [44]. Indeed, 
several antioxidant therapies have shown neuroprotection in experimental mod-
els of brain ischaemia [45]. These antioxidants pertain to major classes that 
include inhibitors of free radical production, free radical scavengers, and boost-
ers of free radical degradation. Regrettably, numerous neuroprotective drugs 
were unable to demonstrate beneficial effects in Phase II/III clinical trials despite 
previous encouraging preclinical results [25]. Reasons for the failure of achiev-
ing quantifiable neuroprotection in clinical trials include the fact that most of the 
previous trials allowed an excessive delay to the onset of treatment and excluded 
or limited the co-administration of thrombolytic therapy. The lack of combina-
tion treatment with thrombolytic agents might have hindered the access of the 
neuroprotective agent to the ischaemic brain in adequate drug concentrations 
[46]. The delayed treatment onset may have resulted in the exhaustion of the 
mechanism of damage aimed by the neuroprotectant and/or the lack of salvage-
able penumbral tissue in the treated patients.

3  Uric Acid, a Powerful Antioxidant in Humans

Uric Acid (UA) is a product of the catabolism of purine nucleotides, the prin-
cipal constituents of DNA, RNA, and cellular energy stores, such as ATP. In 
most mammals, UA is degraded by hepatic enzyme uricase (urate oxidase) to 
allantoin [47]. In humans, the uricase gene is non-functional, due to two paral-
lel but distinct mutations occurring approximately 15 million years ago and 
resulting in higher serum UA levels. Consequently, humans have higher UA 
levels than most mammals, in concentration almost tenfold higher than other 
antioxidants, an observation that has been interpreted as evidence that there 
must have been an evolutionary advantage for early primates in having elevated 
UA levels [45]. The main antioxidant properties of UA include scavenging of 
hydroxyl radicals, hydrogen peroxide, and peroxynitrite; suppression of the 
Fenton reaction; chelation of transition metals; and prevention of lipid peroxi-
dation [48]. As a result of these wide antioxidant properties, endogenous UA 
contributes up to 60 % of the total plasma antioxidant activity in healthy sub-
jects. A summary of the pathways of formation, degradation, and elimination of 
UA is shown in Fig. 15.2.
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4  Uric Acid Administration as a Neuroprotectant Drug

The potential value of the administration of UA is supported by preclinical experimental 
and laboratory data and also by phase 1 studies. In vitro, UA protects cultured rat 
hippocampal neurons against cell death induced by exposure to glutamate and cyanide 
[49]. In these studies, treated neurons suppressed the accumulation of ROS, stabilized 
calcium homeostasis, and preserved mitochondrial functions. Moreover, in vivo the 
administration of UA up to 1 h after middle cerebral artery (MCA) intraluminal occlu-
sion and reperfusion was neuroprotective in rats [49]. Importantly, the neuroprotection 
afforded by exogenous UA administration was validated experimentally using a model 
of clot injection in the rat ischaemic brain, as this model is more representative of the 
human situation than the intraluminal occlusion with a filament of the MCA artery. In 
the aforementioned thromboembolic model, the exogenous administration of UA 
shows neuroprotective effects when administered 20 min after the injection of thrombi 
in the MCA preceding rtPA administration after 3 h of reperfusion [50]. Importantly, 
the combination of UA and rtPA showed in these studies synergistic effects which 
included reduced tyrosine nitration, less neutrophil infiltration in the brain, reduced 
infarct volume, and improved behaviour [51].

The free-radical scavenging properties of UA were also assessed in a randomized 
double-blind placebo controlled crossover study in healthy volunteers [52]; UA 
(500 mg) was given to subjects that performed high intensity aerobic exercise for 
20 min to incite oxidative stress. A single bout of high-intensity exercise caused a 
significant increase in circulating levels of the well-validated marker of oxidative 
stress 8-iso-prostaglandin F2α, an increase that was abolished without safety concerns 
in UA-treated subjects. Another randomized, placebo-controlled double-blind study 
showed a significant increase in serum free radical scavenging capacity during UA and 
vitamin C infusion in healthy volunteers, but the study showed that the antioxidant 
effect of UA was superior to vitamin C [53]. Serum UA concentration exhibited a two-
component decay curve, with an elimination half-life of about 11 h, and the healthy 
volunteers did not experience adverse reactions after UA administration.

Fig. 15.2 Metabolism of 
uric acid. Uric Acid is a 
product of the catabolism 
of purine nucleotides, the 
principal constituents of 
DNA, RNA, and cellular 
energy stores, such as 
ATP. Uricase (urate 
oxidase) is a hepatic 
enzyme that degrades uric 
acid in most mammals, but 
this enzyme has undergone 
inactivation in humans 
because of a gene 
mutation. Uric acid loss is 
primarily via renal and 
gastrointestinal excretion
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The potential value of the administration of UA is also supported by several 
observational studies in patients with AIS, and also by randomized phase II studies. 
UA is rapidly consumed after stroke onset [54], and even more remarkable reduc-
tions of serum UA levels in patients with arterial recanalization [55]. In acute stroke 
patients higher serum UA levels at stroke onset are associated with a statistically 
significant increase in the odds of good clinical [56] and less infarction growth [57]. 
Contrarily, lower UA levels were associated with an increased risk of malignant 
MCA infarction and/or hemorrhagic transformation [57].

The administration of UA was assessed in patients with AIS in a phase II ran-
domized controlled trial, and in a phase IIb-III trial (URICO-ICTUS trial). The 
pilot phase II placebo-controlled trial showed in 28 patients with AIS that the com-
bination of 1000 mg UA and rtPA was safe and prevented an early fall of circulat-
ing UA levels [54]. UA also prevented an increment of stress biomarkers such as 
metalloproteinase (MMP)-9, which was highly correlated with a better stroke out-
come at 3 months, suggesting that the administration of UA could translate into 
clinically relevant biological effects [58]. The URICO-ICTUS trial recently con-
firmed the safety of UA therapy in 421 patients treated with rtPA within 4.5 h of 
stroke onset [59]. In this phase II-b trial, a total of 39.3 % of 211 patients treated 
with UA and a total of 33.0 % of 200 patients treated with placebo had an excellent 
outcome at 90 days, defined as a modified Rankin Score (mRS) 0–1, or 2 if the 
premorbid score was 2 [relative risk (RR) 95 % confidence intervals (CI) 1.22 
(0.96–1.56) p = 0.09] [59]. Hence, adding UA to rtPA resulted in a 6.3 % absolute 
effect size on the main outcome measure compared with placebo, a treatment effect 
within absolute effect sizes of 2–8 % that the Stroke Therapy Academic Industry 
Roundtable considered acceptable for neuroprotective therapies [24]. Sensitivity 
analyses of the primary outcome measure of the trial also showed that more patients 
treated with UA shifted into better functional categories of the mRS (odds ratio 
1.40 [95 % CI 0.99–1.98]; p = 0.05), and decreased their residual disability by a 
median 1 point on the mRS (95 % CI 0.42–1.58; p = 0.04), an effect similar to the 
benefit shown by alteplase over placebo in the NINDS trial [59]. Additionally, 
more patients treated with UA than with placebo avoided the incidence of early 
ischaemic stroke worsening and were fully independent for the activities of daily 
living at 90 days [RR (95 % CI) 1.21 (0.99–1.48), p = 0.057] [59]. Reassuringly, as 
URICO-ICTUS included an elderly population with severe stroke and high co-
morbidity, in whom the administration of UA was safe and did not increase mortal-
ity, the incidence of bleeding complications, gouty attacks, or any other adverse 
events compared with placebo.

The results from predefined exploratory analyses showed that women, patients 
with mild to moderate stroke on admission, or with higher pre-treatment levels of 
glucose, obtained statistically significant larger clinical benefits compared with 
placebo-treated patients, with absolute increments of the rate of excellent out-
come at 90 days of 12.8 % in women, 14.7 % in patients with hyperglycaemia at 
stroke onset, and 16.8 % in patients with moderate stroke [59–61]. These absolute 
increments paralleled significantly lower serum levels of UA before treatment 
onset in women, and a less pronounced fall of serum UA concentration at follow 
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up in patients with moderate stroke. URICO-ICTUS showed that UA therapy 
lessened infarct growth more effectively than placebo in selected groups of 
patients, and the superiority of UA over placebo was increased if arterial recana-
lization occurred during thrombolytic therapy, or pre-treatment glucose concen-
tration was elevated [59, 60]. In the placebo group, the pro-oxidant effects of 
re-entry of oxygen after arterial recanalization, and an increased concentration of 
glucose in the ischaemic tissue, may have boosted the generation of ROS that led 
to the increment of infarct growth, as shown in clinical [62] and experimental 
studies [63]. The larger benefits of hyperglycaemic patients were also consistent 
with preclinical studies showing that glucose enhances the generation of damag-
ing free radicals after brain ischaemia, facilitating cellular acidosis, increasing 
blood–brain barrier permeability, mitochondrial dysfunction, and cellular oedema 
[64]. In relation to sex differences, women had lower concentration of UA than 
men at baseline, and UA levels were persistently lower in women allocated to the 
placebo group. At the end of UA infusion women disclosed a greater allantoin-to-
UA ratio, especially in those with reduced infarct growth, suggesting a greater 
exposition to the effects of free radicals and a more efficient non-enzymatic oxi-
dative consumption of UA [59, 61]. Altogether, the subgroup analyses of URICO-
ICTUS suggested that UA therapy might be particularly advantageous in 
individuals with constitutionally impaired antioxidant capacity (women), less 
antioxidant consumption (mild to moderate strokes), and greater oxidative load 
(hyperglycaemic patients).

Recently, the effects of UA therapy in stroke patients treated with mechanical 
thrombectomy in the URICOICTUS trial was presented in abstract form [65]. 
Of 411 patients included in the trial, 45 received mechanical thrombectomy 
because a CT-angiogram showed persistence of a proximal vessel occlusion fol-
lowing alteplase administration. In this subgroup, the proportion of good func-
tional outcome at 90 days (modified Rankin Score 0–2), full independence at 90 
days (Barthel Index score 95–100), ischaemic worsening during the first 72 h, 
mortality at 90 days, and risk of intracerebral bleeding was compared between 
the patients allocated to UA (n = 24) or placebo (n = 21). Adjusted odds ratios 
and 95 % confidence intervals were estimated using logistic regression models 
adjusted by the stratification factors and baseline traits. Good outcome was 
observed in 16 patients (67 %) receiving UA, and in 10 (48 %) receiving placebo 
(adjusted odd ratio 6.12 [95 % CI 1.06–34.56). There were also statistically sig-
nificant differences between treatment groups with respect to full independence 
(16 [67 %] patients who received UA vs. 9 [43 %] who received placebo) 
(adjusted odd ratio 9.20 [95 % CI 1.53–55.20]), and ischaemic stroke worsening 
within 72 h (none [0 %] vs. 4 [19 %]). No clinically relevant or statistically sig-
nificant differences were reported between groups with respect to death (4 [17 %] 
patients who received UA vs. 4 [19 %] who received placebo), or symptomatic 
intracerebral haemorrhage (1 [4 %] vs. none [0 %]). These result led to the con-
clusion that UA therapy was safe and more effective than  placebo to improve 
functional outcome and daily living activities in stroke patients treated with 
mechanical thrombectomy.
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5  Concluding Remarks: Towards an Effective Combined 
Approach

The emergence of positive clinical trials demonstrating the efficacy of mechanical 
thrombectomy offers a new window of opportunity for the demonstration of the 
elusive benefits of neuroprotective therapies in acute stroke [59–61, 65]. The com-
bination of rapid reperfusion and neuroprotective therapies would be of added value 
for maximizing the beneficial effects of rapid reperfusion and to reduce the harmful 
consequences of reperfusion injury, including the no-reflow phenomenon, after 
recanalization [15]. The benefits of this combined approach may be hypothetically 
heightened in patients with good collateral circulation, a condition in which the 
arrival of the neuroprotectant drug to the ischaemic tissue may be facilitated while 
successful reperfusion is achieved [15, 66]. As commented in this chapter, a number 
of evidences support the value of the addition of UA to acute reperfusion strategies. 
Given the encouraging preclinical and clinical data regarding the potential neuro-
protective effects of UA administration in brain ischaemia, the development of 
adequately powered pivotal confirmatory clinical trials is clearly warranted [15, 66].
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Chapter 16
TRPM7 Channels as Potential Therapeutic 
Targets for Stroke

Hong-Shuo Sun and Zhong-Ping Feng

Abstract Transient receptor potential melastatin 7 (TRPM7) channels are calcium- 
permeable nonselective cation channels. TRPM7 channels are widely expressed in 
different tissues including the brain and are thought to regulate calcium homeostasis 
based on the metabolic state of the cell. TRPM7 partakes in a wide range of pro-
cesses in cell biology that affects cell adhesion, cell growth, and proliferation, as 
well as in skeleton formation and embryonic development. TRPM7 plays a key role 
in brain damages and neuronal cell death in ischemia and hypoxia. As one of the key 
components of the nonglutamate mechanism of stroke besides the traditional gluta-
mate mechanism that initiates the excitotoxicity, TRPM7 also triggers the intracel-
lular ionic imbalance and neuronal cell death in anoxia in vitro and ischemia in vivo, 
respectively. We have shown that TRPM7 channels, expressed in adult hippocampal 
and cortical neurons, triggered neuronal cell death under ischemic conditions, and 
gene silencing of TRPM7 with siRNA increased neuronal survival and improved 
neurobehavioral outcomes to cerebral ischemia in vivo. Recently, we also showed 
that TRPM7 plays a neuroprotective role in brain damage to hypoxia in vivo. We 
have demonstrated the contributions of TRPM7 channels in many processes in both 
physiology and pathophysiology, as well as the current understanding of the role of 
TRPM7 in stroke.
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1  Introduction

Currently, stroke is the second most common cause of death and leading cause of 
chronic disability in the world according to the World Health Organization (WHO) 
[1–3], with death rate of about 30 %. The number of stroke incidences is expected to 
significantly increase multiple folds in 2050. Although our aging population is most 
at risk, stroke can occur at any age and an effective treatment for the disease is lack-
ing. Stroke has profound social and economic impacts in individuals and our society 
worldwide [4]. Furthermore, damage to the human infant brain due to lack of oxygen 
(neonatal hypoxic–ischemic brain injury) can cause neonatal stroke and hypoxic–
ischemic encephalopathy (HIE) [5–7]. HIE, an early onset brain and behavioral dis-
order in children, represents a group of impairments including neurodevelopmental 
delay, cognitive and motor impairments, and epilepsy. These disorders and disabili-
ties in survivors of neonatal hypoxic–ischemic brain injury also have significant 
impact on families, society, and the healthcare system worldwide as well.

Stroke or cerebral ischemia [8, 9], also called brain attack in layman’s term, is 
a sudden loss of the brain functions caused by interruption of the cerebral blood 
flow supplying the brain. Stroke could be divided into either ischemic stroke 
which is due to interruption of the blood flow to the brain or hemorrhagic stroke 
which is mostly due to rupture of the cerebral blood vessels in the brain. Most of 
the stroke are ischemic contributing approximately 80 % of the stroke cases; the 
remaining ~20 % of the stroke cases are from hemorrhagic stroke and neurotrauma. 
Among the ischemic stroke, most areas affected are from the middle cerebral 
artery perfusion regions. In addition, stroke could be further classified as global 
ischemia and focal ischemia. The global ischemia is seen in cardiac arrest and 
drowning, with characteristic and hall-marked delayed hippocampal neuronal cell 
death in CA1 area seen both in human and rodents, which causes memory loss. On 
the other hand, the focal ischemia is mostly caused by thrombosis where blood 
clots locally and less by embolisms where the clots are from outside of the brain, 
flow and trap in the brain as seen in cardiac arrhythmia (atrial fibrillation is the 
most common one in cardiac arrhythmia and estimated up to 15 % of stroke caused 
by the atrial fibrillation).

Many events happen during stroke, which trigger calcium overload, ionic imbal-
ance, and eventually neuronal cell death [8, 9]. The traditional glutamate model of 
excitotoxicity emphasizes events happened at the NMDA and AMPA receptor chan-
nels [10, 11]. New data now suggests that the nonglutamate mechanism may also 
cause neuronal ionic imbalance and hypoxic–ischemic neuronal cell death [10, 11]. 
These include transient receptor potential (TRP) channels [12–14], ATP-sensitive 
potassium (KATP) channels [15–18], hemichannels [19, 20], acid-sensing ion  channels 
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(ASICs) [21], volume-regulated anion channels (VRACs) [22], sodium- calcium 
exchangers (NCXs) [23, 24], and other nonselective cation channels [25]. Thus, the 
nonglutamate mechanism may also be the targets for neuroprotection. Currently, the 
ion channel is the third largest target for drug development.

Stroke treatment strategy could be falling into these two categories, either in 
improving perfusion using thrombolytic agent, such as tPA (tissue plasminogen 
activator) or limiting injured areas using so-called neuroprotection agents. Currently, 
stroke treatment is still very limited to only the tPA, which is the only clot-busting 
drug approved by the FDA 20 years ago in 1996 [26, 27]. The tPA was initially 
developed for the treatment of heart attack. However, only limited stroke cases have 
the benefits from the tPA treatment mainly due to the limited therapeutic window of 
the tPA [28]. Thus, it is important to develop the so-called neuroprotectants for 
stroke, which is largely targeted on ion channels and receptors.

During stroke or cerebral ischemic, the major event occurs in the brain is a simul-
taneous massive release of the excitatory neurotransmitter glutamate from the central 
neurons, which in turn triggers in intracellular calcium overload and eventual neuro-
nal cell death [8, 9]. The concept of excitotoxicity in stroke has been in the focus of 
stroke research for several decades. The excessive glutamate released from neurons 
causes increase of the intracellular calcium (Ca2+) concentration [(Ca2+)i] through 
calcium-permeable NMDA (N-methyl-d-aspartic acid), AMPA (dl-a- amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid) receptors [29], and L-type voltage-
dependent Ca2+ channels. These are considered as the major calcium entry into the 
neurons and the cause of calcium overload in the neurons during stroke. This calcium 
overload or a broad spectrum of ion imbalance inside the neuronal cell during stroke 
is thought to set off a wide range of sequential episodes that lead to irreversible 
impairments to mitochondria, protein synthesis, cytoskeleton, and plasma membrane 
of the neurons, and eventually trigger the neuronal cell death. Interrupting this cal-
cium overload in stroke is conceptually thought to be able to provide neuroprotection 
clinically for the stroke victims. In the laboratory setting, pharmacologically block-
ing these calcium-mediating receptor channels surely prevents this intracellular cal-
cium overload during stroke and provides sufficient neuroprotection in the 
experimental animal stroke models. These promising findings obtained from the ani-
mal stroke models in the laboratory have been translated into numerous clinical trials 
in potentially stroke treatment. However, the disappointing results from the antiexci-
totoxic therapies (AET) clinical trials [30], which mainly include blockers for the 
NMDA and AMPA receptors, appeared to be unsuccessful and even showing harmful 
side effects in the stroke patients (as glutamate is the major excitatory neurotransmit-
ter in the brain, blocking it may have the unwanted psychological effects). This will 
not be the focus of this chapter. Because of the unfavorable outcomes of AET clinical 
trials [30] and the limitation of the glutamate mechanism, researchers have been 
searching for alternative mechanism. Tymianski group subsequently described the 
role of interaction between the NMDA receptor and its downstream signaling path-
way PSD-95 in cerebral ischemia and developed the PSD-95 inhibitors for treatment 
of stroke. The PSD-95 inhibitors successfully reduced the brain damages after cere-
bral ischemia and hypoxia using multiple  animal models and species [31–36]. 
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Recently, the newly described nonglutamate mechanism in stroke, which also causes 
ionic imbalance and neuronal cell death during stroke, caught the attention as the 
potential therapeutic targets for drug development in stroke. As mentioned, these 
include: TRP channels [12–14], KATP channels [15–18], ASICs [21], hemichannels 
[19, 20], VRACs [22], NCXs [23, 24], and other nonselective cation channels [25].

Relevant to the drug development for stroke, for decades, much of the attention 
has been given on developing effective pharmacological treatments for the acute 
ischemic stroke. Preclinical research has been focused on excitotoxicity and tar-
geted on glutamate mechanism of the stroke. Many of the antiglutamate receptor 
drugs only worked well on the animal stroke models in the laboratory setting; how-
ever, the antiexcitotoxic therapies (AET) failed the clinical trials [30] for potential 
stroke treatment, thus diminishing the initial excitement and also the hope for the 
bench-to-bedside translational research in stroke. Even the underlying mechanisms 
for cerebral ischemia and stroke are commencing to be better understood, there is 
still no effective clinical or experimental treatment that could improve the outcome 
for stroke sufferers. Thus, continuing in searching new stroke drug targets toward 
drug development for stroke is the priority. Stroke researchers have been aiming to 
find the reason(s) underlying the failure of AET stroke drug clinical trials and to 
identify new potential therapeutic targets for stroke and hypoxia. As pathophysio-
logical events in stroke can lead to ionic imbalance and neuronal cell death [8, 9], 
researchers have turned their attention to outside of the glutamate mechanism for 
stroke drug searching and identification. Ischemic neuronal cell death is now under-
stood to result from glutamate-mediated excitotoxicity via NMDA receptors and 
also the newly described nonglutamate mechanisms of stroke [10, 11]. The nonglu-
tamate mechanism of stroke may contribute at least partially to the failure of antiex-
citotoxicity clinical trials. We may need to focus on both nonglutamate and 
glutamate mechanisms of stroke and, here, we first need to evaluate the spatial and 
temporal relationship of several ion channels in nonglutamatergic mechanisms in 
ischemic cell damage and neuroprotection against stroke using in vivo animal mod-
els of human disease based on the STAIR Protocol [37].

Ion channels are the third largest target for drug development and play many 
essential roles in physiological and pathophysiological brain functions. Among the 
nonglutamate mechanism, one group of ion channels, Transient Receptor Potential 
(TRP) channels, was originally described in fruit fly (Drosophila) [38, 39]. TRPM7 
channel [40], a member of the TRP super family, is located at and conducts calcium 
through the cell membrane including neurons. TRPM7 plays an important role in 
the brain both under physiological conditions, such as cell growth (proliferation) 
[41, 42] and maturation [43], and under pathophysiological conditions, such as isch-
emia- or hypoxia-induced neuronal cell death [12, 13, 44] and survival of brain 
tumor cells [45, 46]. However, there is a lack of pharmacological inhibitor for 
TRPM7 channels until recently the discovery of the specific inhibitor [43, 47]. This 
chapter further discusses the pharmacology of TRPM7 and the potential for drug 
development in stroke. Here, we provide a current view on TRPM7, one of the non-
glutamate mechanisms of stroke, from our recent in vivo studies.
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Based on the recommendations of stroke drug testing protocols from the Stroke 
Therapy Academic Industry Roundtable (STAIR) committee [37], it is crucial to vali-
date the preclinical stroke drug development in “Proof of Principle” using multiple 
animal stroke models and also multiple species. Recent in vivo studies using rodent 
stroke models have identified some important nonglutamate mechanisms in stroke, 
which include TRPM7 [12, 13], KATP channels [15–18], ASICs [21], hemichannels 
[19, 20], TRPM2 [14], and VRACs [22]. In this chapter, we will focus on the nonglu-
tamate mechanism TRPM7 channels and our current understanding of its molecular, 
biophysical, and pharmacological properties, as well as its physiological and patho-
physiological roles and its therapeutic potential for drug development in stroke.

2  Classification, Structures, and Distributions

2.1  Classification

The TRP channel was originally discovered in Drosophila where they were found 
to play an important role in phototransduction. The name transient receptor poten-
tial is based on the transient response to light in the fruit flies carrying mutant trp 
gene [38, 39]. The superfamily of TRP channels consists of a group of nonselective 
cation channels [40, 48–50]. Presently, approximately 30 mammalian TRP channels 
have been identified and classified based on their homologous sequences [50]. The 
TRP channels are divided into six subfamilies: (1) TRPC (canonical), (2) TRPV 
(vanilloid), (3) TRPM (melastatin), (4) TRPA (ankyrin), (5) TRPML (mucolipin), 
and (6) TRPP (polycystin). Diverse chemical and physical stimuli activate different 
TRP channels. Through different gating mechanisms, the TRP channels play many 
important cellular functions under various physiological and pathological conditions 
[40, 48–50].

TRPM channel subfamily has eight members, such as TRPM1-8; TRPM7 
channel is the seventh member from this TRP channel subfamily. TRPM7 chan-
nels play a role in a wide range of processes in cell biology; in here we focus on 
its role in mediating neuronal cell death in cerebral ischemia and hypoxia 
in vivo [12, 13].

2.2  Gene and Protein Structures

The human TRPM7 gene is encoded by 39 exons and positioned on chromosome 
15 in the q21.2 region, with about 126.5 kb of DNA sequence spanning. The mouse 
TRPM7 gene is 95 % identical to the human TRPM7 gene [41]. The mouse TRPM7 
homolog is encoded by 39 exons and located on chromosome 2 on cytoband F2, 
with about 84.6 kb of DNA sequence spanning.
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With approximately 212.4 kDa in predicted molecular weight, TRPM7 channel 
is a large protein. Full-length TRPM7 proteins encode 1864 amino acids in human 
and 1863 amino acids in mouse, respectively. TRPM7 channel has a tetrameric 
assembly with four subunits [50]. Each TRPM7 subunit has six transmembrane 
(TM) spanning segments (S1–S6); a pore-forming re-entrant P-loop locates between 
the S5 and S6 segments [50, 51] (Fig. 16.1). There are N- and C- terminal regions 

S1 S2 S3 S4 S5 S6

Ca2+
Mg2+

Na+
Trace metals

K+

TRP

C
N

Extracellular

Intracellular

V
(-mV) (+)

(-pA )

I (+)

0

Fig. 16.1 Schematic of TRPM7 channel transmembrane topology. TRPM7 channel has a tetra-
meric assembly with four subunits. Each subunit has six transmembrane (TM) spanning segments 
(S1–S6) and a pore-forming reentrant P-loop locates between the S5 and S6 segments. There are 
N- and C-terminal regions in the TRPM7. The intracellular N-terminus has the additional hydro-
phobic region termed H1 and four regions of TRPM family homology domain (MHD). The 
C-terminus has a TRP box, a coiled-coil domain (CCD) and α-kinases domain. Inset: representa-
tive TRPM7 I–V curve
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in the TRPM7. The intracellular N-terminus has the additional hydrophobic region 
termed H1 and four regions of TRPM family homology domain (MHD). The 
biological significance of the N-terminus is largely unknown. However, the func-
tional importance of the C-terminus is better understood; it has a TRP box, a coiled-
coil domain (CCD) and catalytic domain. The TRP box is a positive regulator of 
some TRP channel and may interact with Phosphatidylinositol 4,5-bisphosphate 
(PIP2) [40]. The coiled-coil domain CCD may involve subunit–subunit interactions. 
The enzymatic domain positioned at the distal of C-terminus has an atypical serine/
threonine protein kinase domain and is a distinct structural element of the TRPM7 
channel. This kinase domain belongs to a homologous family of α-kinases [52, 53]; 
it may not directly concern the channel activity [50, 52, 54] but may regulate the 
channel function by Mg2+ nucleotides [53, 55].

2.3  Tissue and Cellular Distribution

TRPM7 channels are widely expressed in different tissues [48, 56], including brain, 
heart, blood vessels, lung, liver, skeletal muscle, stomach, intestine, spleen, periph-
eral blood mononuclear cells, macrophages, pancreas, prostate, placenta, cartilage, 
bone, and bone marrow [48, 56, 57]. TRPM7 mRNA is widely spread in the brain 
and highly expressed in heart, pituitary, bone, and adipose tissue [48, 56, 57].

In the immunohistochemistry, the TRPM7 channels are diffusingly distributed at 
the cell membrane of the hippocampal and cortical neurons [12, 13, 58]. The 
TRPM7 protein is also labeled in various cells, such as neuroblastoma cells U87 
[45], U251 [46] and N1E-115 [59], and vascular smooth muscle cells [60].

3  Biophysical Properties, Regulatory Mechanisms, 
Pharmacology

3.1  Biophysical Properties

TRPM7 is a calcium-permeable nonselective cation channel and has its own dis-
tinguishable biophysical properties that make TRPM7 channel different from 
other TRP channels. TRPM7 channel has a prominent outward rectification cur-
rent–voltage (I–V) curve and a reversal potential at 0 mV [50, 61, 62]. TRPM7 
conducts a small inward current at negative membrane potentials, by mediating 
divalent cations (e.g., Ca2+ and Mg2+) down their concentration gradients [41]. 
Current density of TRPM7 is usually small <20 pA/pF [41, 62]. TRPM7 conducts 
a large outward current at positive membrane potential, by strong driving force 
from intracellular cations to exit the cell. This property of TRPM7 outwardly 
rectifying is caused by a voltage-dependent block of monovalent cation influx by 
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extracellular divalent cations. For example, TRPM7 conducts inward monovalent 
cations in the absence of divalent cations [41], and, as the result, its I–V relation 
becomes quasi-linear indicating the lack of voltage-dependent gating property 
and channel selectivity.

Distinct to many other calcium-permeating ion channels, TRPM7 is also 
permeable to a series of trace metal ions, including 
Zn Ni Ba Co Mg Mn Sr Cd Ca2 2 2 2 2 2 2 2 2+ + + + + + + + +≈ > > ≥ ≥ ≥ ≥  [56]. TRPM7 
channel is constitutively active for both sensing the extracellular concentration of 
divalent cations and maintaining the homeostasis of intracellular magnesium during 
ischemic episodes and seizure that trigger the intense neuronal activity [58].

Extracellular pH regulates TRPM7 channel activity. A decrease in extracellular 
pH activates TRPM7 current [63, 64]. Protons also increase the inward current of 
TRPM7 by competing with the calcium and magnesium binding sites and releasing 
the divalent cation block [63]. During ischemic stroke, acidic pathophysiological 
conditions could activate the TRPM7 channels [64–66], even the protons’ effect on 
endogenous TRPM7 channels remains controversial.

Shear stress could also activate the TRPM7 channels in vascular smooth 
muscle cells [67], even though TRPM7 channel is not a mechano-activated ion 
channel.

3.2  Regulatory Mechanisms

TRPM7 channel activities can be regulated by various extracellular and intracellu-
lar factors [61, 62]. For example, magnesium, regardless extracellular or intracel-
lular, plays an important role in regulating the TRPM7 channel activity. Intracellular 
Mg2+ and Mg2+-complexed nucleotides (such as MgATP and MgGTP) inhibit 
TRPM7 channel activities [41, 55, 62]. In contrast, Mg2+ chelators (e.g., HEDTA or 
Na-ATP) applied intracellularly or omitting Mg2+ and Mg2+-complexed nucleotides 
in intracellular pipette solutions increase the TRPM7 channel activities [55, 61]. 
The inhibitory effects of Mg2+ or rather Mg2+-nucleotides may be mediated by bind-
ing to C-terminal kinase domain of the TRPM7 channels [54, 55, 61]. The Mg2+-
nucleotides binding to the kinase domain is responsible for regulating the TRPM7 
channel activity, which is favorite theory in TRPM7 channel regulation especially 
during ischemia [55].

Many other factors, such as phosphatidylinositol-4,5-bisphosphate (PIP2) (a 
substrate of phospholipase C (PLC) [68]), carbachol (an agonist for Gαq-linked 
muscarinic type 1 (M1) receptors), and phosphorylation can also regulate the 
TRPM7 channel activities. In related to the channelopathy, TRPM7 mutations (a 
variant of TRPM7 with a missense mutation (T1482I)) have been identified in 
patients with Guamanian amyotrophic lateral sclerosis (ALS-G) and 
Parkinsonism-dementia (PD-G) [69].
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3.3  Pharmacological Properties

This is the fastest changing area for the TRPM7 channels. There are now various 
pharmacological modulators, both activators and blockers, available for TRPM7 
channels [47, 70, 71]. Global deletion of TRPM7 gene in knockout mice is embry-
onically lethal [72, 73]; however, gene silencing using small interfering RNA 
(siRNA) to knockdown the TRPM7 channels is well tolerated in central neurons 
[12, 43], peripheral neurons [74], glial cells [45], vascular endothelial cells [42], 
vascular smooth muscle cells [75, 76], gastrointestinal tract interstitial pacemaker 
cells [77], and human epithelial cells [78]. TRPM7 antibodies are also available 
from many commercial sources as well for studying TRPM7 channel expressions in 
many cells and tissues [12, 13, 45]. Trivalent ions, such as Gd3+ (IC50 ~ 1.4–2.5 μM) 
and La3+ (IC50 ~ 17 μM) [44], as well as 2-Aminoethoxydiphenyl borate (2-APB) 
(IC50 ~ 50 μM), which is a well-known nonspecific blocker of many TRP channels 
[79], can block the TRPM7 channels. Inhibitors of 5-lipoxygenase (5-LOX), NDGA 
(Nordihydroguaiaretic acid, IC50 ~ 6.3 μM), AA861(IC50 ~ 6.0 μM), and MK886 
(IC50 ~ 8.6 μM), can also inhibit the TRPM7 current in HEK-293 cells [80]. 
Nonselective TRPM7 blocker carvacrol and activator naltriben are also available 
commercially. Nonselective TRPM7 blocker carvacrol, a pungent natural com-
pound derivative used as a food additive, blocks TRPM7 current in TRPM7 overex-
pression HEK293 cells, in hippocampal neurons and glial cells [13, 43, 45, 81, 82]; 
carvacrol also provides neuroprotection in focal ischemia and hypoxic–ischemic 
injury [13, 82]. Even carvacrol is a nonselective TRPM7 channel blocker; it is a 
valuable pharmacological tool for studying the TRPM7 channel functions in vitro 
and in vivo. In addition, a recent study from Fleig and colleagues reported a potent 
and relatively specific TRPM7 channel inhibitor waixenicin A [47]. This novel 
TRPM7 blocker inhibits TRPM7 currents in TRPM7 overexpression HEK293 cells 
and TRPM7-like currents in mouse hippocampal neurons [43]. Waixenicin A also 
enhanced neurite outgrowth in hippocampal neurons in vitro [43], which rewrites 
the chapter for current TRPM7 pharmacology. Thus, waixenicin A as a specific 
pharmacological agent for TRPM7 channels potentiates the anticipation for study-
ing the physiological and pharmacological roles of the TRPM7 channels in vivo and 
potential therapeutic applications, especially in brain diseases.

4  Physiological Functions

Currently, TRPM7 channel physiology has been better understood, thank for better 
molecular and pharmacological reagents. The knowledge of TRPM7 physiology is 
the second fast expanding area. TRPM7 channels play many important roles under 
physiological conditions. TRPM7 channels are calcium-permeable nonselective 
divalent cation channels [40]. TRPM7 channels are widely expressed in different 
tissues including brain, heart, and blood vessels [48, 56] and are thought to 
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contribute to a ubiquitous homeostatic mechanism that regulates Ca2+ fluxes based 
on the metabolic state of the cell. TRPM7 plays a role in a wide range of processes 
in cell biology that affects cell adhesion, cell growth, and proliferation [41, 42], as 
well as in skeleton formation [83] and embryonic development [72]. Global knock-
down of TRPM7 is embryonic lethal [72], indicating that TRPM7 channels are 
essential for development. Interestingly, overexpression of TRPM7 channels 
reduces cell viability [41, 80, 84]. TRPM7 also plays a key role in neuronal cell 
death in anoxia in vitro [44], and ischemia in vivo [12]. Recently, we have also 
shown that: (1) inhibition of TRPM7 in vitro enhances neuronal outgrowth in cul-
ture hippocampal cells under normoxic condition [43], (2) TRPM7 plays a role 
in vivo in brain damage to hypoxia [13], and (3) TRPM7 also plays an important 
role in cell survival in glioma cells in vitro [45, 46]. However, there is a lack of 
pharmacological inhibitor for TRPM7 channels until recently the discovery of the 
specific inhibitor [43, 47], which will help us to understand not only the physiology 
but also the pathophysiology of the TRPM7 channels.

5  Pathophysiological Relevance in Cerebral Ischemia 
and Hypoxia

Intracellular ionic imbalance induced by deregulated monovalent or divalent cation 
influx has been implicated in various cellular and molecular mechanisms underly-
ing neuronal cell death during cerebral ischemia and hypoxia [86]. These cell death 
mechanisms include excitotoxicity, apoptosis, and oxidative stress. Many ion chan-
nels and receptor channels on the cell membrane are the cation influx pathways 
from extracellular components and are closely related in neuronal cell death under 
stress. Conventionally, Ca2+-permeable NMDA and AMPA receptor channels are 
widely accepted as the traditional glutamate mechanism of stroke that induces the 
excitotoxicity and calcium overload during ischemia. For decades, the glutamate 
mechanism has been the center of stroke research and the promising therapeutic 
target for stroke [10, 11, 29]. However, numerous antiexcitotoxic therapies (AET) 
in clinical trials for stroke patients yielded unsuccessful results and even disappoint-
ing outcomes due to the unwanted psychological side effects. The side effects are 
thought to be from blocking these glutaminergic receptors, as the glutamate is the 
main neurotransmitter in the human brain. The shortcomings of AET clinical trials 
in stroke have led the stroke researchers in searching for the new glutamate indepen-
dent mechanism(s) outside the traditional glutamate mechanism of stroke. New data 
later suggest that the nonglutamate mechanism may also cause neuronal ionic 
imbalance and trigger the hypoxic and/or ischemic neuronal cell death [10, 11] 
(Fig. 16.2). These nonglutamate mechanisms include many newly discovered ion 
channels and nonselective cation channels, such as transient receptor potential 
(TRP) channels [12–14], ATP-sensitive potassium channels (KATP) [15–18], acid- 
sensing ion channels (ASIC) [21], hemichannels [19, 20], volume-regulated anion 
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channels (VRAC) [22], sodium-calcium exchangers [23, 24], and other nonselec-
tive cation channels [25]. Here, we mainly focus on the TRPM7 channel-mediated 
neuronal cell death and brain damage in stroke and hypoxia in vivo.

The involvement of TRPM7 in anoxic-induced neuronal cell death was initially 
from in vitro data. The earliest study described the so-called original IOGD currents; 
when primary cultured cortical neurons were subjected to oxygen-glucose depriva-
tion (OGD) challenge in vitro for a prolonged period of time, there was an increase 
in Ca2+ influx through the later identified TRPM7 channels and neuronal cell deaths 
[44]. Using the TRPM7 siRNA directed against TRPM7 channels in the primary 
mouse cortical neurons, the TRPM7 mRNA expression was decreased, so as the 
subsequent neuronal cell death under the anoxia/OGD condition. The TRPM7 
effects on the anoxic cell death were consistently unmasked with cocktail of block-
ers for glutamate NMDA and AMPA receptors and L-type calcium channels using 
MK-801, CNQX, and nimodipine [44]. The study was well organized using the 
electrophysiological approach and calcium imaging technique, in addition to the 
molecular biology. This indicated the independent role of TRPM7 in mediating Ca2+ 
influx and subsequent neuronal cell death during the prolonged anoxia challenge. 
OGD is a commonly used and simplified in vitro model in studying “ischemia,” but 
merely the anoxia model of cell death in vitro, missing many important factors in 
the body such as network connectivity and blood, etc. Thus, in vivo studies are 
needed to further discover the pathophysiological role of the TRPM7 channels in 
ischemia and hypoxia.

NMDA

TRPM7
KATP

ASIC
VRAC

Hemichannel

Ischemic neuronal cell death

AMPA
NSCC

NCXIonic imbalance

ischemia

G Ca2+

Fig. 16.2 TRPM7 channel as a nonglutamate mechanism in cerebral ischemia. Both traditional 
glutamate mechanism (NMDA and AMPA) and nonglutamate mechanisms are shown in the 
molecular pathways during cerebral ischemia. Energy failure in ischemia leads to depolarization 
of central neurons, activates glutamate mechanism and releases glutamate (G), which triggers the 
calcium overload and excitotoxicity. Other nonglutamate mechanisms including TRPM7 channels 
also contribute to the overall ionic imbalance and eventually neuronal cell death
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In an unrelated in vivo study, TRPM7 mRNA and protein levels were increased 
after focal ischemia [87], an effect regulated by the TrkA receptor pathway, sug-
gesting that TRPM7 may be involved in brain ischemia. Later, Sun and colleagues 
[12] reported that suppression of TRPM7 channels in hippocampal CA1 neurons 
using virally mediated gene silencing siRNA in vivo reduced delayed neuronal cell 
death and preserved functional outcomes after global cerebral ischemia in rats. As 
there was no TRPM7 blocker (antagonist) at that time, the study was used virally 
mediated gene silencing with shRNA approach to knockdown the TRPM7 in CA1 
pyramidal neurons of hippocampus in adult rat brains. The TRPM7 shRNA was 
packaged with adeno-associated viral vectors (AAV serotype-1) and was delivered 
to hippocampal CA1 area in vivo using stereotaxic microinjection technique. The 
authors were able to show first that AAV could infect the adult hippocampal CA1 
neurons in vivo. Second, they convincingly showed suppression of TRPM7 chan-
nels in: (1) mRNA level in conjunction with Laser Capture Microdissection targeted 
for infected hippocampal CA1 cells, (2) protein level with Western Blot analysis 
using micro-dissected CA1 tissues, (3) protein and location with immunohisto-
chemistry in conjunction with Laser Confocal microscope in hippocampal brain 
slices, and (4) functional level with electrophysiology using acutely prepared hip-
pocampal brain slices. Third, the transient knockdown TRPM7 channels in the adult 
rat hippocampi had no ill effects on cell survival, neuronal cells and its dendritic 
morphology, and other cell membrane properties such as neuronal excitability, or 
synaptic plasticity. Fourth, the group demonstrated that virally mediated TRPM7 
suppression significantly reduced hippocampal CA1 neuronal death in vivo and pre-
served functional outcomes using the well-accepted 4-vessel occlusion (4VO) 
global ischemia model of stroke. Fifth, they showed that the morphological integrity 
and ultrafine dendritic structures of the survived hippocampal CA1 neuronal cells 
were well preserved. Sixth, the authors also showed that, in electrophysiology, the 
survived hippocampal CA1 cells were able to maintain their electrophysiological 
properties as exemplified in Long-Term Potentiation (LTP) and well-preserved cell 
membrane potentials. Last, they were able to show that the hippocampal-associated 
behaviors, such as fear-associated and spatial-navigation memory tasks, were pre-
served using the well-established Morris Water Maze [12, 88] and Fear Conditioning 
[12, 89] tests. This was the first in vivo study showing the important role of TRPM7 
channels in mediating ischemic neuronal cell death in cerebral ischemia.

Recently, Sun group also demonstrated the important role of TRPM7 channels in 
mediating brain damage in vivo using the hypoxic–ischemic brain injury model [13]. 
In that study, they showed that inhibition of the TRPM7 channels using nonselective 
inhibitor carvacrol (also see Pharmacological Properties before) significantly and 
dose dependently reduced the brain damage in hypoxic–ischemic brain injury model 
and preserved behavioral outcomes, including (1) geotaxis reflex [13, 16, 36, 90–92] 
in evaluating the vestibular and/or proprioceptive functions, (2) cliff avoidance reac-
tion [13, 16, 36, 90, 91, 93] in testing the maladaptive impulsive behavior, and (3) grip 
test [13, 16, 36, 90, 94] in assessing the force and fatigability. The effects of TRPM7 
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inhibition in reducing brain damages in the hypoxic–ischemic injury were partially 
mediated by inhibiting the pro-apoptotic signaling (such as capase-3 and Bcl/Bax) 
and promoting pro-survival signaling (such as Akt) in the study [13].

In addition to neuronal roles, another noticeable pathophysiological feature 
worth mentioning is the role of TRPM7 channels in glial cells. Even it may not be 
directly related to ischemia or hypoxia here, the TRPM7 also plays a role in cell 
survival in glioma cell lines in vitro [45, 46]. The same group has also showed that 
inhibition of TRPM7 channels using nonselective inhibitor carvacrol as well as 
xyloketal B, a marine compound with TRPM7 inhibitory effect, reduced cell prolif-
eration, migration and invasion in glioma cells in vitro. The effects of TRPM7 inhi-
bition in cell survival in glioma cells were reported partially by regulating the PI3K/
Akt, MEK/ERK, MMP-2, cofilin, and caspase-3 signaling pathways [45, 46].

6  Clinical Potentials and Therapeutic Perspectives

Currently, there is no effective treatment for stroke, besides the tPA which with a 
limited therapeutic window. tPA is currently the only US Food and Drug 
Administration (FDA) approved drug for treatment of acute ischemic stroke. tPA 
dissolves the clots and relieves vascular occlusion [26–28, 95]. The effectiveness of 
tPA, as a potent drug for stroke, is still limited to its brief therapeutic window (up to 
4.5 h), and intrinsic adverse effect of potential bleeding in certain stroke cases. 
Considering the disappointing AET clinical trials targeting glutamate-induced exci-
totoxicity, we need to search for alternative therapeutic targets for stroke.

Several lines of evidence support our proposal that nonglutamate mechanism 
TRPM7 may be a potential target for drug development in ischemic stroke [10, 11]. 
We have to further validate the TRPM7 as a potential drug development target for 
stroke and develop pharmacological reagents to further study the diverse physiolog-
ical and pathophysiological functions of TRPM7 channels using in vivo animal 
models, even many cellular and animal studies are compelling.

The future for TRPM7 research is promising with the development of specific 
pharmacological modulators for TRPM7 channels, however, extensive testing will 
be needed in this direction. As we understand more about the molecular and cellular 
roles of TRPM7 played in stroke and hypoxia, we expect to see more preclinical 
testing in the near future using both in vitro and in vivo models, and in multiple spe-
cies as per Stroke STAIR protocol [37].

7  Conclusions

The newly described nonglutamatergic mechanisms involved in ischemic neuronal 
cell death have been emphasized and will be further rigorously investigated using 
many experimental models. With the failure of AET clinical trials using NMDA and 
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AMPA antagonists for stroke treatment and disappointment of clinical outcomes, 
we expect to see more studies toward the understanding of nonglutamate mecha-
nisms and their molecular aspects in stroke. The TRPM7 channel is a promising 
drug development target for stroke and hypoxia, same as for many other nongluta-
matergic mechanisms. Further extensive preclinical testing will be required to con-
firm the therapeutic potential for TRPM7 channels in stroke.
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Chapter 17
Cholinergic Protection in Ischemic Brain 
Injury

Victor V. Uteshev

Abstract The cholinergic system is essential for maintenance of cognitive, 
autonomic, and immune homeostasis in mammals. Existing preclinical studies sug-
gest that endogenous cholinergic tone elevated by ischemic or traumatic brain injury 
may serve as a combination autotherapy aiming at multiple distinct cellular and 
molecular pathways with converging neuroprotective and anti-inflammatory effica-
cies. These hardwired endogenous protective mechanisms can be augmented by 
 cholinergic treatments including nicotinic receptor agonists, positive allosteric mod-
ulation, and vagus nerve stimulation. The α7 subtype of nicotinic acetylcholine 
receptors (nAChRs) is uniquely positioned as a promising therapeutic target in stroke 
and traumatic brain injury because of the neuroprotective anti-inflammatory efficacy 
of α7 nAChR activation and the ubiquitous expression of α7 nAChRs in mammalian 
neuronal, glial, and immune tissues. This article further explores the therapeutic 
promise of endogenous α7-dependent neuroprotective and anti- inflammatory injury-
induced autotherapy which may act as an important physiological function of these 
ubiquitous receptors and may hold significant translational potential.
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Immune • Inflammatory • Vagus • Vagus nerve stimulation • Stem cells • Astrocytes 
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JAK Janus kinase
NAb The nucleus ambiguus
NfkB Nuclear factor kappa-light-chain-enhancer of activated B cells
PI3K/Akt  Phosphatidylinositol-4,5-bisphosphate 3-kinase/serine/threonine- specific 

protein kinase
RK Extracellular signal-regulated kinase
STAT Signal transducer and activators of transcription

1  Protection of Neuroprotection

The following recent comment by a reviewer from the National Institutes of Health 
(NIH) highlights neuroprotection-phobia, an unfortunate development in the field of 
neuropharmacology as the term “neuroprotection” has become derogatory: “Another 
neuroprotective agent demonstrated only in rats with a treatment window of only 6 h 
does not significantly advance the field… There should be some discussion about why 
the failure of translation of acute neuroprotectants from rats to humans will not apply 
here… The potential out-licensing value of the compound for treatment of acute isch-
emic stroke will likely be highly dependent upon demonstrating a uniquely wide treat-
ment window or other property that will differentiate the compound from the numerous 
other neuroprotectants that failed translation.” The reviewer’s concerns arose from an 
unfortunate fact that despite tremendous investments of funds and efforts made in the 
past two decades, neuroprotective treatments of brain injury have so far failed in all 
clinical trials. This fact, however, does not justify the use of a rejection template to 
indiscriminately define pending neuroprotective strategies as failures. Such a template 
would not be supported by the NIH guidelines and would prejudge and jeopardize both 
the existing neuroprotection-based clinical trials (e.g., NCT02315443, NCT02195791; 
accessed May 2016) as well as the NIH efforts to protect and improve human health.

The truth is the impact of clinically effective neuroprotectants cannot be overes-
timated. In contrast to tissue plasminogen activator (tPA), neuroprotectants can be 
effective in both ischemic and hemorrhagic strokes and thus, can be given prior to 
brain imaging. As a result, in an event of ischemic stroke, neuroprotectants can 
serve as an important bridge to intraarterial interventions (e.g., thrombectomy). If 
given in the first 4 h after the onset of stroke, just like tPA, a potent neuroprotectant 
could raise multifold the percent of patients successfully treated with thrombolysis 
and/or thrombectomy providing a tremendous benefit to stroke patients. Thus, a 
concomitant use of neuroprotectants with thrombolysis and thrombectomy offers a 
valuable clinical advantage. Furthermore, because neuroprotection is expected to 
help reduce neuronal injury, degeneration, and death at early phases after stroke, 
there is not a rational basis to expect that neuroprotection will be incompatible with 
late-phase rehabilitation treatments (e.g., targeted plasticity [1] and neurogenesis 
through conversion of stem [2] or glial [3] cells into mature neurons).
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The other concern of the same reviewer was that the delay between symptoms 
and test treatments should not be less than 6 h to be clinically relevant. Although the 
efficacy of all stroke treatments is time sensitive and the treatments should be 
applied as promptly as possible as permitted by clinical practice [4], the ambulance 
practitioners can do intravenous (i.v.) drug administration in much less time than 
6 h after the onset of stroke. For example, the 2014 FAST-MAG study [5] has shown 
that i.v. medications could be successfully delivered in the field by ambulance per-
sonnel in 73 % of acute strokes within 1 h and 99 % within 2 h of onset. Thus, setting 
the minimal treatment window to 1–2 h seems appropriate and achievable in prac-
tice [5]. Furthermore, our preliminary results suggest that even though the effect of 
a single acute treatment may vanish in several hours depending on the time course 
of drug clearance and metabolism, multiple subchronic treatments may offer addi-
tional benefits such that the time of the first treatment may become less critical so 
long as the first treatment is followed by a prolonged (e.g., days to weeks) sub-
chronic therapy that may naturally extend into the phase of rehabilitation. Although 
effective treatments of stroke with unknown time of symptom onset (e.g., wake-up 
stroke) will likely remain to be a considerable challenge (see NCT00167765, 
NCT01183533; accessed May 2016), a less than 6 h delay between the symptom 
onset and treatment seems to be quite achievable in the modern clinical practice.

Similar to neurobehavioral deficits that result from acute ischemic or traumatic 
events, neurological disorders associated with relatively slow but progressive neuro-
nal dysfunction and death, like in Parkinson’s disease (PD), can benefit from the use 
of neuroprotectants. At the early phase of PD, neuroprotection and inhibition of 
inflammation initiated by drug therapies would aim at disease modification, delaying 
disease progression, and chronic inflammation [6, 7] thus, facilitating subsequent 
therapies. The early phase of PD is primarily associated with nonmotor symptoms 
[6–8] (e.g., constipation, loss of sense of smell, and cardiovascular deficits) and may 
precede the phase of substantial damage of dopaminergic terminals and/or somato-
dendritic region [9]. Preclinical animal models suggest that neuroprotection is most 
effective at the early stage of PD [10, 11] but once the population of dopaminergic 
neurons is substantially depleted, the efficacy of neuroprotectants is expected to be 
markedly reduced and other approaches should be preferred: e.g., neurogenesis [2, 9]. 
Importantly, cholinergic neuroprotectants can act as potent central [12–14] and 
peripheral [15–17] anti-inflammatory agents and treatments that selectively enhance 
activation of α7 nicotinic acetylcholine receptors (nAChRs) are especially attractive 
because of the ubiquitous expression of these receptors in central and peripheral 
neuronal, glial, and immune tissues. As discussed later, activation of α7 nAChRs are 
expected to stimulate multiple distinct cholinergic pathways producing significant 
therapeutic efficacy via direct neuroprotection and  central/peripheral anti-inflamma-
tory action [14, 15, 17, 18]. This notion is supported by epidemiological studies 
which indicate that the incidence of PD is significantly reduced in tobacco smokers. 
Animal studies have also demonstrated significant neuroprotective and anti- 
inflammatory efficacies of nicotine. In mammals, α7 nAChRs are an important sensor 
of nicotine and a promising target for neuroprotective and anti-inflammatory 
combi nation therapies in progressive neurological disorders including PD [19].
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An important additional advantage of neuroprotection as a strategy is that 
neuroprotective drug formulations (e.g., intranasal spray) [20] do not require a pro-
fessional medical assistance and can be administered by patients themselves, their 
friends, or relatives at the critical first 3–4 h after the onset of stroke. An early 
response to a stroke event and symptoms can significantly impede stroke maturation 
and help reduce longer term poststroke sequelae including edema, breakdown of 
blood–brain barrier, synaptic degeneration, and excessive inflammation. The current 
failure of neuroprotectants in clinics does not imply the failure of neuroprotection as 
a therapeutic concept because injury-induced endogenous neuroprotective mecha-
nisms are evident [20–24] (Figs. 17.1 and 17.2). Although naturally efficacious, 
these protective mechanisms can be augmented by poststroke cholinergic treatments 
to achieve higher therapeutic efficacy as some preclinical data suggest [20]. Promising 
approaches include endogenous brain protective mechanisms that can simultane-
ously recruit multiple cholinergic cellular and molecular pathways thus, initiating a 
natural combination therapy [17, 18, 25]. Despite a long trail of failures, these recent 
research findings have revived the hope of creating clinically efficacious solutions 
for ischemic and traumatic brain injuries to meet high standards of clinical and 
social needs [26]. In these research efforts, neuroprotection, as a therapeutic concept 
working alone or in combination with intraarterial interventions (e.g., thrombec-
tomy), needs to be objectively reevaluated and if necessary, protected from cynical 
attacks. Neuroprotectants can become important allies, not adversaries [27], while 
clinical relevance should become obligatory in all preclinical trials [28].

2  Converting Nonneuronal Cells to Neurons

At the late phases of progressive neurodegeneration, the affected neuronal popula-
tion and synaptic networks endure severe irreversible damage and neuroprotective 
strategies are unlikely to deliver significant therapeutic efficacy. In the case of 
 ischemic stroke, this progression would correspond to expansion of ischemic core, 
shrinkage of ischemic penumbra, and formation of ischemic cavity despite the 
ongoing endogenous neurogenesis [2, 29, 30] and neuroprotective/anti- inflammatory 
mechanisms [18, 20, 25]. By contrast, cell therapies that can replace damaged neu-
rons and revamp functional neuronal networks become quite promising. Ischemic 
stroke initiates reactive gliosis and creates a layer of glial scar tissue formed from 
reactive astrocytes, microglia, and chondroitin sulfate proteoglycans (CSPGs) that 
surround the ischemic infarct core [31–34]. The formation of ischemic glial scar is 
beneficial to neuronal networks because it restricts the expansion of ischemic core 
and thus, protects further ischemic damage. However, at later stages, the scar begins 
to impede poststroke recovery by inhibiting angiogenesis, synaptogenesis, axonal 
growth, and maturation [31, 35–38]. As a result, the patient’s recovery after isch-
emic stroke becomes obstructed.

Clinically effective measures that could control the size of glial scars and the 
rate of glial scar formation would provide an important tool to optimization of the 
 poststroke recovery process. In this search, novel strategies utilizing reprogramming 
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of brain tissues and cells have been particularly intriguing and promising [39, 40]. 
Specifically, recent advances in bioengineering have extended the approach of 
reprogramming fibroblasts to induce pluripotency [39] and now enable direct con-
version of glial cells to functional mature neurons with confirmed electrophysiological 
properties [41–46]. The rationale for this approach arises from the ability of forced 
expression of various transcription factors (e.g., Neurogenin 2 (NEUROG2), 
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Fig. 17.1 Endogenous α7-dependent protection after transient middle cerebral artery occlusion 
(tMCAO): ischemic infarct volume. Methyllycaconitine (MLA; s.c., 10 mg/kg), a selective α7 
nAChR antagonist, failed to significantly increase infarct volume after a 90-min tMCAO (unpaired, 
two-tailed Student’s t test; t = 0.3572; df = 12; p = 0.7271; 95 % CI −10.75, 7.72; n = 6–8; a, b) sug-
gesting that α7 activation does not significantly save neurons in the absence of PNU in this experi-
mental paradigm (circles vs. squares; b). These results also suggested that ischemic brain injury 
resulting from a 90-min tMCAO is too extensive (∼45 %; a, b) and the use of PNU-like α7-PAMs 
is absolutely required to achieve significant α7-dependent protection in these settings. To test 
whether a less severe injury is more receptive to endogenous protective mechanisms, we used a 
60-min tMCAO. Reducing the duration of tMCAO from 90 to 60 min resulted in a ∼50 % reduc-
tion of infarct volume (∼22 vs. ∼45 %; circles; b, d). MLA significantly increased infarct volume 
after a 60-min tMCAO from 20 to 35 % unpaired, two-tailed Student’s t test; t = 2.272; df = 14; 
p = 0.0393; 95 % CI 0.7724, 26.72; n = 7–9; c, d), an increase of ∼75 % (circles vs. squares; d), 
indicating that endogenous α7-dependent protection is greater after a less severe ischemic injury. 
Statistical significance was defined by the p value (* < 0.05). (Reprinted from Sun et al., 2016 (20) 
with permission from Springer)
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Fig. 17.2 Endogenous α7-dependent protection after tMCAO: behavioral tests. The results of 
behavioral tests were consistent with infarct volume data: MLA (squares as compared to circles, 
i.e., vehicle groups) failed to produce significant neurological deficits after a 90-min tMCAO 
(unpaired, two-tailed Mann–Whitney; n = 11–12; a–c): Bederson (p = 0.3556; 95 % CI 0.0, 1.0), 
cylinder (p = 0.6127; 95 % CI −10.0, 2.5), and limb placing (p = 0.4478; 95 % CI −1.0, 0.0). By 
contrast, significant neurological deficits after MLA treatment were detected in two tests after a 
60-min tMCAO (unpaired, two-tailed Mann-Whitney; n = 11–12; d, e): Bederson (p = 0.0427; 95 % 
CI 0.0, 2.0) and cylinder (p = 0.0227; 95 % CI −45.0, 0.0). The remaining test (limb placing) con-
ducted after a 60-min tMCAO failed to detect significant differences between MLA-treated and 
control groups: p = 0.5940; 95 % CI −7.0, 2.0 (f). Statistical significance was defined by the p value 
(* < 0.05). (Reprinted from Sun et al., 2016 (20) with permission from Springer)
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Distal-less homeobox 2 (DLX2), Achaete-scute homolog 1 (ASCLl1), NeuroD1, 
and SOX2) to allow this  conversion in animal models [41–47]. Furthermore, a 
recent study has determined that a “chemical barrier” created by CSPGs can be 
reduced by administration of chondroitinase ABC (chABC) benefiting nerve 
regrowth “along preexisting axonal pathways” after focal ischemia in a rat model 
of ischemic stroke [3]. Directing de novo neuronal formation focally, near the site 
of ischemic injury by transcription factors under the control of a set of promoters 
could ensure a full control of the fate of newly formed neurons, neurotransmitters, 
and synapses to achieve an optimal excitatory-inhibitory balance of newly formed 
neuronal networks [45, 48]. The impact of a technology that could convert glial 
scar cells into subsets of mature neurons integrated in both proximal and distal 
preexisting functional neuronal networks cannot be overestimated and could help 
stroke patients in the late phases of poststroke recovery when neuroprotective 
mechanisms are largely ineffective [45, 48].

Importantly, reactive astrocytes activated by ischemic injury densely occupy 
space in the vicinity of ischemic lesion and thus, the challenge of precise delivery 
of these endogenous neuronal precursors to the site of neurogenesis is naturally 
eliminated if astrocytes can be recruited by a poststroke neurogenesis therapy.  
A similar concept of injury-guided delivery of efficacious drug therapy to the site 
of brain injury has been proposed previously and utilizes positive allosteric mod-
ulation of α7 nAChRs [17, 18, 25] (see the subsection 3.3). Prior to clinical appli-
cation, the efficacy of these approaches needs to be confirmed in animal stroke 
models with a broad spectrum of biological variables (e.g., sex, age, conditions) 
as instructed by the Stroke Treatment Academic Industry Roundtable (STAIR) 
[49, 50] and RIGOR [51] guidelines.

The use of exogenous and/or endogenous stem cells as a source of neurogen-
esis in regenerative medicine has been viewed as a promising approach to treat-
ment of ischemic stroke and aiding stroke recovery [2, 30, 52–55]. Although the 
exact mechanisms of stem cell-based therapies remain uncertain, neuroprotec-
tion is a likely component [56, 57]. Furthermore, stem cells also express func-
tional α7 nAChRs and selective activation of these receptors modulate stem cell 
maturation, differentiation, migration, and function [58–61] providing another 
dimension to potential α7 nAChR-based antistroke therapies. Some of the chal-
lenges associated with the use of stem cells arise from its limited capacity for 
optimization, the dependence on the time and mode of delivery of exogenous 
stem cells to the ischemic cavity in a clinically appropriate biodegradable scaf-
folding [62], and the ability to provide a stable reproducible recruitment of 
endogenous neural stem cells in the injured adult brain [2, 30]. These challenges, 
although not unresolvable, are  substantial and considerably impede advances in 
stem cell technology in application to stroke.
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3  Therapeutics of Choline and Choline Derivatives

3.1  Biosynthesis of Phosphatidylcholine and Tissue Repair

The recent International Citicoline Trial on Acute Stroke (ICTUS) [63] has tested 
and failed to confirm an otherwise intriguing concept that stimulation of the brain 
phosphatidylcholine (PCh) synthesis and PCh-dependent tissue repair can generate 
significant therapeutic efficacy after ischemic stroke. The failure of ICTUS has 
delivered a blow to the long-standing hope for a translational efficacy of endo-
genous CDP-choline and its synthetic analog, citicoline (i.e., cytidine-5′-
diohosphocholine), a highly bioavailable and safe choline derivative, a potent cell 
membrane stabilizer and inhibitor of free fatty acid toxicity [64–67]. Multiple rea-
sons may have contributed to the failure of ICTUS [68]. These may include the 
ceiling effects associated with the high percent of patients older than 70 years old 
and patients with severe stroke (i.e., smaller penumbra), the high percent of tPA 
use, and the high quality care in specialized stoke units provided to all patients 
including control groups, as discussed previously [68]. While discouraging to 
stroke patients and researchers, the results of the ICTUS study have not destroyed 
the therapeutic concept of PCh-dependent tissue repairs. In fact, a more recent 
clinical trial has determined significant pro-cognitive effects of long-term treat-
ments with citicoline [69].

Other preclinical data from models of glaucoma [70, 71] and vascular dementia 
[72–74] have also supported the concept that endogenous choline, choline-derived 
endogenous compounds (e.g., CDP-choline), and choline-derived synthetic supple-
ments (e.g., citicoline) may benefit recovery from brain injury. The exact therapeu-
tic mechanisms are not fully understood, but may include biosynthesis of 
phospholipids (because PCh is an elementary building block of neuronal and glial 
membranes in the mammalian brain including human brain [75]) and neuroprotec-
tive/anti-inflammatory action of α7 nAChRs (see the subsection 3.2) [14, 15, 17, 
25]. Thus, despite obstacles, the use of choline derivatives remains a promising 
therapeutic concept. However, a uniform elevation of choline and its derivatives 
throughout the mammalian body as a result of citicoline treatment may only have a 
very limited impact on the focal rate of biosynthesis in the ischemic penumbra and 
this critical limitation may also have contributed to the failure of ICTUS. Furthermore, 
choline is not known to readily accumulate in the mammalian brain after i.v. injec-
tions [76]. The observation that successful preclinical animal studies required doses 
of citicoline much higher than those used in clinical trials [4] suggest that inade-
quate blood/brain levels of choline and choline derivatives may have been, at least 
in part, responsible for the dichotomy between failed clinical and successful 
 preclinical trials. If this notion holds any value then, theoretically, a focal injection 
of choline or its derivatives into the ischemic core/penumbra would be expected to 
have a greater therapeutic potential as compared to systemic injections because a 
greater presence of PCh can be achieved focally where it is most needed, i.e., near 
the site of ischemic injury. In fact, systemic elevation of choline derivatives may not 
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even be necessary at all because ischemic and traumatic brain injuries  significantly 
elevate ambient levels of choline via a natural breakdown of cell membrane phos-
pholipids [77–79]. Thus, systemic administration of choline derivatives as an acute 
treatment of ischemic brain injury after ischemic stroke seems redundant because 
high levels of choline and its derivatives may be already present focally, near the site 
of injury.

The existence of endogenous neuroprotection and tissue repair (evident from 
spontaneous improvements in some stroke victims [30, 80–83]) prevents estab-
lishing robust negative controls for drug treatments because these endogenous 
autotherapies are induced by the original injury, infection, and/or inflammation. 
Thus, the concept of unprotected (i.e., control) brain may be somewhat illusory 
and perhaps, most treatments can be viewed as combination treatments adminis-
tered on top of injury-induced endogenous autotherapies. A treatment that aug-
ments endogenous protection and/or tissue repair may be highly efficacious 
because of the evolutionarily optimized spatiotemporal distribution of the contrib-
uting endogenous protective mechanisms. By contrast, treatments that disregard 
the presence of endogenous protective and restorative mechanisms may not be as 
efficacious as they may interfere with the endogenous protective pathways and 
cause adverse reactions.

While stimulation of biosynthesis of cell membrane phospholipids and brain tis-
sue repair provides a solid rational basis for choline-based therapies, choline is much 
more than a source of phospholipids and derivatives. In addition to being a precursor 
and metabolite of ACh, a major mammalian neurotransmitter, choline is a selective 
agonist of α7 nAChRs, a receptor subtype uniquely positioned as a promising target 
for neuroprotective and anti-inflammatory combination therapies in stroke [18, 20, 
25, 84–86], traumatic brain injury (TBI) [12, 16, 17, 87, 88], and other neurological 
conditions [87, 89–106]. Thus, the ability of acute infection, inflammation, and  
brain injury to stimulate cholinergic pathways augmenting neuroprotective and anti-
inflammatory α7-dependent mechanisms may hold significant therapeutic potential 
[14, 15, 17, 18, 20, 25, 84, 85, 107]. In fact, at least some therapeutic effects of CDP-
choline may arise from α7 nAChR-dependent mechanisms [108–110].

3.2  Neuroprotective and Anti-inflammatory  
Efficacies of α7 nAChRs

It is beneficial for central neurons to express α7 nAChRs [17, 18, 25, 104, 111–113] 
because α7 activation by endogenous (i.e., choline and ACh) and/or exogenous 
(e.g., nicotine) agonists may augment brain resistance to ischemic and traumatic 
injury by supporting survival and function of individual neurons and neuronal net-
works [12, 13, 16, 20, 84, 85, 87, 94, 101, 114–124]. In addition, activation of α7 
nAChRs may produce strong pro-cognitive [103, 125–128] and analgesic effects 
[129–131]. Consistent with these conclusions, neuroprotective effects of nicotine 
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are not detected in α7 knock-out mice [116]. Although α7 nAChRs belong to 
 so- called neuronal subtype of nAChRs, these receptors are commonly expressed in 
brain glial and immune cells where α7 activation produces strong anti-inflammatory 
efficacy [12–14, 104]. Similarly, in the periphery, activation of α7 nAChRs by ACh 
released from the vagus nerve significantly inhibits peripheral immune cells, reduces 
synthesis and release of pro-inflammatory cytokines, and protects the integrity of 
blood–brain barrier [15, 16, 107, 122, 132–134]. In fact, functional α7 nAChRs are 
absolutely required for the vagal anti-inflammatory efficacy [135, 136].

The efferent motor branch of the vagus nerve innervates most of the immune- 
related subdiaphragmatic organs (e.g., spleen, liver, gastrointestinal tract) making 
vagus nerve stimulation (VNS) a promising treatment of ischemic and traumatic 
brain injuries in patients and animal models [137–139]. The vagus nerve appears 
to potently control systemic inflammatory responses to toxins, pathogens, cyto-
kines, and other inflammatory mediators [134] contributing to the endogenous 
cholinergic anti-inflammatory reflex [132]. Thus, both electrical and/or pharma-
cological stimulation of the vagus nerve may decrease production of pro-inflam-
matory cytokines and reduce inflammation [15, 17, 140]. These treatments may 
be useful for both acute and chronic inflammation. Chronic elevation in levels of 
pro- inflammatory cytokines is harmful for human health and results from various 
usually ill-defined sources including genetic susceptibility to autoimmune disor-
ders; ischemic or traumatic injury; chronic infection and prolonged exposure to 
stress, environmental, and biochemical hazards [104, 141–147].

These concepts and experimental data suggest that therapeutic benefits of the direct 
α7-dependent neuroprotection can be considerably extended by central [12, 13,  
148–153] and peripheral [15–17, 107, 132, 133, 135, 136, 154] α7-dependent anti-
inflammatory mechanisms which can be boosted by selective α7-dependent agents [18, 
20, 25, 86, 106] as well as electrical and pharmacological VNS [17, 107, 123, 140]. As  
a result, because of the ubiquitous expression of α7 nAChRs in neuronal, glial, and 
immune tissues, selective α7 nAChR agents are uniquely positioned as promising com-
binational neuroprotective, anti-inflammatory, pro-cognitive, and analgesic treatments. 
Importantly, the observation that subcutaneous injection of methyllycaconitine (MLA; a 
selective α7 nAChRs antagonist) significantly worsens neurobehavioral outcomes of 
focal ischemia in a transient suture middle cerebral artery occlusion (tMCAO) model of 
ischemic stroke in rats [20] (Figs. 17.1 and 17.2) supports the existence of endogenous 
α7-dependent neuroprotective and anti- inflammatory mechanisms triggered by isch-
emic injury [17, 18, 25]. These protective mechanisms may be considerably augmented 
by positive allosteric modulators (PAMs) of α7 nAChRs (see the subsection 3.3) [12, 
16–18, 20, 25, 84, 85].

Despite targeting only the α7 subtype of nAChRs, these therapies may be intrin-
sically combinational as they aim at multiple distinct α7-dependent cellular and 
molecular pathways with converging therapeutic outcomes including direct neuro-
protection [20, 25, 84, 85] and inhibition of central [12–14] and peripheral [15, 107] 
inflammation (Fig. 17.3). These therapeutic concepts may have already generated 
novel promising therapeutic targets, i.e., expanding the research focus from neuro-
nal to neuroimmune networks [12–14, 17, 25, 155] and centrally/peripherally 
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originating anti-inflammatory reflexes [14, 15, 17, 86, 106, 135, 136, 152, 156, 157] 
may achieve significant therapeutic benefits. These considerations are directly rel-
evant to cholinergic therapies for stroke and TBI because of the key role the cholin-
ergic mechanisms play in the central and peripheral nervous systems.

The cholinergic system is required for the maintenance of cognitive, autonomic, 
and immune homeostasis [1, 12, 17, 18, 158]. Recent preclinical studies suggest 
that cholinergic therapies may be highly efficacious after stroke [18, 20, 25, 84, 85] 
and TBI [12, 16, 87, 88, 107, 121–123]. Cholinergic homeostasis in the central 
nervous system is important for healthy neurological and immune functions: exces-
sive cholinergic activity is linked to depression [159–162] and infection [163–166], 
whereas deficient cholinergic activation is associated with cognitive impairment 
[167–171] and inflammation [163, 166]. Although many of these effects may result 
from activation of central muscarinic acetylcholine receptors (mAChRs) [172–174], 
the contribution of nAChRs has been well documented [104, 175–178].
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Fig. 17.3 Distinct α7-dependent neuroprotective and anti-inflammatory therapeutic mechanisms 
induced by injury, infection, and/or inflammation. The endogenous α7-dependent autotherapy may 
result from injury-, infection-, and/or inflammation-induced activation of multiple distinct cholin-
ergic pathways [13–15, 17, 18, 25, 104, 192–195]. These include direct neuroprotection as well as 
central and peripheral anti-inflammatory effects. Although the biological functions of neurons, 
glial, and immune cells are very different, the intracellular signaling initiating neuroprotective and 
anti-inflammatory mechanisms downstream of α7 nAChR activation involve some of the same 
second messengers in neuronal and nonneuronal tissues including JAK2, STAT3, PI3K/Akt, 
CaMKII, and ERK1/2 [14, 104, 106, 114, 154, 192, 195–199] (DMV the dorsal motor nucleus of 
the vagus; NAb the nucleus ambiguus)
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3.3  Therapeutic Efficacy of Positive Allosteric Modulators

As discussed earlier, activation of α7 nAChRs by endogenous (i.e., choline and 
acetylcholine) or exogenous (e.g., nicotine) agonists inhibits central and periph-
eral inflammation and supports resistance of neurons and neuronal networks to 
injury and death. However, endogenous agonists may not be sufficiently effica-
cious; whereas nicotine is a toxic, addictive substance that cannot be used as a 
medicine. Thus, novel safe activators of endogenous α7-dependent cholinergic 
tone that avoid adverse effects of nicotine may provide effective treatments after 
brain injury. We have recently reported a proof of concept to demonstrate that 
positive allosteric modulators (α7 PAMs) of α7 nAChRs augment the therapeutic 
efficacy of endogenous cholinergic neuroprotective and anti-inflammatory mech-
anisms after ischemic and traumatic brain injury [12, 17, 18, 20]. These conclu-
sions have been since expanded by other researches [16]. Similar mechanisms 
(i.e., augmenting the endogenous α7-dependent cholinergic tone) seem to be 
responsible for pro- cognitive [103, 125–127, 179–181] and anti-nociceptive 
[129–131] efficacy of α7 PAMs. α7 PAMs do not directly activate α7 nAChRs, 
but inhibit α7 desensitization and enhance α7 activation by endogenous nicotinic 
agonists (i.e., choline and ACh) near the time and site of injury, infection, and/or 
inflammation [17, 18, 25]. Thus, α7 PAMs may introduce a novel therapeutic 
paradigm that converts endogenous choline and ACh into potent therapeutic 
agents after ischemic and traumatic brain injury by inhibiting α7 nAChR desen-
sitization [12, 16–18, 20, 25].

The rational basis for the use of α7 PAMs after ischemic and traumatic brain 
injuries arises from a number of factors: (1) Functional α7 nAChRs are ubi-
quitously expressed in neuronal [182–186], glial, and immune tissues [13, 135, 
136, 149, 155, 187–191]; (2) Ischemic and traumatic injuries, pathogens, and 
inflammation elevate neuroprotective and anti-inflammatory α7-dependent cho-
linergic tone which can be augmented by α7 PAMs [12, 16, 20, 84, 85, 155]; and 
(3) α7-dependent neuroprotective and anti-inflammatory mechanisms appear to 
be complementary to one another and converge to a significant therapeutic effi-
cacy after ischemic and/or  traumatic injury [16–18, 86, 106]. Therefore, signifi-
cant neuroprotective and anti- inflammatory efficacies may be achieved after 
brain injury by recruiting only a single player (i.e., α7 nAChRs) that activates 
multiple distinct endogenous neuroprotective and anti-inflammatory cholinergic 
pathways (Fig. 17.3) [17]. This unique property of α7 PAMs is unlikely to be 
random, rather, it may serve as a common evolutionarily shaped mammalian 
motif (Figs.17.1 and 17.2). Intriguingly, because α7 activation inhibits reactive 
gliosis after ischemic or traumatic injuries [12, 13], α7 agents may be able to 
inhibit and/or modulate formation and growth of glial scars after ischemic stroke 
(see the subsection 2). This potential therapeutic mechanism may thus link these 
two independent approaches in a promising combination therapy expanding the 
range of α7-dependent therapeutic benefits. However, this opportunity has not 
yet been explored and remains speculative.
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4  Possible Mechanisms of α7 nAChR Protective Action

The endogenous α7-dependent autotherapy may result from injury-, infection-, and/
or inflammation-induced activation of multiple distinct cholinergic pathways [13–15, 
17, 18, 25, 104, 192–195]. These include the direct neuroprotection as well as cen-
tral and peripheral anti-inflammatory mechanisms (Fig. 17.3). Although the bio-
logical functions of neurons, glial, and immune cells are very different, the 
intracellular signaling initiating neuroprotective and anti-inflammatory mechanisms 
downstream of α7 nAChR activation involves some of the same second messengers 
in neuronal and nonneuronal tissues including JAK2, STAT3, PI3K/Akt, CaMKII, 
and ERK1/2 (Fig. 17.3) [14, 104, 106, 114, 154, 192, 195–200].

The direct α7-dependent neuroprotection arises from activation of the JAK2 
(+Ca2+)/PI3K/Akt-dependent [14, 114, 194, 196, 197, 201], ERK1/2-dependent 
[192, 198, 202–204], and/or CaMKII-dependent [20, 192, 199, 202, 205, 206] 
 intracellular signaling antiapoptotic pathways. Although CaMKII activity is often 
associated with pro-cognitive benefits arising from activation of CREB [192, 198], 
recent findings have linked activation of CaMKII-dependent pathways to neuropro-
tective and/or anti-inflammatory efficacies [20, 192, 206]. However, the involve-
ment of CaMKII in protective mechanisms after ischemic and traumatic injury is 
not without a controversy as the CaMKII-dependent intracellular signaling can 
result in both cytoprotection and cytotoxicity [207] highlighting the complexity of 
intracellular biochemistry in neuronal and nonneuronal tissues. Remarkably, inhibi-
tion of constitutive CaMKII activity significantly increased infarct volume after 
transient suture MCAO supporting the existence of endogenous CaMKII-dependent 
protection after focal ischemia [20].

The role of ERK1/2 in protecting brain tissues from ischemic damage remains 
unclear [208]. Both beneficial and detrimental effects of ERK1/2 activation on brain 
tissues after ischemia have been reported [192, 202–204, 209]. The reason for this 
dichotomy is unknown but may include the dissimilar pathways downstream of  
α7 activation in neurons vs. astrocytes/microglia as well as the distinct impacts of 
endogenous vs. exogenous α7 activation on the outcomes of treatments [208].

In neurons, activation of α7 nAChRs appears to support energy consolidation 
within mitochondria and thus, may prolong mitochondrial function under ischemic 
conditions to allow neurons better meet the energy demand of ischemic/hypoglyce-
mic conditions to delay the failure of Na+/K+-ATPase pumps. In the absence of 
functional ATPase pumps, the neuronal transmembrane electrochemical gradient 
cannot be maintained and the terminal anoxic depolarization quickly sets in [84, 
210]. Thus, both anoxic depolarization and the following brain damage may be 
reduced or even prevented by moderate activation of α7 nAChRs [84, 116, 118, 
120]. By contrast, excessive activation of α7 nAChRs can be toxic [28, 211].

The central and peripheral anti-inflammatory signaling downstream of α7 
nAChR activation stimulates the JAK2/STAT3 pathway resulting in inhibition of 
NFkB-induced pro-inflammatory cytokines (Fig. 17.3) [14, 104, 154, 192, 195, 200, 
212]. The endogenous α7-dependent anti-inflammatory efficacy can be significantly 
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augmented by electrical and/or pharmacological stimulation of the vagus nerve [15, 17, 
107, 140, 154, 200, 212]. The use of α7 PAMs may allow a measured intervention 
aimed at inhibiting excessive injury/infection-induced immune response both cen-
trally [14] and peripherally [15]. Theoretically, direct neuroprotective and central/
peripheral anti-inflammatory pathways can be targeted individually or in cohort.  
A timely comprehensive treatment of stroke victims with neuroprotective and 
 anti- inflammatory therapies may impede stroke maturation and help reduce long-
term poststroke sequelae including edema, synaptic degeneration, and chronic 
inflammation thereby improving clinical outcomes.

The relevance of α7 nAChR-mediated ionic and Ca2+ influx to activation of anti- 
inflammatory pathways remains controversial because until recently α7-mediated 
ion currents have not been detected in immune cells obtained from acute preparation 
[213]. As a result, it has been proposed that immune-related α7 nAChRs are not 
linked to functional ion channels [214]. While the expression of functional α7 
nAChR-gated ion channels in cultured immune cell preparations has been confirmed 
[149, 191], evidence for a similar expression of functional α7 channels in immune 
brain cells obtained from acute preparation has been missing until only recently [153, 
195]. These latter studies utilized α7 PAMs and electrophysiological patch-clamp 
recordings to detect immune-related α7 nAChR-mediated ionic currents and demon-
strate that those currents are remarkably similar to α7 nAChR- mediated currents 
observed in central neurons. These findings supported the notion that neuronal and 
immune α7 nAChRs may not be very different. One important consequence of this 
conclusion is that immune cells could be directly targeted by α7 PAMs and α7 ago-
nists just like neurons [17, 18], providing a rational basis for α7 PAM-based therapies 
that could augment endogenous anti-inflammatory mechanisms through pharmaco-
logical VNS and direct α7-dependent inhibition of immune cells (Fig. 17.3) [17].

5  Conclusions

It is an intriguing concept that the mammalian brain can protect itself from ischemic 
and traumatic injury by activating endogenous injury-, infection-, and inflammation- 
induced protective mechanisms that in turn can be augmented by efficacious cholin-
ergic treatments. An effective combination therapy is usually expected to target 
multiple cellular and molecular pathways to generate a comprehensive disease- 
modifying outcome. In this manuscript, I discussed an approach where the thera-
peutic target is a single subtype of nAChRs (i.e., α7) ubiquitously expressed in 
neuronal, glial, and immune tissues. Injury, infection, and/or inflammation can acti-
vate α7 nAChRs in neuronal, glial, and immune tissues resulting in complementary 
 therapeutic efficacies. Importantly, the endogenous α7-dependent therapeutic cho-
linergic tone can be significantly augmented by selective α7 nAChR agents and 
stimulation of the vagus nerve. This ability to modulate the hardwired endogenous 
brain protective cholinergic pathways may allow researchers to directly team up with 
a powerful ally—nature. While rehabilitation programs can be highly effective [1], 
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the potential positive impact of a successful early poststroke therapy on the patient 
progress cannot be overestimated as the majority of brain damage occurs within the 
first 2 h after the onset of stroke. Thus, strategies that enhance the brain’s innate 
capacity to resist ischemic injury appear quite attractive as these approaches could 
allow clinicians to recruit and augment endogenous protective mechanisms that are 
already in place to selectively target ischemic and traumatic injury with a high 
 spatiotemporal precision.
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Chapter 18
Remote Ischemic Conditioning: A Highly 
Translatable Therapy for Acute Stroke

Chizoba J. Ezepue and David C. Hess

Abstract Ischemic preconditioning is the most potent protectant against isch-
emic injury. Remote ischemic conditioning (RIC), a further development of isch-
emic preconditioning, is safe, feasible, and highly translational and represents 
one of the most promising strategies for neuroprotection and vasculoprotection 
during acute ischemic stroke. RIC grew out of the field of cardioprotection but 
there is now strong preclinical evidence and emerging clinical evidence of its 
activity and efficacy in acute ischemic stroke. While the mechanisms of protec-
tion are not completely known, RIC triggers endogenous protective mechanism 
and increases cerebral blood flow. RIC is ideal as a prehospital therapy and has 
potential as an adjunctive therapy to mechanical thrombectomy. Its ease of use 
makes RIC an attractive therapy to be used in community hospitals and during 
helicopter transport.

Keywords Remote ischemic conditioning • Preconditioning • Acute ischemic 
stroke • Remote ischemic perconditioning

1  Introduction

Every year, approximately 795,000 people in the U.S experience new or recur-
rent stroke, resulting in 130,000 deaths [1]. Globally, it is the third cause of 
death worldwide, and a main cause of chronic, severe adult disability [2]. 
Roughly 87 % of all strokes are ischemic strokes, when blood flow to the brain 
is blocked [1]. Efforts to develop therapies to counter the damaging effects of 
cerebral ischemia have been limited, with tissue plasminogen activator (tPA) 
being the only Food and Drug Administration (FDA)-approved therapy for 
select patients with acute ischemic stroke as long as 4.5 h after onset [3, 4]. 
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Unfortunately, because the timing of stroke is usually unpredictable, less than 
5 % of patients are treated with tPA, and most stroke victims receive only sup-
portive care [4]. Endovascular approaches with mechanical thrombectomy (MT) 
are very effective therapies but are applied to less than 5 % of stroke patients and 
even with MT more than 50 % of patients are still disabled [5–8]. As more 
patients undergo reperfusion with tPA and MT, there is growing need to combine 
reperfusion strategies with neuroprotective agents.

While many attempts have been made to translate neuroprotection from the 
bench to the bedside, none of these attempts have been successful [9]. One of the 
reasons so many neuroprotective agents have failed in clinical trial is that they 
target one pathway or one receptor (e.g., oxygen free radicals, NMDA). Targeting 
multiple pathways may be a better approach [10]. The brain has a remarkable 
capacity for self-preservation induced by stress and injurious stimuli, such as 
ischemia [4, 11]. The brain and vasculature is able to self-protect and turn on 
endogenous protective pathways producing an “ischemic tolerant” phenotype. A 
promising strategy is to harness these endogenous self-protective pathways and 
mechanisms. The most effective way to turn on these pathways is “precondition-
ing” of the brain.

2  History of Preconditioning

Preconditioning is the phenomenon that small doses of an injurious agent pro-
tect against subsequent larger injurious or lethal doses. The term “precondition-
ing” and the term “tolerance” are often interchanged. Janoff first introduced the 
terms “preconditioning” and “tolerance” to refer to the stabilization of lyso-
somes observed in rodents “preconditioned” with minor doses of traumatic 
injury prior to a lethal rotational traumatic injury in a Noble Collip drum [12]. 
The concept of tolerance or preconditioning has been known since Ancient 
times. Mithridates VI, King of Pontus (c 132–63 B.C.), a rival and enemy of the 
Romans, protected himself against poisoning by daily ingesting small doses of 
toxins and poisons [13–15]. The preconditioning was so effective that when 
cornered by the Romans, Mithridates was unable to commit suicide by overdose 
and had to be killed by the sword. His universal antidote was known as 
“Mithridatuum” and “Mithridiatism” refers to tolerance to a poison or toxin by 
gradually taking larger doses of the toxin. In the sixteenth century, the Swiss 
physician-astrologer, Paracelsus, often called the father of toxicology, is cred-
ited with formulating the concept that the “dose makes the poison” [16]. 
Preconditioning is immortalized in literature and philosophy by Nietzsche—
“what doesn’t kill you makes you stronger” [17]. Exercise training is also a form 
of preconditioning. There are many forms of preconditioning agents and stimuli, 
the most notable being hypoxia and ischemia.
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3  History of the Concept of Ischemic Preconditioning 
and Remote Ischemic Conditioning

One of the most potent, innate protective mechanisms against cerebral ischemic 
injury is ischemic preconditioning [18–20]. Ischemic preconditioning was first 
described over 30 years ago by Murry and colleagues [21], who demonstrated that 
in a dog, multiple brief episodes of ischemia (4 cycles of 5 min occlusion followed 
by reperfusion) of the left anterior descending artery reduced the size of the infarc-
tion induced by subsequent prolonged occlusion of that vessel. Li and colleagues 
were the first to document the efficacy of ischemic preconditioning in rat hearts in 
1992 [22]. They demonstrated that brief episodes of preconditioning ischemia 
reduced the size of a myocardial infarction in a rat model of low coronary collateral 
blood flow [22]. However, the beneficial effects of preconditioning appeared to 
have been very short-lived in this model [22].

Przyklenk and colleagues [23] observed that brief episodes of ischemia–reperfu-
sion in a different region of the same organ provide protection to the nearby isch-
emic heart, the first demonstration of “regional” preconditioning. Using a canine 
model, they observed that repetitive brief occlusion of the circumflex artery pro-
tected against subsequent left anterior descending artery occlusion during 60 min of 
occlusion [23]. The benefits of IC were not limited to those myocytes that were 
subjected to brief ischemia; rather, brief ischemia in one vascular bed protected 
remote, virgin myocardium from subsequent sustained coronary artery occlusion. 
This implied a role for a humoral blood-borne substance that is activated, released, 
and transported within the heart.

In 1997, remote preconditioning was extended to limb ischemia by Birnbaum 
and colleagues [24] who demonstrated that rabbit hindlimb ischemia, produced by 
combined brief cycles of blood flow restriction with electrical stimulation of the 
hindlimb, protected the heart against later ischemia [11]. That same year, a mini-
mally invasive approach of inducing hindlimb ischemia as a remote preconditioning 
stimulus was introduced by Oxman and colleagues [25] who demonstrated that 
applying a thin-elastic tourniquet to the hindlimb to induce 10 min of limb isch-
emia, significantly decreased reperfusion arrhythmias in a rat heart following a sus-
tained ischemic insult. Five years later, Kharbanda and colleagues [26] were the first 
to demonstrate that brief and clinically practical period of limb ischemia induced 
remote preconditioning of human arterial vessels in vivo. In 2007, Schmidt and col-
leagues [27] demonstrated in a pig model that 4 cycles of 5 min of ischemic condi-
tioning applied with a tourniquet to the hindlimb, reduced infarct size, preserved 
global systolic and diastolic functions, and protected against malignant arrhythmias 
after 40 min of left anterior descending occlusion. While prior studies had intro-
duced the ischemic stimulus prior to the index ischemic event, Schmidt and col-
leagues performed the remote conditioning during the ischemia so-called 
perconditioning. Together, these preclinical studies have paved the way for a num-
ber of randomized clinical trials of remote limb preconditioning to protect the heart.
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One of the advantages of RIC is that it can be performed in a nonvital organ, 
avoiding the high risk involved with inducing ischemia in vital organs such as the 
brain or the heart [28–30]. It can also be applied before the ischemic insult in the 
target site (remote ischemic preconditioning RIPreC), during the ischemic insult 
(remote ischemic perconditioning RIPerC) or at the onset of reperfusion (remote 
ischemic postconditioning RIPostC) [9, 31–33]. All three remote ischemic condi-
tioning (RIC) strategies have similar therapeutic potential and trigger innate mecha-
nisms to protect against brain injury after ischemic stroke [34–36]. However, due to 
the unpredictability of the timing of the ischemic event, RIPreC has limited clinical 
application [11, 36]. Recently, a number of studies have demonstrated that RIPerC 
and RIPostC offer a more feasible approach for the treatment of acute ischemic 
stroke in the clinical settings as they can be applied during or after the ischemic 
period [18, 35–38].

4  Mechanisms of RIC

Although the mechanism through which an episode of brief ischemia and reperfu-
sion in an organ or tissue exerts protection against a subsequent sustained insult of 
ischemia–reperfusion injury in a remote organ or tissue remains to be fully eluci-
dated, several hypothesis have been proposed [39]. Three theories mostly from 
work in the heart have been advanced [39, 40]: (1) neurogenic transmission with 
involvement of muscle afferents and the autonomic nervous system, (2) the involve-
ment of humoral or blood-borne factors in the mechanism of RIC, and (3) systemic 
response which suppresses inflammation and apoptosis. The protective pathways 
converge on the mitochondria (see Fig. 18.1).

4.1  Neural Mechanism

The neural hypothesis proposes that preconditioning of the organ or tissue remote 
from the heart generates an endogenous substance such as adenosine, bradykinin, or 
calcitonin gene-related peptide (CGRP), which then activates a local afferent neural 
pathway stimulating an efferent neural pathway terminating at the heart and mediat-
ing cardioprotection [41, 42]. Gho and colleagues [43] showed the reduction in 
myocardial infarct size induced by brief ischemia and reperfusion of the anterior 
mesenteric artery (MAO) could be reversed in the presence of hexamethonium, an 
antagonist of nicotinic acetylcholine receptors and an autonomic ganglia blocker. 
The efferent pathway involves the vagal nerve as RI PreC-mediated cardioprotec-
tion is dependent upon activation of vagal preganglionic fibers [44]. Moreover, 
application of capsaicin, a stimulator of type C afferent sensory fibers mimics the 
cardioprotective effect of RIC [45]. Similarly, direct electrical stimulation of periph-
eral nerves is cardioprotective, likely via release of humoral factors [46].
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4.2  Humoral Mechanism

The transmission of the signal from the peripheral organ (e.g., limb) to the remote 
target organ (brain) is likely via humoral blood-borne factors. The best evidence for 
this is in transfer experiments where blood from a human or animal subjected to 
limb RIC protects the heart in an ex vivo Langendorff cardiac model [47]. Although 
the exact mediators remain unknown, the best evidence to date exists for stromal 
derived factor 1 a (SDF-1) [48], micro RNA 144 [49], interleukin 10 [50], and 
plasma nitrite [51].

4.3  Nitric Oxide

In RIC, the nitric oxide (NO) system appears to play a role in the mechanism of protec-
tion [52]. In a mouse liver ischemia–reperfusion model, Abu-Mara and colleagues [53] 
demonstrated that NO plays an essential role in reducing liver damage during the early 
phase of IR injury. Mice treated with RIC were protected from liver ischemic damage 
and have increased microvascular blood flow [53]. This protection was abolished with 
C-PTIO (2-(4-carboxyphenyl)-4,4,5,5-tetra methyl imidazoline- 1- oxyl-3-oxide), a 
direct NO scavenger [53]. The mice treated with RIC had elevated NO levels in the 
blood. Moreover, the neuroprotective effect of preconditioning was lost in endothelial 
NO synthase knockout mice [54]. This protection involved preservation of the sinusoi-
dal structure and maintenance of blood flow through the hepatic microcirculation [53]. 
In addition, NO and nitrite are involved in a cell signaling pathway mediating RIC-
induced cardioprotection [52]. Rassaf et al. [51] reported that in mice subjected to 4 
cycles of no-flow ischemia with subsequent reactive hyperemia, RIC protected hearts 
and increased nitrite levels in the plasma and hearts in mice. Similarly, nitrite levels 
increased in the plasma of healthy human volunteers during RIC of the arm [51]. 
RIPerC increases relative cerebral blood flow (CBF) after thromboembolic stroke [56] 
much in the same manner as highlighted earlier with the hepatic microvasculature.

4.4  Combined Neural and Humoral Mechanism

Both the neural and humoral hypotheses are combined into a revised hypothesis that 
a humoral factor is induced and released by peripheral nerves [11]. This was dem-
onstrated in a study of patients with diabetes mellitus by Jensen and colleagues [55]. 
In this study, RIC was administered to patients with diabetic peripheral neuropathy 
and patients with diabetes but no neuropathy. Dialysate from their blood was subse-
quently transferred to isolated hearts. Dialysate from patients with neuropathy 
offered less cardioprotection than did dialysate from patients without neuropathy, 
suggesting that peripheral nerves are required for the release of a humoral factor.

C.J. Ezepue and D.C. Hess
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4.5  Systemic Anti-inflammatory Response

Finally, there is evidence to suggest that RIC may be part of a protective systemic 
response which affects immune cells and inflammatory response [39, 56]. Kostantinov 
and colleagues using a microarray method demonstrated that a simple model of brief 
forearm ischemia suppresses proinflammatory gene expression in circulating leuko-
cytes within 15 min of RIC and at 24 h after conditioning. At 24 h, this change was 
accompanied by a significant reduction in the expression of leukocyte CD11b [56]. 
In a rat myocardial infarction model, chronic repeated daily RIC reduced the number 
of neutrophils and macrophages in the heart, and the expression of monocyte chemo-
tactic protein 1, indicating a long-term reduction of inflammation [57].

5  Remote Ischemic Conditioning in Acute Myocardial 
Infarction

Acute myocardial infarction shares many common mechanisms and treatment 
approaches with acute ischemic stroke. Treatment of acute ischemic stroke has fol-
lowed many of the treatment strategies used in acute myocardial infarction (AMI) 
but has lagged by at least a decade. Thrombolytic agents and mechanical reperfu-
sion strategies are both successfully used in AMI with percutaneous coronary inter-
vention (PCI) analogous to mechanical thrombectomy in acute ischemic stroke.

The search for adjunctive treatments in AMI has been disappointing. 
Cardioprotection has been as vexing a problem as neuroprotection with many failed 
clinical trials [58, 59]. However, RIC seems to be one of the most promising cardio-
protectants and adjuncts to PCI. In a landmark randomized trial of ST elevation MI 
(STEMI) in the prehospital setting in Denmark (CONDI 1) RIC (4 cycles of 5 min) 
in the ambulance before PCI improved myocardial salvage [60]. Similarly, other 
randomized trials have shown that RIC started in the hospital before PCI reduced 
infarct size, improved myocardial salvage, and reduced myocardial edema [61] or 
reduced infarct size [62]. In all these trials, RIC was safe and well tolerated. 
Interesting in the CONDI trial, one RIC treatment used as an adjunct to PCI was 
associated with reduction in long-term major adverse cardiovascular and cerebro-
vascular events (MACCE) [63]. A similar reduction in long-term MACCE was 
observed in patients receiving RIC as an adjunct to elective coronary stenting [64]. 
A larger trial of RIC as an adjunct to PCI is ongoing in Europe, the CONDI2 trial, 
with a sample size of 4300 subjects with the primary endpoint being cardiac 
 mortality [65] (Clinicaltrial.gov NCT01857414). There is also evidence that RIC is 
effective in combination with thrombolysis in AMI. In the ERIC LYSIS trial on the 
island of Mauritius where PCI is not widely available, RIC in combination with tPA 
reduced myocardial infarct size as measured by troponin and CPK [66]. In sum-
mary, RIC is safe, feasible, well tolerated, and has “activity” when used as an 
adjunct to both PCI and thrombolysis in AMI.

18 Remote Ischemic Conditioning: A Highly Translatable Therapy for Acute Stroke
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6  Review of Preclinical Studies of RIC in Stroke

The finding that brief periods of tissue ischemia can induce protection in other tis-
sues has generated a number of preclinical studies which provide strong evidence 
that remote ischemic conditioning is an effective neuroprotectant with implications 
for acute stroke care [40]. We and others have shown that RIC is a powerful “neu-
roprotectant” and “vasculoprotectant” in a number of preclinical animal models [34, 
67–70]. We have tested RIC in an embolic clot ischemic stroke model in the mouse 
and have demonstrated that RIC is effective alone and in combination with tissue 
plasminogen activator (tPA) in both young, males, and ovariectomized females and 
aged animals [34, 69, 71]. RIC reduces infarct size, improves functional outcome, 
improves cerebral blood flow, and reduces tPA-related ICH. Other investigators 
have shown RIC to be effective in rat mechanical occlusion models [67] and in 
Table 18.1.

There are some key questions that will be important to address for clinical trans-
lation. Does repeated RIC enhance the neuroprotective effect? Since RIPreC, 
RiPerC, and RIPostC are all effective in rodent cerebral ischemic models (Table 18.1) 
combining RIPostC with RIPerC might lead to an enhanced effect. In a rat TMCAo 
model, RIPostC for 14 days added to RiPerC led to reductions in infarct size and 
improved outcome compared to RiPerC alone [36]. Can RIC be combined with 
other interventions? Using a preclinical 2 × 2 factorial design using a mouse TE 
model in which minocycline was administered at 1 h after stroke onset and RIPerC 
administered at 2 h after onset in mice aged 12 months, the combination had an 
additive effect in animals that were treated or not treated with rtPA at 4 h after onset 
[69]. RIPerC increased cerebral blood flow in both animals treated with IV tPA and 
those not treated with tPA [11].

7  RIC and Cerebral Blood Flow

One of the key mechanisms of neuroprotection with ischemic preconditioning is an 
increase in CBF. In a mouse MCAo model, brief episodes of ischemia (15 min) 
protected against a later 45 min period of ischemia and increased CBF by laser 
Doppler and MRI arterial spin labeling (ASL) [72]. Ischemic preconditioning also 
increased CBF and perfusion when delivered 24 h before permanent MCA occlu-
sion [73] RIC increased relative CBF as measured by laser contrast speckle imaging 
after thromboembolic stroke in mice [34]. This CBF increase occurred in young 
healthy males [34], older males [69], and ovariectomized females [68]. Chronic 
RIC increased CBF by SPECT patients with intracranial atherosclerosis [74]. 
Moreover, in a bilateral carotid artery stenosis model in mice, daily RIC for 2 weeks 
increased CBF and this increase persisted [70]. What is the mechanism of this 
increased CBF? Studies are ongoing in our laboratory to address whether RIC is 
increasing angiogenesis and/or arteriogenesis (collateral blood flow).

C.J. Ezepue and D.C. Hess
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8  Clinical Trials of RIC in Acute Ischemic Stroke

The first translation of RIC in acute ischemic stroke was the Danish prehospital 
trial. Hougaard and colleagues [9, 75] designed a randomized clinical trial investi-
gating the impact of remote limb conditioning (RIPerC) in acute stroke patients in a 
prehospital setting in Denmark. The primary endpoint was penumbral salvage 
defined as perfusion–diffusion mismatch not progressing to infarction after 1 month 
and secondary endpoints were the final infarct size, infarct growth, and clinical 
outcomes at 3 months. Patients were randomized in a single-blind fashion to 4 
cycles of 5 min of occlusion with a blood pressure cuff on the arm or no interven-
tion. RIPerC was induced during transportation in the ambulance with four infla-
tions of a standard upper limb blood pressure cuff to 200, or 25 mmHg above the 
patient’s systolic blood pressure if their blood pressure was >175 mmHg. If the 
transportation time was too short for 4 cycles of inflation and deflation, the proce-
dure was discontinued on arrival to the stroke unit. All eligible patients underwent 
baseline brain magnetic resonance imaging (MRI) and received intravenous tissue 
plasminogen activator within 4.5 h if eligible with repeat MRI performed at 24 h. Of 
the 443 randomized patients, 247 received RIPerC and 196 received standard treat-
ment. Baseline diffusion-weighted imaging and perfusion-weighted imaging did 
not differ between the intervention and control group. Transient ischemic attack was 
more frequent in patients who received RIPerC than in patients who did not (42 of 
247 versus 16 of 196, P = 0.006), and patients who received RIPerC had lower base-
line NIHSS scores than patients who did not (median 4 versus 5, P = 0.016). MRI 
data showed no significant effect of RIPerC between the intervention and control 
group on penumbral salvage, final infarct size, or infarct growth. However, after 
adjustment for baseline perfusion and diffusion lesion severity, voxel-wise logistical 
analysis showed that RIPerC reduced tissue risk of infarction (P = 0.0003). There 
were no effects on functional outcome between the intervention and control groups. 
RIPerC was safe and well tolerated.

This first prehospital stroke trial of RIPerC is a landmark trial and there are some 
important learning points. First, the trial enrolled a mild stroke population. No pre-
hospital stroke severity scale was used so the baseline mean hospital NIHSS [5] was 
much lower than FAST-MAG a prehospital trial of magnesium where the Los 
Angeles Motor Scale was used where the baseline hospital NIHSS was much higher 
[11, 76]. Second, many subjects did not receive the full dose of RIC. Since RIC was 
discontinued when the patient arrived at the ED, only 41 % of the subjects received 
the full RIC dose of 4 cycles. Third, due to a misunderstanding, many of the patients 
randomized to the control group were not followed up long term due to failure to 
approach them for informed consent. Fourth, there was a high rate of stroke mimics 
(24.5 % versus 3.9 % in FAST MAGS). Finally, the study only focused and reported 
on efficacy endpoints on the subset of patients receiving IV tPA (272/443), 61 % of 
subjects. A number of lessons can be learned from the trial—the need to include a 
prehospital severity scale and to use an automated RIC device so that the RIC can be 
continued once the patient arrives to the ED and the full dose can be administered.
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9  Other Clinical Trials of RIC in Stroke

The safety and feasibility of RIC has also been tested in a phase 1b trial of remote 
ischemic preconditioning with 33 patients with recent subarachnoid hemorrhage. 
Koch and colleagues [77] found repetitive ischemic limb preconditioning using 
blood pressure cuff on the leg with inflation as long as 10 min, to be feasible, safe, 
and well tolerated in critically ill patients with subarachnoid hemorrhage. Likewise 
Gonzalez and colleagues [78] assessed the feasibility and safety of RIC for aneurys-
mal subarachnoid hemorrhage in 20 patients enrolled within a median of 4–5 days 
post-SAH (range 1–13). The authors found that the RIC procedure was well toler-
ated by patients and did not cause any injury. No patient developed delayed isch-
emic neurological deficit (DIND) during their enrollment in the trial and patients 
had promising outcomes at follow-up [78].

In a proof-of-concept study of upper limb preconditioning on the rate of stroke 
recurrence in patients with intracranial atherosclerosis, Meng and colleagues [74] 
demonstrated that repeated bilateral arm preconditioning (5 cycles of bilateral upper 
limb ischemia for 5 min followed by reperfusion for another 5 min) performed 
twice a day for a total of 300 consecutive days reduced recurrent stroke in patients 
[74]. This has been confirmed in a second trial of bilateral arm conditioning in octa-
genarians and nonagenarians with a reduction of stroke and TIA in the RIC group 
[79]. In these trials, there was an improvement in the modified Rankin score of the 
index strokes by RIC suggesting that RIC in the form of RIPostC was promoting 
recovery from stroke.

10  Future Directions and Conclusions

The feasibility, safety, and tolerability of RIC make it an attractive and promising 
strategy in acute ischemic stroke. There is a solid foundation of the safety and 
“activity” of RIC in the cardiac field and a growing preclinical body of evidence in 
rodent stroke models. The Danish prehospital trial also shows a hint of activity and 
sets the foundation for future prehospital stroke trials. RIC increases CBF in animal 
models suggesting an important mechanism of action and measurements of CBF by 
MRI arterial spin labeling may be an important imaging biomarker in future studies. 
Validated plasma biomarkers of the conditioning response are still needed.

There are also other potential opportunities to apply RIC in the acute stroke set-
ting. With the increase in transfers of stroke patients from community hospitals to 
Comprehensive Stroke Centers some with long helicopter or ground transfer times, 
there will be a growing need to develop therapies that “freeze the penumbra” and 
target reperfusion therapy. RIC is an ideal therapy to administer in the helicopter 
(see Fig. 18.2). Since RIC targets reperfusion injury and increases CBF, it is an ideal 
intervention to use before, during, or after MT. RIC has already been shown to be 
safe and feasible during air transport of STEMI patients prior to PCI [80].
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Chapter 19
Hypothermia for Acute Ischemic Stroke

Roy Poblete and Gene Sung

Abstract The use of hypothermia as a medical therapy has been used and tested for 
centuries. In the modern era, its use in neurological diseases has attained significant 
interest and potential benefit has been found in a number of areas, particularly cere-
bral ischemia. In the setting of global cerebral ischemia, clinical benefit has been 
observed and so it seems that this may be the case in focal cerebral ischemia as well. 
This chapter reveals the current state of the evidence.

Keywords Therapeutic hypothermia • Acute ischemic stroke • Neuroprotection • 
Cerebral ischemia
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1  Therapeutic Hypothermia and Its First Historical 
Applications

The use of therapeutic hypothermia is not exclusive to modern medicine. Its first 
descriptions are found in the oldest known medical text—the Edwin Smith papyrus 
(c. 3000 BCE)—to treat ulcerated lesions and open head wounds [1]. The ancient 
Greeks and Romans were also known to apply cold remedies to the injured. 
Hippocrates described packing patients in ice and snow to reduce hemorrhage [2], 
Homer’s Iliad depicted cold water packs as a wound dressing [1], and total body 
cooling was advocated for the treatment of tetanus during the fourth and fifth cen-
turies BCE [3]. Anecdotally and throughout the historical record, victims of acci-
dental hypothermia—most notably in drowning victims—have made unexpected 
recovery despite mimicking death [4]. In cases of accidental hypothermia, patients 
can achieve full neurologic recovery despite sustaining core temperatures slightly 
less than 14 °C [5]. It was not until the late eighteenth century that the first physio-
logic experiments with therapeutic hypothermia were completed by Dr. James 
Currie of Liverpool. In his now famous work, Currie examined the effects of vari-
ous methods of cooling in human subjects and later promoted the use of cold water 
for the treatment of fever [6].

Hypothermia for neurologic disease was first introduced in the 1930s by the 
American neurosurgeon, Dr. Temple Fay. His first applications of whole-body 
refrigeration were in 169 patients with intractable chronic pain associated with met-
astatic cancers, but later found uses in traumatic brain injury and intracerebral infec-
tion [7]. Other early applications of therapeutic hypothermia in neurology patients 
were found in the field of surgery. Neurosurgeon Irving Cooper developed a cryo-
ablation technique for extrapyramidal disorders and intracranial tumors [8, 9], while 
whole body hypothermia was pioneered as a neuroprotectant during induced circu-
latory arrest for intracranial aneurysm surgery [10–12].

2  Extrapolation from Cardiac Arrest Population

In twentieth-century medicine, therapeutic hypothermia has been most firmly 
established in the context of cardiac disease. In the setting of cardiac failure, 
whether spontaneous or iatrogenic, cooling was hypothesized to slow neuronal 
metabolism and protect the brain from ischemic injury. In the 1950s, induction of 
moderate hypothermia was used successfully for open-heart surgery [13], and its 
benefit following cardiac arrest had been reported [14, 15]. Its routine use, how-
ever, was subsequently abandoned because of insufficient evidence and difficulties 
with its application [16]. Guidelines went unchanged until two randomized clinical 
trials published in 2002 demonstrated the benefit of induced hypothermia in reduc-
ing mortality and improving neurologic outcome following out-of-hospital cardiac 
arrest due to ventricular fibrillation [17, 18]. Apart from ventricular arrhythmias, 
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its application to other situations of cardiac arrest is continually being investigated 
[19]. Questions regarding the optimal timing and duration of hypothermia, meth-
ods of cooling, and ideal target temperature are still a matter of debate.

To date, induced hypothermia remains the only treatment modality with proven 
neuroprotective properties following global ischemic events such as cardiac arrest 
and newborn hypoxic encephalopathy [20, 21]. Given its effectiveness in treating 
diffuse neurologic injury, its application to focal brain injuries—including acute 
ischemic stroke—is of significant clinical interest. Therapeutic whole-body cooling 
has already been investigated in traumatic brain [22, 23], spinal cord injury [24, 25], 
and multiple sclerosis [26]; however, with nearly 1,000,000 hospitalizations per 
year in the United States for stroke [27], its use in acute cerebral infarction is of 
added importance.

3  The Pathophysiology of Stroke and the Effect 
of Hypothermia

Relative to other body systems, the brain is metabolically a highly active organ. 
Although it only accounts or 2 % of total body weight, it receives 15 % of cardiac out-
put and consumes 20 % of total body oxygen [28]. At the time of stroke onset, brain 
tissue normally supplied by the occluded vessel experiences relative hypoperfusion. 
The degree of decreased cerebral blood flow (CBF) is variable, but relative CBF reduc-
tions of 60 % compared to the contralateral side are felt to predict the ischemic core of 
nonsalvageable tissue [29]. Through local compensatory mechanisms that include ves-
sel dilation and increased transfer of oxygen from blood to tissue, the brain is initially 
able to maintain cerebral blood volume and preserve cerebral oxygen metabolism [30]. 
If blood flow is not restored, metabolic crisis can ensue. This is characterized by a 
reduced cerebral metabolic rate of oxygen (CMRO2) and glucose in penumbral tissue 
[31], potentially leading to enlargement of the ischemic core.

Historically, the neuroprotective effect of induced hypothermia was thought to largely 
relate to reducing cerebral metabolism and avoiding metabolic crisis. Since our first clini-
cal experiences with therapeutic hypothermia, much has been derived about the cellular 
mechanisms that lead from brain ischemia to apoptosis and necrosis as a final common 
pathway. These pathophysiologic processes have largely been elucidated through work 
involving animal models of both global and focal cerebral ischemia.

3.1  Cerebral Metabolism

As discussed earlier, cerebral oxygen metabolism is initially preserved prior to 
onset of metabolic crisis [30]. In the acute phase of ischemia, hypothermia may 
reduce CMRO2 approximately 6 % for every −1 °C change in temperature, poten-
tially maintaining viable cells in a low metabolic state [32, 33]. Following the acute 

19 Hypothermia for Acute Ischemic Stroke



480

injury, depression of the mitochondrial aerobic metabolic rate can last several 
weeks; however, induced hypothermia results in faster metabolic recovery associ-
ated with increases in high-energy phosphates and reduced concentrations of toxic 
metabolites [34, 35].

3.2  ATP Depletion, Ca2+ Influx, and the Release of Excitatory 
Neurotransmitters

With cessation of blood flow to a neuron, ATP depletion occurs within a short period 
of time and results in the failure of the Na+–K+ ATPase pump [36]. Subsequent loss of 
the normal ionic gradient leads to increases in extracellular potassium [37], calcium 
influx, and intracellular acidosis which is exacerbated by phosphate, lactate, and H+ 
production through anaerobic glycolysis [36]. Excess concentrations of intracellular 
Ca2+ give rise to a number of pathophysiologic consequences. Mitochondrial injury 
and dysfunction lead to the release of enzymes into the cytoplasm that causes further 
intracellular damage. Ca2+ overload will additionally promote spontaneous membrane 
depolarization and release of large amounts of glutamate into the extracellular space 
[38]. The result is a persistent hyperexcitable state characterized by recurrent Ca2+ 
influx and cyclic neuronal damage. Hypothermia may help maintain physiologic ionic 
gradients in the setting of ischemia and may interfere with processes that promote 
calcium influx and the release of excitotoxic neurotransmitters [39–41].

3.3  Free-Radical Production

The generation of reactive oxygen species (ROS) is an important consequence of 
ischemic injury and has many potential sources. Although they are produced during 
oxidative stress, large amounts of oxygen radicals are released with mitochondrial 
damage, membrane phospholipid metabolism, and reperfusion injury [42, 43]. The 
process is cyclical, with excess free radicals leading to peroxidation of lipids, pro-
teins, and nucleic acids, and further generation of ROS. There is evidence that hypo-
thermia may act to slow free radical production, allowing innate enzymatic systems 
to clear excess ROS [40, 44].

3.3.1  Inflammation

Proinflammatory mediators such as tumor necrosis factor-alpha and interleukin-1 
are increased during acute ischemic injury and even more so during reperfusion. In 
models of ischemia and reperfusion, levels of inflammatory markers can remain 
elevated for up to 5 days [38]. In the presence of upregulated inflammatory signaling, 
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adhesion and migration of inflammatory cells across the blood brain barrier is 
stimulated and may lead to further production of toxic metabolites. Hypothermia 
suppresses proinflammatory cytokine production [45] and indirectly reduces the 
inflammatory response by slowing free-radical production and cellular injury.

3.4  Apoptosis

Apoptosis is the final common pathway of a variety of pathophysiologic processes 
that occur after ischemic injury and is thought to be associated with mitochondrial 
dysfunction and caspase-mediated DNA fragmentation. The effect of hypothermia 
is primarily mediated through inhibition of caspase activation as well as through a 
reduction in mitochondrial damage and dysfunction [46–48]. Because the actions of 
hypothermia are broad, suppression of apoptosis may be the result of blockade of 
many different upstream pathways.

4  Definitions

4.1  Levels of Hypothermia

Therapeutic hypothermia is defined by an intentional reduction in a patient’s core 
body temperature below 36.0 °C. The degree of hypothermia is often classified into 
the following categories: mild (34.0–35.9 °C), moderate (32.0–33.9 °C), moder-
ate–deep (30.0–31.9 °C), and deep (<30.0 °C) [49].

4.2  Phases of Temperature Modulation

Four phases define the implementation of therapeutic hypothermia: induction, 
maintenance, de-cooling (or rewarming), and normothermia. Successful achieve-
ment of all four phases in sequential order is not a passive process and requires 
continuous monitoring and implementation of temperature modulation strategies.

5  Methods of Temperature Modulation

Patient temperature is modulated through pharmacologic interventions or through 
the use of cooling devices. When rapid induction of therapeutic hypothermia 
(<36 °C) is desired, it is achieved through the use of devices that act through two 
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distinct methods: surface cooling or intravascular (core, internal) cooling. A third 
method, selective cooling, discrepantly lowers brain temperature greater than sys-
temic or core temperature with use of noninvasive devices. At present, its applica-
tion is largely investigational but may be clinically encountered. The efficacy of 
using one method over another to improve patient outcomes is unknown.

5.1  Pharmacologic Interventions

Medications, given either orally or intravenous (IV), can successfully modulate 
temperature, but are typically reserved for fever control in the ICU or to maintain 
normothermia. Antipyretic agents, such has acetaminophen, aspirin, and other non-
steroidal anti-inflammatory drugs (NSAIDs) can lower the hypothalamic tempera-
ture set point by inhibiting cyclooxygenase-mediated prostaglandin synthesis in the 
brain. The physiologic response is to activate mechanisms of heat dissipation, 
mainly vasodilation and sweating [50]. Pharmacologic interventions alone can 
maintain normothermia in neurologically injured patients [51–53] but is ineffective 
in achieving or sustaining hypothermia in small studies [49]. They are often used 
before and after cooling to prevent fever and can be used in combination with cool-
ing devices in cases refractory to hypothermia induction.

5.2  Surface Cooling

Surface cooling is the least invasive, easiest to implement, and an inexpensive 
method of inducing hypothermia; therefore, it is a first-line strategy at many centers. 
Heat is conducted away from the patient using air, cold water or ice, or volatile liq-
uids as a transfer media. Traditionally, initiation typically involves the removal of 
heat-trapping coverings from the patient and application of ice or cold water packs 
under the patient’s axilla and around other superficial vascular sites, such as the 
groin or neck. Disadvantages to conventional surface cooling including prolonged 
times to achieving goal temperature, difficulties maintaining that target after induc-
tion, and increased patient shivering. A number of commercially available modern 
surface cooling devices have been developed to induce hypothermia at a rapid rate 
and regulate maintenance temperature. All are fashioned as surface pads that adhere 
closely to the skin to promote heat exchange. The Arctic Sun (Medivance) was intro-
duced earliest and is still widely used. CoolBlue (Innercool Therapies), ThermoWrap 
(MTRE Advanced Technologies), and KoolKit (Cincinnati SubZero Products) are 
among more recently introduced products, with Cincinnati SubZero products shown 
to improve duration of normothermia in neurocritical care patients [54]. Thermosuit 
System (Life Recovery Systems) has shown promise in swine models, achieving a 
target core temperature of 33 °C in 9.0 ± 5.3–11.9 min in a small study [55], but clini-
cal data on its safety and efficacy in humans are incomplete.
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5.3  Intravascular Cooling

The primary alternate to surface cooling is inducing hypothermia through intra-
vascular cooling. Other terms often used synonymously include core and internal 
cooling. Infusion of cold saline to induce hypothermia is by definition an internal 
cooling method, but it is often used in combination with conventional surface 
cooling protocols. Cold fluid infusion is the best studied induction method, hav-
ing been shown to reduce temperature by 2–4 °C in cardiac and neurologically 
injured patients [56, 57], and can be easily and quickly implemented when 
induced hypothermia is indicated. Modern internal devices for acute ischemic 
stroke utilize intravascular cooling catheters that employ metal or cold fluid-filled 
balloons to conduct heat away from the patient. Other internal induction methods, 
such as peritoneal lavage and extracorporeal cooling have not been widely stud-
ied in stroke. In comparison to surface cooling, the purported advantage to endo-
vascular cooling is a shorter induction time and longer time spent at goal 
temperature [58–60]. Improvement in precision temperature management during 
the maintenance phase is largely achieved by electronic feedback temperature 
control systems that are integrated with the cooling catheter. Disadvantages in 
using intravascular devices include purchasing costs, the requirement of an inva-
sive procedure, difficulties in use, and concerns over adverse events. Complications 
can arise during placement, or may be delayed as in the case of catheter-related 
bloodstream infections, hematoma development, and venous thrombosis [61]. 
Commercially available products include the CoolGard temperature management 
system (Alsius), InnerCool (Philips Healthcare), and the Thermogard cooling 
catheters (Zoll Medical).

5.4  Selective Cooling

Selective cooling strategies have emerged more recently in attempts at differentially 
lowering brain temperature while avoiding the costs and complications associated 
with whole-body induced hypothermia. In a small, randomized study, Want et al. 
demonstrated the effectiveness of a cooling helmet to significantly decrease brain 
temperature and maintain selective hypothermia for 48–72 h [62]. In the interven-
tion group of eight patients, it took a mean duration of 3.4 h to achieve a brain 
temperature <34 °C and 6.67 h before systemic hypothermia (<36 °C) occurred. In 
the larger Pre-ROSC IntraNasal Cooling Effectiveness (PRINCE) study, Castrén 
et al. investigated the use of the RhinoChill, a transnasal evaporative cooling device, 
in cardiac arrest patients [63]. Compared to standard care, patients randomized to 
device treatment achieved a brain temperature of <34 °C in a significantly shorter 
time (mean 1.7 h). Significant complications have not been reported with either 
device. Given the ease of use, safety profile, and effectiveness of such noninvasive 
devices, their application to the prehospital setting is under investigation [64].
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6  Adverse Events Associated with Therapeutic Hypothermia

Any observed benefit from systemic or selective hypothermia must be considered 
against the potential treatment complications. Adverse events can occur during any 
of the four phases of therapeutic hypothermia and requires vigilance from all pro-
viders. The safety of one cooling method over another, or one temperature goal 
versus another, in preventing treatment complications is not sufficiently known.

6.1  Shivering

Shivering is the most commonly encountered side effect of whole-body cooling. In 
milder forms, shivering is intermittent and easily suppressed with nonparalytic 
pharmacologic interventions; however, more severe cases can be refractory to con-
ventional therapy and have detrimental physiological effects. Systemically, shiver-
ing results in significant increases in resting energy expenditure, rate of oxygen 
consumption, and heat energy production [65–67]. Skin is subject to breakdown 
when exposed to persistent cold and moisture, and shivering events can be misinter-
preted as pain, agitation, posturing, or seizure. Within the brain, decreases in brain 
tissue oxygenation were observed with onset of shivering in traumatic brain injury 
and subarachnoid hemorrhage patients [68], while shivering has also been associ-
ated with poorer neurologic exams [67]. These adverse effects, if left untreated, can 
interfere with successful temperature cooling and largely offset any potential bene-
fits intended by therapeutic hypothermia [69].

Active cutaneous warming (air, blanket, or radiant heating) is the most effective 
nonpharmacological antishivering technique [70]; however, it may interfere with 
maintenance of hypothermia. Shivering is typically controlled through the use of 
surface counter-warming combined with pharmacologic interventions that include 
magnesium, buspirone, meperidine and other opiates, benzodiazepines, propofol, 
alpha-agonists such as clonidine and dexmedetomidine, and paralytic agents in 
refractory cases. Magnesium is an appealing choice given its low side effect profile 
and possible neuroprotective properties. The optimal treatment strategy is unknown. 
There is significant heterogeneity in the literature in regards to study methods and 
results [71], with various antishivering protocol subsequently suggested [72, 73].

6.2  Cardiac and Hemodynamic Complications

Cardiac and hemodynamic adverse events are the most feared systemic complication 
of whole-body cooling. Bradycardia is the most pronounced effect of mild-to- 
moderate hypothermia and is largely responsible for the 25–40 % reduction in car-
diac output observed [74, 75]. At core temperatures near 32 °C, heart rate can 
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decrease to 40–45 beats per minute [60]. The physiologic response consists of 
peripheral vascoconstriction and increased myocardial contractility; therefore if 
hemodynamic instability occurs during hypothermia, hypovolemia should be con-
sidered and a fluid challenge is warranted [60]. Careful consideration and evaluation 
of volume status, underlying cardiac function, and evidence of systemic hypoperfu-
sion should be given before administering chronotropic agents for bradycardia, as 
this may be associated with reductions in cardiac contractility.

Clinically significant arrhythmias are most likely to occur at temperatures below 
30 °C as mild hypothermia may actually increase myocardial membrane stability 
[76]. ECG changes typically precede the development of arrhythmias and are char-
acterized by PR-prolongation, J-waves, QRS-complex widening, and increased 
QTc interval. These findings do not typically require intervention.

6.3  Metabolic Panel Abnormalities

Induction and maintenance of therapeutic hypothermia is associated with a variety 
of electrolyte derangements that include hypokalemia, hypomagnesemia, and hypo-
phosphatemia. Low electrolyte levels are a result of physiologic diuresis in response 
to hypothermia in combination with tubular dysfunction and ionic shifts [60, 77]. 
Close monitoring of magnesium levels during therapeutic hypothermia for acute 
ischemic stroke may be of special importance. Magnesium is potentially neuropro-
tective after brain injury [78–80] while hypomagnesemia has been associated with 
higher mortality rates in the critically ill [81, 82]. Caution should be given when 
replacing electrolytes, especially during the rewarming phase, as decreased renal 
losses and reversed intracellular shifts may result in elevated electrolytes.

Hypothermia induces hyperglycemia by simultaneously reducing insulin secre-
tion from the pancreas while increasing insulin resistance [60]. Diabetes mellitus, a 
vascular risk factor, is a common comorbidity in patients with acute ischemic stroke. 
Diabetic patients are prone to having poorly controlled blood sugars during acute 
illness, and this risk is amplified with induced hypothermia. The ideal blood glucose 
range during hypothermia is unknown.

6.4  Infectious Risks

Infectious risks are primarily the result of the anti-inflammatory properties of 
hypothermia. Hypothermia suppresses proinflammatory cytokine production [45] 
and indirectly reduces the inflammatory response by slowing free-radical produc-
tion and cellular injury. Impairment of immunologic function is a result of suppres-
sion of leukocyte migration and interference with cellular killing. Hyperglycemia 
may be an exacerbating factor.
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In safety and feasibility trials for induced hypothermia for acute ischemic stroke, 
pneumonia was the most commonly reported nosocomial infection [83–85]. There 
has been additional concern for increased risk of central-line associated blood-
stream infections (CLABSIs) with use of intravascular cooling devices; however, 
this has not been confirmed in clinical trials. As with any critically ill patient, imple-
mentation of management bundles to reduce the risk of nosocomial infections, such 
as ventilator-associated pneumonia and CLABSIs, is recommended.

6.5  Coagulopathy and Bleeding Risk

The coagulopathy of hypothermia is characterized by thrombocytopenia, platelet 
dysfunction, plasminogen activator inhibition, and interference with other coagula-
tion pathways [86–89]. Bleeding diathesis is thought to develop at temperatures less 
than 33 °C [86, 88, 90] and is most problematic for patients with active bleeding. 
The risk of significant bleeding from mild hypothermia (>33 °C) is minimal.

Acute ischemic stroke patients subjected to therapeutic hypothermia should be 
considered high risk for bleeding complications. Patients receiving systemic throm-
bolysis at the time of admission have the potential to compound the coagulopathies 
of hypothermia if induction is initiated without adequate intervening time. 
Additionally, large territory infarcts are highly susceptible to bleeding; 20 % of 
large vessel infarcts develop hemorrhagic transformation even without reperfusion 
therapies [91]. In clinical safety and feasibility trials for induced moderate hypo-
thermia in the setting of systemic alteplase use, symptomatic intracerebral hemor-
rhage has been observed [85, 92, 93]; however, these studies were insufficiently 
powered to make definite conclusions regarding bleeding risk.

7  Preclinical Data

Over 500 experimental treatments have demonstrated efficacy in animal models of 
focal cerebral ischemia [94], and that number is continually increasing. Despite 
robust preclinical data, IV thrombolysis using recombinant tissue plasminogen acti-
vator (rt-PA, or alteplase) has remained the only proven therapy for acute ischemic 
stroke over the last 20 years. In contrast to the majority of hypothesized neuropro-
tective agents, therapeutic hypothermia has been appealing because of its actions on 
a wide range of pathophysiologic mechanisms [95] and its success in treating global 
ischemia postcardiac arrest. Repeated meta-analysis has shown hypothermia to be 
the most potent neuroprotective agent in experimental models of stroke [95–97]. 
Overall, in animal models, hypothermia reduces infarct size by 44 %. Greatest effi-
cacy is seen with cooling to temperatures ≤31 °C and when induction occurs early 
in the disease course; however, substantial benefit is still observed with cooling to 
35 °C and with initiation between 90 and 180 min [95].
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8  A Review of Clinical Trials for Therapeutic Hypothermia 
in the Treatment of Acute Ischemic Stroke

8.1  Early Clinical Feasibility and Safety Trials

Early clinical feasibility and safety trials for induced hypothermia were supported 
by experience in animal models of cerebral ischemia [98, 99] and the demonstra-
tion of neurologic benefit in cardiac arrest patients [17, 18]. Observational analy-
sis conducted in the 1990s of acute ischemic stroke patients from Denmark 
showed that every 1 °C increase in admission temperature was associated with a 
2.2 % rise in relative risk of poor outcome [100, 101]. Subsequently published in 
2000, the Copenhagen Stroke Study was designed as a safety and feasibility trial 
for therapeutic hypothermia in awake patients with acute ischemic stroke [102]. 
In the study, 17 patients admitted within 12 h of symptom onset achieved mild 
hypothermia to a mean temperature of 35.5 °C for 6 h using cooling blankets. 
Shivering was reported as the most common side effect but was well controlled 
with meperidine. Results from the Copenhagen Stroke Study were encouraging 
but did not examine safety and feasibility of lower target temperatures in patients 
with large hemispheric infarcts.

Near the time of the Danish feasibility study, Schwab et al. investigated thera-
peutic hypothermia for sedated patients with severe middle cerebral artery (MCA) 
infarcts. In a pilot study of 15 patients with large MCA stroke, it was found that 
recorded cerebral temperatures were at least 1 °C higher than core body temperature 
[49]. Systemic cooling effectively brought brain temperatures to a goal of 33–34 °C; 
however, administration of single pharmacologic agents (paracetamol, metamizol) 
did not adequately induce or sustain hypothermia. In a follow-up feasibility and 
safety trial, 25 patients with large MCA infarcts were successfully induced and 
maintained in moderate hypothermia (target 33 °C) using a combination of surface 
cooling and cold saline infusions [83]. To evaluate the hypothesis that moderate 
hypothermia would counteract the pathophysiologic effects of malignant edema, 
intracranial pressure (ICP) and cerebral perfusion pressure were serially recorded. 
Significant adverse events reported were rebound ICP elevations seen following 
rewarming, and pneumonia observed in 40 % of patients. Because of the study 
design, it is unclear whether these complications were the result of hypothermia, or 
rather, associated with stroke severity. A survival rate of 56 % in study patients was 
promising, as it compared favorably to previously reported case fatality rates of 
approximately 80 % after severe MCA infarcts [103, 104].

Schwab et al. conducted a second feasibility and safety trial in 50 patients with 
massive hemispheric infarction [84]. Target bladder temperatures below 33 °C were 
successfully reached after an average of 6.5 h using both surface cooling and cold 
saline infusions. Moderate hypothermia was maintained for an average of 55 h with 
a passive rewarming phase of approximately 17 h. Similar to their prior study, a 
survival rate of 62 % compared favorably against historical controls; however, nei-
ther study was powered to determine efficacy. The most common systemic adverse 
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events reported were thrombocytopenia (70 %), bradycardia (62 %), and pneumonia 
(48 %). Again, it was demonstrated that rewarming was associated with rebound 
ICP elevations, with faster rewarming associated with greater increases in ICP.

8.2  The Introduction of Modern Cooling Devices for Induction

Endovascular cooling methods for induced moderate hypothermia was demon-
strated in a 2001 study by Georgiadis et al. [105]. A then novel device (CoolGard 
system, Alsius Corporation) for induction and temperature maintenance was 
used. The system consisted of a cooling catheter with fluid-filled balloons at 
the distal end, inserted in to the femoral vein and integrated with an external 
temperature management system. In six patients with severe MCA infarct, use 
of the device resulted in rapid cooling (1.4 ± 0.6 °C per hour) to moderate hypo-
thermia (32.2–33.4 °C). One of the six patients died at 59 h after the initiation 
of hypothermia because of uncontrollable intracranial hypertension, with no 
other deaths reported during the acute phase of stroke. No device-related side 
effects were observed except for a case of diaphragmatic spasm. Importantly, 
the development of groin hematoma was not seen, including in two patients 
who had received IV thrombolytics 29 and 32 h before catheter insertion. Other 
complications reported had been previously observed with systemic hypother-
mia achieved by surface cooling.

Despite advances in achieving moderate hypothermia in acute stroke, mild hypo-
thermia remained as an alternate target. At the time, the ideal temperature to improve 
outcomes and minimize systemic complications was not known. Additionally, mod-
erate hypothermia, especially when induced by endovascular cooling methods, was 
thought to require heavy sedation and mechanical ventilation. Zweifler et al. dem-
onstrated that a novel surface cooling device (Arctic Sun Energy Transfer Pads, 
Medivance) could be used to rapidly induce mild hypothermia in awake, nonintu-
bated patients [106]. In the study of ten healthy volunteers, a target temperature of 
34–35 °C was successfully achieved in 90 ± 53 min with a rate of cooling of approx-
imately 1.4 °C per hour. Induction and maintenance phases occurred without the use 
of anesthesia, and all subjects received acetaminophen and intravenous meperidine 
as needed for comfort and shivering. Commonly reported side effects were nausea 
(30 %) and elevated systolic blood pressure.

In lead-up to a larger multicenter clinical trial (The Intravascular Cooling for 
the Treatment of Stroke-Longer window trial, discussed later), Guluma et al. 
showed that an intravascular cooling catheter could induce moderate hypother-
mia (target core temperature of 33 °C) in awake, nonintubated patients [107]. 
The study protocol used superficial counter-warming blankets in addition to 
buspirone and meperidine during induction and a 24-h maintenance phase. 
Hypothermia protocol was well tolerated, with minimal shivering and no reports 
of oversedation.
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8.3  Induced Hypothermia in Combination with Systemic 
Thrombolytic Therapy

To date, intravenous rtPA remains the only FDA approved pharmacologic interven-
tion for the treatment of acute ischemic stroke. Benefits of reduced mortality and 
improved functional outcomes have been confirmed in meta-analysis of available 
randomized clinical trials [108]. For therapeutic hypothermia to become clinically 
viable, its safety and efficacy as an adjunct to IV thrombolytics would need to be 
demonstrated. Although the feasibility and safety of cooling to mild and moderate 
hypothermia had been shown in small studies, trials prior to 2001 had largely 
excluded stroke patients who had received alteplase. Safety concerns existed over a 
theoretical risk of intracerebral hemorrhage in the setting of hypothermia-induced 
thrombocytopenia and coagulopathy.

Cooling for Acute ischemic Brain Damage (COOL AID) was an open-label pilot 
study published in 2001 that addressed the combined use of therapeutic hypothermia 
with IV thrombolytics in acute ischemic stroke [92]. Nineteen patients with severe 
stroke (NIHSS score >15) who had received IV alteplase were enrolled. Patients 
were further eligible for induced hypothermia if the NIHSS remained >8 following 
thrombolytic therapy and informed consent, resulting in ten patients (NIHSS 
19.8 ± 3.3) being cooled and nine patients serving as control. In the treatment group, 
time from symptom onset to thrombolysis was 3.1 ± 1.4 h and time from symptom 
onset to initiation of hypothermia was 6.2 ± 1.3 h. Using surface cooling methods, 
hypothermia to a core target temperature of 32 °C was achieved in 3.5 ± 1.5 h for a 
mean duration of 47.4 ± 20.4 h. Patients receiving hypothermia had a 3-month modi-
fied Rankin Scale (mRS) score of 3.1 ± 2.3 compared to 4.2 ± 1.6 in the control group. 
Noncritical sinus bradycardia was the most common complication in the cooling 
group with other adverse events reported as ventricular ectopy, hypotension, infec-
tions, and atrial fibrillation with rapid ventricular response in two patients with 
chronic atrial fibrillation. Death occurred in three patients who were cooled, with one 
death attributed to the development of a large intraparenchymal hematoma.

COOL AID II was subsequently conducted as a multicenter randomized pilot 
trial to evaluate the feasibility of intravascular cooling to moderate hypothermia in 
patients with acute ischemic stroke [93]. Forty patients presenting within 12 h of 
symptom onset were enrolled in the study: 18 were randomized to hypothermia 
(mean NIHSS score 18.2 ± 4.4) and 22 to receive standard medical management 
(mean NIHSS score 16.9 ± 5.5). Thirteen patients were treated with thrombolysis in 
the cooling group (72.2 %) versus 15 patients (71.4 %) in the control group. In com-
parison to COOL AID, which used surface cooling, subjects in COOL AID II 
achieved target core temperature (33 °C) more rapidly (77 ± 44 min); however, five 
patients intended to be cooled did not successfully reach target temperature because 
of suboptimal catheter placement (n = 4) and shivering (n = 1). In the hypothermia 
group, symptomatic hemorrhagic transformation of ischemic stroke occurred in two 
patients and retroperitoneal hematoma developed in one. No significant bleeding 
events were observed in those who were not cooled. Clinical outcomes, including 
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mortality, NIHSS score, and modified Rankin score at 3 months were similar in both 
groups; however, the study was not powered to detect such differences. Considered 
together, COOL AID and COOL AID II demonstrated the feasibility of induced 
hypothermia using either surface or endovascular cooling methods in acute stroke 
patients, including those who received thrombolysis. Piironen et al. have since 
shown the utility of surface cooling to mild hypothermia following systemic rtPA in 
a small randomized controlled trial [109].

Published in 2010, The Intravascular Cooling in the Treatment of Stroke-Longer 
tPA window (ICTuS-L) study was a larger multicenter, randomized controlled trial 
that aimed to confirm the safety of endovascular hypothermia in patients receiving 
thrombolytic therapy after stroke [85]. Early experience with treatment protocol 
was gained during the previously published phase I ICTuS trial [110]. Compared to 
the ICTuS-L study, ICTuS was an uncontrolled pilot study of 15 patients who were 
cooled using intravascular methods; however, only 5 patients in the cohort (28 %) 
received rtPA. ICTuS-L enrolled 59 patients divided into 2 cohorts. Patients who 
presented within 3 h of symptom onset received IV alteplase, followed by random-
ization to either 24 h of endovascular cooling to 33 °C or standard medical manage-
ment. Those presenting between 3 and 6 h from onset were randomized into four 
groups: alteplase alone, hypothermia alone, combined alteplase and hypothermia, 
or standard medical management without alteplase or hypothermia. In total, 28 
patients were randomized to receive endovascular cooling. Baseline NIHSS score 
was 14.3 ± 5.0 in the hypothermia groups and 13.7 ± 5.1 in the normothermia groups. 
Pneumonia occurred more frequently in the hypothermia groups versus those who 
were not cooled (25 % versus 7 %, P < 0.05). The incidence of intracerebral hemor-
rhage at 48 h was similar in both groups. All four patients who developed symptom-
atic intracerebral hemorrhage were treated with rtPA within 3 h of symptom onset, 
while only one of the four patients was cooled. There was no statistical difference 
in mortality or functional outcomes by mRS at 3 months. Because these studies 
were not powered to do so, no definite conclusions could be made regarding the 
safety or efficacy of hypothermia as an adjunct to alteplase.

8.4  Induced Hypothermia in Combination to Decompressive 
Hemicraniectomy

Large hemispheric MCA infarcts are characterized by the development of early 
malignant cerebral edema, potential herniation, high mortality, and severe disability 
in survivors. In response, aggressive, but life-saving therapies have been proposed. 
In randomized, controlled trials and pooled analysis, decompressive hemicraniec-
tomy has shown a significant mortality benefit when done early (within 48 h) after 
malignant MCA strokes [111–114]. With feasibility demonstrated in early safety 
trials for hypothermia in large hemispheric infarcts, a 2006 study by Els et al. evalu-
ated combined hypothermia with surgical decompression [115]. Twenty-five 
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patients with an infarct size greater than two-thirds of the hemisphere were random-
ized to combination hemicraniectomy and mild hypothermia (target temperature 
35 °C), or hemicraniectomy alone. Surgery was performed within 15 ± 6 h of symp-
tom onset, followed by immediate cooling in the hypothermia group. Mortality and 
clinical outcome as measured by NIHSS score at 6 months was not statistically 
significant between groups. No case fatalities directly associated with combination 
occurred, and no significant adverse events were otherwise reported.

8.5  Induced Hypothermia in Combination with Intra-arterial 
Treatment

Intra-arterial treatment (IAT) for stroke due to large-vessel occlusion has emerged 
as an effective method of acutely restoring cerebral blood flow (CBF) to potentially 
viable penumbral tissue. IAT is performed using a combination of intra-arterial 
alteplase infusion and mechanical clot retrieval. In select patients, the effectiveness 
of mechanical thrombectomy in restoring CBF and improving functional outcomes 
has been demonstrated in a number of pivotal trials [116–120], with vessel recana-
lization (TICI 2b or 3) in 58.7–88 % of cases [121]. Combining IAT with immediate 
postrecanalization cooling has been proposed as a promising strategy to minimize 
reperfusion injury [122, 123] and is considered against the risk of hemorrhagic 
transformation of stroke, especially in the presence of a large ischemic core.

The Endovascular Reperfusion and Cooling in Cerebral Acute Ischemia 
(ReCCLAIM I) study was a phase I single-arm, open label clinical trial to examine 
the feasibility of endovascular hypothermia after reperfusion with mechanical 
thrombectomy [123]. In the study, 20 patients with a median NIHHSS score of 19 
and a median baseline imaging ASPECTS score of 6 were enrolled and analyzed. 
Patients who received IV thrombolysis were excluded. The average time from symp-
tom onset to groin puncture was 5.4 ± 1.8 h with 85 % of patients achieving TICI 2B 
or 3 grade reperfusion. Surface cooling was initiated during IAT, followed by rapid 
endovascular cooling using a Quattro catheter (Zoll Medical). Moderate hypother-
mia (target 33 °C) was achieved in 64 ± 50 min from the initiation of  cooling. Using 
HARM MRI protocol [124], evidence of blood–brain barrier breakdown was seen in 
three patients. Intracranial hemorrhage was found in three patients, with one patient 
being symptomatic. In comparison to historical controls at the study institution, 
hypothermia was potentially protective against hemorrhage (OR 0.09, p < 0.01). 
Patient outcomes were highly variable, with six reported patient fatalities due to 
withdrawal of care, and six patients who achieved mRS of 0–2 at 3 months.

A larger two-center (center A and B) cohort study was conducted by Hong et al. 
to further examine the effects of therapeutic hypothermia after successful recanali-
zation with TICI 2b or 3 reperfusion [125]. Patients enrolled at center A were 
induced to mild hypothermia for 48 h (goal temperature of 34.5 °C) with intravas-
cular cooling methods used in 95 %, while patients enrolled at center B received 
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standard care without hypothermia. Patients in the hypothermia group (n = 39) had 
an initial median NIHSS of 17, a baseline ASPECTS score of 6, and received 
mechanical thrombectomy in 31 cases (79.5 %), with no statistical baseline differ-
ences between groups. Compared to ReCCLAIM I, induction time was longer 
(378 ± 355 min). Patients who received cooling had less hemorrhagic transforma-
tion (61.5 % versus 86.1 %) and less cerebral edema (46.2 % versus 83.3 %) com-
pared to the control group, with no other differences in medical complication rates. 
No difference in mortality rates were seen, but hypothermia patients had a higher 
proportion of good outcome (mRS ≤ 2) at 3 months.

Efficacy trials for mechanical thrombectomy in acute large vessel ischemic 
stroke utilized advanced neuroimaging techniques to select for patients who would 
most benefit from IAT [116–120]. Application of such imaging-based selection 
strategies may prove advantageous in future studies investigating combination IA 
clot retrieval and induced hypothermia or hypothermia alone.

8.6  Phase III Trials for Therapeutic Hypothermia

To date, there have been no published large phase III efficacy trials for induced 
hypothermia following acute ischemic stroke. Such research is urgently needed, as 
animal models and small phase I and II trials have proven feasibility, acceptable 
safety, and substantial potential clinical benefit with therapeutic cooling to mild or 
moderate hypothermia. Two ongoing phase III trials may help confirm or refute 
these preliminary findings.

ICTuS 2/3 is a novel phase 2 and 3 trial aimed at confirming the safety and fea-
sibility of study protocol, then determining if combination IV thrombolysis with 
moderate endovascular hypothermia using study protocol is superior to thromboly-
sis alone [126]. ICTuS 2 (n = 400) will target four milestones: (1) target temperature 
reached within 6 h of symptom onset, (2) no increased risk of pneumonia compared 
to controls, (3) no increased signs or symptoms of fluid overload due to chilled 
saline infusions, and (4) sufficient enrollment. If these milestones are met, study 
protocol will be seamlessly applied in ICTuS 3 (n = 1200) for a total analyzed 
 sample of 1600 patients. Endovascular cooling methods were chosen based on the 
rapid induction rates achieved with cooling catheters, while a target temperature of 
33 °C is planned based on preclinical data suggesting possible superiority of moder-
ate hypothermia compared to mild hypothermia [126]. Eligible adult patients will 
have an NIHSS score ≥ 7 and ≤20 (for right brain lesions) or ≤24 (for left brain 
lesions) and will have received systemic rtPA. Patients with planned use of IAT, 
including mechanical thrombectomy, will be excluded. The primary outcome 
measure will be the proportion of patients achieving a mRS of 0 or 1 at 3-months 
following stroke, while mortality and adverse events will also be reported.

EuroHYP-1 is a multicenter, randomized, phase III clinical trial of therapeutic 
hypothermia plus best medical treatment versus best medical treatment alone for 
acute stroke being conducted in Europe [127]. Eligible adult patients (n = 1500) are 
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allowed an NIHSS score ≥6 and ≤18 and a GCS motor score ≥5, while patients who 
do not receive IV thrombolysis may still be randomized to therapeutic hypothermia. 
In contrast to the ICTuS 2/3 study design, the occurrence of mechanical thrombec-
tomy is not part of the delineated exclusion criteria. In patients randomized to hypo-
thermia, cooling to a target body temperature of 34–35 °C will be initiated within 
6 h of symptom onset and within 90 min after the start of alteplase, if given. 
Refrigerated normal saline infusions or surface cooling will be used for induction, 
with use of either surface or endovascular methods for the maintenance phase of 
24 h. The primary outcome is mRS score at 3 months. Secondary outcomes include 
mortality rate, as well as final infarct size, infarct growth, cerebral swelling, and 
hemorrhagic transformation on repeat brain imaging at 48 h. An incremental cost- 
utility analysis is also planned.

Investigators of ICTuS 2/3 and EuroHYP-1 have coordinated data collection, 
with pooled analysis to follow the conclusion of both trials. Results are eagerly 
awaited.

9  Conclusion

There is an abundance of information that supports the use of hypothermia for acute 
ischemic stroke. However, there is no conclusive clinical data as of yet. Similar to 
the application of mechanical thrombectomy and surgical decompression, level I 
evidence for the benefit of therapeutic hypothermia in acute ischemic stroke has the 
potential to significantly alter the scope of practice for this common and devastating 
condition.

References

 1. Tisherman SA, Rodriquez A, Safar P (1999) Therapeutic hypothermia in traumatology. Surg 
Clin North Am 79(6):1269–1289

 2. Polderman KH (2004) Application of therapeutic hypothermia in the ICU: opportunities and 
pitfalls of a promising treatment modality. Part 1: indications and evidence. Intensive Care 
Med 30(4):556–575

 3. Wang H, Olivero W, Wang D, Lanzino G (2006) Cold as a therapeutic agent. Acta Neurochir 
148:565–570

 4. Guly H (2011) History of accident hypothermia. Resuscitation 82:122–125
 5. Gilbert M, Busund R, Skagseth A et al (2000) Resuscitation from accidental hypothermia of 

13.7 degrees C with circulatory arrest. Lancet 355(9201):375–376
 6. Forrester JM (2000) The origins and fate of James Currie’s cold water treatment for fever. 

Med Hist 44:57–74
 7. Fay T (1959) Early experiences with local and generalized refrigeration of the human brain. 

J Neurosurg 16:239–259
 8. Cooper IS, Lee A (1961) Cryostatic congelation: a system for producing a limited controlled 

region of cooling or freezing of biologic tissues. J Nerv Ment Dis 133:259–263

19 Hypothermia for Acute Ischemic Stroke



494

 9. Gage AA (1998) History of cryosurgery. Semin Surg Oncol 14:99–109
 10. Rosomoff HL (1956) Hypothermia and cerebral vascular lesions. I. Experimental interrup-

tion of the middle cerebral artery during hypothermia. J Neurosurg 13:332–343
 11. Spetzler RF, Hadley MN, Rigamonti D et al (1988) Aneurysms of the basilar artery treated 

with circulatory arrest, hypothermia and barbiturate cerebral protection. J Neurosurg 
68:868–879

 12. Solomon RA (1991) Principles of aneurysm surgery: cerebral ischemic protection, hypother-
mia, and circulatory arrest. Clin Neurosurg 41:351–363

 13. Sealy WC, Brown IW, Young WG (1958) A report on the use of both extracorporeal circula-
tion and hypothermia for open heart surgery. Ann Surg 147(5):603–613

 14. Benson DW, Williams GR, Spencer F et al (1959) The use of hypothermia after cardiac 
arrest. Anesth Analg 38:423–428

 15. Williams GR, Spencer FC (1958) The clinical use of hypothermia following cardiac arrest. 
Ann Surg 148:462–468

 16. Nolan JP, Morley PT, Vanden Hoek TL et al (2003) Therapeutic hypothermia after cardiac 
arrest. An advisory statement by the advanced life support task force of the international lia-
son committee on resuscitation. Circulation 108:118–121

 17. Bernard SA, Gray TW, Buist MD et al (2002) Treatment of comatose survivors of out-of- 
hospital cardiac arrest with induced hypothermia. N Engl J Med 346:557–563

 18. The Hypothermia after Cardiac Arrest Study Group (2002) Mild therapeutic hypothermia to 
improve the neurologic outcome after cardiac arrest. N Engl J Med 346:549–556

 19. Arrich J, Holzer M, Havel C, et al (2016) Hypothermia for neuroprotection in adults after 
cardiopulmonary resuscitation. Cochrane Database Syst Rev 2:Art. No: CD004128. 
doi:10.1002/14651858.CD004128.pub4.

 20. Shankaran S, Laptook AR, Ehrenkranz RA et al (2005) Whole-body hypothermia for neo-
nates with hypoxic-ischemic encephalopathy. N Engl J Med 353:1574–1584

 21. Azzopardi DV, Strohm BM, Edwards AD et al (2009) Moderate hypothermia to treat perina-
tal asphyxial encephalopathy. N Engl J Med 361:1349–1358

 22. Clifton GL, Valadka A, Zygun D et al (2011) Very early hypothermia induction in patients 
with severe brain injury (the National Acute Brain Injury Study: hypothermia II): a random-
ized trial. Lancet Neurol 10(2):131–139

 23. Andrews PJ, Sinclair HL, Rodriguez A et al (2015) Hypothermia for intracranial hyperten-
sion after traumatic brain injury. N Engl J Med 373:2403–2412

 24. Levi AD, Casella G, Green BA et al (2010) Clinical outcomes using modest intravascular 
hypothermia after acute cervical spinal cord injury. Neurosurgery 66(4):670–677

 25. Dididze M, Green BA, Dalton Dietrich W et al (2013) Systemic hypothermia in acute cervi-
cal spinal cord injury: a case-controlled study. Spinal Cord 51(5):395–400

 26. Schwid SR, Petrie MD, Murray R et al (2003) A randomized controlled study of the acute and 
chronic effects of cooling therapy for MS. Neurology 60(12):1955–1960

 27. Hall MG, Levan S, DeFrances CJ (2012) Hospitalization for stroke in U.S. hospitals, 1989- 
2009. NCHS Data Brief, no 95. 2012. National Center for Health Statistics, Hyattsville

 28. Magistretti PJ, Pellerin L (1996) Cellular mechanisms of brain energy metabolism. Relevance 
to functional brain imaging and to neurodegenerative disorders. Ann N Y Acad Sci 
777:380–387

 29. Hatazawa J, Shimosegawa E, Toyoshima H et al (1999) Cerebral blood volume in acute brain 
infarction. Stroke 30:800–806

 30. Powers WJ, Grubb RL, Raichle ME (1984) Physiological responses to focal cerebral isch-
emia in humans. Ann Neurol 16(5):546–552

 31. Heiss WD, Huber M, Fink GR et al (1992) Progressive derangement of periinfarct viable 
tissue in ischemic stroke. J Cereb Blood Flow Metab 12(2):193–203

 32. Busto R, Dietrich WD, Globus MY et al (1987) Small differences in intraischemic brain 
temperature critically determine the extent of ischemic neuronal injury. J Cereb Blood Flow 
Metab 7(6):729–738

R. Poblete and G. Sung

http://dx.doi.org/10.1002/14651858.CD004128.pub4


495

 33. Welsh FA, Sims RE, Harris VA (1990) Mild hypothermia prevents ischemic injury in gerbil 
hippocampus. J Cereb Blood Flow Metab 10(4):557–563

 34. Lanier WL (1995) Cerebral metabolic rate and hypothermia: their relationship with ischemic 
neurologic injury. J Neurosurg Anesthesiol 7:216–221

 35. Kimura T, Sako K, Tanaka K et al (2002) Effect of mild hypothermia on energy state recovery 
following transient forebrain ischemia in the gerbil. Exp Brain Res 145:83–90

 36. Small DL, Morley P, Buchan AM (1999) Biology of ischemic cerebral cell death. Prog 
Cardiovasc Dis 42:185–207

 37. Nedergaard M, Hansen AJ (1993) Characterization of cortical depolarizations evoked in 
focal cerebral ischemia. J Cereb Blood Flow Metab 13(4):568–574

 38. Siesjo BK, Bengtsson F, Grampp W et al (1989) Calcium, excitotoxins, and neuronal death 
in brain. Ann N Y Acad Sci 568:234–251

 39. Winfree CJ, Baker CJ, Connolly ES et al (1996) Mild hypothermia reduces penumbral gluta-
mate levels in the rat permanent focal cerebral ischemia model. Neurosurgery 38:1216–1222

 40. Globus MY-T, Alonso O, Dietrich WD et al (1995) Glutamate release and free radical production 
following brain injury: effects of post-traumatic hypothermia. J Neurochem 65:1704–1711

 41. Baker AJ, Zornow MH, Grafe MR et al (1991) Hypothermia prevents ischemia-induced 
increases in hippocampal glycine concentrations in rabbits. Stroke 22:666–673

 42. Dugan LL, Choi DW (1999) Free radicals in hypoxia-ischemia. In: Siegel GJ. Agranoff BW, 
Albers RW et al (eds) Basic neurochemistry: molecular, cellular and medical aspects, 6th 
edn. Lippincott-Raven, Philadelphia

 43. Lipton P (1999) Ischemic cell death in brain neurons. Physiol Rev 79(4):1431–1568
 44. Globus MY-T, Busto R, Lin B et al (1995) Detection of free radical activity during transient 

global ischemia and recirculation: effects of intraischemic brain temperature modulation. 
J Neurochem 65:1250–1256

 45. Kimura A, Sakurada S, Ohkuni H et al (2002) Moderate hypothermia delays proinflamma-
tory cytokine production of human peripheral blood mononuclear cells. Crit Care Med 
30:1499–1502

 46. Xu L, Yenari MA, Steinberg GK et al (2002) Mild hypothermia reduces apoptosis of mouse 
neurons in vitro early in the cascade. J Cereb Blood Flow Metab 22:21–28

 47. Adachi M, Sohma O, Tsuneishi S et al (2001) Combination effect of systemic hypothermia 
and caspase inhibitor administration against hypoxic-ischemic brain damage in neonatal rats. 
Pediatr Res 50:590–595

 48. Ning XH, Chen SH, Xu CS et al (2002) Hypothermic protection of the ischemic heart via 
alterations in apoptotic pathways as assessed by gene array analysis. J Appl Physiol 
92:2200–2207

 49. Schwab S, Spranger M, Aschoff A et al (1997) Brain temperature monitoring and modulation 
in patients with severe MCA infarction. Neurology 48:762–767

 50. Mackowiak PA (1998) Concepts of fever. Arch Intern Med 158:1870–1881
 51. Koennecke HC, Leistner S (2001) Prophylactic antipyretic treatment with acetaminophen in 

acute ischemic stroke: a pilot study. Neurology 57:2301–2303
 52. Dippel DW, van Breda EJ, van der Worp HB et al (2003) Effect of paracetamol (acetamino-

phen) and ibuprofen on body temperature in acute ischemic stroke PISA, a phase II double- 
blind, randomized, placebo-controlled trial. BMC Cardiovasc Disord 3:2

 53. Cormio M, Citerio G (2007) Continuous low dose diclofenac sodium infusion to control 
fever in neurosurgical critical care. Neurocrit Care 6:82–89

 54. Mayer SA, Kowalksi RG, Presciutti M et al (2004) Clinical trial of a novel surface cooling 
system for fever control in neurocritical care patients. Crit Care Med 32:2508–2515

 55. Janata A, Weihs W, Bayegan K et al (2008) Therapeutic hypothermia with a novel surface 
cooling device improves neurologic outcome after prolonged cardiac arrest in swine. Crit 
Care Med 36(3):895–902

 56. Kim F, Olsufka M, Carlbom D et al (2005) Pilot study of rapid infusion of 2L of 4°C normal 
saline for induction of mild hypothermia in hospitalized, comatose survivors of out-of- 
hospital cardiac arrest. Circulation 112:715–719

19 Hypothermia for Acute Ischemic Stroke



496

 57. Polderman KH, Rijnsburger ER, Peerdeman SM et al (2005) Induction of hypothermia in 
patients with various types of neurological injury with use of large volumes of ice-cold intra-
venous fluid. Crit Care Med 33:2744–2751

 58. Holzer M (2008) Devices for rapid induction of hypothermia. Eur J Anaesthesiol Suppl 
42:31–38

 59. Seder DB, van der Kloot TE (2009) Methods of cooling: practical aspects of therapeutic 
temperature management. Crit Care Med 37(7 Suppl):S211–S222

 60. Polderman KH, Herold I (2009) Therapeutic hypothermia and controlled normothermia in 
the intensive care unit: practical considerations, side effects, and cooling methods. Crit Care 
Med 37(3):1101–1120

 61. Simosa HF, Petersen DJ, Agarwal SK et al (2007) Increased risk for deep venous thrombosis 
with endovascular cooling in patients with traumatic head injury. Am Surg 73:461–464

 62. Want H, Olivero W, Lanzino G et al (2004) Rapid and selective cerebral hypothermia 
achieved using a cooling helmet. J Neurosurg 100(2):272–277

 63. Castrén M, Nordberg P, Svensson L et al (2010) Intra-arrest transnasal evaporative cooling: a 
randomized, prehospital, multicenter study (PRINCE: Pre-ROSC IntraNasal Cooling 
Effectiveness). Circulation 122(7):729–736

 64. Nordberg P, Taccone FS, Castrén M et al (2013) Design of the PRINCESS trial: pre-hospital 
resuscitation intra-nasal cooling effectiveness survival study (PRINCESS). BMC Emerg Med 
13:21. doi:10.1186/1471-227X-13-21

 65. Hardy JD, Stolwijk JA (1966) Partitional calorimetric studies of man during exposures to 
thermal transients. J Appl Physiol 21:1799–1806

 66. Claessens-van Ooijen AM, Westerterp KR, Wouters L et al (2006) Heat production and body 
temperature during cooling and rewarming in overweight and lean men. Obesity 
14:1914–1920

 67. Badjatia N, Kowalski R, Schmidt M et al (2007) Predictors and clinical implications of shiv-
ering during therapeutic normothermia. Neurocrit Care 6:186–191

 68. Oddo M, Frangos S, Maloney-Wilensky E et al (2010) Effect of shivering on brain tissue 
oxygenation during induced normothermia in patients with severe brain injury. Neurocrit 
Care 12(1):10–16

 69. Badjatia N, Strongilis E, Gordon E et al (2008) Metabolic impact of shivering during therapeu-
tic temperature modulation: the bedside shivering assessment scale. Stroke 39:3242–3247

 70. Park B, Lee T, Berger K et al (2015) Efficacy of nonpharmacological antishivering interven-
tions: a systematic analysis. Crit Care Med 43(8):1757–1766

 71. Park SM, Mangat HS, Berger K et al (2012) Efficacy spectrum of antishivering medications: 
meta-analysis of randomized controlled trials. Crit Care Med 40(11):3070–3082

 72. Chamorro C, Borrallo JM, Romera MA et al (2010) Anesthesia and analgesia protocol during 
therapeutic hypothermia after cardiac arrest: a systematic review. Anesth Analg 110:1328–1335

 73. Choi HA, Ko SB, Presciutti M et al (2011) Prevention of shivering during therapeutic tem-
perature modulation: the Columbia anti-shivering protocol. Neurocrit Care 14:389–394

 74. Thoresen M, Whitelaw A (2000) Cardiovascular changes during mild therapeutic hypother-
mia and rewarming in infants with hypoxic-ischemic encephalopathy. Pediatrics 106:92–99

 75. Reuler JB (1978) Hypthermia: pathophysiology, clinical settings, and management. Ann 
Intern Med 89:519–527

 76. Boddicker KA, Zhang Y, Zimmerman MB et al (2005) Hypothermia improves defibrillation 
success and resuscitation outcomes from ventricular fibrillation. Circulation 111:3195–3201

 77. Polderman KH, Peerdeman SM, Girbes ARJ (2001) Hypophosphatemia and hypomagnese-
mia induced by cooling in patients with severe head injury. J Neurosurg 94:697–705

 78. McIntosh TK, Vink R, Yamakami I et al (1989) Magnesium protects against neurological 
deficit after brain injury. Brain Res 482:252–260

 79. Polderman KH, van Zanten ARH, Girbes ARJ (2003) The importance of magnesium in criti-
cally ill patients: a role in mitigating neurological injury and in the prevention of vasospasms. 
Intensive Care Med 29:1202–1203

R. Poblete and G. Sung

http://dx.doi.org/10.1186/1471-227X-13-21


497

 80. Van den Bergh WM, Algra A, van Kooten F et al (2005) Magnesium sulfate in aneurysmal 
subarachnoid hemorrhage: a randomized controlled trial. Stroke 36:1011–1015

 81. Soliman HM, Mercan D, Lobo SS et al (2003) Development of ionized hypomagnesemia is 
associated with higher mortality rates. Crit Care Med 31:1082–1087

 82. Rubeiz GJ, Thill-Baharozian M, Hardie D et al (1993) Association of hypomagnesaeia and 
mortality in acutely ill medical patients. Crit Care Med 21:203–209

 83. Schwab S, Schwarz S, Spranger M et al (1998) Moderate hypothermia in the treatment of 
patients with severe middle cerebral artery infarction. Stroke 29:2461–2466

 84. Schwab S, Georgiadis D, Berrouschot J et al (2001) Feasibility and safety of moderate hypo-
thermia after massive hemispheric infarction. Stroke 32(9):2033–2035

 85. Hemmen TM, Raman R, Guluma KZ et al (2010) Intravenous thrombolysis plus hypothermia 
for acute treatment of ischemic stroke (ICTuS-L): final results. Stroke 41(10):2265–2270

 86. Michelson AD, MacGregor H, Barnard MR et al (1994) Hypothermia-induced reversible 
platelet dysfunction. Thromb Haemost 71:633–640

 87. Watts DD, Trask A, Soeken K et al (1998) Hypothermic coagulopathy in trauma: effect of 
varying levels of hypothermia on enzyme speed, platelet function, and fibrinolytic activity. 
J Trauma 44:846–854

 88. Valeri CR, MacGregor H, Cassidy G et al (1995) Effects of temperature on bleeding time and 
clotting time in normal male and female volunteers. Crit Care Med 23:698–704

 89. Ferrara A, MacArthur JD, Wright HK et al (1990) Hypothermia and acidosis worsen coagu-
lopathy in patients requiring massive transfusion. Am J Surg 160:515–518

 90. Reed RL, Bracey AW, Hudson JD et al (1990) Hypothermia and blood coagulation: dissocia-
tion between enzyme activity and clotting factor levels. Circ Shock 32:141–152

 91. Hernandez-Perez M, Perez de la Ossa N, Aleu A et al (2014) Natural history of acute stroke 
due to occlusion of the middle cerebral artery and intracranial internal carotid artery. 
J Neuroimaging 24:354–358

 92. Krieger DW, De Georgia MA, Abou-Chebl A et al (2001) Cooling for acute ischemic brain 
damage (cool aid): an open pilot study of induced hypothermia in acute ischemic stroke. 
Stroke 32(8):1847–1854

 93. De Georgia MA, Krieger DW, Abou-Chebl A et al (2004) Cooling for acute ischemic brain 
damage (COOL AID): a feasibility trial of endovascular cooling. Neurology 63(2):312–317

 94. O’Collins VE, Macleod MR, Donnan GA et al (2006) 1,026 experimental treatments in acute 
stroke. Ann Neurol 59:467–477

 95. van der Worp HB, Sena ES, Donnan GA et al (2007) Hypothermia in animal models of acute 
ischaemic stroke: a systematic review and meta-analysis. Brain 130:3063–3074

 96. van der Worp HB, Macleod MR, Kollmar R (2010) Therapeutic hypothermia for acute isch-
emic stroke: ready to start large randomized trials? J Cereb Blood Flow Metab 
30:1079–1093

 97. Dumitrascu OM, Lamb J, Lyden PD (2016) Still cooling after all these years: meta-analysis 
of pre-clinical trials of therapeutic hypothermia for acute ischemic stroke. J Cereb Blood 
Flow Metab 36(7):1157–1164. pii:0271678X16645112.

 98. Baker CJ, Onesti ST, Solomon RA (1992) Reduction by delayed hypothermia of cerebral 
infarction following middle cerebral artery occlusion in the rat: a time-course study. 
J Neurosurg 77:438–444

 99. Baena RC, Busto R, Dietrich WD et al (1997) Hyperthermia delayed by 24 hours aggravates 
neuronal damage in rat hippocampus following global ischemia. Neurology 48:768–773

 100. Reith J, Jørgensen HS, Pedersen PM et al (1996) Body temperature in acute stroke: relation 
to stroke severity, infarct size, mortality, and outcome. Lancet 347(8999):422–425

 101. Jørgensen HS, Reith J, Pedersen PM et al (1996) Body temperature and outcome in stroke 
patients. Lancet 348(9021):193

 102. Kammersgaard LP, Rasmussen BH, Jørgensen HS et al (2000) Feasibility and safety of 
inducing modest hypothermia in awake patients with acute stroke through surface cooling: a 
case-control study: the Copenhagen Stroke Study. Stroke 31(9):2251–2256

19 Hypothermia for Acute Ischemic Stroke



498

 103. Hacke W, Schwab S, Horn M et al (1996) ‘Malignant’ middle cerebral artery territory infarc-
tion: clinical course and prognostic signs. Arch Neurol 53(4):309–315

 104. Berrouschot J, Sterker M, Bettin S et al (1998) Mortality of space-occupying (‘malignant’) 
middle cerebral artery infarction under conservative intensive care. Intensive Care Med 
24(6):620–623

 105. Georgiadis D, Schwarz S, Kollmar R et al (2001) Endovascular cooling for moderate hypother-
mia in patients with acute stroke: first results of a novel approach. Stroke 32(11):2550–2553

 106. Zweifler RM, Voorhees ME, Mahmood MA et al (2003) Induction and maintenance of mild 
hypothermia by surface cooling in non-intubated subjects. J Stroke Cerebrovasc Dis 
12(5):237–243

 107. Guluma KZ, Hemmen TM, Olsen SE et al (2006) A trial of therapeutic hypothermia via 
endovascular approach in awake patients with acute ischemic stroke: methodology. Acad 
Emerg Med 13(8):820–827

 108. Wardlaw JM, Murray V, Berge E, et al (2014) Thrombolysis for acute ischaemic stroke. 
Cochrane Database Syst Rev 7:CD000213. doi:10.1002/14651858.CD000213.pub3

 109. Piironen K, Tiainen M, Mustanoja S et al (2014) Mild hypothermia after intravenous throm-
bolysis in patients with acute stroke. Stroke 45:486–491

 110. Lyden PD, Allgren RL, Ng K et al (2005) Intravascular cooling in the treatment of stroke 
(ICTuS): early clinical experience. J Stroke Cerebrovasc Dis 14(3):107–114

 111. Vahedi K, Vicaut E, Mateo J et al (2007) Sequential-design, multicenter, randomized, con-
trolled trial of early decompressive craniectomy in malignant middle cerebral artery infarc-
tion (DECIMAL Trial). Stroke 38(9):2506–2517

 112. Jüttler E, Schwab S, Schmiedek P (2007) Decompressive surgery for the treatment of malig-
nant infarction of the middle cerebral artery (DESTINY): a randomized, controlled trial. 
Stroke 38(9):2518–2525

 113. Hofmeijer J, Kappelle LJ, Algra A et al (2009) Surgical decompression for space-occupying 
cerebral infarction (the Hemicraniectomy After Middle Cerebral Artery infarction with Life- 
threatening Edema Trial [HAMLET]): a multicentre, open, randomised trial. Lancet Neurol 
8(4):326–333

 114. Back L, Nagaraja V, Kapur A et al (2015) Role of decompressive hemicraniectomy in extensive 
middle cerebral artery strokes: a meta-analysis of randomized trials. Intern Med J 45(7):711–717

 115. Els T, Oehm E, Voigt S et al (2006) Safety and therapeutical benefit of hemicraniectomy 
combined with mild hypothermia in comparison with hemicraniectomy alone in patients with 
malignant ischemic stroke. Cerebrovasc Dis 21:79–85

 116. Berkhemer OA, Fransen PS, Beumer D et al (2015) A randomized trial of intraarterial treat-
ment for acute ischemic stroke. N Engl J Med 372(1):11–20

 117. Campbell BC, Mitchel PJ, Kleinig TJ et al (2015) Endovascular therapy for ischemic stroke 
with perfusion-imaging selection. N Engl J Med 372(11):1009–1018

 118. Goyal M, Demchuk AM, Menon BK et al (2015) Randomized assessment of rapid endovas-
cular treatment of ischemic stroke. N Engl J Med 372(11):1019–1030

 119. Saver JL, Goyal M, Bonafe A et al (2015) Stent-retriever thrombectomy after intravenous 
t-PA vs. t-PA alone in stroke. N Engl J Med 372(24):2285–2295

 120. Jovin TG, Chamorro A, Cobo E et al (2015) Thrombectomy within 8 hours after symptom 
onset in ischemic stroke. N Engl J Med 372(24):2296–2306

 121. Palaniswami M, Yan B (2015) Mechanical thrombectomy is now the gold standard for acute 
ischemic stroke: implications for routine clinical practice. Interv Neurol 4:18–29

 122. Hwang YA, Jeon JS, Kim YW, et al (2016) Impact of immediate post-reperfusion cooling on 
outcome in patients with acute stroke and substantial ischemic changes. J Neurointervent 
Surg. 1–5

 123. Horn CM, Sun CHJ, Nogueira RG et al (2014) Endovascular reperfusion and cooling in 
cerebral acute ischemia (ReCCLAIM I). J Neurointerv Surg 6:91–95

 124. Warach S, Latour LL (2004) Evidence of reperfusion injury, exacerbated by thrombolytic 
therapy, in human focal brain ischemia using a novel imaging marker of early blood-brain 
barrier disruption. Stroke 35(11 Suppl 1):2659–2661

R. Poblete and G. Sung



499

 125. Hong JM, Lee JS, Song HJ et al (2014) Therapeutic hypothermia after recanalization in 
patients with acute ischemic stroke. Stroke 45:134–140

 126. Lyden PD, Hemmen TM, Grotta J (2014) Endovascular therapeutic hypothermia for acute 
ischemic stroke: ICTuS 2/3 protocol. Int J Stroke 9(1):117–125

 127. van der Worp HB, Macleod MR, Bath PMW et al (2014) EuroHYP-1: European multicenter, 
randomized, phase III clinical trial of therapeutic hypothermia plus best medical treatment vs. 
best medical treatment alone for acute ischemic stroke. Int J Stroke 9(5):642–645

19 Hypothermia for Acute Ischemic Stroke



501

Chapter 20
Modern Endovascular Treatment of Ischemic 
Disease

Steven L. Gogela, Todd A. Abruzzo, and Mario Zuccarello

Abstract Acute ischemic strokes still account for substantial morbidity and mortality 
worldwide despite decades of research aimed at reducing the burden of this disease. 
Since the establishment of intravenous thrombolysis as the standard of care, 
advances in device technology have rapidly progressed while randomized clinical 
trials have struggled to keep pace. Early trials were hampered by inconsistent use of 
technology and poor patient selection, leading to overall futility. However, a string 
of recent studies utilizing the most modern technology has unequivocally proven 
the superiority of endovascular treatment for acute ischemic strokes caused by large 
vessel occlusion in select patients. We describe the sequential progression of this 
therapeutic paradigm in parallel with the clinical trials that have proven its efficacy 
and identify clinical questions that remain yet unanswered.

Keywords Stroke intervention • Endovascular stroke treatment • Acute ischemic 
stroke • Neurointerventional stroke treatment • Stent retriever

1  Introduction

Stroke is a well-known source of extensive morbidity and mortality in modern soci-
ety. As recently as 2013, the annual incidence was estimated at 795,000 new strokes 
each year, with more than three-fourths of these falling in the acute ischemic stroke 
category [1]. Worldwide, cerebral infarctions represent the second most common 
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cause of mortality and are responsible for the second greatest loss of disability- 
adjusted life years in high-income countries [2–4].

Despite the profound effect that this disease has had on society, treatment modalities 
have been limited to medical therapy alone until recent times. The fact that cerebral 
ischemia sets off a cascade of cellular processes with the potential to cause severe and 
permanent neurological injury is well known, the particulars of which are out of the 
scope of this chapter and are addressed elsewhere in this comprehensive text. Overall, 
the goal in acute ischemic stroke (AIS) treatment is the rapid institution of reperfusion 
in an effort to limit infarction size and salvage ischemic tissue before permanent 
injury. In this chapter, we elucidate the progression of device technology and evi-
dence-based management of this common condition that has led to the rise of endo-
vascular intervention as the primary treatment of AIS for select patients.

2  Medical Thrombolysis in Stroke

Ischemic strokes result from a state of cerebral hypoperfusion and are most com-
monly secondary to arterial occlusion. Initial treatment efforts sought to reverse this 
condition by recanalizing the arterial occlusion with systemically administered 
thrombolytic drugs. Early pilot studies that assessed systemic administration of 
thrombolytic drugs were fraught with high rates of intracerebral hemorrhage (ICH) 
[5, 6]. Nearly two decades later, additional pilot studies emphasizing the early 
administration of controlled doses of intravenous (IV) recombinant human tissue 
plasminogen activator (rt-PA) delivered an encouraging safety profile and opened 
the door for randomized trials using this treatment modality [7, 8].

Eventually, the National Institute of Neurological Disorders and Stroke (NINDS) 
rt-PA Stroke Study Group published the results of a landmark randomized placebo- 
controlled clinical trial in the New England Journal of Medicine that established the use 
of IV thrombolysis in AIS treatment. This trial applied numerous exclusion criteria that 
included: an undetermined time of onset, ICH seen on a screening computed tomogra-
phy (CT) scan of the head, prior stroke or ICH, serious head trauma within 3 months, 
blood pressure exceeding 185 mmHg systolic or 110 mmHg diastolic, recent surgery 
or arterial puncture, improving or minor symptomatology, suspicion for subarachnoid 
hemorrhage, anticoagulation, various lab abnormalities, or seizure at stroke onset [9].

Following these rigorous exclusion criteria, 624 patients were randomized: half 
received the study dose (0.9 mg/kg) of IV t-PA and half IV placebo. Despite a higher 
rate of symptomatic ICH (sICH), patients who received IV t-PA within 3 h of stroke 
onset had significantly improved clinical outcomes and reduced disability at all 
measured time points [9]. These positive findings established IV thrombolysis as 
the standard of care for a select group of patients. However, a significant proportion 
of the stroke population presented outside of the 3-h window and were thus ineli-
gible for this treatment. A later study extended the therapeutic window to 4.5 h after 
stroke onset after finding significantly improved clinical outcomes in patients who 
received IV t-PA in the 3–4.5-h temporal window [10, 11].
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In reality, this extension to a 4.5-h window did not provide substantial societal 
benefit. One study found that only 0.5 % of 1858 consecutive patients presenting 
with AIS within 3–4.5 h of stroke onset were eligible for thrombolysis: overall, 22 % 
of observed stroke patients presented within 3 h and 3.4 % between 3 and 4.5 h [12]. 
This limited impact on the AIS population highlights the importance of timely patient 
transportation and improved awareness and recognition of stroke symptoms in the 
general population. Regardless, IV t-PA therapy was now the proven standard of care 
and a major step forward in stroke treatment.

3  Initial Approaches to Endovascular Stroke Treatment

Studies that assessed vascular imaging of patients after the administration IV t-PA 
found a significant shortcoming of the medication: specifically, it was an ineffective 
treatment modality for recanalization of large vessel occlusions (LVO). Rates of 
resolution for arterial occlusions with IV t-PA alone were reported as low as 4 % in 
the distal intracranial internal carotid artery (ICA) and 30 % in the middle cerebral 
artery (MCA) [13]. Researchers recognized that the failure of intravenously admin-
istered thrombolytics to recanalize intracerebral arterial occlusions was at least par-
tially the consequence of inefficient convective transport of drug to the arterial 
occlusion site caused by the target lesion. Early pioneers in the field of stroke inter-
vention conceptualized site-directed transcatheter administration of thrombolytics 
directly to the arterial occlusive thrombus as a means of overcoming the circulatory 
roadblocks imposed by arterial occlusive pathology. This led to the birth of endo-
vascular treatment for AIS patients as an alternative solution for those either not 
eligible for or unresponsive to IV t-PA.

Intra-arterial (IA) treatment of ischemic stroke naturally began with the applica-
tion of thrombolytic medication (i.e., t-PA) to the site of the arterial occlusive 
thrombus (Fig. 20.1). After publication of several small cohort studies in support of 
IA t-PA, two large-scale trials then established IA thrombolysis as a viable treat-
ment. First, the Prolyse in Acute Cerebral Thromboembolism (PROACT) II trial 
was a randomized controlled trial (RCT) of IA r-pro-urokinase (rproUK) vs. stan-
dard medical therapy for MCA occlusions [14]. Patients meeting inclusion criteria 
underwent diagnostic cerebral angiography within 6 h of onset and were random-
ized if a Thrombolysis in Myocardial Infarction (TIMI) score of 0 (occlusion) or 1 
(contrast penetration with minimal perfusion) was diagnosed in the symptomatic 
first (M1) or proximal second (M2) segment of the MCA (Table 20.1). All patients 
in both treatment arms received a low-dose bolus and low-dose infusion of IV hepa-
rin during the interventional procedure once occlusion was verified for a total of 4 h.

The adaptation of low-dose heparin protocols in the IA treatment arm was an 
important aspect of trial design that reduced the prohibitively high rates of procedure- 
related cerebral hemorrhage found in earlier trials of IA thrombolytic therapy. The 
PROACT II study found statistically significant improvement in recanalization and 
clinical outcome measures in patients who received IA thrombolytic. MCA 
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recanalization (TIMI 2–3) occurred in 66 % of the 121 patients in the IA rproUK 
cohort and 18 % of the 59 patients in the control group (p < 0.001). TIMI 3 (complete 
recanalization) rates at 2 h were 19 % and 2 %, respectively (p < 0.003; Table 20.1). 
This resulted in a good clinical outcome (mRS score of 0–2 at 90 days) in 40 % of 
rproUK and 25 % of control patients (p = 0.04) despite sICH rates of 10 % and 2 % 
(p = 0.06), respectively. Mortality was statistically similar between the two groups [14].

Years later, the Middle Cerebral Artery Embolism Local Fibrinolytic Intervention 
Trial (MELT) Japan was organized to compare treatment outcomes for patients 
with MCA occlusions who received either IA urokinase (n = 57) or placebo (n = 57) 
within 3 h of stroke onset. The trial was stopped early by the Independent 
Monitoring Committee after approval of IV tPA in Japan and thus did not reach 
statistical significance. The study identified trends toward higher rates of mRS 0–2 
scores at 90 days, improved recanalization, and modest rates of sICH in patients 
treated with IA thrombolysis [15]. These results were combined with the PROACT 
II data in a meta-analysis that found statistically significant improvement in all 

Fig. 20.1 Series of angiograms detailing intra-arterial thrombolysis of the middle cerebral artery. 
(a) Clot visualization. (b–d) tPA 1 mg/cm3 infused distal to (b), into (c), and proximal (d) to clot. 
Total dose 22 mg
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standard functional outcomes, giving further support for transcatheter IA thrombo-
lytic therapy in AIS caused by MCA occlusion [16].

Early experience with IA thrombolytic therapy led interventionists to realize that 
mechanical disruption of the arterial occlusive thrombus by microguidewire manipu-
lation and repetitious penetration of the target occlusion with the treating microcathe-
ter could accelerate and increase the likelihood of recanalization by improving 
convective transport of drug across a greater surface area of thrombus. Additional 
adjuvant endovascular techniques being popularized simultaneously included the use 
of balloon angioplasty for LVO resistant to IA thrombolysis. In patients with persistent 
occlusion despite IA t-PA, Ringer et al. reported that balloon angioplasty led to 
improved rates of reperfusion both at the site of thrombus and in the more distal vas-
culature, with more effective transport of thrombolytic medication. Although the 
authors noted some added risk of associated vessel rupture and reperfusion hemor-
rhage, this technique was recommended as a salvage procedure [17].

4  Early Endovascular Trials

With its growing popularity among interventionalists, it was clear that a random-
ized study of endovascular stroke treatment was due. First, the Emergency 
Management of Stroke Bridging Trial established the safety, feasibility, and poten-
tial efficacy of combination IV plus IA t-PA treatment of LVO within 3 h of onset 
[18]. Based on this retrospective study, the first of three Interventional Management 
of Stroke (IMS) trials was conducted. IMS-I was a prospective trial with only a 
treatment arm for 80 patients aged 18–80 with AIS caused by LVO [19]. Inclusion 
criteria included a National Institute of Health Stroke Scale (NIHSS) score ≥10 and 
presentation within 3 h of stroke onset. Patients received IV t-PA (o.6 mg/kg) 
within 3 h, followed by IA t-PA (up to 22 mg) at the site of occlusion if it persisted 

Table 20.1 Summary comparing reperfusion grading scales used in endovascular stroke trials 
[59–61]

Reperfusion 
grade

Thrombolysis in myocardial 
infarction (TIMI) risk score

Thrombolysis in cerebral 
infarction (TICI) Modified TICI (mTICI)

0 Absence of antegrade flow: 
no perfusion

No perfusion No perfusion

1 Faint antegrade flow with 
incomplete filling: 
penetration without perfusion

Penetration with minimal 
perfusion

Limited antegrade 
reperfusion: limited 
distal branch filling

2 Delayed antegrade flow with 
filling of distal branches: 
partial perfusion

Partial perfusion: 1B: 
<2/3 of vascular territory 
visualized

2a: reperfusion of <1/2 
of occluded territory

2B: complete filling of 
vascular territory but 
filling slower than usual

2b: reperfusion of >1/2 
of occluded territory

3 Normal flow to all distal 
branches: complete perfusion

Complete reperfusion Complete reperfusion
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on diagnostic angiography. Following endovascular treatment, Thrombolysis in 
Cerebral Infarction (TICI) perfusion scores of 2–3 were achieved in 56 % and a 
Modified Rankin Score (mRS) of 0–2 at 90 days in 43 % (Table 20.1). Comparing 
IMS-I to the NINDS IV t-PA trial, rates of sICH (6.3 % vs. 6.6 %) and 3-month 
mortality (16 % vs. 24/21 % placebo/IV t-PA) were similar [19]. These results again 
confirmed the safety of transcatheter IA thrombolysis in stroke. However, there was 
widespread dissatisfaction concerning the 51 % rate of TICI 2–3 reperfusion.

The first mechanical devices for endovascular stroke intervention were devel-
oped in parallel to this growing clinical experience with transcatheter IA thromboly-
sis, beginning with the EKOS MicroLYSUS® (Ekos Corporation, Bothell, WA) 
catheter. This microcatheter, outfitted with an ultrasound transducer at the tip, 
allowed the delivery of both t-PA and endovascular ultrasound directly into the arte-
rial occlusive thrombus. The addition of ultrasound was theorized to increase per-
meability of the thrombus, drive t-PA further into the thrombus matrix, and uncoil 
fibrin chains, thus exposing peptide sequence targets to substrate specific plasmino-
gen active sites. Given the disappointing reperfusion rates of IMS-I, exploration of 
the benefits of the EKOS catheter was conducted in a prospective setting with an 
expectation of being able to improve this metric.

The design of IMS-II was identical to IMS-I except for the additional use of the 
EKOS catheter whenever clinically possible. In this prospective, single-armed 
study, 81 patients received IV t-PA within 3 h and subsequently interventional treat-
ment if persistent occlusion was found on angiography [20]. Next, IA t-PA was 
administered at the site of thrombus using either a standard microcatheter or the 
EKOS MicroLYSUS® infusion catheter; a maximum dose of 22 mg was given over 
2 h or until reperfusion was achieved. Similar to IMS-I, this study achieved signifi-
cantly improved clinical outcomes compared with the NINDS trial as measured by 
the Barthel Index and Global Outcome Test. At 90 days follow up, the IMS-II results 
showed a nonsignificant trend toward a mRS 0–1 and 46 % of patients had achieved 
mRS 0–2. Differences in mortality at 3 months (16 %) and rates of sICH (9.9 %) 
were statistically similar to the NINDS data. TICI 2–3 reperfusion was achieved in 
60 % of patients (Table 20.1) [20]. Of note, because the EKOS catheter failed to 
access the intracranial occlusion site in a large number of patients, it is no longer 
commonly used as an endovascular tool in stroke intervention. Overall, the combined 
results of IMS-1 and IMS-II indicated the need for randomized study of endovascular 
intervention in the treatment of AIS.

5  Rapid Advancement of Endovascular Technology

As endovascular treatment of stroke was building momentum, so was the develop-
ment of interventional device technology that aimed to improve the rate and effi-
ciency of cerebrovascular reperfusion. The first device to receive US Food and Drug 
Administration (FDA) approval for cerebral arterial occlusion was the Mechanical 
Embolus Removal in Cerebral Ischemia (MERCI®) Retriever (Concentric Medical, 
Mountainview, CA) in 2004 (Fig. 20.2). This technology consists of a self- expanding 
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array of stacked helical loops of NiTiNOL (Nickel-Titanium Naval Ordinance 
Laboratory) tethered to a pusher wire. The helical array of stacked loops is advanced 
linearly across the arterial occlusive thrombus through a microcatheter in a col-
lapsed state by applying forward tension to the in-line pusher wire. While maintain-
ing forward pressure on this wire, the stacked helical loops of self-expanding shape 
memory alloy are deployed distal to the arterial occlusive thrombus by withdrawal 
of the constraining microcatheter. The expanded, stacked helical loops are used to 
engage and extract the arterial occlusive thrombus by retracting the in-line pusher 
wire and coaxial microcatheter into a recovery catheter, which is stationed in the 
upstream cervicocerebral access artery (typically the cervical internal carotid artery). 
Adjunctive balloon occlusion and manual aspiration of the upstream cervicocerebral 
access artery were recommended to reverse blood flow and reduce risk of distal 
embolization during the process of thrombus extraction [21].

In a prospective, single-arm trial of 151 patients who underwent treatment with the 
MERCI device within 8 h of stroke onset, 48 % achieved recanalization. Good clinical 
outcome (mRS 0–2 at 90 days) was realized in 46 % of patients who achieved recana-
lization (TICI 2–3) and only in 10 % of those who did not (p < 0.00001) [22]. In a later 
single-arm, prospective study with newer generation MERCI devices, 57 % of 131 
patients with AIS and persistent LVO after IV t-PA achieved recanalization with the 
MERCI device alone; this increased to 70 % when adjunctive IA t-PA or other devices 
were utilized for persistent occlusion. Good clinical outcomes (mRS 0–2) were 
attained in 36 % of patients at 90 days and sICH occurred in 10 %. In a subset analysis 
of patients with intracranial ICA occlusions, good clinical outcomes were observed in 
39 % of patients who were recanalized and only 3 % of those who were not [23]. 

Fig. 20.2 Merci V-series 
retriever with seven loops 
of platinum filaments. This 
device is no longer used in 
endovascular stroke 
treatment. Reproduced 
with permission
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Overall, outcomes were similar to the PROACT II study involving IA t-PA alone [24, 
25]. Later, a coaxial Distal Access Catheter (DAC) (Concentric Medical, Mountainview, 
CA) was introduced as an adjunct to the MERCI Retriever. The DAC improved the 
efficiency in navigating the tortuous distal ICA and the mechanical factors that favor 
successful thrombus extraction.

The next device to gain FDA approval for stroke intervention was the Penumbra 
System® (Penumbra Inc., Alameda, CA) in 2007. This device consists of a large bore 
thromboaspiration catheter that is advanced over a microguidewire to the proximal 
face of the arterial occlusive thrombus. Vacuum suction is applied to the hub of the 
thromboaspiration catheter to remove thrombus through the lumen. Next, a pear- 
shaped “plunger” mounted on a pusher wire—coined a “separator” device—is repeat-
edly withdrawn into the shaft of the thromboaspiration catheter to clear thrombus 
while maintaining a continuous suction force at the catheter tip. The catheter is incre-
mentally advanced to remove additional thrombus [26]. The clinical efficacy of the 
Penumbra system was tested in a prospective, single-arm, industry- sponsored study of 
125 patients with NIHSS score ≥ 8 who were randomized within 3 h of stroke onset, 
and were either ineligible for IV t-PA or had persistent LVO despite IV t-PA. Although 
the method for determining recanalization was not completely clear, the trial reported 
that 82 % of patients had successful partial or complete recanalization after treatment. 
Other results included sICH in 11 %, an mRS 0–2 in 25 %, and mortality in 33 % [26]. 
A retrospective, multicenter meta-analysis of 157 patients treated with the Penumbra 
System, which included those in the same database, later confirmed these promising 
results. Specifically, TICI 2–3 reperfusion was achieved in 87 %, mRS 0–2 in 41 % at 
90 days, sICH in 6.4 %, and mortality in 20 % (Table 20.1) [27].

The Penumbra System® MAX™ was later introduced with a larger lumen and 
ovalization-resistant shaft (Fig. 20.3). This construction achieved a greater suction 

Fig. 20.3 Three sizes of the Penumbra MAX system of aspiration catheters with separator devices. 
Note that separators previously used to clear the catheter of clot during piecemeal removal are no 
longer commonly used with the ADAPT or SOLUMBRA techniques. Reproduced with permis-
sion from Penumbra Inc.
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Fig. 20.4 Example of en bloc clot removal using Penumbra Max with the ADAPT technique. (a) 
Pretreatment angiogram showing occlusion of the proximal right M1. (b) Aspirated thrombus. (c) 
Posttreatment angiogram with mTICI 3 reperfusion

force and decreased median recanalization time from 45 min in the initial trial to 
20 min with the updated system [26, 28, 29].

This latest generation of thromboaspiration catheters fostered the development 
of a direct-aspiration first-pass technique (ADAPT) for rapid recanalization of 
cerebral arteries [30]. This technique is a modification of the traditional throm-
boaspiration method whereby the arterial occlusive thrombus is extracted en bloc, 
in its entirety. Aspiration is achieved either through a large bore catheter (thrombus 
ingestion), or by wedging the thrombus into the shaft of a thromboaspiration cath-
eter and removing the thrombus and catheter as a single unit (Figs. 20.4 and 20.5). 
The greatest advantage of this approach relates to its remarkable speed and simplic-
ity. Compared with other mechanical revascularization approaches, the ADAPT 
technique is relatively inexpensive and less traumatic. Since the likelihood of a good 
clinical outcome decreases 12–15 % every 30 min [31, 32], ADAPT has become the 
default initial approach of many neurointerventionists today. Initial reports of this 
technique showed mTICI 2b-3 reperfusion in 78 % of patients. More recent experience 
with the latest iteration of thromboaspiration technologies indicate that reperfusion 
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rates may be superior to those achieved with stentrievers without the inherent risk 
of clot manipulation (Table 20.1, Fig. 20.6) [30, 33].

A parallel development in endovascular stroke therapy was conceived when 
interventionists began treating cerebral thromboemboli with implantable self- 
expanding stents. This was a transient, intermediate stage in the evolution of mod-
ern interventional stroke therapy. Interventionists using this technology to treat 
thromboembolic stroke realized that attempts to reposition such stents often resulted 
in thrombus retention by the partially deployed stent. Case reports of thrombus 
extraction by these partially deployed self-expanding stents paved the way for the 
development of retrievable self-expanding stents. When mounted on a pusher wire, 
this class of devices became known as stent retrievers or stentrievers.

Stentrievers are deployed across arterial occlusive thrombi through a microcathe-
ter and bridge the occlusion. This enables immediate cerebral reperfusion through the 

Fig. 20.5 Thromboaspiration using ADAPT technique and Penumbra Max for a proximal right 
M2 thrombus. (a) Thrombus as it was removed with catheter. (b) en bloc thrombus removal. Pre- 
(c) and posttreatment (d) angiogram showing mTICI 3 reperfusion
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stented channel and exposes the partially recanalized thrombus to systemically circu-
lating thrombolytic drug in patients who receive intravenous rt-PA. The expanding 
stent struts compress and intercalate into the matrix of the arterial occlusive thrombus, 
forming an hourglass or cone-shaped structure that extends between normal arterial 
sections through the thrombus. By applying traction to the pusher wire, the stentriever 
construct and associated thrombus are then removed together through a coaxial recov-
ery catheter stationed in the cervicocerebral access artery. This process is contingent 
upon the retention of thrombus by the stentriever (Fig. 20.7). Adjunctive balloon 
occlusion and aspiration of the cervicocerebral access artery using a dual-lumen bal-
loon occlusion guide catheter is believed to increase the likelihood of successful 
thrombus extraction without fragmentation or distal embolization. Opponents of this 
adjunctive technology argue that it increases the complexity and duration of the 
thrombus extraction procedure, potentially negating any of its technical benefits.

A modification of this technique combines an intracranial coaxial thromboaspi-
ration catheter (rather than an extracranial balloon occlusion catheter) with a 
stentriever. This brings the aspiration source to the intracranial occlusion site and, 
theoretically, further reduces the risk of thrombus fragmentation and distal emboli-
zation. This adjunctive method is less complex, less traumatic, and less time 
consuming than the extracranial balloon guide catheter method. Since early reports 
of this method were based on the combined use of the Penumbra and Solitaire™ 
stentriever systems, the method became known as SOLUMBRA. Early experience 
with the SOLUMBRA method achieved mTICI 2b-3 reperfusion in 95 % of treated 
patients (Table 20.1) [34]. Notably, because stentrievers are removed with the arterial 

Fig. 20.6 Treatment of a 64-year-old man who presented with an NIHSS score of 32, comatose, 
with extensor posturing in all extremities; last seen normal 2 h earlier. (a) At presentation showing 
complete occlusion of the basilar artery. (b) He underwent a single-pass ADAPT technique using 
a Penumbra Max thromboaspiration catheter, with mTICI 3 reperfusion being obtained 45 min 
after groin access. Shortly after procedure, the patient had an NIHSS score of 1, was ambulatory, 
and was discharged home within 72 h
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occlusive thrombus and no vascular implant is left behind, the need for dual anti-
platelet medication, as required for implanted stent devices, is obviated.

In 2012, The Solitaire™ Flow Restoration (FR) Device (eV3 Endovascular, 
Irvine, CA) became the first stent retriever to gain FDA clearance (Fig. 20.8). This 
device was directly compared with the MERCI Retriever in a noninferiority study 
entitled Solitaire FR with the Intention for Thrombectomy (SWIFT) [35]. This ran-
domized, prospective, industry-sponsored trial included 113 patients who were either 
ineligible for or who had persistent LVO after IV t-PA and who could receive endo-
vascular treatment within 8 h of stroke onset. Study authors found that primary and 
secondary analyses strongly favored the Solitaire FR over the MERCI Retriever: 
TICI 2–3 reperfusion was achieved in 61 % vs. 24 % (p < 0.001; Table 20.1), good 
clinical outcomes (mRS 0–2) at 90 days were reached in 58 % vs. 33 % (p noninferi-
ority = 0.0001, p superiority = 0.02), and mortality at 90 days was decreased to 17 % 
from 28 % with the MERCI (p noninferiority = 0.0001, p superiority = 0.02) [35].

Later in 2012, the Trevo® ProVue Retriever (Stryker Neurovascular, Kalamazoo, MI) 
gained FDA approval and was found to be clinically superior to the MERCI device in a 
noninferiority study similar to the Solitaire FR (Fig. 20.8) [36]. The Thrombectomy 
Revascularization of large Vessel Occlusions in acute ischemic stroke (TREVO 2) trial 
was a randomized, prospective, industry-sponsored study of 178 patients who under-
went endovascular treatment with either the Trevo or MERCI device. Inclusion criteria 
were similar to the SWIFT trial [35, 36]. Primary and secondary outcome measures 
unequivocally demonstrated the superiority of the Trevo device. Comparing TREVO 
with MERCI, respectively, TICI 2–3 reperfusion was 86 % vs. 60 % (p superior) < 0.0001; 
Table 20.1), good clinical outcomes (mRS 0–2 at 90 days) were 33 % vs. 24 % (p = 0.01), 
and mortality at 90 days was similar at 33 % vs. 24 % (p = 0.18) [36]. Combined with the 

Fig. 20.7 Image 
representative of a 
thrombus being 
incorporated into a 
stentriever. Note that the 
clot often is fragmented by 
stent expansion before its 
removal
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SWIFT study, these results showed substantial improvement in recanalization rates with 
stent retrievers compared with early endovascular device technology.

Fig. 20.8 (a) TrevoPro Vue self-expanding stentriever device. Reproduced with permission. (b) 
Solitaire self-expanding stentriever device. Reproduce with permission. (c) Balloon guide catheter 
with aspiration during thrombectomy with Solitaire stentriever. Inset, clot integrated into Solitaire 
stentriever device. Reproduced with permission
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6  Early Randomized Controlled Trials of Stroke 
Intervention

The rapid development in stroke device technology during the past decade has 
found large-scale trials struggling to keep up with this torrential pace. At the 2013 
International Stroke Conference in Honolulu, Hawaii, three separate RCTs were 
presented that assessed the success of endovascular treatment for stroke. The 
SYNTHESIS EXPANSION was a prospective RCT comparing outcomes of 362 
patients with AIS who were randomized (1:1) within 4.5 h of onset to either IV t-PA 
per standard dosing or to endovascular treatment alone. Patients in the endovascular 
arm predominantly received IA thrombolysis alone (66 %), although interventional-
ists had the option to utilize thrombectomy devices (34 %) per their preference. 
Notably, stent retrievers were used in only 14 %. The primary outcome (mRS 0–1 at 
3 months) was reached in 30 % of the intervention arm and 35 % of the IV t-PA 
patients (OR, 0.71; 95 % CI, 0.44–1.14; p = 0.16). No statistical significance was 
found in outcome measures and recanalization rates were not published [37].

The IMS-III trial is the largest to date that has assessed the efficacy of endovascular 
management of AIS. This prospective RCT was stopped short of its planned 900-patient 
enrollment because of futility after an interim analysis of 656 patients determined that 
there was a <20 % probability of reaching the primary endpoint—a 10 % increase in 
patients with mRS 0–2 at 90 days. Those with AIS who met enrollment criteria were 
randomized (1:2) to either IV t-PA (0.9 mg/kg, n = 222) or a combination of IV t-PA 
(0.6 mg/kg) and endovascular therapy (n = 434) [38, 39]. Notably, large vessel occlusion 
was not a requirement for enrollment because patient selection was based on clinical 
criteria. The stroke intervention had to begin within 5 h and end by 7 h after stroke onset. 
Although IMS-III failed to show statistically significant improvement in the primary 
outcomes, it was powered sufficiently for substantial subset analyses that have since 
helped guide further clinical study. One important finding was that the proportion of 
patients with a good clinical outcome (mRS 0–2 at 90 days) significantly increased with 
successful recanalization. Further, as previously noted, every 30-min delay in reperfu-
sion reduced the likelihood of a good outcome in this population by 12–15 % [32].

The third of these conjointly presented studies was the Magnetic Resonance and 
Recanalization of Stroke Clots Using Embolectomy (MR RESCUE) trial. This pro-
spective RCT randomized 118 patients with anterior circulation AIS due to LVO within 
8 h who were either ineligible for IV t-PA or had persistent vascular occlusion after this 
treatment [40]. Patients received standard medical care (n = 54) or underwent mechani-
cal embolectomy with either the MERCI or Penumbra device (n = 64) with the addi-
tional option of IA t-PA in the interventional group. Clinical outcomes were statistically 
similar between patients who received medical care and those who underwent embo-
lectomy. When the study further evaluated clinical outcomes according to those with or 
without a favorable ischemic penumbra pattern on MR imaging, no statistically signifi-
cant difference in clinical outcomes were found between cohorts [40].

Overall, these trials yielded discouraging results for study investigators who 
were hoping to show improved outcomes with endovascular management of 
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stroke (Table 20.2). The studies were heavily critiqued and several factors have 
been blamed for their futility. Most importantly, device technology was advanc-
ing very rapidly during enrollment so that the most current technology was 
noticeably underutilized. Stent retrievers, in particular, were seldom used despite 
evidence of their superiority over earlier devices. Specifically, of those who 
received endovascular treatment, stent retrievers were used in 1.5 % within 
IMS-III (41 % received IA t-PA alone), 14 % within SYNTHESIS, and in no 
patient within MR RESCUE [34–37, 39, 40]. This led to underwhelming rates of 
recanalization, such as the 41 % rate of TICI 2b-3 achieved in IMS-III patients 
(Table 20.1) [39].

Another shortcoming of these initial trials was the inclusion of patients with 
minor ischemic deficits who would likely achieve a good outcome with IV 
thrombolytic therapy alone. Therefore, it was difficult to identify statistical dif-
ferences between treatment groups and likely contributed to overall trial futility. 
Furthermore, imaging confirmation of vascular occlusion was not a requirement 
in IMS-III or SYNTHESIS before randomization; this then diminished the sta-
tistical power of intention-to-treat analysis because some patients randomized 
to endovascular treatment lacked a LVO and thus did not receive IA therapy 
[41]. Compared with later trials, initiation of the intervention was also delayed, 
which likely contributed to dampened outcomes. Given the substantial improve-
ment in reperfusion achieved with newer device technologies, there was clearly 
an indication for further study.

Table 20.2 Summary of three large-scale RCTs assessing the efficacy of endovascular treatment 
of acute ischemic stroke

Trial

Number enrolled (n) 
(intervention:IV t-PA 
alone) Outcome analysis

Rates of 
endovascular 
reperfusion

% of stent 
retrievers 
in 
treatment 
arm

SYNTHESIS 
EXPANSION

362 (181:181) mRS 0–1 at 90 d: 30.4 % 
(intervention) vs. 34.8 % 
(IV t-PA); p = 0.16

Not published 14 %

IMS-III 656 (434:222) mRS 0–2 at 90 d: 40.8 % 
(intervention) vs. 38.7 % 
(IV t-PA); 95 % CI −6.1 
to 9.1

41 % mTICI 
2b-3

1.5 %

MR RESCUE 118 (64:54) mRS 0–2 at 90 d: 
17–21 % (intervention) 
vs. 10–26 % (IV t-PA); 
p = 0.48

67 % TICI 2a-3 0 %

These early trials failed to show statistically significant improvement of IV t-PA outcomes in the 
NINDS trial [9, 32, 37–40]. d = day

20 Modern Endovascular Treatment of Ischemic Disease



516

7  Breakthrough of Modern Mechanical Thrombectomy 
Devices

With the revelation of futility in these three early endovascular trials, many centers 
continued to offer endovascular therapy in select patients with AIS despite significant 
controversy. The next major advance came from the Multicenter Randomized CLinical 
trial of Endovascular treatment for Acute ischemic stroke in the Netherlands (MR 
CLEAN). Within this prospective RCT, 500 patients with AIS due to confirmed LVO 
were randomized (1:1) to either usual care (n = 267) or combination IV and IA treatment 
(n = 233). Occlusion of the intracranial ICA, M1, M2, A1, or A2 was confirmed with CT 
angiography (CTA), magnetic resonance angiography (MRA), or digital subtraction 
angiography (DSA). Endovascular treatment consisted of IA t-PA, mechanical throm-
bectomy, or combination therapy [42]. Stent retrievers were used in 81.5 % of patients 
randomized to the endovascular arm and in 97 % of patients who actually underwent 
intervention. Compared with earlier large-scale trials, recanalization improved with 
59 % of patients achieving mTICI 2b-3 reperfusion (Table 20.1). Study authors found 
statistically significant improvement in the primary outcome measure (mRS at 90 days) 
in favor of the intervention: mRS 0–2 at this time point was 32.6 % in the intervention 
group and 19.1 % in the control group (adjusted OR, 2.16; 95 % CI, 1.39–3.38) [42]. 
Mortality and sICH rates were similar between groups. No safety concerns were raised 
within a 6-h window, but the clinical benefit of endovascular treatment was no longer 
statistically significant after 6 h and 19 min past stroke onset [42].

MR CLEAN’s positive findings in favor of endovascular stroke treatment were 
presented at the World Stroke Conference in Istanbul, Turkey in October 2014 to 
much fanfare. Soon after, safety committees for three ongoing endovascular trials 
halted enrollment to perform an early interim analysis. For all three trials, the data 
revealed that each had reached predetermined criteria for stopping enrollment due 
to proven efficacy. This news received a standing ovation when the trials were pre-
sented sequentially at the 2015 ISC meeting in Nashville, Tennessee.

The Endovascular Treatment for Small Core and Anterior Circulation Proximal 
Occlusion with Emphasis on Minimizing CT to Recanalization Times (ESCAPE) 
trial was a prospective RCT that randomized patients up to 12 h after stroke onset. 
Patients who received both a noncontrast CT and CTA were included if they had a 
modest infarct burden; occlusion of the ICA, M1, or at least two M2 branches; and 
collateral filling of at least 50 % of the MCA pial arterial circulation on CTA (moderate- 
to-good collaterals) [43]. The control group received IV t-PA within 4.5 h per estab-
lished guidelines (n = 150) while the endovascular arm (n = 165) received standard 
therapy in addition to mechanical thrombectomy. The use of stent retrievers in 86 % 
and proximal balloon guide catheter suction was recommended but not required. In 
ESCAPE’s interim analysis of endovascular vs. control groups, clinical outcomes 
improved (mRS 0–2 at 90 days in 53 % vs. 29.3 %, p < 0.001), 90-day mortality 
decreased (10.4 % vs. 19.0 %, p = 0.04), and rates of sICH were similar (3.6 % vs. 
2.7 %, p = 0.75), respectively. TICI 2b-3 reperfusion was achieved in 72.4 % of the 
endovascular arm (Table 20.1). Unfortunately, too few of patients underwent random-
ization in the 6- to 12-h window to allow for statistical analysis of this subset [43].
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Simultaneously, the Solitaire with the Intention for Thrombectomy as Primary 
Endovascular Treatment (SWIFT PRIME) trial was an industry-sponsored, prospective 
RCT to establish the efficacy of Solitaire devices. CTA or MRA was used to confirm 
intracranial ICA or M1 occlusion. Although CT perfusion evidence of territorial isch-
emia was required initially, an addendum later allowed sites without CT perfusion 
capability to randomize with an Alberta Stroke Program Early CT Score (ASPECTS) 
greater than 6 [44]. Before halting enrollment, 196 patients had undergone randomiza-
tion to either IV t-PA within 4.5 h (n = 98) or to IV t-PA plus Solitaire thrombectomy 
(n = 98). Primary outcome analysis favored endovascular intervention: a significantly 
improved proportion of patients reached mRS 0–2 at 90 days (60.2 % vs. 35.5 %, 
p < 0.001) and had improved distribution of mRS score at 90 days (p < 0.001). Rates of 
mortality and sICH were similar between the two cohorts. Study interventionalists 
achieved TICI 2b-3 reperfusion in 88 % of the endovascular group (Table 20.1) [44].

The Extending the Time for Thrombolysis in Emergency Neurological Deficits—
Intra-Arterial (EXTEND-IA) trial was another prospective RCT that assessed outcomes 
with the Solitaire device, which was supplied for the trial by Covidien. Patients were 
required to have LVO of the ICA, M1, or M2 division of the MCA on CTA, and meet 
three criteria on either CT or MR perfusion imaging: a mismatch ratio greater than 1.2, 
an absolute mismatch volume exceeding 10 mL, and an ischemic core lesion volume 
below 70 mL [45]. Of the 70 enrolled patients, 35 received IV t-PA alone and 35 had a 
combination of IV t-PA and thrombectomy using the Solitaire FR retrievable stent. 
Outcomes again significantly favored the intervention group. Intervention achieved bet-
ter reperfusion at 24 h (median decrease in perfusion- lesion 100 % vs. 37 %, p < 0.001), 
greater neurologic improvement by day 3 (p = 0.002), and higher rates of functional 
independence (mRS 0–2 at 90 days in 71 % vs. 40 %, p = 0.01). There were no differ-
ences in rates of mortality or sICH. Treatment results were again excellent, as TICI 2b-3 
reperfusion was achieved in 86 % of the intervention group (Table 20.1) [45].

Soon after the unveiling of these trials, three more studies were presented at the 
inaugural European Stroke Organization Conference in Glasgow, United Kingdom in 
April 2015. First, the Randomized Trial of Revascularization with Solitaire FR Device 
vs. Best Medical Therapy in the Treatment of Acute Stroke Due to Anterior Circulation 
Large Vessel Occlusion Presenting within Eight Hours of Symptom Onset (REVASCAT) 
was a prospective, industry-sponsored RCT carried out at four centers in Catalonia, 
Spain. Patients with CTA, MRA, or angiographic evidence of occlusion of the intracranial 
ICA or M1 were randomized to receive either medical therapy alone (IV t-PA, n = 103) 
or endovascular treatment with the Solitaire stent retriever in addition to medical treat-
ment (n = 103) [46]. The trial was stopped early when it was determined that there was 
no longer clinical equipoise given the growing evidence in favor of endovascular 
management of stroke [43–45]. With this premature cessation of enrollment, statistical 
analysis changed from hypothesis testing to estimation because the necessary power for 
the first was no longer achievable. Results lent further support to endovascular treatment 
of AIS. Compared with the medical arm, patients in the thrombectomy arm had an 
improved distribution of mRS (adj. OR 1.7; 95 % CI, 1.05–2.8) and better functional 
outcomes (mRS 0–2 at 90 days in 43.7 % vs. 28.2 %, adj. OR 2.1; 95 % CI, 1.1–4.0). No 
difference in rates of mortality or sICH occurred between the groups and the thrombec-
tomy group had a 66 % rate of TICI 2b-3 reperfusion (Table 20.1) [46].
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Two other trials presented at this meeting that favored thrombectomy are yet to 
be published. The THERAPY Trial, a prospective RCT, compared the Penumbra 
aspiration system with standard IV t-PA. Inclusion criteria stipulated that a long, 
occlusive clot measuring at least 8 mm must be present on vascular imaging before 
randomization. Stopped early because of the positive results of other trials, 
THERAPY’s primary outcome measures failed to reach statistical significance; 
however, based on ordinal analysis, findings statistically favored endovascular ther-
apy (OR 2.28; 95 % CI, 1.05–4.96, p = 0.038) [47].

Given the growing literature in support of stroke intervention, the French 
RCT called THRACE was also stopped early; study findings were presented in 

Table 20.3 Summary of seven large-scale RCTs that have shown the efficacy of endovascular 
treatment of acute ischemic stroke

Trial

Enrollment (n) 
(intervention:IV 
t-PA alone) Outcome analysis

Rates of 
endovascular 
reperfusion

% of stent 
retrievers in 
treatment arm

MR CLEAN 500 (233:267) mRS 0–2 at 90d: 
32.6 % (intervention) 
vs. 19.1 % (IV t-PA); 
OR, 2.16; 95 % CI, 
1.39–3.38

59 % mTICI 2b-3 81.5 % overall 
(97 % of those 
treated)

ESCAPE 315 (165:150) mRS 0–2 at 90d: 
53 % (intervention) 
vs. 29.3 % (IV t-PA); 
p < 0.001

72.4 % mTICI 2b-3 86.1 %

SWIFT PRIME 196 (98:98) mRS 0–2 at 90d: 
60.2 % (intervention) 
vs. 35.5 % (IV t-PA); 
p < 0.001

88 % mTICI 2b-3 100 %

EXTEND-IA 70 (35:35) mRS 0–2 at 90d: 
71 % (intervention) 
vs. 40 % (IV t-PA); 
p = 0.01

86 % mTICI 2b-3 100 %

REVASCAT 206 (103:103) mRS 0–2 at 90d: 
43.7 % (intervention) 
vs. 28.2 % (IV t-PA); 
OR 2.1; 95 % CI, 
1.1–4.0

66 % mTICI 2b-3 100 %

THERAPY 102 (Unpublished) (Unpublished) 0 % 
(Penumbra 
aspiration 
system)

THRACE 414 (Unpublished) (Unpublished) 100 %

The THERAPY and THRACE trial results have not been published at this time [42–48]
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Glasgow and publication is forthcoming. Inclusion criteria were intentionally 
broad, including all patients with moderate-to-severe stroke due to LVO who 
could begin endovascular treatment within 5 h of stroke onset. Preliminary 
results reported statistically significant improvement in clinical outcome after 
intervention, with mRS 0–2 at 90 days in 54.2 % of patients in the treatment arm 
vs. 42.1 % in the medical group (p = 0.02) [48]. Overall, these trials add support 
for the growing data of improved clinical outcomes with mechanical thrombec-
tomy (Table 20.3).

8  Current Standard of Care

Given the glaring need for improved stroke treatment and the groundbreaking data 
from these trials, the perceived “standard of care” at comprehensive stroke centers in 
the United States and abroad has undergone a seismic shift in recent times as endovas-
cular treatment proved to be efficacious. Although evidence for endovascular treat-
ment modalities is impressive, one must remember that interventional treatment is 
only validated for select patients with AIS due to LVO. Many patients will not qualify 
for intervention and should instead receive maximum medical therapy, including IV 
t-PA, per published guidelines if appropriate. At this time, prompt endovascular man-
agement is recommended for patients who meet the following criteria [49]:

 1. Good baseline functional status (prestroke mRS of 0–1).
 2. Documented moderate to severe AIS with NIHSS score of at least 8 and 

ASPECTS score of at least 6.

 (a) Administration of IV t-PA within 4.5-h window if appropriate.

 3. Occlusion of intracranial ICA or M1 (American Heart Association Class I, Level 
of Evidence A), proximal M2, intracranial vertebral artery or basilar artery 
(Class II, Level of Evidence C).

 4. Age ≥ 18 years.

 (a) Mechanical thrombectomy may be reasonable for some patients <18 years 
of age with acute ischemic stroke who have demonstrated large-vessel occlu-
sion and in whom treatment can be initiated (groin puncture) within 6 h of 
symptom onset, but the benefits are not established in this age group 
(American Heart Association Class IIb; Level of Evidence C).

 5. Ability to begin endovascular intervention within 6 h of stroke onset.

AIS patients who receive their initial care outside of a Comprehensive Stroke 
Center (CSC) should receive supportive emergency care and undergo a noncontrast 
head CT followed by IV thrombolytic therapy (if eligible) as rapidly as possible. 
Patients with moderate to severe AIS who are candidates for interventional therapy 
must be transported to a CSC or other thrombectomy-capable facility without delay 
[49]. Future advances in prehospital assessment and triage may favor direct trans-
port of moderate to severe AIS to CSCs; this strategy could bypass facilities unable 
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to offer thrombectomy as long as it would not substantially delay administration of 
IV thrombolytic therapy to eligible patients.

Confirmation of LVO with vascular imaging has become a widespread standard of 
care after all five positive RCTs required CTA, MRA, or angiographic evidence of 
LVO before randomization. Nonetheless, once a noncontrast CT has been obtained and 
hemorrhage is ruled out, patients who qualify for IV t-PA should be administered as 
soon as possible while additional workup ensues. Furthermore, patients who undergo 
IV thrombolysis should not be observed before initiation of endovascular treatment, as 
temporal delay will substantially decrease the likelihood of a good clinical outcome 
[32, 49]. Currently, the use of perfusion-based imaging has not been validated, but 
remains an option for patient selection at centers where this is commonplace.

Although no consensus has been reached regarding treatment for patients under 
age 18 years, benefits in lower mortality for those over 80 years negate a justifica-
tion for withholding treatment solely on the basis of advanced age [49–51]. Several 
guidelines have also been established regarding particulars of stroke intervention. 
Regardless, time to reperfusion is of vast importance and interventionalists should 
seek mTICI 2b-3 reperfusion as quickly as possible, certainly within 6 h of onset.

Current evidence overwhelmingly favors the use of modern thromboembolec-
tomy devices over intra-arterial thrombolysis for the management of LVO. The first 
positive clinical trials that supported endovascular intervention for AIS primarily 
used stent retrievers because advances in thromboaspiration catheter technology 
lagged behind. Industry sponsorship and conflicts of interest within the community 
of neurointerventional physicians contributed to a growing body of literature that 
was biased in favor of stent retrievers and had promoted these devices over alterna-
tive mechanical thrombectomy devices. In our experience, modern thromboaspira-
tion technologies and techniques are at least as efficacious as stent retrievers and 
thus are preferred at our center. Furthermore, compared with stent retrievers, current 
thromboaspiration technologies are significantly less costly and less traumatic to 
intracranial vessels [53]. IA t-PA may be used either in salvage efforts along with 
thromboembolectomy for the management of LVO or alone for the management of 
moderate to severe AIS caused by arterial occlusions that are too distal or too small 
to approach with devices. Unfortunately, no IA dose for thrombolytic drugs has 
been well established or FDA-approved for this indication [49].

As for the method of procedural anesthesia, some data has indicated that con-
scious sedation may result in fewer complications with similar rates of recanaliza-
tion. However, a direct comparison with general anesthesia is currently lacking and 
observational studies have been confounded by stroke severity [50, 53, 54]. Choice 
of anesthetic method should thus be based on individual patient characteristics [49].

Fig. 20.9 (continued) into the distal superior M2 branch. (e) Shows relatively minor stroke bur-
den given his presenting ischemic pattern and unclear time course. He was discharge home with 
mild deficits
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Fig. 20.9 Treatment course of a 37-year-old man who awoke with a complete left MCA syndrome 
and presented with an NIHSS score of 21. (a) Initial MRI showed small core infarct size with large 
symptomatic penumbra. (b) Pretreatment angiogram revealed an occlusive proximal left M1 
thrombus. (c) Saddle embolus (arrow) is noted on angiogram at an early MCA bifurcation after 
using a Penumbra Max ADAPT technique. (d) Next the SOLUMBRA technique with a combina-
tion of the Penumbra Max thromboaspiration catheter and Solitaire stentriever resolved the 
occlusive embolus. mTICI 2b reperfusion was achieved, as a small portion of the clot embolized
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9  Directions for Future Research and Clinical Guidelines

Although the role for endovascular treatment of AIS has been firmly established for 
select patients, many circumstances require further study and clarification. Positive 
trials have generally excluded patients with NIHSS scores less than 6, yet patients 
with LVO and minor clinical symptoms may be at significant risk for rapid clinical 
deterioration and thus could benefit from prompt recanalization to prevent this 
decline [50]. Further, although improved outcomes have been well established for 
patients with intracranial ICA or proximal MCA occlusions, the population of 
patients with M2 occlusions could potentially benefit from embolectomy. Although 
RCTs have focused on the anterior cerebral circulation, most would agree that prop-
erly selected patients with basilar artery occlusion could strongly benefit from endo-
vascular treatment and that a specific clinical trial directed at this question is not 
warranted given the severity of infarctions in this vascular territory.

The absolute temporal window of therapeutic opportunity for endovascular 
stroke treatment remains unclear (Fig. 20.9). Although existing evidence has estab-
lished benefit if reperfusion is achieved within 6 h of stroke onset, additional trials 
are ongoing to elucidate any potential benefit in patients presenting within 8–24 h 
of stroke onset. Clinical benefit outside the 6-h window is theoretically possible in 
some patients with large penumbral regions supported by unusually robust collat-
eral perfusion. Additionally, neuroprotective agents may artificially extend the tem-
poral window of therapeutic opportunity and are currently under active investigation. 
The use of advanced perfusion-imaging techniques to identify patients who may 
benefit from reperfusion, particularly those with an unknown time of onset (e.g., 
“wake up” strokes) and those who present outside the conventional 6-h window, has 
not been validated and likewise warrants further investigation.

Management of carotid stenosis proximal to an intracranial LVO in AIS has been 
of particular interest among stroke investigators. Severe ICA stenosis or occlusion 
has anecdotally been associated with delayed access to intracranial emboli by 
interventionalists. However, utilization of carotid stenting or angioplasty was incon-
sistent in these patients in the five published positive RCTs [42–46]. Some centers 
have reported success with tandem sequential treatment of extracranial carotid ste-
nosis and intracranial LVO. However, carotid stenting requires dual antiplatelet 
therapy, which can increase the risk of hemorrhagic conversion in these patients 
[55–57]. Additionally, the safety and efficacy of carotid endarterectomy within 48 h 
of receiving t-PA for AIS has been proven in patients with severe ipsilateral ICA 
stenosis [58]. Overall, the ideal procedural sequence for addressing proximal ICA 
stenosis associated with intracranial LVO has yet to be established and requires fur-
ther study.

Taken from a broader context, efforts must continue to increase accessibility to 
this groundbreaking stroke technology. This expansion includes the rapid identifica-
tion and diagnosis of AIS, expedient initiation of appropriate stroke treatment, and 
transfer to a CSC if necessary. Put simply, a strategy toward greater availability of 
acute stroke treatment could have a much greater societal impact than minor sequen-
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tial improvements in technology [2, 4, 13]. Nonetheless, rapid improvements in 
interventional device technology have revolutionized the treatment paradigm for 
AIS and further device enhancements are sure to continue into the future as 
indications broaden and clinical experience progresses.

10  Conclusions

With the advent of modern mechanical thrombectomy devices, multiple randomized 
trials have now proven the efficacy of mechanical thrombectomy in properly selected 
patients for the treatment of acute ischemic stroke caused by large vessel occlusion. 
By combining enhanced patient selection criteria with highly effective recanalization 
and low periprocedural morbidity, investigators have revolutionized stroke 
management and established endovascular intervention as the key component of this 
treatment paradigm. Further evolution of interventional device technology, neuroim-
aging selection tools, neuroprotective pharmaceuticals, and clinical experience will 
hopefully continue to expand patient eligibility, improve technical reperfusion 
results, and further increase the proportion of patients with good clinical outcomes.

References

 1. Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Borden WB et al (2013) Executive 
summary: heart disease and stroke statistics—2013 update: a report from the American Heart 
Association. Circulation 127:143–152

 2. Lopez AD, Mathers CD, Ezzati M, Jamison DT, Murray CJ (2006) Global and regional burden 
of disease and risk factors, 2001: systematic analysis of population health data. Lancet 
367:1747–1757

 3. Lozano R, Naghavi M, Foreman K, Lim S, Shibuya K, Aboyans V et al (2012) Global and 
regional mortality from 235 causes of death for 20 age groups in 1990 and 2010: a systematic 
analysis for the global burden of disease study 2010. Lancet 380:2095–2128

 4. Feigin VL, Lawes CM, Bennett DA, Anderson CS (2003) Stroke epidemiology: a review of 
population-based studies of incidence, prevalence, and case-fatality in the late 20th century. 
Lancet Neurol 2:43–53

 5. Fletcher AP, Alkjaersig N, Lewis M et al (1976) A pilot study of urokinase therapy in cerebral 
infarction. Stroke 7:135–142

 6. Meyer JS, Gilroy J, Barnhart J (1965) Therapeutic thrombolysis in cerebral thromboembolism: 
randomized evaluation of intravenous streptokinase. In: Siekert W, Whisnant JP (eds) Cerebral 
vascular diseases. Grune & Stratton, New York, pp 200–213

 7. Brott TG, Haley EC Jr, Levy DE et al (1992) Urgent therapy for stroke. I. Pilot study of tissue 
plasminogen activator administered within 90 minutes. Stroke 23:632–640

 8. Haley EC Jr, Levy DE, Brott TG et al (1992) Urgent therapy for stroke. II. Pilot study of tissue 
plasminogen activator administered 91-180 minutes from onset. Stroke 23:641–645

 9. Tissue plasminogen activator for acute ischemic stroke. The National Institute of Neurological 
Disorders and Stroke rt-PA Stroke Study Group (1995). N Engl J Med 333:1581–1587

 10. Hacke W, Kaste M, Bluhmki E, Brozman M, Dávalos A, Guidetti D et al (2008) Thrombolysis 
with alteplase 3 to 4.5 hours after acute ischemic stroke. N Engl J Med 359:1317–1329

20 Modern Endovascular Treatment of Ischemic Disease



524

 11. Wahlgren N, Ahmed N, Dávalos A, Hacke W, Millán M, Muir K et al (2008) Thrombolysis 
with alteplase 3-4.5 h after acute ischemic stroke (SITS-ISTR): an observational study. Lancet 
372:1303–1309

 12. de Los Ríos la Rosa F, Khoury J, Kissela BM, Flaherty ML, Alwell K, Moomaw CJ, et al 
(2012) Eligibility for intravenous recombinant tissue-type plasminogen activator within a 
population: the effect of the European Cooperative Acute Stroke Study (ECASS) III Trial. 
Stroke 43:1591–1595

 13. Bhatia R, Hill MD, Shobha N, Menon B, Bal S, Kochar P et al (2010) Low rates of acute 
recanalization with intravenous recombinant tissue plasminogen activator in ischemic stroke: 
real-world experience and a call for action. Stroke 41:2254–2258

 14. Furlan A, Higashida R, Wechsler L, Gent M, Rowley H, Kase C et al (1999) Intra-arterial 
prourokinase for acute ischemic stroke; The PROACT II study: a randomized controlled trial. 
JAMA 282(21):2003–2011

 15. Ogawa A, Mori E, Minematsu K, Taki W, Takahashi A, Nemoto S et al (2007) Randomized 
trial of intraarterial infusion of urokinase within 6 hours of middle cerebral artery stroke: the 
middle cerebral artery embolism local fibrinolytic intervention trial (MELT) Japan. Stroke 
38:2633–2639

 16. Fields JD, Khatri P, Nesbit GM, Liu KC, Barnwell SL, Lutsep HL et al (2011) Meta-analysis 
of randomized intra-arterial thrombolytic trials for the treatment of acute stroke due to middle 
cerebral artery occlusion. J Neurointerv Surg 3(2):151–155

 17. Ringer AJ, Qureshi AI, Fessler RD, Guterman LR, Hopkins LN (2001) Angioplasty of intracra-
nial occlusion resistant to thrombolysis in acute ischemic stroke. Neurosurgery 48:1282–1288

 18. Ernst R, Pancioli A, Tomsick T, Kissela B, Woo D, Kanter D et al (2000) Combined intrave-
nous and intra-arterial recombinant tissue plasminogen activator in acute ischemic stroke. 
Stroke 31:2552–2557

 19. IMS Study Investigators (2004) Combined intravenous and intra-arterial recanalization for 
acute ischemic stroke: the Interventional Management of Stroke Study. Stroke 35:904–911

 20. IMS II Trial Investigators; (2007) The Interventional Management of Stroke (IMS) II Study. 
Stroke 38:2127–2135

 21. Gobin YP, Starkman S, Duckwiler GR, Grobelny T, Kidwell CS, Jahan R et al (2004) MERCI 
1: a phase 1 study of mechanical embolus removal in cerebral ischemia. Stroke 35:2848–2854

 22. Smith WS, Sung G, Starkman S, Saver JL, Kidwell CS, Gobin YP et al (2005) Safety and 
efficacy of mechanical embolectomy in acute ischemic stroke: results of the MERCI trial. 
Stroke 36:1432–1438

 23. Smith WS, Sung G, Saver J, Budzik R, Duckwiler G, Liebeskind DS et al (2008) Mechanical 
thrombectomy for acute ischemic stroke: final results of the multi MERCI trial. Stroke 
39:1205–1212

 24. Flint AC, Duckwiler GR, Budzik RF, Liebeskind DS, Smith WS, MERCI and Multi MERCI 
Writing Committee (2007) Mechanical thrombectomy of intracranial internal carotid occlu-
sion: pooled results of the MERCI and Multi MERCI part I trials. Stroke 38:1274–1280

 25. Josephson SA, Saver JL, Smith WS, Merci and Multi Merci Investigators (2009) Comparison 
of mechanical embolectomy and intraarterial thrombolysis in acute ischemic stroke within the 
MCA: MERCI and Multi MERCI compared to PROACT II. Neurocrit Care 10:43–49

 26. The Penumbra Pivotal Stroke Trial Investigators (2009) The penumbra pivotal stroke trial: 
safety and effectiveness of a new generation of mechanical devices for clot removal in intra-
cranial large vessel occlusive disease. Stroke 40:2761–2768

 27. Tarr R, Hsu D, Kulcsar Z, Bonvin C, Rufenacht D, Alfke K et al (2010) The POST trial: initial 
post-market experience of the Penumbra system: revascularization of large vessel occlusion in 
acute ischemic stroke in the United States and Europe. J Neurointerv Surg 2:341–344

 28. Simon SD, Grey CP (2014) Hydrodynamic comparison of the Penumbra system and com-
monly available syringes in forced-suction thrombectomy. J Neurointerv Surg 6:205–211

S.L. Gogela et al.



525

 29. Frei D, Gerber J, Turk A, McPherson M, Heck D, Hui F et al (2013) The SPEED study: initial 
clinical evaluation of the Penumbra novel 054 reperfusion catheter. J Neurointerv Surg 5(Suppl 
1):i74–i76

 30. Turk AS, Frei D, Fiorella D, Mocco J, Baxter B, Siddiqui A et al (2014) ADAPT FAST study: 
a direct aspiration first pass technique for acute stroke thrombectomy. J Neurointerv Surg 
6:260–264

 31. Khatri P, Abruzzo T, Yeatts SD, Nichols C, Broderick JP, Tomsick TA et al (2009) Good clini-
cal outcome after ischemic stroke with successful revascularization is time-dependent. 
Neurology 73(13):1066–1072

 32. Khatri P, Yeatts SD, Mazighi M, Broderick JP, Liebeskind DS, Demchuck AM et al (2014) 
Time to angiographic reperfusion and clinical outcome after acute ischemic stroke: an analysis 
of data from the Interventional Management of Stroke (IMS III) phase 3 trial. Lancet Neurol 
13:567–574

 33. Navia P, Larrea JA, Pardo E, Arce A, Martinez-Zabaleta M, Diez-Gonzalez N et al (2015) 
Initial experience using the 3MAX cerebral reperfusion catheter in the endovascular treatment 
of acute ischemic stroke of distal arteries. J Neurointerv Surg 7:A28–A29

 34. Castaño C, Dorado L, Guerrero C, Millán M, Gomis M, Perez de la Ossa N et al (2010) 
Mechanical thrombectomy with the solitaire AB device in large artery occlusions of the ante-
rior circulation: a pilot study. Stroke 41:1836–1840

 35. Saver JL, Jahan R, Levy EI, Jovin TG, Baxter B, Nogueira RG et al (2012) Solitaire flow 
restoration device versus the Merci Retriever in patients with acute ischaemic stroke (SWIFT): 
a randomised, parallel-group, non-inferiority trial. Lancet 380:1241–1249

 36. Nogueira RG, Lutsep HL, Gupta R, Jovin TG, Albers GW, Walker GA, et al (2012) Trevo 
versus Merci retrievers for thrombectomy revascularisation of large vessel occlusions in acute 
ischaemic stroke (TREVO 2): a randomised trial. Lancet 380:1231–1240

 37. Ciccone A, Valvassori L, Nichelatti M, Sgoifo A, Ponzio M, Sterzi R et al (2013) Endovascular 
treatment for acute ischemic stroke. N Engl J Med 368(10):904–913

 38. Khatri P, Hill MD, Palesch YY, Spilker J, Jauch EC, Carrozzella JA et al (2008) Methodology 
of the Interventional Management of Stroke (IMS)III trial. Int J Stroke 3(2):130–137

 39. Broderick JP, Palesch YY, Demchuk AM, Yeatts SD, Khatri P, Hill MD et al (2013) Endovascular 
therapy after intravenous t-PA versus t-PA alone for stroke. N Engl J Med 368(10):893–903

 40. Kidwell CS, Jahan R, Gornbein J, Alger JR, Nenov V, Ajani Z et al (2013) A trial of imaging 
selection and endovascular treatment for ischemic stroke. N Engl J Med 368(10):914–923

 41. Qureshi AI, Abd-Allah F, Aleu A, Connors JJ, Hanel R, Hassan AE et al (2014) Endovascular 
treatment for acute ischemic stroke patients: implications and interpretation of IMS III, MR 
RESCUE, and SYNTHESIS EXPANSION trials: a report from the Working Group of 
International Congress of Interventional Neurology. J Vasc Interv Neurol 7(1):56–75

 42. Berkhemer OA, Fransen PSS, Beumer D, van den Berg LA, Lingsma HF, Yoo AJ et al (2015) A 
randomized trial of intraarterial treatment for acute ischemic stroke. N Engl J Med 372:11–20

 43. Goyal M, Demchuk AM, Menon BK, Eesa M, Rempel JL, Thornton J et al (2015) Randomized 
assessment of rapid endovascular treatment of ischemic stroke. N Engl J Med 372(11):1019–1030

 44. Saver JL, Goyal M, Bonafe A, Diener HC, Levy EI, Pereira VM et al (2015) Stent-retriever throm-
bectomy after intravenous t-PA vs. t-PA alone in stroke. N Engl J Med 372(24):2285–2295

 45. Campbell BC, Mitchell PJ, Kleinig TJ, Dewey HM, Churilov L, Yassi N et al (2015) 
Endovascular therapy for ischemic stroke with perfusion-imaging selection. N Engl J Med 
372(11):1009–1018

 46. Jovin TG, Chamorro A, Cobo E, de Miquel MA, Molina CA, Rovira A et al (2015) Thrombectomy 
within 8 hours after symptom onset in ischemic stroke. N Engl J Med 372(24):2296–2306

 47. Mocco J, Zaidat O, von Kummer R, Yoo A, Gupta R, Lopes D, et al (2015) Results of the 
THERAPY trial: a prospective, randomized trial to define the role of mechanical thrombec-
tomy as adjunctive treatment to IV rt-PA in acute ischemic stroke. Int J Stroke 10(S2):10 In: 
The European Stroke Organisation Conference; 2015 Apr 17–19; Glasgow, UK

20 Modern Endovascular Treatment of Ischemic Disease



526

 48. Bracard S, Guillemin F, Ducrocq X. THRACE study: intermediate analysis results. Int J Stroke 
2015;10(S2): 31. In: The European Stroke Organisation Conference; 2015 Apr 17–19; 
Glasgow, UK

 49. Powers WJ, Derdeyn CP, Biller J, Coffey CS, Hoh BL, Jauch EC et al (2015) 2015 American 
Heart Association/American Stroke Association Focused Update of the 2013 Guidelines for 
the early management of patients with acute ischemic stroke regarding endovascular treat-
ment: a guideline for healthcare professionals From the American Heart Association/American 
Stroke Association. Stroke 46:3020–3035

 50. Campbell BCV, Donnan GA, Lees KR, Hacke W, Khatri P, Hill MD et al (2015) Endovascular 
stent thrombectomy: the new standard of care for large vessel ischaemic stroke. Lancet Neurol 
14:846–854

 51. Emberson J, Lees KR, Lyden P, Blackwell L, Albers G, Bluhmki E et al (2014) Effect of treat-
ment delay, age, and stroke severity on the effects of intravenous thrombolysis with alteplase 
for acute ischaemic stroke: a meta-analysis of individual patient data from randomised trials. 
Lancet 384:1929–1935

 52. Eugene F, Gauvrit JY, Ferre JC, Gentric JC, Besseghir A, Ronziere T et al (2015) One-year MR 
angiographic and clinical follow-up after intracranial mechanical thrombectomy using a stent 
retriever device. AJNR Am J Neuroradiol 36(1):126–132

 53. Anastasian ZH (2014) Anaesthetic management of the patient with acute ischaemic stroke. Br 
J Anaesth 113(S2):ii9–ii16.

 54. Brinjikji W, Murad MH, Rabinstein AA, Cloft HJ, Lanzino G, Kallmes DF (2015) Conscious 
sedation versus general anesthesia during endovascular acute ischemic stroke treatment: a 
systematic review and meta-analysis. Am J Neuroradiol 36:525–529

 55. Malik AM, Vora NA, Lin R, Zaidi SF, Aleu A, Jankowitz BT et al (2011) Endovascular 
treatment of tandem extracranial/intracranial anterior circulation occlusions: preliminary 
single- center experience. Stroke 42:1653–1657

 56. Heck DV, Brown MD (2015) Carotid stenting and intracranial thrombectomy for treatment of 
acute stroke due to tandem occlusions with aggressive antiplatelet therapy may be associated 
with a high incidence of intracranial hemorrhage. J Neurointerv Surg 7:170–175

 57. Aghaebrahim A, Jovin T, Jadhav AP, Noorian A, Gupta R, Nogueira RG (2014) Endovascular 
recanalization of complete subacute to chronic atherosclerotic occlusions of intracranial arter-
ies. J Neurointerv Surg 6:645–648

 58. McPherson CM, Woo D, Cohen PL, Pancioli AM, Kissela BM, Carrozzella JA et al (2001) 
Early carotid endarterectomy for critical carotid artery stenosis after thrombolysis therapy in 
acute ischemic stroke in the middle cerebral artery. Stroke 32(9):2075–2080

 59. Antman EM, Cohen M, Bernink PJ, McCabe CH, Horacek T, Papuchis G et al (2000) The 
TIMI risk score for unstable angina/non-ST elevation MI: a method for prognostication and 
therapeutic decision making. JAMA 284(7):835–842

 60. Hagashida RT, Furlan AJ, Roberts H, Tomsick T, Connors B, Barr J et al (2003) Trial design 
and reporting standards for intra-arterial cerebral thrombolysis for acute ischemic stroke. 
Stroke 34(8):e109–e137

 61. Zaidat OO, Yoo AJ, Khatri P, Tomsick TA, von Kummer R, Saver JL et al (2013) Recommendations 
on angiographic revascularization grading standards for acute ischemic stroke: a consensus state-
ment. Stroke 44(9):2650–2663

S.L. Gogela et al.



527

Chapter 21
Cerebral Microbleeds and Thrombolysis 
for Acute Ischemic Stroke

JungSeok Lee and Mark Fisher

Abstract Cerebral microbleeds (CMB) are small MRI signal voids due to tiny 
hemosiderin deposits derived from red blood cell extravasation. The relationship 
between CMB and postthrombolysis intracerebral hemorrhage (ICH), the most 
feared complication of thrombolysis for acute ischemic stroke, has received consid-
erable attention. Individual studies relating CMB and postthrombolysis ICH have 
generally failed to show a significant association. However, recent meta-analyses 
indicate that CMB presence or burden on pretreatment MRI is associated with post-
thrombolysis ICH. The exact nature of the CMB–postthrombolysis ICH relationship 
is complicated by the heterogeneous nature of CMB and their associated risk factors 
hypertension, cerebral amyloid angiopathy, and chronic kidney disease. CMB may 
be due to a primary disruption of the vessel wall (primary CMB) or may be a conse-
quence of ischemic brain injury (secondary CMB). Clinicians making decisions 
regarding whether or not to offer intravenous thrombolysis to patients with acute 
ischemic stroke should attempt to distinguish primary from secondary CMB, as it is 
the former that likely create the greatest risk for postthrombolysis ICH.
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1  Introduction

Intravenous tissue-type plasminogen activator (tPA) is recommended as first-line 
therapy for patients with acute ischemic stroke, especially large artery occlusion 
presenting within 4.5 h of symptom onset [1, 2]. However, postthrombolysis intra-
cranial hemorrhage (ICH) remains the most feared complication of thrombolysis for 
acute ischemic stroke. Approximately 7 % of the patients with acute ischemic stroke 
receiving intravenous tPA experience postthrombolysis ICH [3]. Clinical markers 
such as longer stroke onset-to-treatment times, age, high systolic blood pressure, 
hyperglycemia, and higher clinical stroke severity have emerged as risk factor for 
postthrombolysis ICH [4]. Recent studies suggest that neuroimaging markers of 
cerebral small vessel disease (SVD) such as cerebral microbleeds (CMB), multiple 
lacunes, and white matter hyperintensities (WMH) may also be risk factors for post-
thrombolysis ICH [4, 5]. CMB, indicating a microhemorrhage-prone microangiop-
athy, may indicate an increased risk of postthrombolysis ICH. However, the 
association between CMB (CMB presence and CMB burden) and the risk of post-
thrombolysis ICH in patients with acute ischemic stroke receiving intravenous 
thrombolysis remains somewhat controversial [4–6].

2  Radiographic Characteristics of Cerebral Microbleeds

Cerebral microbleeds (CMB) is a term that primarily refers to a radiographic brain 
lesion showing a small MRI signal void [7]. It appears as a small, homogenous, 
rounded lesion of low signal intensity on MRI sequences sensitive to paramagnetic 
susceptibility effect (GRE-T2*WI, SWI). The maximum diameter is 10 mm and, in 
some studies, a minimum diameter of 2 mm [7, 8].

There are two major scales used for assessing CMB. One is the Microbleed 
Anatomical Rating Scale (MARS) [9]. In this scale, CMB are scored as “definite” 
or “possible” CMB. Definite CMB are defined as small, rounded or circular, well- 
defined hypointense lesions within parenchyma with a clear margin, ranging from 2 
to 10 mm on GRE-T2*WI. The other scale is the Brain Observer Microbleed Scale 
(BOMBS) [10]. In this scale, CMB are defined as homogenous, round foci, <10 mm 
diameter (no minimum size specified) of low signal intensity on GRE-T2*WI.

Recent studies indicate that CMB location provides important clues for the spe-
cific underlying vascular pathologic states, particularly hypertensive vasculopathy 
(for deep hemispheric or infra-tentorial CMB) and cerebral amyloid angiopathy 
(CAA) (for strictly lobar CMB) [7, 11]. The Rotterdam scan study showed an asso-
ciation of the APOE ε4 allele with strictly lobar CMB (APOE ε4 versus APOE 
ε3ε3; OR, 1.87; 95 %CI, 1.5–2.81) but not deep hemispheric or infra-tentorial CMB 
(APOE ε4 versus APOE ε3ε3; OR, 1.17; 95 %CI, 0.70–1.93) [11], consistent with 
CAA being the underlying pathology for this group of CMB.
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2.1  Cerebral Microbleeds and Cerebral Microhemorrhage

There have been few studies of the radiological–pathological relationship for CMB 
[12, 13]. Fazekas et al. showed focal hemosiderin deposition in 21 of 34 areas of 
radiologically defined CMB. No specific pathology was found in 13/34 
CMB. Hemosiderin deposits were also noted, without radiologically defined CMB, 
in two brains. These findings were based on 1.5T gradient-echo T2*-weighted images 
(GRE-T2*WI) with section thickness of 5 mm and with a gap of 0.5 mm [12].

Schrag et al., using 3T susceptibility-weighted image (SWI) with section thick-
ness of 2 mm, showed 31 radiologically defined CMB from 10 cases. In ten lesions, 
intact red blood cells (RBC) were found. In 16 lesions, old hematomas were found. 
In three lesions, hemosiderin granules were detected only by microscopy. In one 
lesion, dissection in the vessel wall was observed. The remaining lesion appeared to 
be caused by a microaneurysm [13]. SWI sequence was more sensitive for detection 
of CMB than conventional GRE-T2*WI sequence [14].

More recent studies have suggested additional processes underlying radiologi-
cally defined CMB [15]. CMB can be indicative of a primarily ischemic process, 
and may result from hemorrhagic infarction [16] or hemorrhagic microinfarction 
[17]. CMB originating in this manner are referred to as secondary CMB, in contrast 
to those CMB resulting from a primary disruption of the vessel wall (primary CMB) 
[15]. Ischemia-induced release of iron stores in oligodendrocytes may result in 
radiologically defined CMB, particularly in putamen. Fisher et al. showed putamen 
microhemorrhages with capillary involvement in the elderly with no clinical history 
of stroke [18]. Janaway et al. showed putamen hemosiderin deposition in 99 % of 
the aged 65 and older (198/200 cases) [19].

2.2  Postthrombolysis Intracerebral Hemorrhage

ICH is the most feared complication of treatment with intravenous recombinant tissue-
plasminogen activator (IV-tPA) in acute ischemic stroke. ICH in this setting occurs 
within or at margin of ischemic or infarcted brain tissue [20] and is categorized as hem-
orrhagic infarct (HI) or parenchymal hemorrhage (PH) based on the radiologic anatomy 
of the lesions. The European Cooperative Acute Stroke Study 2 (ECASS2) described 
HI1 (small petechiae without mass effect), HI2 (more confluent petechiae without mass 
effect), PH1 (< 30 % of the infarcted area with mild space- occupying effect), and PH2 
(> 30 % of the infarcted area with significant space-occupying effect) [21].

Another type of ICH is remote ICH, defined as ICH in a brain region without 
visible ischemic injury [21, 22]. Two cohort studies showed remote ICH in roughly 
2–3 % of postthrombolysis ICH cases [22, 23]. One report suggested that patients 
who developed new CMB had a significantly increased risk of remote ICH than 
patients without new CMB [24].

21 Cerebral Microbleeds and Thrombolysis for Acute Ischemic Stroke
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Direct comparison of the symptomatic postthrombolysis ICH rate among different 
studies may be hampered due to different recruitment methods such as tPA thera-
peutic window (the time from the onset of stroke to the beginning of the treatment), 
National Institutes of Health Stroke Scale (NIHSS) score, and definition of symp-
tomatic postthrombolysis ICH [4]. In the NINDS study, symptomatic postthrom-
bolysis ICH rate was 6.4 % in the tPA group compared with 0.6 % in placebo group 
[25]. In the European Cooperative Acute Stroke Study (ECASS) II, symptomatic 
postthrombolysis ICH occurred in 36 (8.8 %) of the intravenous tPA group and 13 
(3.4 %) of the placebo group [26]. In the Alteplase Thrombolysis for Acute 
Noninterventional Therapy in Ischaemic Stroke (ATLANTIS) study, 7.0 % of the 
patients showed symptomatic postthrombolysis ICH [27]. Intravenous tPA was 
begun within 3 h of the onset of stroke in the NINDS study, while the therapeutic 
window was within 5 h in ATLANTIS study.

2.3  Cerebral Small Vessel Disease and Postthrombolysis 
Intracerebral Hemorrhage

The term cerebral small vessel disease (SVD) refers to a group of pathological 
processes affecting small arteries, arterioles, capillaries, and venules of the brain 
[28]. MRI manifestations of cerebral SVD include white matter hyperintensities 
(WMH), lacunes, and CMB [29]. In one retrospective study of 449 patients with 
acute anterior circulation stroke, the rate of postthrombolysis ICH was significantly 
more frequent in patients with moderate-to-severe deep WMH than in patients with-
out WMH, even after correction for confounders such as age, stroke severity, and 
types of thrombolysis (intravenous, intra-arterial, and combined) (OR, 2.9; 95 %CI, 
1.29–6.59; p = 0.015) [30]. Palumbo et al. showed a significant association between 
postthrombolysis ICH and either severe WMH (OR, 2.75; 95 %CI, 1.15–6.53) or 
multiple lacunes (OR, 3.40; 95 %CI, 1.50–7.68) in 936 acute ischemic stroke 
patients receiving intravenous tPA. Patients with multiple lacunes had higher mor-
tality at 90 days compared to those with one or no lacunes (OR, 2.9; 95 %CI, 1.3–
6.2; p = 0.008) [31]. A Belgian study, analyzing data from 400 patients receiving 
intravenous tPA for acute ischemic stroke, showed a nonsignificant trend toward 
association of WMH and postthrombolysis ICH (OR, 1.9; 95 %CI, 0.78–4.68; 
p = 0.16). However, WMH was independently associated with poor outcome (OR, 
2.39; 95 %CI, 1.21–4.72; p = 0.01) [32]. In the study of Shi et al. analyzing data 
from 105 patients with acute ischemic stroke treated by mechanical thrombectomy, 
moderate-to-severe WMHs in the deep white matter was an independent predictor 
of hemorrhagic transformation (OR, 3.43; 95 %CI, 1.23–9.57; p = 0.019) and PH 
(OR, 6.26; 95 %CI, 1.74–22.45; p = 0.005) on multivariate logistic analysis [33]. 
There is still very limited data supporting a relationship between WMH burden and 
postthrombolysis ICH. Therefore, detecting moderate-to-severe WMH should not 
preclude intravenous thrombolysis in patients with acute ischemic stroke.
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2.4  Cerebral Microbleeds and Postthrombolysis Intracerebral 
Hemorrhage

Two meta-analyses have explored the relationship between CMB presence and 
postthrombolysis ICH [34, 35]. The first by Charidimou et al. included 10 studies 
comprising 2028 patients with acute ischemic stroke treated with thrombolysis [34]. 
The second meta-analysis by Tsivgoulis et al. included 9 studies comprising 2479 
patients with acute ischemic stroke treated with intravenous thrombolysis only [35]. 
The first and second meta-analyses shared 6 studies including 1623 patients with 
acute ischemic stroke treated with intravenous thrombolysis only. These two meta- 
studies indicated that CMB presence on pretreatment MRI was associated with 
postthrombolysis ICH [34, 35]. However, this result should be interpreted with cau-
tion, because differences in research methods may be a confounding factor that 
could influence the association. Interestingly, all individual studies except one 
(Dannenberg et al.) showed no significant relationship between CMB presence on 
pretreatment MRI and postthrombolysis ICH [36–48] (Table 21.1).

In the meta-analysis by Charidimou et al., the pooled odds ratio (OR) for CMB 
presence on pretreatment MRI and postthrombolysis ICH was 2.26 (95 %CI, 1.46–
3.49; p < 0.0001) [34, 36–45] (Table 21.1). These results remained in subgroup 
pooled analyses including 1704 patients treated only with intravenous tPA (pooled 
OR, 2.87; 95 %CI, 1.76–4.69; p < 0.0001) [36–41, 44, 45].

In the pairwise meta-analysis by Tsivgoulis et al., the pooled relative risk (RR) for 
CMB presence on pretreatment MRI and postthrombolysis ICH was 2.36 (95 %CI, 
1.21–4.61; p = 0.01). This latter meta-analysis divided patients into three groups: 
CMB absence (0 CMB), low/moderate CMB burden (1–10 CMBs), and high CMB 
burden (>10 CMBs). The risk of postthrombolysis ICH in patients with high CMB 
burden was increased when compared to both patients with 0–10 CMB (pooled RR, 
12.10; 95 %CI, 4.36–33.57; p < 0.001) and 1–10 CMBs (pooled RR, 7.01; 95 %CI, 
3.20–15.38; p < 0.001) [34–41, 46–48]. Tsivgoulis et al. also performed an individ-
ual-patient data meta-analysis (regarded as the gold standard for systemic review) 
using original data from three available studies (n = 521) to produce more reliable 
results. In this individual-patient data meta-analysis, high CMB burden (>10 CMBs) 
was associated with postthrombolysis ICH when compared to patients with 0–10 
CMBs adjusting for potential confounders such as MRI sequence, MRI field strength, 
baseline stroke severity, onset-to-treatment time, demographics, and vascular risk 
factors (adjusted OR, 18.17; 95 %CI, 2.39–138.22; p = 0.005) [35, 36, 41, 47].

In 2014 and 2015, four new studies reported results regarding the association 
between CMB presence (or burden) and symptomatic postthrombolysis ICH; these 
studies had conflicting results [36, 41, 46, 48]. Two of these studies showed a signifi-
cant association between CMB presence (or burden) and symptomatic postthrom-
bolysis ICH [36, 46], whereas the remaining two studies indicated no relationship 
between CMB and symptomatic postthrombolysis ICH [41, 48]. In study of 
Dannenberg et al., the OR for CMB presence on pretreatment MRI and postthrom-
bolysis ICH was 7.06 (95 %CI, 1.87–26.66) [35, 36]. However, this study showed 
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the presence of single CMB did not increase the risk of postthrombolysis ICH [36]. 
Yan et al. study showed CMB burden (≥3 CMBs) was independently associated 
with PH (OR, 6.70; 95 %CI, 2.05–21.88; p = 0.002) and poor clinical outcome (OR, 
2.28; 95 %CI, 1.02–5.09; p = 0.044) [46]. In the study of Gratz et al., CMB presence 
on pretreatment SWI did not increased the risk for symptomatic asymptomatic post-
thrombolysis ICH or influence the clinical outcome of patients receiving thromboly-
sis. There was a marginally significant association between high CMB burden and 
ICH outside the infarct (OR, 1.004; 95 %CI, 1.000–1.008; p = 0.048) [41]. The study 
of Turc et al. (n = 717) showed no significant association between CMB presence or 
burden and postthrombolysis ICH in multivariate analysis, irrespective of symptom-
atic postthrombolysis ICH definition [48]. The rates of symptomatic postthromboly-
sis ICH ranged from 3.8 % (ECASS-3 definition) to 9.1 % (NINDS definition). In 
this study, the number of CMB and their distribution were rated according to 
MARS. In addition, there were some differences in population characteristics among 
studies. In the study of Dannenberg et al. [36], the patients were relatively older and 
more frequently had presumed CAA compared to the Turc et al. study [48]. In the 
study of Yan et al. [46], the patients had a higher frequency of CMB presence 
(39.9 %) and higher CMB burden compared to the study of Turc et al. [48].

There appears to be four major risk factors for CMB: hypertension, CAA, chronic 
kidney disease (CKD), and cerebral autosomal dominant arteriopathy with subcorti-
cal infarcts and leukoencephalopathy (CADASIL). Hypertension, CAA, and 
CADASIL have both arteriolar smooth muscle cell (SMC) and capillary (i.e., 
blood–brain barrier) involvement. CKD has been characterized by SMC alterations, 
while capillary involvement in CKD has not yet been investigated [49]. It is thought 
that postthrombolysis ICH is more likely to develop in the presence of preexisting 
arteriolar SMC injury [49].

3  Conclusions

Recent studies have shown that CMB burden, especially presence of more than ten 
CMB on pretreatment MRI, increases the risk of postthrombolysis ICH during IV 
thrombolysis. However, a definitive answer cannot yet be provided as to whether 
excessive CMB burden on pretreatment MRI represents an absolute exclusion crite-
rion for IV thrombolysis in acute ischemic stroke. Therefore, the data on the influ-
ence of CMB burden on postthrombolysis ICH should be treated with caution. In 
that regard, clinicians making decisions regarding whether or not to offer intrave-
nous thrombolysis to the patients with acute ischemic stroke should realize that the 
number of CMB present is less important than the nature of the process driving 
CMB development [49]. In other words, clinicians will need to distinguish CMB 
that have developed as a consequence of ischemia (secondary CMB) versus primary 
CMB resulting from an underlying process that directly injures the vessel wall, such 
as hypertension and CAA. It is the patient with primary CMB who would appear to 
be at greatest risk for postthrombolysis ICH.
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Chapter 22
Targeting Pericytes and the Microcirculation 
for Ischemic Stroke Therapy

Ain A. Neuhaus, Brad A. Sutherland, and Alastair M. Buchan

Abstract Ischaemic stroke is a major global cause of disability and death, yet the 
therapeutic options currently available for stroke are very limited. The only effec-
tive acute treatments of ischemic stroke revolve around restoring patency to the 
occluded artery through degradation (intravenous thrombolysis) or mechanical 
removal of the clot [Int J Stroke 10:1168–1178, 2015; Brain 136:3528–3553, 2013]. 
However, there is an increasing body of evidence to suggest that even following 
recanalization of the large vessel, the post-ischemic microvasculature remains dys-
functional and does not necessarily allow effective reperfusion. Contributors to this 
phenomenon include astrocyte swelling and compression of microvessels, obstruc-
tion of flow due to inflammatory changes, leukocyte adhesion and thrombosis, and 
the constriction of capillaries by pericytes dying in rigor [Shock 8:95–101, 1997; J 
Cereb Blood Flow 36:451–455, 2016]. This chapter will provide an overview of 
microvascular function in health, describe the pathological changes that occur fol-
lowing ischemia and reperfusion, and explore the role of the microvasculature, with 
a focus on pericytes as a potential therapeutic target in ischemic stroke.
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1  Introduction

Perhaps more so than in any other organ, cerebral blood flow (CBF) is tightly regulated 
to ensure adequate supply and match the very high energy demands of the brain—
despite comprising only 2 % of body weight, the brain receives approximately 20 % of 
cardiac output [1, 2]. It is critical that rapid increases in cerebral metabolism are 
matched by a hyperemic response to avoid even transient periods of hypoxia [2]. This 
phenomenon, known as neurovascular coupling, requires communication between 
active neurons, glial cells, and the vasculature, which collectively form the neurovas-
cular unit (NVU; Fig. 22.1). The key function of the NVU is to facilitate nutrient 

Fig. 22.1 The neurovascular unit is responsible for neurovascular coupling. Neuronal activity 
triggers Ca2+ responses in both other neurons, through NMDA receptors (NMDAR), and in 
astrocytes, through metabotropic glutamate receptors (mGluR). This leads to the release of 
numerous vasoactive mediators, including nitric oxide (NO) produced by neuronal nitric oxide 
synthase (nNOS), potassium ions (K+), phospholipase A2-derived arachidonic acid (AA), and AA 
derivatives including various prostaglandin species (PG) and epoxyeicosatrienoic acids (EET). 
Through various surface membrane receptors (in the case of AA derivatives), direct hyperpolariza-
tion (K+-mediated inward rectifying K+ channel activation), or activation of cylic GMP production 
(NO), these mediators cause relaxation of smooth muscle and pericytes. Under certain conditions, 
astrocytes may also mediate vasoconstriction through AA-derived 20-hydroxyeicosatetraenoic 
acid (20-HETE). When vasodilation occurs, O2 and glucose supply to the parenchyma is increased. 
Reproduced from [2] with permission from Nature Publishing Group
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exchange, maintain stability of the neuronal milieu, and increase or reduce blood sup-
ply depending on the needs of the tissue it supplies. The mechanisms by which the 
latter occurs remain highly controversial, yet are clearly of immense importance to 
understanding stroke pathology on a microvascular level.

The primary drivers of metabolic demand are neurons, due to the ATP demands 
of synaptic transmission [3], but it is not certain whether they directly communicate 
with the vasculature. It has been proposed that astrocytes act as intermediaries, 
sensing synaptic activity through the “tripartite synapse” and releasing vasoactive 
substances onto the vasculature [4, 5]. While such an arrangement seems 
advantageous, due to the much higher incidence of astrocyte endfeet covering the 
vasculature compared to neuronal processes [6], some recent experiments have 
failed to demonstrate changes to CBF responses when astrocyte activity is inhibited 
[7]. Equally uncertain are the molecular mediators of neurovascular coupling: 
proposed candidates include prostaglandins, K+ ions, nitric oxide, and numerous 
others, but their relative contributions and importance remain poorly understood 
(for an in- depth overview, see [2, 8]).

The role of the NVU in normal physiology is particularly relevant to cerebrovas-
cular disorders. Stroke is a leading cause of morbidity and mortality, with 6.5 million 
stroke-related deaths and over 25 million stroke survivors in 2013, a global burden 
that is increasing [9]. Approximately 87 % of strokes are ischemic, with the remain-
der being hemorrhagic in origin. In either case, the loss of nutrient supply will result 
in widespread cell death in the affected brain region. Brain ischemia is caused by a 
thrombus or an embolus occluding an artery within the brain. The most common 
occlusion site in human ischemic stroke is the middle cerebral artery (MCA), which 
prevents blood flow to the downstream territory that this artery supplies, including 
most of the cerebral cortex through its superficial branches and the striatum through 
its deep lenticulostriate branches [10]. Strokes of the anterior cerebral artery and pos-
terior circulation are less common, but regardless of the occlusion site, the ultimate 
consequence of this reduction in perfusion is cell dysfunction and eventual death 
unless blood flow is rapidly restored. This is not restricted to neurons and affects the 
entire NVU, leading to abnormal regulation of cerebral blood flow [2]. Moreover, 
some of these effects are not necessarily reversed even when perfusion is restored, 
making the NVU an important target for novel stroke therapies [11].

2  Hemodynamic Effects of Stroke

Arterial occlusion leads to a cessation of anterograde blood flow through the affected 
vessel, but cerebral perfusion can be maintained if collateral vessels dilate and pro-
vide an alternative blood supply [12]. When collateral blood supply also falls below 
the level required to sustain neuronal viability, the severe reduction in perfusion of 
the brain parenchyma results in the development of a stroke [12]. Where blood flow 
is completely abolished, the parenchyma suffers rapid and irreversible damage, 
forming the core of the infarct [13]. Surrounding the core is the penumbra—a region 
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where blood flow has been reduced, but not to the critical level where neurons begin 
to die, estimated to be approximately 20 % of baseline CBF [13, 14]. The penumbra 
was first described in the late 1970s [15, 16], as part of a detailed description of the 
various blood flow thresholds leading to changes in multiple aspects of neuronal 
function, including protein synthesis, synaptic activity, and membrane integrity [17]. 
Neurons in the penumbra remain electrically silent on limited energy supply, but 
can resume their activity when the tissue returns to normal oxygenation status. 
Therefore, the penumbra is the main target of therapeutic interventions, as it can be 
salvaged (or at least its death delayed) with neuroprotective agents and the restora-
tion of blood flow through the affected artery.

Arteries are strong blood vessels with concentric rings of vascular smooth muscle 
(VSM) and endothelial cells surrounded by a thick tunica media layer. Arteries can 
withstand the shear force associated with a large volume of pulsating blood at high 
pressures. When an occlusion occurs within an artery, downstream blood flow 
ceases and arteries lose their elasticity and increase in stiffness. One recent clinical 
study revealed that carotid artery elasticity, as measured by velocity vector imaging, 
was reduced in carotid arteries ipsilateral to the stroke [18]. In isolated MCA stud-
ies, ischemia can diminish vascular tone and disrupt the actin cytoskeleton of the 
smooth muscle [19]. As a result, the cerebral circulation loses its autoregulatory 
properties—the ability to maintain constant flow despite variations in systemic 
blood pressure—leading to a loss of fine control over cerebral blood flow [20] and 
potential worsening of ischemia when blood pressure is reduced. This has been cor-
roborated by studies where pharmacologically inducing hypertension reduced brain 
injury following MCA occlusion (MCAO) by enhancing cerebral blood flow [21]. 
Interestingly, the drop in perfusion pressure in downstream arteries of the occlusion 
site can lead to myogenic vasodilation, possibly through the decreased clearance of 
carbon dioxide and lactate [22].

Downstream of arteries are penetrating arterioles which dive deep into the cere-
bral cortex to supply blood to the capillary bed. After an occlusion in an artery, its 
arterioles also become devoid of blood flow and, similarly to arteries, lose their 
elasticity and autoregulation. Parenchymal arterioles under normotensive conditions 
respond to carotid artery occlusion by active vasodilation, but do not undergo struc-
tural remodeling [23]. Using in vivo two-photon imaging, Shih and colleagues 
showed that arterioles exhibited robust vasodilation throughout MCAO for 90 min 
[24]. However, under hypertensive conditions, parenchymal arterioles have increased 
wall thickness and distensibility, leading to a lack of response to ischemia to coun-
teract the perfusion deficit [23]. When an arteriole is directly occluded, a microin-
farct forms in its territory, suggesting that there is enough blood flow deficit to 
produce neuronal damage even when neighboring arterioles and the upstream vascu-
lature remain intact [25]. Arterioles feed into a large capillary network that supplies 
oxygen and glucose throughout the brain to maintain neurovascular function. Using 
a vascular angiome model, it was calculated that downstream capillaries had reduced 
flow up until approximately halfway to the next penetrating arteriole, where full 
recovery of flow in capillaries occurred [26]. The control of microcirculation through 
capillaries and its dysfunction during stroke is discussed below.
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At the other end of the capillary network are the draining ascending venules 
taking deoxygenated blood towards the large veins. During an arterial occlusion, 
there is no blood to drain and so blood flow is shunted through penetrating venules 
into upstream capillaries to relieve the ischemic region of blood flow depletion [27]. 
In addition, occlusion of venules can occur, which can in turn reduce blood flow to 
their upstream capillaries, reverse the direction of flow, and cause an increase in 
vessel diameter [28]; however, this is restricted to the first few branches off the 
venule [26]. This reduction in flow can also lead to microinfarcts and localized 
neuronal damage that is, broadly speaking, similar to the consequences of single 
arteriole occlusion [25].

The final steps in the cerebrovascular tree are the draining veins taking deoxygenated 
blood to the heart. Similarly to venules, when an arterial occlusion occurs, there is no 
blood flow through the veins, which leads to either venous blood pooling and no 
venous return, or incompletely occluded venous flow [29]. Impaired venous return 
after arterial occlusion was associated with increased functional deficit and histological 
damage in a non-human primate model of stroke [29]. However, early venous filling 
can occur in stroke, reflecting arteriovenous shunting, increased local circulation, and 
an attempt to restore blood flow to the ischemic territory [30].

Overall, vascular occlusion at any step within the vascular tree can have profound 
effects leading to loss of vessel function and interaction with neighboring parenchymal 
cells. While restoration of blood flow can reverse many of these effects, the residual 
dysfunction may be a problem of considerable clinical relevance.

3  Hemodynamic Effects of Recanalization

The major therapeutic strategy for ischemic stroke is to recanalize the occluded 
blood vessel and restore blood flow to the ischemic region. Over the last 20 years, 
recombinant tissue plasminogen activator (rtPA, formulated as alteplase) has been 
used in acute ischemic stroke therapy for this purpose. It activates plasmin to 
degrade fibrin, effectively dissolving the occluding clot and restoring blood flow to 
that artery and the downstream vascular bed. rtPA improves neurological outcome 
in stroke patients, provided it is administered within the first 4.5 h after stroke onset 
[31]. However, with rtPA, there is a risk of intracerebral hemorrhage, potentially 
due to an increase in matrix metalloprotease activity and degradation of the blood–
brain barrier [32]. More recently, five trials have shown significant improvement in 
clinical outcomes by restoring blood flow in ischemic stroke patients using endovas-
cular thrombectomy, where a stent-retriever device is used to retract the clot  
[33–37]. This treatment has been shown to be superior to rtPA without increasing 
adverse events such as symptomatic intracerebral hemorrhage [38, 39].

The level of reperfusion after recanalization is a key determinant of neurological 
outcome following ischemia. There is clinical evidence that greater collateraliza-
tion is associated with improved recanalization and reperfusion rates, as well as 
improved efficacy following endovascular thrombectomy after ischemic stroke 
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[40, 41]. In rodent studies using a transient MCAO model, CBF during reperfusion 
was more predictive of outcome than CBF during ischemia [42]. In fact, multiple 
neuroprotective agents have actually provided protection through improvement of 
blood flow and alteration of other physiological parameters rather than a direct 
neuropharmacological effect [43]. In addition, the speed at which CBF perfusion is 
restored is also critical to ischemic stroke pathophysiology. rtPA treatment leads to 
a gradual increase in CBF as the clot is slowly dissolved while endovascular throm-
bectomy leads to an abrupt increase in CBF as the clot is suddenly removed [44]. 
These disparate CBF profiles can alter the pathophysiologic response in the brain: 
the gradual restoration of CBF with rtPA lends itself to greater ischemic damage for 
longer, while the abrupt restoration of CBF with endovascular thrombectomy can 
lead to transient hyperperfusion and reperfusion injury via increased free radical 
production [45].

An artery that has been occluded and is suddenly recanalized can still feature 
impaired autoregulation and vascular reactivity for some time. The large amount of 
free radical production as a result of the restoration of blood flow can damage arte-
rial smooth muscle, leading to loss of basal tone and myogenic reactivity [46, 47].

In parenchymal arterioles during ischemia, in vivo imaging revealed that these 
vessels dilate; when the arterioles are reperfused, this persistent vasodilation offsets 
the incomplete recovery of erythrocyte velocity, to allow as much post-ischemic 
erythrocyte flux as possible [24]. However, in isolated parenchymal arteriole stud-
ies, upon reperfusion, parenchymal arterioles constrict, which is not due to an 
increase in smooth muscle calcium influx, but appears to be due to increased sensi-
tivity to calcium [48] and peroxynitrite generation [49]. This constrictive response 
in parenchymal arterioles could contribute to post-ischemic hypoperfusion and 
expansion of the ischemic injury.

Upon reperfusion, stagnant flow, thrombus-like foci, and neutrophil-like cells begin 
to accumulate within cortical venules [50]. Venules appear to be a major site where 
leukocytes accumulate during reperfusion following stroke, contributing to an exagger-
ated inflammatory response at this time. In a rat model, 2 h of MCAO followed by 1 h 
of reperfusion led to a significant increase in leukocyte rolling and adhesion within 
cerebral venules [51]. Like venules, cerebral venous pooling can occur after reperfusion, 
which can lead to poor restoration of flow. Early venous filling while attempting to 
restore flow to the ischemic region can be an indicator of tissue damage; recanalization 
can then lead to severe hyperemia in these vessels and associated hemorrhage [30].

4  Capillary Blood Flow

The phenomena described thus far focus on the large blood vessels, typically consid-
ered the most relevant to ischemic stroke, and the larger vessels of the microvasculature 
(the arterioles and venules). Indeed, while even penetrating arteriole occlusions can 
result in infarct development, occluding single capillaries does not [25]. Nonetheless, 
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capillaries are of immense importance as the main sites of nutrient exchange between 
tissues and the vasculature, due to three factors. First, their relative proximity to neu-
rons and other parenchymal cells reduces the distance of diffusion and facilitates 
exchange of gases and metabolites [52]. Second, the very high density of capillaries—
in excess of 500 mm of vessel length per mm3 of tissue in rat cortex—increases the 
surface area on which exchange can occur [53]. Finally, blood flow through capillaries 
is slow, at approximately 1 mm per second [54], allowing more time for gas equilibration. 
Recent work suggests that under resting conditions, arteriolar flow may be a significant 
contributor to oxygen delivery [55]. However, it is unequivocally clear that during con-
ditions of stress (be it increased demand in the form of neuronal activity, or reduced 
supply during an ischemic insult), maintaining normal capillary flow is crucial for 
appropriate supply of oxygen and metabolites to the brain [55].

Due to the small size of capillaries, typically <5 μm in diameter, even very small 
alterations of capillary diameter would produce a considerable change in flow through 
the vessel. According to Poiseuille’s law, flow through a tube will increase propor-
tionally with radius to the fourth power (r4); as such, an increase in diameter from 5 
to 6 μm would result in a more than twofold increase in flow. Capillary flow, however, 
does not operate according to the ideal conditions modelled by Poiseuille’s law due to 
the non-Newtonian properties of blood. The size of erythrocytes (approximately 
7–8 μm) and leukocytes (up to 10 μm) necessitates deformation to allow the cells to 
pass through [56, 57]. This problem becomes insurmountable at very small capillary 
diameters, effectively preventing flow. Moreover, the luminal surfaces of microvessels 
are coated with a host of glycoproteins and other complex molecules that impede 
flow, partly due to transient adhesion of leukocytes to the endothelium [58].

The issues described thus far can be evaluated in a single hypothetical vessel. 
The models become substantially more complicated in a capillary network, where 
differences in flow between individual vessels affect their overall function even at a 
constant arterial inflow. This heterogeneity in capillary perfusion was first described 
by Krogh in 1919, who postulated that not all capillaries were active at rest, and 
recruitment of additional vessels was a mechanism contributing to hyperemic 
responses to activity [59]. While this is unlikely to be a simplistic binary model 
(flow is either maximal or absent), there is considerable evidence for differences 
in capillary transit time heterogeneity (CTTH), which are reduced during neural 
activity and the hyperemic response to it [54].

The importance of this has recently been highlighted by modelling studies of the 
capillary network in silico, demonstrating that under conditions of elevated arterio-
lar tone and flow into the capillary bed, oxygen extraction fraction can decrease 
when the capillary bed is not uniformly perfused [60]. Not only can this prevent 
increases in nutrient supply, but under extreme conditions the effect of elevated 
CBF becomes inverted and tissue oxygenation is reduced, a situation termed malig-
nant CTTH. Therefore, appropriate coupling between CBF and cerebral metabolism 
requires regulation at both the arterial and capillary levels, accounting for increased 
CBF and reduced CTTH, respectively. This has been postulated to have relevance to 
ischemic [61] and hemorrhagic stroke [62], dementia [63], and traumatic brain 
injury [64].
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5  Pericytes as Regulators of Capillary Blood Flow

Control over CTTH, however, requires that there be some mechanism to directly 
alter capillary tone. Until recently, the consensus was that the last vessels with tone 
on the inflow side were terminal arterioles, covered by concentric rings of VSM that 
establish a basal tone, which can be relaxed to increase CBF [14]. The alternative to 
this is the capillary pericyte. The French physiologist Rouget first described the 
histological appearance of pericytes on the capillary wall in the nineteenth century. 
In the 1920s, they were proposed by Vimtrup to have contractile properties, based 
on his observations of capillary constriction in larvae (discussed in [65]). Pericytes 
are defined as spatially isolated vascular mural cells that lie within the basal lamina, 
with known molecular markers including CD13/aminopeptidase N [66], desmin 
[67], NG2 [68], and regulator of G-protein signalling 5 [69]. The expression of 
alpha smooth muscle actin (αSMA) is heterogenous, with higher levels expressed 
by pericytes towards the arteriolar side; mid-capillary pericytes, in contrast, are 
negative for αSMA labelling [70], a fact that is highly relevant for interpretation of 
their function as discussed below.

The physiological role pericytes play was not well understood until recent decades, 
when there has been an explosion of interest in their contribution to vascular func-
tion. They are now known to be the key inducer of the blood–brain barrier (BBB) 
phenotype in endothelial cells, necessary to maintain the delicate milieu that allows 
normal neuronal function in the brain [71–73]. Pericytes also regulate angiogenesis 
[74] and leukocyte recruitment [75] and exhibit pluripotency to differentiate into 
other cell types [76]. Crucially, there is now evidence to suggest pericytes are also the 
primary regulators of CBF. It was first shown in 2006 that in acute brain slices, capil-
lary diameter changed in response to electrical stimulation and the application of 
vasoactive substances [77]. This occurred at pericyte locations, but not at uncovered 
endothelial segments, implying active constriction of the capillary. It was subse-
quently shown that pericytes exhibit an outward current (and hyperpolarize) during 
neural stimulation ex vivo, corresponding to capillary dilations; when neural activity 
was induced by whisker stimulation in mice, capillaries in the barrel cortex dilated as 
well [78]. Importantly, this dilation preceded arteriolar dilation, implying that the 
pericyte is the first cell type to respond during neurovascular coupling [78].

This hypothesis is not without controversy, and it has been suggested that peri-
cytes are either capable of constricting/dilating capillaries but remain unresponsive 
to most stimuli [79], or that they are fundamentally incapable of altering capillary 
diameter even when directly stimulated using transgenic and optogenetic methods 
in vivo [80]. However, these discordant findings are potentially reconciled by 
 differences in terminology. Clearly, there is heterogeneity in the mural cells of the 
vascular tree, even when we broadly classify them as ‘pericytes’ or ‘VSM cells’ [80, 
81], including in the expression of contractile proteins such as αSMA [70]. It is 
plausible and indeed necessary a priori that contractile, CBF-regulating pericytes 
would be located towards the arterial side of the capillary network and might well 
exhibit functional and morphological differences from other pericyte populations in 
smaller capillary branches or venules [80]. As a result, it becomes difficult to define 
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the transition point where VSM stops and pericytes begin, and likewise, drawing 
distinctions between terminal arterioles and first-order capillaries is not clear-cut. 
What can be stated, and what both sides of the argument appear to agree on, is that 
CBF is regulated initially in very small vessels on the arterial side of the capillary 
network, by spatially isolated contractile mural cells, before the response spreads 
into larger vessels [78, 80–82].

6  Microvascular Changes in Stroke

The clinical signs and symptoms of stroke primarily reflect neuronal dysfunction; 
however, it is clear that the other cell types in the ischemic area are also affected. 
This includes the microvasculature, which can suffer direct ischemic damage. 
Equally problematic, however, is reperfusion injury, and the oxidative stress and 
inflammation associated with it. As a consequence of microvascular damage during 
ischemia, recanalization of the occluded artery does not necessarily result in reper-
fusion of the microvascular bed, referred to as the “no-reflow” phenomenon 
(Fig. 22.2). Although no-reflow was first described in global ischemia in rabbits 
[84], the same effect has been demonstrated in macaque MCAO [85]. It has also 
been shown in a meta-analysis of several clinical studies that 26 % of stroke patients 
who are successfully recanalized (based on computed tomography or magnetic res-
onance angiography) do not achieve reperfusion of the microvasculature, evaluated 
using perfusion imaging [86]. As described above, even if a relatively small number 
of capillaries are affected, the effect on tissue oxygenation could be profound due to 
increased CTTH [61]; indeed, capillary flow heterogeneity has been reported to 
increase under ischemic conditions [87]. Reduced capillary diameters (<4 μm) can 
also increase blood viscosity, further exacerbating the issue [88]. There has been a 
resurgence of interest in no-reflow in recent years, and our understanding of its 
mechanistic basis has greatly expanded since the early histological studies.

A major step in the so-called “ischemic cascade” (Fig. 22.3) of molecular events 
occurring following loss of nutrient supply is the dysregulation of Ca2+ homeostasis 
[13]. This has a plethora of downstream effects due to the importance and ubiquity 
of Ca2+ as a second messenger in intracellular signaling. Among these is the regula-
tion of enzyme activity, including proteases and lipases, but also an enormous 
increase in the production of reactive oxygen and nitrogen species (ROS and RNS, 
respectively), including superoxide (O2

−), hydrogen peroxide (H2O2), nitric oxide 
(NO), and others [45]. While some of these mediators are crucially important for 
normal vascular function—indeed, endothelial-derived NO is a potent vasodilator 
and protective in stroke [89]—their overproduction and the resulting damage to cell 
membranes, proteins, and DNA will further impair vascular function [13, 90]. 
Importantly, the rapid restoration of CBF and tissue oxygen tension seen in transient 
MCAO in rats can actually exacerbate infarct development through oxidative stress, 
further emphasizing its importance in considering abnormal reperfusion in the con-
text of recanalization [91].
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Fig. 22.2 The “no-reflow” phenomenon in the ischemic brain. (a) Relative cerebral blood flow 
(CBF) measurements of the intraluminal filament middle cerebral artery occlusion (MCAO) model 
as measured by laser Doppler flowmetry show that occlusion of the common carotid artery (CCA) 
reduces CBF to approximately 65 % of baseline. Subsequent MCAO leads to a drop in CBF to 
approximately 25 % of baseline which remains throughout the occlusion period. Retraction of the 
filament leads to MCA recanalization and an increase in CBF which is further enhanced with CCA 
recanalization. However, post-MCAO CBF in most cases never reaches baseline levels and for the 
first 60 min hovers around 75 % of baseline, providing direct evidence of the “no-reflow” phenom-
enon. Data were acquired from 43 male Wistar rats and presented as mean ± SEM. All experiments 
were conducted in accordance with the Animal (Scientific Procedures) Act, 1986 (UK) under a 
project license approved by the Home Office (UK) and the University of Oxford (UK). (b) Under 
normal conditions, oxygenated blood flows through a penetrating arteriole (characterized by con-
tinuous smooth muscle surrounding the endothelium) into a capillary which possesses distinct 
pericytes which wrap processes along and around the capillary wall. Upon ischemia, pericytes 
contract which narrows the capillary lumen, and upon recanalization of the upstream arteriole, 
pericytes remain contracted in rigor preventing blood flowing through the capillary (arrows). This 
is considered a major mechanism contributing to the “no-reflow” phenomenon. Reproduced from 
[83] with permission from Nature Publishing Group
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In endothelial cells, one avenue through which this occurs is the recruitment of 
leukocytes. Endothelial cells upregulate their expression of adhesion molecules 
and pro-inflammatory molecules as part of the tissue damage response to hypoxia 
and oxidative stress [92–94]. While the details of innate immune responses in 
stroke fall outside the scope of this text, the recruitment process creates an 
additional hemodynamic disturbance in the smallest vessels, as alluded to above—
in one study examining baboons after MCAO, approximately 5 % of capillaries 
were completely occluded by a single neutrophil, and capillary perfusion was 
restored only in 35 % of vessels [95]. A similar mechanism occurs with platelets, 
which are activated by a number of mediators known to be released following 
stroke, including ATP and platelet-activating factor [94]. Platelet activation in com-
bination with an inflammatory endothelial phenotype also results in local intravas-
cular fibrin deposition, further trapping circulating blood cells and exacerbating the 
flow disturbance [93].

Fig. 22.3 The ischemic cascade. Following arterial occlusion, a number of pathological processes 
occur in the ischemic region, key examples of which are shown above (in orange). Ca2+ dysregula-
tion and oxidative stress damage neurons, astrocytes, endothelial cells, pericytes, and other cell 
types. During ischemia and following reperfusion, the release of danger signals (such as ATP) by 
dying cells will cause an inflammatory response and further cell death, as well as vessel obstruc-
tion by leukocyte adhesion. Endothelial damage will lead to local thrombotic events, also reducing 
erythrocyte flux through the capillaries. Edema formation and pericyte constriction can constrict 
microvessels and thus reduce luminal diameter. These processes are therefore promising targets for 
preventing no-reflow (red), with potential therapeutic approaches shown in green
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Luminal obstruction is not the only problem, however, as capillary lumen size 
can also be reduced following ischemia. Stroke is often accompanied by edema 
formation: first, there is a cytotoxic component, as ion exchange across cell mem-
branes is impaired due to activation of cation influx channels as well as a lack of 
ATP, preventing Na+/K+-ATPase function to counteract the influx. The build-up of 
intracellular Na+ leads to water retention and cell swelling. When the blood–brain 
barrier breaks down and Na+ enters the extracellular space from the vasculature, 
there is a net increase in tissue water content and generalized swelling follows [96]. 
This leads to overall vascular compression, with a key contribution from endothelial 
cells and aquaporin-4 (AQP4)-expressing astrocyte endfeet, compressing their 
underlying microvessels [97–99].

However, it was noted in the 1970s that even in instances where extreme glial 
and endothelial swelling was not observed, there were relatively more small- 
diameter capillaries in post-ischemic brains compared to controls [100], a finding 
later validated with intravital microscopy [88]. The authors proposed that post- 
ischemic reflow abnormalities were better explained by constriction of upstream 
vessels, but there is intriguing recent evidence that it is, in fact, the capillaries that 
constrict. Many of the experiments examining pericyte function also looked at their 
responses to ischemia and observed that simulating stroke in brain slices resulted in 
pericyte constriction [77, 78]. Importantly, the mechanism for this was “death in 
rigor”, as capillary diameter was progressively reduced over approximately 20 min, 
while pericytes were still viable, but did not recover even after their near-complete 
death by 60 min [78]. Pericytes are also more vulnerable to ischemia than other cell 
types in vivo [78], and capillary occlusions preferentially occurred at pericyte loca-
tions following MCAO in mice [101]. It is important to note that one study found no 
change in capillary diameter at pericyte locations following MCAO or reperfusion 
in the mouse [80]; however, the aforementioned caveats concerning pericyte defini-
tions still apply here. Indeed, the study did observe ischemic constrictions in pre- 
capillary arterioles and terminal VSM cells, which other groups might call first-order 
capillaries and pericytes, respectively [80, 81].

7  No-Reflow as a Therapeutic Target

Given that some of the findings described above date back to the 1960s and 1970s, 
it is unsurprising that there have been many preclinical attempts and clinical trials 
targeting the pathways that lead to no-reflow. It is important to note that this was not 
necessarily the underlying rationale of these studies; as there are many distinct sig-
naling pathways operating as part of the ischemic cascade, and many of these occur 
in multiple cell types in the ischemic territory; interventions designed to target neu-
ronal dysfunction could easily have vascular effects and vice versa.

The most clear-cut argument for a purely vascular effect is with drugs targeting 
coagulation. Even in a mechanical MCAO model in mice, inhibiting platelet activa-
tion with a glycoprotein IIb/IIIa receptor antagonist reduced platelet aggregation 
and fibrin deposition and increased CBF at 24 h following ischemia [102, 103]. 
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While other studies have disagreed with the exact target, finding no benefit from 
glycoprotein IIb/IIIa inhibition, they nonetheless showed that inhibiting earlier 
steps in platelet activation (such as glycoprotein Ib or VI inhibition) reduces infarct 
volume in mice without increasing risk of hemorrhage [104]. Antiplatelet and anti-
coagulant drugs are used in stroke and known to be effective in secondary preven-
tion of stroke recurrence [105, 106], and there is evidence that heparin improves 
reperfusion when combined with streptokinase in acute myocardial infarction [107]. 
In mice, cilostazol (a phosphodiesterase inhibitor antiplatelet drug with pleiotropic 
effects) reduced platelet aggregation and leukocyte adhesion following MCAO, 
resulting in improved neurological function [108].

In the case of inhibiting leukocyte adhesion, it is more complicated to distinguish 
whether any beneficial effect is derived from reduced inflammation in the tissue 
rather than improved reperfusion [94]. Nonetheless, there have been experiments 
demonstrating that inhibition of integrin β2, a molecule crucially important for leu-
kocyte adhesion, significantly improved reperfusion of 7.5–30 μm diameter vessels 
and showed a trend towards benefit in the smallest vessels [109]. Conversely, there 
are examples where inhibition of a key leukocyte adhesion molecule, e.g. ICAM-1, 
results in a neuroprotective effect in the absence of CBF alterations before, during, 
or after the ischemic period [110].

Similarly, while edema is a major target in ischemic stroke, especially due to its 
macroscopic effects and the high mortality associated with malignant MCA strokes, 
the extent to which these interventions exert their effect by improving reflow is very 
difficult to accurately establish. However, it is certainly known that deletion of 
AQP4 reduces edema formation following stroke in mice [111], and AQP4-deficient 
astrocytes are more resistant to swelling under hypotonic conditions favoring water 
influx [112]. As a result, AQP4 inhibition and other edema-related targets such as 
sulfonylurea receptor 1 (SUR1) are being actively investigated as potential stroke 
therapeutics [113].

The effects of oxidative/nitrosative stress on no-reflow are also promising. This 
seems paradoxical, as clinical trials have failed to show an overall benefit for these 
agents—most notably in the case of NXY-059, which had very convincing preclini-
cal evidence and improved functional outcome in the SAINT-I trial [114], but 
became a high-profile failure following its lack of efficacy in the follow-up SAINT-II 
trial [115]. However, these trials were conducted mainly in the absence of recanali-
zation: for example, 44 % of patients in SAINT-II received rtPA (already an unusu-
ally high percentage), but their recanalization/reperfusion status was not known. In 
the recent URICO-ICTUS trial, the use of uric acid in patients treated with rtPA did 
not demonstrate a significant beneficial effect, but showed a strong trend that war-
rants further investigation [116]. It will be particularly interesting to see the effects 
of antioxidants when combined with thrombectomy, due to the more rapid restora-
tion of blood flow seen with endovascular treatment, which could exacerbate reper-
fusion injury [44]. Indeed, it is known that in mouse MCAO, treatment with the 
O2

− scavenger PBN and NO synthase inhibitor L-NA reduced the number of peri-
cyte constriction sites with trapped erythrocytes in the capillaries and prevented 
capillary constriction in vivo [101]. Inhibition of RNS (but not ROS) also reduced 
pericyte death in brain slices exposed to oxygen-glucose deprivation [78].
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There are a number of other potential molecular targets that could be used to prevent 
pericyte constriction. For example, the contractile phenotype of pericytes in vitro is 
regulated by Rho GTPase expression [117]. The principal downstream effector of Rho 
is Rho kinase, and the inhibition of Rho kinase is known to substantially improve CBF 
following MCAO, which is accompanied by reduced lesion volume and neurological 
impairment [118]. Rho is itself activated by Ca2+, which also activates myosin light 
chain kinase and the cytoskeletal contractile apparatus, leading to constriction [119]. 
Incubating brain slices in 0 [Ca2+] also resulted in robust protection of pericytes from 
oxygen-glucose deprivation [78]. While removal of Ca2+ is obviously not feasible 
in vivo, it does raise the possibility of using Ca2+ channel antagonists to improve reper-
fusion. Much like antioxidant therapies, Ca2+ channel antagonists have been tested in 
clinical trials, where they showed little effect [120]. Again, however, these trials were 
mainly motivated by putative neuronal effects and warrant re-examination for any 
vascular benefit, in light of the recent advances with recanalization [44].

8  Conclusion

The advent of endovascular thrombectomy as the new gold standard for acute stroke 
treatment has been an enormous advance, but there is still great scope for other 
therapies to further improve patient outcomes, including through improvements in 
microvascular function. Due to the variety of mechanisms implicated in no-reflow 
and their complex interactions, it is unlikely that inhibiting a single receptor or acti-
vating a single pathway will prove a panacea to the problem. Indeed, even in the 
broader context of neuroprotective therapies, it is widely agreed that multimodal, 
combinatorial approaches are more likely to prove successful than single targets 
[11, 121]. Nonetheless, recent research has emphasized the importance of microvas-
cular changes in stroke, provided us with new targets to investigate in the preclinical 
setting, and will hopefully lead us to novel stroke therapeutics.
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Chapter 23
Thrombolytic and Endovascular Therapies 
for Acute Ischemic Stroke

Hormozd Bozorgchami and Helmi L. Lutsep

Abstract Although clinical trials have investigated thrombolytic therapies such as 
streptokinase, urokinase, and desmoteplase in acute ischemic stroke treatment, only 
trials assessing intravenous (IV) tissue plasminogen activator (tPA) and intraarterial 
prourokinase were successful in showing efficacy. Since a confirmatory trial with 
prourokinase was not performed, it has not been approved for treatment and IV tPA 
remains the standard of care. Advances in fluoroscopic imaging led to additional 
research in endovascular therapies as performing interventional cerebrovascular 
procedures became more feasible. After years of device development, enhanced 
acute stroke imaging, and improvements in systems of care, endovascular therapy 
has now shown efficacy in acute stroke treatment in randomized trials as well. Trials 
have shown the efficacy of stent retrievers compared to medical therapy alone in 
patients with anterior circulation large vessel occlusions. This has resulted in a para-
digm shift in the management of acute ischemic stroke.

Keywords Ischemic stroke • Thrombolysis • Thrombolytic • Embolectomy • 
Thrombectomy • Stent retriever • Stentriever • Reperfusion • tPA • Solitaire • Trevo 
• Alteplase

1  Thrombolytic Therapy in Acute Stroke

Successful outcomes in patients with cardiac ischemia treated with thrombolytics 
prompted interest in the treatment of ischemic stroke patients with such agents in 
the 1990s. However, concerns about hemorrhagic transformation and lack of 
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systems for promoting the early treatment of acute stroke created challenges for the 
use of such agents in stroke treatment. Table 23.1 provides an overview of the major 
randomized thrombolytic trials in acute ischemic stroke.

1.1  Streptokinase

The first thrombolytic to be studied in randomized, controlled stroke trials was strep-
tokinase, a protein produced by several species of streptococci that activates plas-
minogen. The Multi-center Acute Stroke Trial—Europe (MAST-E) compared 
intravenous streptokinase to placebo within 6 h of symptom onset [1], while the 
Multicentre Acute Stroke Trial—Italy (MAST-I) compared streptokinase, with or 
without aspirin, to aspirin alone and to placebo within 6 h of symptom onset [2]. Both 
trials showed increased mortality in the streptokinase group. The Australian 
Streptokinase (ASK) trial compared streptokinase to placebo in patients treated up to 
4 h after symptom onset and determined whether outcomes in those treated within 3 h 
of symptom onset were better than in those receiving the drug after 3 h [3]. Although 
excess deaths were only seen in the group treated after 3 h, there was no significant 
benefit over placebo. While the streptokinase dose in the trials, 1.5 million units, may 
have been too high for the stroke population, hypotension was also an issue [3].

Table 23.1 Major randomized thrombolytic trials in acute ischemic stroke

Thrombolytic

Time from 
symptom 
onset to 
treatment (h)

Administration 
route Name of trial Trial results positive?

Streptokinase 0–6 IV MAST-E [1] No

Streptokinase 0–6 IV MAST-I [2] No

Streptokinase 0–4 IV ASK [3] No

Prourokinase 0–6 IA PROACT II [6] Yes (no confirmatory 
trial done)

Desmoteplase 3–9 IV DIAS 3 [7] No

tPA 0–3 IV NINDS [8]
Parts I and II

Yes

tPA 0–6 IV ECASS [11] No

tPA 0–6 IV ECASS 2 [12] No

tPA 3–5 IV ATLANTIS 
[13]

No

tPA 3–4.5 IV ECASS3 [16] Yes

tPA tissue plasminogen activator, MAST-E The Multi-center Acute Stroke Trial—Europe, MAST-I 
Multicentre Acute Stroke Trial—Italy, ASK Australian Streptokinase, PROACT Prolyse in Acute 
Cerebral Thromboembolism, DIAS Desmoteplase in Acute Ischemic Stroke, NINDS Neurological 
Disorders and Stroke, ECASS European Cooperative Acute Stroke Study, ATLANTIS Alteplase 
ThromboLysis for Acute Noninterventional Therapy in Ischemic Stroke
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1.2  Urokinase and Prourokinase

1.2.1  Urokinase

Urokinase, a thrombolytic obtained from human kidneys, had been assessed in a 
small pilot study of 31 ischemic stroke patients reported in 1976 [4]. While bio-
chemical studies revealed plasma thrombolytic activity with only minor distur-
bances of the coagulation profiles, hemorrhagic complications were seen and the 
authors reported no clear favorable therapeutic effects.

The Middle Cerebral Artery Embolism Local Fibrinolytic Intervention Trial 
(MELT) trial in Japan assessed the safety and clinical efficacy of intraarterial uroki-
nase with 6 h of ischemic stroke [5]. While the trial was stopped early due to the 
approval of tPA in Japan and the primary endpoint did not reach statistical signifi-
cance, a preplanned secondary outcome measure suggested that the treatment could 
be associated with favorable outcomes.

1.2.2  Prourokinase

Prourokinase, a proenzyme precursor of urokinase, was investigated as an intraarte-
rially, not intravenously, delivered therapy in part to promote homogeneity of the 
stroke population being assessed [6]. In the Prolyse in Acute Cerebral 
Thromboembolism (PROACT) II trial, prourokinase plus heparin was compared to 
heparin alone for the treatment of middle cerebral artery (MCA) occlusions within 
6 h of symptom onset [6]. Patients in the prourokinase treatment group had better 
vessel recanalization and significantly improved clinical outcomes. Slight or no 
neurological disability, defined as a modified Rankin Scale (mRS) of 2 or less, was 
seen in 40 % of the prourokinase group versus 25 % of control individuals (p = 0.04). 
However, the drug was not approved by the FDA because a second, confirmatory 
trial was not performed.

1.2.3  Desmoteplase

The thrombolytic most recently investigated in clinical trials was desmoteplase, a 
fibrin-dependent plasminogen activator with high fibrin specificity found in the 
saliva of vampire bats [7]. Desmoteplase or placebo was given to patients between 
3 and 9 h after symptom onset in a phase 3 randomized study of those with stroke 
and occlusion or high-grade stenosis in major cerebral arteries [7]. Median time to 
stroke treatment was approximately 7 h in the two groups. While no safety concerns 
emerged, desmoteplase was not associated with improved outcomes as assessed by 
a mRS of 0–2 at 90 days.
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1.3  Tissue Plasminogen Activator

The serine protease tissue plasminogen activator (tPA), which is found on endothe-
lial cells but is currently produced through recombinant DNA technology for clini-
cal use, was initially assessed in myocardial infarction. The drug then entered 
clinical trials for acute ischemic stroke, where it became the first approved treatment 
for acute stroke in 1996. tPA continues to hold the distinction of being the only 
efficacious medical therapy for acute stroke and its use has become part of standard 
stroke care. Despite this long-standing history, however, controversies continue to 
surround facets of its use.

1.3.1  Treatment up to 3 h After Symptom Onset

tPA was investigated in ischemic stroke patients treated within 3 h of symptom 
onset in the two-part, randomized, double blind National Institute of Neurological 
Disorders and Stroke (NINDS) trial using a dose of 0.9 mg/kg, maximum of 
90 mg, versus placebo [8]. Part 1, with 291 patients enrolled, sought to show 
early improvement with IV tPA. Early improvement was defined as either a 
4-point or more improvement in the National Institutes of Health Stroke Scale 
(NIHSS) at 24 h or complete resolution of symptoms. While the primary end-
point was not met for Part 1, a significant benefit to tPA was seen on all studied 
outcome scales at 3 months. Part 2, in which 333 patients were enrolled, aimed 
to show that the proportion of patients that achieved essentially full recovery at 
3 months would be different in the tPA and placebo-treated groups. The study 
met its primary endpoint, revealing that tPA-treated patients were at least 30 % 
more likely to have no or minimal disability at 3 months on a global test statistic. 
Symptomatic intracranial hemorrhage occurred in 6.4 % of patients treated with 
tPA compared to 0.6 % in the placebo group but mortality did not differ in the 
two groups. Based on these studies, tPA was approved by the Food and Drug 
Administration (FDA) in June 1996.

After the approval of tPA for stroke treatment, the FDA mandated that a large 
phase 4 trial be done to assess the outcomes and safety of IV tPA as used in clini-
cal practice. This study, Standard Treatment with Alteplase to Reverse Stroke 
(STARS), enrolled 389 patients [9]. STARS found favorable outcomes in the tPA-
treated patients at 30 days: 35 % had a mRS of 0–1 and 43 % were functionally 
independent, with a mRS of 0–2. Only 3.3 % had a symptomatic intracranial hem-
orrhage. The European Union also required a study to assess the safety profile of 
tPA in clinical practice, the Safe Implementation of Thrombolysis in Stroke-
Monitoring Study (SITS-MOST) [10]. This observational study of 6483 patients 
confirmed the good safety profile and efficacy of tPA when used within 3 h of 
stroke onset.
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1.3.2  Treatment Later than 3 h from Symptom Onset

While two trials, the European Cooperative Acute Stroke Study (ECASS) and 
ECASS II, had not shown efficacy for IV tPA given up to 6 h after symptom onset 
[11, 12], investigators still wanted to determine whether the treatment window for 
IV tPA could be lengthened past 3 h to extend the treatment to more patients. The 
first of the studies was the Alteplase ThromboLysis for Acute Noninterventional 
Therapy in Ischemic Stroke (ATLANTIS) [13]. While this trial had originally been 
designed to assess tPA treatment between 0 and 6 h and then 0–5 h from symptom 
onset, after the release of the NINDS trial results the time window was modified to 
include only patients between 3 and 5 h from symptom onset. The trial showed no 
benefit to treatment within this time window. The primary efficacy outcome, an 
NIHSS score of 0–1 at 90 days, was not different in the tPA and placebo-treated 
groups and symptomatic hemorrhage occurred in 7.0 % of the tPA group and 1.1 % 
of the placebo group.

Despite the discouraging results of ATLANTIS, a pooled analysis of six random-
ized trials suggested that favorable outcomes could be observed between 3 and 4.5 h 
[14]. An observational study of 664 patients treated within the 3–4.5 h timeframe 
and compared to 11865 patients treated within 3 h showed no differences in symp-
tomatic intracerebral hemorrhage rates, mortality, or independence, defined as a 
mRS 0–2 at 3 months [15]. The randomized ECASS III trial was initiated in Europe 
to assess the efficacy and safety of tPA given between 3 and 4.5 h after stroke symp-
tom onset [16]. The trial enrolled 821 patients. Inclusion criteria were stricter than 
those of the NINDS trial, excluding patients over the age of 80, those with a combi-
nation of previous stroke and diabetes, any oral anticoagulant treatment, and those 
with severe strokes defined clinically as an NIHSS of greater than 25. An absolute 
improvement of 7.2 % points was seen for the primary efficacy outcome, a mRS of 
0–1, in the tPA treatment group (p = 0.04). Symptomatic hemorrhage occurred more 
often in the tPA group, 2.4 %, than the placebo group, 0.2 % (p = 0.008) but mortality 
was not affected. While the authors noted that the effect size in this time frame was 
clinically meaningful, they emphasized the importance of early treatment to increase 
the chance of a positive outcome. An analysis allowing derivation of number needed 
to treat to benefit or to harm over the entire outcome range estimated that the bene-
fits of tPA treatment in the 3–4.5 h window was approximately half that in the under 
3-h window with no increase in the conferral of harm [17].

Explanations have been offered for the differing results of ATLANTIS and 
ECASS III. The ECASS III authors noted that the ATLANTIS cohort treated 3–4.5 h 
after the onset of symptoms was smaller than in the ECASS III trial and lacked the 
power to detect an effect size of 7–10 % [16]. ECASS III was published 9 years later 
than ATLANTIS, after acute stroke care had evolved. Some authors, however, have 
argued that it was the lower severity of the strokes in the ECASS III treatment group 
compared to the placebo group that affected the trial outcomes [18] or the lower 
proportion of patients with a previous stroke in the treatment group [19]. Yet in a 
post hoc intention-to-treat analysis that adjusted for confounding baseline variables 
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including the baseline NIHSS score, treatment with tPA remained significantly 
associated with a favorable outcome [16].

One potential concern surrounding the longer time window for tPA treatment, 
that stroke treatment would be delayed in patients, appears to be unfounded. After 
guidelines extended the treatment window in October 2008, an updated analysis of 
patients treated in Europe, Asia, and Australia showed that the implementation of 
thrombolytic treatment given 3–4.5 h after stroke occurred rapidly but with a simul-
taneous increase in the number of patients treated within 3 h and no increase in the 
door to treatment time [20]. While in the US the FDA has not approved the extended 
time window for IV tPA treatment, guidelines have supported its use [21]. Although 
one more trial, the open label International Stroke Trial 3, has attempted to extend 
the treatment window to 6 h, this study did not meet its primary endpoint and the 
results have not led to changes in practice [22].

1.3.3  Controversies Surrounding tPA Treatment of Ischemic Stroke

Despite its current entrenched status for neurologists treating acute ischemic stroke, 
the use of IV tPA has engendered controversies over time. Due to questions raised 
about potential risks of treatment, the generalizability of the trial results and biases 
stemming from imbalances in the baseline stroke severity between the treatment 
and control patients, the NINDS commissioned an independent committee to reana-
lyze the data from the NINDS trial [23]. The committee’s findings supported the use 
of IV tPA within 3 h of stroke onset [23]. Questions have been raised about the 
necessity of certain eligibility criteria for IV tPA treatment in stroke, such as the 
exclusion of patients with mild or rapidly improving symptoms [24]. Recent label-
ing changes have reduced the number of specified contraindications [25] and a 
phase IIIB trial comparing the efficacy and safety of tPA to aspirin in patients with 
mild strokes treated within 3 h of symptom onset is ongoing [26]. The possibility of 
different treatment effects in men and women has also been raised, some studies 
suggesting greater tPA benefits for women [27, 28].

1.4  Future Directions for IV tPA Treatment of Ischemic Stroke

The advent of tPA treatment has been the catalyst for enormous change in stroke 
systems of care. The urgency of the treatment has spawned stroke protocols with 
prescribed time limits for each step of the evaluation and treatment process. Stroke 
centers able to deliver timely stroke care are now certified for the level of services 
they are able to provide. The process has created an emphasis on teamwork between 
disciplines, such as physicians, nurses, and pharmacists, to expedite care. The care 
of the patient after treatment has developed as well, and neurointensive care units 
have been built in an effort to provide this specialized expertise. Finally, 
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telemedicine has flourished as a mechanism to bring expertise in stroke treatment to 
emergency departments that do not have this service readily available.

While IV tPA has been the mainstay of acute stroke treatment, it has limitations. 
Patients presenting later than 4.5 h are currently not able to receive treatment. It 
cannot be used in patients in whom bleeding risks are high. In addition, studies have 
shown that the length of the middle cerebral artery occlusion is an independent 
predictor of outcome with IV tPA at 3 months [29]. TPA is already being used in 
combination with endovascular therapy in patients that qualify for both treatments 
as described in the next section. The addition of transcranial ultrasound, delivered 
using an operator-independent head frame, to tPA is being investigated in a phase 3 
trial [30]. It is possible that other combinations will arise in the future, whether with 
other devices or medications, to enhance the efficacy or reduce the side effects asso-
ciated with thrombolysis.

2  Endovascular Treatment in Acute Stroke

Despite extensive data establishing that acute ischemic stroke patients benefit from 
IV thrombolytic therapy, the majority of patients who present to the emergency 
room are not candidates for this therapy because of its limited time windows and 
inclusion/exclusion criteria [31]. Furthermore, the majority of patients who present 
with large vessel occlusion are often IV tPA failures because the tPA fails to recana-
lize the occluded large vessel [32, 33]. As new tools for intracerebral catheterization 
have developed, researchers have developed various methods to recanalize cerebral 
vessels using endovascular techniques. However, early technologies were plagued 
with high complication rates and poor quality of revascularization. Recently, more 
promising methods have demonstrated successful recanalization with improved 
patient outcomes and minimal hemorrhagic complications.

2.1  Fundamentals of Catheter-Based Angiography

With the advent of Dynamic Fluoroscopy and Digital Subtraction Angiography 
(DSA), the safety of cerebral angiography dramatically improved. Now it is possi-
ble to view catheter movement in real time and to navigate a catheter intracranially 
by using a “roadmap” image, which reduces the risk for perforating vessels, causing 
subarachnoid hemorrhage.

For stroke treatment, the patient lays on the angiography table with the right 
common femoral artery area prepped and draped. Patients are typically sedated with 
moderate sedation or general anesthesia. Arterial access is achieved, and often a 
diagnostic catheter is introduced and is used to catheterize the cervical artery sus-
pected to supply the occluded intracranial vessel. Angiography is used to character-
ize the lesion and the path to the lesion. The diagnostic catheter is then exchanged 
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for a guide catheter system, which is often a large bore catheter that is parked in the 
cervical vessel. Microcatheters are introduced into the guide catheter, which are 
then taken to the thrombus to intervene upon it. Once the occlusion is revascular-
ized, final imaging is obtained, then the whole system is withdrawn back to the right 
common femoral artery. The arteriotomy is then closed.

2.2  Intraarterial Thrombolysis

Direct infusion of intraarterial thrombolytics into a thrombus was studied because it 
was thought this would minimize the systemic effects of thrombolysis while ensur-
ing good penetration of thrombolytics to the thrombus to maximize recanalization. 
Early on, multiple pilot studies demonstrated that this could be an effective means 
for stroke therapy. As described earlier, the Japanese MELT trial utilized intraarte-
rial urokinase within 6 h for the treatment of a Middle Cerebral artery M1 segment 
or M2 segment occlusion [5]. Patients received 5,000 units of IV Heparin in the 
beginning, and then received infusions of urokinase directly into the thrombus in 
increments of 120,000 units over 5 min, which could be repeated until the total dose 
reached 600,000 units. A total of 114 patients were randomized before the study 
was stopped early because of ethical considerations once IV tPA was approved for 
stroke therapy. The primary endpoint was not met (mRS ≤ 2), but in a secondary 
analysis, patients who received IA urokinase had an increased chance for excellent 
functional outcome (mRS ≤ 1) over placebo (42.1 % vs. 22.8 %, P = 0.045) [5]. 
Intracerebral hemorrhage occurred in 5 patients (9 %) in the urokinase group com-
pared to one patient (2 %) in the control group (P = 0.206).

Similar studies were performed in The United States with similar measures 
known as The Prolyse in Acute Cerebral Thromboembolism (PROACT I and 
PROACT II) trials, which studied the use of intraarterial recombinant prourokinase 
in patients treated within 6 h of their acute ischemic strokes due to MCA (M1 or 
M2) occlusion [6]. In PROACT II, patients were randomized between getting a 
9 mg IA prourokinase over 2 h followed by an IV infusion of heparin versus heparin 
only. Despite the study demonstrating benefit of IA prourokinase over placebo (% 
mRS ≤ 2: 40 % vs. 25 %), the FDA did not want to approve the drug on a single 
study, and the technology was abandoned [6].

Although these studies did demonstrate that intraarterial infusion of thrombo-
lytic agents is an effective treatment for acute ischemic stroke due to a proximal 
MCA occlusion within 6 h, no further significant research studies were pursued in 
this field [34]. There was a paradigm shift to pursuing mechanical methods as the 
medications had some limitations. The first concern was that in the meta-analysis, 
the hemorrhage rate was 10.5 % in the intraarterial group, while only 2.3 % in the 
placebo group [34]. Second, in cases performed using the PROACT II methodology, 
the interventionalist is required to infuse the prourokinase over 2 h, which became 
tedious, resource consuming, and delays reperfusion. Modern methods can revascu-
larize a vascular territory immediately upon deployment of the device [35].
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2.3  First-Generation Mechanical Thrombectomy Devices

As early intraarterial thrombolytic trials paved the way for the development of 
mechanical devices aimed to retrieve thrombi or recanalize vessels, multiple differ-
ent companies arose and attempted to design the optimal device [36]. Early devices 
were crude with stiff delivery systems, making it quite challenging to navigate them 
to the occluded vessels [37]. They utilized different technologies including ultra-
sound, vigorous irrigation, high-intensity light/heat, baskets, balloons, and snares, 
which either did not successfully consistently recanalize vessels, or resulted in hem-
orrhagic complications [38, 39]. Eventually two devices were developed which 
introduced a viable concept for mechanical intervention.

2.3.1  Merci Device

In 1995, Dr Pierre Gobin and his fellow JP Wensel were treating an acute stroke 
patient at the University of California, Los Angeles via intraarterial thrombolysis 
and were not able to recanalize a vessel despite the 2-h infusion [40]. Their frustra-
tion led to the development of Concentric Medical in 1999 (Mountain View, CA), 
which designed the first FDA-approved mechanical thrombectomy device for revas-
cularization of cerebral vessels in patients with acute ischemic strokes called the 
Merci Retriever, assessed in the Mechanical Embolus Removal in Cerebral Ischemia 
(MERCI) trials (Fig. 23.1) [40].

The Merci device is a corkscrew-shaped flexible nitinol wire that retrieves 
thrombi by entangling itself within a clot and removing it with traction. It is the first 
device to gain international acceptance as a viable tool for mechanical intervention 
for cerebral large vessel occlusions. The first trial, known as The MERCI Trial, 
demonstrated that in 151 IV tPA-ineligible patients, 46 % (69 patients) of patients 
had successful recanalization with the device, which was used within 8 h of stroke 
onset. Successful recanalization was defined as a Thrombolysis in Myocardial 
Infarction (TIMI) score of 2 or 3 in all treatable vessels within 6 passes of the device. 
Approximately 341 devices were used in the study with 11 of them fracturing inside 
the body. Furthermore, there was a 7.8 % symptomatic intracranial hemorrhage rate. 
Despite this, good neurologic outcome, defined as an mRS ≤ 2, was more likely to 
occur in patients with successful recanalization compared to those with persistent 
vessel occlusion (46 % vs. 10 %, P < 0.0001) [41].

Since the initial MERCI Trial, multiple generations of this device were devel-
oped, which added loops of filaments that were attached to a helical nitinol coil as 
well as varying degrees of softness to the helical loops [42]. The next trial known as 
the Multi MERCI Trial, included the second-generation L5 device, and allowed 
patients with persistent occlusion after receiving IV tPA to be enrolled [43]. In this 
study 57.3 % of the 131 patients enrolled in the study had successful recanalization 
with the Merci device, but that number improved up to 69 % after additional adjunc-
tive therapy. However, good clinical outcomes (mRS ≤ 2) occurred in 36 % of 
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patients with recanalization and 9.8 % in those without recanalization. There was a 
symptomatic hemorrhage rate of 9.8 % and an overall mortality rate of 34 %, the 
majority of which was seen in patients not recanalized. This data supported further 
that patients had a better chance for a good clinical outcome if they had recanaliza-
tion of their large vessel occlusion [44].

Since these trials, the Merci Retriever was used in many routine practices as an 
adjunctive treatment to IV tPA for treatment of acute ischemic stroke due to large 
vessel occlusions within 8 h of stroke onset. The device is quite operator dependent, 
as the device’s wire can be rotated to tighten or loosen the helical loops of the device 
as it is being retrieved. As the device’s use spread worldwide, The MERCI Registry 
was initiated to capture “real-world” revascularization rates and outcomes with the 
use of the Merci device. Unfortunately, despite completing enrollment in 2010, the 
primary results of the Registry have not been published. Additionally, many critics 
of endovascular therapy state that the studies endorsing endovascular therapy for 

Fig. 23.1 Examples of mechanical thrombectomy devices. Note not to scale. (a) A 4 mm × 20 mm 
Trevo Device. (b) A 4 × 20 mm Solitaire Device. (c) A V-Series 3.0 Firm Merci Retriever with 
attached filaments
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acute ischemic stroke via the Merci Retriever were not randomized studies and did 
not compare patients to a placebo group. They only compared patients with success-
ful revascularization versus unsuccessful revascularization. Further studies were 
performed to address this, which will be discussed later in the chapter.

2.3.2  Penumbra Device

The second device to obtain FDA approval for endovascular revascularization of 
cerebral vessels is known as the Penumbra Aspiration System (Penumbra, Inc., 
Alameda, CA). This system is comprised of 4 different sizes of reperfusion cathe-
ters with an associated “Separator Device,” a thrombus removal ring and an 
Aspiration Pump. The Reperfusion Catheter is introduced into a minimum 6 French 
Guide Catheter and is navigated immediately proximal to the thrombus typically 
over a microcatheter/microwire system. The Microwire is removed and the 
Penumbra Separator wire is introduced through the reperfusion catheter. Continuous 
aspiration through the reperfusion catheter is achieved with the Aspiration pump 
while the Separator is advanced and withdrawn through the thrombus. If thrombus 
remained, a second method of direct mechanical retrieval with the thrombus removal 
ring was used to assist revascularization [45].

In the Penumbra Pivotal Trial, 81.6 % of 125 patients who presented with acute 
ischemic stroke due to a large vessel occlusion within 8 h had successful revascular-
ization of the treated vessel (TIMI 2–3) [6]. However, there was a 32.8 % mortality 
rate at 90 days and only 25 % of patients revascularized achieved a good clinical 
outcome of mRS ≤ 2, whereas only 9 % of the persistent occlusion patients had good 
outcomes. In the PROACT II trial, the placebo group had a 25 % good outcome rate, 
and both studies enrolled patients with similar stroke severity (median NIHSS 17 in 
PROACT II while mean NIHSS 17.8 in Penumbra trial) [6, 45]. This discrepancy is 
likely explained by the fact that the definition of “successful revascularization” dif-
fered in the Penumbra study than in other thrombectomy studies. Revascularization 
in this study was defined as restoration of TIMI 2–3 flow in the target vessel only 
and did not include occlusions distal to the primary occlusion [46].

2.3.3  EKOS Catheter System

With the potentially successful good outcomes suggested with intraarterial throm-
bolysis from the PROACT studies, one device company’s aim was to enhance the 
treatment effect of IA thrombolysis with ultrasound [47]. The EKOS MicroLys US 
Infusion Catheter System, which was made by EKOS Corp (Bothell, WA), is a 
microcatheter with the ability to transmit sonographic energy directly into the 
thrombus while tPA is infusing [47]. The company’s goal was to demonstrate that 
the use of high frequency, low-intensity sonography directly into the thrombus from 
the catheter would help facilitate thrombolysis. An early study by Mahon et al. was 
performed in 14 patients with acute ischemic stroke due to large vessel occlusion 
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who did not receive IV tPA. Ten patients with anterior circulation strokes and 4 
patients with posterior circulation strokes were treated with the device [47]. The 
protocol used for most of the patients was one in which the catheter would engage 
the clot, and while active ultrasound was being used, a 2 mg initial bolus of IA 
alteplase was infused, then a 0.3 mg/min infusion of alteplase was infused over an 
hour (maximum dose 20 mg) [47]. In other sites in Canada, a maximum dose of 
30 mg was used over 120 min. A total of 5 deaths occurred in the study, but none 
were attributed to the device, nor were there any device-related complications. 
Since the treatment number was so small, no major conclusions were made from the 
study other than there may be a trend toward equivalent or better recanalization 
rates than those seen in PROACT and that use of the device is feasible in stroke 
treatment [47].

Subsequent to the initial safety and feasibility study, The International 
Management of Stroke II (IMS II) trial was developed to determine the effective-
ness of combined reduced-dose IV tPA followed by additional IA tPA with low- 
energy sonography via the EKOS Primo Micro-Infusion Catheter within 3 h of 
onset [48]. IMS II was a 13-center open label single-arm pilot study where patients 
received reduced-dose (0.6 mg/kg) IV tPA as a 15 % bolus with the remainder 
infused for 30 min, followed by additional tPA (≤22 mg) and low-energy sonogra-
phy via the microcatheter at the site of the arterial occlusion [48]. Eighty-one 
patients entered into the trial with 26 treated with IV tPA only, while 55 were treated 
with combined IA and IV treatment. Of the 55 patients treated with combined thera-
pies, 36 were treated with the EKOS catheter, while 19 were treated with a standard 
microcatheter. Of the 36 patients intended to be treated with an EKOS ultrasound 
catheter, a total of 29 patients received treatment. Twelve patients had complete 
revascularization in 1 h, and by 2 h 18/29 had revascularization. When compared to 
IMS I data, there was no significant revascularization difference between the stan-
dard microcatheter and the EKOS, but there was a trend toward improved recanali-
zation with the EKOS ultrasound catheter [48]. The device received a general 
approval for arterial revascularization within the body, but the company did not 
pursue a specific ischemic stroke or cerebral vessel revascularization indication.

2.4  Development of Reperfusion Scales

Since the adoption of the cardiac TIMI score for cerebral artery recanalization, vari-
ous scales specialized at grading recanalization of cerebral vessels have been devel-
oped (Table 23.2). The TIMI scale has its limitations in the cerebral vasculature, as 
it does not address the patency of vessels in a distal vascular bed of the treated ves-
sel or address other treatable vessels, which can affect outcomes [49]. In 2003, the 
original Thrombolysis in Cerebral Infarction (TICI) scale was introduced, which 
addresses the perfusion issue (Table 23.2) [50]. In this scale, there is a TICI 2a and 
TICI 2b score, which represent perfusion with incomplete distal branch filling, 
<2/3rd and >2/3rd distal branch filling, respectively. This original TICI scale 

H. Bozorgchami and H.L. Lutsep



571

(o-TICI) was then adjusted to a modified TICI (m-TICI) so that TICI 2a and TICI 
2b represent partial perfusion with complete distal branch filling, <1/2 and >1/2, 
respectively [48]. Although the m-TICI score has become more common, there are 
proposals to adding an additional score to the m-TICI score (TICI 2c), which would 
represent “near-complete perfusion except for slow flow in a few distal cortical ves-
sels or presence of small distal cortical emboli” [49]. The reasoning behind adding 
this score is that there is no way to distinguish patients with 51–99 % reperfusion as 
they would all be included into the TICI 2b group. Although there is no strong evi-
dence to support this, the thought is that patients in the proposed TICI 2c group will 
likely have a better outcome rate than TICI 2b [49].

2.5  Second-Generation Mechanical Thrombectomy Devices

With the first-generation devices demonstrating that vessel recanalization is associ-
ated with better outcomes, research efforts focused on developing devices that 
opened vessels more gently and effectively. Anecdotally, when first-generation 
devices failed to revascularize vessels, practitioners adapted other devices to be 
used for thrombectomy. One such method was to fully deploy a stent or to partially 
deploy an intracranial stent across a thrombus, then withdrawing the entire appara-
tus through the guide catheter in hopes that the thrombus would adhere to the 

Table 23.2 Reperfusion scales commonly used in acute ischemic stroke trials

TIMI score

0 No perfusion

1 Perfusion past the initial occlusion but no distal branch 
filling

2 Perfusion past the initial occlusion with incomplete or slow 
distal branch filling

3 Full perfusion with filling of all distal branches

TICI score

0 No perfusion

1 Penetration, but no distal branch filling

2a Perfusion with incomplete (<2nd/3rd) distal branch filling

2b Perfusion with incomplete (>2nd/3rd) distal branch filling

3 Full perfusion with filling of all distal branches

m-TICI score

0 No perfusion

1 Penetration, but no distal branch filling

2 Perfusion with incomplete (<2nd/3rd) distal branch filling

2a Perfusion with incomplete (>2nd/3rd) distal branch filling

3 Full perfusion with filling of all distal branches

TIMI thrombolysis in myocardial infarction [49], TICI thrombolysis in cerebral ischemia [50], 
m-TICI modified thrombolysis in cerebral ischemia [50]
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withdrawn stent [51, 52]. These ideas helped develop a new class of devices known 
as Stent Retrievers. These devices consist of a closed-cell, self-expanding stent that 
can be fully deployed and retrieved but not detached. When the device is deployed 
across a thrombus, it often immediately creates a perfusion channel across the 
thrombus as the stent applies radial displacement of the thrombus against the vessel 
wall (Fig. 23.2). This allows for immediate temporary partial revascularization of 
the affected territory. Practitioners often let the device sit against the thrombus for 
3–5 min to provide temporary reperfusion and to give time for the thrombus to 
incorporate into the stent struts. The stent is then retrieved in a slow and smooth 
motion while continuous aspiration is applied from the guide catheter and/or inter-
mediate catheter. Two such devices were approved in the United States (Solitaire 
FR™, Trevo®) after they showed superiority to the Merci Retriever [35, 53].

2.5.1  Solitaire FR Device

The Solitaire FR device (Covidien, ev3, Irvine, CA) is a self-expanding stent that is 
attached to a guidewire designed to be deployed within an intracranial vessel, which 
can then be withdrawn out of the body (Fig. 23.1). It was first intended to work as a 
removable scaffold for coil embolization of aneurysms. The first generation was 

Fig. 23.2 MCA occlusion with a stent retriever forming a perfusion channel. On the left, mid-M1 
left middle cerebral artery occlusion prior to intervention. On the right, interval placement of a 
Trevo ProVue Device across the Left MCA thrombus (arrows). The angiogram on the right dem-
onstrates the perfusion channel that is typically created shortly after device placement
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detachable, in case the aneurysm embolization required a permanent scaffold. The 
device was then studied as a mechanical thrombectomy device and when early ani-
mal studies demonstrated the effectiveness of this promising new technology, it 
went on to clinical trials.

In the Solitaire With the Intention For Thrombectomy (SWIFT) trial, patients 
with significant stroke deficits due to occlusion of proximal cerebral arteries who 
could get treatment within 8 h were randomized between receiving treatment with 
the Solitaire FR device versus the Merci device [35]. The primary endpoint of the 
study was successful recanalization with the assigned device without symptomatic 
hemorrhage. The definition of successful recanalization in this study was TIMI 2/3 
revascularization in all treatable vessels. A total of 144 patients were enrolled in the 
study including 31 roll-in patients who received Solitaire treatment, while the 
remaining 113 patients were randomized between the two devices. In randomized 
patients, 61 % of the patients who received the Solitaire device met the primary 
endpoint with successful revascularization without symptomatic hemorrhage, while 
only 24 % of the patients who received Merci met this endpoint. Additionally, 
patients who received the Solitaire device were more likely to have a good neuro-
logic outcome than patients who received the Merci device (58 % vs. 33 %, p < 0.017) 
[35]. This data was compelling enough for FDA approval of the Solitaire device in 
2012.

Since the SWIFT trial and FDA approval, there have been studies investigating 
the ‘real-world’ outcomes related to the Solitaire device. The North American 
Solitaire Stent Retriever Acute Stroke Registry (NASA) was a retrospective study 
looking at angiographic and clinical outcomes of patients treated with the Solitaire 
FR device [54]. This study reviewed 354 patients who underwent mechanical 
thrombectomy with the Solitaire FR device for treatment of their acute ischemic 
strokes in 24 centers. Overall the study found a TIMI 2/3 rate of 83.3 % (operator 
reported) with a 2 % symptomatic hemorrhage rate. When looking at the operator 
reported rate of TIMI 2/3 revascularization in SWIFT of 83 %, this data demon-
strates that the Solitaire FR device performance in clinical practice is comparable to 
the randomized trial results [54].

With the advent of stent retriever technology, mechanical thrombectomy became 
safer and more effective [55]. As it became a more ubiquitous device, many centers 
were reporting unintentional device detachment during device retrieval [56]. Since 
the original intent of the device was to have an optional detachment capability in the 
use for stent-assisted coil embolization, there was a weak point in the device 
between the stent and the pusher wire. While some practitioners felt that this would 
act as a fail safe to prevent excessive shear force against a vessel during device 
retraction, others were concerned that this likely more a hazard than benefit. 
Therefore, The Solitaire 2 Device was introduced where the area of the previous 
detachment zone is now reinforced to prevent detachment and the pusher wire was 
made of nitinol so that it as the wire is pushed, it is much more difficult to form 
kinks within the wire.
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2.5.2  Trevo Device

Shortly after the Solitaire Device entered clinical trials, Concentric Medical, now 
Stryker Corporation (Mountain View, CA and Kalamazoo, MI) was developing its 
own stent retriever called the Trevo Device (Fig. 23.1). The two devices are similar 
in that they are both stents that are attached to a pusher wire and are retrievable. The 
Solitaire device, however, has a proprietary overlapping stent design called a 
Parametric design. The Trevo device is constructed from a hollow tube with laser 
cut struts. The Trevo device initially had a leading wire tip, but on subsequent 
updates to the device, known as the Trevo CP ProVue, the wire tip was removed and 
replaced with open struts so that it opened more like a stent. Additionally, the 
ProVue is now fully radio-opaque, while the Solitaire device utilizes marker bands 
to identify device positioning.

The Trevo device was studied in an open-label randomized trial comparing it to 
the Merci Retriever in the TREVO2 Trial [53]. In this study, 178 patients were 
enrolled in 27 centers with 88 patients allocated to Trevo while 90 were allocated to 
Merci. The primary endpoint of this study was revascularization success defined as 
o-TICI 2a or greater in the territory of the occlusion. This endpoint was met in 86 % 
of patients in the Trevo group while it was met in 60 % of the Merci group. There 
was no significant difference in symptomatic hemorrhage between the two groups, 
but vessel perforations happened more in the Merci group than the Trevo group (1 % 
vs. 10 % P = 0.0182) [53]. The 90-day good outcome rate (mRS ≤ 2) was signifi-
cantly higher in the Trevo group than the Merci group (40 % vs. 21.8 % p = 0.013) 
and there was no significant difference in 90-day mortality. Based on this data, the 
Trevo device became FDA approved after the Solitaire device in 2012.

Since the SWIFT and TREVO2 studies differ in study design, revascularization 
definitions/scores, and study masking assignments, a direct comparison of the two 
devices from these trials is not feasible [57]. Both studies were able to demonstrate 
that stent retrievers were superior to the Merci device in revascularization and in 
patient outcomes. However, continued criticisms of these device trials include the 
issue that a control group of patients receiving best medical therapy was not 
included.

2.5.3  Direct Aspiration Catheters

At around the time the stent retrievers were developed, The Penumbra Aspiration 
System evolved to a long intermediate catheter system, where the catheter directly 
engages the thrombus and aspiration with a machine or manual suction is applied 
[58]. This method of thrombectomy later became known as the “ADAPT” tech-
nique: A direct aspiration first pass technique for stroke thrombectomy [58]. With 
this model, a soft-tip, larger inner-diameter intermediate catheter is navigated over 
a microcatheter/microwire system directly adjacent to the thrombus. The microcath-
eter is removed, and aspiration is applied to the intermediate catheter. Once there is 
inability to aspirate from the catheter, this confirms that the catheter has engaged the 
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thrombus [58]. The catheter is then advanced a few millimeters to ensure it is firmly 
engaged to the thrombus. The catheter is slowly withdrawn from the area of occlu-
sion while maintaining continuous aspiration. If this was not successful, then the 
procedure can be repeated in a similar fashion, or instead a stent retriever can be 
used in conjunction with the aspiration [58]. Proponents of this method state that it 
is safe, quick, and low cost since it typically does not require the use of a stent 
retriever [59]. In the ADAPT FAST study, 98 patients were treated with the ADAPT 
technique, and TICI 2B/3 was reached in 78 % of cases, and with the addition of a 
stent retriever, it rose as high as 95 % [59]. Forty percent of patients had a mRS 0–2 
and there was a 20 % mortality rate. They reported 2 complications and no symp-
tomatic intracerebral hemorrhages [59]. This was not a randomized trial comparing 
the technique to another thrombectomy device, nor was it placebo controlled.

2.6  First-Generation Randomized Controlled Studies

There was a growing criticism that mechanical thrombectomy devices had never 
been compared to best medical therapy for the treatment of acute ischemic stroke. 
Despite the fact that the investigational device studies demonstrated better outcomes 
than that of historic controls, many in the stroke community still considered 
mechanical thrombectomy as an experimental procedure [6, 35]. Therefore, several 
randomized studies were pursued to attempt to demonstrate the efficacy of endovas-
cular stroke treatments. The first three studies, as described later, all failed to dem-
onstrate improved outcomes with mechanical intervention [60–62].

2.6.1  International Management of Stroke 3 Trial

The International Management of Stroke 3 (IMS-3) trial was an international, ran-
domized, open-label trial with a blinded outcome that randomized treatment of 
acute ischemic stroke between IV tPA versus IV tPA plus endovascular treatment 
[60]. The study went through multiple amendments throughout its course. All eli-
gible patients received IV tPA within 3 h of stroke onset or last known normal. 
Randomization into the study must have occurred within 40 min of IV tPA initiation 
because those who were randomized to receive acute endovascular therapy only 
received 2/3rd the total IV tPA dose via the systemic approach [60]. Eventually, more 
data demonstrated that in patients who received the complete systemic dose of IV 
tPA, additional IA tPA was not dangerous, therefore an amendment changed the 
dosing of tPA in the endovascular group. Additionally, after 284 patients were 
already enrolled in the study, an amendment was made to add the use of CT angiog-
raphy (CTA) prior to randomization in patients with NIHSS 8–9 to determine eligi-
bility with confirmation of large vessel occlusion. The type of endovascular therapy 
was selected by each site based on practitioner preference, most of which used IA 
tPA. The primary outcome measure was a mRS 0–2 at 90 days.
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After 656 participants were randomized in the study, the study was stopped early 
by the Data and Safety Monitoring Board (DSMB) because of futility. Based on 
their analysis, there would be no way there could be statistically different favorable 
outcomes between the two treatment groups. There was a 40.8 % good outcome rate 
in the endovascular group while 38.7 % had good outcomes in the IV tPA group 
(95 % confidence interval −6.1–9.1) [60]. Additionally, when looking at the pre-
defined subgroups such as patients with NIHSS ≥ 20, there was a trend toward a 
better outcome rate with thrombectomy, but no statistical difference was seen 
(23.8 % vs. 16.8 %, p = 0.06).

Since the results of the trial were released, there have been many criticisms of the 
study, which may have explained why the study had failed to demonstrate efficacy 
of endovascular therapy. Of the 434 patients randomized to endovascular therapy, 
100 of those patients (24 %) did not actually receive IA treatment after IV tPA 
because of various reasons which included early clinical improvement, absence of 
thrombus, and technical failures [63]. Additionally, many of those who did receive 
intraarterial treatment did not achieve “good reperfusion,” as more data suggests 
that reperfusion <TICI2B may not be sufficient [64]. For example, in a retrospective 
analysis, patients who had TICI2b/3 recanalization were discharged home 41 % of 
the time, while patients with TICI2a recanalization were discharged home 17.4 % of 
the time (p = 0.008 [64].

In IMS-3, TICI2b/3 revascularization rates were below 50 %, which is well 
below the good revascularization rates seen in SWIFT and TREVO2 with the mod-
ern stent retrievers [35, 53, 60]. Patients were not all required to have CTA imaging 
to determine whether vessel occlusion was present. The majority of IMS-3 cases 
used IA tPA (n = 142) and a significant number used Merci (N = 95), while only 5 
patients received the Solitaire device [63]. Lastly, the time to revascularization in 
the endovascular arm was longer than in previous IMS studies (127 min in IMS-3 
versus 84 min in IMS-1) [60]. A subanalysis demonstrated that a delay in reperfu-
sion by 30 min was associated with a 10 % reduction in the likelihood of a favorable 
outcome [65]. Overall, IMS-3, although negative, was insufficient to conclude that 
endovascular therapy does not improve outcomes in patients with acute ischemic 
stroke. It merely emphasized the importance of proper patient selection and good 
quality reperfusion, which was demonstrated eventually in future studies.

2.6.2  MR RESCUE

Published in the same issue of the New England Journal of Medicine as IMS-3, the 
Mechanical Retrieval and Recanalization of Stroke Clots Using Embolectomy (MR 
RESCUE) study also failed to demonstrate benefit with endovascular therapy when 
using imaging criteria as additional selection criteria for stroke intervention [61]. In 
this study, participants with acute ischemic stroke due to a large vessel occlusion 
within the anterior circulation were randomized to undergo mechanical thrombec-
tomy (with Merci or the Penumbra System) or to receive standard of care within 8 h 
from their stroke onset. All patients underwent a pretreatment CT scan or MRI of 
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the brain with perfusion imaging. Patients were randomized according to whether 
they had a favorable penumbral pattern of small infarct core with substantial sal-
vageable tissue [61]. They enrolled 127 patients into the study to the 2 main study 
groups, but 9 were excluded from the primary analysis. Of the 118 patients left, 64 
underwent thrombectomy (34 with penumbral pattern, 30 with nonpenumbral pat-
tern) while 54 received standard of care (34 with penumbral pattern, 20 with non-
penumbral). The percentage of patients with a good outcome at 90 days was not 
significantly different between the 4 groups, but each group had less than 35 patients 
in it. Furthermore, the percentage of patients with partial or complete revasculariza-
tion was no different among the 4 groups, emphasizing the importance of the con-
cept that in order for a mechanical thrombectomy device to be effective, it has to 
successfully remove blood clots [61, 63]. Yet despite the fact that revascularization 
success was no different in each group, the authors made the conclusion that a 
favorable penumbral pattern on neuroimaging did not identify patients who would 
benefit differentially from endovascular therapy.

2.7  Development of Imaging Criteria for Patient Selection

Computed Tomography (CT) has evolved significantly since it was first invented in 
1972 [66]. It has had the ability to identify a cerebral hemorrhage in the setting of 
an acute stroke presentation, and it especially became a necessary modality in stroke 
treatment when IV tPA was introduced [8]. Shortly after CT was invented, research-
ers were investigating the use of Magnetic Resonance Imaging (MRI) in the body 
and were investigating its uses in the medical field [67]. Diffusion weighted imag-
ing (DWI) for stroke was developed in the early 1990s, which is now considered one 
of the most sensitive modalities in detecting an acute ischemic stroke on brain imag-
ing [68–70]. These advanced imaging modalities are constantly evolving and have 
significantly influenced stroke care today.

2.7.1  ASPECTS Score

CT technology has progressed in the last 40 years and its resolution has gotten to the 
point that with today’s scanners, we can distinguish basal ganglia structures. 
However, it is difficult to visualize hyperacute ischemic strokes on CT, as often it is 
not sensitive enough to identify stroke. Therefore, patients typically are sent for 
MRI as diffusion-weighted imaging is highly sensitive [69]. However, MRI is time 
consuming and not always available at many institutions. As a reasonable solution 
to this problem, researchers at the University of Calgary developed the Alberta 
Stroke Program Early CT Score (ASPECTS) as a way to assess early ischemic 
changes on a CT [71]. This is a 10-point quantitative topographic CT scan score that 
is used to determine the degree of infarct in patients with acute ischemic stroke in 
the anterior circulation. Essentially, the MCA territory of interest is divided into 10 
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points: 3 subcortical points, and 7 cortical points (Fig. 23.3). A normal head CT has 
10 points, but for every one of those ten regions that has evidence of hypodensity 
from the acute event, 1 point is subtracted. A score of 0 indicates diffuse involve-
ment of infarct throughout the MCA territory. The score was initially used as a more 
reliable way to determine whether 1/3rd of the MCA territory was already infarcted 
when determining candidacy for IV thrombolytic therapy [72]. Then it was investi-
gated retrospectively in the PROACT-II study, and the patients who had an 
ASPECTS > 7 were three times more likely to have a favorable outcome with IA 
thrombolytic treatment compared with controls [73]. Patients with ASPECTS of 7 
or less were less likely to benefit from treatment [73]. ASPECTS was later used in 
multiple clinical trials of acute ischemic stroke treatments, establishing it as a fun-
damental imaging score used in clinical practices throughout the world [74, 75].

2.7.2  CT Angiogram Collateral Scores

In addition to a noncontrast head CT, often a CT angiogram (CTA) of the head and 
neck is obtained to confirm that a large vessel occlusion is present. One observation 
that has been made is that patients can have varying degrees of collateral circulation 
to a territory affected by a large vessel occlusion [76]. The collaterals for a patient 
with a proximal MCA occlusion often arise from leptomeningeal vessels that are 

Fig. 23.3 The Alberta Stroke Program Early CT Score (ASPECTS) is a 10-point quantitative CT 
scan score [71]. Above are two slices from a Head CT (ganglionic and supraganglionic levels) with 
the regions of the middle cerebral artery (MCA) territory divided into ten parts. C caudate, I insula, 
IC internal capsule, L lentiform nucleus, M1 anterior MCA cortex, M2 MCA cortex lateral to 
insula, M3 posterior MCA cortex; M4, M5, M6 are the anterior, lateral and posterior MCA territo-
ries superior to M1, M2, M3
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supplied by the posterior cerebral or anterior cerebral arteries. Occasionally patients 
can have a collateral pathway from branches of the external carotid artery as well 
[77]. An observation was made that patients with poor or absent collaterals were 
more likely to have a poor outcomes after an ischemic stroke due to large vessel 
occlusion [76]. Likewise, patients with good collaterals in an affected hemisphere 
have a better chance for a good outcome [76]. Further study was then done at the 
University of Tennessee, where they performed a retrospective review of 50 patients 
with acute ischemic stroke due to large vessel occlusion treated with endovascular 
therapy [78]. In this study, 76 % of those patients received IV tPA as well as endo-
vascular therapy; they had a good recanalization rate of 86.6 % after endovascular 
therapy. Patients were dichotomized between having “good vs. poor” collateral 
scores on a standard CTA by two blinded neuroradiologists. Patients who received 
IV tPA had good collateral scores, and successful recanalization had a 52.7 % good 
outcome rate [78]. However, patients with recanalization but poor collateral scores 
without IV tPA only had a good clinical outcome 2 % of the time. This data demon-
strates that scoring collateral circulation may be an additional marker to predict 
outcome with recanalization therapies.

Based on early data suggesting a potential role for collateral scores, researchers 
mainly out of Canada developed a multiphasic CTA collateral scoring system to 
grade a patient’s collaterals [79]. In a study of 147 patients with acute ischemic 
stroke, patients received a standard noncontrast CT head, single-phase CTA, multi-
phase CTA, and a CT perfusion study [79]. The multiphasic CTA would then gener-
ate time-resolved images of the pial arteries. The filling of these arteries was scored 
on a six-point ordinal scale, and the interpretation of the collateral scores was com-
pared to an interpretation of collaterals on CTA . The study found excellent inter-
rater reliability for the multiphase CTA, and discovered that the single-phase CTA 
often called patients with good collaterals as having poor collaterals [79]. The 
authors concluded that multiphasic CT angiography is a reliable tool for imaging 
selection in acute stroke patients with large vessel occlusion [79]. This method of 
imaging criteria for patient selection in the treatment of acute ischemic stroke was 
eventually studied prospectively in the Endovascular Treatment for Small Core and 
Anterior Circulation Proximal Occlusion with Emphasis on Minimizing CT to 
Recanalization Times (ESCAPE) trial, as described later in this chapter [74].

2.7.3  Perfusion Imaging

Perfusion imaging is an imaging method that determines how well blood flows 
through tissue. In acute stroke, the most common modalities used are MR perfusion 
and CT perfusion. CT perfusion was first conceptualized back in the early 1980s but 
it was not until 1991 when its first use was demonstrated in the brain with the cre-
ation of quantifiable color maps [80, 81]. Perfusion imaging was eventually studied 
as a way to simultaneously estimate the volume of an acute ischemic stroke core of 
dead brain tissue and the volume of penumbra of brain tissue that is oligemic but not 
dead yet [82].
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MR stroke imaging utilizes diffusion-weighted imaging with an apparent diffu-
sion coefficient (ADC) threshold, which is able to very accurately quantify the area 
of brain already ischemic from an acute stroke [83]. MR perfusion modalities then 
utilize a bolus of gadolinium contrast and repetitively scan the brain as the contrast 
enters the brain. The brain tissue is broken down into 3-dimensional pixels called 
voxels, and in each voxel the intensity of the contrast is measured with each scan 
[84]. In the contralateral unaffected large vessel (typically proximal MCA), the soft-
ware measures the time at which the maximum intensity of contrast is reached, and 
this is known as the Tmax [84]. The software then measures the delay of the Tmax in 
the abnormal tissue, and the threshold for Tmax with a 2-s or more delay would then 
be used to display a perfusion-weighted imaging (PWI) lesion [83, 84]. Automated 
RAPID software (iSchemiaView, Inc., Menlo Park, CA) has the ability to automati-
cally provide quantitative measurements of the volumes as well as provide the 
imaging characteristics (Fig. 23.4) [83]. Now that this technology is available, the 
challenge has been determining the optimal imaging criteria warranting acute isch-
emic stroke treatment.

A pooled analysis of the Echoplanar Imaging Thrombolytic Evaluation Trial 
(EPITHET) and Diffusion and Perfusion Imaging Evaluation for Understanding 
Stroke Evolution (DEFUSE) study was done, which looked at 174 patients 
(EPITHET n = 100, DEFUSE n = 74) with acute ischemic stroke who had RAPID 
MRI imaging prior to reperfusion (IA or IV methods) [82, 84, 85]. The authors 
categorized the DWI-PWI imaging profiles into three categories: Target Mismatch, 

Fig. 23.4 Example of a CT Perfusion study processed with RAPID Software. This is an example 
of a RAPID software’s (Ischema View, Menlo Park, CA) processed perfusion image from a patient 
with an acute ischemic stroke due to a left middle cerebral artery occlusion. The area in purple 
estimates the volume of ischemic core, while the area in green represents an area of hypoperfusion 
consistent with an ischemic penumbra
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Malignant Profile, and No Mismatch. They defined favorable clinical response as a 
NIHSS of 0–1 or 8 point or greater improvement in the score at 90 days. They saw 
that in “Target Mismatch” patients, reperfusion was associated with a favorable 
clinical response, with an odds ratio of 5.6. Reperfusion also was associated with 
reduced infarct growth of 10 ± 21 mL versus 40 ± 44 mL (p < 0.001). On the other 
hand, reperfusion was not associated with favorable outcomes in patients with a 
malignant profile as well as in patients with a no mismatch profile [85].

After the EPITHET and DEFUSE studies, a subsequent DEFUSE 2 study was 
performed to determine if MRI perfusion can be used to predict who is most likely 
to benefit from endovascular reperfusion therapy within 12 h of stroke onset [83]. In 
this study, 138 consecutively encountered patients signed informed consent but 28 
did not undergo catheter-based angiography. Ninety-eight of the 110 remaining 
patients who underwent angiography had an endovascular intervention. Fifty-nine 
patients who received endovascular treatment also had received IV tPA prior to the 
intervention. In the Target Mismatch group, 46 of 78 patients had successful reper-
fusion, while 12 of the 21 No Target Mismatch patients had reperfusion. A favorable 
clinical response was associated with reperfusion (adjusted odds ratio 8.5) in the 
Target Mismatch Group, while it was not in the No Target Mismatch group [83]. 
The authors concluded that this data supports a randomized controlled trial of endo-
vascular treatment in patients with Target Mismatch Profiles [83].

Although MRI perfusion does provide accurate estimation of the core lesion in 
acute stroke, it has disadvantages. MRI availability in most centers is limited, and it 
does take more time to perform than a CT. Additionally, screening patients for MRI 
safety, such as confirmation of MRI compatible internal prosthetics, can be chal-
lenging in an acute stroke situation. There has been significant research in CT perfu-
sion, as it is likely to be more readily available in most centers and does not require 
prescreening other than confirming renal health and contrast allergy. The disadvan-
tages to CT are that it requires a large bore IV, uses X-ray radiation, uses contrast 
that can strain kidneys and can be technologist dependent [86]. Additionally, there 
had been much debate on how best to estimate the core infarct on CT, as there is no 
DWI equivalent for CT.

Current CT perfusion protocols utilize an approximately 4-mL/s contrast injec-
tion while the scanner scans the region of interest multiple times as the software 
measures the rate of Hounsfield unit concentration of contrast within the tissue [86]. 
The system identifies an artery and vein in the Region of Interest (ROI) on an unaf-
fected vessel that is perpendicular to the acquisition plane. This then generates an 
arterial input function (AIF) and a Venous Output Function (VOF), which are graphs 
demonstrating essentially the concentration of contrast over time. Color-coded per-
fusion maps measuring cerebral blood volume (CBV), mean transit time (MTT), 
and cerebral blood flow (CBF) are generated based on the AIF and VOF comparison 
between normal and oligemic tissues. MTT is calculated by performing a mathe-
matical technique called deconvolution on the regional time-attenuation curve of 
each pixel with respect to the arterial curve [86]. In brain ischemia, there are mul-
tiple stages which CT perfusion attempts to quantify. In early stages of ischemia, the 
CBV increases as a compensatory mechanism for ischemia as vasodilation occurs, 
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which is dependent on cerebrovascular reserve [86]. Since CBF is calculated based 
on CBV/MTT, it too also typically increases. As this reserve is depleted, the CBV 
becomes decreased, which is suggestive of an infarcted core. The MTT is increased 
in tissue that is both ischemic and oligemic, so many people look at the decreased 
CBV as an area of estimated core, while an area of increased MTT is an area of 
estimated core plus penumbra [86]. However, other research groups feel that the 
CBF is a more reasonable estimate of a core as a normal or raised CBV may not 
accurately represent salvageable tissue [87]. Automated software such as RAPID 
has now been developed to process CT perfusion data. The software defines isch-
emic core as a CBF reduction to less than 30 % and an area of penumbra defined as 
a Tmax greater than 6 s [75]. This software was utilized in several acute ischemic 
stroke randomized controlled trials.

2.8  Acute Ischemic Stroke Therapies 2015: The Next 
Generation of Randomized Data

After studies such as IMS-3 and MR RESCUE were published, there was increased 
criticism that endovascular therapy was still not a proven therapy for acute ischemic 
stroke due to large vessel occlusion. Therefore, as a result, multiple randomized 
controlled studies were initiated around the world to demonstrate the effectiveness 
of endovascular therapy as a treatment for acute ischemic stroke (Fig. 23.5) [74, 75, 
88–90].

2.8.1  MR CLEAN

The Multicenter Randomized Clinical Trial of Endovascular Treatment for Acute 
Ischemic Stroke in the Netherlands (MR CLEAN) study was the first of the five 
randomized controlled clinical trials on Endovascular Stroke treatment to be pub-
lished [88]. In this study, 500 patients with acute ischemic stroke due to large vessel 
occlusion that could be potentially be treated with IA therapy within 6 h were ran-
domized between intraarterial stroke therapy with standard medical therapy to stan-
dard medical therapy alone. Eligible patients required a stroke due to an occlusion 
of the distal intracranial carotid artery, middle cerebral artery (M1 or M2), or ante-
rior cerebral artery (A1 or A2) which was confirmed on CT angiography, MR angi-
ography, or conventional angiography. Of the 500 patients enrolled, 445 received 
intravenous alteplase before randomization, with 87 % of the IA group receiving IV 
tPA and 91 % receiving it in the control group. Additionally, of the 233 patients 
randomized to IA treatment, 190 of them received treatment with a stent retriever. 
Functional independence, as defined as a mRS 0–2, was seen in 32.6 % of the inter-
vention group and in 19.1 % of the control group [88]. There was no significant 
difference seen in mortality between the two groups [88]. The results of this study 
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were so profound that it caused the four other interventional trials to stop enrollment 
to allow interim analyses to be performed.

2.8.2  REVASCAT

The Randomized Trial of Revascularization with Solitaire FR Device versus Best 
Medical Therapy in the Treatment of Acute Stroke Due to Anterior Circulation 
Large Vessel Occlusion Presenting within Eight Hours of Symptom Onset 
(REVASCAT) study was performed in Spain [89]. This was the last of the five stud-
ies on endovascular stroke treatment of 2015 to publish its data. In this study, 206 
patients with acute ischemic stroke due to a large anterior circulation vessel occlu-
sion (MCA/ICA) were randomized between treatment with the Solitaire FR device 
versus best medical therapy. Patients either received IV tPA within 4.5 h with failure 
to recanalize after 30 min or had a contraindication to IV tPA. They required having 
an ASPECTS score of 7–10 on CT, or a DWI ASPECTS on MRI of 6–10. After 160 
patients were enrolled, the inclusion criteria were modified to include patients age 
80–85 with an ASPECTS 9–10. One hundred and three patients were randomized to 
intervention and 103 were randomized to medical therapy. An interim analysis had 
been conducted as planned after 25 % of the patients in REVASCAT had completed 
their 90-day follow up, and enrollment was ended due to loss of equipoise as the 
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EXTEND-IA

ESCAPE

MR CLEAN
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35%

Fig. 23.5 Good outcome rate seen in the 2015 endovascular stroke studies. Summary graph show-
ing the rate of good outcomes (% modified ranking score 0–2) in each of the 2015 endovascular 
studies that demonstrated efficacy of mechanical embolectomy for the treatment of acute ischemic 
stroke due to large vessel occlusion within the anterior circulation [74, 75, 88–90]
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other studies were just published. Of those who received intervention, 43.7 % had a 
good functional outcome (mRS = 0–2) at 90 days while the control group had a 
28.2 % good functional outcome rate (adjusted odds ratio 2.1, 95 % CI [1.1, 4.0]). 
The trial had been embedded within a population-based stroke registry that showed 
that only eight patients who met eligibility criteria were treated outside of the trial 
at the participating trials [89].

2.8.3  ESCAPE

The Endovascular Treatment for Small Core and Anterior Circulation Proximal 
Occlusion with Emphasis on Minimizing CT to Recanalization Times (ESCAPE) 
trial was a study performed primarily in Canada with the goal to randomize 500 
participants to standard care or standard care plus endovascular treatment [74]. 
However, with the results from MR CLEAN, the study was stopped for efficacy 
after an unplanned interim analysis was conducted after 316 patients were enrolled. 
Patients with an acute ischemic stroke up to 12 h after symptom onset were enrolled 
in the study if they had a small infarct core on CT (ASPECTS 6–10), proximal 
artery occlusion in the MCA or intracranial ICA seen on CT angiogram, and a good 
collateral circulation score defined as filling of 50 % or more of the MCA pial arte-
rial circulation. Of the 316 patients enrolled, 165 patients were randomized to inter-
vention, while 150 patients were randomized to control (1 patient information 
missing). IV tPA was given in 73 % in the control arm while it was given to 79 % of 
the intervention arm. Functional independence was seen in 53 % of the intervention 
group, while it was seen only in 29.3 % of the control group (p < 0.001) [74]. The 
median time of reperfusion in the intervention group from onset time was 241 min 
[74].

2.8.4  SWIFT PRIME

The Solitaire with the Intention for Thrombectomy as Primary Endovascular 
Treatment (SWIFT PRIME) trial was a study performed primarily in the United 
States with a few European sites [75]. In this study, all patients received IV tPA 
within 4.5 h of stroke onset and then were randomized to endovascular treatment 
with the Solitaire FR device versus medical management once an IV tPA failure was 
confirmed. Large vessel occlusions of the intracranial ICA or M1 were confirmed 
by CTA or MRA. Initially, participants were required to meet specific perfusion 
criteria via perfusion imaging with RAPID software, but after 71 patients were 
enrolled, centers with limited perfusion capabilities were allowed to use a “small- 
to- moderate core-infarct strategy” [75]. After 196 participants were enrolled, the 
study was placed on hold for analysis due to the release of the other positive trials. 
Of these patients, 80 % had perfusion imaging performed, and the median ASPECTS 
score on these patients was 9. In the 98 patients that received IV tPA with mechani-
cal thrombectomy, 60.2 % had a good functional outcome (mRS 0–2) at 90 days, 
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while in 98 patients who received IV tPA only in the control group, 35.5 % had a 
good functional outcome (p < 0.001) [75]. Successful reperfusion of TIC2b-3 was 
achieved in 83 % of patients in the intervention group but in only 40 % in the control 
group (p < 0.001) [75]. In this study, tandem occlusions with a cervical carotid artery 
occlusion were excluded, while in other studies they were included and also had the 
greatest benefit to interventional therapy [74].

2.8.5  EXTEND-IA

In the Extending the Time for Thrombolysis in Emergency Neurological Deficits—
Intra-Arterial (EXTEND-IA) trial, the authors planned to randomize 100 patients at 
14 centers in Australia and New Zealand to IV tPA plus treatment with Solitaire FR 
device versus IV tPA alone [90]. However, like the other endovascular studies for 
2015, the study was stopped early after enrolling 70 patients because of the MR 
CLEAN results. Patients were included in the trial if they could receive IV tPA 
within 4.5 h of onset, and IA therapy within 6 h. Patients were required to have a 
CTA to confirm an intracranial ICA, or MCA (M1 or M2) occlusion. Furthermore, 
all patients received a CT perfusion study that was processed with RAPID software 
and it had to demonstrate salvageable brain tissue. The primary outcome, an 8-point 
or more reduction in NIHSS or a score of 0–1 at day 3, was seen in 80 % of those in 
the endovascular group compared to 37 % in the control group (p = 0.002) [90]. 
Furthermore, the 90-day good outcome rate (mRS 0–2) was significantly higher in 
the endovascular group with 71 % having a good outcome while only 40 % of the 
control group had a good outcome (p = 0.01) [90]. In this study, the endovascular 
group had a median stroke onset to revascularization time of 248 min [90].

2.9  Why Did Thrombectomy Work in 2015 and not 2013?

With 5 individual randomized controlled studies demonstrating the effectiveness of 
endovascular therapy for the treatment of acute ischemic strokes due to large vessel 
occlusion, the standard of care for acute therapy was changed. The American Heart 
Association Guidelines now state that the treatment of an acute ischemic stroke due 
to an intracranial ICA or MCA (M1 or M2) occlusion within 6 h should be treated 
with endovascular therapy (Level 1A evidence) [91].

Compared to 2013 when IMS-3 was published, the difference seen in outcomes 
today with endovascular therapy is profound, and it has changed the treatment para-
digms for acute stroke throughout the world. In a meta-analysis that included 
patients from the 5 endovascular studies of 2015 who were treated with Solitaire 
FR, the rate of successful m-TICI 2b/3 revascularization was 77 % [55]. In IMS-3, 
this rate of TICI2b/3 was 41 % and it was worse in MR RESCUE with 27 % good 
revascularization in the endovascular group [60, 61]. Furthermore, in the 2015 stud-
ies there was more emphasis on patient selection and on minimizing the  endovascular 
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treatment of patients outside of the trials at enrolling institutions, which helped 
avoid selection bias. Patients also had baseline imaging confirming a large vessel 
occlusion and most of the studies included some form of imaging parameter to esti-
mate volume of salvageable tissue [55].

Now that we have seen improvements in patient selection and in the endovascular 
therapy itself, the next phase in the treatment paradigm is to focus on systems of care 
to facilitate rapid access to tertiary centers. This requires educating providers at differ-
ent phases of care from emergency medical services (EMS), to the emergency room 
providers as well as transfer coordinators. EMS providers will need to be educated on 
identifying acute ischemic strokes likely due to large vessel occlusions with prehospi-
tal stroke scales such as Rapid Arterial oCclusion Evaluation (RACE) [92]. Additional 
methods such as EMS notifying a hospital emergency room of an incoming stroke 
(prehospital notification) have been shown to improve access to acute stroke therapies 
[93]. In time, the hope will be that more patients will have access to these acute thera-
pies, and the burden of ischemic stroke to society will be dramatically reduced.
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Chapter 24
Sonothrombolysis for Acute Ischemic Stroke: 
A Critical Appraisal

Georgios Tsivgoulis, Apostolos Safouris, and Andrei V. Alexandrov

Abstract Sonothrombolysis is the adjunct use of ultrasound during thrombolysis 
as an augmentation technique that can facilitate clot dissolution. When no thrombo-
lytics are used, we refer to this technique as sonolysis. In the setting of acute isch-
emic stroke (AIS), various ultrasound protocols have been tested with different 
devices and parameters, with or without the concomitant use of ultrasound contrast 
material. After years of clinical research, much is known regarding the safety profile 
of low-intensity and high-frequency (2 MHz) sonothrombolysis but efficacy remains 
to be proved. This review provides an overview of clinical trials and meta-analyses 
of sonothrombolysis. As we are entering a new era of combined intravenous and 
interventional AIS therapies, it is a challenge for researchers to incorporate 
sonothrombolysis in the constantly evolving AIS protocols. Proving the efficacy of 
sonothrombolysis in a well-designed randomized controlled clinical trial of a next- 
generation noninvasive therapeutic device or a drug–device combination would 
have substantial impact on future AIS management.
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Abbreviations

AIS Acute ischemic stroke
CLOTBUST The Combined lysis of thrombus in brain ischemia using tran-

scranial ultrasound and systemic t-PA
CLOTBUST-ER Combined lysis of thrombus with ultrasound and systemic tis-

sue plasminogen activator for emergent revascularization in 
acute ischemic stroke

ELVO Emergent large vessel occlusion
IMS Interventional Management of Stroke Trial
IVT Intravenous thrombolysis
MCA Middle cerebral artery
NOR-SASS The Norwegian randomized controlled sonothrombolysis in 

acute stroke study
NOR-TEST Norwegian Tenecteplase Stroke Trial
sICH Symptomatic intracranial hemorrhage
SONOBUSTER Sonolysis in Prevention of Brain Infarction During Carotid 

Endarterectomy and Stenting
TCCD Transcranial color-coded duplex
TCD Transcranial Doppler
tPA Tissue plasminogen activator
TRUMBI Transcranial Low-Frequency Ultrasound-Mediated 

Thrombolysis in Brain Ischemia
TUCSON Transcranial Ultrasound in Clinical Sonothrombolysis trial
μS Microspheres

1  Introduction

Intravenous thrombolysis (IVT) has revolutionized acute ischemic stroke (AIS) 
treatment since its approval for clinical practice in 1996 after the NINDS clinical 
trial [1, 2]. IVT represents the current standard of care for the vast majority of AIS 
patients during the first 4.5 h following symptom onset [1–4], while mechanical 
thrombectomy has recently been approved for treatment of a subset of patients with 
emergent large vessel occlusion (ELVO) [5]. The main limitation of IVT as well as 
any AIS treatment remains the limited time window in order to salvage the 
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hypoperfused brain tissue or the ischemic penumbra [6]. As a result, only a minority 
of AIS patients are offered systemic reperfusion therapy within the allowed time 
window [7, 8]. However, even for this minority of patients, good outcomes are 
directly related to recanalization [9].

Transcranial Doppler (TCD) provides real-time data on cerebral hemodynamics 
during AIS and IVT treatment [10]. TCD studies have shown that tissue plasmino-
gen activator (tPA)-induced recanalization depends on occlusion site [11] and clot 
burden [12]. Furthermore, reocclusion occurs frequently (10–25 %) following ini-
tial recanalization [13]. Thus, improving the efficacy of systemic thrombolysis to 
achieve complete recanalization was the focus of research interest during the past 
decade [14]. Development of ultrasound-enhanced thrombolysis stems from the 
clinical observation that patients who received TCD monitoring during IVT recana-
lized more frequently [15].

Recently, mechanical thrombectomy has been established as an interventional 
reperfusion therapy for patients with ELVO that is complementary to IVT [16, 17]. 
Health care systems around the world are reorganizing to offer this new therapeutic 
modality to AIS patients. However, stroke centers with endovascular treatment 
capability are scarce and large populations remain underserved even in high-income 
countries [18]. Consequently, any novel reperfusion therapy that may enhance the 
lytic effect of tPA will have a substantial impact on the established stroke networks. 
IVT augmentation with an ultrasound device at lower cost relative to specialized 
endovascular procedure can be widely available. Sonothrombolysis is still consid-
ered investigational [19] but it has established safety [in terms of symptomatic intra-
cranial hemorrhage (sICH)] and potential efficacy (in terms of recanalization rates) 
in AIS. We will review the currently available data on the application of ultrasound- 
enhanced thrombolysis as a potential therapeutic modality for AIS.

2  Definitions and Mechanisms

2.1  Technical Issues

Sonothrombolysis is a process of delivering tPA to the binding sites at deeper lay-
ers of thrombus, mechanically stretching the thrombus or promoting enzymatic 
activity (dependently on frequency, kHz or MHz, respectively) that results in aug-
mentation of the residual blood flow and faster thrombus dissolution. In AIS, most 
clinical research has been done during IVT using diagnostic TCD. TCD uses 
1–2 MHz ultrasound that has a trade-off between sufficient penetration (better with 
lower frequencies) and satisfactory Doppler signal (better with higher frequen-
cies). Transcranial color-coded duplex (TCCD) is progressively replacing TCD in 
clinical practice and has also been studied in phase II sonothrombolysis trials. 
TCCD emits a range of frequencies between 1 and 5 MHz and yields both spectral 
(Doppler imaging) and parenchymal (B-mode imaging) information. All diagnostic 
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ultrasound devices conform to FDA output limits of spatial-peak temporal-average 
intensity to less than 720 mW/cm2 [20]. A wide range of frequencies and intensities 
has been evaluated in vitro and in animal studies. However, after a clinical trial that 
studied lower frequency (300 kHz) sonothrombolysis and raised significant safety 
concerns due to notably high rates (36 %) of sICH in the sonothrombolysis group, 
all subsequent trials used the established diagnostic frequency (2 MHz for TCD; 
1–5 MHz for TCCD) [21].

Microsphere-potentiated sonothrombolysis consists of the intravenous 
administration of ultrasound contrast in parallel with sonothrombolysis. 
Ultrasound contrast consists of gas-filled microspheres (μS) that enhance the 
reflection of ultrasound waves due to the great difference in echogenicity 
between gas and surrounding tissues or fluids. The first generation of commer-
cially available ultrasound contrast media contain room air (Levovist®) and the 
second-generation contrast media comprise sulfur hexafluoride-filled μS that are 
more stable and have a longer half-life (SonoVue®) [22]. Newer agents contain 
lipid instead of gas, have greater concentration of bubbles per unit volume and, 
theoretically, greater ability to penetrate thrombi (MRX-801) [23]. Microspheres 
produce stronger returned echoes and this process is helpful first to overcome 
the barrier of insufficient temporal bone windows, and second to transmit more 
energy from ultrasound beam to thrombus thus further facilitating actions of 
sonothrombolysis as described earlier.

Sonolysis consists of ultrasound use without thrombolytic drug and it has been 
studied in AIS patients with contraindications to IVT. Finally, EKOS MicroLysUS 
is an infusion catheter carrying a 2.1-MHz ring sonography transducer at its tip, 
designed to work simultaneously with intraarterial thrombolysis [24].

2.2  Physiology

Ultrasound effects on biological tissue have been first reported back in 1930 but 
sonothrombolysis, the adjunct use of ultrasound in parallel to thrombolytic agents, 
has been first described in the 1970s [25]. The physiology behind sonothrombolysis 
is still not fully elucidated. Table 24.1 summarizes the potential mechanisms of 
ultrasound-enhanced thrombolysis as well as microsphere-potentiated sonothrom-
bolysis. As ultrasound waves propagate through tissues, energy absorption and scat-
tering occur depending on the attenuation coefficient of each tissue. Absorption and 
scattering of waves lead to conversion of acoustic energy into heat and mechanical 
energy. Heat and cavitation are unwanted side effects of ultrasound examination and 
FDA poses a strict limit on maximum intensity. Higher ultrasound frequencies 
accelerate enzymatic kinetics of thrombolysis and greater risk of increasing tem-
perature of exposed tissues. However, no significant temperature variations have 
been recorded with low-intensity ultrasound used in clinical practice [26]. On the 
other hand, it is currently believed that mechanical shearing forces generated by 
pressure fluctuations may lead to thrombolysis augmentation either through direct 
fluid motion and radial forces or through acoustic cavitation effects (Table 24.1). 
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Microbubbles either oscillate (stable cavitation) or collapse (inertial cavitation) at 
the blood–thrombus interface with stable cavitation being more important for 
enhancing thrombolysis at lower intensity levels [27].

Braaten et al. have shown via electron microscopy that ultrasound exposure leads 
to reversible disaggregation of fibrin network, further enhancing penetration of 
thrombolytics [28]. Attempts to further enhance sonothrombolysis were made with 
the addition of ultrasound contrast agents with diameter of several microns enabling 
them to pass through lungs after intravenous injection. These μS lower the threshold 
of ultrasound energy for attaining cavitation at the blood–thrombus interface, ampli-
fying local delivery of mechanical stress forces that in turn lead to thrombus surface 
disruption and further tPA penetration [29]. Microspheres offer better targeting of 
ultrasound beam delivery and transmission of energy momentum to the thrombus 
thus minimizing exposure of other tissues.

3  Clinical Trials

3.1  Sonothrombolysis

Alexandrov et al. first reported in 2000 high IVT recanalization rates (30 % com-
plete, 40 % partial) with concurrent diagnostic TCD monitoring [15]. Treated 
patients had higher rates of favorable clinical recovery during TCD monitoring and 
at 24 h. This initial observation was replicated by other centers in the following 
years. Eggers et al. performed a randomized clinical trial sonothrombolysis in 25 
AIS patients using TCCD. They documented a trend toward higher middle cerebral 

Table 24.1 Potential mechanisms of action of sonothrombolysis and microsphere-potentiated 
sonothrombolysis

Mechanism of action Sonothrombolysis
Microsphere-potentiated 
sonothrombolysis

Cavitation (stable > inertial) [27] Yes Yes

Reversible disaggregation of cross-linked 
fibrin fibers [28]

Yes Yes

Increased penetration of tPA into the 
thrombus (microstreaming) [30]

Yes Yes

Increased binding of tPA to fibrin [31] Yes Yes

Improvement of tissue perfusion 
(NO-dependent mechanism of US-induced 
vasodilation) [32]

Yes Yes

Lowers the threshold of thrombolysis 
(preexisting μS lower the threshold for 
cavitation) [33]

No Yes

Beneficial effects on microvasculature 
(improves impaired microcirculation)  
[34, 35]

No Yes
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artery (MCA) recanalization rates and improved 3-month outcome in the 
sonothrombolysis group despite higher rates of sICH (18 %) [36]. Alexandrov et al. 
have conducted a phase II, multicenter, double-blind, randomized-controlled clini-
cal trial termed CLOTBUST (The Combined Lysis of Thrombus in Brain Ischemia 
Using Transcranial Ultrasound and Systemic t-PA). A total of 126 AIS patients 
treated with IVT were randomized to either continuous TCD or placebo monitoring 
[37]. All patients had MCA occlusion on TCD and sonothrombolysis led to statisti-
cally significantly higher rates of complete recanalization within the 2 h of TCD 
monitoring (46 % vs. 18 %; p < 0.001) without increased rates of symptomatic intra-
cranial bleeding (4.8 % in both groups). At 3 months, 22 of 53 patients in the 
sonothrombolysis group who were available for follow-up and 14 of 49 in the con-
trol group (29 %) had favorable functional outcomes (p = 0.20) as indicated by a 
score of 0–1 on the modified Rankin scale. A subgroup analysis of CLOTBUST 
trial in patients with moderate-to-severe AIS (baseline NIHSS-score ≥10 points) 
indicated that patients randomized to sonothrombolysis achieved higher rates of 
favorable functional outcome at three months in comparison to patients randomized 
to IVT (37 % vs. 16 %; p = 0.045) [38].

The Transcranial Low-Frequency Ultrasound-Mediated Thrombolysis in Brain 
Ischemia (TRUMBI) was a phase II, prospective, nonrandomized clinical trial that 
evaluated sonothrombolysis with the use of low-frequency (300 kHz) ultrasound 
[21]. The trial was halted prematurely because of very high rates of any (93 %) or 
symptomatic (36 %) hemorrhage in patients treated with sonothrombolysis. 
Hemorrhages were also highly atypical for IVT in the setting of AIS: there were two 
parenchymal hemorrhages of the contralateral hemisphere, two subarachnoid and 
one intraventricular hemorrhage. A number of potential explanations of the exces-
sive sICH rate in the TRUMBI trial have been proposed. For example, low fre-
quency ultrasound may cause blood–brain-barrier disruption and increased 
permeability [39]. In addition, creation of standing waves outside the targeted 
region (pressure levels in the brain > inertial cavitation threshold) may lead to remote 
parenchymal bleeding outside the infarcted area [40, 41].

Further development of sonothrombolysis required testing of a therapeutic 
2 MHz pulsed wave device [42] in a phase III RCT, the Combined lysis of thrombus 
with ultrasound and systemic tissue plasminogen activator for emergent revascular-
ization in acute ischemic stroke (CLOTBUST-ER) [43]. In this study, instead of a 
TCD or TCCD handheld diagnostic device, an operator-independent head frame 
was used (Fig. 24.1). This head frame carried a set of sixteen 2 MHz transducers 
that emitted ultrasound through the conventional windows for TCD (foraminal and 
both temporal). AIS patients with moderate-to-severe stroke (baseline NIHSS- 
score ≥ 10 points) treated with IVT were either randomized to undergo continuous 
ultrasound monitoring or sham monitoring for 2 h. As of March 2015 a total of 676 
patients were enrolled and preliminary results were presented in the European 
Stroke Organization Conference 2016 [44] showing a good safety profile (2.1 % vs. 
1.5 % sICH rates in the active and sham monitoring group, respectively) but no 
clinical benefit in terms of improvement of 3-month functional outcome. Publication 
of the final analyses is imminent.
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3.2  Microsphere-Potentiated Sonothrombolysis

Molina et al. first administered three doses of 2.5 g (400 mg/mL) galactose-based 
μS (Levovist®) that were infused at 2, 20, and 40 min after tPA-bolus on top of 2 h 
TCD monitoring [45]. A total of 38 patients were enrolled and compared to 73 
patients who were previously treated either with ultrasound-enhanced thrombolysis 
or with intravenous thrombolysis alone. Sustained complete recanalization rate at 
2 h after tPA-bolus was significantly higher in the microsphere-potentiated 
sonothrombolysis subgroup (55 %) compared to sonothrombolysis (41 %) or IVT 
(24 %) subgroups. No excess in sICH was documented but the study was underpow-
ered to show clinical benefit. The proportion of patients who achieved clinical 
improvement at 24 h (>3 points in NIHSS score) tended to be higher in the 
sonothrombolysis group compared with the other two. Larrue et al. used the same 
ultrasound contrast media and TCCD to deliver sonothrombolysis in a small pilot 
trial. However, recruitment was halted after including 20 patients because of more 
frequent detection of hemorrhages on gradient-echo MRI in the treatment group, 
despite the fact that all these hemorrhages have been asymptomatic [46]. Another 
pilot study evaluated the safety and efficacy of microsphere-potentiated sonothrom-
bolysis (using TCCD and SonoVue®) in 11 AIS patients and reported no sICH, high 
recanalization and favorable functional outcome rates [47]. In the only study com-
paring two different contrast agents, no significant difference has been noted in 
recanalization rates, clinical outcome, or sICH rates in AIS patients treated with 
microsphere-potentiated sonothrombolysis [48].

Our research group has performed a pilot randomized study of sonothrombolysis 
augmentation with perflutren-lipid μS in 12 patients with MCA occlusion and found 
high rates of complete recanalization at 2 h, significantly higher compared to the 
IVT control arm of the CLOTBUST trial (50 % versus 18 %) [49]. We have also 
recorded that μS were found beyond the occlusion in 3 out of 4 patients, in areas 
with no pretreatment flow. The Transcranial Ultrasound in Clinical Sonothrombolysis 
(TUCSON) trial was phase IIb RCT that evaluated two different doses of perflutren- 
lipid μS coupled with TCD-monitoring and IVT in comparison to IVT alone. The 
trial was stopped due to three cases (27 %) of sICH in the high-dose μS-group, while 

Fig. 24.1 Hands-free 
sonothrombolysis device 
tested in CLOTBUSTER 
trial
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no sICH was documented in the low-dose or control group [50]. Although patients 
with sICH had similar screening and pretreatment systolic blood pressure (SBP) 
levels in comparison to the rest, higher SBP levels were documented in sICH 
patients at 30, 60, 90 min, and 24–36 h following tPA-bolus, indicating that inade-
quate blood pressure control may have contributed to the excessive sICH rate that 
was documented in the high-dose subgroup [50]. Both doses showed a trend toward 
more efficient recanalization and better outcome [50].

Limited research has been conducted regarding the safety and efficacy of 
sonothrombolysis in posterior circulation strokes. In a case series of 20 patients 
with acute (<12 h from symptom onset) basilar artery occlusion, IVT combined 
with 2-h TCD plus Levovist® led to recanalization in 1 out of 3 patients at 6 h and 1 
out of 2 in 24 h [51]. There was a significant difference in NIHSS for early recana-
lization <6 h (median score 1), recanalization at 6–24 h (median score 11), and no 
recanalization (median score 30) that corresponded to a significant mortality benefit 
of recanalizers in 3 months.

Finally, the Norwegian randomized controlled sonothrombolysis in acute stroke 
study (NOR-SASS) is an arm of the Norwegian Tenecteplase Stroke Trial (NOR- 
TEST) randomizing patients with AIS to either tenecteplase or alteplase [52]. In 
NOR-SASS study 30-min continuous IV infusion of SonoVue was used in combi-
nation with 60-min diagnostic TCD monitoring in parallel with IVT (either with 
alteplase drip or tenecteplase bolus). First results are awaited in 2016.

3.3  Sonolysis

Cintas et al. have tested 1-h TCCD monitoring of the occluded MCA in AIS patients 
that had contraindications for IVT [53]. They recruited 6 patients, 5 of which 
showed early partial recanalization but only 1 complete recanalization in 24 h. 
Sonolysis has been evaluated in the prevention of ischemic lesions during carotid 
interventions in the Sonolysis in Prevention of Brain Infarction During Carotid 
Endarterectomy and Stenting (SONOBUSTER) [54]. Two-hindered and forty-two 
patients with internal carotid stenosis >70 % were randomized to either 1-h TCD 
monitoring or no sonolysis during carotid endarterectomy or stenting. Sonolysis 
significantly (p = 0.03) reduced the risk of new ischemic lesions on diffusion- 
weighted MRI by 55 %. No significant differences on cognitive outcomes or reper-
fusion hemorrhage rates between the two groups were detected.

3.4  Intraarterial Sonothrombolysis

In a pilot study, 14 AIS patients with anterior or posterior circulation large vessel 
occlusion received intraarterial alteplase at different doses depending on site, IV hep-
arin and intraarterial sonication with the EKOS catheter. No catheter-related adverse 
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events were noted, two patients developed sICH (14 %) and recanalization rates were 
over 50 % [24]. The EKOS catheter was also used in the Interventional Management 
of Stroke II (IMS II) Trial. IMS II trial was an open-label trial of reduced dose IVT 
(0.6 mg/kg alteplase; 15 % bolus and the rest in 30 min) and intraarterial alteplase 
administration (<22 mg, bolus and total dose depended on the use of EKOS or not) 
combined with intravascular sonication with the EKOS catheter during intraarterial 
alteplase infusion [55]. Complete recanalization was reported in 41 % of AIS patients 
with anterior circulation large vessel occlusions at 60 min and in 69 % at 2 h [56]. 
Intraarterial sonothrombolysis with EKOS has been also tested in the IMS III trial, an 
endovascular AIS treatment trial that was stopped due to futility; 14 patients were 
treated with EKOS and combined IVT and intraarterial alteplase with 71 % recanali-
zation rates in AIS patients with large vessel occlusion in the arterial circulation [57]. 
Ribo et al. used an alternative approach by applying rescue intraarterial therapy with 
alteplase and ultrasound contrast administration with concomitant TCD monitoring 
after IVT failure in AIS patients. The complete and partial recanalization rate was 
78 % at the end of procedure, while sICH occurred in only one patient [58].

The recent success of mechanical thrombectomy trials has marginalized other 
endovascular techniques such as intraarterial thrombolysis or sonothrombolysis. 
Two major advantages of thrombectomy over these techniques are the retrieval of 
thrombus instead of dissolving it, leading to less risk of peripheral embolization and 
the fact that no thrombolytics are used intraarterially leading to less bleeding risk.

3.5  Meta-analyses

Our group has performed a meta-analysis evaluating the safety and efficacy of 
sonothrombolysis in 2010. A total of nine studies were deemed eligible (5 TCD and 4 
TCCD), six of them being randomized and four among them using augmentation with 
μS [59]. In total, 423 AIS patients with intracranial artery occlusion (documented by 
ultrasound in all but one study) were included. Sonothrombolysis was found to be 
associated with nearly threefold increased odds of complete recanalization, mainly 
driven by the TCD studies. Likewise, sonothrombolysis was associated with higher 
rates of favorable functional outcome at three months, while no association between 
sonothrombolysis and risk of sICH was detected. The Cochrane Collaboration pub-
lished a meta-analysis of randomized controlled trials of sonothrombolysis in 2012 
[60]. They included five studies (2 TCD and 3 TCCD; 2 with microsphere-potential 
sonothrombolysis) including a total of 233 patients. AIS patients randomized to 
sonothrombolysis were less likely to be dead or disabled at 3 months (although confi-
dence intervals were quite wide) and more likely to recanalize. No safety concerns 
were raised, with sICH showing no significant difference in the treatment and control 
arms and no difference in mortality. A third meta-analysis was published in 2013 by 
Saqqur et al. including ten studies seven of which were randomized. This report con-
firmed again the safety and efficacy of sonothrombolysis [61]. An overview of the 
main findings of the three available meta-analyses is presented in Table 24.2.
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4  Pitfalls and Future Directions

It should be acknowledged that despite numerous attempts from different centers 
around the world, the available sonothrombolysis studies are highly heterogeneous 
with small sample sizes, using variable treatment protocols and ultrasound devices. 
It is clear that the vast majority of sonothrombolysis trials required expertise in neu-
rosonology in order to properly identify intracranial occlusion, maintain ultrasound 
delivery to the site of thrombus and accurately evaluate the final result as complete, 
partial, or no recanalization [62]. Of note, recanalization has been evaluated using 
ultrasound criteria in the majority of the aforementioned trials. When compared to 
digital subtraction angiography in real time, TCD provides an 89 % overall accuracy 
in detecting complete recanalization and 82 % for partial recanalization, numbers that 
are far from 100 % [63]. Improved animal models and self- targeting by an ultrasound 
device at thrombus-residual blood flow interface are needed in order to conduct a 
future clinical trial with safe and most efficacious ultrasound parameters to potentiate 
thrombolysis. An ample opportunity for clinical applications of sonothrombolysis 
exists in the era of mechanical thrombectomy since majority of patients with ELVO 
are brought to nearest hospitals often lacking endovascular expertize. Therefore, IVT 
is initiated and patients have to be transferred to a comprehensive stroke center level 
facility. Even if a patient with ELVO is brought directly to such facility, door-to-groin 
puncture times often exceed 60 min. Thus, both scenarios leave ample opportunity to 
apply sonothrombolysis prior to mechanical thrombectomy.

Another promising field is targeted sonothrombolysis: the use of μS as vehicles 
of antithrombotic molecules to occluded arteries. Sonothrombolysis of the internal 
carotid occlusion in rats with immunobubbles tagged with the glycoprotein IIb/IIIa 

Table 24.2 Meta-analyses summarizing the safety and efficacy of sonothrombolysis

Meta-analysis 
(Reference)

Studies 
(randomized)

Complete 
recanalization (OR, 
95%CI)

sICH (OR, 
95%CI)

Good functional 
outcome (OR, 
95%CI)

Tsivgoulis et al., 
2010 [59]

9 (6) Favors ST (2.99; 1, 
7–5, 25)

Neutral 
(1.26; 
0.44–3.6)

Favors ST (2.09; 
1.17–3.71)c

Ricci et al., 2012 
[60]

5 (5) Favors ST (3.57; 
2.00–6.25)a

Neutral 
(2.35; 
0.95–5.8)b

Favors ST (2.00; 
1.10–3.70)c

Saqqur et al., 
2013 [61]

10 (7) Favors ST (2.95; 
1.81–4.81)

Neutral 
(1.14; 
0.56–2.34)

Favors ST (2.2; 
1.52–3.19)e

sICH symptomatic intracranial hemorrhage, OR odds ratio, CI Confidence interval, ST sonothrom-
bolysis
aOutcome was complete or partial recanalization
bSymptomatic plus asymptomatic intracranial hemorrhage
cModified Rankin Scale: 0–1
dOxford Handicap Scale ≤2
eModified Rankin Scale: 0–2
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receptor antagonist abciximab is feasible [64]. In another animal study, sonothrom-
bolysis with low IV tPA dose and tPA-tagged μS showed equal efficacy with full- 
dose IVT sonothrombolysis [65]. A recent study has tested μS double tagged with 
recombinant single-chain urokinase plasminogen activators and thrombus-targeting 
activated-platelet-specific single-chain antibody [66]. Targeted therapies are a 
promising therapeutic approach that might combine minimal risk and equal or supe-
rior efficacy compared to established treatment modalities.

Ultrasound has provided valuable real-time data on recanalization and reocclu-
sion of intracranial arteries in the acute phase of ischemic stroke but it remains to 
be answered if it may also improve functional outcomes at 90 days post-tPA treat-
ment. As we are entering a new era of combined intravenous and interventional 
AIS therapies, it is a challenge for researchers to incorporate sonothrombolysis in 
the constantly evolving AIS protocols. Proving the efficacy of sonothrombolysis in 
a well-designed randomized controlled clinical trial of a next-generation noninva-
sive therapeutic device or a drug–device combination would have substantial 
impact on future AIS management.
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Chapter 25
Combination Therapy with Thrombolysis

Burak Yulug and Wolf-Rüdiger Schäbitz

Abstract Thrombolysis is the most effective treatment for acute ischemic stroke 
representing the basic therapeutic standard in the western world. Novel drug treat-
ments are therefore unlikely to be developed as stand-alone approaches and every 
novel treatment should be considered as combination treatment together with 
thrombolysis. Such a combination should exert synergistic actions together with 
t-PA, and probably even more important decrease the potential adverse effects of 
thrombolysis including reperfusion-related adverse effects such as cytotoxin and 
free radical release and toxicity as well as BBB degradation and subsequent hemor-
rhagic complications. Preclinical data show that this approach can make thromboly-
sis safer and buy time for later treatment initiation. At current, the clinical evidence 
for this approach is relatively weak, but a systematic translation of preclinical find-
ings into the human situation is ongoing with some recent hopeful examples from 
clinical trials.
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EGCG Epigallocatechin gallate
eNOS Endothelial nitric oxide synthase
EPO Erythropoietin
ER Endoplasmic reticulum
ERK Extracellular signal-regulated kinase
FK-506 Tacrolimus
G-CSF Granulocyte-colony-stimulating factor
ICAM-1 Intercellular adhesion molecule-1
IRAK-1 Interleukin receptor-associated kinase-1
MMPs Matrix metalloproteinases
NBO Normobaric hyperoxia
NF-kB Nuclear factor kappa B
NMDA N-methyl-d-aspartic acid
NR1-1 NMDA receptor 1
PAR-1 Protease-activated receptor 1
ROCK Rho kinases
tPA Tissue plasminogen activator
VEGF Vascular endothelial growth factor

1  Introduction

Thrombolysis is the most effective treatment for acute ischemic stroke applied within 
the 4.5 h time window after stroke onset [1]. Due to this short time window and several 
contraindications (i.e., bleeding, trauma) just a limited number of patients qualify for 
this type of treatment. Therefore, research focused on alternative opportunities, many 
of them (i.e., neurotrophic factors, calcium channel blockers, antioxidants, and gluta-
mate receptor blockers) with promising brain protective effects in preclinical studies. 
Translation into human situation failed due to several reasons including the important 
factum that therapeutically promising stroke patients normally receive thrombolysis: 
Every novel therapeutic development will therefore face the situation to be combined 
with thrombolysis when clinical development is carried to late stages. Ideally, such a 
combination treatment should exert synergistic actions together with tPA, and proba-
bly even more important decrease the potential adverse effects of thrombolysis.

2  The Rationale for a tPA Combination Therapy

Stroke may impact diffusion of drugs to the ischemic target when administered after 
onset of ischemia due to an impaired body circulation, cerebral metabolism, and 
critically reduced perfusion of the ischemic penumbra [2–7]. Even candidate drugs 
with lipophilic property and the ability to cross the blood–brain barrier (BBB) may 
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fail to reach the target region and finally fail to protect the ischemic penumbra [4–7]. 
Additional factors include a disturbed and increased intracranial pressure as well as 
induction of secondary brain edema [2–6]. These pathophysiological factors under-
line the importance of a thrombolytic therapy: Recanalization restores brain perfu-
sion, enabling the candidate drug to circulate to the therapeutic target hereby 
building the basis for effective brain protection. Previous data show also that tPA 
has direct detrimental effects such as NMDA (N-methyl-d-aspartic acid)-mediated 
neurotoxicity and direct BBB damage [8, 9]. In addition, minor delays in adminis-
tration of tPA beyond the therapeutic window enhance and proportionally induce 
the activation of free radical release with subsequent induction of neuroinflamma-
tion and BBB impairment [10–12]. A combination of tissue plasminogen activator 
(tPA) with drugs counteracting such effects would be a desirable therapeutic target 
to protect cerebral tissues from reperfusion injury. In the following sections, we 
summarize prominent preclinical examples of combination approaches with throm-
bolysis and analyze the translational impact.

3  Drugs with Anti-inflammatory Activity

Minocycline is one of the promising agents already been shown to exert a signifi-
cant neuroprotective effect in various experimental animal studies [12, 13]. The 
proposed mechanism of action includes significant inhibition of neuroinflammatory 
activity, free radical production, and matrix metalloproteinases (i.e., matrix metal-
loproteinase- 9, MMP-9) which finally leads to attenuation of neuronal apoptosis 
[13, 14]. It has been shown that combined treatment of minocycline at 4 h plus tPA 
at 6 h after embolic stroke in the rat significantly reduced infarct volumes, brain 
hemorrhage, and decreased plasma MMP-9 levels in combined treatment groups 
compared to monotherapy with tPA [14]. Confirming minocycline’s previously 
established multiple neuroprotective mechanisms of action, recent study results also 
indicated that the inhibitory effect of minocycline on MMP-9 and MMP-2 did not 
interact with the fibrinolytic activity of tPA [15].

In addition to minocycline, several studies revealed that decreased activation of 
leukocytes via anti-CD 18 monoclonal antibodies lead to significant benefits in the 
neurological outcome and prolonged the time window in animals treated with a 
combined approach compared to tPA alone [16, 85].

FK-506, one of the most widely used immunosupressant agents, has been shown 
to be neuroprotective in various preclinical studies [17–19]. Its neuroprotective effi-
cacy is attributed to its antiexcitotoxic action involving nitric oxide and calcineurin. 
A recent study evaluated the combined effect of FK 506 with thrombolysis. In this 
study, FK-506 proofed to be effective in extending the therapeutic time window for 
systemic thrombolysis compared to t-PA alone without increasing the risk of hem-
orrhage [17]. Furthermore, MRI analysis revealed that a combined therapy of 
FK-506 and t-PA salvaged ischemic lesions directed to infarction compared to 
animals treated by tPA alone [18].
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Highlighting the therapeutic role of a suppression of tPA-induced activation 
of intercellular adhesion molecule-1 (ICAM-1) and protease-activated receptor 
1 (PAR-1) in the pathogenesis of cerebral ischemia, Bowes et al. indicated that 
combination of alpha-ICAM-1 and tPA synergistically improved neurological 
outcome. Interestingly, this study revealed that neither alpha-ICAM-1 nor tPA 
was effective alone [20, 21]. These findings suggest furthermore that a block-
age of leukocyte adhesion may extend the therapeutic time window of 
thrombolytic therapy.

In agreement with this, the combination of tPA with glycoprotein IIb/IIIa (GP 
IIb/IIIa) receptor inhibitor E revealed significant synergistic effects on neurological 
outcome improval and decreased tPA-induced intracerebral hemorrhage [22]. 
Another interesting substance Epigallocatechin gallate (EGCG), the major catechin 
found in green tea, exerts a neuroprotective efficacy in various animal models, and 
alleviates potential side effects of delayed tPA treatment such as reperfusion dam-
age including blood–brain barrier disruption and cerebral edema formation. In addi-
tion, EGCG exerts its protective functions against delayed tPA activity through 
upregulation of the plasminogen activator inhibitor-1 and downregulation of matrix 
metalloproteinases [23]. This indicates that EGCG can be coadministered with tPA 
to extend the therapeutic window by reducing major side effects.

4  Drugs Targeting Glutamate Toxicity

In addition to the prominent role in stroke pathophysiology, NMDA receptor signal-
ing has been identified to play a key role in tPA-associated neurotoxicity. Specifically, 
the aminoterminal domain of the NR1–1a, a subunit of the NMDA receptor, medi-
ates tPA-induced neurotoxicity during cerebral ischemia [8, 9, 24]. Based on these 
data a polyclonal antibody against the interaction site of tPA on the NR1 subunit of 
NMDA receptor has been shown to prevent in vitro and in vivo proexcitotoxic 
effects of tPA without altering NMDA-induced neurotransmission associated with 
improval of long-term neurological outcome in mice [25]. These findings together 
suggest that immunotherapeutic approaches targeting this subunit may not only pro-
tect the brain against stroke but also antagonize tPA-induced toxicity after stroke 
and finally help to extend the therapeutic window. Recent work demonstrated that 
blocking glutamate receptors via MK-801 and Dizocilpine in combination with 
thrombolysis exerted significant attenuation of neurological damage compared to 
t-PA treatment alone [26, 85, 86]. These results were replicated by additional stud-
ies showing that the blockage of excitotoxic aminoacid efflux and NMDA antago-
nism via elidopril when combined with tPA augmented the benefit of thrombolysis 
in a rat embolic stroke model [27, 83]. In addition, Suzuki et al. coadministered the 
AMPA receptor antagonist YM872 in an embolic stroke model in the rat and dem-
onstrated that just the combination of YM872 and tPA exerted significant neuropro-
tective effects [28, 85].
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5  Drugs with Free Radical Scavenging Activity

5.1  The Role of Uric Acid and tPA Combination in Cerebral 
Ischemia

Thus far, several studies confirmed the brain protective effect of uric acid in cerebral 
ischemia [29]. Uric acid in combination with tPA synergistically reduced infarct volume 
compared to each single treatment alone. Hemorrhagic transformation rates in mono-
therapy versus combination therapy groups revealed that intracranial hemorrhages were 
additively decreased in the combination therapy group compared to uric acid and tPA 
treatment alone after thromboembolic middle cerebral artery occlusion [30].

5.2  The Role of 17B-Estradiol and tPA Combination 
in Cerebral Ischemia

A clear benefit of the combination therapy was confirmed by another study reveal-
ing that combination of 17B-estradiol and tPA reduced infarct volumes via inhibit-
ing neuronal apoptosis through multiple signaling pathways in ovariectomized 
female rats after ischemia/reperfusion [31] This study also suggested that 
17B-estradiol prevented tPA-induced brain injury by decreasing MMP-9 expres-
sion, brain edema, and hemorrhage formation [32].

5.3  The Role of Edaravone and Melatonin in Combination 
with tPA

Further studies also indicate that the free radical scavenger edaravone combined with 
tPA inhibited extravasation of tPA from brain vessels, blocked MMP-9 upregulation 
and free radical release leading to prevention of BBB leakage and a subsequent pre-
vention of intracranial hemorrhages [33, 34]. In addition to such classic free radical 
scavengers, melatonin, a well-known natural antioxidant, has been recently shown to 
inhibit oxidative injury at the neurovascular unit, to decrease MMP-9 activity and to 
prevent BBB leakage. Similar effects were observed when melatonin and tPA were 
applied at 6 h after the onset of focal ischemia and reperfusion [35, 36].

5.4  The Role of tPA Receptor Blockage in Cerebral Ischemia

Recent data also show that blockage of the tPA receptor via annexin A2 not only 
improves thrombolytic efficacy of tPA but more importantly reduced the tPA- induced 
hemorrhagic transformation [37, 38]. Additive or synergistic combination therapies 
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together with thrombolysis may help to reduce the dose-related adverse effects of tPA, 
resulting in improved drug safety and potentially widen the therapeutic time window.

6  Drugs Targeting RHO Kinases

Rho kinases (ROCK) have a wide variety of action including the regulation of stress 
fiber formation, smooth muscle contraction, as well as the cell migration [39–45]. 
Recent studies suggested that ROCK plays a significant role in cerebral vasospasm, 
vascular inflammation, hypertension, and arteriosclerosis [39–45]. Fasudil, a Rho 
kinase inhibitor, was shown to exert important functions in ischemic stroke patho-
physiology [46, 47]. A recent study demonstrated that the combination therapy of 
tPA with fasudil prevented the development of hemorrhagic transformation and sig-
nificantly reduced mortality and increased locomotor activity seven days after reper-
fusion [46]. The underlying mechanism of action of the combination therapy includes 
prevention of injury in human brain endothelial cells by decreasing MMP-9 activity. 
These findings indicate that fasudil prevents not only the hemorrhagic transforma-
tion in mice treated with tPA but also helps to extend the time window of thrombo-
lytic therapy by blocking the increased activity of MMP-9 in endothelial cells.

7  Proteasome Inhibitors

Drugs targeting the ubiquitin–proteasome pathways may not only exert significant 
brain protective effects after cerebral ischemia but rather represent interesting can-
didates to extend the therapeutic time window for tPA. Proteasome inhibitors such 
as Bortezomib counteract poststroke neuroinflammation and upregulate endothelial 
nitric oxide synthase and antioxidative enzyme expression [48, 49]. Moreover, 
Bortezomib monotherapy was shown to provide significant neuroprotection in 
experimental stroke and extend the therapeutic time window when combined with 
tPA [48, 49]. Similarly, Velcade, another selective proteasome inhibitor, proofed to 
exert synergistic neuroprotective effects when combined with tPA [50]. Treatment 
with velcade alone or in combination with tPA was demonstrated to maintain BBB 
integrity by reducing MMP-9 and increasing eNOS activity, finally resulting in sig-
nificantly reduced lesion volumes and neurological deficits [50, 83].

8  Growth Factors

Several studies have documented the neurorestorative role of hematopoietic growth 
factors. The most prominent examples Erythropoietin (EPO), carbamylated EPO 
(CEPO), and granulocyte-colony-stimulating factor (G-CSF) were demonstrated in 
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numerous studies to reduce infarct volumes and improve neurological outcome after 
experimental stroke [51–54]. Detailed investigation of the mechanism of action 
revealed that these agents prevent the expression of neuronal and glial proinflamma-
tory cytokines via signaling pathways which may in turn result in antiapoptotic and 
anti-inflammatory effects [51–54]. Indeed, EPO and CEPO and their combination 
decreased infarct volumes and improved neurological function in a rat stroke model 
[52]. Despite these promising data, EPO has been shown to aggravate tPA-induced 
brain hemorrhage without reduction of ischemic brain damage when administered 
6 h after stroke in a rat model of embolic stroke. Deleterious effects of EPO were 
attributed to upregulation of MMP9, NF-kB, and IRAK-1 [55, 56].

Vascular endothelial growth factor (VEGF) is another interesting growth factor 
demonstrated to promote angiogenesis, neurogenesis, and to improve outcome after 
subacute ischemia in the rat suture occlusion model [57, 58, 60]. Moreover, VEGF 
prevented reperfusion injury and reduced neuronal damage by suppressing the 
extracellular signal-regulated kinase (ERK) signaling and the endoplasmic reticu-
lum (ER) stress pathway [12, 59–61]. Further studies showed that intracerebroven-
tricularly administered VEGF for short periods reduced not only infarct volumes 
but also neurological outcome at 24 h after non-tPA-related reperfusion [62] 
Importantly, a recent study showed that blockage of the VEGF pathway attenuated 
tPA-related hemorrhage after focal cerebral ischemia [58]. These data suggest that 
VEGF-induced angiogenesis may play a significant role in hemorrhagic transfor-
mation processes during reperfusion injury. VEGF may be considered to have 
biphasic roles in ischemic stroke pathophysiology and the inhibition of the VEGF 
signaling pathway may be a promising therapeutic strategy for attenuating hemor-
rhagic transformation after tPA treatment.

9  Nonpharmacological Approaches

A recent study demonstrated that the combination of normobaric hyperoxia (NBO) 
and delayed applied tPA significantly reduced reperfusion-related BBB damage and 
subsequent brain edema resulting in improved neurological function and mortality 
suggesting a role of NBO as an effective therapy to extend the time window of 
thrombolysis after ischemic stroke [63]. Another interesting candidate is xenon, a 
well-tolerable anesthetic gas with neuroprotective activity after stroke. A recent 
study tested the efficacy of a combination of xenon and tPA in experimental cerebral 
ischemia. Postreperfusion administration of xenon not only exerted significant neu-
roprotective effects but also prevented tPA-induced BBB disruption and subsequent 
hemorrhage [64, 65].

The importance of combining nonpharmacological approaches with tPA has 
been confirmed by several studies demonstrating that hypothermia in combination 
with thrombolysis reduced infarct volume, brain edema, and improved functional 
neurological outcome in animals treated with the combination approach compared 
to each treatment alone [65–67]. Based on such encouraging preclinical results, the 

25 Combination Therapy with Thrombolysis



614

therapeutic hypothermia was tested in humans clinically by Kammersgaard and 
colleagues who revealed that hypothermia was not associated with poor outcome, 
death, or an increased incidence of infectious complications [68]. These pilot stud-
ies led to larger clinical trials with different cooling methods, timing, and target 
temperature, confirmed feasibility of combination approach but failed to show any 
sign for a better clinical outcome in hypothermia-treated patients [69].

10  Translational Aspects

As summarized earlier, preclinical evidence suggests that combination therapies 
on top of tPA might be an attractive therapeutic target [81]. Drugs combined with 
thrombolysis counteract reperfusion-related adverse effects such as cytotoxin 
and free radical release and toxicity as well as BBB degradation and subsequent 
hemorrhagic complications. Combination treatment consistently resulted in a 
synergistically improved neurological outcome and protection from further 
infarction. Preclinical data show that this approach can make thrombolysis safer 
but also buy time for later treatment initiation. This conclusion is indeed sup-
ported by a recent systematic analysis of 63 combination studies suggesting an 
extension of the therapeutic time window from 4 h up to 8 h poststroke [70]. Not 
surprisingly, the greatest effect of a combination treatment may be achieved 
when the add-on therapy is applied before start of i.v. thrombolysis [70]. One 
would expect now to see this experimental evidence integrated into further clini-
cal development when novel stroke trials are planned—particularly since throm-
bolysis represents standard of care in every fourth stroke patient in larger centers 
[71, 80, 82, 84]. However, systematic analysis and modeling of clinical combina-
tion trials represent an unexplored terrain with uncertainty about groups sizes, 
endpoints, and treatment effects.

In the German EPO trial, for example, the neuroprotective effect of EPO was 
evaluated in 460 patients. The majority (about 60 %) of all patients indeed received 
more or less unexpected a combined treatment with systemic thrombolysis which 
was not backed by experimental data [72]. The study failed to show any clinical 
benefit on the primary endpoint as well as on all other outcome measures indepen-
dent if patients were combined treated (with tPA) or EPO treated alone. Unexpectedly, 
EPO cotreatment with tPA caused a significantly increased mortality rate. Deaths 
were attributed to an increased rate of intracranial hemorrhages in the combination 
group. These findings raise not just simple safety concerns for EPO in human stroke, 
but rather point toward the importance of a detailed testing of combination therapies 
in animal studies before combination approaches are translated from the bench into 
humans. Interestingly, a preclinical study by Zechariah et al. published after the 
results of the EPO trial were communicated clearly demonstrated that a combina-
tion of EPO and tPA induced disaggregation of the BBB permeability and the extra-
cellular matrix and subsequently lead to an increased rate of hemorrhages in animals 
treated with the combination approach [56].
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Another growth factor (G-CSF) also run due to recruitment issues into a 
combination design which was not the primary intention. Initial evidence suggested 
reasonable safety and feasibility for a 72-h intravenous application of G-CSF in 
acute ischemic stroke patients [73]. The larger AXIS II trial failed to exert signifi-
cant clinical benefits in patients treated with G-CSF. Although patients cotreated 
with tPA were not included in the primary analysis to avoid a dilutional effect in the 
original analysis, separate subgroup analyses of the combination treatment groups 
fortunately revealed no significant adverse effects of G-CSF on clinical outcome, 
mortality, and hemorrhage rate [74].

The first truly as combination study planned trial is URICO-ICTUS where uric 
acid was combined to thrombolysis within 4.5 h of symptom onset. This study 
reported no significant differences between groups with respect to serious adverse 
effects and mortality rates while the addition of uric acid to thrombolysis did not 
exert a significant benefit in the primary outcome [75, 76]. However, it should be 
noted that the combination of uric acid and tPA showed a trend in the primary out-
come (mRS 0-1) and promising results in several secondary outcomes measures.

The newest example of a combination trial is the treatment of Natalizumab, a 
humanized monoclonal antibody preventing leukocyte migration across the BBB 
via α4 Integrin, in acute stroke patients [77, 78]. In this study 161 patients received 
either intravenous natalizumab or placebo within 9 h of stroke onset on top of stan-
dard therapy which was represented in this population in a 75 % thrombolysis rate. 
Although there was no effect on the primary endpoint (infarct growth), the overall 
analysis including thrombolysed patients revealed positive signals on several sec-
ondary endpoints such as the Barthel Index and Stroke Impact Scale at 90 days [79]. 
Although combination treatment in this approach was not modeled preclinically, 
this study revealed no serious adverse effects for the combination therapy such as an 
increased hemorrhage or mortality rate.

11  Conclusion

The rationale of a combination therapy, thrombolysis plus other drug or nonpharma-
cological approach, is backed by ample preclincal evidence suggesting an enhance-
ment of thrombolysis and a prevention of its potential negative effects. Systematic 
translation of these findings into the human situation is ongoing with some recent 
hopeful examples from clinical trials where combination treatments such as uric 
acid or natalizumab were administered with some favorable signs and importantly 
no adverse effects. The latter one should be considered before preclinical studies are 
translated into humans.
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Chapter 26
Oxygen Carriers: Are They Enough 
for Cellular Support?

Jennifer L.H. Johnson

Abstract What started as a quest for a blood substitute has become a search for a 
cellular support model (CSM) that does not introduce toxicities. Since cells need 
more than an oxygen supply to thrive, a good CSM should also transport carbon 
dioxide, control ROS exposure, and permit vasodilation without causing additional 
damage. Current CSMs are either hemoglobin based (HB), perfluorocarbon based 
(PFCB), or heme-nitric oxide protein based (H-NOXB). HB CSMs have typically 
exhibited undesirable vasoactivity. PFCB CSMs have tended to cause accumulation- 
related toxicities due to the large size of the PFCs and the large doses necessary to 
accomplish effective oxygen delivery. H-NOXB CSMs appear to be promising but 
are still at a relatively early stage of development. Combining the most efficacious 
and least toxic aspects of all approaches may turn out to be most successful.

Keywords Oxygen delivery • Carbon dioxide • Nitric oxide • Carbon monoxide • 
Heme • Hemoglobin • Perfluorocarbon • Cellular support • Vasoactivity

1  Introduction

The human body requires a constant supply of oxygen as well as an efficient carbon 
dioxide removal mechanism in order for the cells to maintain healthy metabolic 
processes. Furthermore, there must also be a way to limit damage to healthy cells 
caused by reactive oxygen species (ROS) which are naturally generated in the pres-
ence of oxygen. Blood, due to all of its components, is capable of meeting these 
needs (as well as many others) under normal biological conditions. However, when 
blood flow is restricted or completely cutoff, the surrounding cells experience stress 
and consequently increase their sensitivity to oxygen (O2) in an attempt to make 
lower levels of oxygen “go further.” In cases where the blood deprivation continues, 
the cells, having accumulated too much CO2 and ROS, die. There are many 
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abnormal conditions and disease states under which this happens. In stroke, severe 
and permanent neural damage can occur in the brain resulting in reduction in patient 
functionality, varying degrees of paralysis and, in the worst cases, death. Such neu-
ral damage is known to be caused in part by a reduction in the opportunity for local 
brain cells to exchange gases. This results in cellular accumulation of CO2 and ROS 
without enough incoming O2 to allow for healthy aerobic processes. Current treat-
ments for stroke are particularly focused on thrombolysis: helping to soften/disinte-
grate/dissolve the existing clot, reducing the likelihood of its growth, preventing 
formation of new clots, and facilitating blood flow around the clot/s (mostly through 
colateral vasculature). Unfortunately, these treatments are not only limited in their 
efficacy but also by their limited time window for useful application due to a hemor-
rhagic side effect, such as with tissue plasminogen activator (tPA).

In order to survey and responsibly assess the various ways researchers have 
attempted to develop alternatives to blood, a good understanding of blood and the 
way it supplies O2 and other respiratory gases to the body is necessary. Red blood 
cells (RBCs) are the innate vehicles for O2 in the body. The passenger inside RBCs 
solely responsible for selective binding and releasing the O2 (as well as other respira-
tory gases) is hemoglobin (Hb). Hb is a large tetrameric protein with 4 binding sites 
for O2 that has been reported to carry 1.39 ± 0.006 mL O2/g Hb [20]. Table 26.1 shows 
calculated values for various RBC and Hb parameters. The values are useful in facili-
tating comprehension of the magnitude with which RBCs can carry oxygen.

Using Table 26.1 we can establish that there are ~5 × 109 RBCs in 1 mL of 
blood and each RBC contains ~2.7 × 108 Hb units. Multiplying these numbers, 
we can calculate that there are approximately 1.35 × 1018 Hb units in 1 mL of 
blood. If 1 Hb unit weighs 1.1 × 10−19 g then 1.35 × Hb units weigh 0.1485 g. 
Since Hb can carry 1.39 mL O2/g Hb [20], it follows that 1 mL of blood can be 
estimated to carry 0.2064 mL of O2; or 21 % O2 (v/v). If instead of focusing on 
the volume of oxygen carried within a volume of blood, we focus on the volume 
of oxygen carried within a volume of RBCs, we get a value of 0.2064 mL 
O2/0.4 mL RBCs = 51.6 % O2 (v/v).

Table 26.1 Red Blood Cell (RBC) and Hemoglobin (Hb) Calculations

Percent of 
Blood 
Volume 
that is 
RBCs [89]

Volume of 
RBCs in 
1 mL of 
blooda

Number 
of RBCs 
in 1 mL of 
bloodb

Volume 
of 1 RBC 
[89]c

MW of Hb 
[90]d

Mass of 1 
Hb unite

Number 
of Hb 
units in 
1 g of Hb

Number 
of Hb 
units in 1 
RBC

40 % 400 μL 5 × 109 
cells

8 × 10−8 
μL

67,522 g/mol 1.1 × 10−19 
g

9.1 × 1018 
Hb units

2.7 × 108 
Hb units

aCalculated by 40 % of 1 mL
bCalculated as (400 μL)/(8 × 10−8μL)
cAssuming a diameter of 8 um and the shape of a torus for an RBC. V = (πr2)(2πR)
dAuthors state a standard deviation of ±5 % (±3378 g/mol)
eApplying Avogadro’s number = 6.022 × 1023 units in 1 mol
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It should be emphasized that if there were a treatment able to replace the duties 
of blood in preventing cellular damage during ischemia, it would have to be able to 
do more than just carry oxygen. The ideal treatment would need to be capable of at 
least 6 tasks:

 1. Picking up and carrying O2 and CO2

 2. Releasing O2 and CO2 at a safe rate
 3. Allowing intended/useful NO and CO (nonvasoconstrictive)
 4. Managing ROS where present in excess
 5. Maintaining a long circulation time in the vasculature
 6. Introducing no additional toxicities

The potential applications of a product that can conveniently meet all of these 
needs are widespread. Not only would cellular support/protection during stroke be 
possible, but such a treatment would likely enable tumor radiation sensitization, 
chemotherapy sensitization, treatment of sickle cell crisis, treatment of carbon mon-
oxide poisoning, and cellular support/protection during hemorrhagic shock, hypo-
volemic anemia, myocardial infarction, and pulmonary embolism [30].

Historically there were two approaches to creating an alternative to blood as a 
support system for cells. Initially these were referred to as “Hemoglobin Based” 
(HB) and “Perfluorocarbon-Based” (PFCB) Blood Substitutes but because no sub-
stitute is likely to replace all the functionality of blood itself, it became more accept-
able to use terms that described the main intended functionality; hence, “HB” and 
“PFCB” Oxygen Carriers. Soon after, it was found that carrying oxygen was not the 
only task a successful treatment needed to do. As is true with any drug or device, a 
useful treatment needs to do its intended job (in this case support all necessary 
healthy cellular processes) without introducing unacceptable toxic concerns.

In the mid-2000s a third approach began to emerge [6, 27, 65]. Initially, scientists 
found a group of nonglobin proteins that also contained heme groups. These proteins 
were abundant in various forms in many different species and contained the same 
histidyl-heme groups of hemoglobin (that would normally bind O2 with high selec-
tivity), but as an apparent protective mechanism from the potent toxicity of the free 
radical, nitric oxide (NO) had somehow evolved a high selectivity to bind NO instead 
[6]. At that point the proteins were referred to as Heme-Nitric Oxide Binding 
(H-NOB) proteins [6, 27]. The name referring to these proteins was later changed 
when a smaller subgroup was identified. Thus, when it was found that a minority 
(~24 %) of these proteins, such as Tt H-NOX [8], actually do bind O2 preferentially, 
the name became Heme-Nitric Oxide/Oxygen (H-NOX) proteins to encapsulate both 
sets of binding preferences [65]. Currently, there is a small company in northern 
California using this technology as their platform for designing oxygen carriers [41].

A last cellular support model worthy of mention is the use of microbubbles or 
liposomes to directly carry O2 to needy tissue. Microbubbles have been on the 
market for years to be used in ultrasound contrast enhancement and some 
researchers have shown promise in preferentially delivering therapeutic gases to 
tissue by applying ultrasound energy at the intended site. Both microbubbles and 
liposomes can be formulated to carry O2, Nitric Oxide, and even Xenon [8] for 
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cellular support, vascular dilation, and neuroprotection [24]. This approach may 
indeed work for small targets of delivery but has its largest weakness in that the 
microbubbles do not endure in circulation. They are crushed in the lungs due to 
the pressures exerted. Liposomes, on the other hand, can be engineered to last 
longer in circulation but they do not carry very large amounts of gases. Liposomes 
carrying PFCs (which are capable of holding larger amounts of respiratory gases) 
fall more directly under the “PFC” category previously mentioned [9].

Since we have established that O2 carrying capacity is not the only consideration 
in healthy cellular support, rather than “oxygen carriers” the approaches previously 
described are herein instead referred to as cellular support models (CSMs). The three 
CSMs with the most promise are Hemoglobin Based (HB-CSMs), Perfluorocarbon 
Based (PFCB-CSMs), and Heme-Nitric Oxide/Oxygen Based (H-NOXB-CSMs).

2  Hemoglobin-Based CSMs (HB-CSMs)

Originally it was thought that the easiest and safest way to create a CSM would be 
simply to use Hb, the same protein (or some variation) already known to carry oxy-
gen and remove carbon dioxide in the body. HB-CSMs are made by extracting the 
Hb from outdated human or bovine blood by way of hemolysis [3, 33]. Free Hb is 
soluble in the blood. Unfortunately, early attempts to directly use free Hb in the 
1930s through the 1960s resulted in nephrotoxicity and adverse cardiovascular 
effects [12] and as a result we learned that free Hb is highly toxic to the body [7, 10]. 
Without protection from the red blood cell wall, major tissue damage occurs by way 
of a cascade of events. In short, with no RBC wall, the Hb is maintained in the fer-
rous redox state which reduces nitric oxide (NO) available for vascular signaling. 
Vascular dilation is hindered. Eventually the free Heme and iron induce the immune 
system to create injury due to inflammation and oxidized Hb in the kidney results in 
peroxidase oxidative nephritic cellular injury [26].

Secondary attempts in the early 1970s were better, in that they developed artificial 
RBCs (aRBCs) with artificial membranes. These aRBCs functioned by encapsulat-
ing Hb and enzymes such as 2-3-diphosphoglycerate (DPG), carbonic anhydrase 
(CA), and catalase (CAT) inside membranes [12, 13]. The enzymes aid in O2 binding 
and release, CO2 binding and release, and in reducing the production of ROS. Once 
O2 is bound to heme, the 2-3-DPG enables its release when the RBC is near respiring 
tissue. CA helps transport CO2 out of respiring tissue partially by controlling the 
local pH. Where CO2 concentration is high, CA catalyzes the conversion of CO2 and 
H2O to carbonic acid (H2CO3). This lowers the pH in the microenvironment and the 
heme is compelled to grab local CO2 for removal. Catalase instigates the breakdown 
of hydrogen peroxide (H2O2) into oxygen (O2) and water (H2O).

 2 22 2 2 2H O Catalase H O O+ ® +  

In doing so, it reduces the generation of 2 hydroxyl radicals; an alternative break-
down reaction is shown as follows.
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 H O OH OH2 2 ® +  

According to Chang et al. [12, 13], this approach was somewhat successful. Its 
main drawback was that these aRBCs were relatively large with abnormal mem-
branes; therefore, they were recognized by the immune system as foreign entities 
and were quickly removed from circulation by the mononuclear phagocyte system 
(MPS) mostly present in the spleen [12, 13].

In the 1980s, when it was discovered that HIV could be passed between patients 
during blood transfusions, there was a pronounced push to speed up development of 
a CSM [12]. HB-CSMs have long been theorized to offer advantages over actual 
blood [3]: they are easier to obtain, they can be stored for a much longer period of 
time, and they do not pose any risk of infection. Due to the rush and their perceived 
advantages, HB-CSMs were preferentially chosen for clinical trials. Table 26.2 
shows a number of HB-CSM products that have gone through clinical trials. Some 
of these trials are currently in process.

In the 1990s Baxter and Northfield Labs were neck in neck in the race to gain 
FDA approval. In September of 1998, it was reported that Baxter halted its clinical 
trial for HemAssist™ citing excessive adverse effects (AEs) and the projected 
expense to address them as the reason [28]. The article went on to say that Baxter 
stepping aside left Northfield Labs (PolyHeme®) in the lead to market a “blood 
substitute.” Baxter had apparently already purchased Somatogen, cancelled their 
clinical trial for Optro™, and decided to develop a new HB-CSM using the recom-
binant Hb technology platform from Somatogen. Thus, by the year 2000, both 
HemAssist™ and Optro™ were no longer potential candidates.

Partially as a result of the problems seen in the Baxter clinical trial, the FDA 
required more studies from Northfield Labs [50, 51]. In clinical studies both Baxter 
and Northfield Labs used RBCs as their control treatment. Northfield Labs actually 
showed that PolyHeme® performed equally well to RBCs in cellular support. However, 
just like Baxter, Northfield Labs encountered serious AEs. Northfield Labs attempted 
to frame their treatment as acceptable in situations where blood replacement is simply 
not an option. Regardless of Northfield Labs’ contention that the adverse events they 
were encountering were not indicative of a risk outweighing a benefit where transfu-
sion is impossible, the FDA did not approve PolyHeme® [50, 51]. Likely due to the 
excessive cost to continue, sometime after 2009, Northfield Labs dropped the project. 
The clinical AEs of Hemopure® (Biopure), Hemospan™ (Sangart), and Hemolink™ 
(Hemosol) have also resulted in failure for FDA approval [53]. However, HBO2 
Therapeutics (the current owner of Hemopure®) seems to have decided to try again as 
they are currently enrolling patients in a phase II study for the treatment of severe 
anemia [57].

A more recent subcategory of HB-CSM products seeks to use HB binding prop-
erties for carbon monoxide (CO) in a therapeutic way. Both Sangart and Prolong 
Phamaceuticals are developing Hb derivatives that reduce the vasoconstriction nor-
mally associated with HB-CSMs by releasing CO in small quantities[47, 86, 87]. 
Prolong’s product is called SANGUINATE™ which is currently in phase II clinical 
studies for multiple indications [47, 60, 62, 63]. Sangart’s product is a reengineered 
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version of Hespan™ referred to as “MP4CO” [5, 56] which has also completed 
phase I clinical trials. According to ClinicalTrials.gov, a phase II study was approved 
in 2013 [58], but withdrawn prior to patient enrollment. Unfortunately, no further 
information could be found.

OxyVita C™ (Oxyvita Inc.) is a relatively new HB-CSM currently in preclinical 
studies. It is made of large molecular weight spherical polymerized Hb which has 
been found to prevent extravasation through endothelial tissue and to limit NO scav-
enging which, in turn, was found to prevent vasoconstriction of cerebral pial arterioles 
in healthy rats [2]. In this study, both 0.9 % NaCl solution and HEXTEND® (plasma 
expander) were used as control solutions and they both caused vasoconstriction. 
However, OxyVita C increased blood pressure while neither of the controls did.

HEMOXYCarrier® (Hemarina) is another early stage HB-CSM product. The 
active is called Hemarina-M101 and is made from extracellular marine Hb of a very 
large molecular weight (~3400 kDa). The Hb source is an oceanic invertebrate 
called polychaete annelid. In vitro experiments with M101 have suggested the bind-
ing rates of NO and CO are quite different from those of HbA [81]. One preclinical 
study in healthy rats demonstrated no effect on heart rate or mean arterial blood 
pressure and a study in healthy hamsters showed no sign of vasoconstriction [81]. 
Another preclinical study in a rat model of traumatic brain injury did show an 
increase in mean arterial blood pressure (increase of 27 mmHg) but also restored 
brain oxygen levels to normal [48]. The Navy found this promising and the authors 
suggest this agent should be evaluated in larger animal models.

Ratascopa et al. [66] are researching the use of fetal Hb (HbF) as an alternative 
to human (HbA) or bovine (HbB). HbF is said to bind O2 with a much higher affin-
ity and to be less toxic than HbA. One in vitro study showed that recombinant HbF 
is more stable and can be produced in larger quantities than recombinant HbA [66]. 
This technology is still in a very early stage of development. Silkstone et al. [73] 
showed that the addition of tyrosine residues into recombinant Hb can provide a 
reduction in toxicity from the ferryl heme species, but that the particular candidate 
under investigation, βLys66Tyr, was not a good specimen because it also offered too 
many additional undesirable effects.

3  Perfluorocarbon-Based CSMs (PFCB-CSMs)

By comparison to Hb, fluorocarbons (FCs) are known to dissolve respiratory gases 
as opposed to binding them [29, 67, 68]; thus, the uptake and release process is 
simply a diffusion process from higher to lower concentration areas. Fluorocarbons 
are unique among molecules in that they are incredibly chemically stable and even 
more nonpolar than hydrocarbons. True perfluorocarbons (molecules containing 
only carbon and fluorine) are so energetically balanced that they do not experience 
even the weakest of intermolecular attractions known as van der Waals forces. 
However, their external fluorine atoms that envelope the carbon atoms are naturally 
electrophilic which means they are attractive environments to very small 
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electron- rich molecular configurations. Without Vander walls forces, it is easier for 
FC molecules to separate from each other in order to make room for other mole-
cules. Due to their fluorine shells, FCs offer a stabilizing and inviting environment 
for electron dense entities. Some of the smallest electron dense entities which also 
lack intermolecular attractive forces are respiratory gases such as O2, CO2, CO, and 
NO. Reiss [67] was one of the first to explain that PFCs dissolve such gases profi-
ciently due to the relative positions of their fluorine atoms. Because the fluorine 
atoms are larger than hydrogen, the “tetrahedral” arrangement normally taken by 
hydrogens becomes slightly twisted around the carbon chain. Unlike hydrocarbon 
chains that are flexible, the twist renders the PFC molecule relatively rigid and inca-
pable of intramolecular flex. Since there are also negligible Van der Waals attrac-
tions it becomes easier for cavities to form in the liquid allowing the entrance of 
gases [19]. The most stabilizing portions of PFCs for electronegative gases are the 
CF3 groups. They offer ideal pockets to balance electron density which thermody-
namically results in a lower energy system. These qualities (the rigidity, the lack of 
intermolecular attractive forces, and the shell of electrophilic fluorine atoms in 
PFCs) are responsible for the remarkable solubility of oxygen in PFCs. However, 
the oxygen is not molecularly bound, and so, does not require any stimulus other 
than an encounter with relatively low oxygen tension to begin gradual transfer from 
carrier (the FC) to hypoxic tissue. For these reasons FC emulsions have been and 
still are under investigation for respiratory gas transport. Table 26.3 shows a list of 
such FC-based products clinically investigated.

The amount of oxygen a liquid FC can dissolve and carry per unit volume is 
mostly dictated by three things: CF3 group density, FC size (MW), and FC boiling 
point. The solubility is inversely related to the size (MW) and boiling point of the 
FC but directly related to the CF3 group density [18, 19, 30, 31]. Since CF3 groups 
bring the most stability to gases, the larger the number of CF3 groups present in a 
given volume of PFC the more oxygen will dissolve. Linear PFCs offer two CF3 
groups/molecule (one at each end). So, the smaller the chain of the linear PFC, the 
higher the concentration of CF3 groups available in a given volume of PFC. As is 
true with size comparisons of tennis balls and ping pong balls, larger FCs take up 
more room than smaller FCs. Just as a larger number of ping pong balls than tennis 
balls can fit into a bucket, a larger number of small FCs than large FCs can fit into a 
droplet. Boiling point relates inversely to the size of the intermolecular pockets a FC 
can create to facilitate the entry of gases. The lower the boiling point of the FC, the 
easier it is for gases to dissolve so long as the ambient temperature does not exceed 
the boiling point [10, 30, 42, 45, 82, 83, 84, 85].

For example, perfluoropentane (aka dodecafluoropentane, DDFP, MW = 288 g/
mol) has a 5 carbon chain with 2 CF3 groups (one on each end) while perfluorooc-
tylbromide (PFOB, MW = 499) has an 8 carbon chain with a CF3 group on only one 
end and perfluorodecalin (PFD, MW = 462) has 10 cyclic carbons with no CF3 
groups present. The number of DDFP molecules in 1 L (5.7 mol) is roughly 46 % 
larger than the number of PFOB molecules in 1 L (3.9 mol) and 36 % larger than the 
number of PFDec molecules in 1 L (4.2 mol). Furthermore, the number of CF3 
groups in 1 L of DDFP (11.4 mol) is 3 times greater than the number of CF3 groups 
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in 1 L of PFOB (3.9 mol) and even though there are more moles of PFD (4.2 mol) 
than PFOB (3.9 mol) in 1 L, there are no CF3 groups in PFD. The solubility of O2 
follows this trend and is known to be 80 %, 50 %, and 42 % (v/v) for DDFP, PFOB, 
and PFD, respectively [18, 36].

Most of the PFCB-CSMs contain relatively large molecular weight perfluorocar-
bons (PFCs) such as in Perftoran™ and Fluosol™ (containing PFDec, MW = 462), 
Oxycyte™ (containing t-butylPFCycHex, MW = 500), and Oxygent™ (containing 
PFOB, MW = 499) [42, 43] having boiling points of 142–144 °C. They are also for-
mulated at relatively high concentration (20–60 % w/v) in order to provide adequate 
oxygen [34, 40, 88]. As previously stated, the solubility of oxygen is reported to be 
42 %, 46 %, and 50 % v/v in PFDec, t-butylPFCycHex, and PFOB [18, 36], respec-
tively. These PFCs also are known to experience a large volume of distribution due 
to their extreme hydrophobicity. Therefore, they distribute to the tissues extensively, 
are notably taken up by the RES macrophages, and due to the high degree of accu-
mulation, they exhibit relatively long zero-order half-lives [25, 80]. Because DDFP 
is smaller, dissolves a higher concentration of oxygen (80 % v/v), has a boiling point 
of 29 °C and thus, volatilizes at biological temperature, a much smaller amount of 
it is needed to supply sufficient oxygen in vivo [10, 45, 77]. In addition, studies 
show that it has a 2 min half-life in the blood and is 99 % cleared through the lungs 
in 2 h after intravenous administration [14]. Thus, on a volume basis, DDFP can 
dissolve more gases than other liquid PFCs. Once inside the vasculature at 37 °C, 
DDFP is prevented from expanding to bubble form by the surrounding pressure. 
Expansion is only possible if the ambient pressure is rapidly reduced, such as occurs 
in rapid ascent from deep water diving [72].

The three PFC products that are still under investigation at various stages of 
clinical testing are Oxygent™ (Alliance/SolAeroMed), Oxycyte™ (Oxygen 
Biotherapeutics/Tenax Therapeutics), and NVX-108™ (NuvOx Pharma). The 
NuvOx product is also commonly referred to as “DDFPe” which stands for dodeca-
fluoropentane emulsion. The larger PFCs in Oxygent™ and Oxycyte™ tend to 
accumulate mostly in the spleen and slowly partition back out over longer periods 
of time to be exhaled. The elimination time for PFCs is dose dependent. In other 
words, PFCs exhibit zero-order elimination kinetics. Due to the toxicities associated 
with the higher PFC accumulation, Oxygent™ and Oxycyte™ are limited by their 
dose and whether an effective dose for oxygen delivery also results in bioaccumula-
tion of toxic levels of the PFC. The smaller PFC in NVX-108 also partitions into the 
tissues but carries much more oxygen in the process and because it is small, it has a 
shorter residence time in the lipid tissue.

A variant of Oxygent, S-1226, is currently in the clinic for treatment of Asthma 
[61]. A preclinical study by El Mays et al. [21] showed that S-1226 (nebulized per-
fluorooctylbromide + 12 % CO2) had a superior effect compared to the standard of 
care, albuterol, in bronchodilation of asthmatic sheep. The significance of effect was 
immediate following administration and continued out to 20 min but does not 
appear to focus on oxygen delivery as a mechanism. Previously, Oxygent endured 
extensive clinical testing for blood supplementation during surgery [76] where 
reports suggest it was successful in delivering the intended oxygen. While it is true 

26 Oxygen Carriers: Are They Enough for Cellular Support?



632

that PFCs accumulate in the tissues which can cause transient flu-like symptoms, 
this seems preferable to dying of hypoxic conditions. It is somewhat unclear why 
Oxygent did not gain FDA approval for at least one of the indications tested clini-
cally. Perhaps Alliance spread its resources too thin in testing as many indications 
as possible which ultimately led to multiple small successes that never materialized 
into commercialization.

Oxycyte (1 mL/100 g body weight) was tested along with hyperbaric O2 for neu-
roprotection in a rat model with complete middle cerebral artery occlusion [70]. 
While researchers reported no hemodynamic or metabolic adverse effects, the 
administration of Oxycyte did not reduce necrotic brain volume as compared to 
untreated rats. In another study, Oxycyte (5 mL/kg body weight) was given to rats 
with spinal cord injury. Results showed notable neuroprotective effect out to 42 
days postinsult. However, clinical studies with Oxycyte for traumatic brain injury 
(TBI) were terminated due to futility [54, 55]. There appear to be some conflicting 
results from these various studies.

The NuvOx product, NVX-108, does not largely accumulate in the body and can 
carry more O2 than the others. The Navy has shown that NVX-108 raises brain oxy-
gen levels without any vasoactivity in rats experiencing traumatic brain injury [49, 
52]. A group at the University of Arkansas has shown that NVX-108 has dramatic 
neuroprotective abilities in both rabbits and rats experiencing stroke for up to 24 h 
poststroke onset [9, 16, 23]. Culp et al. [15] have most recently published that admin-
istration of NVX-108 also increases the safe time window for administration of tPA 
out to 9 h. The Arkansas group states that they are sequentially addressing all the 
preclinical requirements from the Stroke Therapy Academic Industry Roundtable 
(STAIR) in an attempt to show worthiness of DDFPe (NVX-108) to enter clinical 
trials [23]. The NuvOx product is currently in its first clinical trial in Australia for 
treating glioblastoma. It is being used in conjunction with the standard of care (radia-
tion and chemotherapy) in an attempt to oxygenate tumors and thus, sensitize them 
to the standard treatments. This is a phase 1b trial with a primary focus on identifying 
the safe dose and a secondary focus on tumor reversal. Data are not yet available.

Figure 26.1 shows the results of an in vitro oxygen uptake experiment for 2 % 
(w/v) emulsions of 3 different PFCs (DDFP, PFOB, and PFD) [30]. The emulsified 
PFD (the active in Fluosol™ and Perftoran™) and PFOB (the active in Oxygent™) 
formulations were determined to absorb no more oxygen than the blank emulsion 
formulation at both test temperatures of 21 and 37 °C. By contrast, at 60 min, emul-
sified DDFP (the active in NVX-108™) absorbed approximately three times more 
oxygen at 21 °C (p = 0.03) and 7 times more oxygen at 37 °C (p = 0.001).

It should be noted that the oxygen uptake concentrations measured in such in vitro 
experiments cannot be scaled quantitatively to an in vivo situation. The additional 
pressures exerted in the semiclosed circulatory system will undoubtedly result in a 
different amount of oxygen uptake by DDFP, PFD, and PFOB. Nevertheless, the 
trend would be expected to remain the same in that DDFP should be able to deliver 
more oxygen than the same volume of PFD or PFOB. Figure 26.2 shows the accom-
panying differences in volume expansion of all the samples and controls when intro-
duced into a 37 °C semisealed flask. Although there were expansions observed with 
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emulsified PFD and PFOB, neither is significantly larger than the expansion of an 
equal injection of water (p = 0.35 and p = 0.06 for emulsified PFD and PFOB, respec-
tively). There does appear to be a difference between the volume increase of emulsi-
fied PFOB and the blank formulation (p = 0.01) but not between water and the blank 
formulation (p = 0.12). The expansion of emulsified DDFP is significantly greater 
(p < 0.00001) than all of the other test injections by at least 5 times.

It should be noted that smaller doses of PFCs are not only less invasive for the 
patient but also for the environment, as it has been clearly documented [14, 41, 79] 
that PFCs exit the body through the lungs.

The data herein support the contentions of Burkard and Van Liew [10] as well as 
Lundgren et al. [44, 45] in that DDFP should be able to provide enhanced oxygen 
delivery over other PFCs due to its expansion from a liquid to a gas at physiological 
temperature. These in vitro studies coupled with the in vivo results obtained by 
Lundgren et al. [44] in rats suggest that small doses of the DDFP emulsion may also 
be useful as a neuroprotectant during stroke.

4  Heme-Nitric Oxide/Oxygen Based CSMs 
(H-NOXB-CSMs)

The most prominent H-NOXB-CSM, called OMX-4.80P (Omniox, Inc., San Carlos, 
CA), is in preclinical development. It has been tested in rats, mice, and dogs for 
radiation sensitization of hypoxic tumors [37–39] and in rats for ischemic stroke 
[41]. Thus far, studies suggest that OMX-4.80P increases oxygen levels, downregu-
lates HIF-1, and does not cause vasoconstriction. Further testing is warranted.

5  The FDA

Until recently there existed an FDA Draft Guidance for Industry [22, 74] which 
detailed all of the considerations that should be visited in the development of a 
CSM. It was originally issued for response in 2004 and contained all of the gathered 
problems previous CSM products had encountered. It was withdrawn in early 
2015 in accordance with the FDA’s mission to clear away all Draft Guidances that 
were outdated and had been lingering in draft form since before 2013 [22]. The 
Guidance discussed the importance of safety testing for vasoactivity, cardiac toxic-
ity, GI toxicity, Oxidative Stress, pancreatic and liver enzyme elevation, the toxic 
synergy of endotoxin with hemoglobin, and neurotoxicity when developing 
HB-CSMs. For PFCB-CSMs the safety list consisted of testing for thrombocytope-
nia, complement activation, cytokine release, reticuloendothelial system blockade, 
transient “Flu-like” symptoms, and cerebrovascular accident [74]. The FDA recog-
nizes the problematic environment surrounding the development of a useful CSM 
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and in an attempt to contribute to the cause has now formed a formalized FDA 
Section specific to developing an Hb-based oxygen therapeutic [4]. Dr. Alayash 
heads this FDA research and development group which is called the Biochemistry 
of Hemoglobin (Hb)-based Substitutes Section (BHSS).

6  Addressing More than Carrying Oxygen

Table 26.4 reviews of the CSMs currently in development and attempts to assess 
how each addresses the issues important to keeping cells alive and healthy.

 1. Picking up and carrying O2 and CO2

 2. Releasing O2 and CO2 at a safe rate
 3. Allowing intended/useful NO and CO (nonvasoconstrictive)
 4. Managing ROS where present in excess
 5. Maintaining a long circulation time in the vasculature
 6. Introducing no additional toxicities

In conclusion, it is possible that any of the products in Table 26.4 could become 
commercialized upon succeeding in a Phase III trial as a CSM. None of them appear 
to be intentionally addressing the control of damage that could result from ROS 
species which could turn out to be a weakness of them all.

References

 1. Abuchowski A (2016) PEGylated bovine carboxyhemoglobin (SANGUNIATE): results of 
clinical safety testing and use in patients, Part IX: Blood substitutes. In: Elwell CE, Leung TS, 
Harrison DK (eds) Oxygen transport to tissue, vol XXXVII. Springer, New York, pp 721–730

 2. Abutarboush R et al (2014) Effects of the oxygen-carrying solution OxyVita C on the cerebral 
microcirculation and systemic blood pressures in healthy rats. J Funct Biomater 5:246–258

 3. Alayash AI (2014) Blood substitutes: why haven’t we been more successful? Trends Biotechnol 
32(4):177–185

 4. Alayash, A.I. FDA guidance: evaluating the safety and efficacy of hemoglobin-based blood 
substitutes. In: Biochemistry of hemoglobin (HB)-based substitutes section. The FDA. 2016. 
www.fda.gov. Accessed 19 March 2016

 5. Belcher JD et al (2013) MP4CO, a pegylated hemoglobin saturated with carbon monoxide, is 
a modulator of HO-1, inflammation, and vaso-occlusion in transgenic sickle mice. Blood 
122(15):2757–2764

 6. Boon EM, Marletta MA (2005) Ligand Specificity of H-NOX domains: from sGC to Bacterial 
NO Sensors. J Inorg Biochem 99:892–902

 7. Boretti FS et al (2009) Seuqestration of extracellular hemoglobin within a haptoglobin com-
plex decreases its hypersensitive and oxidative effects on dogs and guinea pigs. J Clin Invest 
119(8):2271–2280

 8. Britton GL et al (2010) In vivo therapeutic gas delivery for neuroprotection with echogenic 
liposomes. Circulation 122(16):1578–1587

 9. Brown AT et al (2014) Dodecafluoropentane emulsion (DDFPe) decreases stroke size and 
improves neurological scores in a permanent occlusion rat stroke model. Open Neurol 
J 8:27–33

J.L.H. Johnson

http://www.fda.gov/


637

 10. Burkard ME, Van Liew HD (1994) Oxygen transport to tissues by persistent bubbles: theory 
and simulations. J Appl Physiol 77:2874–2878

 11. Castro CI, Briceno JC (2010) Perfluorocarbon-based oxygen carriers: review of products and 
trials. Artif Organs 38(8):622–634

 12. Chang TMS (2013) From hemoglobin based oxygen carrier to oxygen therapeutics, blood 
substitutes, nanomedicine and artifical cells (Chap. 1). In: Chang TMS (ed) Hemoglobin-based 
oxygen carriers as red cell substitutes and oxygen therapeutics, vol 1. Springer, Berlin

 13. Chang TMS, D’Angillo F, Yu WP, Razack S (2000) Two future generations of blood substi-
tutes based on polyhemoglobin-SOD-catalase and nanoencapsulation. Adv Drug Deliv Rev 
40:213–218

 14. Correas JM, Meuter AR, Singlas E, Kessler DR, Worah D, Quay SC (2001) Human pharma-
cokinetics of a perfluorocarbon ultrasound contrast agent evaluated with gas chromatography. 
Ultrasound Med Biol 27(4):565–570

 15. Culp WC, Brown AT, Lowery JD, Arthur MC, Roberson PK, Skinner RD (2015) 
Dodecafluoropentane emulsion extends window for tPA therapy in a rabbit stroke model. Mol 
Neurobiol 52:979–984

 16. Culp WC et al (2012) Dodecafluoropentane emulsion decreases infarct volume in rabbit isch-
emic stroke model. J Vasc Interv Radiol 23(1):116–121

 17. Denchenko IT, Mahon RT, Allen BW, Piantadosi CA (2012) Brain oxygenation and CNS oxy-
gen toxicity after infusion of perfluorcarbon emulsion. J Appl Physiol 113:224–231

 18. Dias AMA, Goncalves CMB, Legido JL, Coutinho JAP, Marrucho IM (2005) Solubility of 
oxygen in substituted perfluorocarbons. Fluid Phase Equilibria 238:7–12

 19. Dias AMA, Freire M, Coutinho JAP, Marrucho IM (2004) Solubility of oxygen in liquid per-
fluorocarbons. Fluid Phase Equilibria 222–223:325–330

 20. Dominguez de Villota E, Garcia Carmona MT, Rubio JJ, Ruiz de Andres S (1981) Equality of 
the in vivo and in vitro oxygen-binding capacity of haemoglobin in patients with severe respi-
ratory disease. Br J Anaesth 53:1325–1328

 21. El Mays TY et al (2014) Nebulized perflubron and carbon dioxide rapidly dilate constricted 
airways in an ovine model of allergic asthma. Respir Res 15(98):1–9

 22. FDA, United States. Withdrawal of draft guidance documents published before december 31, 
2013. Federal Register via Government Publishing Office. 2015. www.gpo.gov. Accessed 
March 19, 2016

 23. Fitzgerald RT et al (2015) Dodecafluoropentane emulsion delays and reduces MRI markers of 
infarction in a rat stroke model: a preliminary report. Magn Reson Imaging 33:236–239

 24. Fix SM, Borden MA, Dayton PA (2015) Therapeutic gas delivery via microbubbles and lipo-
somes. J Control Release 209:139–149

 25. Flaim SF (1994) Pharmacokinetics and side effects of perfluorocarbon-based blood substi-
tutes. Art Cells, Blood Subst, Immob Biotech 22:1043–1054

 26. Gladwin MT, Kanias T, Kim-Shapiro DB (2012) Hemolysis and cell-free hemoglobin drive an 
intrinsic mechanism for human disease. J Clin Invest 122(4):1205–1208

 27. Iyer LM, Anantharaman V, Aravind L (2003) Ancient conserved domains shared by animal 
soluble guanylyl cyclases and bacterial signaling proteins. BMC Genomics 4:5–12

 28. Jaspen B (1998) Baxter drops its Hemassist Program. Chicago Tribune, September 17
 29. Johnson EC et al (1995) Effects of a perfluorocarbon emulsion for enhanced O2 solubility on 

hemodynamics and O2 transport in dogs. J Appl Physiol 79(5):1777–1786
 30. Johnson JLH, Dolezal MC, Kerschen A, Matsunaga TO, Unger EC (2009) In vitro comparison 

of dodecafluoropentane (DDFP), perfluorodecalin (PFD), and perfluorooctylbromide (PFOB) in 
the facilitation of oxygen exchange. Artif Cells Blood Substit Immobil Biotechnol 37:156–162

 31. Johnson JLH, Leos RA, Baker AF, Unger EC (2014) Radiosensitization of Hs-766T pancreatic 
tumor xenografts in mice dosed with dodecafluoropentane nano-emulsion: preliminary find-
ings. J Biomed Nanotechnol 10:1–8

 32. Keipert, P.E. (2006) Oxygent, a perfluorochemical-based oxygen therapeutic for surgical 
patients (Chap. 28) In: R.M. Winslow (ed) Blood substitutes. pp. 312-323

26 Oxygen Carriers: Are They Enough for Cellular Support?

http://www.gpo.gov/


638

 33. Kim HW, Greenburg AG (2013) Hemoglobin-based oxygen carriers as red cell substitutes and 
oxygen therapeutics. Springer, Berlin

 34. Kiral HW, Nicora R, Evitts DP (2002) Comparison of oxygen carrying capacity of a new per-
fluorocarbon (pfc) blood substitute in rats breathing room air or 100% oxygen. APS Intersociety 
Meeting, San Diego

 35. Kozhura VL, Basarab DA, Timkina MI, Golubev AM, Reshetnyak VI, Monroz VV (2005) 
Reperfusion injury afer critical intestinal ischemia and its correction with perfluorochemical 
emulsion “perftoran”. World J Gastroenterol 11(45):7084–7090

 36. Krafft MP (2001) Fluorocarbons and fluorinated amphiphiles in drug delivery and biomedical 
research. Adv Drug Deliv Rev 47:209–228

 37. Krtolica A et al (2015) AACR 106 Annual meeting. In: OMX-4.80P, a novel H-NOX oxygen 
carrier that oxygenates hypoxic tumors in multiple tumor models and canine cancer patients, 
downregulates HIF-1 pathway and increases response to radiation therapy leading to cures. 
Cancer Research

 38. Krtolica A et al (2014) The 19th annual scientific meeting of the society for neuro-oncology. 
Radiosensitization by OMX-4.80P, a PEGylated H-NOX oxygen carrier that penetrates and 
oxygenates hypoxic tumors, in preclinical modls of glioblastoma and other hypoxic cancers. 
Neuro-Oncology

 39. Le Moan N et al (2014) Hypoxia reduction in intracranial glioblastoma models by OMX- 
4.80P, a PEGylated engineered H-NOX oxygen carrier that is long-lasting in circulation and 
safe. Neuro Oncol 16:v79–v95

 40. Leese PT, Noveck RJ, Shorr JS, Woods CM, Flaim KE, Keipert PE (2000) Effects on coagula-
tion function in healthy volunteers. Anesth Analg 91:804–811

 41. Leung P et al (2016) Novel and safe oxygen carrier prevents brain damage after focal ischemia 
and improves functional outcomes. In: The International Stroke Conference 2016

 42. Lowe KC (2001) Fluorinated blood substitutes and oxygen carriers. J Fluorine Chem 
109:59–65

 43. Lowe KC (1991) Pefluorochemicals in medicine. Chem Ind 3(83):1–6
 44. Lundgren C, Bergoe G, Olszowka A, Tyssebotn I (2006) Intravascular fluorocarbon-stabilized 

microbubbles protect against fatal anemia in rats. Artificial Cells, Blood Substitutes, and 
Biotechnology 34(5):473–468

 45. Lundgren C, Bergoe G, Olszowka A, Tyssebotn I (2005) Tissue nitrogen elimination in 
oxygen- breathing pigs is enhanced by fluorocarbon-derived intravascular micro-bubbles. 
UHM 32(4):215–226

 46. Maevsky EI (2006) Perftoran (Chapter 26). In: Winslow RM (ed) Blood substitutes. Elsevier, 
Amsterdam, pp 288–297

 47. Misra H, Lickliter J, Kazo F, Abuchowski A (2014) PEGylated Carboxyhemoglobin Bovine 
(SANGUINATE): results of a Phase I clinical trial. Artif Organs 38(8):702–707

 48. Moon-Massat P et al (2015) Cerebral vasoactivity and oxygenation with oxygen carrier 
M101 in rats. J Neurotrauma (Epub), July 10. doi:10.1089/neu.2015.3908

 49. Moon-Massat P et al (2014) Effects of perfluorocarbon dodecfluoropentane (NVX-108) on 
cerebral microvasculature in the healthy rat. Curr Drug Discov Technol 11(3):220–226

 50. Moore EE et al (2009) Human polymerized hemoglobin for the treatment of hemorrhagic 
shock when blood is unavailable: the USA Multicenter Trial. J Am Coll Surg 208(1):1–13

 51. Moore EE, Johnson JL, Moore FA, Moore HB (2009) The USA multicenter prehospital 
hemoglobin- based oxygen carrier resuscitation trial: scientific rationale. Crit Clin Care 
25(2):325–356

 52. Mullah SA et al (2016) Perfluorocarbon NVX-108 increased cerebral oxygen tension after 
traumatic brain injury in rats. Brain Res 1634:132–139

 53. NCT00038454, Hemosol. www.ClinicalTrials.gov. n.d. www.clinicaltrials.gov. Accessed 
March 19, 2016

 54. NCT00174980, Tenax. www.ClinicalTrials.gov. n.d. Accessed March 22, 2016
 55. NCT00908063, Tenax. www.ClinicalTrials.gov. n.d. Accessed March 22, 2016

J.L.H. Johnson

http://dx.doi.org/10.1089/neu.2015.3908
http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/


639

 56. NCT01356485, Sangart. www.ClinicalTrials.gov. n.d. www.clinicaltrials.gov. Accessed 
March 19, 2016

 57. NCT01881503, Biopure/HBO2 therapeutics. www.ClinicalTrials.gov. n.d. www.clinicaltrials.
gov. Accessed March 19, 2016

 58. NCT01925001, Sangart. www.ClinicalTrials.gov. n.d. www.clinicaltrials.gov. Accessed 
March 19, 2016

 59. NCT02189109, NuvOx. www.ClnicalTrials.gov. n.d. www.clincialtrials.gov. Accessed March 
22, 2016

 60. NCT02323685, Prolong. www.Clinical Trials.gov. n.d. www.clinicaltrials.gov. Accessed 
March 19, 2016

 61. NCT02334553, SolAeroMed. www.ClinicalTrials.gov. n.d. www.clinicaltrials.gov. Accessed 
March 22, 2016

 62. NCT02411708, Prolong. www.ClinicalTrials.gov. n.d. www.clinicaltrials.gov. Accessed 
March 19, 2016

 63. NCT02490202, Prolong. www.ClinicalTrials.gov. n.d. www.clinicaltrials.gov. Accessed 
March 19, 2016

 64. NCT02616770, SolAeroMed. www.Clinical Trials.gov. n.d. www.clinicaltrials.gov. Accessed 
March 22, 2016

 65. Plate L, Marletta MA (2013) Nitric Oxide-Sensing H-NOX Proteins Govern Bacterial 
Communal Behavior. Trends Biochem Sci 38(11):566–575

 66. Ratascopa K, Cedervall T, Bulow L (2016) Possibilities of using fetal hemoglobin as a plat-
form for producing hemoglobin-based oxygen carriers (HBOCs). In: Elwell CE, Leung TS, 
Harrison DK (eds) Oxygen transport to tissue, vol XXXVII. Springer, New York, pp 704–718

 67. Reiss JG (2005) Understanding the fundamentals of perfluorocarbons and perfluorocarbon 
emulsions relevant to in vivo oxygen delivery. Artif Cells Blood Substit Immobil Biotechnol 
33:47–63

 68. Riess JG (2006) Perfluorocarbon-based oxygen delivery. Artif Cells Blood Substit Immobil 
Biotechnol 34:567–580

 69. Rosoff JD, Soltow LO, Vocelka CR, Schmer G, Chandler WL, Cochran RP (1998) A second 
generation blood substitute (perfluorodichlorooctane emulsion) does not activate complement 
during an ex vivo circulation model of bypass. J Cardiothorac Vasc Anesth 12(4):397–401

 70. Schneider UC, Karutz T, Schilling L, Woitzik J (2014) Administration of a second generation 
perfluorochemical in combination with hyperbaric oxygenation does not provide additional 
benefit in a model of permanent middle cerebral artery occlusion in rats. Springerplus 
3(32):1–7

 71. Shaw, R.F., T.J. Richard. Rational development of oxyfluor (Chap. 27) In: R.M. Winslow (ed) 
Blood substitutes. London: Elsevier; 298–311. 2006.

 72. Sheppard RL, Regis DP, Mahon RT (2015) Dodecafluoropentane (DDFPe) and decompression 
sickness-related mortality in rats. Aerosp Med Hum Perform 86(1):21–26

 73. Silkstone R.S., et al (n.d.) The βLys6Try variant of human hemoglobin as a component of a 
blood substitute, Part IX: Blood Substitutes. In: C.E. ELwell, T.S. Leung, D.K. Harrison (eds). 
Oxygen transport to tissue, XXXVII. Springer, New York, pp. 720–730

 74. Silverman T (2004) FDA draft guidance for industry: criteria for safety and efficacy evaluation 
of oxygen therapeutics as red blood cell substitutes. The United States Food & Drug 
Administration, www.fda.gov. Accessed March 19, 2016

 75. Silverman TA (2009) Hemoglobin-based oxygen carriers: current status and future directions. 
Transfusion 49(11):2495–2515

 76. Spahn DR (1999) Mini-review: blood substitutes, artificial oxygen carriers: perfluorocarbon 
emulsions. Crit Care 3(5):R93–R97

 77. Takanori Y, Schmid-Schonbein GW, Cotter B, DeMaria AN (1999) Flow dynamics of 
QW7437, a new dodecafluoropentane ultrasound contrast agent, in the microcirculation. J Am 
Coll Cardiology 34(2):578–586

 78. Thompson PP, Clausen G, Kerry R (2009) Emulsions of perfluorocarbons. China Patent 
CN102395548 A. April 15

26 Oxygen Carriers: Are They Enough for Cellular Support?

http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
http://www.clnicaltrials.gov/
http://www.clincialtrials.gov/
http://www.clinical/
http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
http://www.clinical/
http://www.clinicaltrials.gov/
http://www.fda.gov/


640

 79. Toft KG et al (2006) Disposition of perfluorobutane in rats after intravenous injection of 
Sonazoid. Ultrasound Med Biol 32(1):107–114

 80. Tremper KK (1999) Perfluorochemical “blood substitutes”. Anesthesiology 91:1185–1187
 81. Tsi AG et al (2012) Microcirculation and No-CO Studies of a Natural Extracellular Hemoglobin 

Developed for an Oxygen Therapeutic Carrier. Curr Drug Discov Technol 9(3):166–172
 82. Van Liew HD, Burkard ME (1995) Behavior of bubbles of slowly permeating gas used for 

ultrasonic imaging contrast. Invest Radiol 30(5):315–321
 83. Van Liew HD, Burkard ME (1995) Bubbles in circulating blood: stabilization and simulations 

of cyclic changes of size and content. J Appl Physiol 79(4):1379–1385
 84. Van Liew HD, Burkard ME (1996) Relationship of oxygen content to PO2 for stabilized bub-

bles in the circulation: theory. J Appl Physiol 81(1):500–508
 85. Van Liew HD, Raychaudhuri S (1997) Stabilized bubbles in the body: pressure-radius rela-

tionships and the limits to stabilization. J Appl Physiol 82:2045–2053
 86. Vandegriff KD, Malavalli A, Woolridge J, Lohman J, Winslow RM (2003) A new nonvasoac-

tive PEG-Hb conjugate. Transfusion 43:509–516
 87. Vandegriff KD et al (2008) CO-MP4, a polyethylene glycol-conjugated haemoglobin deriva-

tive and carbon monoxide carrier that reduces myocardial infarct size in rats. Br J Pharmacol 
154(8):1649–1661

 88. Wahr JA et al (1996) A pilot study of the effects of a perflubron emulsion, AF 0104, on mixed 
venous oxygen tension in anesthetized surgical patients. Anesth Analg 82:103–107

 89. WebMD; Complete Blood Count (CBC). 2016. www.webmd.com. Accessed March 13, 2016
 90. Worley JD, Londo T (1983) Molecular weights of hemoglobin and myoglobin by atomic 

weight absorption spectrophotometry. J Chem Educ 60(8):650

J.L.H. Johnson

http://www.webmd.com/


641

Chapter 27
A New Paradigm in Protecting Ischemic 
Brain: Preserving the Neurovascular Unit 
Before Reperfusion

Natacha Le Moan, Philberta Y. Leung, Natalia Rost, Jonathan A. Winger, 
Ana Krtolica, and Stephen P. Cary

Abstract Of the ~795,000 strokes that occur each year in the USA, ~695,000 are 
ischemic strokes (IS) where a clot occludes a major cerebral artery. About half of 
these IS patients present with so-called penumbra, defined as a hypoperfused tissue 
immediately surrounding the ischemic core that is severely deprived of oxygen and 
at risk for deterioration. Collateral vessels can provide sufficient oxygen and nutri-
ents to temporarily maintain neuronal structure in the penumbra but not enough to 
support function. Thus, the at-risk tissue has the potential for functional recovery if 
blood flow is restored, but will irreversibly infarct if recanalization is not achieved, 
resulting in neurological deterioration. Additionally, though collateral circulation 
can transiently maintain penumbra viability, injury mechanisms such as excitotox-
icity and ATP depletion will have already been initiated. Thus, it is imperative to 
administer therapies that can alleviate ischemia-induced cell death, restore energy 
metabolism, and halt pathogenic cascades as soon as possible after occlusion in 
order to protect the at-risk tissue until reperfusion therapies can be employed. 
Excitingly, the recent breakthroughs in acute IS reperfusion therapy have opened 
new opportunities for such adjunct neuroprotective treatments. This chapter pro-
vides a description of the penumbra tissue, followed by a brief overview of the 
emerging standard of care for acute IS based on the recent positive clinical trials 
using IV tPA and mechanical thrombectomy devices. We will then describe the 
promising use of adjunctive therapies to enhance the benefits of recanalization ther-
apies. In particular, we will discuss the concept of oxygen therapy and oxygen car-
riers as a valid approach for “combination therapy” to protect the penumbra until 
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reperfusion. Finally, we will discuss the future challenges of clinical trials in acute 
IS patients and highlight the need for new trial designs to test the potential benefit 
of combination therapies.

Keywords Penumbra • Oxygen • Cerebral ischemia • Cytoprotection • 
Neurovascular unit • Oxygen carriers

Abbreviations

ATA  Atmosphere absolute
BBB  Blood–brain barrier
BUN  Blood urea nitrogen
CBF  Cerebral blood flow
DCLHb  Diaspirin cross-linked tetrameric hemoglobin
Hb  Hemoglobin
HBO  Hyperbaric oxygen
HBOC  Hemoglobin-based oxygen carrier
H-NOX  Heme-nitric oxide/oxygen
IS  Ischemic stroke
IV  Intravenous
Mb  Myoglobin
MCAO  Middle cerebral artery occlusion
MSTU  Mobile stroke treatment unit
NBO  Normobaric oxygen
NO  Nitric oxide
NVU  Neurovascular unit
PEG  Polyethylene glycol
PFC  Perfluorocarbon
tPA  Tissue plasminogen activator

1  Therapeutic Target: Salvaging At-Risk Cerebral Tissue

1.1  Evolution of the Penumbra

Within minutes of vascular occlusion, a severe reduction of blood flow and oxygen 
supply to the brain causes necrosis in a limited area of tissue: the “infarct core.” 
Immediately surrounding the infarct core is the “penumbra,” a tissue severely 
deprived of oxygen and at risk for infarction, but where cellular injury is still revers-
ible [1]. The prediction that the existence of a viable penumbra tissue, originally 
characterized by “misery perfusion,” could lead to the development of therapeutics 
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was first made by JC Baron in a landmark series of papers showing how various 
cerebral blood flow (CBF) and metabolic rates of oxygen consumption were associ-
ated with different outcomes [2–4]. For example, when blood flow drops below  
20 mL/100 g/min, reversible functional failure typically occurs; if reduced to a 
lower threshold (10–12 mL/100 g/min), irreversible morphological damage can 
occur [5, 6]. Prior efforts therefore focused on the identification of a flow threshold 
predictive of ultimately infarcted or non-infarcted tissue. However, irreversible 
brain injury is not only determined by the level of residual flow in the ischemic 
phase, but also by the duration of flow disturbance and corresponding oxygen avail-
ability [7]. Furthermore, these flow thresholds were mainly derived from animal 
experiments, and their accuracy in predicting tissue fate is still controversial in 
stroke patients [8, 9]. Thus, quantifying oxygen availability in addition to CBF 
might better delineate salvageable tissue in stroke patients.

Since stroke treatment can only be successful if hemodynamically compromised 
brain tissue is detectable and still viable, the capacity to accurately distinguish 
between infarct and penumbra and a better understanding of the kinetics of penum-
bra evolution are crucial for identifying patients who would benefit from treatment. 
Since penumbra infarcts at different rates across patients [10, 11], a more personal-
ized set of selection criteria for intervention than the general time from onset might 
be warranted. Indeed, recent clinical trials (MR CLEAN, SWIFT-PRIME, ESCAPE, 
EXTEND-IA, and REVASCAT) [12–16] validated the benefit of using multimodal 
imaging criteria to stratify patients. However, more work is required on neuroimag-
ing to define the penumbra and core volume thresholds at which therapeutic benefits 
disappear and investigate whether penumbral and core thresholds may vary between 
brain structures (e.g., gray matter and white matter). To do so, observational studies 
incorporating longitudinal and multimodal neuroimaging must be developed. These 
studies would need to enroll all patients, and then a subsequent analysis of the imag-
ing profile would determine the futility thresholds for each patient. In summary, 
neuroimaging modalities will require further refinement to identify the most appro-
priate patients likely to respond to neuroprotective therapy.

1.2  Recanalized Patients: Is There Any Brain Tissue Left 
to Save?

While clear improvements were observed in the recent trials with recanalization 
therapy, the penumbra is still lost to infarction from prolonged oxygen depriva-
tion while the patient awaits recanalization. In addition, despite blood flow resto-
ration and the remarkable clinical benefit of endovascular treatments, brain tissue 
continues to die following recanalization via unclear mechanisms [17–20]. 
Indeed, rescued penumbra that has undergone severe ischemia may be affected by 
delayed injury such as edema and inflammation that can lead to infarct growth 
and selective neuronal loss, regardless of successful or partial reperfusion after 
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recanalization [17, 18]. This progressive infarction of brain tissue may account 
for suboptimal clinical recovery. As a result, 29–67 % of recanalized stroke 
patients present a poor outcome (mRS > 3) [12–16], indicating that endovascular 
treatment can still be considerably improved. To do so, faster workflows to reduce 
delays in reperfusion along with new endovascular device technology to increase 
the rates of complete reperfusion are being developed. Importantly, complemen-
tary protective agents given before and/or after reperfusion may also help to fur-
ther improve functional outcome. There is, therefore, renewed interest in the 
stroke community to develop adjunctive agents to recanalization therapies to pre-
serve the penumbra, and stroke clinicians and scientists agree that the future ther-
apy of IS will encompass a successful combination of protective agents and 
thrombectomy/thrombolysis.

2  Adjunctive Therapeutic Approaches: Tissue Protection 
and Recanalization

2.1  From Neuroprotection to Cytoprotection

Despite encouraging data in preclinical stroke models, no clinical trial has defini-
tively demonstrated a significant benefit of any neuroprotectant in stroke patients 
[21]. Failures to successfully translate neuroprotective results from the laboratory to 
the clinical setting may have been related to both poor clinical trial design and short-
comings of preclinical studies [22, 23]. In particular, a majority of neuroprotective 
trials included patient populations that were unlikely to be treated within an optimal 
time window for efficacy and without neuroimaging evidence of viable tissue. 
Moreover, a large number of agents were administered as a monotherapy and not 
combined with recanalization therapies to maximize tissue salvaging. A majority of 
these agents also targeted a single event in the ischemic cascade typically initiated 
within minutes following stroke onset and often only targeted the neural element of 
a complex tissue composed of multiple cell types, both of which are characteristics 
that likely limited their therapeutic effects. These shortcomings led to discouraging 
clinical results [24] and dampened enthusiasm for the successful translation of 
neuroprotectants.

In the past decade, however, the concept of a “neurovascular unit” (NVU) has 
emerged as a more comprehensive target for acute stroke treatment [25, 26]. The 
NVU integrates neurons, glia, vascular cells, and matrix components that actively 
participate in mechanisms of tissue injury and repair. Targeting the NVU is becom-
ing mandatory for a stroke agent, and the field is now turning to multimodal 
approaches aimed at pairing NVU-protecting agents with recanalization therapies 
[27, 28]. Such agents would target multiple mechanisms and cell types to extend the 
time window of recanalization, reduce neurological impairment, potentiate the 
effect of thrombolysis, reduce reperfusion injury and blood–brain barrier (BBB) 
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breakdown, and decrease intracranial hemorrhages. These therapies with pleiotro-
pic effects are therefore more appropriately called “cytoprotective” and may have 
the greatest chance of clinical success.

2.2  Promising Cytoprotective Approaches

Recently, the combination of thrombolysis/thrombectomy with cytoprotective 
agents is garnering more attention and is widely considered a promising approach 
to treat acute IS patients. In fact, agents previously investigated in failed trials may 
be reevaluated in combination with recanalization therapies and with improved 
patient stratification. Although testing combination therapies increases trial com-
plexity and involves more regulatory hurdles, several novel combinatorial clinical 
trials were recently completed or are currently underway (e.g., statin (THRaST) 
[29], minocycline (MINOS) [30], uric acid (Urico-Ictus trial) [31] and NA-1 
(ENACT trial) [32], hypothermia (ReCCLAIM-1) [33], and 3K3A-APC 
(RHAPSODY) [34]). Importantly, these clinical studies demonstrate the feasibility 
of conducting adjunctive trials of cytoprotective agents with intravenous tissue plas-
minogen activator (IV tPA) or endovascular repair and of selecting a patient sub-
population expected to respond positively to cytoprotective therapy based on their 
large penumbral and small core volumes.

Oxygen therapy is an additional attractive pleiotropic approach for cytoprotec-
tion after IS since viability of the penumbra is greatly influenced by the severity and 
duration of oxygen deprivation. Indeed, restoring oxygen bioavailability within the 
penumbra has been shown to promote aerobic metabolism, decrease infarct volume 
and neuronal death, reduce edema and blood–brain barrier disruption, decrease 
mortality rate, and prevent stroke-related neurological deficits [35, 36]. Since oxy-
gen availability is a critical parameter for tissue fate, it is logical that oxygen could 
serve as a promising adjunctive therapy to maximize the benefit of recanalization 
therapy and widen the treatment time window in stroke patients [37].

3  Oxygen Delivery in Ischemic Disorders: Preclinical 
Success and Clinical Failures

If delivered in the acute phase of stroke, oxygen therapy could attenuate or deceler-
ate the evolution of the penumbra into infarcted tissue and therefore “buy time” for 
recanalization therapies. Multiple oxygen delivery methods, including supplemen-
tal oxygen, as 100 % oxygen inhaled at either a pressure that is greater than the 
pressure at sea level (hyperbaric oxygen, HBO) or at ambient pressure (normobaric 
oxygen, NBO), and several types of oxygen carriers, such as hemoglobin-based 
oxygen carriers (HBOCs) and perfluorocarbon (PFCs), have been employed in an 
attempt to restore oxygen to pre-ischemia levels after stroke.
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3.1  HBO-NBO: Preclinical Promise and Clinical Failure 
of Inhaled Oxygen Therapies

3.1.1  Preclinical Studies with HBO and NBO

Many preclinical studies have shown the neurological benefit of HBO in both tran-
sient [38–45] and permanent [46–48] models of focal ischemia when the treatment 
was initiated within 2–3 h of occlusion. However, no benefit was observed when 
HBO was initiated after a critical time window of 6 h after onset, probably due to 
the conversion of almost the entire penumbra into an infarct by 3–8 h after middle 
cerebral artery occlusion (MCAO). Compared to HBO, NBO therapy may be more 
attractive for clinical use due to lower technical requirements, wide availability, and 
easy administration to a broad range of patients, even in emergency settings such as 
an ambulance. Multiple preclinical studies have shown the efficacy of NBO in 
reducing infarct volume and improving neurological scores if administered during 
occlusion in transient ischemic models [49–54]. However, in permanent occlusion 
models, conflicting data of NBO efficacy have been reported. The discrepancies are 
likely due to the variation of penumbra volume and/or duration of penumbra viabil-
ity between transient and permanent stroke models and the inability of NBO to fully 
rescue the penumbra in the absence of blood flow [50, 55, 56], reinforcing the ratio-
nale for combining oxygen with recanalization therapies. In support of this approach, 
NBO was shown to be safe with IV tPA and in fact may increase the safety of IV 
tPA since the combination treatment reduced the mortality, edema, and hemorrhage 
induced by IV tPA alone [57–60]. Importantly, NBO-IV tPA combination reduced 
BBB damage and improved neurological functions, even when IV tPA was given 7 
h after occlusion, suggesting that NBO can increase the therapeutic window of IV 
tPA. The benefits of NBO treatment in these studies were largely attributed to the 
restoration of oxygen, improved metabolism, and decreased oxidative stress in the 
penumbra [61]. Interestingly, NBO also prevented the delayed selective neuronal 
loss that can occur in the penumbra after recanalization therapies [62]. This indi-
cates that oxygen could be an attractive complementary therapy to recanalization to 
decrease the ischemic severity in the penumbra during the vascular occlusion and 
ultimately reduce long-term neurological deficits that can be observed in success-
fully reperfused stroke patients.

3.1.2  Failure to Translate HBO and NBO into Clinical Success

Even though preclinical studies demonstrated the efficacy and safety of oxygen ther-
apy in animal models of stroke, NBO and HBO have not been successfully trans-
lated to the clinic (Table 27.1). Either HBO treatment was poorly tolerated while 
control patients showed a trend toward achieving better neurological outcomes [63, 
64], or there was no significant long-term improvement in the HBO group [65]. One 
possibility is that the pressure at which oxygen was administered led to adverse 
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effects masking the benefits of HBO treatment. Indeed, in preclinical stroke models, 
higher pressure levels of HBO resulted in adverse effects, such as increased free 
radicals and seizures [66, 67], compared to lower levels of pressure [43, 46].

In contrast to HBO, NBO-treated patients exhibited reduced brain lesion vol-
umes 4 h after treatment, and stroke scale scores were significantly better at 24 h 
when compared to controls [68]. Similarly, a mild improvement in neurological 
function 1 week after treatment was also observed in the more recent Stroke Oxygen 
Study (SO2S) multicenter trial in patients exposed to 72 h of continuous oxygen 
treatment [69]. However, in both studies, the clinical benefit of oxygen therapy was 
not sustained. This lack of sustained long-term neurological improvement with 
NBO may have stemmed from three causes. First, though supplemental oxygen 
increases the amount of oxygen dissolved in blood plasma and is available for dif-
fusion across the BBB, the limited diffusion distance of oxygen into the brain 
parenchyma restricts it from reaching all oxygen-deprived tissue efficiently and 
uniformly. The oxygen diffusion distance from the capillary to the cell in physio-
logical conditions is about 70 μm [70], but can be decreased with a low level of CBF 
in the penumbra. Therefore, cells far away from blood vessels receive less oxygen, 
suggesting that the penumbra is not optimally protected with NBO therapy. Second, 
in all of these clinical studies, supplemental oxygen was administered as a mono-
therapy. Therefore, since recanalization was not performed to restore blood flow to 
the ischemic tissue, the benefit of oxygen treatment could not be sustained over 
time. Finally, while longer periods of oxygen therapy may preserve penumbra via-
bility, oxygen can also induce toxicity in normoxemic tissues by acting as an oxi-
dizing agent and damaging biological molecules [71] or by its inherent vasoactive 
properties [37]. In summary, despite initial disappointing results in the clinic when 
supplemental oxygen was used as a monotherapy, restoration of oxygen levels in 
ischemic brain tissue may prove to be a promising cytoprotective approach when 
combined with recanalization therapies. Larger controlled and randomized trials in 
 combination with recanalization therapies are required to demonstrate the benefits 

Table 27.1 Clinical trials with HBO and NBO

Treatment Schedule
Time from 
onset (h) Outcomes Literature

HBO 100 % O2 (1.5 ATA 1 h) 
every 8 h × 15 vs. air

10–148 Trend toward better outcomes 
in patients treated with air

[63]

100 % O2 (1.5 ATA 
40 min) every 8 h × 10 
vs. air

<24 No significant difference in 
functional outcomes between 
the two groups

[65]

100 % O2 (2.5 ATA 1 h 
vs. sham 1.14 ATA)

<24 Better functional outcomes 
in sham-treated patients at 
90 days

[64]

NBO NBO at 45 L/min (8 h) 
vs. air

<12 Short-term improvement in 
NBO-treated patients

[68]

NBO at 2–3 L/min  
(72 h) vs. air

<24 Short-term improvement in 
NBO-treated patients

[69]
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of  supplemental oxygen in extending the therapeutic window for recanalization 
treatment and in safely expanding the pool of patients that could benefit from IV 
tPA and endovascular therapies.

3.2  HBOCs/PFCs: Preclinical Promise and Clinical Safety 
Issues of Artificial Oxygen Carriers

While inhalation of supplemental oxygen enhances oxygen transport by increasing 
the amount of oxygen dissolved within the plasma and the oxygen-carrying capac-
ity of erythrocytes, it suffers from a significant shortcoming: dependence on the 
erythrocyte-encapsulated hemoglobin (Hb). Indeed, erythrocyte-encapsulated Hb 
has a limited ability to deliver an adequate amount of oxygen to oxygen-deprived 
tissues due to a multitude of factors including size and low oxygen affinity. In an 
attempt to overcome these limitations, artificial oxygen carriers have been devel-
oped with improved oxygen transport and oxygen unloading as an alternate modal-
ity [72]. These carriers overcome the limitations exhibited by erythrocyte-encapsulated 
Hb by featuring characteristics, such as (a) smaller molecular weight for greater 
tissue penetrance (b), higher oxygen-carrying capacity for delivery of more oxygen 
(c), higher oxygen affinity for better targeting of oxygen to hypoxic tissues, and/or 
(d) lower vasoactivity to alleviate toxicity concerns. Two major classes of artificial 
oxygen carriers have been used to restore oxygen levels in ischemic brain and are 
discussed below: hemoglobin-based oxygen carriers (HBOCs) made from chemi-
cally altered cell-free Hb and perfluorocarbon (PFC)-based oxygen carriers consist-
ing of perfluorocarbon-oxygen emulsions.

Preclinical studies have shown that HBOCs successfully oxygenate ischemic 
brain tissue and reduce stroke infarct volume up to 70 %. For example, diaspirin 
cross-linked tetrameric hemoglobin (DCLHb) reduced brain injury in several pre-
clinical stroke models [73, 74]. However, in the clinic, the administration of DCLHb 
within 18 h of onset and subsequently over 3 days adversely affected outcome in IS 
patients [75], primarily because of toxicity linked to the agent’s nitric oxide (NO) 
scavenging activity when outside of erythrocytes [76]. The ineffectiveness of 
DCLHb in clinical trials and its toxicity led many to abandon the approach of deliv-
ering oxygen to ischemic tissues using protein carriers.

Another therapeutic approach is to use emulsions based on PFCs to prevent isch-
emic brain damage. For example, the dodecafluoropentane emulsion (DDFPe) 
NVX-108, developed by NuVox, delivers oxygen into hypoxic tissues [77], 
decreases infarct volume and ameliorates neurological scores in a permanent MCAO 
model, and extends the window of IV tPA therapeutic administration in a rabbit 
embolic stroke model [78–80]. Since NVX-108 has progressed into a phase I 
 clinical trial to investigate its effect as a radiosensitizer in glioblastoma patients 
(clinical trial NCT02189109), it may very soon be tested as a promising agent that 
could bridge recanalization therapies in humans. Though NVX-108 has shown 
potential preclinically, PFCs generally have very low oxygen-carrying capacities 
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and require coadministration of high levels of oxygen (e.g., 100 % oxygen or carbo-
gen) in order to deliver oxygen efficiently [81]. In addition, oxygen delivery with 
PFCs is short lived, and repeated dosing would be required to maintain oxygen 
levels in ischemic tissues until combinatorial therapies could be provided. Therefore, 
an oxygen carrier able to sustain oxygenation of hypoxic and ischemic tissues over 
several hours after a single dose might be more useful in a clinical setting.

3.3  Applying Lessons Learned to New Oxygen Carriers

As a consequence of past failures in developing safe and effective oxygen carriers, 
clinical trials of HBOC products were halted for some time in the USA, although 
they continued to be evaluated in other countries [82]. Given the unmitigated need 
of oxygen-bridging agents in the clinic, a new generation of HBOCs with improved 
physiological and biochemical properties have been developed recently or are cur-
rently in development. Structural modifications to the Hb component of the HBOCs 
overcome the hurdle of extracellular Hb toxicity and increase the safety of HBOCs 
(reviewed in [82]). Furthermore, the oxygen affinity of HBOCs has been modified 
to facilitate oxygen transport specifically into ischemic tissues. As a result, HBOCs 
are returning to the clinic. For example, PEGylated bovine carboxyhemoglobin 
(SANGUINATE™), developed by Prolong Pharmaceuticals, a biopharmaceutical 
company developing products for hematology and oncology indications, has pro-
gressed from preclinical toxicology to phase II trials in sickle cell and renal disease 
patients (NCT02411708, NCT02437422) [83]. Furthermore, OXYVITA Inc., a bio-
tech company developing oxygen therapeutics, is seeking to advance Zero-Link™, 
a solution of large cross-linked bovine Hb polymers, into clinical trials upon FDA 
approval. The exchange transfusion of Zero-Link™ has shown promise preclini-
cally by decreasing brain damage after transient focal cerebral ischemia [84, 85].

Also in response to the clinical failures of early HBOCs, alternative protein- 
based oxygen carriers are being developed as therapeutics. For example, 
Hemarina-M101, developed by Hemarina for wound healing and organ preserva-
tion, is a respiratory globin with a high oxygen affinity isolated from a marine inver-
tebrate Arenicola marina. Hemarina-M101 can deliver oxygen into hypoxic tissues 
and is currently under evaluation in the OxyOp clinical trial for hypothermic kidney 
graft preservation [86, 87]. In addition, OMX, a novel protein-based oxygen carrier 
[88], has been developed by Omniox Inc. with key properties that are critical for the 
successful translation of oxygen carriers in the clinic: (a) negligible reactivity 
toward the natural vasodilator NO to prevent the toxicity associated with NO scav-
enging by HBOCs, (b) high oxygen affinity to enable release of oxygen at therapeu-
tically relevant levels of hypoxia, (c) low molecular weight (from 20 to 120 kDa) to 
facilitate tissue penetration, (d) a long circulation half-life that maximizes tissue 
targeting, and (e) minimal antigenicity. Thus, OMX is a promising oxygen- carrying 
agent exhibiting biochemical properties suitable for salvaging oxygen-deprived tis-
sues after stroke.
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4  OMX Oxygen Carrier: Features and Preclinical Promise

4.1  H-NOX Technology

The oxygen-binding domain of the protein-based OMX oxygen carrier is derived 
from a member of the heme-nitric oxide/oxygen (H-NOX)-binding protein family. 
H-NOX proteins contain an iron-bearing heme cofactor identical to that found in Hb 
and myoglobin (Mb) that serves as the site of oxygen attachment. Like in Hb and 
Mb, a histidine residue supplied by the protein scaffold binds to one side of the 
heme, while oxygen binding and release take place on the opposite side (Fig. 27.1). 
However, the H-NOX protein scaffold is unique; members of the H-NOX family 
share no genetic or structural relationships with any other oxygen-binding heme pro-
teins [89, 90]. With regard to ligand-binding characteristics, like Hb and Mb, the 
H-NOX domain binds to oxygen in the reduced, ferrous oxidation state. However, 
unlike Hb and Mb, oxygen-bound H-NOX exhibits physiologically negligible reac-
tivity toward NO [88, 91], an essential mediator of vascular tone and nitrergic neu-
rotransmission. Consequently, the use of H-NOX to deliver oxygen minimizes 
concerns about NO-related toxicities like those observed when using HBOC.

Extensive work has shown that the precise spatial arrangement of the amino 
acids in the oxygen-binding pocket exerts a profound influence on the affinity of the 
heme for oxygen as well as the reactivity of the heme-bound oxygen toward NO. As 
a result, H-NOX oxygen affinity can be “tuned” through mutagenesis to produce 
protein variants capable of oxygen release in specific tissue environments, i.e., the 
hypoxic environment found in ischemic tissue. One OMX oxygen carrier candi-
date contains an H-NOX protein whose oxygen affinity has been lowered from ~0.1 
to ~2.4 μM by mutation of a heme pocket leucine to phenylalanine, moving it into 

Fig. 27.1 Schematic of OMX. OMX is a PEGylated protein of ~125 kDa with a circulation half- 
life of ~18 h in rodents and ~35 h in canines
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the range of oxygen affinities exhibited by variants of Mb. However, the NO reactiv-
ity of this H-NOX protein has been shown to be 10-fold lower than that of an Mb 
variant with a similar oxygen affinity and 50-fold lower than that of Hb [88, 91].

The stable, compact, and modular nature of the H-NOX oxygen-binding protein 
also renders it amenable to multimerization and chemical modification. To modu-
late the size and antigenicity of OMX oxygen carriers, monomeric H-NOX proteins 
have been multimerized through the addition of a thermostable C-terminal trimer-
ization domain, as well as chemically modified via addition of polyethylene glycol 
(PEG) moieties of various sizes. Combination of mutagenesis of the H-NOX oxygen- 
binding pocket with  multimerization and PEGylation has enabled the construction 
of a panel of OMX oxygen carriers with pharmacokinetic and pharmacodynamic 
profiles that are adaptable to a wide range of specific hypoxic/ischemic indications 
such as cancer and stroke.

4.2  OMX Mechanism

Release of oxygen by a heme protein is determined primarily by its oxygen-binding 
affinity (as described by its dissociation constant or KD) and by the oxygen concen-
tration in the surrounding microenvironment. Once an oxygen-bound protein enters 
a tissue microenvironment where the oxygen concentration is below a threshold 
dependent on the KD, oxygen will dissociate faster than it can rebind, leading to 
delivery of oxygen into the tissue. For example, if a protein has a high KD (weak 
oxygen affinity), it will deliver oxygen in environments with relatively high oxygen 
concentrations and be depleted of oxygen by the time it reaches hypoxic areas with 
low oxygen concentrations. Conversely, if a protein has a low KD (high oxygen 
affinity), it will remain loaded with oxygen as it transits through environments with 
relatively high oxygen concentrations and will only begin to deliver oxygen once it 
reaches a sufficiently hypoxic environment. Thus, erythrocyte-encapsulated hemo-
globin, some HBOCs, and other oxygen carriers with relatively weak oxygen affini-
ties release oxygen under physiologic oxygen concentrations found in normal 
tissues. In contrast, OMX oxygen carriers, which have been engineered to have a 
higher oxygen affinity, efficiently release oxygen only in hypoxic, but not normoxic, 
tissue microenvironments (Fig. 27.2). Therefore, OMX oxygen carriers will not 
hyperoxygenate normoxic tissue and consequently do not induce generation of free 
radicals as tested in a transient MCAO stroke model (not shown).

Another aspect of oxygen delivery by OMX oxygen carriers is their ability to 
continuously provide oxygen to tissues after delivery of the initial payload. The 
small size of the OMX oxygen carriers allows them to extravasate through the dis-
rupted vasculature and penetrate deep into hypoxic tissues, thereby creating a gradi-
ent of OMX protein that provides a conduit for subsequent facilitated diffusion of 
additional oxygen to the hypoxic tissue. Overall, OMX overcomes the unfavorable 
clinical features of prior oxygen carrier therapeutics that failed at increasing oxygen 
content specifically in hypoxic and ischemic tissues.
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4.3  OMX Safety Profile in Preclinical Testing

Preclinical safety assessments of previous oxygen therapeutics did not translate into 
safety in clinical trial subjects [63, 75]. The serious safety issues observed in patients 
can be attributed to the biochemical properties of specific agents, such as vasocon-
striction with subsequent hypertension and free radical production [92], and are 
therefore not common to all oxygen carriers. This clear disconnect between pre-
clinical safety data and clinical safety outcomes might stem from the lack of com-
prehensive preclinical safety evaluation and the absence of toxicological assessment 
in the acute treatment phase, which are not routinely performed [93]. Inclusion of 
biomarkers for heme toxicity exposure, inflammation, oxidative stress (iron over-
load and inflammation), and organ toxicity as well as assessments of the drug can-
didate in the disease context in preclinical studies should provide a more 
comprehensive evaluation of the safety of oxygen carriers. Therefore, nontraditional 
and non-GLP safety and toxicity studies were conducted to decrease the transla-
tional risks of OMX by assessing its effect on oxidative stress, inflammation, arte-
rial pressure, blood flow, hematology, and clinical chemistry during the acute or 
long-term exposure phase following treatment in rodents, canines, and lambs.

Consecutive daily dosing with supratherapeutic doses of OMX (500 mg/kg, IV 
bolus) was performed over 27 days in female CD-1 mice. Heme toxicity assessment 
and tissue histopathology were conducted both at the end of the dosing period and 
following a 28-day recovery period. After evaluation of brain, heart, kidney, liver, 
and spleen tissue sections, only a negligible increase in iron positive cells was 
detected in the kidney (Fig. 27.3) and heart (not shown) of OMX-treated mice.

Fig. 27.2 A schematic representation of the oxygen release profiles of oxygen carriers. Due to its 
high oxygen affinity, OMX efficiently releases oxygen only under hypoxic conditions. In compari-
son, early generation HBOCs release oxygen under physiologic oxygen concentrations
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Furthermore, heart rate, pulmonary blood flow (Fig. 27.4), and other hemody-
namic variables (not shown) were followed in juvenile lambs breathing 10 % O2 
after treatment with vehicle or OMX. The measured variables did not show a sub-
stantial difference between vehicle control and OMX-treated lambs throughout the 
experiment, indicating that OMX is not vasoactive.

Finally, a preclinical trial was performed to assess the safety and pharmacokinet-
ics of OMX in canines with spontaneous brain cancer. This canine patient  population 
exhibited comorbidities that are shared with human cancer and stroke patients such 
as frailty condition, advanced age, poor liver and kidney function, and seizures. 
Blood samples were taken pre-dose, as well as at multiple time points post- dose for 
hematology, clinical chemistry, and coagulation analyses. There were no significant 
changes in hematological, clinical chemistry, or coagulation parameters (only blood 
urea nitrogen [BUN] and hematocrit shown in Table 27.2), demonstrating OMX’ 
highly favorable safety profile.

During this trial, a canine presented to the veterinary hospital with a spontaneous 
IS. Under a compassionate use waiver and with the owner’s consent, this canine 

Fig. 27.3 OMX does not increase iron overload in mouse organs. OMX was administered intra-
venously at 500 mg/kg for 27 consecutive days. Mice were sacrificed and the brain, heart, kidney, 
liver, and spleen were harvested for histology 48 h after the last dose or following a 28-day recov-
ery period. Heme toxicity was assessed by Perl’s Prussian blue staining for iron overload. 
Histopathology analysis was performed on H&E-stained sections. H&E and Perl's Prussian blue 
stainings of the kidney and liver are shown
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Fig. 27.4 OMX is non-vasoactive. Four-week-old lambs respiring 10 % oxygen were adminis-
tered a bolus of OMX (200 mg/kg) followed by a slow infusion (70 mg/kg/h), and hemodynamic 
parameters were measured (blood pressure, blood flow, and heart rates are shown). Arrows denote 
time of Veh or OMX administration during hypoxia

stroke patient was administered OMX to assess its distribution within the brain ter-
ritory of vascular occlusion. The canine patient did not survive due to the malignant 
cerebral infarction leading to brain edema and herniation. Immunohistochemistry 
analysis revealed that, OMX had diffused deep into the stroke tissue via leaky col-
lateral circulation despite permanent vessel occlusion, and accumulated in the peri- 
infarct area within 6 h after administration, but was retained in the healthy vasculature 
in normal brain tissue (Fig. 27.5).

Overall, OMX is safe and well tolerated in rodents, juvenile lambs, healthy 
canines, and canine cancer patients when administered at various doses and with 
multiple dosing schedules as demonstrated by the lack of immune reaction, clinical 
symptoms, or dose-limiting toxicities (Table 27.3). In addition to its favorable 
safety profile, OMX improves radiation-induced anti-tumor activity in rodent can-
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cer models when used in combination with radiotherapy (manuscript in prepara-
tion) and is currently being studied in canine veterinary patients with brain tumors 
in conjunction with standard of care radiotherapy and as a modulator of the 
 immunosuppressive tumor microenvironment. Moreover, OMX reduces myocar-
dial ischemia and improves cardiac function in a neonatal sheep model of hypoxic 

Table 27.2 Hematocrit and BUN parameters pre- and post-OMX dosing in rats and dogs

Species
Dose 
(mg/kg)

Toxicological assessments 
(18–24 h)

Toxicological assessments 
(3–7 days)

Hematocrit Dog 75 Baseline: 41.4 ± 6.2 Baseline: 41.4 ± 6.2

OMX: 36.3 ± 6.8 OMX: 35.5 ± 6.1

Rat 50–500 Veh: 35.5 ± 3.9 Veh: 39.2 ± 1.7

OMX 50 mg/kg: 37.7 ± 3.7 OMX 50 mg/kg: 41.2 ± 1.4

OMX 500 mg/kg: 33.6 ± 
10.4

OMX 500 mg/kg: 42.2 ± 1.3

BUN Dog 75 Baseline: 23.1 ± 9.2 Baseline: 23.1 ± 9.2

OMX: 16 ± 9.5 OMX: 14.7 ± 6.4

Rat 50–500 Veh: 17 ± 2.7 Veh: 21.3 ± 0.6

OMX 50 mg/kg: 15.3 ± 5 OMX 50 mg/kg: 18.7 ± 2.2

OMX 500 mg/kg: 17.3 ± 3.8 OMX 500 mg/kg: 16.7 ± 4.2

A single dose of OMX was administered intravenously at 75 mg/kg in dogs and 50–500 mg/kg in 
rats. Blood was collected in the acute (18–24 h) and recovery (3–7 days) phases for hematology 
and clinical chemistry. Only hematocrit and BUN parameters are shown (values are ± SEM, n=3-5 
animals per group)

Fig. 27.5 OMX is localized in the brain parenchyma after stroke in a canine patient. A single dose 
of OMX at 75 mg/kg was administered 6 h after stroke onset; the dog was euthanized due to brain 
herniation 12 h post-occlusion. The brain was processed for immunohistochemistry, and sections 
were stained with anti-OMX and MAP2 (neuronal marker) antibodies. OMX is localized to the 
area of ischemic insult
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stress (not shown). Similarly, in rodent stroke models in which salvageable penum-
bra exists, OMX improves brain oxygenation, prolongs neuronal survival, attenu-
ates infarct growth, and ameliorates sensory–motor function (manuscript in 
preparation). In conclusion, OMX is a promising agent for acute IS patients to pre-
vent the progressive death of oxygen-deprived brain tissue before recanalization 
therapies can be administered.

5  Challenges and Opportunities in Combined Trials 
of Thrombolytic or Endovascular Therapies

5.1  Challenges in Adjunctive Therapy Trials

An important, and paradoxical, evolution of acute IS therapy is that mechanical 
thrombectomy is expected to become the standard of care, which will lead to 
improved outcomes in the control arm resulting in a need for larger sample sizes 
in clinical trials to prove treatment efficacy of additional agents. Therefore, testing 
future adjunctive therapies will require innovative clinical trial designs to demon-
strate a significant benefit for stroke patients by: (a) adopting appropriate multi-
modal neuroimaging methods to separate responders vs. non-responders  (e.g. 
presence of salvageable brain tissue), (b) developing quantitative assessment 
of functional outcomes to increase accuracy of the combinatory trial’s conclu-
sions, (c) selecting a subgroup of stroke patients with a biological substrate rele-
vant to the mechanism of action of the therapeutic agent while recanalization is 
taking place, and (d) using an adaptive clinical trial design that allows modifica-
tion of the key clinical trial characteristics during the trial implementation phase 
based upon new information acquired within the trial (e.g., number of treatment 
arms, dosing, randomization ratio, and inclusion/exclusion criteria) to decrease the 
risk of failure. 

Independent from in-hospital patient population selection, another approach to 
maximize the potential benefit and positive outcome of a stroke agent in an adjunc-
tive trial would be to administer the agent before hospital arrival, either in the field 
or in the ambulance by paramedics. However, due to the heterogeneity of stroke and 
the need to rapidly initiate treatment, it is difficult to properly randomize stroke 
patients according to the multiple factors that can affect the outcome of recanaliza-
tion therapies, such as time from onset, time to reperfusion, thrombus type, location 
and size, extent of collateral vessels, comorbid conditions, and age. As a result, 
baseline criteria would be unbalanced. Therefore, prehospital combinatorial studies 
will need to include useful endpoints such as the differences in the development of 
deficits from the field to the hospital, evidence of more brain tissue being preserved, 
and a slower progression of the infarct core on hospital arrival as demonstrated by 
multimodal imaging.

27 A New Paradigm in Protecting Ischemic Brain: Preserving the Neurovascular Unit…



658

5.2  Opportunities in Prehospital Treatment

Increasing the number of stroke patients qualifying for recanalization will require 
extensive education in addition to management of acute stroke treatment with fast 
transport and efficient teamwork at the hospital. For example, the mobile stroke 
treatment unit (MSTU) with built-in CT scanners and aided by telemedicine consul-
tation can allow sophisticated triage decisions before hospital arrival, decreased 
door-to-needle time, and ultimately increased probability of good functional out-
comes. However, populations outside of major metropolitan regions and developing 
countries lacking nearby comprehensive stroke centers are unlikely to benefit from 
the implementation of MSTUs. Therefore, early initiation of adjunctive cytoprotec-
tive therapies may extend the time window for safe recanalization by slowing down 
the conversion of the penumbra into an infarct such that the proportion of patients 
who arrive at the hospital with a favorable imaging profile would rise dramatically, 
thereby increasing the number of patients who could benefit from recanalization. 
Although the FAST-MAG placebo-controlled trial failed to show differences in dis-
ability outcome, it demonstrated for the first time the feasibility of prehospital trials, 
with a median onset-to-treatment time of 45 min (NCT0005933) [94]. Despite pre-
hospital approaches being resource intensive and logistically challenging, overcom-
ing FDA hurdles is possible when extremely good preclinical and clinical safety 
profiles are demonstrated prior to the trial. For example, hypothermia (PreCOOL 1 
NCT01669408) and cytoprotective drugs, such as glyceryl trinitrate (RIGHT 
ISRCTN 66434824) [95] and the postsynaptic density-95 protein inhibitor 
(FRONTIER NCT02315443), were and are currently being evaluated in prehospital 
trials, confirming the feasibility of ambulance treatment. With the need to maximize 
the benefit from recanalization treatment with a pharmacological agent that can 
prevent infarct growth, it is reasonable to assume that the number of stroke agents 
routinely tested in prehospital trials will dramatically increase in the future.

6  Conclusions

The deep chill of pessimism against developing cytoprotective agents that preserve 
the penumbra and extend the time window for recanalization treatment has begun 
to thaw. Acute IS therapy development is reawakening, and we are entering an 
exciting era of using a new paradigm to protect the ischemic brain. Preclinical 
stroke research is progressively losing the “neurocentric approach” and shifting 
toward a more integrated strategy targeting the interactions between neurons and 
glial and vascular components. In addition, given the complexity of the ischemic 
cascade pathways, support is quickly growing for cytoprotective agents with pleio-
tropic mechanisms of action rather than a single target. Finally, these agents will 
need to act safely in combination with the recanalization therapies that are becom-
ing the new standard of care.
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A strong candidate for such a cytoprotective agent is oxygen therapy. Availability 
of oxygen is a crucial parameter that determines the fate of brain tissue, and oxygen 
levels are affected by the duration and threshold of collateral blood flow. Therefore, 
restoring oxygen levels with oxygen carriers independent of blood flow threshold in 
the penumbra could prevent energy failure and cell death, which is crucial for the 
successful preservation of penumbra viability and brain function. Oxygen carrier 
approaches, such as OMX, are therefore a simple, attractive, and promising adjunc-
tive approach to maximize the therapeutic benefit of recanalization therapies to 
increase treatment efficacy for millions of patients.
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Chapter 28
The Right Rodent for the Job: Infarct 
Variability Between Strains and Its Impact 
on Logistics of Experimental Animal Studies

Sarah Rewell and David W. Howells

Abstract This chapter will discuss the variability in infarct size after ischaemic 
stroke in rat models of stroke, drawing example from our experience with the thread 
occlusion model. We will describe how the neuroprotective effect of a novel treat-
ment diminished over the course of our testing, with post hoc analysis revealing 
wide variability in infarct volume in the experiments where the treatment was not 
shown to be protective. Application of various inclusion criteria failed to reduce 
variability, only reducing the number of animals. We then compared infarct vari-
ability in the Sprague-Dawley strain to other strains of rat used in our laboratory. 
The spontaneously hypertensive rat proved to be the most consistent strain of rat, 
having the least variable infarct volume, and stroke being successfully induced in 
all animals. The ability to include more animals in experimental groups is advanta-
geous in terms of the absolute number of animals used, the time an experiment will 
take to complete and the cost of preclinical research.

Keywords Rat • Stroke • Variability • Exclusion criteria

1  Introduction

Occlusion of the Middle Cerebral Artery (MCA) is the most common form of isch-
aemic stroke in patients. Therefore, most animal models have been developed to 
mimic this type of stroke. A variety of techniques have been developed to induce 
ischaemia in the MCA territory; however, the most widely used model employed to 
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study stroke is the intraluminal thread occlusion model [1]. This model involves 
careful manipulation of the vasculature of the neck to access the carotid arteries, 
permitting a filament (often with a rounded or cylindrical shaped tip) to be passed via 
the internal carotid artery (ICA) to occlude the MCA at its origin. Despite almost 30 
years [2, 3], and numerous modifications [4–8], the thread occlusion model still has 
a wide degree of variability in the size of infarct produced, both between laboratories 
and within studies [9–14]. This has implications for the reliability and reproducibility 
of preclinical stroke research and the potential for translation to a clinical treatment.

Key factors that may influence infarct size and variability include the site and suc-
cess of MCA occlusion (directly related to the experimental model) [6, 11, 15–18], 
occlusion of arteries other than the MCA (e.g. common carotid artery (CCA), anterior 
choroidal artery [19–21]), the surgical experience of the investigators [22–24], factors 
related to the surgery (e.g. anaesthetic choice [25–29], control of body temperature 
[30]) and the time at which outcome is assessed [31]. Additionally, the choice of ani-
mal and strain plays a role in variability [7, 13]. Strains of rodent differ markedly in 
the pattern of their vascular anatomy both at the level of the circle of Willis and more 
distal MCA branching [32, 33]. This impacts on susceptibility to ischaemia and evo-
lution of ischaemic-related damage [34, 35]. Differences within strains may also be 
due to vascular variability and may be exacerbated when animals are sourced from 
different suppliers or when wide age or weight ranges are used [36–39].

Understanding and limiting the amount of variability in animal models is impor-
tant not only for the testing of potential therapeutics but also for expanding our 
understanding of ischaemic stroke and the damage that ensues. An animal model 
where the amount and location of damage are consistent (and ideally can be pre-
dicted by cerebral blood flow (CBF) changes and/or behavioural deficits) is impera-
tive if animal models are to be relied upon for preclinical testing. Additionally, as 
large infarcts that encompass the entire MCA territory are associated with high 
mortality, controlling the size of the infarct is important ethically and practically. 
Exploring consistency in infarct size will provide the cornerstone for the work pre-
sented in this chapter.

This manuscript examines the variability in infarct size within the Sprague- 
Dawley strain and the impact of applying inclusion and exclusion criteria aimed to 
limit variability. We then extended the analysis to examine whether other common 
strains of rat exhibit the same variability. From the conclusions drawn, we discuss the 
impact of infarct variability on sample size and subsequent costs of experiments.

2  Influence of Inclusion Criteria on Infarct Volume 
Variability in Sprague-Dawley Rats

The Sprague-Dawley strain of rat has been widely used in experimental models of 
stroke, particularly in the evaluation of potential neuroprotective agents [1, 40, 41]. 
However, within our laboratory, the reproducibility of stroke induction and consis-
tency in infarct size have been found to be highly variable in this strain, even in the 
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hands of multiple experienced stroke surgeons. Whilst improvements were seen 
when the occluding thread was changed from a poly-l-lysine-coated 3-0 nylon heat-
blunted thread to a silicone-coated 4-0 nylon thread, a wide degree of variability of 
infarct size and behaviour was still noted [7].

Animals presented in Sect. 2 are from two large neuroprotection dose-response 
experiments examining transient (2 h) and permanent (24 h) middle cerebral artery 
occlusion (MCAo). These were the final experiments in a series performed by our 
laboratory to examine the neuroprotective potential of this treatment. Early experi-
ments showed promising reductions in infarct volume at 24 h and 7 days post stroke, 
albeit with differing levels of protection. The experiments presented here share 
common experimental design, with MCAo induced by the thread occlusion method 
using silicone-coated threads and tissue collected for infarct analysis by 
2,3,5- triphenyltetrazolium chloride (TTC) staining at 24 h post MCAo. All were 
randomly allocated to the treatment group (or did not receive treatment depending 
on the inclusion criteria of the neuroprotection study), and an investigator blinded 
to treatment assessed infarct volume. Animals were included based upon CBF drop 
>60 to <85 % relative to baseline and additionally excluded if reperfusion was not 
noted on laser Doppler at withdrawal of the occluding thread (in the transient MCAo 
experiment) or if they failed to show signs of neurological deficit at 2 h post MCAo. 
Animals that failed to meet the inclusion criteria did not receive any treatment and 
were collected for analysis of infarct volume at 24 h.

In the first dose-response experiment, in which the treatment was infused via the 
right femoral vein over 4 h starting 6 h after induction of stroke (2 h transient (t)
MCAo), we found that the treatment did not affect infarct volume (Fig. 28.1a). In all 
experimental cohorts, including the saline-treated controls, there was considerable 
variation in infarct volume. A follow-up experiment designed to determine whether 
extending the bioavailability of the compound (through a bolus and maintenance 
dose) might reveal a protective effect after permanent (p)MCAo also found no effect 
and showed marked infarct volume variability across all cohorts, including controls 
(Fig. 28.1b). This data was highly variable despite the exclusion of 31 % (tMCAo) 
and 43 % (pMCAo) animals for failing to meet our CBF (CBF drop at MCAo >60 
to <85 % of baseline) or behavioural (>2.5 total neuroscore, with forelimb flex-
ion = 1) inclusion criteria.

Given that many studies use criteria based on CBF and/or behavioural deficit to 
include or exclude animals from a study [1, 6, 8, 42, 43], we assessed different com-
binations of these criteria in a post hoc analysis of our data set to examine whether 
their application provided a practical route to less variable experimental cohorts.

Considering all animals to undergo tMCAo, infarct volume in 122 rats ranged 
from 0 to 432 mm3, with a mean of 128.9 ± 111.1 mm3 and coefficient of variation 
of 87 % (Table 28.1). Application of the exclusion criteria based on a CBF and 
behavioural criteria had no impact on average infarct volume or variability in infarct 
size, with a mean of 129.4 ± 101.0 mm3 and coefficient of variation of 78 %, but 
reduced the number of animals included for analysis to 84. Of the 38 animals who 
did not meet the prespecified inclusion criteria, average infarct volume was not dif-
ferent to those that were treated and only slightly more variable (Table 28.1).
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A similar pattern was seen in the pMCAo experiment. When all animals were 
considered (n = 88), mean infarct volume was 194.1 ± 122.5 mm3, coefficient of 
variation 63 %. Inclusion of animals based on CBF drop and acute behavioural 
symptoms resulted in an average infarct volume of 202.1 ± 124.7 mm3, coefficient 
of variation of 62 %, including only 50 animals (Table 28.1). Within the saline con-
trol group for each experiment, the variability in infarct volume was just as wide, 
149.8 ± 129.3 mm3 (coefficient of variation 86 %) for transient MCAo and 
151.9 ± 120.0 mm3 (coefficient of variation 79 %) for permanent MCAo.

When all experimental data was considered regardless of exclusion criteria, 
stroke induction was very successful with infarction evident in 81 % and 86 % of 
tMCAo and pMCAo animals, respectively (Table 28.2). Of those animals to have an 
infarct, 52 % and 67 % (tMCAo and pMCAo, respectively) involved cortical dam-
age. The most common cause of death in the tMCAo experiment was subarachnoid 
haemorrhage (SAH) at thread insertion (n = 14, 61 % of deaths). After pMCAo, 
common causes of death were SAH and large hemispheric infarct causing massive 
oedema (for each: n = 4, 36 % of deaths). Depending on the degree of perforation of 

Fig. 28.1 Variability in the ability to induce stroke and the resulting infarct volume masked any 
protective effect of the treatment after transient (a) or permanent (b) MCAo. Mean ± standard 
deviation; each point represents an individual animal
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the vessel wall, death from SAH can occur quickly (within minutes) or over a more 
prolonged period. In some animals, death from SAH did not occur until after the 
thread was withdrawn at reperfusion. Other animals had a slower bleed into the base 
of the skull, displaying lethargic behaviour and not surviving overnight.

Given the variability in infarct volume across all animals, we sought to deter-
mine if there were any criteria that could be applied to the data set in order to limit 
variability, whilst still including a large number of animals in who stroke had been 
successfully induced. The first approach was to examine whether CBF drop at 
MCAo was a good predictor of infarct size after transient or permanent MCAo.

Within the transient MCAo experiment, 61 % of animals had a CBF drop within 
the range 60–80 % (Fig. 28.2a, b). Infarct volume varied widely, ranging from 
0-421 mm3. Correlation between infarct volume and CBF drop was low: Pearson’s 
correlation r = 0.46 (n = 122, P = 0.000, r2 = 0.212) (Fig. 28.2b). Animals with a CBF 
drop greater than 85 % clustered into two groups, those that died and those that had 
very large infarcts (Fig. 28.2b). It seems likely that those that died might also have 
had very large infarcts had they survived and had we been able to measure this. In 
both transient and permanent MCAo, CBF drop was less than 50 % of baseline in 
only 14 and 9 % of animals (Fig. 28.2a, c). Similarly, in the pMCAo experiment, 
50 % of animals had a CBF drop within the range 60–80 %. Again, infarct volume 
varied, ranging from 31 to 469 mm3. CBF drop did not correlate with infarct vol-
ume. Pearson’s correlation r = 0.037 (n = 85, P = 0.734, r2 = 0.001). Given the range 
of resulting infarct volumes, CBF drop assessed at the co-ordinates used does not 
alone appear to be a reliable reason for inclusion.

Behavioural deficit was also explored as a criterion for predicting infarct success 
(Fig. 28.3). Behavioural deficit (of any degree) was observed in 89 and 91 % of 
tMCAo and pMCAo animals at 2 h post MCAo, immediately prior to reperfusion for 
the tMCAo group. The most common score in both experiments was 3 (out of 5), 
with greater than 60 % of animals scoring 3 at 2 h post stroke (Fig. 28.3a, d). The 
range in infarct volume for those animals scoring 3 was 0–432 mm3 for tMCAo and 
28–469 mm3 for pMCAo (Fig. 28.3b, d). By 24 h, many animals’ behavioural deficit 
scores had improved, with 33 % of tMCAo and 14 % of pMCAo animals having no 
observable deficit (Fig. 28.3c, f). A smaller proportion of animals worsened over 
24 h, scoring higher on the basic behavioural scale. These animals tended to have 
larger infarcts. Thus, behavioural deficit early after the onset of MCAo also does not 
appear to be a good tool alone for basing inclusion criteria as a wide range of infarct 
volumes were seen even among animals with a strong behavioural deficit. A very 
weak correlation between infarct volume and behavioural deficit at 2 h was found for 
both transient (Spearman’s correlation r = 0.263 (n = 118, p = 0.004, r2 = 0.069)) and 

Table 28.2 Success of stroke 
induction after transient or 
permanent MCAo in the 
Sprague-Dawley rat

tMCAo pMCAo

Any infarct 81 % (n = 117) 86 % (n = 85)

Cortical infarct 52 % (n = 76) 67 % (n = 66)

No damage 3 % (n = 5) 1 % (n = 1)

Died 16 % (n = 23) 11 % (n = 11)

Subarachnoid haemorrhage 61 % (n = 14) 36 % (n = 4)
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permanent MCAo (Spearman’s correlation r = 0.282 (n = 86, p = 0.008, r2 = 0.008)) 
(Fig. 28.3b, e). Behavioural deficit assessed at 24 h post MCAo gave a stronger cor-
relation with infarct volume. For transient MCAo Spearman’s correlation r = 0.686 
(n = 118, p = 0.000, r2 = 0.47). For permanent MCAo, there was a weaker relation-
ship, Spearman’s correlation r = 0.485 (n = 85, p = 0.000, r2 = 0.24) (Fig. 28.3c, f).

3  Comparison of Variability in Infarct Volume 
Across Different Strains of Rat

Given the high degree of variability within the Sprague-Dawley (SD) strain, we 
then looked to see if the same were true for other common strains of rat. Section 3 
presents a retrospective analysis of infarct data across multiple strains of rat 

Fig. 28.2 Effect of CBF drop on infarct volume after 2 h transient (a, b) or permanent (c, d) 
MCAo. Animals that died are represented in red and given an arbitrary infarct volume of zero (as 
infarct could not be assessed). Animals that survived 24 h are represented in blue
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(Fig. 28.3, Table 28.3). SD rats were part of a large neuroprotection trial (unpub-
lished). WKY and SHR rats were parts of larger studies investigating the effect of 
either co- morbidities, ACE inhibitor treatment or combination therapy on stroke 
induction and outcome [41, 44, 45]. Only the control animals from each experiment 

Fig. 28.3 Relationship between infarct volume and behavioural deficit assessed at 2 and 24 h post 
transient (a–c) and permanent (d–f) MCAo. (a, d) The proportion of animals with each score at 
each time point (filled bars 2 h assessment, open bars 24 h assessment). (b, e) Correlation between 
infarct volume and behavioural deficit assessed at 2 h post MCAo. (c, f) Correlation between 
infarct volume and behavioural deficit assessed at 24 h
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are included in this analysis. These animals received intravenous saline [41] (unpub-
lished neuroprotection study), strawberry topping delivered orally [44] or 0.1 mol/L 
sodium citrate delivered via the tail vein [45]. Experimental groups differed in the 
strain of rat and histological stain used to delineate ischaemic damage. Threads of 
0.38 mm (experiments using the SD strain) or 0.35 mm diameter (experiments using 
the WKY and SHR strains) with a 5 mm silicone length were made and used within 
10 days of manufacture [7]. All cohorts had an endpoint of 24 h post MCAo.

Comparing infarct volume across different strains and experiments showed 
much greater variation in infarct volume within the SD strain compared to both 
WKY and SHR (Fig. 28.4). This is reflected by the larger coefficient of variation of 
71 % for infarct volume within the SD strain, compared to 38, 15 and 22 % for 

Table 28.3 Summary of animals used in comparison of infarct volume variability across different 
rat strains

Strain

Occlusion 
duration 
(minutes)

Age of animal at 
MCAo (weeks)

Histology 
for infarct 
analysis Source experiment n

Sprague-Dawley 
(SD)

120 12–15 TTC Unpublished 
neuroprotection studies

31

Wistar Kyoto 
(WKY)

120 56 H&E Porritt et al., Rewell 
et al. [44, 45]

16

Spontaneously 
Hypertensive 
Rat (SHR)

120 12–15 H&E O’Collins et al. [41] 13

120 56 H&E Porritt et al., Rewell 
et al. [44, 45]

24

Fig. 28.4 Comparison of infarct volume across different strains of rat after MCAo. All measure-
ments were made 24 h after MCAo. Bars represent average ± standard deviation. Circles represent 
individual animals
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Wistar Kyoto (WKY) and spontaneously hypertensive rat (young and aged) strains, 
respectively (Fig. 28.5, Table 28.4). Comparison of infarct volume across different 
strains of rat also revealed greater success in stroke induction in WKY and SHR 
strains compared to SD. All WKY and SHR rats to undergo MCAo surgery resulted 
in a measureable infarct at 24 h post stroke.

Comparison of infarct volume across different strains and experiments also high-
lighted the need to normalise data by converting infarct volume to a proportion of 
contralateral hemisphere. This is demonstrated in Figs. 28.4 and 28.5 and Table 28.4 
where reporting infarct volume alone does not reflect the true amount of damage. 
For example, in Fig. 28.5, panels a and c have infarcts that are qualitatively similar 
(involving the striatum and a small portion of the cortex) and have similar amounts 

Stain for infarct 
analysis

Infarct Volume 
(mm3)

Infarct as a proportion of 
contralateral hemisphere (%)

A        SD TTC 151mm3 17.4%

B        SD TTC 191mm3 23.5%

C        WKY H&E 76mm3 16.4%

D        SHR H&E 139mm3 33.5%

Fig. 28.5 Representative images demonstrating TTC (a, b) and H&E (c, d) staining after MCAo. 
Infarct volumes (table) do not reflect the true amount of damage, highlighting the need to express 
infarct as a proportion of contralateral hemisphere
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of damage when expressed as a proportion (17.4 and 16.4 %) yet vastly different 
infarct volumes (151 and 76 mm3). Such disparities are likely due to differences in 
fixation and staining of the brain tissue. Perfusion fixation causes an overall shrink-
age of the brain, which must be taken into account when comparing fresh unfixed 
tissue with fixed tissue.

Converting infarct volume to a proportion of contralateral hemisphere showed 
the relative differences in infarct size across different strains regardless of staining 
and fixation method (Fig. 28.6). One-way ANOVA found differences in infarct vol-
ume between different strains of rat (F(3, 177) = 16.974; p = 0.000). Bonferroni post 
hoc comparison found both young and aged SHR rats to have significantly larger 
infarcts than the SD and WKY strains (p < 0.05). Variability in infarct volume was 
largest in the Sprague-Dawley strain (21.6 ± 14.9 % of contralateral hemisphere). 

Table 28.4 Comparison of infarct volume and infarct expressed as a proportion of contralateral 
hemisphere across different strains of rat after 2 h tMCAo

Strain

Age at 
MCAo 
(weeks)

Histology 
for infarct 
analysis n

Infarct volume 
(mm3)

Infarct as a 
proportion of 
contralateral 
hemisphere

Proportion of 
animals with 
cortical 
involvement (%)

Sprague-
Dawley (SD)

12–15 TTC 31 165.1 ± 116.8 (71 %) 21.6 ± 14.9 (69 %) 71

Wistar Kyoto 
(WKY)

56 H&E 16 98.7 ± 37.2 (37 %) 24.1 ± 10.3 (43 %) 88

Spontaneously 
hypertensive 
rat—young

15 H&E 13 175.1 ± 26.6 (15 %) 45.8 ± 7.4 (16 %) 100

Spontaneously 
Hypertensive 
Rat—Aged

56 H&E 24 151.3 ± 33.7 (22 %) 37.8 ± 8.5 (22 %) 100

Average ± standard deviation (coefficient of variation)

Fig. 28.6 Comparison of different strains of rat after tMCAo where infarct volume is expressed as 
a proportion of contralateral hemisphere to overcome differences in tissue preparation. Bars repre-
sent average ± standard deviation. Circles represent individual animals. *p < 0.05
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Infarcts were of a similar size yet of smaller variability in the WKY (24.1 ± 10.3 % 
of contralateral hemisphere). Damage was largest and most consistent in the SHR 
strain of both young and aged groups (45.8 ± 7.4 % and 37.8 ± 8.6 % of contralateral 
hemisphere, young and aged, respectively). The same pattern was reflected in the 
proportion of animals with cortical infarction. All SHR animals showed damage to 
the cortex, whilst 88 % and 71 % of WKY and SD rats had cortical involvement 
(Fig. 28.5, Table 28.4).

Variability in the success of stroke induction and the resulting infarct volume 
ultimately impact on the statistical power of an experiment and the number of ani-
mals required. Sample size calculations for a range of effect sizes (with 80 % power, 
α 0.05) demonstrate the large number of animals required in each experimental 
group when the SD is the chosen rat strain (Tables 28.5 and 28.6). When the WKY 
is selected, sample sizes are more modest however still relatively large (25–32 ani-
mals per cohort required to show an effect of 30 %). The SHR provided manageable 
group sizes across the range of effect sizes calculated. To detect an effect size of 
30 %, 5–9 animals are required per cohort based on infarct volume from young and 
aged animals.

Table 28.5 Sample size calculations for a range of effect sizes across different strains of rat based 
on infarct expressed as a proportion of contralateral hemisphere

Strain

Occlusion 
duration 
(minutes) μ1 σ

50 % 
Effect

40 % 
Effect

30 % 
Effect

20 % 
Effect

10 % 
Effect

Sprague-Dawley 120 21.6 14.9 30 47 83 187 747

Wistar Kyoto 120 24.1 10.3 12 18 32 72 287

Spontaneously 
hypertensive rat—young

120 45.8 7.4 2 3 5 9 41

Spontaneously 
hypertensive rat—aged

120 37.8 8.5 4 5 9 20 80

Calculations are based on infarct expressed as a proportion of contralateral hemisphere
Two-sided test; power = 0.8; α = 0.05

Table 28.6 Sample size calculations for a range of effect sizes across different strains of rat based 
on infarct volume

Strain

Occlusion 
duration 
(minutes) μ1 σ

50 % 
Effect

40 % 
Effect

30 % 
Effect

20 % 
Effect

10 % 
Effect

Sprague-Dawley 120 165.1 116.8 32 50 88 197 786

Wistar Kyoto 120 98.7 37.2 8 14 25 56 223

Spontaneously 
hypertensive rat—young

120 175.1 26.6 2 2 5 10 37

Spontaneously 
hypertensive rat—aged

120 151.3 33.7 4 5 9 20 78

Calculations are based on infarct volume
Two-sided test; power = 0.8; α = 0.05
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4  Discussion

Acute markers of successful stroke induction are required for studies in which a 
treatment is administered early after the onset of ischaemia. It is necessary to distin-
guish between animals in whom stroke has been successfully induced and those in 
which the procedure does not result in an infarct before any treatment is initiated. In 
this analysis, despite animals showing signs of stroke, with decrement in CBF at 
MCAo and behavioural deficit at 2 h, selection of animals based on these criteria 
was not able to distinguish between animals with successful and unsuccessful 
MCAo induction, a wide variability in infarct volume persisting. This is in agree-
ment with a recent analysis by Morris et al., who demonstrated that CBF drop at 
MCAo did not correlate with infarct volume and that there was no clear rationale for 
excluding animals with a CBF drop <70 % [20].

For the transient MCAo animals, it could be argued that the 2 h occlusion time 
applied is close to the threshold for commitment to infarction and thus some ani-
mals with appropriate behavioural and laser Doppler signals develop infarcts, whilst 
others do not. However, the absence of emergence of a strong correlation after per-
manent MCAo does not support this hypothesis.

A number of methodological and biological factors could account for this. The 
position of the laser Doppler probe on the skull could influence the degree of CBF 
decrement observed. Assessing CBF at different (or multiple) sites, or using alternative 
measurement probes, may improve the predictive value of laser Doppler flowmetry [6, 
46–48]. The effectiveness of collateral arteries may also influence the interpretation of 
laser Doppler recordings, particularly if the probe is placed within the ACA-MCA 
watershed area. Despite a low correlation between CBF drop and infarct volume, laser 
Doppler flowmetry is still a useful tool for identifying inadvertent subarachnoid haem-
orrhage at thread insertion, excluding these animals from treatment [6, 20, 24].

The behavioural assessment used is also likely to play a role in identifying ani-
mals in which stroke has been successfully induced. Early behavioural assessments 
may be influenced and heightened by the effects of anaesthesia. In this study, many 
animals showed strong behavioural deficit at 2 h despite having no or very small 
infarcts when assessed at 24 h. The individual components of the test may also be 
contributing differently to the behavioural score reported.

An animal model of stroke that gives consistent induction of infarction with lim-
ited variation is a desirable characteristic when testing potential neuroprotectants. 
Our experience with the Sprague-Dawley strain of rat indicates that the size of 
infarct produced after both transient and permanent thread occlusions of the MCA 
is extremely broad, ranging from very tiny (or no) infarcts to those that encompass 
the entire MCA-supplied territory. Efforts to limit variability in infarct size by 
applying criteria of CBF drop at MCAo or degree of behavioural deficit did not 
affect the range of infarct sizes seen after either transient or permanent occlusion.

Detecting differences in infarct volume between strains of rat is not new [23, 35, 
49–53]. However, an appreciation of the differences between strains is important as 
strains have been reported to respond differently to the effects of potential neuropro-
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tectants [54]. This may be due to differences in the evolution of ischaemic damage 
between strains. For example, in the SD, lesions appear to evolve more rapidly, 
developing into larger infarcts than in WKY rats [35]. Additionally, the timing of 
assessment of infarct may play a role in the degree of variability. Aspey reported 
that when infarct was assessed at 72 h, the volume of damage was larger and slightly 
less variable than when measured at 24 h, most likely because of the effects of 
oedema [50]. Whatever the cause of these differences, they imply that researchers 
must carefully balance the costs of larger numbers that might be needed at 24 h 
against the cost of extended animal care and housing.

SD rats had the widest range of infarcts of the three strains examined. They also 
had the smallest average proportion of damage and more animals with little or no 
evidence of infarct. Infarct success was greater in the WKY strain, with all animals 
showing evidence of infarct and 88 % including cortical damage (Table 28.4). The 
SHR strain was found to have the most consistent and reproducible infarcts. Cortical 
damage was always noted, and as reported previously, there was no stroke-related 
mortality at 24 h [45]. These properties suggest this strain might provide an ideal 
tool for early screening for in vivo drug activity.

Others have found similar patterns in infarct size. Whilst infarcts may appear 
qualitatively similar across strains, encompassing the striatum and cortex, Sauter 
et al. showed that when the volume of damage was measured, quantitative differ-
ences between strains emerged [54]. Differing portions of the cortex become 
infarcted, with WKY rats having the smallest volume of cortical damage (30 μL) 
and SHR having the largest portion of cortical involvement (127 μL). This resulted 
in a threefold difference in total infarct volume between the smallest (WKY) and 
largest (SHR) infarct volumes [54]. In addition, the distribution of damage through 
the length of the brain differs between strains [53]. Aspey et al. reported SD rats to 
have the smallest and most variable infarct at 24 h compared to Wistar or Fisher rats 
[50]. However, Duverger, Barone and Bardutzky all reported SD rats to have larger 
infarcts than WKY rats [13, 35, 53]. The SHR has been reported to have the largest 
and most consistent infarct volume of all strains of rat [11, 13, 23, 53]. Such differ-
ences may be due to variations in the pattern of MCA branching and degree of 
anastomoses with adjacent arterial territories [32, 36, 55–57]. However, these 
parameters were not measured in our study.

The results from this analysis, together with that of others, suggest the SD strain 
to be an unreliable strain in which to induce ischaemic stroke using the thread occlu-
sion model as the infarct size and location are highly variable, even in the hands of 
multiple experienced surgeons [23]. In practical terms, this suggests that the “noise” 
generated by data from SDs is too great to effectively power any but the most expen-
sive experiments. The variability in infarct size seen in our study was much tighter 
than those of Aspey for 2 h tMCAo in both SD and WKY rat strains, yet still large 
enough to make the sample size unreasonably large even for detecting large effect 
sizes [50]. Our results support Aspey’s contention that WKY rats are the best choice 
of normotensive strain for stroke studies as infarction is more reliably induced and 
is reasonably consistent in size.
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Whilst the WKY and SHR strains had similar variability, the SHR was favoured 
as the strain most useful for future studies as all animals showed damage to the 
cortex, the location of the ischaemic penumbra and most common target for novel 
therapies. Additionally, the hypertension that develops in the SHR makes it relevant 
to the stroke population. The larger and more consistent infarct of the SHR may in 
part be due to the smaller diameter of anastomoses between the MCA, posterior 
cerebral artery (PCA) and anterior cerebral artery (ACA) in hypertensive rats com-
pared to WKY. This may affect the collateral circulation and influence the size of 
the infarct resulting from MCAo [58–62]. However, it might also limit the size of 
the ischaemic penumbra and reduce the chance of detecting a drug effect [63, 64]. 
Similar effects in humans with long-standing hypertension will have important 
implications for therapeutic success in different portions of the stroke population.

Sample size calculations for a range of effect sizes highlighted the impact vari-
ability of infarct size can have on the quality of a study. Based on these sample size 
estimates alone, the SD rat is not an appropriate choice of rat strain for thread occlu-
sion models of MCAo (Tables 28.5 and 28.6). The time and expense required to 
induce MCAo in this large number of animals is not appropriate ethically, finan-
cially or practically. The WKY offers a more manageable sample size whilst still 
maintaining a normotensive background. Based on our analysis, the SHR presents 
the most attractive choice of strain. The small animal number is required, aided by 
the fact that all animals have an infarct (including cortical involvement), with lim-
ited variability; and the addition of hypertension as a co-morbidity makes the SHR 
an appropriate strain in which to experimentally model stroke. Moreover, since the 
SHR brain is protected by early reperfusion, these animals do have tissue that can 
be targeted for therapy [41, 65, 66].

Variability in outcome and its effect on sample size are important considerations 
when planning and assessing experiments. Sample size calculations based on vari-
ability in our model suggest that the average cohort size used in experimental stroke 
studies of fewer than 10 animals is too small to detect even large effect sizes [67, 
68]. Taking the efficacy of tPA (16 %, correcting for publication bias, randomisation 
and blinding) [67, 69] as a guide for the potential protective effect of a new therapy, 
cohort sizes of at least 30 animals would be required for even the most consistent 
strain used here (young SHR). Such group sizes are much larger than that used tra-
ditionally and make individual experiments more costly, both in time to complete 
and financially [70] However, if larger, well-conducted studies using a model that is 
consistent and well understood lead to translation of therapies to the clinic, fewer 
animals will be used overall and not used in vain [67, 70].

5  Methods

All procedures involving animals were approved by the Animal Ethics Committee 
of Austin Health (Heidelberg, Victoria, Australia) and performed in accordance 
with institutional and national guidelines (Australian code of practice for the care 
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and use of animals for scientific purposes, 7th edition, 2004). The experiments 
reported here are in accordance with the Animal Research: Reporting In Vivo 
Experiments (ARRIVE) guidelines [71]. All animals were sourced from the Animal 
Resource Centre (Canning Vale, Western Australia). All experiments involved male 
rats. The age of rat at MCAo differed between strains: Sprague-Dawley 12 weeks, 
Wistar Kyoto 56 weeks and spontaneously hypertensive rat 15 weeks and 56 weeks.

Anaesthesia was induced by inhalation of 5 % isoflurane (mixed with 50:50 air 
and oxygen) in an enclosed box and then maintained using a nose cone where 2 % 
isoflurane (mixed with air and oxygen) was delivered to the spontaneously breath-
ing animal for the duration of surgery. Throughout surgery, body temperature was 
monitored and controlled to 37.4 °C using a rectal probe coupled to a heat mat 
(manufactured in house). Postoperative analgesia was provided in the form of a 
single rectal suppository of paracetamol (5 mg of a 20 mg/kg solution) and provi-
sion of paracetamol (120 mg/kg body weight) in the drinking water after surgery.

We used the thread occlusion model of MCAo to induce ischaemia using the 
methods of Longa with modifications by Spratt [3, 7]. The right MCA was occluded 
for 120 min before withdrawal of the thread to allow reperfusion (or left in place for 
permanent occlusion). Briefly, a silicone-coated suture with 5 mm coating length 
(0.35 mm diameter for WKY and SHR experiments, 0.38 mm diameter for Sprague- 
Dawley experiments) was inserted approximately 18 mm through a stump created 
from the external carotid artery to occlude the MCA until mild resistance was felt. 
This coincided with a drop in blood flow in the area 5 mm lateral and 1 mm poste-
rior to bregma, measured by laser Doppler.

Neurobehavioural deficit was assessed using the methods described by Petullo 
et al. to score forelimb flexion, torso twisting, lateral push resistance and general 

Table 28.7 Scoring criteria for behavioural assessment, based on Petullo et al.

Test Score Description

Forelimb 
flexion

0 No flexion. Forelimbs extend equally outstretched towards the bench

0.5 Mild. Left forelimb at approximately 45° angle consistently; or angle is 
closer to 90° but is not consistent

1 Moderate to severe. Left forelimb is at 90° or greater. Forelimb flexion is 
consistent

Torso 
twisting

0 No signs of body rotation. Body elongated and extended towards the bench

0.5 Mild. Half twist of the body

1 Moderate to severe. Consistently strong twisting to contralateral side. Head 
and forelimbs brought towards hind limbs

Lateral 
push

0 Equal resistance. Animal resists being pushed

0.5 Weakened resistance. Animal shows weakened resistance whilst trying to correct

1 No resistance. Animal has severely weakened resistance. Tends to “roll” 
with left legs collapsing after being pushed to the left

Mobility 0 Normal mobility. Animal is able to freely walk, move around cage and rear 
on hindlimbs

0.5 Spontaneous movement reduced

1 Needs stimulus to move

2 Unable to walk
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mobility (Table 28.7) [72]. Assessments were made at 2 h (immediately prior to anaes-
thesia for reperfusion in animals undergoing transient MCAo) and at 24 h post MCAo.

Tissue was collected for assessment of infarct volume at 24 h post MCAo. Two 
methods were used to delineate infarction. Sprague-Dawley rats were killed by 
decapitation after isoflurane overdose. The brain was cut into 2 mm coronal sections 
and rapidly stained with a 1 % solution of 2,3,5-triphenyltetrazolium chloride (TTC) 
(Sigma–Aldrich, USA) in normal saline. After 10 min staining per side, sections 
were fixed in 10 % formalin. WKY and SHR groups were transcardially perfused 
with 0.9 % saline, followed by 4 % paraformaldehyde. The brain was collected, 
postfixed in the same fixative and snap frozen, before 40 μm coronal sections were 
collected for haematoxylin and eosin staining. Digital photographs were taken 
under fixed lighting conditions and infarct area quantified by researchers blinded to 
treatment allocation using Image J (NIH).

Infarct volumes were derived by calculating the average infarct area between 
slices and multiplying by the distance between slices. The impact of oedema was 
accounted for by adjusting the infarct area by the degree of swelling of the ipsilat-
eral hemisphere relative to the contralateral hemisphere. Corrected infarct volume 
was then expressed as a proportion of the contralateral hemisphere volume.

All data are presented as mean ± standard deviation. Statistical analyses were 
conducted using IBM SPSS Statistics v 20. Correlation of normally distributed data 
was made by Pearson’s test and Spearman’s test for non-normally distributed data. 
Sample size calculations were performed using a web-based calculator (http://www.
stat.ubc.ca/~rollin/stats/ssize/nt.html). A power of 0.8 and α of 0.05 was used.
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Chapter 29
Rabbit Spinal Cord Ischemia Model 
for the Development of Neuroprotective 
Treatments

Daisy Chou, Anja Muehle, Paul A. Lapchak, and Ali Khoynezhad

Abstract Ischemic spinal cord injury (SCI) is one of the most morbid complications 
of aortic operations and traumatic injury. Numerous animal models have been cre-
ated to try to understand the pathogenesis of spinal cord injury and to find treatment 
options. In this chapter, different animal spinal cord injury models are discussed. An 
overview of potential spinal cord injury therapeutic agents that are studied in the 
literature is presented as well. Finally, a new minimally invasive rabbit spinal cord 
ischemia model that uses a transfemoral intra-aortic balloon occlusion and neuro-
monitoring with motor-evoked potentials (MEPs) is presented. This rabbit model has 
the potential to aid in novel therapeutic drug development for early ischemic SCI.

Keywords Ischemic spinal cord injury • Intra-aortic balloon occlusion • 
Neuromonitoring

1  Introduction

Spinal cord injury is one of the most catastrophic complications after aortic opera-
tion. Aortic surgery is needed to treat a variety of aortic pathologies, from aneu-
rysms and dissections to traumatic ruptures. Aortic pathologies are the sixth leading 
cause of death in elderly men in the Western countries. Over 43,000 patients annu-
ally die from pathologies of the aorta and its branches. Risk of SCI after aortic 
procedures is reported up to 14 % in the literature [1–5]. Once an ischemic SCI has 
occurred, the possibility of a recovery remains low [6, 7]. In addition to the 
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tremendous social constraints for paraplegic patients, the medical treatment costs 
can add up to US$ 3 million during one patient’s lifetime [8].

SCI can be classified as early or delayed based on onset of symptoms and has 
different pathogenesis of neuronal damage. Early SCI occurs after blood supply to 
the spinal cord is interrupted. This lack of nutrition leads to accumulation of toxins 
and production of free radicals, which causes damage and death of neuronal cells. 
These toxins and free radicals can cause ongoing cell damage, even after restoration 
of bloody supply. Delayed SCI occurs secondary to increased production of spinal 
fluid, which increases pressure in the spinal fluid channel and leads to spinal cord 
compression and malperfusion, a second “hit” to the neuronal tissue. This causes a 
delayed paraplegia in patients: the so-called delayed SCI [5].

To prevent or reduce this disabling complication there are several clinically proven 
adjuncts that can be applied to the patient perioperatively: (1) increasing spinal cord 
perfusion with anesthetics (fentanyl, ketamine, propofol), methylprednisolone, or 
papaverine, (2) lowering cerebrospinal fluid pressure with a spinal fluid catheter, (3) 
reducing body core temperature, (4) establishment of distal aortic perfusion, and (5) 
segmental artery reimplantation [9–17]. Even with these adjuncts, the risk of SCI 
remains unacceptably high and research for better solutions and drugs is needed.

2  Potential Therapeutic Agents

Spinal cord injury occurs through a variety of mechanisms including hypoxia and 
ischemia, excitotoxicity, inflammation, and apoptosis. Extensive research into not 
only understanding but also finding ways to interfere with each pathway has been 
conducted. One area of interest that has been studied is the restoration of oxygen 
and nutrients to ischemic and hypoxemic spinal cord neurons. Oxycyte, which is a 
new-generation perfluorocarbon, increases oxygen availability. It is administered 
intravenously and should be given as soon as possible following an acute injury. It 
has been shown to be neuroprotective in rat and swine models [18–20]. Hopefully, 
it will prove to be effective in clinical trials as well.

Another potential spinal cord injury mechanism that can be targeted is the excit-
atory neurotransmitters that lead to toxicity and death of neurons. Levels of the 
excitatory neurotransmitter glutamate can rise to toxic levels following spinal cord 
injury. Glutamate binds to one of three receptors, kainate, N-methyl d-aspartate 
(NMDA), and alpha-amino-3-hydroxy-5-methylisoxazoleproprionate (AMPA), 
which mediate the influx of calcium into the cell and thus control downstream sig-
naling cascades. Antagonists of kainate, NMDA, and AMPA have the potential to 
mitigate the neuron damage and death. Riluzole, which is currently approved for 
treatment of amyotrophic lateral sclerosis, is a sodium channel blocker and gluta-
mate receptor modulator that has been shown to modulate excitotoxicity [21–23]. 
Grossman and colleagues have shown that riluzole improves the motor score of 
acute cervical spinal cord injury patients and that its complication rate is similar to 
that of matched patients [24]. Future trials are still needed before riluzole is approved 
for treatment of acute spinal cord injury.
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The downstream effectors of excitotoxicity are potential treatment targets as well. 
Calpain is a calcium-activated cysteine protease that has been shown to play a role 
in the synthesis of proteins that leads to apoptosis of injured spinal cord neurons [25, 
26]. A number of different calpain inhibitors have been studied over the years, but 
problems with drug safety and solubility have prevented their use in the clinical set-
ting. One calpain activation modulator with potential use in SCI treatment is mela-
tonin. Samantaray and colleagues have shown that melatonin, a naturally occurring 
hormone with a variety of effects including antioxidant, anti-nitrosative, and immu-
nomodulation, has the potential to be used in the treatment of acute SCI [27].

The inflammatory response that follows the initial injury phase in acute spinal 
cord injury is also a therapeutic target. The first pharmaceutical agent investigated 
for use in spinal cord injury was methylprednisolone, a synthetic glucocorticoid 
steroid [28]. The anti-inflammatory and immunosuppressant qualities of glucocor-
ticoid steroids were thought to improve the functional recovery of SCI in dogs [29]. 
Subsequent trials have not proven the efficacy of methylprednisolone in treating 
SCI, but widespread off-label use of the drug in acute SCI still occurs. Currently, the 
synthetic agonists of the ligand-activated transcription factor peroxisome 
proliferator- activated receptor-gamma (PPARγ), thiazolidinediones (TZDs), have 
been tested as potential neuroprotective agents. In the rat SCI model, Park and col-
leagues administered the TZD pioglitazone within 2 h of spinal cord injury and 
found significantly lower expression of inflammatory genes and also improved 
motor function recovery [30]. These results suggest that pharmacologic agents tar-
geting inflammation may become useful in spinal cord injury treatment in the future.

Multiple agents that target apoptosis have also been investigated. Apoptosis can be 
triggered by external or internal stimuli and is controlled by cell signaling. One poten-
tial therapeutic agent is flavopiridol, a cell cycle inhibitor. Byrnes and colleagues 
have shown that flavopiridol decreases apoptosis of neurons and oligodendrocytes in 
rats [31]. Minocycline, an antibiotic, is another agent with anti-apoptotic properties 
that has been studied in animal models as well as in humans. It has been demonstrated 
to be safe and improves motor function in acute SCI patients when tested in a phase 
II clinical trial [32]. Numerous studies involving estrogen, a steroid hormone with 
anti-apoptotic, anti-inflammatory, and antioxidant properties, have also been con-
ducted. Estrogen treatment has been associated with decreased apoptosis and loco-
motor function recovery in the rats [33–36]. Lee and colleagues also showed that 
estrogen prevents RhoA-JNK3 pathway-mediated oligodendrocyte cell death in rats 
[37]. Additional studies are needed to determine the ideal estrogen dose that provides 
neuroprotection but avoids its prothrombotic and carcinogenic properties.

Modulation of axon and myelin regeneration is another potential therapeutic tar-
get in the treatment of spinal cord injury. Studies have shown that molecules includ-
ing NoGo, myelin-associated glycoprotein (MAG), and oligodendrocyte myelin 
glycoprotein (OMgP) inhibit axon regeneration after injury [38]. Thus, inhibiting 
these molecules may promote axon regeneration and recovery. Currently, ATI-355 
(humanized anti-Nogo antibody) and Cethrin (recombinant protein RHO GTPase 
antagonist) are being studied. Progesterone, another naturally occurring steroid hor-
mone, has potential to be a promyelinating agent. Studies in the rat SCI model using 
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progesterone have shown that it spares white matter tissue, improves motor func-
tion, restores myelin levels, and increases the number of oligodendrocyte progenitor 
cells [39, 40]. Monosialotetrahexosylganglioside sodium (GM-1), or Sygen (trade 
name), has also been studied in the spinal cord injury model. Sygen is a neuropro-
tective ganglioside that appears to promote neuron growth, repair, and regeneration 
through unknown mechanisms [41]. However, GM-1 has not been shown to pro-
duce statistically significant improvement in spinal cord injury in clinical trials, so 
it currently is not recommended for treatment for spinal cord injury [42].

3  Animal Models of Spinal Cord Injury

Multiple animal models for spinal cord injury have been described in the literature. In 
the past, spinal cord injuries were induced by trauma such as dropping weights onto 
an animal’s spinal cord. However, most spinal cord injury models now involve induc-
ing spinal cord ischemia through a more controlled manner. In smaller animals, such 
as rats and mice, cross-clamping the aorta is used to induce spinal cord ischemia. 
Exposure and cross-clamping of the aortic arch through a cervicosternal incision or 
the descending aorta through a lateral thoracotomy can be used in rats and mice [43, 
44]. To induce ischemia, cross-clamp times of 8 and 7.5 min have been reported for 
rats and mice [43, 44]. This leads to reproducible lower extremity paralysis.

Spinal cord ischemia models in larger animals, such as sheep, pigs, and dogs, exist 
as well. Larger animals are more expensive, but can be easier to perform operations 
on. With the introduction and now increasing use of endovascular techniques in vas-
cular disease in humans, this technology is now used in spinal cord ischemia research 
as well. Spinal cord ischemia models utilizing endovascular techniques such as endo-
graft implantation have been described in the sheep, pig, and rabbit models [45]. 
Ischemia can be achieved with deployment of aortic endografts that cover the thoracic 
aorta and thus intercostal and lumbar artery origins or intra-aortic balloon occlusion.

Ischemic SCI has been studied in rabbits due to the unique segmental arterial 
blood supply from the infrarenal aorta to the spinal cord [46]. Zivin and colleagues 
first described a highly reproducible model that induced infarction of the lower 
lumbar and sacral regions of the rabbit spinal cord in 1980 [47]. Most rabbit isch-
emic SCI studies in the literature induce ischemia by performing laparotomy and 
cross-clamping the aorta. Although effective in causing easily recognizable and 
reproducible neurological defects, this method is extremely invasive and is associ-
ated with complications such as longer operative time (and thus increased anesthetic 
requirement), increased postoperative pain, and respiratory complications [48, 49].

4  Minimally Invasive Rabbit Spinal Cord Ischemia Model

The use of intra-aortic balloon to cause infrarenal aortic occlusion is a less inva-
sive alternative to laparotomy and cross-clamping of the aorta. There are studies 
that describe use of intra-aortic balloon occlusion, but most do not incorporate a 
neuromonitoring component. Previously, our group described establishment of 
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 neuromonitoring with motor-evoked potentials (MEPs) in a leporine SCI model 
using intra-aortic balloon occlusion [50]. This methodology paper provided infor-
mation on appropriate stimulatory voltage and placement of electrodes and also 
recommended the avoidance of inhaled anesthetics, propofol, and prolonged 
 hypotension in order to maintain MEPs [50].

Building upon our previous work, multiple adjustments were made to create a reli-
able and reproducible rabbit ischemic SCI model. Memantine, a noncompetitive 
N-methyl-d-aspartate receptor antagonist currently used in the treatment of 
Alzheimer’s disease, was used to validate the model. Studies have shown that meman-
tine, given intravenously or orally, significantly reduces neurologic injury secondary 
to ischemic spinal cord injury after aortic occlusion [51, 52]. Our objective was to 
establish a minimally invasive rabbit ischemic SCI model utilizing both transfemoral 
intra-aortic balloon for aortic occlusion and neuromonitoring with MEPs that can be 
used to study clinical adjuncts to prevent ischemic SCI and subsequent paraplegia.

4.1  Methods

The procedure was performed in female New Zealand white rabbits (3–3.5 kg), 
obtained from a commercial supplier in California (Fig. 29.1). All treatment drugs 
were administered intravenously via 24 F lateral ear vein catheter 45 min prior to 
aortic occlusion and fractionally over 5 min.

Fig. 29.1 Operative setup demonstrating location of electrodes, intravenous catheter, intra-aortic 
balloon, and blood pressure cuff
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Two treatment groups were used, a memantine control group and a memantine- 
treated group. The memantine control group (group A) received saline (1 mL/kg, 
normal sterile injectable saline [Hospira Inc.]). The memantine-treated group (group 
B) received memantine (20 mg/kg [Sigma-Aldrich], reconstituted in sterile saline 
[Hospira Inc.]).

Surgical Procedures: Anesthesia was induced using intramuscular injection of 30 mg/
kg ketamine and 25 mg/kg xylazine and then maintained by continuous intravenous 
infusion of 10 mg/mL ketamine and 2 mg/mL xylazine diluted in sterile saline at a 
rate of 7 mL/h. After induction, the animal was then intubated using a 3.0 mm endo-
tracheal tube and maintained on continuous oxygen to keep oxygen saturation above 
95 %. Pulse oximeter monitor was attached to the front foot for continuous monitor-
ing of oxygen saturation and pulse, and a pediatric blood pressure cuff was placed on 
the left hind limb for measurement of blood pressure. Blood pressure was monitored 
every 5 min and kept above 95 mmHg with saline boluses (4 cm3/kg) as required. 
Heparin 100 IU/kg was infused intravenously prior to incision.

For measurement of motor-evoked potentials (MEPs), an intraoperative neuro-
monitoring machine (16 channels; Cascade, Cadwell, Kennewick, WA, USA) and 
commercially available electrodes (Rochester Electro-Medical, Lutz, FL, USA) were 
used. Transcranial stimulation electrodes were placed onto the scalp in the midline 
above the eyes and sensor electrodes in each muscle group: bilateral biceps muscles 
as well as bilateral quadriceps muscles. The transcranial stimuli were triggered prior 
to incision to confirm accurate placement of electrodes and 1 min after aortic occlu-
sion to detect disappearance of lower extremity motor potentials and thus confirm 
proper inflation of intra-aortic balloon. Voltage used ranged from 60 to 140 V, and 
starting voltage of 100 V was used.

Once the right groin was prepped and draped, groin cutdown was performed for 
femoral artery access. After proximal and distal control of the right femoral artery was 
gained, the arteriotomy was then made. A 3 F Fogarty balloon was then advanced 
18 cm (established on necropsy) through the femoral arteriotomy site into the infrarenal 
aorta and inflated with 1 mL air. Undetectable left hind leg blood pressure and disap-
pearance of lower extremity motor potentials were used to confirm aortic occlusion.

After the set ischemia time had been reached, the balloon was deflated and then 
removed. The arteriotomy site was then closed using 7-0 prolene suture. The inci-
sion was closed with running subcuticular 4-0 monocryl stitch. The animals were 
monitored closely during recovery. Intramuscular valium (5 mg) was administered 
if the animals displayed signs of distress.

Behavioral Function: A trained observer with no previous knowledge of the experi-
mental protocol assessed the neurologic status using the TARLOV score (Table 29.1). 
Ratings were performed at 4, 24, and 48 h after the procedure. Animals were con-
sidered paraplegic with a TARLOV score 0 or 1 at 24 h. Paraplegic animals were 
euthanized on postoperative day one per IACUC recommendation. All other ani-
mals were euthanized after the 48 h rating.

All animals were euthanized with a lethal injection of pentobarbital.

Statistical Analysis: To construct a quantal analysis curve, a wide range of ischemia 
times (5–55 min) was used to produce a spectrum of paraplegic and non- paraplegic 
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animals, which include death on the continuum of ischemia-induced effects. 
Ischemia time was plotted against behavior to define the P50 value (ischemia time 
where 50 % of the rabbits are paraplegic). Each compound tested generated a sepa-
rate quantal curve, and the P50s of the compound and control were compared. 
Compounds with statistically significant increase in the P50 value over the control 
were indicative of neuroprotection.

Statistical analysis was performed using Graph Pad Software. Behavioral results 
were analyzed using the t-test (Graph Pad).

4.2  Results

Baseline motor-evoked potentials (MEPs) were successfully recorded on all ani-
mals. Lower extremity MEPs disappeared upon aortic occlusion in 45 of 45 (100 %) 
of rabbits (Fig. 29.2). All animals that survived the procedure were included for 
analysis. Twenty-two rabbits were in the control group, and 23 rabbits were in the 
memantine group. The P50 for the control group was 13.07 ± 2.12 min. The P50 for 

Table 29.1 TARLOV score

Score Description

0 Paraplegic with no lower extremity function

1 Poor lower extremity function, weak antigravity movement only

2 Some lower extremity function with good antigravity strength but inability to draw legs 
under body or hop

3 Ability to draw legs under body and hop but not normally

4 Normal motor function

Fig. 29.2 Lower extremity MEPs after stimulation by one cranial electrode at 100 V. (a) Before 
aortic occlusion (baseline) and (b) after aortic occlusion
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the memantine group was 22.52 ± 2.98 min (Fig. 29.3). The difference in the P50s 
was statistically significant, with p = 0.01. The P50 was calculated based off of the 
24 h postoperative rating.

No cases of delayed onset paraplegia were noted.

5  Discussion

Although clinical adjuncts such as distal aortic perfusion, decreasing spinal canal 
pressure with draining cerebrospinal fluid, and segmental artery reimplantation 
have decreased the incidence of SCI after aortic surgery, it remains a devastating 
complication and still occurs in 2–14 % of aortic cases [5, 15, 16]. Reproducible and 
reliable ischemic SCI animal models are essential to the development of novel neu-
roprotective techniques. The rabbit model is ideal for studying ischemic SCI, as the 
consistent segmental nature of the infrarenal aortic blood supply to the spinal cord 
allows researchers to mimic both open and endovascular aortic repair [46]. There 
are rabbit ischemic SCI models described in the literature that involve intra-aortic 
balloon inflation to induce aortic occlusion [49] and also models that utilize neuro-
monitoring [51], but few incorporate both techniques.

Our group has previously published work on the establishment of a model that 
uses neuromonitoring for the detection of ischemic SCI in rabbits and an overview 
of troubleshooting common problems associated with neuromonitoring [50]. We 
built upon that model and made multiple adjustments. Changes to the anesthesia 

Fig. 29.3 Memantine versus control quantal analysis curves
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protocol included the use of intramuscular and intravenous ketamine and xylazine 
instead of inhaled anesthetics and propofol. Inhaled anesthetics and propofol were 
associated with more complications, such as hypotension and respiratory arrest. 
Drug administration changes included intravenous administration of control or 
study drug at least 45 min prior to aortic occlusion. Changes to intraoperative and 
postoperative monitoring included recording vital signs every 5 min and administer-
ing normal saline boluses to maintain systolic blood pressure above 95 mmHg.

Administration of preoperative intravenous and oral memantine have both been 
shown to significantly improve the clinical outcomes in rabbits undergoing aortic 
cross-clamping [51, 52]. Thus, memantine was used to validate our study. The 
behavioral ratings in this study show that the P50 for the memantine group was 
significantly higher than that of the control group (22.52 ± 2.98 min versus 
13.07 ± 2.12 min, p = 0.01). The memantine-treated rabbits in our study were able to 
tolerate a longer ischemia time without suffering paraplegia, which is similar to the 
outcomes of memantine-treated rabbits in prior studies. Thus, these results support 
that the model described in this chapter is reliable and reproducible and achieves 
aortic occlusion using minimally invasive methods while utilizing neuromonitoring 
technology to confirm complete aortic occlusion.

6  Conclusion

Pretreatment with intravenous memantine significantly increased the ischemia time 
necessary to produce neurological deficits and also reduced neurologic injury in our 
rabbit model. This result validates our minimally invasive rabbit ischemic SCI 
model. Going forward, this model can be used by researchers to perform preclinical 
testing to develop potential therapeutics for spinal cord injury.
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Chapter 30
Stroke Sex Differences: From Basic Research 
to Clinical Trials

Claire L. Gibson, Philip M.W. Bath, and Raeed Altaee

Abstract Sex is shown to affect various aspects of the clinical spectrum of isch-
aemic stroke, from how an individual patient may present with ischaemic stroke 
through to how they respond to treatment strategies. In this chapter, we review the 
evidence for the effect of sex on ischaemic stroke and focus on how the pathological 
mechanisms of ischaemic stroke, in particular apoptosis, may differ between the 
sexes. Understanding sex-specific consequences of ischaemic stroke may enable the 
development of relevant and effective treatment strategies for an individual suffer-
ing an ischaemic stroke.
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1  Introduction

There is increasing evidence of differences between men and women in relation to 
cerebral stroke. Such differences include the risk of stroke but also aetiology, symp-
toms and outcomes. Women are reported to have a higher overall lifetime risk of 
stroke in addition to higher rates of post-stroke mortality, disability, depression and 
dementia, compared to men [1]. This increased risk and worsened outcome post- 
stroke for women has largely been attributed to the longer life expectancy of women 
given that age is the strongest independent risk factor for stroke [2] and also a nega-
tive predictor for clinical outcome [3]. The average age of onset for stroke is typi-
cally 4 years later in women compared to men [4], and elderly women seem to carry 
the majority of burden, in terms of disability, associated with ischaemic stroke [5]. 
Thus, over the lifespan, stroke affects a greater number of women due to their 
increased longevity compared to men. The majority of economically developed 
countries face an ageing population and consequently increasing stroke incidence 
rates. Improving our understanding of the mechanisms which may underlie sex dif-
ferences both in incidence and outcome following stroke may have important rami-
fications for the development of appropriate treatments and reducing the burden of 
stroke care to society.

2  Stroke Incidence, Symptoms and Outcome

In terms of stroke incidence rates, differences according to sex do seem to depend 
on the population studied and their age. For example, the Framingham study 
reported that up until the age of 45, men experience more strokes and poorer rates 
of recovery compared to age-matched women [5, 6]. Then during the ages of 45–54 
years, women seem to experience an increase in the incidence of ischaemic stroke 
which coincides with the onset of the female menopause and increased obesity [7]. 
In a population-based study in Sweden, stroke incidence was found to be 60% lower 
for women than men at ages 55–64 years but 50% higher in women by the age of 75 
years [8]. This trend was also reported in the Oxford Vascular Study in which stroke 
incidence rates were lower in women aged younger than 75 years but higher in 
women, compared to men, for those aged over 75 [9]. Although differences do exist 
between studies and populations, there is general consensus that older women rep-
resent the substantial burden in terms of stroke care and treatment.

Sex may also affect the clinical presentation of a stroke patient, and this impacts 
upon access to appropriate diagnostic and treatment strategies. From the few 
population- based studies that have been conducted, possible sex differences are 
suggested in that women tend to present clinically with nonspecific stroke symp-
toms, such as pain or altered mental status, whereas men tend to present with classic 
focal neurological symptoms such as sensory abnormalities, ataxia and diplopia 
[10]. Differences in symptom presentation may be due to the nature of the  ischaemic 
stroke in terms of whether it is caused by the presence of a thrombus or embolism. 
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Data from a large population-based European study report that the incidence of 
thrombotic strokes is more frequent in men compared to women with a greater 
number of embolic strokes occurring in women [11]. In terms of gross pathology, 
sex differences may occur in the location of the stroke, in terms of hemisphere and 
causative blood vessel, this then affecting symptom presentation and stroke out-
come. However, it is also reported that women delay up to three times longer than 
men in seeking care for stroke symptoms [12] which is likely to be exacerbated in 
elderly women who are more likely to be living alone and socially isolated.

Following an ischaemic stroke, there is a high prevalence of mortality and mor-
bidity. As women tend to be older than men when experiencing a stroke, they do 
comprise the majority of stroke-related mortality and morbidity. However, data is 
conflicting with regard to whether women experience a greater rate of mortality fol-
lowing stroke than men [13, 14]. Any differences, within studies, in terms of mortal-
ity rates between the sexes, appear to be significantly reduced when adjusted for 
baseline differences in age, stroke severity, subtype and risk factors [15] suggesting 
these differences, rather than sex per se, account for any observed sex differences in 
mortality. Sex differences in functional outcome, however, do seem to be significant 
even after controlling for age and other factors. Women are more likely to have 
poorer functional outcomes at 3 months, 1 year and 5 years post-stroke [13, 16] 
compared to men and experience more mental fatigue, depression and dementia; 
they also have a worse quality of life [17]. Ischaemic stroke triggers a complex set 
of pathological events leading to cell death which include excitotoxicity, cell necro-
sis, apoptosis, inflammation, increased oxidative stress and breakdown of the blood- 
brain barrier along with possible reperfusion injury. Sex may directly influence the 
mechanisms of injury activated following ischaemic stroke either as a consequence 
of intrinsic, i.e. chromosomal, or hormonal differences between the sexes.

3  Sex and Stroke: Hormones and Intrinsic Factors

Experimental studies have provided evidence for a female protection against isch-
aemic stroke even in the presence of specific risk factors such as diabetes and 
hypertension [18, 19]. This protective effect seen in females is lost following ovari-
ectomy or reproductive senescence, which both result in a decline in circulating sex 
steroid hormone levels [18]. Thus, it has been postulated that this protective effect 
of female sex is mediated via the sex steroid hormones. Although experimental 
studies have provided a breadth of supporting evidence, including mechanistic 
studies, for a neuroprotective role of estrogens and progesterone following experi-
mental stroke [20, 21], these protective effects have not yet been replicated in inter-
vention design clinical trials [22].

Sex may influence outcome following ischaemic stroke via sex steroid hor-
mones, which vary between the sexes and fluctuate at various stages across the 
lifespan, or via intrinsic factors, i.e. the sex chromosomes, which are distinct for 
each sex. Such differences in the genetic complement of cells may, at least in part, 
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explain the sexually dimorphic response seen to ischaemic stroke. Sex-specific cul-
tures of neonatal cells, cultured in the absence of hormonal influences, demonstrate 
that male-derived cells are more sensitive to ischaemic stroke than female-derived 
cells, and several molecular mechanisms of injury have been shown to act dimor-
phically under ischaemic conditions [23, 24].

4  Mechanisms of Injury

Sex differences have been observed in female (i.e. XX)- and male (i.e. XY)-derived 
cell cultures in the absence of steroid supplementation; XY cultures were more sus-
ceptible to excitotoxic death and XX cultures more susceptible to apoptosis [24]. 
Emerging evidence suggests that there are significant differences between male and 
female brains regarding the molecular signalling pathways leading to apoptosis acti-
vated under ischaemic conditions [25, 26]. Apoptosis occurs via a caspase- dependent 
or caspase-independent pathway. Caspase-dependent apoptosis is initiated via intrin-
sic, mitochondria-mediated mechanisms involving cytochrome C release, apopto-
some assembly and caspase cleavage, whereas caspase-independent apoptosis is 
triggered by DNA damage resulting in activation of poly-ADP ribose polymerase 
(PARP), release of apoptosis-inducing factor (AIF) from the mitochondria and trans-
location of AIF to the nucleus causing chromatin condensation and DNA fragmenta-
tion. Apoptotic pathways have multiple molecular signals, and a number of these 
have been shown to be sexually dimorphic in terms of their response following injury 
including AIF, caspase 3, PARP, nitric oxide synthase (NOS), glutathione, Akt, astro-
cytic aromatase, glial fibrillary acidic protein, angiotensin II type 2 receptor and the 
P450 enzyme, soluble epoxide hydrolase [27–30]. It seems likely that in males, cas-
pase-independent apoptosis is the main mechanism by which cell death occurs fol-
lowing ischaemia and is largely due to PARP activation triggered initially by activation 
of neuronal NOS. In females, the caspase-dependent pathways seem the major con-
tributor to cell death as a consequence of cytochrome C and subsequent caspase acti-
vation. Thus, therapies aimed at either caspase activation or other elements of the 
apoptotic pathway are likely to be more effective in one sex as compared to the other.

Although the majority of focus has been on the role of necrosis and apoptosis 
following ischaemia autophagy, which is considered a novel cell death pathway, has 
also been recently shown to differ between the sexes. During autophagy, targeted 
segments of the cell’s cytoplasm are engulfed into an autophagosome, which fuses 
with a lysosome and the contents degraded [31]. In male animals, there seems to be 
an increase in autophagosome formation and lysosome activity following neonatal 
hypoxic injury. Importantly, it appears that in neonatal hypoxic injury models, 
inhibitors of autophagy exhibit a tendency towards a protective effect in male- 
derived neurons compared to female-derived ones [32]. Understanding if, and by 
what mechanisms, the cell death pathways activated following cerebral ischaemia 
differ between the sexes has important consequences for the design and evaluation 
of potential treatments.
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5  Sex Differences in Treatment: Clinical  
and Preclinical Studies

Currently, thrombolysis with tissue plasminogen activation (tPA) is the only 
licensed drug approved for the treatment of hyperacute ischaemic stroke. However, 
due to its narrow therapeutic window (<4.5h), risk of symptomatic intracerebral 
haemorrhage and the fact that many patients wake up with stroke and are ineligible 
for treatment, 20% or less of stroke patients receive tPA. However, if sex differ-
ences occur in tPA treatment, this may contribute to differences observed in out-
come following stroke. A large study reported that, whilst men were more likely 
than women to receive tPA 10 years ago, sex differences in utility of tPA were elimi-
nated by the end [33]. This may be indicative of an increase overall in tPA use; 
recent studies have not reported any sex differences in the use of tPA [34]. There is 
evidence that thrombolytic therapy, i.e. tPA, may be more effective in females than 
males. Data from multiple clinical tPA clinical studies shows that women are more 
likely to demonstrate improved outcome 90 days post-stroke with tPA treatment 
than men [35, 36]. This positive effect of female sex was also seen when data was 
analysed from the Safe Implementation of Treatments in Stroke-International 
Stroke Thrombolysis Register (SITS-ISTR [37]).

Only a few clinical trials have specifically investigated whether sex-specific 
responses to treatment occur, and the current American Heart Association/
American Stroke Association guidelines for acute stroke treatment make no dis-
tinction in respect to symptom presentation and possible therapeutic strategies 
between the sexes [38]. However, the Physicians Health Study reported that aspi-
rin reduced the risk of cardiovascular disease, but not stroke, in men [39], and it 
has been shown that oral anticoagulation with warfarin may differentially affect 
the risk of ischaemic stroke between the sexes [40]. Whether all male-female dif-
ferences in efficacy are real remains to be confirmed, and some apparent differen-
tial benefit may be artefactual, for example, women rather than men appeared to 
benefit from transdermal glyceryl trinitrate in the neutral large Efficacy of Nitric 
Oxide in Stroke (ENOS) trial [41]. However, in the prespecified subgroup of 
patients treated within 6 h, where GTN appeared to be effective, men were more 
likely to benefit [42]; these diametrically opposed findings are best put down to 
chance findings. An alternative explanation for sex differences may reflect phar-
macokinetics, as seen for tirilazad, a putative neuroprotectant that is highly lipid 
soluble. Plasma tirilazad levels were lower in women than men, reflecting that the 
drug was sequestered in fat. Subsequent trials used higher doses of tirilazad in 
women to reach target levels although ultimately the drug appeared ineffective, 
even hazardous [43].

Preclinical studies have provided strong evidence for sex differences in the 
amount of damage produced following ischaemic stroke. The examination of spe-
cific sex effects of a potential treatment has not traditionally been factored into 
the design of preclinical studies. However, the need for relevant animal groups, 
such as comorbid animals and different sexes, was incorporated into the STAIR 
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recommendations [44], and a number of recent studies have reported  sex-specific 
effects in treatment efficacy. Minocycline, a tetracycline antibiotic, has been 
shown in experimental stroke models to be neuroprotective and improve behav-
ioural outcomes but only in males [45]. Additionally, minocycline was not effec-
tive in ovariectomized female mice suggesting an intrinsic, rather than hormonal, 
difference mediating the sex difference in response to minocycline. A subsequent 
clinical trial showed that oral minocycline only reduced impairment (lower NIH 
stroke scale score) in males [46].

In relation to apoptosis, PARP activation is one of the key components in the 
pathway leading to cell death. Experimental studies have shown that pharmacologi-
cal inhibitors of PARP-1 act differentially in males and females following ischaemic 
stroke [47]. In males, classical PARP inhibitors are effective post-stroke in terms of 
reducing infarct volume and improving long-term outcome; however such inhibi-
tors seem to be ineffective in females [48, 49]. Although novel PARP inhibitors, 
including a water-soluble form, MP-124, do seem to be neuroprotective in both 
sexes [50] and may warrant clinical investigation. In addition, preclinical studies 
have shown that reducing nitric oxide production, through pharmacological inhibi-
tion or genetic deletion, following ischaemic stroke is beneficial in males but delete-
rious in females [47].

Numerous studies have investigated the sex steroid hormones, estrogens and 
progesterone, as potential neuroprotective factors following ischaemic stroke. In 
recent meta-analyses and systematic reviews, sex differences were identified in the 
effectiveness of both steroid hormones. Estrogens are reported to be neuroprotec-
tive, in terms of reducing lesion volume in ovariectomized females and young, adult 
males but ineffective in young, intact males [20]. For progesterone, the largest ben-
eficial effect was seen when administered to males [51]. Thus, it is likely that some 
treatments may only be of real benefit to one sex such as hypothermia which has 
been shown to be more effective in males following ischaemic stroke than in 
females [52].

6  Future Directions

There is strong evidence for an effect of sex on stroke risk/incidence, diagnosis, 
symptom presentation, outcome and effectiveness of treatments. Yet current guide-
lines for acute stroke treatment do not make any distinction in terms of symptom 
presentation or therapeutic approach according to sex. Experimental studies have 
provided a wealth of supporting evidence for sex differences in the amount of dam-
age produced following stroke, and some recent studies have begun to identify sex-
specific effects of treatments under investigation. However, evidence is only just 
beginning to accumulate regarding the sexual dimorphism of the molecular signals 
activated following ischaemic stroke which ultimately result in cell death. Enhancing 
our understanding of these pathways and the sexual dimorphism can only be benefi-
cial in terms of designing appropriate treatment strategies.
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Chapter 31
Unpuzzling the Comorbid Type 2 Diabetes 
and Hypertension-Related Cognitive 
Dysfunction and Stroke

I. Sebastião, E. Candeias, M.S. Santos, C.R. Oliveira,  
Paula I. Moreira, and Ana I. Duarte

Abstract Type 2 diabetes (T2D) is a highly disabling, major socioeconomic 
 burden, whose long-term complications (particularly those affecting the central 
 nervous system (CNS), as Alzheimer disease (AD)) can be further exacerbated by 
the frequent development of comorbid hypertension. Although the precise mecha-
nisms involved herein remain elusive, it is conceivable that chronic T2D-related 
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brain insulin resistance (IRES) and hyperglycemia may crosstalk with an overacti-
vated brain renin-angiotensin-II-aldosterone system (RAAS) further potentiating 
the hypertension-related injury and culminating in cognitive dysfunction and 
AD. Indeed, several studies showed the contribution of abnormal RAAS activation 
upon hypertension per se to the pathophysiology of CNS disorders, such as stroke 
and AD. However, most of this available knowledge relies on the indirect effects of 
pharmacological inhibition of RAAS by drugs belonging either to the angiotensin II 
receptor blockers (ARBs) or angiotensin-converting enzyme (ACE) inhibitors 
(ACEi) groups. For instance, antihypertensive drugs have also shown anti- 
neuroinflammatory properties, widely known to play a pivotal role in brain and 
cognitive dysfunction.

In sum, albeit during the last two decades a bulk of scientific knowledge has 
progressively unravelled the molecular mechanisms that lead to chronic T2D- 
related CNS injury, the information available regarding its exacerbation upon the 
quite frequent comorbid hypertension is still scarce and somehow controversial. In 
this perspective, we aim to briefly review some of the subcellular mechanisms (e.g., 
oxidative stress) that may underlie the hypertension-induced (per se or as a comor-
bidity to T2D) brain and cognitive dysfunction, vascular dementia (particularly 
AD), and stroke. We will also briefly discuss the pharmacological evidence on the 
neuroprotection afforded by antihypertensive drugs.

Keywords Hypertension • Type 2 Diabetes (T2D) • Multifactorial disease • 
Nephropathy • Angiotensin

1  Introduction

Diabetes mellitus (DM) is one of the most common metabolic diseases, being con-
sidered as an epidemic of the twenty-first century [1]. In fact, whereas 12 years ago 
Wild et al. [2] estimated that 171 million people worldwide (~3 % of the population) 
suffered from DM, more recent statistics estimated that, in 2011, there were already 
366 million diabetics, a number predicted to rise to 552 million patients by 2030 [3]. 
In this scenario, since 90–95 % of DM cases correspond to type 2 diabetes (T2D), 
there is a high probability that the number of T2D patients will rise massively over 
the next 20 years, rendering it an enormous public health concern [4, 5].

T2D is a multifactorial disease, whose most common triggering factors are 
related with modern lifestyle (as sedentarism, hyperphagia, and obesity) that induce 
a massive insulin dysregulation and hyperglycemia (the main hallmarks of T2D), 
ultimately leading to devastating effects on multiple tissues—the so-called long- 
term complications (such as retinopathy, nephropathy, and peripheral neuropathy) 
[6]. Albeit less frequently, T2D can be also caused by alterations in the individual’s 
genetic information. A positive family history may also increase significantly the 
risk for T2D [7], with estimates pointing towards 15–25 % of first-degree relatives 
of T2D patients developing impaired glucose tolerance or diabetes [8].
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Traditionally, the main focus in the treatment of T2D (and, hence, in the reduction 
of the risk of its long-term vascular and cardiovascular complications) has been the 
maintenance of a glycemic control within the normal range [9]. Accordingly, several 
studies showed that a tight control of blood glucose levels, blood pressure, and dys-
lipidemia greatly reduce the incidence of microvascular complications associated 
with coronary artery disease and stroke [10, 11]. And to achieve such blood glucose 
regulation in T2D, one of the most important keys rely on the insulin hormone and, 
more specifically, on the interplay between insulin secretion and action. Indeed, 
whereas, physiologically, pancreatic β-cells can adapt to increased insulin action by 
decreasing its secretion and vice versa [3], as T2D progresses, its successful manage-
ment may also require the control of blood pressure and lipid levels [12]. Therefore, 
it is not surprising that, albeit the achievement of an optimal glycemic control could 
be the main therapeutic focus in the early stages of T2D, this may not be enough to 
reduce the cardiovascular risk later on [13]. In line with this and with the outcomes 
of several trials (e.g., Action in Diabetes and Vascular disease: preterAx and iamicro 
Nmr Controlled Evaluation (ADVANCE), Action to Control Cardiovascular Risk in 
Diabetes (ACCORD), and Veterans Affairs Diabetes Trial (VADT)), the most recent 
guidelines establish that pro-euglycemia therapies should imply a patient-adjusted 
prescription considering specific patient/disease factors [14]. For example, among 
the several risk factors for T2D, obesity has been one of the closest related with dis-
ease progression and development of later complications. Thus, the prescription of 
an anti-T2D treatment should also consider patients’ elevated body weight [15]. This 
is even more relevant as body weight gain is a frequent secondary effect of some 
anti-T2D therapies and, for this reason, the development of modern anti-T2D drugs 
is also taking into account their effects on adipogenesis and fat mass regulation [16].

Importantly, as the blood levels of glycated hemoglobin A1C (HbA1C) constitute 
an indirect estimation of the average plasma glucose levels in the previous 2–3 
months, this gives a more accurate idea on the T2D patients “long-term” (rather 
than “acute”) control of their blood glucose levels [17]. Although there is still some 
controversy on the ideal levels of HbA1C in blood, another goal in the treatment of 
T2D should aim at lowering its levels [18]. Noteworthy, according to the United 
Kingdom Prospective Diabetes Study (UKPDS) and Diabetes Control and 
Complications Trial (DCCT), the lowering of blood HbA1C levels by 1.0 % was 
enough to reduce microvascular complications by ~30 %, as well as the risk for 
myocardial infarction and death after 10 years of intensive glucose control in 
patients newly diagnosed with T2D [19]. However, and albeit most oral anti- 
hyperglycemic agents can also reduce HbA1C values by 1.5–2.0 % from baseline 
levels of 8.5–9.5 %, it is highly probable that patients presenting baseline HbA1C 
levels above 9.0 % will not easily achieve the therapeutic goal of <7.0 % and, there-
fore, may require a combination therapy in a near future [13]. Thus, although the 
starting blood HbA1C values are important when choosing the best therapeutic 
approach for each T2D patient, we must bear in mind that this could not be enough 
as the disease progresses [20].

As referred previously, besides the chronic hyperglycemia (and its related HbA1C 
levels), T2D also involves insulin resistance [21]. This renders the reduction in 
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 insulin resistance and/or the stimulation of insulin secretion other important thera-
peutic targets in T2D patients [8]. Whereas in the first stages of the disease, the 
rescue in insulin resistance can be achieved by, e.g., diet, exercise, and/or drug 
therapy [8], in the later stages these may become inefficient and the patients may 
also need injections of exogenous insulin [22] (with the inconvenience of, for 
instance, repeated insulin-induced hypoglycemic episodes).

Besides the relative uncertainty on the precise subcellular impact of badly con-
trolled T2D in central nervous system (CNS), the research conducted in the last 
decades increasingly highlights chronic T2D as a major risk factor for stroke (also 
worsening its post-ischemic effects) and its consequent brain damage (more specifi-
cally, in terms of progressive cognitive disturbances) [23], but also to the cognitive 
decline associated with vascular dementia and, most strikingly, to Alzheimer dis-
ease (AD) [22]. Indeed, several studies showed that T2D patients have an increased 
incidence of cognitive impairment (accompanied or not by vascular dementia) and 
AD [24, 25]. Thus, given the increasingly type 2 diabetic population and the ever- 
increasing population aging worldwide, it is not surprising that T2D-induced cogni-
tive impairment became a global concern [8]. And although the molecular 
mechanisms underlying such brain damaging effects of chronic T2D are slowly 
became unravelled, little is known on the possible involvement of its comorbid 
pathologies. This is an especially worrying situation since, as further detailed below, 
chronic T2D is quite often accompanied by dyslipidemia and hypertension [21]. 
Accordingly, we will provide a brief overview on some of the possible subcellular 
mechanisms underlying the deleterious effects of hypertension (per se or as a 
comorbidity to T2D) on brain and cognitive functions, particularly on the role of 
oxidative stress (and the ultimate impact on vascular dementia (e.g., AD) and 
stroke). This will be followed by a brief discussion on the few available pharmaco-
logical evidence regarding the neuroprotective potential of antihypertensive drugs 
against such neurodegenerative processes.

1.1  T2D, Hypertension, and the CNS

The previously described scenario can be further aggravated by hypertension, an 
age-related pathology (like T2D) that affects ~65 % of people aged 65 years and 
over, being also a major risk factor for T2D. Indeed, more than three decades ago, 
Mogensen and Christensen [26] reported that T2D diagnosis was often preceded by 
hypertension, which further aggravated T2D complications. But, most strikingly, 
hypertension is a common comorbidity of T2D [27]. Accordingly, hypertension not 
only occurs twice as frequently in diabetics than in nondiabetic people [26], but 
very recent estimates even point towards ~2/3 of chronic T2D patients suffering 
from comorbid hypertension [28] that, in the long run, further exacerbate their 
micro- and macrovascular complications (particularly at the vascular and brain/
cognitive levels) [28–31].
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Arterial hypertension per se, clinically defined by a systolic blood pressure (BP) 
≥140 mmHg and/or a diastolic BP ≥ 90 mmHg [32], has been recently suggested to 
constitute one of the most important risk factors for cerebrovascular diseases. This 
may cause cerebral hypoperfusion and ischemia, with the decrease in oxygen deliv-
ery to the brain rendering it more vulnerable to stroke [33]. Indeed, hypertension per 
se constitutes one of the most important, and avoidable, risk factors for stroke [34], 
a clinical condition defined by ischemic stroke or hemorrhagic stroke [35] and char-
acterized by poor blood flow to the brain that may result in cell death and subse-
quent cognitive problems (e.g., inability to move or feel, problems in understanding 
or speaking, vision loss) [36]. Besides stroke, hypertension may be a risk factor also 
for dementia (including vascular dementia and AD), probably due to its association 
with amyloid pathology (one of the pathological hallmarks of AD) [37–40]. In line 
with this, several authors reported that, besides chronic hypertension, the spontane-
ously hypertensive (SHR) rat model also develops progressive neurobehavioral 
impairment, several AD risk factors (including dyslipidemia, abdominal obesity, 
and insulin resistance) [41, 42] and, most strikingly, several AD-like pathologic 
features (e.g., hyperphosphorylated Tau protein, neurofibrillary tangles, and neuro-
inflammatory markers) [43]. Notably, hypertension has been also increasingly sug-
gested to contribute to cognitive dysfunction in T2D patients [44], besides 
exacerbating their risk for cardiovascular disease, stroke, and end stage renal dis-
ease [30].

1.1.1  Hypertension and the Renin-Angiotensin-Aldosterone System

The renin-angiotensin-aldosterone system (RAAS) is well known for its critical role 
in the regulation of arterial blood pressure and in the induction and control of hyper-
tension [45]. RAAS consists of an enzymatic cascade catalyzed by renin and 
angiotensin- converting enzyme (ACE) that generates the key peptide angiotensin II 
[46, 47], which may, in turn, be cleaved together with angiotensin I by ACE2, gen-
erating angiotensins-(1–7) and -(1–9), respectively [48]. This may constitute a com-
pensatory mechanism, as angiotensin-(1–7) has been recently described to display 
opposite properties to angiotensin II [49]. Angiotensin II-mediated effects are 
known to occur via angiotensin II receptors (ATRs), whose two isoforms identified 
to date are the type 1 receptor (AT1R) and type 2 receptor (AT2R) [50]. Importantly, 
both angiotensin II and ATRs appear to be ubiquitously expressed throughout the 
organism, being angiotensin II mainly produced by extra-cardiac tissues [51]. Thus, 
angiotensin II may exert multiple systemic and local actions in different tissues 
(particularly in terms of pathological mechanisms underlying target organs damage, 
e.g., in blood vessels, kidneys, adrenal glands, pancreas, heart and, strikingly, also 
in CNS) [45, 52–54]. For instance, it has been increasingly suggested that angioten-
sin II produced by the pancreatic RAAS could negatively influence insulin secretion 
in vivo by restraining islet blood perfusion and function, whereas such RAAS 
blocking may exert positive effects herein [55]. This may be conspicuously 
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important in diabetic subjects since they are more prone to comorbid hypertension, 
and several pancreatic islet RAAS components appear to be upregulated by hyper-
tension and hyperglycemia [56–58].

Traditionally, AT1Rs stimulation has been associated with the progression of 
cardiovascular diseases (including atherosclerosis, cardiac hypertrophy, and heart 
failure), most likely through inflammatory, oxidative stress, and tissue remodelling 
mechanisms [59–61]. However, other studies also reported a high density of AT1Rs 
in specific brain regions, such as cerebrovascular endothelial cells [62, 63], which 
may control cerebrovascular flow and blood–brain barrier functioning, ultimately 
aiding in the regulation of brain’s overall function. Additionally, AT1Rs appear to 
be widely, but selectively, expressed in some neuronal circuits [62] and astrocytes at 
the forebrain and rostral ventrolateral medulla (RVLM) [64], which may explain 
how AT1Rs activity regulates multiple brain functions (e.g., stress reactivity, cogni-
tion, and control of innate immune response) [65]. Interestingly, angiotensin II 
microinjection into the RVLM resulted in an AT1R-mediated increase in blood 
pressure [66, 67], while its blockade reduced blood pressure [68, 69].

Concerning AT2Rs, several authors observed that their expression increases 
under pathological situations (as cancer and cardiovascular disorders) [70, 71], sug-
gesting that they may have a counterbalancing effect [72, 73]. Indeed, Herrera and 
Garvin [74] found that the activation of AT2R triggers nitric oxide (NO•) release and 
would therefore potentially antagonize the effects of AT1R activation, leading to 
cardiovascular protection. However, the precise mechanisms of AT2R-mediated 
actions remain controversial [60, 75].

1.1.2  Hypertension and Oxidative Stress

Besides SHR rats, the stroke-prone SHR rat strain and many other rodent models 
are genetic animal models that spontaneously develop hypertension and present 
increased reactive oxygen species (ROS) levels in vessels [76, 77]. Similarly, 
increased vascular oxidative stress was also demonstrated in rats with experimen-
tally induced hypertension [78, 79] and in hypertensive patients [80]. However, 
such massive ROS may be also generated after brain ischemia–reperfusion, further 
oxidizing proteins and lipids in brain cells, ultimately activating cell death mecha-
nisms, either by necrosis or apoptosis [81]. Indeed, several studies have implicated 
such transient ischemia-induced massive ROS formation and their detrimental 
effects in brain in the pathogenesis of ischemic injury [82, 83].

More than two decades ago, Griendling et al. [84] discovered that the activation of 
the vascular smooth muscle nicotinamide adenine dinucleotide phosphate (NAD(P)H) 
oxidase—a multi-subunit enzyme and one of the enzymatic sources of the superoxide 
anion—by angiotensin II was an important intracellular source of ROS [84]). 
Afterwards, Rajagopalan et al. [85] reported that hypertension caused by in vivo angio-
tensin II infusion (but not norepinephrine infusion) increased vascular superoxide pro-
duction [85]. Conversely, several authors found that adenovirus- mediated superoxide 
dismutase (SOD) overexpression prevented this form of hypertension [86–88].

I. Sebastião et al.



717

In addition to ROS, the abnormal formation of reactive nitrogen species (RNS) 
may also play an important role in the pathogenesis of hypertension. Indeed, accu-
mulating evidence suggests that alterations in NO• synthesis and in NO-sGC-cGMP 
signalling, or a reduction in the bioavailability of endothelium-derived NO• due to 
increased oxidative stress may be pivotal contributors to the pathogenesis of hyper-
tension [89, 90] (Fig. 31.1).

Fig. 31.1 Chronic T2D and its comorbid hypertension-related damage to brain and cognitive 
function. The excessive ROS formation upon hypertension per se may constitute one of the main 
mechanisms for brain vascular and structural abnormalities. Changes in NO• synthesis and/or its 
reduced bioavailability have been correlated with oxidative stress and changes in endothelial NO•-
sGC-cGMP signalling, suggesting that the blockade of NO• physiological effects upon its reaction 
with the superoxide anion may underlie such brain endothelial dysfunction and damage. 
Additionally, infiltrated renal perivascular monocytes/macrophages and overexpression of ICAM-1 
may lower the amount of bioavailable endothelium-derived NO•, inhibiting both endothelium- 
dependent and -independent vascular relaxation and further promoting endothelial lesion. 
Hypertension may also render the BBB more permeable and downregulate proteins from TJ and 
AJ. This, together with the brain damage associated with long-term T2D, may also aggravate the 
risk for stroke and the prevalence of mild and subtle cognitive dysfunction, in a process further 
exacerbated by the excessive formation of AGEs and 4-HNE that may culminate in AD-like 
changes in memory, and in brain cortex and plasma Aβ levels, SPs and NFTs. Abbreviations: 
4-HNE 4-hydroxynonenal, Aβ amyloid-β peptide, AGEs advanced glycation end-products, AJ 
adherens junction, BBB blood–brain barrier, cGMP cyclic guanosine monophosphate, CNS central 
nervous system, ICAM-1 intercellular adhesion molecule-1, NFTs neurofibrillary tangles, NO• 
nitric oxide, SPs senile plaques, ROS reactive oxygen species, sGC soluble guanylate cyclase, T2D 
type 2 diabetes, TJ tight junctions
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1.1.3  Hypertension in CNS Disorders

From the above and given the known expression of all RAAS components in the 
CNS (namely of AT2Rs in vascular wall and brain areas involved in learning and 
control of motor activity) [91, 92], it is not surprising that recent studies highlighted 
the contribution of RAAS to the pathophysiology of CNS disorders (e.g., AD and 
stroke) [45], as further detailed below. In line with this, several authors showed that 
the stimulation of AT2Rs protects brain against stroke damage and dementia, at 
least partially by promoting cerebral blood flow and neuronal differentiation [72, 
93, 94]. Moreover, angiotensin II has been increasingly described to participate not 
only in the regulation of blood pressure, but also in the pathophysiology of CNS 
illnesses (such as stroke and neurodegenerative diseases) [94]. Accordingly, recent 
clinical trials demonstrated that blockade of RAAS may delay the triggering of 
stroke and may also exert beneficial effects on cognitive function [45].

Hypertension and AD

Dementia is an age-related neurodegenerative disorder, whose prevalence has been 
recently estimated to nearly double every 20 years (reaching approximately 42 mil-
lion individuals in 2020 and 81 million in 2040) [95]. Among the several types of 
dementia, the most prevalent form is AD, which was estimated to affect more than 
35 million people worldwide in 2010 and whose globally increased prevalence has 
rendered it a world health problem (particularly in our increased aged population) 
[96]. Neuropathologically, AD is characterized by intraneuronal clusters of hyper-
phosphorylated Tau protein (composing the neurofibrillary tangles (NFTs)) and 
extracellular aggregates of amyloid-beta peptides (Aβ) (that form the senile plaques 
(SPs)), most likely due to faulty protein processing mechanisms [27] and the subse-
quent loss of intracellular quality control mechanisms.

Despite all the research efforts and the knowledge accumulated in the past two 
decades regarding AD pathophysiology, the precise links between its several 
known risk factors (as aging and T2D) and mechanisms remain incompletely 
understood. And this may not only impact its precise diagnosis during patients’ 
lifetime, but may also explain the fact that the currently available treatments for 
AD are only addressed to symptoms, with no successful preventive or delaying 
strategies available [97].

Risk factors for AD have been divided into genetic and non-genetic, with the 
last ones constituting ~95 % of all cases. And, besides the previously discussed 
relevance of aging and T2D, it has been also increasingly described that, among the 
vascular and vascular-related factors associated with dementia and cognitive 
decline, high blood pressure and hypertension, total cholesterol, insulin resistance, 
increased body mass index and obesity may play a role herein [98, 99]. In particu-
lar, hypertension is an increasingly studied risk factor for vascular dementia, its 
role in the pathogenesis of AD being increasingly highlighted [100–102]. More 
specifically, several observational and experimental studies suggested that RAAS 
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overactivation may be involved in the pathogenesis and progression of AD [103]. 
Although the precise molecular mechanisms for hypertension-associated AD remain 
poorly understood, they may possibly involve ischemia, oxidative stress, and 
inflammation [101, 104]. Moreover, we must bear in mind that the effects of hyper-
tension on brain structure and function in AD patients are still debatable [105] 
(Fig. 31.1).

Hypertension, T2D, and Stroke

In a very recent study aiming to determine the prevalence and risk factors of isch-
emic stroke among diabetic patients, it was found that hypertension was a signifi-
cant independent risk factor for the development of ischemic stroke [106]. 
Moreover, studies involving experimentally induced stroke (upon middle cerebral 
artery occlusion) in genetically modified mice demonstrated that AT1R-mediated 
signalling enhances brain damage [107]. This could be partly due to an increment 
in oxidative stress and a decrement in cerebral blood flow under such ischemic 
conditions [107]. Notably, pretreatment with angiotensin receptor blockers 
(ARBs) (e.g., telmisartan, valsartan, olmesartan) [108] was shown to prevent isch-
emic brain damage [45], whereas stimulation of AT2R by using an ARB counter-
acted the effects of AT1R, attenuating brain injury [91] (Fig. 31.2). In line with 
this, others found that AT2R stimulation promotes neuronal differentiation and 
regeneration upon similar conditions [109, 110], and enhanced neuronal survival 
and neurite outgrowth in response to ischemia-induced neuronal injury [111]. 
Such AT2R-mediated neural differentiation and neurite outgrowth could occur via 
mitogen-activated protein kinase (MAPK) or NO•, being possibly involved also in 
brain development [72, 112–114]. Strikingly, Iwanami et al. [115] reported that 
the expression of AT2R in hematopoietic cells was accompanied by a protective 
effect against cerebral ischemic damage. This could occur via AT2R stimulation 
by the ARBs (e.g., telmisartan) in hematopoietic cells, whereas angiotensin II 
unbound to AT1R under the presence of these drugs would block its downstream 
signalling [115]. Hence, this reinforces the notion that the stimulation of AT2R-
mediated signalling may act as a crucial neuroprotective factor after stroke, being 
therapeutically promising for the prevention of chronic hypertension-related isch-
emic brain damage.

This deleterious scenario caused by hypertension can be further aggravated 
upon diabetes (especially T2D). Indeed, numerous studies reported that T2D exac-
erbates and/or is a main cause for stroke and myocardial infarction [116–118]. 
More specifically, individuals suffering from metabolic syndrome or insulin resis-
tance are already under an increased stroke risk, as well as poorer outcome and 
increased mortality [119]. However, the most clear evidence came from T2D 
patients, to whom ischemic stroke not only constitutes one of the major potential 
macrovascular complications, but also consistently suffer from poorer outcomes 
and prognosis than the nondiabetic individuals after a stroke [116, 120]. This high 
susceptibility for stroke might be even further potentiated in patients suffering from 
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both T2D and hypertension, in a process that was recently suggested to rely on their 
cerebral vascular sensitivity to the increment in blood pressure [11]. Unfortunately, 
and despite the well-documented correlation between hypertension and/or T2D and 
stroke, their precise underlying mechanisms are still unknown [121]. But, similarly 
to ischemic brain damage after stroke per se, the massive activation of brain RAAS 
and its  interaction with the previously referred CNS damage associated with hyper-
glycemia and insulin resistance may be involved herein.

Fig. 31.2 The role of antihypertensive drugs in unravelling the subcellular mechanisms for 
hypertension- associated stroke or vascular dementia. Antihypertensive drugs have been increas-
ingly shown to ameliorate cognitive outcome and decrease the incidence of dementia. More spe-
cifically, the neuroprotective role of ARBs (namely Telmisartan, Valsartan, Olmesartan, Losartan, 
Irbesartan) may involve the inhibition of AT1Rs, being Telmisartan associated with lower cortical 
neuronal Aβ and P-Tau protein levels, Valsartan attenuated Aβ1-42 and Aβ1-40 oligomerization of 
into high-molecular weight species, and Olmesartan and Losartan had anti-inflammatory and anti- 
oxidative stress effects in brains from diabetic hypertensive rats. In general, ARBs were very effec-
tive in vascular remodelling, regulation of cerebral blood flow and BBB, and in decreasing 
oxidative stress, neuroinflammation and cognitive decline. Conversely, the ACEi class of antihy-
pertensive drugs promotes AT2R activation and their promising neuroprotective potential may 
occur through this pathway. Importantly, the ultimate effects of both ARBs and ACEi are very 
similar. Abbreviations: Aβ amyloid-β peptide, ACE angiotensin-converting enzyme inhibitor, 
ACEi angiotensin-converting enzyme inhibitor, AR angiotensin receptor, ARBs angiotensin recep-
tor blockers, AT1R angiotensin receptor-1, AT2R angiotensin receptor-2, BBB blood–brain barrier, 
CNS central nervous system, P-Tau hyperphosphorylated Tau protein
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1.2  The Promising Potential of Antihypertensive Drugs 
Against CNS Damage Caused by Hypertension  
Comorbid to T2D

Many national guidelines recommend the preferable use of RAAS inhibitors (rather 
than other antihypertensive agents) for the treatment of high-risk hypertensive 
patients [122–124]. However, the simultaneous use of multiple antihypertensive 
medications is often necessary to achieve the recommended blood pressure (or at 
least to maintain its control over a narrow range), in addition to the administration 
of other antihypertensive drugs (including calcium channel blockers (CCBs) and 
diuretics) or to the use of high-dose RAAS inhibitors [125].

As previously referred, a multifactorial pathogenesis and progression has been 
widely accepted for AD and stroke, with the main emphasis put towards three main 
risk factors: aging process, abnormal brain Aβ or hyperphosphorylated Tau protein 
accumulation (in the case of AD) and high blood pressure (in stroke) [126], and 
metabolic/cardiovascular-related risk factors (such as hypertension and T2D) [127]. 
Accordingly, it seems plausible that medications used to treat such risk factors may 
also reduce the incidence of AD [128] and stroke [126]. Although this has become 
increasingly more consensual regarding the use of anti-T2D drugs for the treatment 
of AD and stroke, concerning the possible benefits of antihypertensive agents against 
both neurodegenerative conditions (in addition to their blood pressure lowering 
effects) this has been more debatable. This is mostly due to the poor knowledge on 
the precise involvement of RAAS in the pathogenesis and progression of neuronal 
diseases. Nevertheless, several authors hypothesized that RAAS inhibition by ARBs 
or ACE inhibitors (ACEi) may protect against the neuroinflammatory processes 
known to play a pivotal role in brain and cognitive dysfunction [129–131] (Fig. 31.2).

1.2.1  ARBs

ARBs are imidazole derivatives whose common class effect relies on the blockade 
of AT1R [132, 133]. Several clinically available ARBs exist and, according to their 
chemical structures, each ARB may bind to different AT1R domains, initiating dis-
tinct mechanisms for receptor antagonism [134]. Moreover, different ARBs present 
different lipophilicity degrees, which may in turn underlie their major differences in 
biological half-life and bioavailability [135, 136]. Currently, ARBs are widely used 
for the treatment of cardiovascular and renal disorders, as well as in metabolic alter-
ations (including diabetes) [132, 137, 138].

Besides their role in rescuing peripheral inflammation, ARBs also exhibited 
major beneficial effects on peripheral metabolism and, regardless their administra-
tion pathways (they can be administered intraperitoneally, subcutaneously, or 
orally), also appear to be powerful neuroprotective agents [139]. Indeed, several 
studies showed that ARBs protect the peripheral and brain vasculature, and reduce 
hypoxia and brain inflammatory injury [139, 140]. Hence, such attenuation of the 
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abnormal AT1R activity may potentially rescue several brain disorders [141]. In line 
with this, studies in both animal models and human patients demonstrated a positive 
association between ARBs treatment and preservation of cognitive function [142], 
as well as a reduction in the infiltration of inflammatory cells and in paralysis [143]. 
Strikingly, RAAS inhibition by ARBs was shown to prevent the onset of AD [132, 
144, 145], with valsartan (one of the most widely used ARBs) showing an attenua-
tion in the oligomerization of Aβ peptides into high-molecular weight oligomeric 
ones [146] (Fig. 31.2). Moreover, both valsartan and telmisartan (another ARB) 
were shown to prevent Aβ-mediated cognitive impairment in AD mouse models 
[147, 148]. Besides this, neuropathological evidence also suggested that the selec-
tive inhibition of AT1R by ARBs may preserve ACE production, which may in turn 
degrade the Aβ abnormally accumulated in brain [130]. Altogether, these studies 
suggest that ARBs may prevent the abnormal Aβ deposition in the brain and, as a 
consequence, they may render a better cognitive outcome than other medications for 
blood pressure control [140, 149–151] (Fig. 31.2). In line with this, Oshima et al. 
[45] described that, from the medical records of more than five million patients, 
those undergoing ARBs therapy had a 35–40 % lower risk for AD and other neuro-
degenerative disorders. This evidence further emphasizes that ARBs benefits may 
possibly extend beyond their “traditional” blood pressure-lowering effect [142].

The ARBs known role in attenuating the overactivation of AT1Rs (which is asso-
ciated, in peripheral tissues, with increased blood pressure and vascular inflamma-
tion) rendered these well-tolerated compounds widely prescribed also for the 
treatment of stroke [133, 145]. Indeed, ARBs have been shown to protect cerebral 
blood flow and cognition upon stroke [139], to reverse cerebrovascular remodelling 
and arterial compliance [152–154], reducing brain inflammation and being neuro-
protective in brain ischemic conditions, thus attenuating neurological impairment 
following stroke [155] (Fig. 31.2).

Although the precise mechanisms underlying such ARBs-mediated neuroprotec-
tion are still poorly understood and most findings indicate their direct action in 
brain, we cannot exclude that ARBs-related indirect mechanisms may also contrib-
ute to different degrees of preclinical efficacy [156]. More specifically, although 
neuroprotection by these drugs may arise from the direct blockade of brain AT1Rs, 
it may be also a consequence of peripheral AT1R inhibition and/or a response to 
other processes that arise from AT1R antagonism [65].

1.2.2  ACEi

Despite the scarce information on the role for ACEi in hypertension-related neuro-
degenerative diseases, Vargas et al. [157] and Estato et al. [11] observed recently 
that the ACEi enalapril attenuated brain inflammation and oxidative stress in dia-
betic hypertensive rats (Fig. 31.2). Importantly, as these drugs may have similar 
effects to those arising from AT2R stimulation, it is possible that ACEi share some 
intermediary processes with ARBs (namely vasodilation, NO• synthesis, apoptosis, 
and inhibition of cell growth) [71].
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Interestingly, only a few studies analyzed the impact of ACEi in delaying AD 
onset [158], most likely by blunting the abnormal Aβ deposition in CNS [159]. 
However, this has been challenged by the observation that ACE-deficient mice had 
no changes in brain Aβ levels [130].

Despite the fact that ACE inhibitors have yet to be further researched, recent 
clinical studies have shown a certain degree of protection from stroke although 
seem to be inferior to those of ARBs [160, 161]. Nevertheless, this question on 
which antihypertensive drugs, ARBs or ACEi, are more effective in the prevention 
of ischemic brain damage still remains a matter of debate [45].

2  Conclusions

Most of the studies on the role of T2D and hypertension as risk factors for stroke 
and vascular dementia (including AD) have focused on each “peripheral pathology” 
per se. This has rendered the knowledge on their precise molecular links (particu-
larly when comorbid) very limited. Nevertheless, the scarce evidence available to 
date seems to consistently demonstrate that comorbid hypertension further exacer-
bates the brain and cognitive dysfunction induced by T2D. As such, we may hypoth-
esize that an intricate, highly deleterious network of damaging processes (e.g., 
oxidative stress and/or inflammation) may result from the crosslink between insulin 
resistance, hyperglycemia, and RAAS overactivation, leading to neurovascular, 
brain, and cognitive dysfunction and, ultimately, to stroke and AD.

Under this perspective, unpuzzling these molecular cross-links will not only fos-
ter the knowledge on chronic T2D-related stroke and vascular dementia, but will 
also aid in the establishment of chronically efficient and safer drugs, and of effective 
preventive strategies against such chronic damage to CNS and cardiovascular 
system.
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Chapter 32
Sex-Specific Factors in Stroke

Anjali Chauhan, Hope Moser, and Louise D. McCullough

Abstract Stroke is a sexually dimorphic disease, identified through evidence 
derived from preclinical and clinical trials. Efficacy of prevention strategies, recog-
nition of symptoms, acute stroke treatment options, and stroke recovery are influ-
enced by sex-specific factors. The terms, “sex” and “gender” are often used 
interchangeably. By definition, sex is a biological variable, typically characterized 
as male, female, or intersex and includes indicators of biological sex, including sex 
chromosomes (XX and XY) and reproductive organs. Gender refers to attitudes, 
feelings, and behaviors that a culture associates with a person’s biological sex. This 
chapter will focus on sex differences in ischemic stroke and will provide an update 
of emerging pre-clinical and clinical studies that confirm that sex is an important 
biological variable in ischemic brain injury.

Keywords Sex differences • Ischemic stroke • Primary prevention • Stroke man-
agement • Stroke outcomes
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CAC Coronary artery calcification
CBF Cerebral blood flow
CEE Conjugated equine estrogens
CIMT Carotid intimal medial thickness
COC Combined oral contraceptive
CTA Computed tomography angiogram
CTP Computed tomography perfusion
DNA Deoxyribonucleic acid
DNP Doctor of Nursing Practice
ELITE Early vs. Late Intervention Trial with Estradiol
HLD High-density lipoprotein
HRPR High on treatment residual palatelet activity
HRQoL Health related quality of life
HT Hormone therapy
IL-6 Interleukin 6
IMS III Interventional Management of Stroke III Trial
KEEPS Kronos Early Estrogen Prevention Study
LDL Low-density lipoprotein
MD Medical Doctor
MI Myocardial infarction
mRNA Messenger RNA
NAD Nicotinamide adenine dinucleotide
NIHSS National Institute of Health Stroke Scale
nNOS Neuronal nitric oxide synthase
NOAC Novel oral anticoagulant
PAF Paroxysmal atrial fibrillation
PAR Poly ADP-ribose
PARP Poly ADP-ribose polymerase
PhD Doctor of Philosophy
PRES Posterior reversible encephalopathy syndrome
PSD Poststroke depression
RCVS Reversible cerebral vasoconstriction syndrome
RN Registered Nurse
r-tPA ALTEPLASE
WHI The Women’s Health Initiative
XIAP X-linked inhibitor of apoptosis
XX Female sex
XY Male sex

1  Sex-Specific Risk Factors

Stroke is a sexually dimorphic disease, identified through evidence derived from 
preclinical and clinical trials. Efficacy of prevention strategies, recognition of 
symptoms, acute stroke treatment options, and stroke recovery are influenced by 
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sex- specific factors [1]. Recognition of these differences led to the first “sex-spe-
cific” guidelines that were developed by the American Heart Association “Prevention 
and Management of Stroke in Women,” which discusses the evidence for sex-spe-
cific differences in clinical stroke [2] (see Table 32.1).

The terms, “sex” and “gender” are often used interchangeably. By definition, sex 
is a biological variable, typically characterized as male, female, or intersex and 
includes indicators of biological sex, including sex chromosomes (XX and XY) and 
reproductive organs. Gender refers to attitudes, feelings, and behaviors that a cul-
ture associates with a person’s biological sex [3]. For purposes of this chapter, we 
will use the term “sex” as we provide an overview of specific topics pertaining to 
sex-related risk factors in women.

1.1  Pregnancy

The risk of stroke increases during pregnancy and is maintained for at least 12 
weeks postpartum [4]. Pregnancy-related conditions such as preeclampsia, hyper-
coagulability, vasculopathies such as reversible cerebral vasoconstriction syndrome 
(RCVS), and posterior reversible encephalopathy syndrome (PRES) dramatically 
increase the risk of a venous thrombotic event or hemorrhagic stroke [2, 5]. The risk 
for pregnancy-associated complications later in life is uncertain, but there is some 
evidence that suggests that there is an increased risk to not only the mother but also 
the child several years or decades after delivery [6]. Tranquilli et al. [7] has docu-
mented a correlation between children born to women with preeclampsia have a 
predisposition to hypertension, insulin resistance, and diabetes mellitus.

Table 32.1 Risk factors for stroke

Risk factor
Sex- specific 
risk factor

Risk factor that are 
stronger or more 
prevalent in women

Risk factor that 
are similar in 
men and women

Pregnancy, preeclampsia, 
or gestational diabetes

X

Oral contraceptive or postmenopausal 
hormone use

X

Migraine headache with aura X

Atrial fibrillation X

Diabetes X

Hypertension X

Physical inactivity obesity or unhealthy X

Age X

Prior cardiovascular disease X

Smoking X

The metabolic syndrome X

Depression X

Psychological stress X

32 Sex-Specific Factors in Stroke
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Applying a murine model of stroke, the role of parity related to stroke outcome 
revealed associations with sedentary behavior, weight gain, elevated total choles-
terol, and increased triglyceride levels. Compared to the nulliparous mouse brain, 
the multiparous brain exhibited features of immune suppression with inhibited 
microglial activity at baseline as well as less glial activation and smaller areas of 
infarction poststroke (Ritzel unpublished results). Continued preclinical studies on 
female mice with reproductive experience may better reflect the lifelong patterning 
of ischemic stroke especially as women are delaying pregnancy, and rates of hyper-
tension are higher in older women, further increasing the risk [8].

1.2  Hormones and Stroke Risk

In women of reproductive age, there is a direct correlation between high dose estro-
gen and ischemic stroke [9]. Over the past decade, the risk of stroke has decreased 
largely due to the lower estrogen and use of first- or second-generation progesterone 
combinations in combined oral contraceptives (COCs) [10]. The risk is proportion-
ately decreased with the lower estrogen dosage; however, the evidence is not clearly 
consistent with regards to progesterone dose.

Overall, hormonal contraception use is considered relatively safe when the low-
est effective dose of estrogen is prescribed with contraindications and risk factors 
being considered, such as age ≥35 years and concomitant smoking or complex 
migraine [11]. Migraine headaches are more common among premenopausal 
women using combination oral contraceptives [12]. Criteria regarding absolute and 
relative contraindications for the use of COCs have been debated; especially whether 
COC use in women with migraine is safe. For a summary of the US Medical 
Eligibility Criteria for Contraceptive Use [13] see Table 32.2. The absolute increase 
in the risk of stroke is small. Data from a recent prospective cohort study following 

Table 32.2 US Medical Eligibility Criteria for Contraceptive Use [13]

Headache Initiation Continuation

Nonmigraine  
(mild or severe).

No restriction Advantage generally outweighs risk

Migraine

Without aura

Age <35 years Advantage generally outweighs 
risk

Risk usually outweighs advantage

Age ≥35 years Risk usually outweighs advantage Unacceptable health risk

With aura (any age) Unacceptable health risk Unacceptable health risk

1. No restriction for the use of combination oral contraceptive
2. Advantages of using COCs generally outweighs the theoretical or proven risks
3. Theoretical or proven risks usually outweighs the advantages of using COCs
4. Unacceptable health risk if the COC used
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over 115,000 healthy women ages 25–42 from 1989 to 2011 reported that 15 % of 
women reported a documented diagnosis of migraine. After adjustment for con-
founders, migraine was associated with an increased risk for stroke (1.62, 1.37–
1.92) (hazard ratio 1.50, 95 % confidence interval 1.33–1.69) [14] compared with 
women without migraine, suggesting that risk may be independent of COCs. 
Interestingly, risk factors such as age <50 and ≥50 years, smoking status, hyperten-
sion, postmenopausal hormone therapy (HT), and COC use revealed similar risk, 
suggesting the link was between migraine and stroke. It was recommended that all 
women with migraine should undergo aggressive screening to assess and aggres-
sively treat their vascular risk factors [14].

2  Sex Differences in Primary Prevention

Gender disparity for enrollment in clinical trials continues to be a significant chal-
lenge. Approximately 30 % of patients enrolled in cardiovascular clinical trials are 
women, making it difficult to develop appropriate guidelines for primary and sec-
ondary stroke prevention [15]. The reasons for poor enrollment in women are 
unknown, but social factors (i.e., difficulty getting to appointments and isolation), 
increased age, contraindications to therapy due to comorbidities, cognitive deficits, 
and poor premorbid function have all been implicated.

Sex differences in the efficacy of primary preventive strategies have been seen in 
large epidemiological trials. As an example, evidence supports that aspirin reduces 
the risk of ischemic stroke in women by approximately 25 % yet has no effect on 
cardiac risk [2, 16]. Berger et al. [17] conducted a meta-analysis comparing the sex- 
related risks and benefits of aspirin used for the primary prevention of cardiovascu-
lar disease. Aspirin therapy was associated with a significant 12 % reduction in 
cardiovascular events and a 17 % reduction in stroke in women, which led to reduced 
rates of ischemic stroke compared to a significant 14 % reduction in cardiovascular 
events in men that was secondary to a 32 % reduction in myocardial infarction (MI) 
with little effect on stroke risk. Adverse drug events (ADEs) such as bleeding, 
directly related to aspirin use, were not different between the sexes [18].

Sex differences in platelet aggregation and the response to antiplatelet agents 
have received recent attention. Specifically, biological differences in the pathogen-
esis of atherosclerosis in the aged female, with >1 risk factor, hormonal influences, 
and lower body mass have been identified as factors that may influence a diminished 
effect of commonly used antiplatelet agents such as aspirin, clopidogrel, or ticagre-
lor which is increasingly used [19]. In patients receiving dual antiplatelet therapy, 
sex did not impact on the prevalence of high-on treatment residual platelet reactivity 
(HRPR) in patients treated with aspirin, clopidogrel, or ticagrelor [19]. 
U.S. Preventive Services Task Force [20] has suggested that the use of aspirin for 
primary prevention of cardiovascular disease has the greatest potential for positive 
net benefit in patients if initiated in individuals aged 40–69 years with high cardio-
vascular risk [21].
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3  Sex Differences in Embolic Stroke

Women with atrial fibrillation (AF) not on anticoagulation have shown a higher risk 
of developing embolic stroke [22] and have higher mortality compared to age- 
matched men [23]. The higher prevalence of AF in older women is due in part to 
age-related variations in the pharmacokinetic effect of anticoagulation [22, 24]. 
CHA2DS2-VASc is a stroke risk stratification score derived from an evidence-based 
algorithm. The score is recommended in many guidelines and is used to identify 
low-risk patients. In comparison to CHA2DS2, CHA2DS2-VASc assigns an addi-
tional point for female sex, recognizing that women are at increased risk [2].

In a recent cohort study of 600 stroke patients where women were older than men 
at stroke onset but more men had diabetes and tobacco use. Of the 600 patient, 111 
of them had a premorbid diagnosis of AF. After 5 years of follow up there was a 
statistically nonsignificant mortality rate of 76 % in women and 73 % in men. 
Additionally, one-third of women and one-half of men were functionally indepen-
dent. In the patients with known AF, women were treated with warfarin less fre-
quently prior to the stroke (11 % vs. 28 %) but warfarin and novel oral anticoagulant 
(NOAC) treatment did increase among both women and men at hospital discharge 
[25] and further reveals the considerable increase in morbidity and mortality in 
women. Several large epidemiological trials have revealed that women with AF and 
a moderate to high risk of stroke in an outpatient cardiac population were about 
30 % more likely to be treated with aspirin. One of the specific patient characteris-
tics associated with oral anticoagulant use was male sex [26]. Paroxysmal atrial 
fibrillation must remain within a high level of suspicion, especially in elderly 
women. Aggressive monitoring with devices such as Holter/loop monitors or 
implantable cardiac event monitors is advisable.

Sex differences in stroke, systemic embolism, and major bleeding events after 
treatment with a NOAC have only recently been evaluated. A recent systematic 
review and meta-analysis evaluated sex differences focusing on residual risk in 
patients with nonvalvular AF treated with either warfarin or a NOAC [27]. Women 
with AF taking warfarin were at a significantly greater residual risk of stroke and 
systemic embolism compared with men. Interestingly, no sex differences in risk of 
stroke and embolism was seen in patients with AF receiving a NOAC. Major bleed-
ing was less frequent in women with AF treated with a NOAC, suggesting an 
increased net clinical benefit of NOAC use compared with warfarin in treating 
women with AF [27].

4  Sex Differences in Acute Stroke Management

Alteplase (r-tPA) is the only FDA-approved pharmacologic treatment for acute 
ischemic stroke. Most studies have shown that female stroke patients are just as 
likely as male stroke patients to receive thrombolytic treatment. One observational 
cohort study did report that women may benefit more from r-tPA treatment, 
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suggesting that while men and women receive weight appropriate doses of r-tPA 
[28], women are more likely to receive the maximum dose of r-tPA (0.9 mg/kg) due 
to women holding higher weight [29]. Race has been an element of interest when 
studying differences in acute stroke management. A recent comparison of Caucasian 
and African American, male and female stroke patients revealed no differences in 
the use of IV r-tPA in men but found that African American (AA) women were rela-
tively less likely to receive IV r-tPA than Caucasian women primarily attributed to 
higher rates of uncontrolled hypertension in AA women [30]. Analysis of thrombo-
lytic trials found that African American women may have greater benefit from r-tPA 
treatment as compared to men due to the prevalence of cardioembolic stroke and the 
negative natural history in untreated women [31]. No sex differences in outcome 
have been reported in studies of mechanical embolectomy [32]; however, the num-
ber of treated patients was small and current studies are underpowered to detect sex 
differences. Endovascular therapy will be widely used with the emergence of the 
recent, positive, endovascular trials [33]. Recent trials lacked “a priori” design for 
analysis sex specificity therefore it is difficult to claim whether women and men 
benefit from these interventions equally until this is specifically examined [34].

5  Aging and Stroke

The most important independent risk factor for stroke is age, as stroke rates double 
every decade after the age of 55 years in both men and women [35, 36]. Additionally, 
age is a significant predictor of outcome, independent of sex, vascular risk factors, 
stroke etiology, timeliness and effectiveness of revascularization, and stroke severity 
[37]. Stroke recovery is influenced by age, even in studies that attempt to control for 
this confounder with multivariable modeling. The mean age of first stroke in men is 
66.7 year vs. that of woman being 70 years old. Recent epidemiological studies have 
shown an increase in sex-specific risk beginning in middle age, with women 55–75 
years of age have a 20–21 % increase in stroke risk compared to 14–17 % increased 
risk in men [38, 39]. The changes that occur with reproductive senescence, including 
the loss of estrogen, likely influence a women’s vascular risk [40, 41].

The influence of estrogen and hormone therapy (HT) on a women’s stroke risk 
remains controversial. The absolute risk associated with hormone therapy is strati-
fied based on current age and the length of time since menopause. The Women’s 
Health Initiative (WHI) [42] trial found that in relatively healthy postmenopausal 
women, estrogen, with or without progestogen, significantly increased the risk of 
stroke, which was a somewhat surprising result as many prior observational trials 
suggested that estrogen was beneficial and vasculoprotective. In the WHI, younger 
women between the ages of 50 and 59 years, taking only conjugated equine estro-
gens (CEE), showed an improvement in all-cause mortality, decreased incidence of 
myocardial infarction (MI), but showed no protective effect on stroke or venous 
thrombosis. Significant controversy ensued which incited review and change in the 
recommendations and guidelines. Current recommendations state that HT should 
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not be initiated in postmenopausal women for either primary or secondary stroke 
prevention [2]. Many have criticized the WHI trial on the premise that estrogen 
therapy may have been initiated too late, showing poor beneficial effect due to dis-
eased endothelium secondary to estrogen’s proinflammatory effects [43]. Recent 
clinical trials suggest that this story is far from over. Findings from two recent clini-
cal trials, the Kronos Early Estrogen Prevention Study (KEEPS) [44] and the Early 
vs. Late Intervention Trial with Estradiol (ELITE) [45, 46] appear to be consistent 
with the idea that initiating HT in the perimenopausal period may be safe. These 
trials were specifically designed to examine the effect of HT on younger, recently 
postmenopausal women. KEEPS, a multicenter clinical trial of 727 women aged 
42–58 years examined estrogen with progesterone transdermal HT 50 mcg/day vs. 
oral HT 0.45 mg/day vs. placebo over 4 years. Starting HT in healthy, menopausal 
women between 6 months and 36 months from last menses could reduce the pro-
gression of subclinical atherosclerosis as measured by carotid intimal medial thick-
ness (CIMT) and coronary artery calcification (CAC) [44, 47]. The study found no 
differences in CIMT or CAC progression in estrogen-treated women compared to 
women treated with placebo. Importantly, estrogen treatment did not increase blood 
pressure but lowered high-density lipoprotein (HDL) and low-density lipoprotein 
(LDL) levels. Transdermal therapy improved insulin resistance but an increase in C 
reactive protein was seen with oral estrogen treatment. Data from the recently pub-
lished ELITE study, which included 643 women who were followed for 6–7 years 
after treatment initiation, showed a reduction in CIMT in estrogen treated women 
when treatment was initiated within 6 years of menopause (average age of 
55.4 years), but no effect when treatment was initiated 10 years after menopause 
(average age of 65.4 years) [46]. Continued follow up of the KEEPS and ELITE 
cohorts will be needed as enrolled women were young and not yet at high risk for 
stroke, were only followed for 4 years, and a surrogate marker for stroke, CIMT was 
used, before the safety of hormone therapy is established.

6  Sex Differences in Cerebral Blood Flow

Common to all stroke etiologies is compromised oxygen delivery distal to the area 
of infarct causing devastating injury to cerebral tissue. Damage commences imme-
diately and can continue for several hours, with the time of onset to cellular death 
being directly related to the degree of decreased cerebral blood flow (CBF) [48]. 
Normal CBF represents 15–20 % of cardiac output or approximately 50 mL/100 g/
min. CBF of 10-20 mL/100 g/min will cause functional impairment of neurons but 
if restored, CBF will save the ischemic penumbra [49]. Conversely, if CBF decreases 
to less than 10 mL/100 g/min, the ischemic penumbra is rapidly and irreversibly 
damaged. Cerebral autoregulation maintains constant CBF across the continuum of 
perfusion pressures [50] to protect the brain from variations in blood flow and pres-
sure [40]. In women, sex hormones, predominantly estrogen is essential to the regu-
lation of vascular reactivity during and after cerebral artery occlusion thus promoting 
improved tissue perfusion while reducing infarct size [40].
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Collateral circulation has been suggested as a critical component in the determi-
nation of ischemic core vs. ischemic penumbra during an acute stroke [51–53]. Data 
from the Interventional Management of Stroke III Trial (IMS III) [54] was reana-
lyzed to determine the association between collateral status and perfusion parame-
ters [55]. The relationship between computed tomography angiogram (CTA) and 
CT perfusion (CTP) was examined, supporting the hypothesis that better collaterals 
are associated with smaller ischemic cores and larger mismatch, reflecting compen-
sation from the collaterals during an acute ischemic event [55]. Studies are needed 
to examine the extent of collateral formation in men vs. women and if this is a 
potential source of sex differences seen in stroke recovery.

7  Cell Death Mechanisms

Clinical findings have shown considerable disparity in stroke severity with sex and 
age. These differences have their roots in biology as experimental studies have 
shown that sex differences exist in the cellular pathways activated by ischemia, such 
as autophagy and caspase signaling and activation [56, 57]. Sex difference in autoph-
agy has been demonstrated in both in vitro and in vitro models of cardiac ischemia 
[58], cerebral neonatal hypoxia ischemia [59], and after brain hemorrhage [60]. 
These differences are even found in in vitro studies examining cultured neurons 
derived from male (XY) or female (XX) embryonic mice in cultures that are “hor-
mone free” suggesting they are intrinsic to the sex of the cell. Male neurons are more 
sensitive to nutrient starvation and died faster than neurons derived from females, 
highlighting that the sexes utilize different bioenergic pathways, at least under stress 
conditions [61, 62]. In a neonatal model of ischemic injury, females showed greater 
activation of autophagic pathways, increased cell turn over, and were protected 
against ischemic injury [59], consistent with findings in a coronary artery ischemia–
reperfusion injury in rats, suggesting autophagy may be beneficial in females [58].

Sex differences in autophagy may be related to more global changes in metabo-
lism between the sexes [63–65]. Studies show that males utilize carbohydrates and 
amino acids while females mainly rely on fats for fuel [64, 66], a pattern that is 
determined by the mitochondria. Moreover, we found that pharmacologically inhib-
iting autophagy only benefits males (unpublished results); however, further studies 
are needed to establish this effect. One may ask “do the sex differences seen in cell 
death pathway activation have any relevance to clinical stroke?” Recent data sug-
gest they do. Early work in our laboratory and by others have shown that females 
seem to be uniquely sensitive to caspase-induced cell death, whereas males cells 
preferentially die after the overactivation of the DNA repair enzyme PARP with 
subsequent formation of PAR polymers, NAD loss, and nuclear translocation of 
AIF [41, 43, 55]. Pharmacological or genetic deletion of nNOS is protective in 
males but leads to larger infarcts in female mice [67], which remains unexplained 
but may be due to regulation by microRNAs that enhance endogenous inhibitors of 
apoptosis such as XIAP [68]. One example that suggests that these do matter in 
translational drug design is Minocycline. Minocycline is neuroprotective in clinical 
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and experimental stroke studies, due in part to its ability to inhibit poly (ADP- 
ribose) polymerase. Previous preclinical data have shown that interference with 
poly (ADP-ribose) polymerase signaling leads to sex-specific neuroprotection, 
reducing stroke injury only in males [69]. We found that minocycline is ineffective 
at reducing ischemic damage in females after middle cerebral artery occlusion, 
likely due to effects on poly (ADP-ribose) polymerase signaling [55]. Interestingly, 
in a recent small clinical trial, 200 mg of oral minocycline daily for 5 days 6–24 h 
after stroke onset was associated with an improvement in NIHSS over the 3 months 
after stroke in men, but treatment had no effect in women. This was a very small 
trial, with only 53 patients and was not designed or adequately powered to convinc-
ingly show sex-specific neuroprotection, however it should serve as a cautionary 
note to clinicians [70]. Clinical trials must consider possible sex differences in the 
response to neuroprotective agents, if we hope to translate promising therapies to 
stroke patients of both sexes.

8  Outcomes After Stroke

Women have poorer outcomes after stroke than men, in part due to the older age of 
first stroke in women, although results are conflicting [71]. In a large cohort of over 
2800 patients followed over 4 years, sex differences were not identified; however, 
patients were less likely to be discharged home if they were older, separated, or 
divorced compared to patients that were married, had dysphagia, or cognitive defi-
cits [72]. Data from ischemic stroke patients enrolled in the Brain Attack Surveillance 
in Corpus Christi (BASIC) project found that women were older than men (71 years 
vs. 64 years) and women had significantly worse functional outcomes than men 
even after age adjustment [73]. The most important factor contributing to outcome 
was prestroke function. Prevention efforts aimed at maintaining functional status in 
aging women could improve stroke outcomes. Stroke severity modified sex differ-
ences in outcomes. Differences were apparent for mild to moderate stroke but not as 
apparent for severe strokes. Even after adjustment, women still had significantly 
worse functional outcome than men. Other factors such as social isolation and 
depression may disproportionally affect women [74]. The detrimental effects of 
social isolation could be amenable to intervention; however, interventions focused 
on increasing social support in stroke patients have largely been unsuccessful [75, 
76], perhaps due to poor patient selection [77].

8.1  Social Isolation, Loneliness, and Stroke

Substantial evidence from preclinical and clinical studies has demonstrated that 
social isolation can increase stroke incidence and impair recovery. Social isolation 
leads to higher rates of recurrent stroke but is often not reported as a risk factor. 
Prospectively collected stroke center database variables, which included prestroke 
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living situation, were examined to determine if social isolation could be determined 
from existing data using living arrangement as a proxy. Patients were categorized 
into four groups, hypothesized to represent increasing levels of social isolation: liv-
ing with spouse, living with family, living alone with visiting services, or living 
alone. Patients living alone presented with less severe strokes on admission and had 
better poststroke functional recovery at 3 months compared with the other cohorts. 
Upon further detailed examination, patients who lived alone also reported signifi-
cantly higher prestroke functionality. Preexisting depression was significantly 
higher in women and not surprising, depressed patients had poorer outcomes at 90 
days. Information regarding isolation is notably absent from most large stroke data-
bases. A more comprehensive evaluation of social interaction should be obtained to 
more accurately measure social isolation [78].

Stroke is associated with worse functional outcomes and negatively affects 
health-related quality of life (HRQoL) [79]. Stroke-related factors, demographic 
factors, and physical factors are consistent determinants of HRQoL in stroke 
patients [80]. Social support is an important factor in adults who have limited social 
interactions as unhappy or lonely patients are known to be at a higher risk of mortal-
ity [81, 82]. Association between immune dysfunction and hypertension has been 
correlated with loneliness and social isolation [83–85]. Proinflammatory markers 
such as elevated C-reactive protein and serum IL-6 levels are correlated with social 
isolation [86, 87] and have been determined to increase overall stroke risk and post-
stroke mortality [88–90]. Social isolation increased the risk of stroke in both men 
and women [91]. A recent meta-analysis from 35,925 records showed that poor 
social interaction was associated with a 32 % increase in stroke risk (pooled 
RR = 1.32; 95 % CI = 1.04–1.68), with no sex difference in subgroup analysis [82]. 
In preclinical studies, infarct size is greater in socially isolated male and female 
mice as compared with mice housed with partners [92, 93]. Isolation was particu-
larly detrimental to female mice [94]. Expression of Mac1 mRNA and GFAP 
mRNA is increased in socially isolated mice [92]. In a global ischemia model, 
socially isolated mice demonstrated increased neuronal damage, microglia activa-
tion, proinflammatory cytokine expression, and behavior defects as compared to 
paired house animals [95]. A recent study on aged mice demonstrated that socially 
isolated mice have larger infarcts, worse neurological deficits, and higher IL-6 lev-
els at day 3 as compared to pair housed animals [96]. Several inflammatory genes 
associated with poststroke recovery were differentially expressed in socially iso-
lated mice thus highlighting the role of the immune system in mediating these 
effects on recovery [96].

8.2  Depression and Stroke

Depression is common in general population, with females being at higher risk than 
men [97, 98]. A number of studies have shown a close association between depres-
sion and increased stroke risk [99, 100]. A prospective study with 3852 subjects <55 
years old showed that the stroke risk increased in patients between 55 and 64 years 
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with depressive symptoms but not in patients who were older than 65 years. With 
the multivariate analysis, women showed higher risk of stroke than men [101]. A 
recent follow-up study in 137, 305 men and 188, 924 women aged ≥30 years 
showed that depression was associated with increased risk of stroke but there was a 
somewhat surprising interaction that found that men with depression had higher risk 
of stroke than women, and more studies are clearly needed [102]. Additionally, 
recent studies have shown that the use of antidepressant medication increased risk 
of stroke and all-cause mortality [103, 104] the reasons for this are unknown but 
may be related to other life-style factors. A previous study by Smoller et al. [105] 
showed that antidepressant use was associated with increased stroke risk in post-
menopausal women and all-cause mortality [105]. Similar results were observed by 
Pan et al. [99], in 80,574 women between the ages of 54 and 79 years in the Nurses’ 
Health Study without a prior history of stroke. Antidepressant use lead to an 
increased risk of stroke [99]. However, recent studies show that treatment after 
stroke may lead to different conclusions regarding antidepressant use. Administration 
of antidepressants after stroke lowered the 30-day mortality in severe stroke, and no 
sex differences were found [106]. The results need to be replicated in randomized 
clinical trials to conclusively determine the risks and benefits of antidepressant use 
after stroke in both sexes.

Depression is a serious and common psychiatric condition affecting 11–63 % of 
stroke patients [107–111]. Patients with poststroke depression (PSD), though 
grossly under diagnosed, have poor functional outcomes and increased morbidity 
and mortality [112, 113]. Recent studies have shown that female sex is indepen-
dently associated with a higher risk of suffering PSD [114–117]. Social factors such 
as depression and isolation and their contribution to both stroke risk and recovery 
remain understudied.
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Chapter 33
Current Imaging Strategies for Patient 
Selection in Acute Ischemic Stroke Trials

Jenny P. Tsai and Gregory W. Albers

Abstract Neuroimaging is an important part of acute ischemic stroke trials. Its key 
components include vascular, ischemic core, and penumbral imaging. These can be 
acquired by two modalities: computed tomography (CT) and magnetic resonance 
imaging (MRI). This chapter provides an overview of common CT- and MRI-based 
angiographic, parenchymal, and perfusion imaging techniques, and their roles in 
patient selection in acute ischemic stroke trials.

Keywords Computed tomography • Computed tomography angiography • Computed 
tomography perfusion • Magnetic resonance angiography • Diffusion- weighted imaging 
• Perfusion-weighted imaging • Arterial spin labeling • ASPECT score
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DIAS Desmoteplase In Acute Stroke trial
DWI Diffusion-weighted imaging
EPITHET Echoplanar Imaging Thrombolytic Evaluation trial
EXTEND EXtending the time for Thrombolysis in Emergency Neurological 

Deficits trial
FLAIR Fluid-attenuated inversion recovery sequence
IMS-III Interventional Management of Stroke-III trial
kVp Peak kilovoltage
mAs Milliamps per second
MCA Middle cerebral artery
MIP Maximal intensity projection
MP-CTA Multiphase computed tomography angiography
MRA Magnetic resonance angiography
MRI Magnetic resonance imaging
mSv Millisievert
MTT Mean transit time
NCCT Noncontrast computed tomography
PWI Perfusion-weighted imaging
SNR Signal-to-noise ratio
Tmax Time-to-maximum of the residue function
TOF Time-of-flight
tPA Tissue plasminogen activator
TTP Time-to-peak
VERiTAS Vertebrobasilar Flow Evaluation and Risk in Transient Ischemic 

Attack and Stroke study

A neuroimaging modality best selects patients for an acute ischemic stroke trial by 
optimizing accuracy, reliability, efficiency, and safety, and should be tailored to 
the investigational intervention. Neuroimaging strategies have evolved in con-
junction with clinical trials and the growing sophistication of neurovascular inter-
ventions. In the early 1990s, when the first landmark clinical trials evaluated the 
safety of intravenous thrombolytic therapy, noncontrast computed tomography 
(CT) was the optimal imaging strategy. It fulfilled its two roles efficiently: To 
exclude intracranial hemorrhage, and to identify any evidence of large infarcts 
occupying ≥1/3 of the middle cerebral artery (MCA) territory [1, 2]. Over the fol-
lowing decades, the stroke community understood the benefits of imaging the arte-
rial occlusive lesion, ischemic core, penumbra, and collaterals in patient selection 
for endovascular therapy. Multimodal CT- and MRI-based techniques that pro-
vided angiographic imaging and demonstration of salvageable ischemic brain tis-
sue have become the preferred strategies for many clinical endovascular therapy 
trials, especially for ongoing trials that are attempting to expand the treatment 
window beyond 6 h from symptom onset. Despite continuing advances in both CT 
and MRI in stroke imaging, the superiority of one over another remains a subject 
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of debate. This chapter addresses the current neuroimaging modalities used for 
patient selection in acute ischemic stroke and new developments for optimizing 
their use in clinical research.

1  CT-Based Imaging

Computed tomography (CT) employs collimated X-ray beams to differentiate adjacent 
structures based on their densities. As its image acquisition is based on differential 
attenuation properties, adjacent tissues with similar densities can be difficult to discern 
on the basis of noncontrast CT (NCCT) alone. A frequent example is the progression 
of acute infarction, where decreasing tissue density becomes increasingly visible over 
hours as a reflection of irreversible tissue injury.

1.1  Noncontrast CT and ASPECT Score

Despite a well-recognized need to identify evidence of early infarction, there is 
significant variability in interreader agreement on the extent of ischemic injury. The 
Alberta Stroke Program Early CT score (ASPECTS) was developed to standardize 
grading of ischemic injury in the MCA territory. It systematically grades integrity 
of gray-white differentiation and early ischemic hypodensity in ten cortical and 
subcortical areas in the symptomatic hemisphere [3]. (Fig. 33.1) ASPECTS based 
on noncontrast CT is practical, easy to learn, accessible, and shows good interob-
server agreement in scoring, with kappa ranging between 0.71 and 0.89 [4, 5]. 
These advantages allowed it to become a central tool in assessing and communicat-
ing patient eligibility for acute stroke treatment.

An ASPECT score ≤7 vs. >7 has an estimated sensitivity of 78 % and specificity 
of 96 % in predicting functional outcome, and a sensitivity of 90 % and specificity 
of 62 % in predicting symptomatic hemorrhage [3, 5, 6]. A similar analysis based on 
a larger cohort suggests a linear association of ASPECTS 6-10 with functional out-
come, while scores of 0-5 have limited prognostic value in absence of other clinical 
markers [7]. ASPECTS also provides an estimate of probability of good functional 
outcome based on time to reperfusion, ranging from over 50 % within 1 h to 25–30 % 
by 8 h [8, 9]. Several recent acute ischemic stroke trials adopted a minimum 
ASPECTS of 6 or 7 on baseline noncontrast CT [10–14]. Few studies include 
ASPECTS of ≤5, and limited information is available on the optimal acute treat-
ment for these patients.

ASPECTS based on noncontrast CT has several other limitations. It has differential 
weighting in favor of infarction in the insular and striatocapsular region and is only 
designed to assess middle cerebral artery strokes [15]. In addition, it provides no infor-
mation about the location of vascular occlusion, collateral status, or presence of isch-
emic penumbra. ASPECTS on NCCT provides little information that helps to identify 
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which patients have salvageable brain tissue that may benefit from reperfusion therapy 
beyond 6–8 h [16]. Therefore, in an era of acute and hyperacute stroke treatment, many 
clinical trials have focused on imaging and rescuing salvageable ischemic tissue using 
contrast-enhanced CT or MRI.

However, the approach taken in ASPECTS quantification remains useful and 
applicable in these neuroimaging modalities. ASPECTS has been evaluated on DWI 
and CT perfusion, and demonstrates greater test performances than on noncontrast 
CT [16–19]. This methodology has not yet been widely accepted, but may allow 
greater uniformity in reporting the results of acute stroke imaging.

1.2  CT Angiogram

The Interventional Management of Stroke III (IMS-III) trial was completed over 
nearly 7 years. The initial IMS-III protocol did not mandate a CT angiogram (CTA) 
prior to study enrollment. During the study period, clinical practice trended toward 
increasing use of preintervention CTA, and this change in practice was reflected in 
sequential protocol amendments [20]. By the fifth and final protocol, all patients 

Fig. 33.1 ASPECTS scoring scheme. The Alberta Stroke Program Early Computed Tomography 
Score (ASPECTS) is a standardized system to evaluate presence of early infarct signs in the middle 
cerebral artery territory. Two axial slices on noncontrast CT are scored: one at the thalamic and 
basal ganglia level, and another just rostral to the first. The maximum ASPECTS is 10, and a point 
is deducted for every cortical or subcortical region with loss of gray-white differentiation in the 
symptomatic hemisphere. C, caudate nucleus; IC, internal capsule; L, lentiform nucleus; I, insular 
cortex; M1–M3, anterior, lateral insular, and posterior cortical regions; M4–M6, cortical regions 
immediately superior to M1–M3; A, anterior; P, posterior; CT, computed tomography; DWI, 
diffusion- weighted imaging. Reprinted with permission from “Validity and reliability of a quanti-
tative computed tomography score in predicting outcome of hyperacute stroke before thrombolytic 
therapy” by Barber PA, Demchuk AM, Zhang J, Buchan AM, et al.. Lancet. 2000 May 
13;355(9216):1670–4
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were required to have evidence of arterial occlusion on CTA, under the presumption 
that certain subgroups may show greater benefit from endovascular treatment [20]. 
Indeed, a post hoc analysis of the IMS-III data demonstrated a trend toward better 
treatment response in patients with proximal occlusions seen on preintervention 
CTA [20, 21]. These results paved the way for the subsequent positive endovascular 
trials, all of which required evidence of an arterial occlusion on CTA or MRA for 
enrollment [10–14]. The 2015 AHA/ASA guidelines for the Early Management of 
Patients with Acute Ischemic Stroke Regarding Endovascular Therapy also strongly 
recommends the use of noninvasive intracranial vascular imaging prior to endovas-
cular therapy (Class 1; Level of Evidence A) [22].

Conventional CTA is acquired with a single scanning phase (Fig. 33.2). Following a 
contrast bolus injection, rise in Hounsfield units over a preset region of interest in the 
aorta signals contrast arrival and triggers a timed scan from the aortic arch to vertex [23]. 
Single-phase CTA allows for visualization of the arterial occlusive site, including a 
rapid assessment of cervical vessels from their origins. It provides good signal-to- noise 
ratio (SNR) with limited venous contamination when properly timed [23]. However, it 
provides limited and at times inaccurate information on collateral status [24].

Fig. 33.2 20Comparison of CTA and CTP acquisitions. (a) Conventional single-phase CTA is 
acquired from the aortic arch to the vertex. (b) Multiphase CTA is composed of a 3-phase shuttle-
mode angiography. The first phase is similar to the conventional single-phase CTA, followed by 
two additional phases only from skull base to vertex, each separated by 4 s of repositioning and 3.4 
s of scanning time. (c) This is an example of CTP using a single-slab acquisition, with approxi-
mately 8 cm of coverage. The inferior border of the slab should be positioned parallel to and just 
above the orbital roof. Images are acquired parallel to the longitudinal plane of the slab. Optimal 
time of acquisition may be dependent on the venous output function (VOF), and typically ranges 
between 45 and 90 s
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1.2.1  Multiphase CT Angiography

Multiphase CTA is a technique developed to address this limitation. It is a time- 
resolved CTA acquired in three phases, following a single bolus. The first angiogram 
covers the aortic arch to the vertex in the peak arterial phase, then the multidetector 
scanner “toggles” between the skull base and the vertex for the additional mid- and late 
venous phases (Fig. 33.2b). The acquired section thickness is 0.625 mm, and images 
are reconstructed into axial maximum intensity projections (MIP) [23, 24]. Image 
postprocessing is automated and requires approximately 2–3 min. The axial MIP 
images allow for easier visualization of vascular opacification of the Circle-of-Willis, 
its major branches, and any existing asymmetry in timing and degree of collateral fill-
ing. Using collateral status as a surrogate measure, MP-CTA aims to demonstrate evi-
dence of salvageable ischemic tissue. Menon et al. suggested superiority of MP-CTA 
over SP-CTA and CTP, although this data has yet to be validated in a larger, multi-
center study [24]. Meanwhile, Yang et al. demonstrated that MP-CTA outputs can be 
also generated from CTP source images [23]. MP-CTA is a novel technique and its 
role as neuroimaging modality in clinical trials and routine practice require further 
validation.

1.3  CT Perfusion Imaging

CT perfusion imaging (CTP), first proposed in 1980, is a sensitive marker of tissue 
ischemia, and an attractive option for acute stroke imaging [25]. Despite these 
advantages, the lack of standardization and traditionally longer postprocessing time 
has limited its acceptance and routine clinical use in acute stroke imaging for many 
years. With improvement in both CT scanner technology and fast, user-independent 
postprocessing software (RAPID; iSchemaView, Menlo Park, CA, USA), CTP has 
become a reliable imaging modality for acute stroke studies. It has been validated 
and used across several observational studies and randomized controlled trial [10, 
11, 26]. While the technical details of perfusion imaging data acquisition and pro-
cessing are beyond the scope of this discussion, understanding the basics of perfu-
sion imaging is helpful in understanding the interpretation and applicability of CTP 
in acute ischemic stroke trials.

1.3.1  Technical Considerations in Using CT Perfusion

The principle behind both CTP and MR perfusion-weighted imaging (PWI) is the 
tracking of a contrast bolus’s passage through its arterial phase, brain parenchyma, 
and exit into the venous circulation. In CTP, the source data is simply characterized 
by change in tissue density over time. This variation can be plotted for every voxel of 
tissue imaged as a time-density function that is directly proportional to contrast con-
centration [27]. Therefore, CT perfusion requires injection of a radiopaque, iodinated 
contrast agent followed by repeated image acquisition at fixed time intervals over 
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approximately 70–90 s. There is a little consensus in the protocols currently used, 
and acquisition parameters vary between institutions. The images are generally 
acquired with a voltage of 80 kVp and a current between 100 and 200 mAs [28–30]. 
This setting allows for lower radiation exposure than the conventional 120 kVp used 
in unenhanced CT, to counter-balance longer duration of radiation exposure with 
CTP. Average effective radiation dose from a single CTP is approximately 2.5 mSv 
[28, 29]. (In reference, a New Yorker is exposed to approximately 3.6 mSv of envi-
ronmental radiation per year.) The radiation dose can be further reduced by approxi-
mately 50–1.3 mSv, using a lower current of 50 mAs, without compromising data 
accuracy [28, 31]. Despite concerns about radiation exposure related to CTP, the 
dose is relatively limited.

Scanner specification is an important consideration in ensuring that the CTP will 
capture the entire ischemic core and penumbra and accurately represent the lesion 
volumes [32]. The craniocaudal lesion coverage of each scanner depends on the 
width of the scanner’s detector row. Common scanners currently used for perfusion 
imaging range from 64 to 320 detector rows, allowing, respectively, 4–16 cm of 
coverage in a single slab. An 8-cm coverage in the craniocaudal axis should cover 
90 % of the ischemic core in large artery occlusions [33, 34]. (Fig. 33.3) To achieve 
an 8-cm coverage, a 64-detector row scanner would need to acquire two contiguous 
and nonoverlapping 4-cm slabs. They can be acquired in two modes. In cine 

Fig. 33.3 Percent ischemic core coverage per coverage thickness. In comparison to whole brain 
coverage (100 %), estimates of the ischemic core coverage are illustrated by the dotted lines. The 
dotted vertical line indicates the axial central position corresponding to the caudal section used in 
ASPECTS scoring. Reprinted with permission from “Whole brain CT perfusion in acute anterior 
circulation ischemia: coverage size matters” by Emmer BJ, Rijkee M, Niesten JM, Wermer MJH, 
Velthuis BK, van Walderveen MAA. Neuroradiology. Springer Berlin Heidelberg; 2014 
Dec;56(12):1121–6
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(or toggle) mode, the scanner sequentially acquires the two slabs, each requiring a 
separate contrast bolus injection [35]. In shuttle mode, only one bolus injection is 
given, and the scanner alternates between the two slab positions. Though shuttle 
mode reduces both radiation and contrast exposure, the detector movements result 
in a lower temporal resolution and slightly lower accuracy [29, 35].

1.3.2  Optimal Parameters for Patient Selection

Perfusion parameters can be either measured or mathematically derived from 
sources images sequentially acquired over time. If the changes in tissue density and 
contrast concentration over time are known, the perfusion parameters can be either 
measured or mathematically derived. Figure 33.4 shows examples of CTP maps, 
using these parameters:

• Cerebral blood volume (CBV): Total blood volume flowing through a given 
brain volume, typically measured in mL of blood/100 g of brain tissue. At a tis-
sue level, the remaining volume is accounted for by cells and interstitium.

• Cerebral blood flow (CBF): Total blood volume flowing through a given brain 
volume per unit time, typically measured in mL of blood/100 g of brain tissue 
per minute.

• Mean transit time (MTT): Average blood transit time through a given region of 
interest, typically measured in seconds.

• Time to peak (TTP): Measurement of delay time in contrast arrival in the region 
of interest, calculated as the derivative of the contrast agent’s time-attenuation 
function without use of a deconvolution function.

• Time to maximum of the residue function (Tmax): Measurement of delay time in 
the contrast signal’s first arrival in the region of interest, in reference to an arte-
rial input function (AIF) that defines an initial time (t = 0), and mathematically 
derived using a deconvolution function.

1.3.3  Thresholds and Performance of CTP Parameters

An ideal candidate for acute stroke intervention is a patient with a perfusion mismatch, 
which refers to the presence of a small ischemic core and a large penumbra [36, 37]. 
Their imaging correlates are, respectively, a low-CBV or CBF lesion as ischemic core, 
and the volumetric difference between the core and a time-based parameter (increased 
MTT, TTP, or Tmax) estimates the penumbra [38–42].

There is currently no consensus on which parameters are the optimal measures 
for either core or penumbra, and at what threshold. In fact, when optimally 
thresholded, both CBV and CBF offer good approximations of the final infarct core 
[38, 40, 42–45]. However, when CTP and MRI are acquired within 1 h, CBF 
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correlated better than CBV with the DWI lesion, both by lesion location and volume, 
and provides a translatable ischemic core measure between CTP and DWI [38]. The 
lesions defined by CBF < 30 % of normal showed the highest correlation with the 
concomitant DWI lesion [38, 46].

Meanwhile, MTT has also been compared to the measures of delay such as Tmax 
and TTP, and has shown lower sensitivity and specificity for approximating the 
penumbra [43, 47]. A Tmax prolongation to over six seconds (Tmax >6 s) has been 
validated as an accurate representation of the ischemic penumbra [47–49]. A recent 
publication by d’Esterre et al. suggests that CTP may also be able to predict infarct 
growth using high Tmax thresholds [50]. Further validation and observational data 
are needed to apply this approach in clinical trials.

Fig. 33.4 Example of a CT perfusion study demonstrating a right hemispheric area of hypoperfu-
sion related to a right middle cerebral artery occlusion in the M1 segment. Cerebral blood volume 
(CBV, a) and flow (CBV, b) are preserved, and indicate absence of a significant ischemic core. 
Mean transit time (MTT, c) and time to maximum of the residue function (Tmax, d) are increased in 
the area of hypoperfusion due to the arterial occlusion

33 Current Imaging Strategies for Patient Selection in Acute Ischemic Stroke Trials



760

1.4  RAPID

For many years, perfusion imaging postprocessing required a technologist to select 
a reference arterial input function and perform manual processing steps. The need 
for manual input resulted in longer processing times and operator dependence of the 
results [51–53]. In 2011, using data from the Diffusion and Perfusion Imaging 
Evaluation For Understanding Stroke Evolution (DEFUSE) and Echoplanar Imaging 
Thrombolytic Evaluation Trial (EPITHET), an automated MRI analysis software 
was developed at Stanford University. It was named “RAPID” and became the first 
fully automated software to identify both arterial input and venous output functions, 
segment ischemic lesions based on prespecified apparent diffusion coefficient 
(ADC) and Tmax thresholds, quantify lesion volumes, and generate lesion maps. 
RAPID also incorporates a motion correction algorithm to increase data accuracy, 
and total postprocessing time with modern versions of the software is less than 
3 min. RAPID outputs are reliable and consistent with manually processed data, for 
both DWI (r2 = 0.99) and perfusion (r2 = 0.96) lesion volumes [52]. In the EXTEND 
trial, only 3.4 % of RAPID-processed maps were uninterpretable [37].

Though the earliest version was developed based on MRI data, RAPID was sub-
sequently expanded to process CTP images with equal efficiency (Fig. 33.5). The 
presence of a perfusion lesion was defined by the CTP target mismatch, validated 
from its MRI predecessor:

• Ischemic core (defined by rCBF < 30 %) volume <70 mL
• Mismatch ratio (between Tmax >6 s and rCBF < 30 % lesions) ≥1.8
• Mismatch difference (between Tmax >6 s and DWI lesions) > 15 mL

While the MRI-based RAPID uses decreased apparent diffusion coefficient 
(ADC < 620) to identify the ischemic core, its CTP equivalent uses a relative CBF 
less than 30 %, based on its close correlation with the DWI volume estimate. Both 
versions of RAPID have been used in several observational studies and randomized 
controlled trials [10, 37, 54, 55].

2  MRI-Based Imaging

MRI plays a key role in acute stroke assessments. It allows for reliable imaging of 
the infarct core, rapid and contrast-free imaging of the vasculature, and determi-
nation of the patient’s mismatch status. A number of approaches have been pro-
posed, including the perfusion-and-diffusion (PWI–DWI) mismatch, the 
clinical–diffusion mismatch, the MR angiography (MRA)–clinical mismatch, and 
MRA–DWI mismatch. All four use the discrepancy between either clinical or 
radiological severity and the expected deficits from the DWI lesion. MRI is also 
the preferred modality for postintervention follow-up imaging. While early infarct 
size is usually assessed on DWI, late lesions are typically better seen on FLAIR 
or T2-weighted imaging.
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2.1  Diffusion-Weighted Imaging

Early data on the use of MRI in imaging hyperacute and acute infarct came from 
feline and rodent models of middle cerebral artery occlusion [56–59]. Diffusion- 
weighted spin-echo MRI showed the infarction earlier than T2-weighted imaging. 
The finding represented decreased diffusivity of water molecules, and corresponded 
to an area of elevated lactate:N-acetylaspartate ratio and other metabolic changes 
associated with cerebral ischemia.

Diffusion-weighted imaging (DWI) in patients with acute ischemic stroke 
showed the superiority in demonstrating early infarcts when compared with both 
T2-weighted imaging and noncontrast CT [60–62]. DWI offered greater sensitiv-
ity, specificity, and interrater reliability for identifying acute infarcts, required no 

Fig. 33.5 Example of RAPID output images. The RAPID software generates a series of three 
maps. The column map (left) places side-by-side diffusion-weighted images (b = 0, isoDWI or 
b = 1000, and isoADC), T2* or gradient echo, and perfusion-weighted images (CBV, CBF, MTT, 
and Tmax). In the CT perfusion output series, the diffusion-weighted and T2* images are replaced 
by the baseline CT, acquired at the onset of the perfusion study. The summary map (top right) 
highlights the ischemic core in pink, using an apparent diffusion coefficient (ADC) threshold of 
<620 mm2/s. The critically hypoperfused lesion is marked in green, using a threshold of Tmax >6 s. 
The severity of hypoperfusion within the ischemic territory is shown in a separate map (middle), 
segmented using Tmax thresholds, from >4 to >10 s. Two reference images (bottom right) show the 
location and time plot of the arterial input and venous output functions
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exposure to ionizing radiation, and showed better correlation with the presenting 
NIHSS and final infarct volume [61–63]. Only an estimated 5 % of infarcts were 
DWI negative, and most of them are small, in the brainstem, and associated with 
good clinical outcome [64, 65]. By the early 2000s, DWI was the gold standard for 
imaging hyperacute and acute stroke [61, 64].

2.1.1  Diffusion Lesion Evolution

Since DWI reflects the underlying cellular changes in acute ischemia, the lesion 
signal evolves over the first hours to days after infarction. In particular, early DWI 
lesion changes can affect the accuracy of infarct volume measures and the interpre-
tation of apparent infarct growth. Therefore, timing of follow-up MRI scan and the 
choice of sequences should take into account the effect of these early changes.

Diffusion reversal is defined as the normalization of diffusion-restricting 
signal between an early follow-up DWI and final infarct assessment. Diffusion 
reversal can involve part or all of the lesion. True diffusion reversal is uncommon, 
with an estimated incidence of 5–7 % [38, 66, 67]. It usually represents <10 % of 
the lesion volume, almost exclusively occurs in patients with successful reperfu-
sion [66–68]. Transient diffusion reversal can be observed when reimaged within 
the first hours to days after the stroke, with subsequent return of diffusion restric-
tion or evolution into early FLAIR hyperintensity [68, 69]. The putative mecha-
nism behind this transient reversal is onset then resolution of vasogenic edema 
[70]. Another possible explanation is that diffusion reversal truly represents 
tissue normalization after reversed ischemic insult, and that reestablishment of 
diffusion restriction reflects secondary injury that may potentially be prevented 
by novel neuroprotective agents [68].

While part of a DWI lesion can reverse, another part of the same lesion can 
grow into adjacent tissue, even with reperfusion [70, 71]. Therefore, the 
approach to image analysis can significantly impact interpretation of whether 
infarct growth has occurred. A simple volumetric assessment of the final infarct 
burden can lead to misclassification of infarct growth when opposite changes 
occur in different regions of the lesion. Coregistration of the baseline and fol-
low-up lesions is a more accurate method in demonstrating discrepancies in 
these regional changes [70]. In addition, timing of the follow-up scan is also 
important. A follow-up FLAIR lesion within 5 days of the infarct tends to over-
estimate the final infarct size due to associated edema and can give the apparent 
impression of lesion growth. Meanwhile, a late follow-up (>30 days) may 
underestimate the final infarct size due to gliosis or atrophy, and appear stable or 
decreased in infarct volume [72].

Therefore, the timing and sequences used for follow-up imaging should be care-
fully determined based on the aim of the neuroprotective trial. Coregistration of the 
baseline and follow-up lesions should be used as the preferred method for final 
infarct assessment.
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2.2  MR Angiography

As we previously discussed, angiographic evidence of arterial occlusion is impor-
tant in patient selection for endovascular interventions. Three-dimensional time-of- 
flight (TOF) MR angiography (MRA) is able to serve a similar purpose. It is 
routinely performed prior to contrast administration and has the advantage of rap-
idly acquiring vascular imaging without using a contrast agent [73, 74]. Though 
TOF MRA can accurately identify a focal occlusion, it may also overestimate the 
degree of intracranial stenotic lesions, and limit the distinction between a high- 
grade stenosis and occlusion [73]. TOF MRA also has lower sensitivity in detecting 
slow or in-plane blood flow distal to the points of stenoses, although the delay in 
ipsilateral distal vessel filling can be interpreted as a marker of hemodynamically 
significant stenosis [73–75].

Another important application of MRA is in combination with DWI. The use of 
an MRA–DWI mismatch has been validated for arterial occlusions in the internal 
carotid artery (ICA) or the first segment of the proximal middle cerebral artery 
(M1-MCA), from the DEFUSE and DEFUSE 2 studies [76, 77]. When a proximal 
arterial occlusion is associated with a small DWI lesion (<50 mL), the MRA-DWI 
criterion can identify approximately 75 % of patients meeting an MRI perfusion 
mismatch profile using contrast-based perfusion-weighted imaging [76–78]. MRA- 
DWI has been shown to select patients with more favorable outcomes following 
either IV tPA or endovascular therapy [77, 79–81].

2.3  MR Perfusion-Weighted Imaging

Early evidence for the use of MR perfusion-weighted imaging comes from the obser-
vation that brain regions with perfusion deficits were at risk for growth of the DWI 
lesion, to a size predictable by the larger PWI lesion [82–84]. In the DIAS, DEFUSE, 
and EPITHET studies, patient outcome following intravenous thrombolytic therapy 
was better in patients with the DWI-PWI mismatch profile, providing some of the 
earliest clinical evidence to support perfusion imaging in patient selection [36, 85, 86].

Over the past two decades, DWI–PWI mismatch has been the basis of perfusion- 
imaging- based patient selection. The key perfusion parameters are similar to those 
used in CTP, although the data acquisition and postprocessing differs between CT 
and MRI [87–89]. Unlike CT’s density-based source data, PWI uses changes in the 
magnetic signal related to blood flow to derive perfusion data. This change can be 
detected using an injectable contrast agent with positive magnetic susceptibility. A 
paramagnetic, gadolinium-based contrast agent is commonly used, but super- 
paramagnetic iron-oxide compounds are possible alternatives [89]. The perfusion 
signal acquired can be measured based on the change in the tissue’s magnetic sus-
ceptibility (or less frequently, relaxivity) due to the presence and passage of the 
paramagnetic agent. Also, as a consequence of image acquisition based on MRI 
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rather than ionizing radiation, PWI offers whole-brain coverage without added con-
cerns for radiation exposure [90].

As in the case for CTP, the source magnetic signals do not translate simply into 
the parameters of clinical interest. A number of postprocessing approaches exist. 
Summary delay parameters such as time-to-peak (TTP) and First Moment (FM) can 
be obtained from the function of tissue contrast concentration over time [87]. 
However, their dependence on hemodynamic variables, such as dispersion, delay, 
and transit time, limit their reliability [87, 91]. The alternative includes a number of 
deconvolution approaches, all of which aim to improve the reliability of the perfu-
sion estimates based on selection of an arterial input function [27, 87, 88, 91, 92]. 
The final output parameters from these various postprocessing algorithms are simi-
lar to those previously defined from CTP, notably rCBV, rCBF, MTT, and a delay 
parameter, most commonly TTP or Tmax.

Independently of ongoing technical refinements in postprocessing approaches, 
DWI–PWI mismatch has played an important role in patient selection in clinical 
trials. When RAPID for MRI first allowed automated quantification of lesion vol-
umes, the concept for “target mismatch” was defined [54]:

• Ischemic core (defined by DWI lesion) volume <70 mL
• Mismatch ratio (between Tmax >6 s and DWI lesions) ≥1.8
• Mismatch difference (between Tmax >6 s and DWI lesions) >15 mL
• Severely hypoperfused (Tmax >10 s) lesion volume <100 mL

DEFUSE 2 was the first prospective clinical study to identify patients’ target 
mismatch in real time. Subsequently, the same (or similar) definitions have been 
applied across other randomized control trials [10, 54, 93]. These studies support 
DWI–PWI target mismatch, as currently defined, as a reliable predictor of clinical 
outcome after interventions in acute ischemic stroke. In DEFUSE 2, DWI–PWI 
mismatch also reliably identified patients with high probability of good functional 
outcome following endovascular treatment in the extended time window [94]. This 
evidence suggests that DWI–PWI mismatch may allow for an imaging-based 
approach to patient selection rather than time-based selection [94, 95].

2.3.1  The Malignant Profile

Another concept originated from the DEFUSE–EPITHET and DEFUSE 2 data is the 
“malignant profile” [36, 54, 86, 96, 97]. A large volume of severely hypoperfused 
tissue, marked by Tmax >10s or a DWI lesion >70–100 mL, appeared destined for 
infarction and poor outcome irrespective of acute stroke intervention. Patients with 
malignant profiles were approximately six times more likely to have parenchymal 
hemorrhage and had only about a 10 % likelihood of good functional outcome [97]. 
Therefore, based on its natural history, patients with the malignant profile on PWI 
have be excluded from some clinical trials to maximize both efficacy and safety. 
However, with the advent of newer techniques for rapid and complete reperfusion 
(such as endovascular stent retrievers), favorable clinical outcomes have recently 
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been described in some patients with the malignant profile. Other definitions of the 
malignant profile, using DWI or a combination of CTA and DWI, have been pro-
posed [96–98]. However, they have not yet been applied in large clinical trials.

2.3.2  Arterial Spin Labeling (ASL)

As an alternative to exogenous contrast agents, constituents of normal blood, includ-
ing deoxyhemoglobin or oxygen, can serve as paramagnetic material allowing for 
MR-based perfusion imaging [89, 99]. Arterial spin labeling (ASL)’s main advan-
tage is that it does not require administration of an intravenous contrast agent to 
measure cerebral perfusion [100, 101]. Water molecules in blood are magnetically 
labeled proximal to the intracranial circulation, and perfusion imaging is acquired 
at a delay [88, 101, 102]. As an inherent consequence of ASL’s use of an endoge-
nous contrast agent, it has lower signal-to-noise ratio (SNR) than contrast perfusion 
images, which particularly affects the white matter [88, 103]. Its dependence on 
CBF also biases towards underestimation of perfusion in patients with primarily 
collateral inflow. These disadvantages, in addition to a long processing time and 
variabilities in ASL’s methodology, have precluded its routine use in current clinical 
practice and trials [100, 103].

Despite these limitations, the technique behind ASL continues to improve. A 
relatively recent pseudocontinuous ASL acquisition scheme has nearly doubled the 
SNR with background suppression, and improved efficiency to decrease acquisition 
time to as little as <1 min [100]. With better techniques and validation data, ASL is 
a promising perfusion imaging modality that may gain a greater role for patient 
screening and selection in the years to come [88, 99–102].

2.4  The Role of MRI in Future Clinical Trials

Despite its greater accuracy and reliability, MRI has several limitations in the clinical 
trial setting. Notably, its traditionally confined space and longer acquisition time 
decrease patient tolerability and often prolongs time to treatment [104]. Most centers 
have limited or no access to hyperacute MR imaging, although some are able to pro-
vide immediate MR access for patients who arrive with some advanced notice (such 
as transfer patients in hub and spoke or telemedicine models). The use of MRI also 
carries the risk of rare but serious complications associated with gadolinium, includ-
ing nephrogenic systemic fibrosis in patients with renal insufficiency and accumulation 
in cerebral tissue [105–110]. Despite these challenges, MRI is still the gold standard 
for assessment of the early ischemic core as well as optimal patient selection of the 
final infarct volume, and the reference for improvement in other techniques in acute 
stroke imaging, including multimodal CT. Shorter acute stroke MRI protocols 
(6–7 min protocols are now in use at some sites) and improvements in ASL tech-
niques will likely increase their practicality and use in clinical trials [111].
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3  Novel Neuroimaging Approaches for Patient Selection

Increasing focus in current interventional trials and quality improvement studies is 
placed on shortening time between stroke recognition and reperfusion therapy. As a 
result of this effort, novel approaches to image acquisition have been developed in 
attempt to shorten time in transit. Newer imaging approaches are also looking to fill 
the gap in patient selection for clinical trials involving the vertebrobasilar system.

3.1  Mobile Stroke Treatment Unit

An increasing number of stroke centers in Europe and the United States are acquiring 
mobile stroke units. The earlier generation of these units included a mobile CT scan-
ner with capability for a noncontrast CT head to screen for eligibility for intravenous 
thrombolysis. While the system-wide benefit of the mobile stroke units is still a subject 
of clinical study, newer models of the mobile stroke unit continue to show improve-
ment in equipment [112–114]. Several now incorporate CT scanners with ability to 
acquire CTA, and with a built-in hydraulic leveling system to counter the effect of 
street inclines [112, 115]. While there is still limited experience on the quality of data 
acquired, these new units may significantly shorten time to thrombolysis, and redefine 
prehospital phase interventions in both practice and clinical studies [113, 115–117].

3.2  Multimodal in-Suite Imaging

Recent proposals in angiographic suite design include a multimodal neuroimaging 
system that can allow for CTA and CTP to be performed using the angiographic 
C-arm [118, 119]. The co-localization of multiple imaging modalities has a poten-
tial impact on shortening time to intra-arterial intervention and reperfusion in eli-
gible patients. However, more studies are needed to compare data quality, actual 
impact on clinical outcome, and cost-effectiveness of the technology.

3.3  Quantitative Magnetic Resonance Angiography

Quantitative magnetic resonance angiography (QMRA) is a cine phase-contrast 
MRA technique that uses three-dimensional reconstruction of the vasculature to 
first identify the diseased vessel and then determine its flow velocity and volumetric 
flow rate. It has been used to study a variety of physiological and pathological 
changes in blood flow, including vertebrobasilar diseases. Despite accounting for 
approximately 30 % of all ischemic strokes, the vertebrobasilar system has largely 
been excluded in the majority of clinical trials [120, 121]. Correlations of perfusion 
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imaging and reperfusion data with clinical outcomes have only been validated for 
the anterior circulation [122]. Hemodynamic insufficiency detected by QMRA has 
been associated with higher risk for vertebrobasilar strokes [120, 121]. A commer-
cially available software, Noninvasive Optimal Vessel Analysis (NOVA, VasSol 
Inc., Chicago, IL, USA) was used in the recently completed VERiTAS study with 
good reliability [123]. No clinical data is yet available on treatment efficacy using 
QMRA for patient selection, but it is a promising approach for future clinical trials 
targeting posterior circulation diseases.

4  Conclusion

Neuroimaging continues to play a central role in patient selection for acute ischemic 
stroke trials. Selection of the optimal imaging strategy for each clinical trial is a 
critical part of the study design and requires careful comparison of advantages and 
potential limitations of each modality considered. With continuing advances in 
imaging techniques, the definition of an “optimal” neuroimaging strategy for acute 
stroke imaging will continue to evolve.
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NMDA receptor antagonists, 224
preclinical validation, 224, 225
reperfusion, 223–224
SOD1/2/3 overexpression, 225

DWI. See Diffusion-weighted imaging (DWI)

E
EBPM. See Evidence-based Preclinical 

Medicine (EBPM)
Echoplanar Imaging Thrombolytic Evaluation 

Trial (EPITHET), 586, 766
Efficacy of Nitric Oxide in Stroke (ENOS) 

trial, 711

EKOS MicroLys US Infusion Catheter 
System, 575, 576

Embolectomy
endovascular procedure, 20
patient selection bias, 16–17
penumbra, 17
STAIR and RIGOR guidelines, 19
thrombolysis, 16, 18
thrombolytics, 18
time, treatment, 18

Endoplasmic reticulum (ER), 339–344
calnexin/calreticulin, 338
chaperones, Hsp70 family, 337
description, 336
Grp94, 337
IP3R, 338
lumen, 336
in neurones, 339
parts, 337
RyR channels, 338
stress (see ER stress)

Endoplasmic reticulum associated degradation 
(ERAD), 337–339, 342, 348

Endothelial cells, 546
Endovascular stroke treatment, 511, 512

ADAPT technique, 515–517
adjuvant endovascular techniques, 511
early endovascular trials

EKOS catheter, 512
Emergency Management of Stroke 

Bridging Trial, 511
IMS trials, 511
microcatheter, 512
TICI perfusion scores, 512

early RCTs, stroke intervention, 520, 521
en bloc clot removal, Penumbra  

Max, 515
implantable self-expanding stents, 516
interventional device technology, 512
intra-arterial (IA) treatment, 509
intracranial coaxial thromboaspiration 

catheter, 517
large-scale RCTs, 521, 524
medical thrombolysis, 508–509
MELT, 510
MERCI, 513
Merci V-series retriever, 513
Penumbra system®, 514
PROACT II study, 509
reperfusion grading scales, 511
standard of care, 525–526
stentriever, 518
stentrievers, 516
thromboaspiration, 516
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Endovascular stroke treatment (cont.)
thromboaspiration catheters, 515
TrevoPro Vue self-expanding stentriever 

device, 519
Endovascular treatment, 581, 583. See also 

First-generation mechanical 
thrombectomy devices. See also 
Second-generation mechanical 
thrombectomy devices

catheter-based angiography, 571–572
CT (see Computed tomography (CT))
IMS-3 (see International Management of 

Stroke 3 (IMS-3) trial)
intraarterial thrombolysis, 572
recanalization, 571 (see also Reperfusion 

scales)
Endovascular Treatment for Small Core and 

Anterior Circulation Proximal 
Occlusion with Emphasis on 
Minimizing CT to Recanalization 
Times (ESCAPE) trial, 8–9,  
522, 590

ENOS. See Efficacy of Nitric Oxide in Stroke 
(ENOS) trial

EPITHET. See Echoplanar Imaging 
Thrombolytic Evaluation Trial 
(EPITHET)

Epoxyeicosatrienoic acids (EET), 544
ER. See Endoplasmic reticulum (ER)
ER stress, 342–343, 345–348

activation, 341–342
ATF6 pathway, 343
IRE1 pathway, 343, 344
ischaemic diseases

cardiac ischaemia, 345–346
protective drugs, cell death, 348
renal ischaemia, 346

and neuroprotection
cell death pathways, 347, 348
chaperones, 347
UPR pathways, 346–347

and stroke, 344, 345
PERK pathway

transcriptional response mediated, 
342–343

translational response mediated, 342
UPR, 339, 344

ERAD. See Endoplasmic reticulum associated 
degradation (ERAD)

European Cooperative Acute Stroke Study 
(ECASS), 536

Evaluating Neuroprotection in Aneurysm 
Coiling Therapy (ENACT) phase 2 
trial, 176, 231

Evidence-based Preclinical Medicine  
(EBPM), 94

Experimental stroke research
anatomical and physiological knowledge, 132
apoplexy, 130
Barbary macaques and oxen, 130
blood flow, 130
brain attack, 130
brain physiology, 132
candidate NXY-059, 134
circulation of blood, 131
clot busting therapy, 134
constraints, 135
excitotoxicity, 135
experimental controls, 135
experimental methodologies, 135
hemorrhagic stroke, 130
heterogeneous disease, 136
Historiae Apoplecticorum, 130
history, 130
ischemic cascade, 134, 135
ischemic penumbra theory, 132, 135
knowledge, 135
modern brain imaging, 130, 131
modern stroke experiments, 134
nucleus, 132
translation, 134
Vesalius, 132, 133

Extending the Time for Thrombolysis in 
Emergency Neurological Deficits—
Intra-Arterial (EXTEND-IA) trial, 
523, 591

F
FDA Draft Guidance for Industry, 640, 642
First-generation mechanical thrombectomy 

devices
EKOS catheter system, 575–576
hemorrhagic complications, 573
Merci device, 573–575
Penumbra device, 575

Food and Drug Administration (FDA), 134
Forebrain, 722
Fragment-based drug discovery (FBDD), 238, 

241
Functional MRI (fMRI), 17

G
Gamma-aminobutyric acid (GABA) agonists, 

144
G-CSF. See Granulocyte-colony-stimulating 

factor(G-CSF)
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Glutamate antagonists, 143–144
Glycated hemoglobin A1C (HbA1C), 719
Granulocyte-colony-stimulating factor(G- 

CSF), 618, 621
Graph Pad Software, 701

H
HB-CSMs. See Hemoglobin-based CSMs 

(HB-CSMs)
The Heart Outcomes Prevention Evaluation 

(HOPE) study, 378
Hematocrit, 661
Heme-nitric oxide/oxygen (H-NOX), 656, 657
Heme-nitric oxide/oxygen based CSMs 

(H-NOXB-CSMs), 640
Hemodilution, 149
Hemodynamic effects

recanalization, 547–548
Stroke, 545–547

Hemoglobin-based CSMs (HB-CSMs)
aRBCs, 630
clinic and mechanisms/approaches, 641, 

642
clinical AEs, 631
clinical issues with, 631–633
ferrous redox state, 630
fetal Hb (HbF), 634
HemAssist™, 631
hemolysis, 630
HEMOXYCarrier® (Hemarina), 634
hydroxyl radicals, 630
immune system, 630
MPS, 631
Optro™, 631
OxyVita C™, 634
polychaete annelid, 634
PolyHeme®, 631
SANGUINATE™, 631

Hemorrhage, 2, 7, 9, 10
Hemorrhagic infarct (HI), 535
Hemorrhagic stroke, 129, 130
Hemorrhagic transformation (HT), 5
Hemosiderin, 535
HEMOXYCarrier® (Hemarina), 634
High-throughput screening (HTS), 240
Historiae Apoplecticorum, 130
H-NOXB-CSMs. See Heme-nitric oxide/

oxygen based CSMs 
(H-NOXB-CSMs)

Honokiol, 183
HOPE. See The Heart Outcomes Prevention 

Evaluation (HOPE) study

HPC. See Hypoxic preconditioning (HPC)
Hyperbaric oxygen (HBO), 148

artificial oxygen carriers, 654–655
clinical success, 652–654
clinical trials, 653
preclinical studies, 652

Hypercolesterolemia
HDL-C and CHD, 357
ICH, 357
low-density lipoproteins, 356
VLDL-C, 357

Hypertension
and AD, 724–725
autoregulation mechanisms, 377
chronic, 377
CNS disorders, 724–726
defined, 376
models, 42
oxidative stress, 722–724
RAAS, 721, 722
REGARDS study, 377
T2D and stroke, 725–726

Hypothermia, 149–150
Hypothesis, 550
Hypoxia. See Cerebral ischemia
Hypoxic preconditioning (HPC)

description, 199
ischemic tolerance, 200
KATP channels, 199–200

Hypoxic-ischemic brain injury, 199
KATP channels, 193

HPC, 199
IPC, 199
neuroprotective role (see Adenosine 

triphosphate (ATP)-sensitive 
potassium (KATP) channels)

neonatal stroke, 422
Hypoxic–ischemic encephalopathy (HIE), 422

I
IAT. See Intra-arterial treatment (IAT)
IC87201, 180
ICTuS-L. See Intravascular Cooling in the 

Treatment of Stroke-Longer tPA 
window (ICTuS-L) study

Immunogenomics, 301, 305
IMS-3. See International Management of 

Stroke 3 (IMS-3) trial
Induced moderate hypothermia, 497

anesthesia, 494
decompressive hemicraniectomy, 496–497
endovascular cooling methods, 494
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Induced moderate hypothermia (cont.)
IAT (see Intra-arterial treatment (IAT))
phase III trials, 498–499
superficial counter-warming blankets, 494
systemic thrombolytic therapy, 495–496

Induced reperfusion, stroke treatment,  
265, 266

Infarct variability, 673–679
in animal models, 674
ICA (see Internal carotid artery (ICA))
MCA (see Middle cerebral artery (MCA))
SD strain (see Sprague-Dawley (SD) 

strain)
Sprague-Dawley rats (see Sprague-Dawley 

rats)
strains, 674

Inflammasomes, 293–296
Inhibitors

neuroprotective PSD-95 inhibitors, 
173–176

peptidomimetic-based, 180
Injury mechanisms

apoptosis, 710
autophagy inhibitors, 710
neuronal NOS, 710
novel cell death pathway, 710
PARP, 710
treatments, 710
XY and XX cultures, 710

Inositol-requiring protein 1 (IRE1), 343, 344
International Citicoline Trial on Acute Stroke 

(ICTUS), 146
International Management of Stroke 3 (IMS-3) 

trial
DSMB, 582
IV tPA vs. IV tPA plus, 581
SWIFT and TREVO2, 582
TICI recanalization, 582

Intra-aortic balloon occlusion, 698, 699
Intraarterial thrombolysis

direct infusion of, 572
intracerebral hemorrhage, 572
MELT trial, 572
modern methods, 572
PROACT I and PROACT II trials, 572

Intra-arterial treatment (IAT)
alteplase infusion and mechanical clot 

retrieval, 497
HARM MRI protocol, 497
mechanical thrombectomy, 498
postrecanalization cooling, 497
ReCCLAIM I study, 497

Intracerebral hemorrhage (ICH), 2–3, 5
cerebral microbleeds, 537–539
symptomatic, 10–12, 14, 15, 492, 547

Intracranial hemorrhage, 497, 534, 617, 620, 
651, 758

Intravascular cooling, 489
Intravascular Cooling in the Treatment of 

Stroke (ICTuS) trial, 150
Intravascular Cooling in the Treatment of 

Stroke-Longer tPA window 
(ICTuS-L) study, 496

Intravenous Magnesium Efficacy in Stroke 
Trial (IMAGES), 150

Intravenous recombinant tissue-plasminogen 
activator (IV-tPA), 535

Intravenous thrombolysis (IVT)
AIS, 601, 602, 604
augmentation, ultrasound device, 601
limitation, 600
recanalization rates, 603
TCD monitoring, 601

Intravenous tissue plasminogen activator  
(IV tPA), 651

Intraventricular hemorrhage (IVH), 3
Ioannidis, 135
Ion channels. See Adenosine triphosphate 

(ATP)-sensitive potassium (KATP) 
channels

IPC. See Ischemic preconditioning (IPC)
Ischaemia, 219–222, 535, 539

cardiac, 345–346
renal, 346
and RNS

cytosolic superoxide, 222
nitric oxide-producing enzymes, 221
peroxynitrite, 221
peroxynitrite-mediated DNA damage, 

221
and ROS

flavoproteins, 220
mitochondrial depolarization and 

energy deprivation, 220
mitochondrial injury and potential 

reversibility, 220
MPTPs, 220
NADH and FADH2 levels, 219
NADPH oxidase, 221
NOX2, 220

Ischaemic cascade, 218, 219, 260
Ischaemic diseases, ER stress

cardiac ischaemia, 345–346
renal ischaemia, 346

Ischaemic stroke
and brain damage, 222, 223
ischaemic cascade, 218–219
oxidative stress, 242
and RNS, 221, 222
and ROS, 219–221
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Ischemia-induced splenic atrophy, 316
Ischemic brain damage, 170

treatment, PSD-95 (see Postsynaptic 
density protein 95 (PSD-95))

Ischemic preconditioning (IPC)
against cerebral ischemic injury, 467
description, 199
humoral blood-borne substance, 467
KATP channels, 200
“regional” preconditioning, 467
RIPerC, 468
RIPostC, 468
RIPreC, 468

Ischemic spinal cord injury (SCI)
animal models, 698
aortic operation, 695
aortic pathologies, 695
behavioral function, 700
classification, 696
spinal cord perfusion, 696
statistical analysis, 700, 701
surgical procedures, 700
therapeutic agents, 696–698
treatment groups, 700

Ischemic stroke, 129, 165, 258, 614
antibacterial drugs, 321
global ischemia, 258
induced reperfusion, 265–266
M1-to-M2 polarization shift, 314
microglia, 317
NA-1 peptide, 173, 176
neurotoxic effect, NO, 170
nitrones (see Nitrones)
NMDA receptor (see N-methyl-D-aspartate 

(NMDA) receptors)
pathological consequences, 311
PBMCs, 322
recanalization approaches, 266, 267
reperfusion damage (see Reperfusion 

damage)
short-term mortality, 317
thrombolysis (see Thrombolysis)
TIA, 258

Ischemic stroke therapy
antiplatelet and anticoagulant drugs, 555
ATP and platelet-activating factor, 553
brain ischemia, 545
Ca2+ channel antagonists, 556
capillary blood flow, 548–550
CBF, 544
endothelial cells, 553
enzyme activity, 551
innate immune responses, 553
intravital microscopy, 554

ischemic brain, 551, 552
ischemic cascade, 551, 554
ischemic stroke, 555
leukocyte adhesion, 555
luminal obstruction, 554
meta-analysis, 551
microvasculature, 551
molecular mediators, 545
mouse MCAO, 555
neurovascular unit, 544
oxidative/nitrosative stress, 555
pericytes, 554
Rho, 556
strokes, 545
synaptic transmission, 545
tripartite synapse, 545

Isoform-specific NOX inhibitors, 236
Italian Stroke Organization (ISO)-SPREAD 

Guidelines, 387

K
KATP channels. See Adenosine triphosphate 

(ATP)-sensitive potassium (KATP) 
channels

Keap1. See Kelch-like ECH-associated protein 
1 (Keap1)

Kelch-like ECH-associated protein 1 (Keap1)
description, 236
fragment-based drug discovery (FBDD), 

238
Nrf2 inhibitors, 237
Nrf2-mediated gene transactivation, 237

Kronos Early Estrogen Prevention Study 
(KEEPS), 746

L
Lac operon, 105
Lacunar stroke, 130
Large vessel occlusion (LVO), 7
Laser Doppler flowmetry, 685
Lipid peroxidation, 264
Lubeluzole, 147
Luminal obstruction, 554
Ly6Chi monocytes, 318

M
Macrophages. See Microglia/macrophages, 

brain ischemia
Magnetic Resonance and Recanalization of 

Stroke Clots Using Embolectomy 
(MR RESCUE) trial, 520, 521
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Malignant profile, 770–771
MAST-E. See Multi-center Acute Stroke 

Trial-Europe (MAST-E)
MAST-I. See Multi-centre Acute Stroke 

Trial-Italy (MAST-I)
MCA occlusion (MCAO), 546
MCP-1. See Monocyte chemoattractant 

protein (MCP)-1
Mechanical Embolus Removal in Cerebral 

Ischemia (MERCI®) Retriever, 
512–514

Mechanical Retrieval and Recanalization of 
Stroke Clots Using Embolectomy 
(MR RESCUE) study, 582, 583

Mechanical thrombectomy devices, 522–525
MELT. See Middle Cerebral Artery Embolism 

Local Fibrinolytic Intervention Trial 
(MELT) trial

Membrane-associated guanylate kinase 
(MAGUK) superfamily, 167, 168

Merci device
corkscrew-shaped flexible nitinol wire, 573
TIMI score, 573

Merci Retriever, 573, 574
Merci V-series retriever, 513
Microbleed anatomical rating scale  

(MARS), 534
Microglia/macrophages, brain ischemia, 

314–322
innate immunological response

blood-borne myeloid cells, 314–317
brain resident microglia and blood- 

borne macrophages, 317–319
modulation, 322–323
polarization, monocyte-/microglia-derived 

macrophages
antidiabetics, 321
fractalkine receptor CX3CR1, 320
hydroxy-carboxylic acid receptor 2, 

320
IL-10, 320
IL-4, 320
M1/M2 dichotomy, 319
M2 polarization, 319
minocycline, 321
molecular switches, 320
α-7 nicotinic acetylcholine receptor 

(nAChR), 320
pioglitazone, 322
PPAR-γ-mediated CD36 upregulation, 

320
Microsphere-potentiated sonothrombolysis, 

602, 605–606

Middle cerebral artery (MCA), 545
Middle Cerebral Artery Embolism Local 

Fibrinolytic Intervention Trial 
(MELT) trial, 567

Middle cerebral artery occlusion (MCAo)
cortical damage, 676
first dose-response experiment, 675
infarct volumes, 677
ischaemia, 688
Spearman’s correlation, 679
stroke induction, 678
thread occlusion method, 675
tMCAo group, 678
transient animals, 685
WKY and SHR rats, 682

Minocycline (MINOS), 651
Mobile stroke treatment unit (MSTU),  

664, 772
Modified Rankin Scale (mRS), 567
Monocyte chemoattractant protein (MCP)-1, 

314, 316, 320
Monocytes

accumulation, human brain, 316
blood-borne, 316
CCR2+ monocytes, 316
CX3CR1 signalling, 316
Ly6Chi monocytes, 318
Ly6Clo monocytes, 316
murine, 318
polarization, stroke, 319–322
putative splenic origin, 316

Monostable bifurcation diagram, 110
Motor-evoked potentials (MEPs), 699–701
MR angiography (MRA)

DEFUSE and DEFUSE 2 studies, 769
TOF MRA, 769
vascular imaging, 769

MR CLEAN study, 588
MR RESCUE. See Mechanical Retrieval and 

Recanalization of Stroke Clots 
Using Embolectomy (MR 
RESCUE) study

MRA. See MR angiography (MRA)
MRI-based imaging, 767–771

acute stroke assessments, 766
approaches, 766
DWI (see Diffusion-weighted imaging 

(DWI))
MRA (see MR angiography (MRA))
PWI (see Perfusion-weighted imaging 

(PWI))
mRS. See Modified Rankin Scale (mRS)
Multi MERCI Trial, 573
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Multi-center Acute Stroke Trial-Europe 
(MAST-E), 566

Multi-centre Acute Stroke Trial-Italy 
(MAST-I), 566

Multicenter Randomized CLinical trial of 
Endovascular treatment for Acute 
ischemic stroke in the Netherlands 
(MR CLEAN), 522

Multifactorial disease, 718
Multimodal in-suite imaging, 772
Multi-omic immune profiling

cognitive computing, 302
complexity, immune system, 300
deep learning, 302
heart rate variability, 300
immune suppression, 301
nonvariable immune response, 301
pattern recognition, 302
PMI, 300
precision medicine, 300
stroke diagnosis, 302, 303
stroke treatment and recovery, 303–304

Multiple injury model
post-injury drug treatment, 119–121
preconditioning, 118–119

N
NA-1 peptide

cortical neuron cultures treatment, 173
excitotoxicity prevention, ischemic stroke, 

173
in vivo efficacy, neuroprotectant, 174–175
tMCAO model, 173

nAChRs. See α7 Subtype of nicotinic 
acetylcholine receptors (nAChRs)

NADPH oxidase. See Nicotinamide adenine 
dinucleotide phosphate (NADPH) 
oxidase

National Institute of Neurological Disorders 
and Stroke (NINDS), 6

National Institutes of Health Stroke Scale 
(NIHSS), 5, 536

National Library of Medicine (NML), 133
NBDs. See Nucleotide-binding domains 

(NBDs)
NEMESIS. See North-East Melbourne Stroke 

Incidence Study (NEMESIS)
Nephropathy, 718
Neurofibrillary tangles (NFTs), 724
Neuroimaging, 759, 766–772

CT (see Computed tomography (CT))
endovascular therapy, 758
MRI (see MRI-based imaging)

neurovascular interventions, 758
patient selection

mobile stroke treatment unit, 772
multimodal in-suite imaging, 772
QMRA, 772, 773

stroke imaging, 758
Neuroinflammation, 293
Neuromonitoring

aortic occlusion, 699
intra-aortic balloon occlusion, 698
ischemic SCI, 702
motor-evoked potentials (MEPs), 699

Neuronal nitric oxidase synthase (nNOS), 544
description, 170
nNOSα protein isoform, 170
NO production, 170

Neuroprotectants, 685–686. See also 
Anti-hypertensives. See also Statins

Neuroprotection, 143–146, 150, 151, 198, 199, 
266, 346–348, 409–416, 442–444, 
616

albumin, 147
analogous failures, 102
antioxidants

ebselen, 146
edaravone, 146
NXY-059, 145
tirilazad mesylate, 145

Bortezomib monotherapy, 618
calcium channel blocker, 142–143
cell injury and therapeutic technology, 102
cerebrovascular ischemia cascade, 

141–142
clinical trials, 20, 21, 41, 151–152
DAMPs, 292
description, 440
diabetic models, 43–44
drugs, 20
drug development, 44
endogenous α7-dependent protection after 

tMCAO
behavioral tests, 442, 444
ischemic infarct volume, 442, 443

endovascular reperfusion therapy, 34
and ER stress

cell death pathways, 347–348
chaperones, 347
UPR pathways, 346–347

FK-506, 615
GABA agonists, 144
glutamate antagonists

AMPA receptor antagonists, 144
aptiganel, 143
dextrorphan, 143
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Neuroprotection (cont.)
excitotoxic injury, 143
glycine, 143
selfotel, 143

hemodilution, 149
hyperbaric oxygen, 148
hypertension models, 42
hypothermia, 149–150
inflammation modulation, 148, 149
innate immune receptors, 292–294
ischemic and hemorrhagic strokes, 440
KATP channels

anoxic membrane depolarization, 199
hypoxia-ischemia-induced membrane 

hyperpolarization, 198
hypoxic hyperpolarization, 198
in vivo study, 198
Kir6.2-containing KATP channels, 198
membrane hyperpolarization, 198

lack of reproducibility, 102
late-phase rehabilitation treatments, 440
magnesium, 150
mass, nonsensory abstraction, 104
mathematized biology, 104–106
meta-analysis, 38–41
minocycline, 615
modern biomedicine, 104
modern clinical practice, 441
myriad biological organisms, 102
nAChRs, 441
in neuronal cultures and in vivo model, 

ischemia, 273
neurotrophic and growth factors, 148
nitric oxide signal transduction  

modulator, 147
nitrones (see Nitrones)
nonlinear dynamical theory, 125, 126
opportunities, 34–35
PD, early phase, 441
phospholipid precursor, 146
pre-clinical experimental studies

rodent and human brains, 150
STAIR, 151

preclinical trials, 442
PRR activation, 294–295
PRRs modulation, stroke, 295–296
qualitative classifications and quantitative 

descriptions, 103
quantum mechanics, 103
reperfusion (see Reperfusion)
RIGORs, drug development, 35–38
STAIR, 268
technology of, 125

tPA (see Tissue plasminogen activator 
(tPA))

UA (see Uric acid (UA))
Neurovascular unit (NVU), 650
Nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase
apocynin, 235
isoform-specific NOX inhibitors, 236
limitations, 235
NOX proteins, 234
NOX2, 234
oxidative stress, 233
pyrazolopyridine compounds, 236
triazolopyrimidine, 235
VAS2870, 235

Nimodipine, 142
Nitrones, 275–282

advantages, 270
as antioxidant agents and spin traps, 

268–269
free-radical trapping agents, 269
in vitro tests, antioxidant effects, 271–272
neuroprotective properties, 272, 274
NXY-059, 269–270
pleiotropy

nitrone-based multidrug therapy,  
281, 282

in silico target identification, 275–281
radical trapping properties, 270

N-methyl-d-aspartate (NMDA) receptors, 
180–183, 544

excitotoxicity, 166
glutamate neurotoxicity, 165
ischemic stroke treatment, 165
small molecule inhibitors

honokiol, 183
IC87201, 180
PPBP, 182
tramiprosate, 181–182
ZL006, 180–181

structure, 167
subunits, 167

NOD-like receptors (NLRs)
activation, ischemic brain injury, 294
multiprotein complex, 293
NLRP3, 295
NLRP3 deficiency, 296
NLRP3 inflammasome, 296
NLRP3-inflammasome activation, 295
prototypical activation, 293

Non-neuronal cells
axonal pathways, 445
functional neuronal networks, 445
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ischemic glial scar, 442
α7 nAChR-based antistroke therapies, 445
poststroke recovery process, 442
reactive astrocytes, 445
reactive gliosis, 442
STAIR and RIGOR, 445
therapeutic efficacy, 442
transcription factors, 443

Nonsteroidal anti-inflammatory drugs 
(NSAIDs), 488

Normobaric hyperoxia, 619
Normobaric oxygen (NBO)

artificial oxygen carriers, 654–655
clinical success, 652–654
clinical trials, 653
preclinical studies, 652

North-East Melbourne Stroke Incidence Study 
(NEMESIS), 381

Norwegian randomized controlled 
sonothrombolysis in acute stroke 
study (NOR-SASS), 606

Norwegian Tenecteplase Stroke Trial 
(NOR-TEST), 606

NSAIDs. See Nonsteroidal anti-inflammatory 
drugs (NSAIDs)

Nucleotide-binding domains (NBDs),  
194, 196

NXY-059, 269, 270

O
OGD. See Oxygen-glucose deprivation (OGD)
Oligodendrocyte myelin glycoprotein 

(OMgP), 697
OMX

brain parenchyma, 661
mechanism, 657
PEGylated protein, 656
preclinical safety, 662
in preclinical testing, 658–663
toxicity, 662

ONgoing Telmisartan Alone and in 
combination with Ramipril Global 
Endpoint Trial (ONTARGET), 384

ONTARGET. See ONgoing Telmisartan Alone 
and in combination with Ramipril 
Global Endpoint Trial 
(ONTARGET)

Oxidative stress, 214–240
antioxidant system

catalase, 214
glutaredoxins, 215
GPx isoforms, 214

metal-ion storage and transporting 
proteins, 215

peroxidases, 214
thioredoxin, 214

harmful effects
cell death mechanisms, 217
macromolecules susceptibility, 216
ROS/RNS reactivity, 215, 216

ischaemic brain, 410
ischaemic stroke and

brain damage, 222–223
ischaemic cascade, 218, 219
RNS, 221–222
ROS, 219–221

multi-target drug discovery, 240–242
and nitrosative stress, 412
oxidant/antioxidant balance, 212
redox signalling, 212
ROS and RNS biochemistry, 212
ROS sources, 213, 214
stroke therapy

cardioembolic stroke, 227
endogenous and protective antioxidant 

enzymes upregulation, 230
exogenous antioxidants administration, 

226–228
Keap1, 236–240
metalloproteinase-9 activity, 228
NADPH oxidase, 233–236
NXY-059, 227
PSD-95, 230–233
ROS/RNS-producing enzymes 

inhibition, 228, 229
SOD1/2/3 overexpression, 225
strategies, 226

stroke treatment and drug discovery
iatrogenic stroke, 225
NMDA receptor antagonists, 224
preclinical validation, 224, 225
reperfusion, 223–224

tissue reperfusion, 409
Oxygen

in ischemic disorders, 651–655
therapy, 651

Oxygen carriers
HBOC products, 655
hypoxic conditions, 658
hypoxic tissues, 655
OMX, 656–663
oxygen-deprived tissues, 655
preclinical toxicology, 655
protein-based oxygen carriers, 655

Oxygen-glucose deprivation (OGD), 272, 431
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P
PAMs. See Positive allosteric modulators 

(PAMs)
Parenchymal hemorrhage (PH), 535
Patient temperature modulation

cooling methods, 487
intravascular cooling, 489
pharmacologic interventions, 488
selective cooling, 489
surface cooling, 488

PCA. See Posterior cerebral artery (PCA)
PEGylated bovine carboxyhemoglobin 

(SANGUINATE™), 655
Penumbra, 4, 7, 11, 17

evolution, 648–649
neuroimaging, 649
neuroprotective therapy, 649
recanalized patients, 649–650

Penumbra Aspiration System, 575
Penumbra MAX system, 514, 515
Peptidomimetics

CRIPT peptide, 179
description, 179
GluN2B C-terminal sequence, 179

Perfluorocarbon-based CSMs (PFCB-CSMs)
CF3 groups, 635
clinically tested products, 635, 636
DDFP molecules, 635
electron-rich molecular configurations, 635
emulsions, 638, 639
fluorocarbons (FCs), 634
in vitro studies, 640
molecular weight PFCs, 637
neuroprotection, 638
NuvOx product (NVX-108), 638
oxygen absorbtion, 638, 639
oxygen delivery, 637
oxygen in vivo, 637
Oxygent S-1226, 637
Oxygent™ and Oxycyte™, 637
respiratory gases, 635
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