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 Experimental life sciences have two basic foundations: concepts and tools. The  Neuromethods  
series focuses on the tools and techniques unique to the investigation of the nervous system 
and excitable cells. It will not, however, shortchange the concept side of things as care has 
been taken to integrate these tools within the context of the concepts and questions under 
investigation. In this way, the series is unique in that it not only collects protocols but also 
includes theoretical background information and critiques which led to the methods and 
their development. Thus it gives the reader a better understanding of the origin of the 
techniques and their potential future development. The  Neuromethods  publishing program 
strikes a balance between recent and exciting developments like those concerning new ani-
mal models of disease, imaging, in vivo methods, and more established techniques, includ-
ing immunocytochemistry and electrophysiological technologies. New trainees in 
neurosciences still need a sound footing in these older methods in order to apply a critical 
approach to their results. 

 Under the guidance of its founders, Alan Boulton and Glen Baker, the  Neuromethods  
series has been a success since its fi rst volume published through Humana Press in 1985. The 
series continues to fl ourish through many changes over the years. It is now published under 
the umbrella of Springer Protocols. While methods involving brain research have changed a 
lot since the series started, the publishing environment and technology have changed even 
more radically.  Neuromethods  has the distinct layout and style of the Springer Protocols pro-
gram, designed specifi cally for readability and ease of reference in a laboratory setting. 

 The careful application of methods is potentially the most important step in the process 
of scientifi c inquiry. In the past, new methodologies led the way in developing new disci-
plines in the biological and medical sciences. For example, physiology emerged out of 
anatomy in the nineteenth century by harnessing new methods based on the newly discov-
ered phenomenon of electricity. Nowadays, the relationships between disciplines and meth-
ods are more complex. Methods are now widely shared between disciplines and research 
areas. New developments in electronic publishing make it possible for scientists that 
encounter new methods to quickly fi nd sources of information electronically. The design of 
individual volumes and chapters in this series takes this new access technology into account. 
Springer Protocols makes it possible to download single protocols separately. In addition, 
Springer makes its print-on-demand technology available globally. A print copy can there-
fore be acquired quickly and for a competitive price anywhere in the world.  

     Wolfgang     Walz      

  Preface to  the Series   
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 Despite major advances in prevention, acute treatment, and rehabilitation, stroke remains a 
major burden on patients, relatives, and economies. The role and potential benefi ts of 
experimental models of stroke (i.e., focal cerebral ischemia) in rodents have been recently 
debated. Critics argue that numerous treatment strategies have been tested successfully in 
models only to be proven dismal failures when tested in controlled clinical trials. 

 When methods of systematic review and meta-analysis are applied, however, it turns out 
that experimental models actually did faithfully predict the negative outcomes of clinical 
trials. For example, thrombolysis with tissue plasminogen activator (t-PA), the only clini-
cally effective pharmacological treatment of acute ischemic stroke, was fi rst demonstrated 
and evaluated in an experimental model of stroke. Many other examples document the 
positive prediction of rodent stroke models even beyond the brain, such as changes in the 
immune system and susceptibility to infection after stroke. These were fi rst described and 
can be faithfully modeled in rodents. 

 Beyond its role in investigating pathomechanisms of stroke and in preclinical testing for 
the effi cacy of novel diagnostic and treatment strategies, rodent stroke is often used as a 
“model” for how the brain reacts to neurological injury (damage, protection, repair), with 
implications for many other neurological disorders such as brain and spinal cord injury, 
epilepsy, and even multiple sclerosis. Concepts such as “neuroprotection,” “precondition-
ing,” and “ischemic penumbra” are largely the result of experimental stroke research. 

 Nevertheless, the issue of the relevance of experimental stroke research, in particular in 
rodents, to human disease has to be taken seriously. A number of problems have been iden-
tifi ed which are prevalent in this research fi eld and impact on its predictiveness. These 
include low statistical power, defi ciencies in experimental design, analysis, and reporting, as 
well as publication bias, just to name a few. In addition, the validity of experimental stroke 
research is affected when the effects of age, gender, and comorbidities are ignored in mod-
eling of stroke. 

 The fi rst edition of this volume was well received by the stroke research community. In 
this second edition, our international consortium of authors updated and expanded their 
comprehensive, critical, and very application-oriented approach to the toolbox of rodent 
models of stroke. From choosing the model and outcome measures, designing the experi-
ment, and conducting and analyzing it to reporting it in a scientifi c publication, we are 
offering food for thought as well as practical advice. This book is the result of long-standing 
cooperation of many of the authors, not only scientifi c but also in teaching animal models 
of stroke and good scientifi c practice to students and researchers. It is also the result of an 
intense discussion of issues of validity and quality and its control. For more than 15 years, 
several of the authors have been organizing the international course “Methods in Cerebral 
Ischemia Research,” and many are jointly organizing training and dissemination of practical 
knowledge in European Community-funded initiatives such as the European Stroke 
Network or Multi-PART (Multicentre Preclinical Animal Research Team), as well as in the 
Center for Stroke Research in Berlin. The structure and content of the book refl ect both 
the authors’ long-standing expertise in experimental and clinical stroke research and their 
roles in training the scientifi c community in the tools of the trade. 

  Pref ace   
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 We hope that this updated second edition will help its readers understand the limita-
tions and the opportunities of modeling stroke in rodents and enable them to conduct 
experiments which will not only improve our understanding of the pathophysiology of this 
devastating disorder but also serve as the basis for developing highly effective treatment.  

  Berlin, Germany     Ulrich     Dirnagl     

Preface
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Ulrich Dirnagl (ed.), Rodent Models of Stroke, Neuromethods, vol. 120,
DOI 10.1007/978-1-4939-5620-3_1, © Springer Science+Business Media New York 2016

    Chapter 1   

 From Bedside to Bench: How Clinical Reality Should 
Instruct Stroke Modeling                     

     Dirk     M.     Hermann      and     Thorsten     R.     Doeppner     

  Abstract 

   Stroke is a complex and heterogeneous disease. Although animal models have provided valuable insight 
into its pathophysiology, the knowledge gained from animal experiments has not been fully transferred 
into clinical practice. Clinical trials testing for neuroprotective drugs have not been successful, and discus-
sions questioning the usefulness of animal models in stroke research are still ongoing. In this chapter, we 
discuss conceptual strategies to overcome the gap between clinical practice and research.  

  Key words     Focal cerebral ischemia  ,   Animal model  ,   Disease pathology  ,   Risk factor  

1       Introduction 

 Stroke is a sudden and life-changing event. Patients, on admission 
to hospital, often say that they feel like having been hit without 
warning out of the blue. Many considered themselves to be in 
good health prior to the event. The stroke physician knows that 
this is only rarely the case and that searching for the underlying 
cause of the disease and associated  comorbidities   is one of the main 
challenges of stroke therapy and secondary  prevention  . Research in 
 animal models   has made important contributions to stroke patho-
physiology and the clinical management of stroke. However, the 
knowledge from  clinical practice   has not effectively been trans-
ferred into the modeling of the disease. Very young and  healthy 
animals   kept under standard laboratory conditions are used for  ani-
mal experiments  , even though three quarters of all strokes occur in 
people who are over 65 years old and commonly suffer from one 
or more chronic conditions. This discrepancy between clinical 
practice and stroke animal research has been blamed for the poor 
success in developing neuroprotective drugs from bench to bed-
side, and controversial discussions about the usefulness of stroke 
research in animal models have been ongoing. This chapter 
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emphasizes the need to improve the transfer from clinical practice 
to stroke animal research and presents conceptual strategies for 
overcoming the translation block.  

2     Stroke in Clinical Practice 

 Stroke is a  complex   and heterogeneous disorder comprising dif-
ferent underlying pathologies. Patients reveal a broad variety in 
terms of etiology, clinical presentation, and  risk factor   profi les, 
so that for each patient an individual approach to therapy is 
required. Apart from rare single-gene disorders, stroke is consid-
ered a multifactorial disease.  Genetic predisposition  , life habits 
such as smoking and physical inactivity, and associated chronic 
diseases contribute to the risk of stroke. 85 % of all strokes are 
due to cerebral infarction, with the major part occurring in late 
middle and geriatric  age  . Many patients reveal one or more  vas-
cular risk factors  —arterial  hypertension  , high  cholesterol  ,  diabe-
tes  , and  obesity  —which lead to vascular damage of small and 
large arteries. Hence,  atherosclerosis   of coronary and carotid 
arteries is highly prevalent among stroke patients, even in those 
with fi rst-ever cerebrovascular events. With regard to therapy 
and secondary  prevention  , it is important for the patient to 
understand that although stroke is an acute event, it is the result 
of age-related damage to the cardiovascular system that has 
evolved over many decades. It is therefore neither surprising that 
patients suffer from recurrent events nor that the clinical presen-
tation of stroke differs strongly between patients. Strokes vary 
in localization and size of the underlying brain lesion. They 
range from small  lacunar infarcts   of the subcortical  white matter   
only a few millimeters in diameter up to large artery occlusions 
leading to malignant infarctions with secondary complications. 

 The clinical symptoms depend on the  vascular territory   
affected by the occlusion. Motor dysfunction seems to be consis-
tent with the site of the lesion, whereas in aphasia, the site of the 
brain lesion may differ between subjects due to a variable local-
ization of the speech center. Additional  neuropsychological 
symptoms   such as apraxia, agnosia, and  memory   disturbance may 
complicate the recovery after stroke. Accordingly, it becomes evi-
dent that stroke is not a uniform entity and that understanding its 
heterogeneity is  crucial  .  

3     Stroke Modeling in Animal Research 

 Stroke research has made signifi cant progress in the past, and part 
of this is due to research in  animal models  . Clinicians and  researchers 
have been provided with many valuable insights into the 

Dirk M. Hermann and Thorsten R. Doeppner
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underlying pathophysiological mechanisms involved in the disease, 
and new candidate targets of therapy have been identifi ed. Despite 
this fact, for more than a decade, an intense debate about the 
limitations of animal models has been brought up time and time 
again because of the lack of concordance between clinical trials and 
animal studies. Many trials with promising neuroprotective com-
pounds had been disappointing in humans, thus questioning the 
relevance of animal models for clinical benefi t [ 1 ,  2 ]. Clinicians 
have always been skeptical about stroke  animal experiments  , claim-
ing that animals are simply too different from the human  species  . 

 However, is this really the case? Fundamental biological pro-
cesses such as cell survival and death have been strongly con-
served throughout evolution. The molecular mechanisms 
underlying ischemic death are very similar in laboratory mice or 
 rats   and humans. In fact, the mechanisms of  apoptosis  , important 
in stroke injury, are even conserved in non-vertebrates such as the 
nematode  C. elegans  [ 3 ]. 

 Stroke  animal models   have been established in many  species  , 
but among the most commonly used animals are small  animals  , 
in particular  rodents  . Small animals are easy to maintain, less 
costly, and less controversial from an ethical point of view than 
 primate   and higher mammals. Particularly mice are attractive for 
researchers for their genetic homogeneity and because their 
molecular biology is well understood. Furthermore, transgenic 
technologies can be applied easily in mice. Rodent stroke models 
have been found very useful in reconstructing crucial steps of 
neural death and cell  repair  . 

 For a correct interpretation of experimental outcome, how-
ever, differences in brain anatomy and physiology need to be taken 
into account.  Rats   and mice, for example, have very little  white 
matter   compared to humans, and their gray matter is not gyrated; 
neuroprotective and stroke studies thus always focus on implica-
tions for the gray matter [ 4 ].  Cerebral blood fl ow   in mice is twice 
to three times higher than in human [ 5 ]. Some  rodents   have 
anomalies of the  circle of Willis   [ 6 ]. Collateral fl ow is poor in 
rodents, which results in severe ischemia when proximal occlusion 
models are used [ 5 ]. 

 The experimental setup for  animal models   is homogeneous, 
controlling for the variables that may infl uence the experimental 
outcome to a maximal extent. Male animals are therefore usually 
used instead of females to avoid hormonal imbalance. Possible 
 gender   differences are widely disregarded. Inbred strains are used 
that fail to replicate the human  genetic variety  . Usually very young 
and  healthy animals   are used for the modeling of stroke. They are 
kept under standard laboratory conditions with little  exercise   [ 7 ] 
and no variation in  diet  . Some stroke studies have mimicked 
 preexisting pathological conditions such as hyperlipidemia,  diabe-
tes  , or  hypertension  . The knowledge about these conditions is still 

From Bedside to Bench: How Clinical Reality Should Instruct Stroke Modeling
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relatively sparse. In the post-acute stroke phase, studies in 
hyperlipidemic or diabetic animals have provided evidence for 
attenuated or—in some studies—adverse restorative responses to 
therapy [ 8 ,  9 ], which underline that preexisting vascular disease 
should carefully be considered before studies in patients are initi-
ated [ 10 ]. It is a general problem that the life span of a  mouse   or 
 rat   is short, too short to allow the natural development of the  ath-
erosclerosis   encountered in humans of advanced  age  . 

 Thus, it becomes obvious that stroke is a disease entity char-
acterized by heterogeneities on several levels, each of which 
infl uences disease processes. These include (1) the genetic con-
stitution of patients, showing a higher variability than that of 
laboratory animals that are often taken from inbred strains, (2) 
the patients’ life habits that are much less standardized than 
those of laboratory animals, (3) the  risk factor   profi le. Patients 
are mostly of advanced  age  . Their vessels and peripheral organs 
have undergone multiple degenerative changes due to risk fac-
tors such as arterial  hypertension  ,  diabetes  , and subclinical ath-
erosclerosis. These conditions lead to a huge variability in 
disease processes. Heterogeneities in the manifestation of 
strokes affect (4) the localization and size of the lesion, (5) the 
severity of neurological defi cits, and (6) the patient’s ability to 
comply with the recommendations of his physician, to change 
life habits and take his medication regularly.  

4     Linking  Clinical  Practice   and Research in Stroke 

 Promising neuroprotective compounds have so far not been tested 
successfully in clinical trials, although they seemed to work in  ani-
mal models  . It is well established that there is a gap between clini-
cal and animal experimental outcome in stroke, but how can this 
translation block be overcome? 

 Clinicians have criticized stroke animal research as being inac-
cessible to clinical practice because it does not replicate the clinical 
heterogeneity of the disease. While stroke models should be kept 
simple and easily reproducible, they should on the other hand be 
as close as possible to the clinical condition that they try to mimic. 
Although it is important to limit the variables in experimental 
planning, researchers need to focus more on the implications of 
 age   and important  vascular risk factors      in stroke modeling. Up to 
now, animal research has focused mainly on the underlying patho-
physiology of  cerebral ischemia   and created ischemic models in 
healthy young animal brains. The neural apoptotic pathways 
evoked by a mature brain, however, are likely to be different from 
those evoked by a younger brain. It is thus questionable whether 
the basic  scientifi c knowledge gained from  animal experiments   
with very young and  healthy animals   can be simply transferred 

Dirk M. Hermann and Thorsten R. Doeppner
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into the clinical setting.  Diet   or  exercise  , for example, are two 
variables to consider when it comes to study design, as they have 
a big impact on the risk of stroke and can be easily applied in an 
experimental setting. 

 More communication between clinicians and scientists could 
only strengthen the effort to integrate scientifi c knowledge into 
clinical practice and avoid mistakes in study design. To be applicable 
to a wide variety of settings, animal research needs to be represen-
tative and generalizable. But how generalizable is data from animal 
research? Many animal studies consider just one  species  , commonly 
mice or  rats  , and fi ndings from one species are not necessary appli-
cable to other species. 

 A  stepwise upgrade  from  rodents   to  primates  , a kind of system-
atic proof of principle approach, would be a useful tool for verify-
ing the fi ndings from  animal experiments  . Currently, 
proof-of-concept strategies are only applied by pharmaceutical 
companies, but due to restricted fi nancial resources, they are only 
used inconsistently. Unfortunately, this approach has found no 
access at all into investigator-driven research. The generalizability 
of data from stroke animal research would increase with such a 
conceptual strategy, particularly if the  animal models   mimicking 
 thromboembolic strokes   integrated clinical heterogeneity by using 
animals with preexisting vascular injury. In analogy to clinical trials, 
such proof-of-concept studies should also consider multicenter 
studies in animals [ 11 ], which should strongly increase the gener-
alizability of the observations made. 

 Another major point to be considered is the  time window   of 
the disease. In animal models, the onset of ischemia is controlled, 
but clinical reality refl ects a less homogeneous pattern. Many 
people who suffer a stroke are brought to hospital within hours 
of the clinical manifestation if the onset is very acute and help is 
immediately available. But if the symptoms of a stroke are not 
obvious or help is not available, admission to hospital is seriously 
delayed. It is therefore necessary to question whether the time 
windows that have been set in clinical practice are realistic. For 
example, the therapeutic window for the successful application 
of most neuroprotective agents has been shown to be very small, 
so that it is questionable whether these treatments can at all be 
successfully implemented in clinics. Drug research focusing on 
the post-stroke period could be more useful and applicable for a 
vast majority of stroke patients. 

 Stroke research in  animal models   has made useful contribu-
tions to understanding the disease, but clinical practice and animal 
research still seem to be too distant from each other. More effec-
tive effort to bring the two together will provide the steppingstone 
for overcoming the translation bloc k.     

From Bedside to Bench: How Clinical Reality Should Instruct Stroke Modeling



6

   References 

    1.    Stroke Therapy Academic Industry Roundtable 
(1999) Recommendations for standards regard-
ing preclinical neuroprotective and restorative 
drug development. Stroke 30:2752–2758  

    2.    Fisher M, Feuerstein G, Howells DG, Hurn 
PD, Kent TA, Savitz SI, Lo EH (2009) Update 
of the Stroke Therapy Academic Industry 
Roundtable (STAIR) preclinical recommenda-
tions. Stroke 40:2244–2250  

    3.    Danial NN, Korsmeyer SJ (2004) Cell death: 
critical control points. Cell 116:205–219  

    4.    Hoyte L, Kaur J, Buchan AM (2004) Lost in 
translation: taking neuroprotection from ani-
mal models to clinical trials. Exp Neurol 
188:200–204  

     5.    Maeda K, Mies G, Olah L, Hossmann KA 
(2000) Quantitative measurement of local 
cerebral blood fl ow in the anesthetized mouse 
using intraperitoneal [14C]iodoantipyrine 
injection and fi nal arterial heart blood sam-
pling. J Cereb Blood Flow Metab 20:10–14  

    6.    Dirnagl U, Iadecola C, Moskowitz MA (1999) 
Pathobiology of ischaemic stroke: an inte-
grated view. Trends Neurosci 22:391–397  

    7.    Gertz K, Priller J, Kronenberg G, Fink KB, 
Winter B, Schrock H, Ji S, Milosevic M, Harms 
C, Bohm M, Dirnagl U, Laufs U, Endres M 

(2006) Physical activity improves long-term 
stroke outcome via endothelial nitric oxide 
synthase-dependent augmentation of neovas-
cularization and cerebral blood fl ow. Circ Res 
99:1132–1140  

    8.    Zechariah A, ElAli A, Hagemann N, Jin F, 
Doeppner TR, Helfrich I, Mies G, Hermann 
DM (2013) Hyperlipidemia attenuates vascu-
lar endothelial growth factor-induced angio-
genesis, impairs cerebral blood fl ow, and 
disturbs stroke recovery via decreased pericyte 
coverage of brain endothelial cells. Arterioscler 
Thromb Vasc Biol 33:1561–1567  

    9.    Chen J, Ye X, Yan T, Zhang C, Yang XP, Cui X, 
Cui Y, Zacharek A, Roberts C, Liu X, Dai X, 
Lu M, Chopp M (2011) Adverse effects of 
bone marrow stromal cell treatment of stroke 
in diabetic rats. Stroke 42:3551–3558  

    10.    Hermann DM, Chopp M (2012) Promoting 
brain remodelling and plasticity for stroke 
recovery: therapeutic promise and potential 
pitfalls of clinical translation. Lancet Neurol 
11:369–380  

    11.    Dirnagl U, Fisher M (2012) International, 
multicenter randomized preclinical trials in 
translational stroke research: it’s time to act. 
J Cereb Blood Flow Metab 32:933–935    

Dirk M. Hermann and Thorsten R. Doeppner



7

Ulrich Dirnagl (ed.), Rodent Models of Stroke, Neuromethods, vol. 120,
DOI 10.1007/978-1-4939-5620-3_2, © Springer Science+Business Media New York 2016

    Chapter 2   

 How to Avoid Bumping into the Translational Roadblock                     

     Malcolm R.     Macleod       and     Emily     Sena      

  Abstract 

   Translating neuroprotective effi cacy from animal studies to clinical trials in humans has been fraught with 
diffi culty. This failure might be because animal studies were falsely positive or because clinical trials were 
falsely negative. Alternatively, animal studies as currently conducted may not model human stroke with 
suffi cient fi delity to be a useful predictor of effi cacy in clinical trials. 

 Here we focus on measures to improve the design, conduct, and reporting of animal studies to maxi-
mize both their internal and their external validity. These include, but are not limited to, randomization, 
allocation concealment, blinded assessment of outcome, sample size calculation, and measures to avoid 
publication bias. In addition, we give a brief introduction to systematic review and meta-analysis of data 
from animal experiments.  

  Key words     Systematic review  ,   Meta-analysis  ,   Publication bias  ,   Study quality  ,   Validity  ,   Experimental 
design  ,   Randomization  ,   Allocation concealment  ,   Blinded assessment of outcome  ,   Sample size 
calculation  

1       Introduction 

   …you will  meet   with several observations and experiments which, 
though communicated for true by candid authors or undistrusted eye- 
witnesses, or perhaps recommended by your own experience, may, 
upon further trial, disappoint your expectation, either not at all suc-
ceeding, or at least varying much from what you expected.—Robert 
Boyle (1693), Concerning the Unsuccessfulness of Experiments 

   Valid experiments are those which give appropriate descrip-
tions of some biological truth in a system being studied.   Internal 
validity    relates to the extent to which the report of an individual 
experiment accurately describes what has happened in that 
model system.   External validity    relates to the extent to which 
the results from that model system can be generalized to predict 
what might happen, for instance, in another setting or in a 
group of patients with the disease being modeled in response to 
the drug being tested. 
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 Stroke is one condition where, despite substantial efforts in the 
neuroscience community, translation of  effi cacy   to humans has 
proved exceptionally diffi cult [ 1 ] The modeling of stroke in  rodents   
usually involves measuring some outcome—be it a change in gene 
expression, an increase in protein phosphorylation, a volume of 
cerebral infarction, or a post-stroke  behavior  —and it may also 
involve determining a change in that outcome caused by an experi-
mental intervention intended to test a mechanistic  hypothesis  . For 
our purposes here, we will concentrate on experiments testing the 
effi cacy of candidate stroke drugs, but the same considerations 
apply to all hypothesis testing experiments modeling stroke. 
Exploratory research might also benefi t from the same rigorous 
approach, but remember that every time you want to use an infer-
ential statistical test, as opposed to  descriptive statistics   alone, you 
are by defi nition testing a  hypothesis   and not exploring! 

   Following treatment,  infarct volume   and neurobehavioral score may 
improve, or worsen, or be unchanged. We hope that results from our 
experiments will refl ect “biological truth,” but of course this is not 
always the case. Measurement error and biological variability mean that 
our sample of animals can never describe completely what the outcome 
would be across all animals. These are random errors, and while they 
reduce the precision of the estimate of biological effect, they are as 
likely to underestimate effects as they are to overestimate effects. The 
likely scale of this random error can be estimated in preliminary experi-
ments, and we can then predict how closely the results of an experi-
ment of given size refl ect the  population   response. This allows us to 
estimate how large an experiment should be to have a reasonable 
(specifi ed)  probability   of detecting a treatment effect of a given size. 

 There are also, however, sources of nonrandom error ( bias)  , 
which cause the estimate of effect consistently to be understated or, 
more usually in this context, overstated. These sources of bias include 
 selection bias  ,  performance bias  ,  ascertainment bias  , and  attrition bias   .  

   The only difference between experimental groups should be the 
different treatments they receive. If there are consistent patterns in 
the way animals are allocated to groups, this may lead to addi-
tional, unwanted differences which might be responsible for any 
differences observed in outcome [ 2 ,  3 ]. For instance, if there is a 
standard allocation sequence, this may confound interpretation 
because the fi rst animal from the cage is likely to be less anxious 
than later animals. Furthermore, while it is expected that the effec-
tiveness of any intervention may be modulated by known factors 
(drug dose, time to treatment,  comorbidities  ), effectiveness may 
also be altered by unknown or unidentifi ed factors. The resulting 
selection biases can only be avoided if treatment group allocation 
is truly an explicitly random process, with each animal having an 
equal chance of entering any of the experimental  groups  .  

1.1  The   Validity   
of Individual 
Experiments

1.2   Selection  Bias     

Malcolm R. Macleod and Emily Sena
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   Knowledge of treatment  group   allocation might alter the way in 
which ischemia is induced or how the animal is managed in the 
recovery phase, including decisions about whether and when 
animals should be euthanized. These differences are probably 
due to subconscious and inadvertent changes in the  behavior   or 
practice of investigators and have been shown to be a potentially 
powerful source of bias [ 2 ,  3 ]. They can be avoided if the per-
son conducting the experiment is unaware of treatment group 
allocation. 

 For example, more than half a century ago, Rosenthal had his 
student compare the performance of two cohorts of  rats   in the 
Skinner box (where outcome is recorded electronically); he 
explained that the fi rst cohort had been bred over many generations 
to perform well in cognitive testing, while the second had been 
selectively bred for poor performance. Not only did the students 
confi rm better initial performance in the maze-bright animals and 
enhanced  learning  , but they also found the maze-bright animals to 
be nicer to work with, and a number of students were bitten by 
maze-dull animals. In fact, his experiment had been on the students 
and not the rats, which were selected at random from the same 
cages in the same animal houses on the fi rst day of the experiment. 
The only difference between the cohorts was in the minds of those 
 handling   them during the experiment, which must have been mani-
fest in different experimenter  behavior   which in turn infl uenced ani-
mal behavior during automated cognitive  testing  .  

   Knowledge of treatment group may also confound the measure-
ment of outcome [ 2 ,  3 ] It is only human nature that investigators 
wish their experiments to “work” and that they should desire that 
the intervention being tested should be found to have defi nite effects 
(negative or positive) rather than being neutral. This is partly because 
of the investment of time and energy in mounting the experiments, 
partly because the currency of science is publication and neutral 
studies are much less likely to be published, partly because the con-
tinuing funding of a project may depend on “positive” results, and 
partly because labs which are able reliably to report “positive” fi nd-
ings may be more likely to attract commercial funding.  

    Rodent   stroke experiments only rarely report those animals 
which are excluded from the fi nal analysis. Animals might be 
excluded for a number of reasons including a judgment that 
 cerebral blood fl ow   was not suffi ciently reduced, that the induced 
neurobehavioral defi cit was not suffi ciently severe, or that the 
animal may die or be euthanized prior to the assessment of the 
outcome which is being reported. In some cases, the death of 
the most severely affected animals may cause a “healthy survi-
vor” effect, so that if outcome is only measured in survivors, 
there may appear to be a treatment effect.  

1.3  Performance 
Bias

1.4   Ascertainment 
Bias  

1.5   Attrition Bias  

How to Avoid Bumping into the Translational Roadblock
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   The decision to take a compound with promising animal data 
forward to clinical trial is usually based on a summary of the avail-
able animal data. The process of producing such research summa-
ries is itself subject to sources of bias which may present an 
over- optimistic view of the prospects for success. These biases 
include  publication bias  , selective outcome  reporting   bias, false-
positive bias, and  selective citation bias  .  

   Where experiments are performed but remain unpublished, they 
are not usually available for inclusion in research summaries. If 
these unpublished experiments differ substantially in their out-
comes from published work, conclusions drawn from published 
experiments may not refl ect adequately the  effi cacy   of the interven-
tion being summarized. Statistical analysis of data derived from 
 systematic reviews   of stroke studies curated by the Collaborative 
Approach to  Meta-Analysis   and Review of Animal Data in 
Experimental Studies ( CAMARADES  ) suggests that at around 
20 % of experiments remain unpublished and that this results—
even following rigorous systematic review—in an overstatement of 
effi cacy of 30 % [ 4 ]. 

 Publication bias is also important when studies have insuffi -
cient statistical  power  . For any given “true” underlying effect, 
experimental estimates of this effect will vary, some higher and 
some lower. Those estimating higher effi cacy are more likely to 
achieve signifi cance in statistical testing, and—in the presence of 
publication bias—these are more likely to be published. Where sta-
tistical power is low (and historically stroke experiments have been 
powered at 40 % or lower), then even if there is a true effect, only 
60 % of studies will be published, and an analysis based on the 60 % 
will give a higher estimate of effi cacy than if all studies had been 
available for analysis. The lower the statistical  power  , the more pro-
nounced the overstatement of  effi cacy   .  

   Where a number of different outcomes are measured but only some 
are published, conclusions drawn from the published literature will 
again mislead. For instance, an investigator may conduct fi ve differ-
ent neurobehavioral  tests   but only report those that reach the fash-
ionable signifi cance level of 5 %. Again, it is possible to use statistical 
approaches to explore whether this is likely and this suggests that 
between 20 and 40 % of outcomes measured in  focal ischemia   
experiments are not reported in the resulting publication [ 5 ].  

   Where most studies are underpowered (as in the case for most 
reported  rodent   stroke experiments), the value of positive findings 
is reduced. The positive predictive value of a study in a given 
field—setting aside for the moment the issues of  internal validity   
outlined above—is determined not just by the  type I error  -α but 
also by the  type II error  -β and the true proportion of positive 

1.6  The  Validity   
of Research 
Summaries

1.7    Publication Bias  

1.8  Selective 
Outcome  Reporting   
Bias

1.9  False-Positive 
(Low- Prior Probability) 
  Bias

Malcolm R. Macleod and Emily Sena
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studies [ 6 ]. Where roughly 20 % of all studies are truly positive, 
where the  power   is roughly 40 %, and where the type I error is 5 % 
(as in the case with  rodent   models of ischemia), the predictive 
value of positive studies is only 67 %. That is, only two out of three 
statistically “positive” studies are truly positive.

  Power   40 %, 
 p  < 0.05  Test positive  Test negative  Total 

 Truly positive  8 %  12 %  20 % 

 Truly negative  4 %  76 %  80 % 

 Sub total  12 %: positive predictive value 67 %  88 %: negative predictive value 86 %  100 % 

      Stroke patients are not  rodents   and any assumptions of the transla-
tion of  effi cacy   from rodents to man requires a leap of faith. 
However, it is important to systematically explore the limits to effi -
cacy in animals and to make an informed judgment as to whether 
these are likely to affect effi cacy adversely in man. Selective citation 
of individual studies supporting effi cacy at low doses or late time 
points or in hypertensive animals are not substitute for a systematic 
summary of all experiments  reporting   effi cacy at low doses or late 
time points or in hypertensive animals. Clinical trials generally 
require the recruitment of large numbers of patients, and industry 
usually seeks evidence for  effi cacy   in as wide a potential market as 
possible. Because of these complimentary pressures, clinical trials 
have often recruited patients at extended  time windows   or with 
substantial  comorbidities   (typical of stroke patients) or where drug 
concentration at the site of their action is a fraction of that obtained 
in  animal models  . It is little surprise that so many of these trials in 
stroke have been neutral .   

2    Materials 

 The implementation of  Good Laboratory Practice   in the context 
of  middle cerebral artery occlusion   requires no specifi c materials 
other than foresight, planning, and a computer with internet 
access. The UK National Centre for the  Replacement  ,  Refi nement   
and Reduction of Animals in Research (NC3Rs) have recently 
launched a useful free online tool, Experimental Design Assistant 
(EDA), to guide researchers through the design of their experi-
ments that use the minimum number of animals consistent with 
their scientifi c objectives, methods to reduce subjective  bias  , and 
appropriate statistical analysis (  https://www.nc3rs.org.uk/
experimental- design-assistant-eda    ). Resources are also available to 
support the design and conduct of multicenter animal studies 
(  www.multi-part.org    ).  

1.10   Selective 
Citation Bias  

How to Avoid Bumping into the Translational Roadblock
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3    Methods 

     It is probably unethical and it is certainly ineffi cient to unknowingly 
repeat work previously conducted by other groups unless explicitly 
for the purposes of  replication  ,  pilot studies  , or as a positive control. 
You should therefore conduct a systematic review of existing pub-
lished work to determine whether your  hypothesis   has been tested 
previously and what additional value your experiments can contrib-
ute. A simple approach to systematic review is given later.  

   Before conducting  the   planned experiments, it is important to 
show that you can reproducibly induce an infarct of the desired 
severity and behavioral defi cit and to demonstrate that you can 
show a treatment effect where one is known beyond doubt to exist. 
Commonly, interventions such as  hypothermia  , MK801, or  FK506   
are used as this “positive control.” This approach will also provide 
pilot data on the  variance   observed in the model in your own 
hands, important for  sample size    calculations   (see below).  

   Because of the multitude of opportunities for fl exibility in study 
design and data analysis and the risk that analysis choices may in part 
be driven by emerging data, it is important for users of your research 
to be able to have confi dence that your analysis was not in fact 
shaped by the data. You can achieve this by establishing a priori your 
 experimental design  , primary outcome measure, and  statistical anal-
ysis plan. This can take the form of a study protocol or may be very 
brief indeed; the fundamental information required can be summa-
rized in a PIPPHS statement— population   (which animal, which 
lesion), intervention (what is the treatment), primary outcome mea-
sure,  power   (why the experiment is the size that it is),  hypothesis  , 
and statistical analysis plan. A dated version of the protocol can then 
be saved as a signed pdf, made available online (on an institutional 
website or using a third party platform such as Figshare), either open 
or closed, and made available at the time the work is submitted for 
review or published. Of course, things rarely go exactly as intended, 
but the discipline of having a public domain protocol means that 
you can explain what you changed and why, and the research user 
can judge whether this restricts the  validity   of your fi ndings.  

   An assessment should be made of the size of the effect which the 
experiment should be able to detect (which may be the minimum 
biologically important effect). This is a matter of judgment; in 
some cases, a 10 % difference in outcome might be considered bio-
logically signifi cant, while other experiments may set out to detect 
only much larger differences. For a simple two-group comparison, 
sample size calculations are reasonably straightforward and are 
enabled in most standard statistical packages. For more complex 
studies where statistical testing will use analysis of  variance  , specifi c 

3.1  Before 
the Experiment

3.1.1   Systematic Review   
of Existing Data

3.1.2  Pilot Studies

3.1.3  Protocol

3.1.4   Sample Size 
   Calculation  
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online tools are available (see [ 7 ] for an excellent online resource). 
Importantly, the estimate of variance used in these sample size cal-
culations should be derived from your own pilot experiments 
rather than the lowest variance achieved in the best hands in your 
group. The sample size calculation can also make allowances for 
the proportion of animals which it is expected will be excluded 
from the fi nal  analysis  .     

   Before the experiment starts, you should also establish clear and 
unambiguous rules about any  inclusion criteria   which will be 
applied, for instance, a prespecifi ed decrease in perfusion detected 
with  laser Doppler fl owmetry   or the development of neurologic 
impairment of a given severity. You should also establish rules about 
which animals will be excluded from the analysis (for instance, those 
which die spontaneously or are euthanized prior to completion of 
the experiment). Crucially, these rules should be applied without 
knowledge of treatment group allocation. Where the intervention 
being tested is delivered after the induction of ischemia, it is best if 
 randomization   (see below) occurs after the application of the inclu-
sion criteria and is restricted to the pool of included animals.   

     Animals should be allocated  to   an experimental group by random-
ization. Experience from clinical trials suggests that manual meth-
ods of random allocation (coin toss, allocation in sealed envelopes) 
are open to subversion by enthusiastic researchers and so comput-
erized methods are preferred. Random number tables or comput-
erized random number generators (for instance, the MS Excel 
command RAND ()) allow a treatment allocation sequence to be 
generated, but it is important that the investigator have no prior 
knowledge of the allocation sequence (see blinding below). 
Alternatively, web-based randomization schedules are available at 
  http://www.graphpad.com/quickcalcs/randomize1.cfm     or 
  http://www.randomization.com/    . When using these, it is proba-
bly best to specify a blocked randomization design with block size 
set at least twice the number of experimental groups (so a 4-group 
experiment would have a block size of at least 8)    .  

   As far as  is   possible, the investigator responsible for the induction, 
maintenance, and reversal of ischemia and for decisions regarding 
the care of (including the early killing of) experimental  animals   
should be unaware of the experimental group to which an animal 
belongs. For instance, you could have a colleague prepare and 
administer a drug or intervention or they could relabel or aliquot a 
drug which you have prepared. If this is done, it is better if the 
labeling is in the form of a reference number unique to each animal 
rather than simply relabel to A, B, C, etc. That is, it is better if the 
investigator does not know which animals belong to the same 
group, as they are likely to try to “guess” which group is which. 

3.1.5  Inclusion 
and  Exclusion Criteria  

3.2  During 
the Experiment

3.2.1  Randomization

3.2.2   Allocation 
Concealment

How to Avoid Bumping into the Translational Roadblock
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This is much more diffi cult if group allocation is not known. 
Similarly, the assessment of outcome should be carried out by 
someone who is not aware of treatment group allocation .   

     If large numbers of animals were excluded from the study or if the 
intervention was less effective than you had thought, it might be 
that your data will show the suggestion of an effect which is not 
statistically signifi cant. Properly conducted  pilot studies   and  sam-
ple size    calculations   based on reasonable estimates of  effi cacy   will 
reduce this risk but will not remove it completely. If this becomes 
apparent after data have been analyzed, there is little that can be 
done except to repeat the experiment with adequate group sizes. 
However, before the data are analyzed, it is reasonable to add fur-
ther animals to make up for exclusions as long as this can be done 
in a randomized fashion and with  allocation concealment  . 

 It is also possible to ask a colleague (usually a statistician) to 
examine unblinded data (send them outcome by animal reference 
number and have your colleague send them treatment grouping, 
although not necessarily the treatment associated with each group-
ing) to carry out a preliminary analysis. The purpose of this would 
be to ask them to make recommendations as to whether (1) there 
are signifi cant differences between groups; (2) there may be a dif-
ference, and given the estimated  effect size   and  variance  , a further 
 x  animals per group would be required to give  power   of for exam-
ple 80 %; or (3) the differences between groups are such that the 
number of animals required makes further experiments futile [ 8 ]. 
Such an approach may also be used to conduct planned interim 
analyses, but if multiple such analyses are planned, the statistical 
methodology should take account of this.  

   Your manuscript should describe how your work meets the principles 
outlined above, and specifi cally it should include details of the num-
ber of animals excluded and the reason for their exclusion. It should 
be set out according to the principles outlined in the international 
consensus statement on  Good Laboratory Practice   in the modeling 
of focal  cerebral ischemia   [ 9 ] and the  ARRIVE   guidelines [ 10 ]. 

 Most academic institutions, funding organizations, and regula-
tory bodies require a commitment to publication and to data shar-
ing, and you should make every effort to have your work published. 
Indeed, this is a component of the draft amendment to EU direc-
tive 86/609 on the approximation of laws, regulations, and admin-
istrative provisions of the member states regarding the protection of 
animals used for experimental and other scientifi c purposes. Work 
should be published within 3 years of being completed, and if this 
is not possible, then details should be posted on institutional web-
sites. Outline details of unpublished work can also be submitted to 
 CAMARADES   at   www.camarades.info    , where they will be made 
available to those wishing to conduct  systematic reviews     .   

3.3  After 
the Experiment

3.3.1  Was Your Study Big 
Enough?

3.3.2   Reporting   
Your Study

Malcolm R. Macleod and Emily Sena
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     Narrative reviews are based on a selection of the available literature, 
often with the intention of supporting a particular point of view. 
Neutral studies are often published in journals of low impact, in 
languages other than English, and in conference abstracts rather 
than full publications. As such they may not be identifi ed in super-
fi cial  PubMed searches  . If you really are trying to identify all rele-
vant experiments in the public domain which might have been 
conducted using your compound, you should search the literature 
systematically. The availability of online datasets and conference 
abstracts has made this a simpler, faster process. A detailed descrip-
tion of the methodological approach is beyond the scope of this 
chapter, but see Vesterinen et al. [ 11 ] and Sena et al. [ 12 ].  

   PubMed (  www.pubmed.com    ), ISI Web of Science (  http://apps.
isiknowledge.com    ), and EMBASE (  www.embase.com    ). Access to 
PubMed is free, and most institutions purchase access to ISI WoS 
and EMBASE. Search fi lters are available for both PubMed and 
EMBASE to limit publications to those describing  animal experi-
ments   (  http://www.ncbi.nlm.nih.gov/pubmed/20551243     and 
  http://www.ncbi.nlm.nih.gov/pubmed/23836850    ). For ISI 
WoS, ensure that you have checked to search conference proceed-
ings as well as the Science Citation Index.  

   Firstly, you should defi ne the characteristics of publications which 
you wish to include—for instance, “studies  reporting   the  effi cacy   
of  compound  in  animal models   of focal  cerebral ischemia  , where the 
outcome is expressed as a change in  infarct size   or neurobehavioral 
score.” Your search strategy should be designed to create two 
sets—fi rstly a set of all publications relating to your compound 
(using all known variations in the compound name) and secondly 
a set of publications relating to animal modeling of focal cerebral 
ischemia (we use {(stroke) OR (ischemia) OR (cerebrovascular) 
OR (middle cerebral artery) OR ( MCA  ) OR (ACA) OR (anterior 
cerebral artery) OR ( MCAO  )}). Publications common to these 
sets are then identifi ed and downloaded to your preferred refer-
ence management software.  

   The next step is to determine which publications meet your  inclu-
sion criteria   and to exclude the rest. This process can be time- 
consuming, can be tedious, and is subject to error. These errors 
can be minimized if the task is carried out independently by two 
investigators, with disagreements resolved by discussion. The full 
text of remaining articles should then be retrieve d.   

   Qualitative summarizing of identifi ed publications is straightfor-
ward. It may also be possible to carry out a quantitative summary 
(using  meta-analysis  ), perhaps stratifi ed for various characteristics 
of interest.  

3.4  Increasing 
the   Validity   
of Research 
Summaries

3.4.1  Systematic 
Identifi cation of Relevant 
Information

3.4.2  Where to Search

3.4.3  How to Search

3.4.4  Selecting Studies 
for Inclusion

3.5  Special 
Considerations 
in Creating a Research 
Synthesis

How to Avoid Bumping into the Translational Roadblock

http://www.pubmed.com/
http://www.ncbi.nlm.nih.gov/pubmed/20551243
http://www.ncbi.nlm.nih.gov/pubmed/20551243
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http://www.ncbi.nlm.nih.gov/pubmed/20551243
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    Effi cacy   at early time points and in healthy young animals may not be 
seen at the later (clinically more relevant) time points or in animals 
with (clinically relevant)  comorbidities  . Establishing effi cacy under 
these circumstances is a crucial prelude to clinical trials. Similarly, it is 
important to demonstrate  effi cacy   at concentrations obtained in 
human brain (if this is known). As a fi rst step, simply tabulating the 
details of included studies can offer substantial insights:

    1.      Study quality   : Given the known impact of the sources of  bias   
described above, it is reasonable to establish the extent to which 
identifi ed publications may be susceptible to bias. Key issues are 
 randomization  ,  allocation concealment  ,  blinded assessment of 
outcome  , and statement of a  sample size    calculation  .   

   2.     Estimates of    effi cacy     under various circumstances : If there 
are suffi cient data, it may be possible to explore the impact of, 
for instance, dose, time, or comorbidity, using normalized mean 
difference  meta-analysis  . A detailed understanding of  statistics   is 
not required, as online tools are available. The  CAMARADES   
group have developed online tools which allow investigators to 
enter the details of publications and reported outcomes, which 
produce summary information or the range and quality of evi-
dence, and which will perform normalized mean difference 
meta-analysis. Investigators wishing to use these tools should 
register at   www.camarades.info    . In large datasets, it is possible to 
explore the possible presence of  publication bias   using  funnel 
plotting  ,  Egger regression  , or “trim and fi ll.”    

4       Future Developments 

 A key consideration, raised in Chap.   1    , is the extent to which 
evidence from  animal models   of stroke can reliably be used as a 
premise for clinical trials. That is, can we improve their  external 
validity  ? For many  animal experiments  , it appears that it is chal-
lenging even for fi ndings in one lab to be replicated in a second 
[ 13 ] (Academy of Medical Sciences Report). One solution, which 
can also be brought to bear on the problems of  internal validity   
described above, is for studies to be conducted across multiple 
laboratories, in multicenter animal studies, exploiting both 
known and unknown differences in laboratory practices. A clini-
cal trialist might very reasonably have greater confi dence in fi nd-
ings from animal research if this was seen in a much more diverse 
set of circumstances. This approach has already been used in 
stroke research [ 14 ], and the MultiPART consortium have estab-
lished mechanisms—including a central project management, 
 randomization  , and outcome assessment platform—to assist such 
studies (  www.multi-part.org    ).  

3.6  The Range 
of Circumstances 
Under Which Effi cacy 
Has Been Tested

Malcolm R. Macleod and Emily Sena
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5    Notes 

 Excellent is the enemy of good, and very few investigators adhere 
to all the considerations described above. We all try to do the best 
we can, and as we seek continually to improve the quality of our 
 animal experiments  , we should also be candid in where we have 
fallen short of these standards and how this might introduce  bias   
to our conclusions. The stroke community has been at the fore-
front of dealing with such issues, which are widespread in in vivo 
researc h [ 15 ,  16 ].     
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    Chapter 3   

 Modeling Focal Cerebral Ischemia in Rodents: Introduction 
and Overview                     

     Vincent     Prinz      and     Matthias     Endres     

  Abstract 

   The chapter provides an introduction and overview on the most widely used rodent models of focal cerebral 
ischemia, pointing out major characteristics of the respective model and basic differences between models. 
The specifi c models will be discussed in detail throughout the following chapters.  

  Key words     Rodent models of stroke  ,   Cerebral ischemia  ,   Overview  ,   Introduction  ,   Advantages  , 
  Disadvantages  

1      Introduction 

 Cardio- and cerebrovascular diseases are among the principal causes of 
 mortality   worldwide, with stroke following second after coronary 
heart disease [ 1 ]. However, mortality data conceal the true burden of 
stroke, as stroke is the number one cause of long- term  disability   in 
adulthood and exerts a tremendous socioeconomic impact [ 1 ,  2 ]. In 
the USA the direct and indirect costs have been estimated to consume 
about $62.7 billion per year (American Heart Association, 2007) [ 3 ]. 
In Asia stroke is even more frequent than myocardial infarction. 
Similarly, epidemiological evidence has demonstrated that cerebrovas-
cular events are becoming more frequent than coronary vascular 
events (45 % vs. 42 %, respectively) in Europe as well. The relative inci-
dence of cerebrovascular events compared with coronary events was 
1.19 (95 % CI, 1.06–1.33) overall [ 4 ]. Because of the increasing life 
expectancy and elderly population, not only in industrialized but also 
in developing countries, the incidence of stroke is predicted to rise 
dramatically within the next few decades [ 1 ,  5 ]. Ischemic stroke 
accounts for 80 % of all strokes, while the incidence of primary hemor-
rhagic stroke is relatively low. Ischemic stroke probably is already and 
will continue to be the most challenging disease worldwide, under-
scoring the importance of further research in this fi eld.  
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2     Cerebral Metabolism   

 Cerebral metabolism depends exclusively on oxygen and glucose, 
putting the brain into a unique and highly perilous situation com-
pared to other organs. The brain consumes up to 75 l of molecular 
oxygen and 120 g of glucose daily. Although the brain accounts for 
only 2 % of the total body weight, cerebral metabolism demands 
20 % of the total oxygen consumption and 20 % of the total body 
perfusion. Even a short period of brain ischemia may result in irre-
versible structural damage. Variable “ischemia thresholds,” which 
are region- and cell-type specifi c, determine whether a cell will sur-
vive the ischemic insult or die (see Table  1 ). “Ischemic precondi-
tioning” might play a role in this context, as well [ 6 ].

3       Global vs. Focal Ischemia 

 There are two modes of cerebral ischemia, each with its own dis-
tinct mechanisms: global and  focal ischemia   (see also Table  2 ). 
  Global ischemia    develops after transient circulatory arrest with 
resuscitation or after near drowning. Within seconds, absolute 
cerebral blood fl ow is reduced from 8 to 0 ml/g/min. Loss of 
consciousness follows within 10 s, and EEG activity ceases after 
30–40 s. Only a few minutes of global cerebral ischemia can cause 
irreversible cellular damage that becomes histologically apparent 
over days. Histologically, transient global ischemia results in 
delayed neuronal death, sparing glial cells (sometimes even associ-
ated with astrogliosis). As a rule of thumb, under normothermic 
conditions, 10 min of global ischemia is lethal in humans.

    Focal ischemia  (ischemic stroke) occurs after transient or per-
manent blood fl ow reduction in the territory of a cerebral artery 
and its branches. Typically, fl ow reduction is caused by the 
embolic or thrombotic occlusion of a cerebral artery (most fre-
quently the middle cerebral artery, MCA) [ 7 ]. In contrast to 

   Table 1  
   Viability thresholds   during cerebral ischemia   

 The following perfusion thresholds (ml/g/min) will result in 

 Loss of protein synthesis  0.55 ml/g/min 

 Anaerobic glycolysis  0.35 ml/g/min 

 Synaptic release of transmitters (e.g., glutamate)  0.20 ml/g/min 

 Failure of energy metabolism  0.20 ml/g/min 

 Anoxic depolarization  0.15 ml/g/min 

Vincent Prinz and Matthias Endres
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global ischemia, focal ischemia is characterized by the formation 
of a so-called ischemic penumbra. The  penumbra   is defi ned as the 
ischemic border zone which is functionally impaired and yet 
retains its structural integrity. While absolute blood fl ow in the 
ischemic core is reduced to levels <1 ml/g/min, regional blood 
fl ow in the penumbra remains at 2–4 ml/g/min. The extent of 
ischemia decreases with distance to the ischemic core. If reperfu-
sion is established early, the expansion of the  infarct   core into the 
penumbra may be prevented. The “penumbra” is also referred to 
as “tissue at risk” [ 8 ]. The typical histological picture following 
focal cerebral ischemia is a  pannecrosis   including all cell types 
(neurons, astrocytes, oligodendrocytes, endothelial cells).  

4    Animal Models of Focal Cerebral Ischemia 

 In the last decades, there has been an enormous increase in the 
pathophysiological understanding of brain ischemia [ 9 ,  10 ]. 
Experimental models of cerebral ischemia substantially contributed 
to elucidating the complex pathophysiological cascades triggered by 
ischemia.  Periinfarct depolarization  , excitotoxicity, infl ammation, 
and apoptosis have been identifi ed as the most relevant mediators of 
cell death following cerebral ischemia [ 9 ]. Moreover, important 

    Table 2  
  Overview of animal models of cerebral ischemia and possible correlates to humans   

 Animal models of cerebral 
ischemia  Possible correlate to humans  Histological fi ndings 

  Global ischemia  

 A. Permanent (circulatory arrest)  Circulatory arrest, drowning, hanging  Brain swelling, cell 
death 

 B. Transient (four-vessel occlusion, 
transient circulatory arrest) 

 Circulatory arrest with resuscitation, 
near drowning 

 Delayed neuronal 
death, astrogliosis 

  Focal ischemia  

 A. Permanent (e.g., MCAO)  Hemispheral stroke (thrombotic or 
embolic without recanalization or 
thrombolytic therapy) (“reperfusion 
injury”) 

 Pannecrosis, 
infl ammation 

 B. Transient (e.g., MCAO/
reperfusion) 

 Stroke with spontaneous recanalization 
or thrombolytic therapy (“reperfusion 
injury”) 

 Pannecrosis, 
infl ammation 

 C. Mild (e.g., brief MCAO/
reperfusion) 

 Transient ischemic attack?  Delayed neuronal 
death, astrogliosis 

Modeling Focal Cerebral Ischemia in Rodents: Introduction and Overview



22

concepts and treatments have been developed and  validated using 
animal models of cerebral ischemia (e.g., “penumbra”/perfusion/
diffusion mismatch, thrombolysis) [ 1 ,  8 ,  11 ]. 

 Especially the combination of experimental stroke models and 
noninvasive imaging techniques (such as magnetic resonance imag-
ing (MRI),  positron emission tomography   (PET), microcomputed 
tomography (CT), and optical imaging) enables the researcher to 
investigate hyperacute pathophysiological changes precipitated by 
the ischemic insult (see Chaps.   11     and   12    ). In addition to the spa-
tiotemporal profi le of the evolving lesion, changes resembling neu-
ronal plasticity can be studied in a longitudinal manner and 
correlated to functional outcome, as well as histological fi ndings. 

 Within the last years, further methodological advances have 
been made using the combination of cerebral ischemia models and 
in vivo microscopy via cranial windows. These new techniques 
allow investigators to analyze the neurovascular unit at the cellular 
and molecular level, with great analytic power and most particular 
in the living brain. Moreover in vivo microscopy imaging microcir-
culatory dynamics has revealed novel aspects of cerebral microvas-
culature function and angioarchitecture with signifi cant 
pathophysiological relevance [ 12 – 15 ]. 

   Although stroke has been studied in different species (e.g., dogs, 
rabbits, monkeys), rodents are the most widely used. Besides prac-
tical advantages including relatively low costs for transportation, 
storage, and feeding, mice are especially useful because of the avail-
ability of unique strains that can be genetically engineered to over- 
or under-express selected target genes, allowing the researcher to 
investigate molecular mechanisms of stroke. In contrast to some 
rodents (e.g., gerbils), mice and rats form a complete circle of 
Willis, as do humans. However, certainly one disadvantage is that 
while the human brain is gyrencephalic, the morphology of the 
rodent brain is lissencephalic.  

   Human stroke is a highly variable disease, depending on the sever-
ity, duration, and localization of ischemia, as well as on comorbidi-
ties,  age,   and gender. 

 A number of different models of focal cerebral ischemia have 
been developed to mimic different conditions of human stroke 
(see Table  2 ). The translation of experimental fi ndings from bench 
to bedside can only be successful, if the experimental model refl ects 
essential criteria of the clinical situation (see Chap.   1    ). Basic 
research may demand different criteria than preclinical research 
evaluating  neuroprotective strategies  . 

 Certainly there is not one ideal model that mimics all criteria of 
human stroke. In the following sections, we want to give an 
 overview of the basic characteristics of the different models and 
outline major advantages and disadvantages of the respective 

4.1   Animal Selection  

4.2  Model Selection

Vincent Prinz and Matthias Endres
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technique, always keeping the clinical situation in mind (also see 
Table  3 ). A number of different models will be discussed in detail 
throughout the following chapters.

   Experimental focal ischemia is most commonly studied using 
models of permanent or transient occlusion of an  MCA   as this is 
highly relevant to the clinical situation (vide supra). Basically, 
models of focal cerebral ischemia can be categorized into two 
groups: models requiring craniectomy and models retaining skull 
integrity. Within the two groups, the models can be divided into 
models leading to permanent and models leading to transient 
ischemia (see Fig.  1 ). Proximal and distal MCA occlusions also 
have to be distinguished.

   Table 3  
  Overview: the table displays major advantages and disadvantages of commonly used rodent models 
of focal cerebral ischemia   

 Model  Advantage  Disadvantage 

 Thromboembolic  Close to human stroke, noninvasive, 
suitable for studying 

 – Thrombolytic agents 
 – Effects of thrombolysis and combined 

strategies 
 – Reperfusion injury 

 High variability in lesion size, 
 spontaneous recanalization 

 In situ thromboembolic  Close to human stroke, reproducible 
cortical lesions, suitable for studying 

 – Thrombolytic agents 
 – Effects of thrombolysis and combined 

strategies 
 – Reperfusion injury 

 Requires craniectomy 

 Non-clot microsphere  Multifocal lesion  Heterogenous infarcts, high 
variability in lesion size, only 
permanent occlusion 

 Intraluminal monofi lament  Reproducible lesions, transient and 
permanent ischemia, reperfusion injury, 
fast intervention, in-bore applicability, 
noninvasive, long-term studies after 
mild ischemia 

 High mortality rates using 
severe ischemia 

 Direct surgical  Controls the exact site of occlusion, 
reproducible lesions, high long-term 
survival rates 

 Requires craniectomy 

 Photothrombotic  Well-defi ned infarcted area, no 
craniectomy required 

 Basic differences in early lesion 
development 

 Endothelin-1  Application to different regions of the 
brain 

 Limited control of intensity 
and duration of ischemia 

Modeling Focal Cerebral Ischemia in Rodents: Introduction and Overview
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     In general, models requiring craniectomy (and incision of the 
dura) are considered more invasive and induce a number of con-
founding factors that vary highly from the clinical situation: (1) 
skull trauma, (2) changes in regional brain temperature, (3 ) intra-
cranial pressure,   and (4) blood–brain  barrier   (BBB) function are 
primarily affected. 

 Models which do not require craniectomy most often use an 
 endovascular approach  , typically accessing the cerebrovasculature via 
the common carotid artery (CCA) or the external carotid artery 
(ECA) (see Chap.   4    ). The surgeon needs to be very cautious to avoid 
injury of the vagal nerve, which runs right next to the common carotid 
artery. Although this technique is relatively noninvasive, advancing a 
 fi lament   intraluminally causes damage to the vascular endothelium. 

 The so-called  photothrombotic  model (see Chap.   7    ) produces a 
cortical infarction, while skull integrity is preserved. The systemic 
injection of a photodynamic dye (rose bengal) combined with focal 
irradiation of the cortex at a specifi c wavelength results in massive 
microvascular coagulation of the illuminated area [ 16 ]. The rele-
vance of this model for stroke research, however, is debatable, given 
the emergence of basic differences in early lesion development. 

   Endothelin - 1 ,   a potent vasoconstrictor, can be used to induce 
ischemia (see Chap.   5    ) by direct application of endothelin-1 on the 
exposed MCA or cortex, requiring craniectomy. In addition endo-
thelin- 1 can be injected stereotactically next to a cerebral artery 
[ 17 ,  18 ].  Stereotactic injection   is certainly less invasive and allows 
induction of ischemia in any desired region of the brain. However, 

4.2.1   Craniectomy   vs. 
Non-craniectomy

Models of cerebral ischemia

global ischemia

transient: permanent: transient: permanent:

focal ischemia

2-vessel occlusion

• surgical clip/“hook“
  reperfusion
• in situ thromboembolic/lysis

• surgical cauterization • MCAO/Reperfusion
• in situ thromboembolic • thromboembolic/lysis

• Endothelin-1 induced

• MCAO
• thromboembolic
• non -clot embolic
• photothrombosis

4-vessel occlusion

craniectomy no craniectomy

circulatory arrest

  Fig. 1    Overview models of cerebral ischemia       
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since the vasoconstrictive effect of endothelin-1 is dose dependent, 
the control over ischemic intensity and duration is limited. In addi-
tion some fi ndings have suggested neurorestorative effects of 
endothelin-1 [ 19 ,  20 ].  

   Models resulting in  permanent ischemia   mimic clinical stroke with-
out  reperfusion  , whereas transient models refl ect human stroke 
with therapy-induced or spontaneous reperfusion, which account 
for the majority of all stroke cases. In some ways, the reperfused 
brain imitates restoration of blood fl ow in humans after spontane-
ous lysis of a thromboembolic clot. During reperfusion,  NO   gen-
eration and free radical production are particularly pronounced and 
contribute to “ reperfusion injury  ” [ 21 ,  22 ]. Following longer peri-
ods of ischemia, reperfusion is incomplete as a result of microvascu-
lar occlusion; this has been termed the “no- refl ow   phenomenon” 
[ 23 ]. Since free radicals and NO promote  apoptotic cell death  , 
models of transient ischemia have become very useful for studying 
programmed cell death in vivo, which may particularly apply for 
models of “mild ischemia” [ 24 ,  25 ]. However, reperfusion after 
 clot   lysis is certainly more complex than an on-and-off phenome-
non modeled by placement and retraction of a clip, suture, or intra-
vascular fi lament. While opening a  vascular clip   or withdrawal of an 
intraluminal fi lament causes instant reperfusion, induced  throm-
bolysis   or spontaneous reperfusion restores blood fl ow more slowly. 

 In general, the  infarct size   directly depends on the duration of 
ischemia and the location of the occlusion. Sixty to ninety minutes 
of proximal intraluminal MCAO (vide infra) will cause a pannecro-
sis, involving the lateral  striatum   (caudoputamen) and the  fronto-
parietal cortex  . In this case, ischemia is severe and is thus associated 
with high  mortality   rates, making statistical evaluation of lesion 
size rather diffi cult [ 26 ]. In addition, lesions that include the  hypo-
thalamus   may result in hyperthermia, which further affects evolu-
tion of the ischemic lesion (see also Chap.   19    ). In contrast, ischemia 
times below 60 min will lead to subcortical infarction, with selec-
tive neuronal death and long survival times [ 27 ,  28 ]. Ischemic 
lesions following distal  MCAO   are in general smaller and associ-
ated with high long-term survival rates.  

   Most human strokes are of thromboembolic origin; thromboem-
bolic animal models may therefore mimic human stroke more 
closely than other stroke models. In addition,  thromboembolic 
models   allow investigation of potential neurotoxic effects of rtPA, 
as has been suggested by experimental studies [ 29 ,  30 ]. However 
in human stroke, only about 5 % of all stroke patients will be eligi-
ble for rtPA treatment. 

 Models of clot embolism (see Chap.   6    ) are highly dependent 
on clot preparation and clot placement [ 31 ]. Besides the size and 
placement, the composition of the clot, either  fi brin   poor (red) or 

4.2.2  Permanent vs. 
Transient Ischemia

4.2.3  Models of  Clot 
Embolism  
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fi brin rich (white), largely determines the speed of spontaneous 
reperfusion or rtPA-induced lysis. While surgical or intraluminal 
MCA occlusion allows highly reproducible infarction of the MCA 
territory, embolic models, injecting autologous blood clots into 
extracranial arteries to occlude more distal intracranial arteries, 
show high variability in lesion size and location. 

 The model of in situ  thromboembolic stroke   uses microinjec-
tion of murine thrombin to trigger in situ clot formation. This 
model shows reproducible cortical lesion sizes which can be 
reduced with  rtPA   treatment [ 32 ]. However, in contrast to other 
embolic models, the model requires craniectomy. 

 Besides the use of autologous clots, many compounds have 
been applied to induce ischemia by injection of artifi cial embolic 
material into the CCA or ICA. These models show a rather heter-
ogenous and multifocal lesion development which progresses 
slower in comparison to other models [ 33 ].  

   Occlusion of the MCA at its origin,  proximal MCAO , disrupts blood 
fl ow to the vascular territory of the MCA comprising the lenticulo-
striate arteries which supply the basal ganglia (see Chap.   4    ). Since 
the  lenticulostriate arteries   are end arteries, the basal ganglia are 
exposed to severe ischemia. In contrast the cortex shows a gradual 
reduction in blood fl ow, which decreases from the periphery to the 
center of the vascular MCA territory, as cortical MCA branches have 
collaterals with contiguous vascular territories [ 34 ]. Proximal MCA 
occlusion can be induced by an intraluminal suture [ 35 ] (so-called 
fi lament model) and causes injury to cortex and deeper brain struc-
tures (basal ganglia) (please see Fig.  3.2 ).  

 Distal MCA occlusion (e.g., the so-called “Brint” model [ 36 ]) 
is usually produced by transcranial placement of a vascular clip on 
a distal MCA branch or by electrocauterization (see Chap.   5    ). 
Occlusion of the distal MCA typically spares the striatum and 
involves primarily the  neocortex  . The more distal the MCA occlu-
sion is, the smaller the infarcted tissue will be. Pannecrosis devel-
ops in the territory supplied by the respective artery with glial and 
endothelial cell death (see Chap.   15    ). 

 Cerebral ischemia following proximal middle cerebral artery 
(MCA) occlusion may induce delayed neuronal cell death in non-
ischemic brain regions remote from the primary lesion with histo-
pathological changes occurring as late as days to weeks after the 
initial ischemic event [ 11 ,  37 ]. This phenomenon, also termed 
“exofocal postischemic neuronal death (EPND),” has been 
 associated with impaired neurological function and the develop-
ment of vascular Parkinson’s disease [ 38 – 40 ]. Due to its delayed 
occurrence and prolonged development, EPND is discussed as a 
promising new target for neuroprotective treatments. Thus novel 
therapeutic approaches for the prevention of EPND following 
stroke may contribute to improved stroke outcomes [ 28 ].       

4.2.4  Proximal vs. Distal 
Occlusion of the MCA

Vincent Prinz and Matthias Endres
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  Fig. 2    ( a ) Fluorescein microangiography of the cerebral vasculature: 1: showing the Circle of Willis, 2: axial 
section at the level of the striatum, the lenticulostriate arteries (circled ) are supplied by the MCA. ( b ) Proximal 
vs. distal MCAO, upper picture: Hematoxylin staining, following 60 min. MCAO and 23 h of reperfusion, lower 
picture: TTC staining, following permanent distal MCAO and 23 h of reperfusion. The pale areas represent the 
lesioned tissue. (This picture was kindly provided by Dr T. Malm, A.I. Virtanen-Institute for Molecular Sciences, 
University of Kuopio)       
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    Chapter 4   

 Focal Cerebral Ischemia in the Mouse and Rat 
by Intraluminal Suture                     

     Ludmila     Belayev      ,     Matthias     Endres    , and     Vincent     Prinz      

  Abstract 

   Filamentous occlusion of the middle cerebral artery (MCA) is probably the most frequently used model in 
experimental stroke research. It results in reproducible lesions in the cortex and striatum and can be used 
to induce both permanent and transient MCA occlusion (MCAo). It allows for the study of both acute 
stroke treatment as well as interventions that target stroke recovery. This chapter gives a practical “hands-
 on” approach for performing this model in mice and rats.  

  Key words     Brain ischemia  ,   Middle cerebral artery occlusion  ,   Poly- L -lysine  ,   Silicon  ,   Filament model  

1      Introduction 

      Proximal occlusion   of            the middle cerebral artery ( MCA  ) via the 
intraluminal suture technique (so-called “ fi lament  ” or “suture” 
model) is the most commonly used model in experimental stroke 
research and was initially developed in rats by Koizumi and co- 
workers in 1986 [ 1 ]. 

 Subsequently, Longa et al. reported a variation of this method 
and stated that their technique reliably produced regional infarcts 
[ 2 ]. The Koizumi group used a silicone-coated 4-0 nylon surgical 
thread (diameter, 0.25–0.30 mm), while the Longa group used a 
4-0 uncoated nylon thread with a tip that was blunted by heating 
near a fl ame. Both groups showed that  reperfusion   occurred when 
the threads were removed. As discussed by Laing et al., the method 
of Longa et al. has relatively low  reproducibility  , with a success rate 
in achieving infarction of only 56 %, compared with 93 % in the 
model of Koizumi et al. [ 3 ] Unsuccessful outcomes consisted of 
animals without neurological defi cits and animals in which  subarach-
noid hemorrhage   was caused by rupture of the intracranial ICA. 

 Since then, several modifi cations of the initial model have been 
developed [ 2 ,  4 ]. In addition, the model has been transferred to 
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mice [ 5 ]. Modifi cations of the model consist predominantly in the 
use of different  fi laments   and fi lament coating, e.g., with silicone 
or  poly- L -lysine  , to reduce the incidence of  subarachnoid hemor-
rhage   (SAH) or premature  reperfusion   [ 6 ]. 

 The procedure consists of inserting a nylon  fi lament   into the 
internal carotid artery (ICA) and then advancing it intracranially to 
block  MCA   blood fl ow (Fig.  1 ). The suture can be introduced 
either retrogradely through the external carotid artery (ECA) or 
directly into the common carotid artery ( CCA)  . The suture is typi-
cally advanced in a distance of 20–22 mm from the carotid bifurca-
tion in rats or 10–12 mm in mice, effectively occluding collateral 
circulation from the anterior communicating arteries. After differ-
ent durations of the  MCAO  , the fi lament can be carefully removed 
to produce  reperfusion  . Permanent occlusion can be achieved by 
leaving the suture in place and then tying it at the stump of the 
external carotid artery.

   This reperfusion model may imitate the restoration of blood 
fl ow after spontaneous lysis or therapeutically induced lysis in 
human stroke. During  reperfusion  , nitric  oxide   (NO) generation 
and free radical production are particularly pronounced and may 
contribute to “ reperfusion injury  ” [ 7 ,  8 ]. Since free radicals and 
NO further  apoptotic cell death   [ 9 ], models of transient ischemia 
have become very useful for studying programmed cell death 
in vivo, which may particularly apply for models of “mild ischemia” 
[ 10 ]. However,  clot   lysis is certainly more complex than an on-off 

  Fig. 1    Filamentous occlusion of the  MCAO  . The illustration was kindly provided by 
Dr. Nils Hecht, Department of Neurosurgery, Charité, Universitätsmedizin, Berlin       
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phenomenon as modeled by placement and retraction of an 
intravascular  fi lament  . While the retraction of an intravascular  fi la-
ment   causes instant  reperfusion  ,  thrombolysis  -induced or sponta-
neous reperfusion restores blood fl ow more slowly [ 11 ]. 

 The intraluminal MCAo model provides the  advantage   of 
reproducible transient or  permanent ischemia   of the  MCA   terri-
tory in a relatively noninvasive manner. Nevertheless, advancing 
a fi lament intraluminally might cause direct damage to the vas-
cular  endothelium  . 

 The  reproducibility   of lesion size is affected by a number of spe-
cifi c factors, such as the diameter of the suture, insertion length of 
the suture, as well as the coating of the thread [ 4 ,  12 ,  13 ]. Silicone-
 coated fi laments   have been shown to consistently produce larger and 
more reproducible lesions compared to uncoated sutures. The use 
of a nylon suture coated with  poly- L -lysine   (to increase adhesion to 
the vascular wall) leads to almost 100 % incidence of ischemic dam-
age [ 6 ]. The use of uncoated sutures causes a higher incidence of 
 subarachnoid hemorrhage   [ 12 ]. We strongly recommend using 
coated fi laments. Modifi cation of the model allows intraluminal 
 MCAo   to be carried out within a magnetic resonance imaging device 
(“in-bore MCAo model”), thus permitting very early and continu-
ous observation of hyperacute pathophysiological changes [ 14 ,  15 ]. 

 In contrast to  distal occlusion  of the  MCA   (Chap.   5    ),   proximal 
MCAo    interrupts blood fl ow to the  vascular territory   of the MCA, 
comprising the lenticulo-striate arteries that supply the  basal ganglia  . 
Since the lenticulo-striate arteries are end arteries, the basal ganglia 
are exposed to severe ischemia. Contrariwise, the cortex shows a 
gradual  reduction   in blood fl ow which decreases from the periphery 
to the center of the vascular MCA territory, as cortical MCA branches 
form collaterals with contiguous vascular territories [ 11 ]. Thus, in 
 proximal MCAo  , striatal infarction constitutes the ischemic  core  , 
with rapidly occurring  pannecrosis  , whereas the cortical lesion refl ects 
“ penumbra  -like” characteristics, with progressive neuronal cell death 
[ 16 ,  17 ]. If recirculation is established early, the expansion of the 
infarct core from the  striatum   to the cortex may be prevented. 

 Variable durations of ischemia and  reperfusion   have been 
reported in mouse models of transient  MCAo  , with ischemic times 
ranging from 10 min to 3 h and reperfusion times ranging from 3 
to 48 h [ 18 ,  19 ]. Most researchers agree that at least a 2-h period 
of MCAo is necessary to produce a reliable infarct [ 19 ,  20 ]. 
Different ischemia duration with a  fi lament   coated with  poly- L - 
lysine   was compared followed by 24 h of reperfusion [ 6 ]. Mice 
with 30-min MCAo developed signifi cantly smaller infarcts com-
pared to 180-min MCAo animals (Fig.  2 ). By contrast, animals 
subjected to 60-min, 120-min, or 180-min insults showed very 
similar  infarct volumes  , and there were no signifi cant differences 
between groups (Fig.  2 ). However, in this case, ischemia is severe 
and associated with massive brain swelling, pronounced neurologi-
cal defi cits, and high  mortality   [ 21 ].

Focal Cerebral Ischemia in the Mouse and Rat by Intraluminal Suture
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   In addition, larger lesions that include the  hypothalamus   may 
result in thermal  dysregulation  , which further affects the evolution 
of the ischemic lesion [ 22 ]. Hypothalamic injury has been described 
in rats and mice. Interestingly, while in rats, it has been associated 
with a hyperthermic response [ 23 ]; mice tend to respond with 
 hypothermia   as they lose  temperature   in the postoperative period 
due to reduced activity and their large surface area/volume [ 22 ] 
(see Chap.   19    ). Therefore, temperature  monitoring   and control in 
the intra- and perioperative period is very important to reducing 
variability of lesion size. 

 In the following sections, the  MCAo   model for mice and rats 
will be described step by step.  

  Fig. 2    Computer-generated maps depicting the frequency of histological infarc-
tion in mice with 30-, 60-, 120-, and 180-min MCAO followed by 24-h recircula-
tion (bregma level −1.94 mm). In mice with 30-min MCAO, the infarctive lesion 
tended to be inconsistent and involved chiefl y portions of the  striatum   and lateral 
septum. Increasing durations of MCAo led to more consistent involvement of 
frontoparietal  somatosensory   cortex, dorsolateral and central portions of  stria-
tum  , ventral thalamus, hippocampus, and rostral midbrain       
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2    MCAO in Mice Using a  Silicon  -Coated    Monofi lament   

 Filamentous occlusion of the  MCA   is the most commonly used 
stroke model in mice. 

 As in rats, it provides the  advantages   of highly reproducible 
transient or  permanent ischemia  , thus obviating the need for  crani-
ectomy  . Moreover, the  fi lament   model is easy to perform and rela-
tively noninvasive, thus limiting operation time. A skilled surgeon 
can induce  MCAO   within less than 10 min. 

       1.     Filament   USP 4/0 or 6/0 Suprama (for example)   
   2.    8.0 nylon monofi lament for coating with Xantopren M and 

Activator NF Optosil (e.g., Xantopren M Mucosa Heraeus Kulzer 
(Germany) or Activator NF Optosil Xantropren (Germany))   

   3.    Adhesive glue (e.g., Cyanoacrylate Weicon) or surgical needle 
and thread for suture   

   4.    Equipment for use with  volatile anesthetics        
   5.    Dissecting microscope (max. ×40)   
   6.     Temperature   feedback-controlled heating plate   
   7.    Forceps (tip 0.05 mm × 0.02 mm)   
   8.    Scissors   
   9.    Microvascular clip   
   10.    Vascular scissors   
   11.    Heated recovery cage      

   Silicone coating of the  fi lament   is easy to describe but very diffi cult to 
do. It takes a lot of practice to fi nd the ideal proportion of activator 
(hardener) with silicone and the optimal shape. To minimize  endo-
thelial damage   and vascular rupture with subsequent SAH, it is very 
important that the tip of the  fi lament   be evenly coated with silicone.  

       1.    Anesthetize mice for induction with 1.5 % (vol/vol) isofl urane 
and maintain them in 1.0 % isofl urane in 69 % nitrous oxide 
( N 2 O  ) and 30 % oxygen (O 2 ) administered via a facemask. 
Mice must be placed in supine position.  Core    temperature   is 
controlled and kept constant at 36.5 ± 0.5 °C using a tempera-
ture control feedback unit [ 22 ].   

   2.    Make a midline  neck incision   and dissect the soft tissues, expos-
ing the trachea to the surgeon.   

   3.    Carefully dissect the  CCA   from the surrounding tissue and 
nerves (CAVE: avoid harming the vagal nerve) and make a 
knot using a 6.0/7.0 suture.   

   4.    Expose the ECA and make a second knot (6.0/7.0 suture).   

2.1  Materials 
and Supplies Using 
Silicon- Coated 
Monofi lament

2.2  Preparation 
of the Filament

2.3  Filamentous 
 MCAo   in Mice: 
Surgical Procedure 
Step by Step

Focal Cerebral Ischemia in the Mouse and Rat by Intraluminal Suture
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   5.    Isolate the  ICA   and prepare a third knot with a 6.0  fi lament  .   
   6.    After obtaining a good view of the course of the ICA and the 

pterygopalatine artery (PA), clip both arteries using a micro-
vascular clip. As an anatomical landmark, the glossopharyngeal 
nerve typically crosses right above the origin of the pterygo-
palatine artery.   

   7.    Cut a small hole in the  CCA   before it bifurcates into the ECA 
and the ICA. Insert an 11-mm monofi lament made of 8.0 
nylon coated with silicon hardener mixture into the ICA until 
it stops at the microvascular clip.   

   8.    Open the microvascular clip and gently advance the  fi lament   
upward through the  ICA   to occlude the origin of the  MCA  . 
(CAVE: The surgeon needs to be cautious not to push the fi la-
ment into the PA)   

   9.    Close the third knot on the ICA to fi x the fi lament in 
position.   

   10.    After a defi ned duration of occlusion, reopen the third knot, 
withdraw the  fi lament   (if  reperfusion   is intended), and close 
the knot again.   

   11.    Adapt the soft tissues and skin and fi x the skin with adhesive or 
a surgical suture.     

 For  pain   relief in the peri-/postoperative period, topical lido-
caine ointment, for example, can be applied.  Body temperature   of 
36.5 ± 0.5 °C should be maintained after reperfusion (for at least 
2 h) using a heated recovery cage. 

 For a video clip demonstrating fi lamentous  MCAo   in mice go 
to the following link: 
   http://www.jove.com/video/2423/modeling-stroke-mice- 
middle-cerebral-artery-occlusion-with-fi lament     [ 24 ]     

3    MCAo in Rats Using a   Poly- L -Lysine  -Coated Suture 

   The following materials and instruments are recommended for the 
 MCAo   experiment in rats (see Fig.  3 ):

     1.     Intubation   tubing (e.g., 2.1-mm O.D. × 45 mm B&D, cata-
logue number 381467, Insyte catheter tubing, Becton 
Dickinson Infusion Therapy Systems Inc., Sandy, UT)   

   2.    Polyethylene tubing for catetherization of femoral vessels (PE- 
50, e.g., catalogue number 427411, Fisher Scientifi c)   

   3.    Microvascular clip (catalogue number 18055-04, Fine Science 
Tools, Inc, Foster City, CA)   

   4.    GAS  anesthesia   instruments (Stoelting): Open isofl urane sys-
tem (50251), isofl urane scavenger (50206), and induction 
chamber (50216)   

3.1  Materials 
and Supplies

Ludmila Belayev et al.
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   5.    Cranial  temperature   controller (Omega Engineering): mono-
gram benchtop controller CSC32T (unit set for type T only) 
and temperature probe: HYP-30-1/2 in. (30-gauge)   

   6.    Rectal temperature controller (CMA/microdialysis AB): 
CMA/150 temperature controller (8315000), heating pad 
(8315001), temperature probe (8315002) and insulation pad 
(8315003)   

   7.     Fiber optic   illuminator (Model 190, KSE-Texas, Inc, 
Lewisville, TX)   

   8.    Fluorecent magnifi er lamp   
   9.    Digi-Med blood pressure analyzer (Model 400, Micro-Med 

Inc, Tustin, CA)   
   10.    Blood gas system (Model ABL 5, Radiometer America, Inc)   
   11.     Glucose   and  L -lactate analyzer (Model 2300 STAT PLUS, 

Yellow Springs Instrument Co, Inc, Yellow Springs, OH)    

     A 4-cm length of 3-0  monofi lament   nylon suture (Harvard 
Apparatus, South Natick, MA, catalogue number 51-7847) is rec-
ommended in  MCAo   protocol. Blunt the tip of the suture before 
use by heating it near a fl ame. One hour before surgery (every 
day), a 25-mm distal segment of the suture must be coated with 
poly- L -lysine solution (0.1 % (w/v), in deionized water, Sigma, 

3.2  Preparation 
of Poly- L -Lysine 
Coated Suture

  Fig. 3    A surgical setup for performing the  rat   MCAO procedure. The set includes 
( a ): ( 1 ) Open isofl urane system; ( 2 ) Respirator; ( 3 ) Isofl urane scavenger; ( 4 ) 
Rectal  temperature   controller with a probe and heating pad; ( 5 ) Cranial tempera-
ture controller with a probe; ( 6 )  Fiber optic   illuminator; ( 7 ) Fluorescent magnifi er 
lamp. ( b ) ( Inset ): Position of rat on the surgical table       
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catalog number P 8920) (exposition ≈ 10 s) and dried in a 60 °C 
oven for 1 h. The solution of poly- L -lysine from Sigma is now 
ready for use (do not dilute). Shake the bottle of poly- L -lysine well 
before using. Prepared sutures must be stored at room  tempera-
ture   (18–26 °C) on a Petri dish for 2–3 h. The suture must be used 
within a 2–3-h time frame, maximum.  

       1.    Adult male  Sprague Dawley rats   weighing 280–320 g must be 
fasted overnight but allowed free access to water.   

   2.    Anesthetize a rat with isofl urane (3 % for induction and 1 % for 
maintenance of  anesthesia   during surgical procedure) in a mix-
ture of 69 % nitrous oxide and 30 % oxygen delivered by face 
mask. Shave the hairs over the neck and the right groin area.   

   3.    Insert  temperature   probes into the rectum and the left tempo-
ralis muscle and use separate warming lamps to maintain rectal 
and temporalis muscle temperature at 36.0–37.5 °C.   

3.3  Filamentous 
MCAo in Rats, Surgical 
Procedure Step 
by Step (Please Also 
See Fig.  4 )

  Fig. 4    Surgical procedures:  Panel A : dissection of the  CCA  , ECA, and  ICA   from the surrounding tissue and 
nerves;  Panel B : microvascular clip was placed on the ICA;  Panel C : a small incision was made in the ECA 
between the two ligatures and  suture   was introduced and advanced into the CCA bifurcation.  Panel D : micro-
vascular clip was removed and suture was advanced into ICA and  MCA  .  Abbreviations :  CCA  common carotid 
artery,  ECA  external carotid artery,  ICA  internal carotid artery,  MCA  middle cerebral artery       
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   4.    Administer atropine (0.15 mg/kg i.p.) to diminish tracheal 
secretions   

   5.    Insert PE 50 catheters into the right femoral artery and vein 
for continuous blood pressure  monitoring   and periodic blood 
sampling for arterial gases,  pH  , and plasma  glucose  .   

   6.    Immobilize the rat with pancuronium bromide (0.75 mg/kg 
i.v., and 0.35 mg/kg i.v. every half hour), intubate and 
mechanically ventilate with a  rodent   respirator.   

   7.    Make a midline  neck incision  .   
   8.    Carefully dissect the common carotid artery ( CCA)    from the sur-

rounding tissue and nerves and block the CCA with a ligature.   
   9.    Ligate and cut the occipital artery.   
   10.    Expose the internal carotid artery (ICA) and ligate the ptery-

gopalatine artery.   
   11.    After exposing the external carotid artery (ECA), place two 

ligatures under the ECA to create an ECA stump (distal end of 
ECA must be permanently closed and the proximal end must 
be temporary blocked with ligature).   

   12.    Clip the  ICA   and CCA using microvascular clips.   
   13.    Make a small incision in the ECA between the two ligatures 

and introduce and advance the suture into the CCA bifurca-
tion. Fix the suture in position by tying up a silk  fi lament   over 
the  ICA   and cut the distal part of the ECA.   

   14.    A 3-0  monofi lament   nylon suture must be passed via the  CCA   
bifurcation into the ICA till it stops at the microvascular clip.   

   15.    Remove the microvascular clip and gently advance the fi lament 
from the ICA across to the origin of the  MCA  . The correct 
suture position can be confi rmed by feeling a certain resistance 
during fi lament forwarding or by advancing the suture a 
defi ned distance according to the animal’s  body weight   (270–
300 g—18–20 mm; 310–330 g—20–22 mm; 340 g and 
up−23—25 mm) from the  CCA   bifurcation.   

   16.    Close the  neck incision  . Allow animals to awaken from  anes-
thesia   and, at 60 min of  MCAo  , test them on a standardized 
neurobehavioral battery to confi rm the presence of a high- 
grade neurological defi cit. Rats that do not demonstrate an 
initial left upper extremity paresis must be excluded from fur-
ther study [ 4 ].   

   17.    After different durations of MCAo, rats must be re- anesthetized, 
 temperature   probes reinserted, and the intraluminal suture 
withdrawn to restore ICA-MCA blood fl ow.   

   18.    Close incisions and return rats to the cages, providing them 
with free access to  food   and wa ter.    

Focal Cerebral Ischemia in the Mouse and Rat by Intraluminal Suture
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4        General Issues 

   Monitoring regional CBF (rCBF) via laser Doppler fl ow (LDF) is 
a useful technique for verifying fi lamentous occlusion of the  MCA   
and  reperfusion   after removal of the thread. A drop in rCBF to 
levels of less than 20 % of baseline value at  fi lament   insertion is 
considered a successful induction of ischemia. 

 However, positioning, fi xing, and maintaining a fl exible  fi ber 
optic   probe in the  skull   of an animal for the pre-ischemic, ischemic, 
and post-ischemic period induces a number of additional diffi cul-
ties, such as prolonged surgery time (resulting in longer exposure 
to  anesthesia  ), changes in cranial temperature, and an additional 
wound, increasing the risk of  infection  . 

 Moreover, it is important to realize that LDF measurements 
can only provide very limited information. LDF can measure quan-
titative changes (in percentages) in blood fl ow within a tissue sam-
ple volume of approximately 1 mm 3 . It does not give information 
on the spatial extent of blood fl ow  reduction   (see also Chap.   19    ). 
In addition, the existence of an initial neurological defi cit charac-
terized by high-grade sensorimotor dysfunction is a reliable predic-
tor for successful occlusion of the  MCA  , resulting in 
histopathological ischemic brain  damage      [ 4 ,  19 ].  

   In mice, cerebral ischemia shows a close correlation of ischemia 
time and increase in infarcted tissue. However, there are distinct 
inter-strain differences in susceptibility to cerebral ischemia [ 25 ]. 
Several studies applying fi lamentous  MCAO   have shown that 
C57Bl6 mice develop signifi cantly larger infarcts than 129SV mice 
[ 5 ,  26 ]. Variability of the intracranial vasculature at the  circle of 
Willis   is another factor infl uencing the degree of ischemia in the 
MCA suture-occlusion model in  rodents   [ 27 ]. Typically, in C57Bl6 
mice, the posterior communicating artery is poorly developed 
[ 28 ], which impedes collateral blood fl ow to the territory distal to 
the occluded  MCA   and results in larger lesion sizes [ 29 ]. In addi-
tion, it has been shown that in C57Bl6 mice the MCA supplies a 
larger  vascular territory   than it does in 129SV mice [ 29 ]. However, 
intrinsic factors other than hemodynamic variability may also con-
tribute to inter-strain differences in ischemic vulnerability. At pres-
ent, these mechanisms are poorly understood [ 26 ]. 

 There are major differences in the outcome of focal cerebral 
ischemia between rat strains as well. A  systematic review   of lit-
erature reveals that in all publications using transient MCAo in 
rats, 41 % of rats used were Sprague  Dawley  , 34 % were Wistar, 
2 % were Long-Evans rats, and 2 % were other inbred strains 
[ 30 ]. Our preference is given to Sprague Dawley rats, which 
develop more reproducible brain infarcts compared to Wistar 
and Long-Evans rats. 

4.1   Monitoring   
Regional  CBF   via Laser 
Doppler Flow

4.2    Strain 
Differences  
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 To avoid misinterpreting neuroprotective effects, the treatment 
and control groups should always be the same strain and supplied 
by the same vendor. Phenotyping of the cerebral vasculature via 
latex/carbon black perfusion might be necessary in genetically 
engineered animals [ 31 ]. In addition, experiments on  neuropro-
tection   or mechanisms of neuronal cell death should be replicated 
in different strains and different models of cerebral ischemia before 
results are accepted as facts (see Chap.   19    ).   

   To enter the vasculature, two approaches have been described. The 
 fi lament   can either be inserted at the trunk of the  CCA  , right below 
the bifurcation, or at the trunk of the ECA. Using the latter 
approach, after retraction of the fi lament, the  circle of Willis   will be 
supplied by three vessels, while using the approach via the CCA, 
the respective CCA is permanently closed. In this case, the circle of 
Willis will be supplied by only two vessels after retraction of the 
fi lament. Nevertheless, blood supply by two vessels suffi ciently 
reverses ischemia, as  cerebral blood fl ow   rises to levels of around 
80 % of baseline levels after retraction of the fi lament. Tying only 
one CCA does not result in cerebral ischemia, as collateral blood 
fl ow is well developed. In addition, it has to be taken into consid-
eration that, especially in mice, the approach via the CCA is easier 
to perform, requires less manipulation of the vessels (making this 
approach less invasive), and shortens operation time as well as 
exposure to  anesthesia  .  

   We predict that the existence of an initial neurological defi cit char-
acterized by high-grade sensorimotor dysfunction will result 
 successful occlusion of the  MCA   and thus lead to histopathological 
ischemic brain damage [ 4 ,  19 ]. For behavioral and histological 
outcome evaluation, please see Chaps.   13    –  15    .   

5    Conclusion 

 Filamentous occlusion of the  MCA   is a very attractive model for 
studying focal cerebral ischemia. It offers  advantages   such as non-
invasiveness, control of ischemia time,  reproducibility   of lesion 
size, and ease of performance. It is probably the most frequently 
used model in experimental stroke research and has been charac-
terized extensively. Although this chapter gives a “hands-on” 
approach for performing the  fi lament   model,  training   in a special-
ized laboratory with a skilled and experienced MCAo surgeon is 
necessary for  learning   this mode    l.     

4.3  ECA vs.  ICA 
  in Mice

4.4  Evaluation 
of Model Success
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    Chapter 5   

 Focal Ischemia Models: Middle Cerebral Artery Occlusion 
Induced by Electrocoagulation, Occluding Devices, 
and Endothelin-1                     

     I.     Mhairi     Macrae      

  Abstract 

   This chapter covers established rodent models of middle cerebral artery occlusion (MCAO) where isch-
emia is induced by electrocoagulation of the artery, occluding devices applied to the artery, or application 
of the peptide endothelin-1 to the artery to induce vasospasm. Electrocoagulation induces a permanent 
occlusion of the artery, but the other models can be modifi ed to induce permanent or transient MCAO. 

 All of the models involve some degree of cranial surgery, so the importance of aseptic technique is 
highlighted as is the importance of monitoring and maintaining the animals’ physiology under anesthesia. 
Mortality rates are generally low in models which require a craniectomy. Since these models are used for 
both short- and long-term survival studies, some details of postoperative care are also included.  

  Key words     Electrocoagulation  ,   Diathermy  ,   Endothelin-1  ,   Compression  ,   Microaneurysm clips  , 
  Tamura model  ,   Brint model  ,   Middle cerebral artery occlusion  

1      Introduction 

 Models of MCA occlusion (MCAO) were fi rst developed in  pri-
mates   in the 1930s [ 1 ] and later refi ned and scaled down for use in 
 rodents   in the 1970s and early 1980s [ 2 ,  3 ]. The  subtemporal 
approach   with MCAO by electrocoagulation, published by Akira 
Tamura and colleagues in Glasgow [ 3 ], has emerged as the stan-
dard method for permanent  proximal MCAO   in rats and has been 
cited over 1200 times since its publication in 1981. Its success is 
based on reproducible ischemia, infarction, and low mortality. 
 Cerebral blood fl ow   (CBF) is reduced to below 25 mls 100 g −1  
min −1  within MCA territory, ischemic damage is evident within the 
cortex and dorsolateral striatum by 4 h post-occlusion, and infarct 
size (corrected for brain swelling) is maximal by 24 h. Subsequent 
variations in the model include:
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    1.    Restricting infarction to the cortex by sparing the lenticulostri-
ate branches and applying electrocoagulation more distally [ 4 ]. 
This variation is also less technically demanding.   

   2.    Tandem occlusion of the MCA and ipsilateral common carotid 
artery (ICCA) to improve reproducibility of infarction [ 5 ,  6 ].   

   3.    Replacing electrocoagulation with occluding devices such as 
 microaneurysm clips  , hooks, ligature snares, or compression 
devices [ 7 – 10 ], which in addition provide the opportunity to 
induce transient ischemia of defi ned duration followed by 
reperfusion.   

   4.    Replacing electrocoagulation with application of the peptide 
endothelin-1 to induce  vasospasm   [ 11 – 13 ].    

  The size and reproducibility of infarction induced by the origi-
nal Tamura model have also been investigated in aged versus adult 
rats and in different strains, including those with recognized stroke 
risk factors such as the  spontaneously hypertensive rat  , spontane-
ously hypertensive stroke-prone rat, and the  streptozotocin  - 
induced diabetic rat [ 14 ]. This chapter provides an overview of 
these models and the basic equipment and consumables needed to 
set them up.  

2    Equipment and Materials 

       1.    A good  operating microscope   is essential when setting up 
rodent stroke models which require surgical exposure of the 
MCA ( see   Note    1  ).   

   2.    Equipment is required for  sterilizing   surgical instruments (e.g., 
autoclave). In some labs I have seen commercial equipment 
designed for sterilizing dental tools or hairdressers’ scissors 
used. When operating on a number of animals in a single ses-
sion, tips of instruments can be sterilized with bench top glass 
bead sterilizers (instrument tips should be cleaned and then 
inserted into the heated beads (>200 °C) for ~15 s, allowing 
time to cool before contacting tissues).   

   3.    Sterile medical surgical drapes (e.g., Vet Tech Solutions Ltd, 
UK). Sterile instruments and consumables are placed on sterile 
drapes to maintain sterility during surgical procedures.   

   4.    Homeothermic  heating blanket   (e.g., Harvard) or thick cork 
board (e.g., Pyramid Innovation Ltd, UK) and heating lamp to 
maintain body temperature under anesthesia. Extra vigilance is 
required when using heating lamps. Monitor body temperature 
continuously to avoid the possibility of overheating the animal.   

   5.     Rectal temperature recording   system (e.g., Physitemp). Fine 
needle probes for insertion into temporalis muscle are also 
available to gauge brain temperature during surgery.   

2.1  Laboratory 
Equipment

I. Mhairi Macrae
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   6.    Transparent anesthesia induction chamber for use with  gaseous 
anesthetics. Chambers with scavenging function are recom-
mended to protect the investigator from anesthetic gases.   

   7.     Rodent Ventilator   (e.g., Ugo Basile, Harvard).   
   8.    Cool light source (e.g., swan neck fl exible light source) to pro-

vide illumination without heat.   
   9.    Fur shaver (e.g., Wahl Sterling 2 Plus Trimmer).   
   10.     Dental drill  , handpiece, and dental burrs (e.g., Fine Science 

Tools Worldwide and Wright Cottrell, UK). Make sure the 
handpiece is slim enough to use within the restricted space 
between the animal and operating microscope (e.g., NSK 
FX65M handpiece used with Komet Round Diamond Burs 
(K801104016P5), both available from Wright Cottrell, UK.)   

   11.     Bipolar diathermy   unit with fi nest-tipped diathermy forceps 
available (e.g., Aesculap, part of Downs Surgical, Eschmann)   

   12.     Blood pressure transducer   connected to a monitoring system 
(e.g., Biopac) for continuous readout of blood pressure and 
heart rate (particularly important for prolonged stroke experi-
ments conducted under general anesthesia).   

   13.    A  blood gas analyzer   and plasma glucose analyzer allow the 
investigator to record and maintain physiology within normal 
limits while the animal is under anesthesia.   

   14.    A  stereotaxic frame   is required for intraparenchymal injection 
of endothelin-1. Gaseous anesthesia can be delivered to rats 
and mice via mask adaptors (e.g., from Harvard Apparatus) 
which fi t onto the stereotaxic frame. Anesthesia is delivered 
locally at the nostrils and then, via an exit tube, is routed back 
to a closed circuit for recycling or connection to a scavenging 
system.   

   15.    A  micromanipulator   is needed for the Brint [ 6 ], Kaplan [ 8 ], 
and Morancho [ 10 ] models where an 80 μm diameter stainless 
steel wire is inserted under the MCA to raise it off the surface 
of the cortex [ 6 ,  8 ] or a blunted 30G needle is used to directly 
compress the artery [ 10 ].      

       1.    Disinfectants for operating table (e.g., Distel/Trigene wipes or 
equivalent cleaning agent for medical surfaces), surgical instru-
ments (e.g., Medistel and Reprochem), and skin (e.g., 
 chlorhexidine- or iodine-based soap such as Hibitane, 
Betadine ® , or Topionic).   

   2.    Clean (or disposable) lab coat (or surgical greens), face mask, 
cap, and gloves.   

   3.    Scalpel, with size 22A blade (e.g., Maersk Medical, Sheffi eld, UK).   
   4.    Watchmaker’s forceps, curved and straight (e.g., Downs 

Surgical, Sheffi eld, UK).   

2.2  Surgical Tools 
and Consumables

Focal Ischemia Models: Middle Cerebral Artery Occlusion Induced…
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   5.    Dural hook and dental needles, 30 gauge (e.g., Terumo, 
Tokyo, Japan, see Fig.  1 ).

       6.    Surgical retractors for retracting skin and muscle when expos-
ing the MCA ( see   Note    2   and Fig.  1 ).   

   7.    Surgical scissors for cutting sutures and Vannas Spring-loaded 
microscissors (e.g., Downs Surgical, UK) for cutting through 
MCA at the end of electrocoagulation to ensure complete 
occlusion (see Fig.  1 ).   

   8.    Rat (or neonatal) laryngoscope and a stethoscope are very use-
ful aids for carrying out oral intubation in rats.   

   9.     Intubation   tube for artifi cial respiration (for standard adult rat, 
Quick-cath 16G or Anicath 16G/45mm IV cannula, Millpledge).   

   10.    For clip-induced MCA occlusion, the smallest available micro-
aneurysm clips with lowest closing pressure and microaneu-
rysm clip applicator (e.g., Codman AVM micro-clips with 10 g 
closing pressure).   

   11.    Hamilton syringe for administration of small (μl) volumes of 
endothelin-1.   

   12.    Local anesthetics (e.g., lidocaine, bupivacaine, and ropiva-
caine) and analgesics (e.g., buprenorphine, paracetamol, 
meloxicam, carprofen, ketoprofen, and butorphanol) to limit 
pain and suffering and maximize animal welfare post-stroke.   

   13.    Atropine sulfate to control bronchial secretions under anesthesia.   
   14.    Sterile saline for irrigating surgical sites, cooling drill tip during 

craniectomy, post-surgery subcutaneous injections to prevent 
dehydration, and heparinized saline for fl ushing vascular 
cannulae.   

  Fig. 1    Surgical tools used for MCAO: dural hook, spring-loaded microscissors, handmade copper retractors, 
30-gauge dental needle, and  arrowhead  swabs       
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   15.    Bone wax to stem bleeding from bone during drilling.   
   16.    Eye drops and ointment to prevent dry eye (e.g., Viscotears 

liquid eye gel, Novartis, and Lacri-lube, Allergan).   
   17.    Cotton buds, gauze pads, and triangular arrowhead swabs 

(John Weiss & Son cat. no. 0111002,  see   Note    3   and Fig.  1 ) 
to remove blood and excess fl uid from craniectomy site.   

   18.    Absorbable sutures (e.g., USS/DG sutures, Tyco Healthcare) 
for closing wounds after surgery.   

   19.    Adhesive tape (e.g., masking tape,  see   Note    4  ).       

3    Methods 

   Surgery to induce cerebral ischemia should be carried out in as 
sterile an environment as possible. The operating room and oper-
ating table should be cleaned and disinfected. All equipment, sur-
gical instruments, suture swabs, sterile saline, heparinized saline 
(10 units/ml), and other consumables required for surgery should 
be set up in advance on sterile surgical drapes. Surgical instruments 
should be autoclaved or sterilized by some other means, prior to 
the start of surgery.  

   Gaseous anesthesia is more controllable, enabling the investigator 
to alter depth of anesthesia quickly, for example, isofl urane admin-
istered in medical air (or N 2 O/O 2 , 70:30) or other suitable  anes-
thetic   (gaseous or injectable) ( see   Note    5  ). When using gaseous 
anesthesia, an adequate scavenging system is essential to protect 
the investigator from exposure to anesthetic gases. Anesthesia is 
fi rst induced in a transparent induction chamber (usually with 
~4–5 % isofl urane in 70:30  N 2 O  /O 2 ), and once the animal is 
unconscious, it is transferred to a face mask delivering ~1.5–2 % 
isofl urane or intubated for artifi cial respiration. Fur should be 
shaved from all incision sites and the skin cleaned with antiseptic 
prior to the start of surgery. This is best done away from the oper-
ating table to avoid any loose hairs getting into surgical sites. For 
adequate surgical anesthesia, the animal should be unresponsive to 
toe pinch, and the corner of a sterile saline-soaked swab should 
induce no  blink refl ex   when applied to the eye. For animals anes-
thetized on a face mask, watch the animal’s respiratory movements 
to ensure anesthesia is not too deep. Rat paws should stay a healthy 
pink color.  Body temperature   should be continuously monitored 
(e.g., with rectal probe) and maintained at 37 °C. Without a blink 
refl ex, there is the potential for the eye to become dry and dam-
aged during surgery. This can be avoided by closing the eye and 
securing it with a thin strip of adhesive tape or a temporary stitch. 
Alternatively, Viscotears or Lacri-lube ointment can be applied to 
the eye to prevent drying during surgery. 

3.1  Set-Up 
and Sterilization 
of  Surgical 
Instruments  

3.2   Anesthesia  , 
 Intubation,   and Animal 
Preparation 
for Surgery
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 Surgical intubation is recommended for terminal experiments 
where the animal is anesthetized throughout the experiment and 
nonsurgical (oral) intubation for recovery experiments. An intuba-
tion tube size of 16 gauge is recommended for rats of 250–350 g. 
A specialized rat (or neonatal) laryngoscope and a stethoscope can 
aid oral intubation in the rat. 

 As a rough guide, ventilator settings for the rat are a tidal vol-
ume of 3–4 mls and a respiration rate from 45 (surgical tracheos-
tomy) to 60 (nonsurgical, oral intubation) breaths per minute. 
Investigators should optimize artifi cial ventilation by adjusting set-
tings to achieve stable blood pressure and blood gases within the 
normal range. With prolonged periods of anesthesia, a mucus plug 
can build up at the end of the intubation tube, compromising ven-
tilation. A length of fi ne polythene tubing attached to a 5 or 10 ml 
syringe can be used to aspirate and withdraw any mucus buildup at 
the tube tip and/or atropine administered to reduce bronchial 
secretions ( see   Note    6  ). At the end of the surgical procedure, allow 
animals to regain spontaneous respiration before removing the 
intubation tube.  Oral intubation   is more challenging in mice but is 
possible. If your fi rst attempt to intubate in either rats or mice is 
unsuccessful, you can try a second time, but stop after a failed sec-
ond attempt so as not to cause any traumatic injury to the airway. 
If oral intubation is not possible, delivery of gaseous anesthesia via 
a face mask in a freely breathing animal can be considered as an 
alternative for recovery experiments ( see   Note    7  ).  

   Once stable anesthesia has been achieved, the animal is placed in the 
lateral position (on its side) and can be secured to the cork board or 
homeothermic blanket with masking tape. Always occlude the MCA 
on the same side of the brain for each study as there is some evidence 
that infarct size may vary in different hemispheres [ 15 ]. The fur 
between the left eye and ear should have been shaved and disposed 
of and the area swabbed with antiseptic prior to positioning the ani-
mal. Local/regional analgesia is recommended to control pain fol-
lowing surgery. Inject the local anesthetic into the subcutaneous 
space (“line block”) below the planned incision line prior to surgery. 
Ropivacaine is a good choice of local anesthetic. It has a similar dura-
tion of action as bupivacaine but a wider safety margin (if there is 
inadvertent intravenous inoculation). It is purchased as Naropin 
(0.2 % solution) and should be administered at the same dose as 
bupivacaine (1–2 mg/kg) with a maximum dose of 4 mg/kg. 

 A skin incision is made midway between the eye and the ear 
with a scalpel; the temporalis muscle is divided, separated, and 
retracted using  retractors   (see Fig.  1 ); and any tissue attached to 
the bone is scraped away. At this point a fi ne brain temperature 
probe (e.g., type IT-21 tissue-implantable thermocouple micro-
probe, Physitemp Instruments, Clifton, NJ, USA) can be inserted 
into the temporalis muscle to give a continuous assessment of brain 
temperature. The MCA is easier to locate in mouse as it can be 

3.3  Induction 
of Focal Ischemia: (i) 
Models That Involve 
a Craniectomy 
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seen through the thinner skull. In the rat, the bone can be thinned 
using a saline-cooled dental drill ( see   Note    8  ) to aid exact location 
of the MCA. A circular craniectomy to expose the MCA is then 
made. In the original descriptions of proximal MCAO in the rat, 
the zygoma was removed to improve access to the proximal 
MCA. This should be avoided if possible as it will affect the ani-
mal’s ability to eat on recovery. Once complete, the circle of 
thinned bone can be carefully teased off using watchmaker’s for-
ceps, a dural hook, or a dental needle (see Fig.  1 ). The dura is then 
carefully pierced and torn using a sterile 30-gauge dental needle 
(with the tip bent with pliers to form a hook) to reveal the middle 
cerebral artery. For a diagram of the craniectomy site and exposed 
MCA, see Figure 3 in ref [ 3 ]. Useful landmarks are the white 
myelinated fi bers of the olfactory tract, which run rostro-caudally 
along the bottom of the craniectomy (if not visible, gently push the 
brain away from the ventral aspect of the craniectomy site with a 
blunt probe to see more ventrally), and the inferior cerebral vein 
which runs parallel to the olfactory tract, crossing the MCA more 
dorsally (see Fig.  2a ). Although the craniectomy site represents a 
potential risk for  infection  , with good aseptic technique, stroke 
models which require a craniectomy are associated with very low 

  Fig. 2    Illustrations of MCAO models       
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or no mortality as the craniectomy provides space for the brain to 
swell and prevents increases in intracranial pressure in the brain. 
Edema and brain swelling correlate with infarct size and increase 
over the fi rst 24–48 h post-stroke. In closed  skull   models (e.g., 
intraluminal fi lament model), signifi cant brain swelling can occur 
within this period, leading to increased intracranial pressure and 
signifi cant mortality.

   The middle cerebral artery can be occluded by a number of 
different approaches. This chapter describes MCAO induced by 
electrocoagulation (diathermy occlusion); mechanical devices such 
as hooks, clips, and needles; and the vasoconstrictor endothelin-1 
(ET-1). Methodology papers (including video clips of surgery) are 
available for a number of these models in the  Journal of Visualized 
Experiments  (JoVE) [ 16 – 20 ].  

   The MCA is permanently occluded with this approach, and the size 
and location of ischemic damage can be controlled by altering the 
length and proximal/distal portion of the artery that is electroco-
agulated. A short (e.g., 2 mm) occlusion of MCA, distal to the 
 inferior cerebral vein  , will induce ischemia confi ned to the cortex 
(Fig.  2b ), while a longer and more proximal occlusion incorporat-
ing the lenticulostriate branches will induce cortical and subcortical 
ischemia (Fig.  2a ). Suffi cient current should be applied at the tips of 
the diathermy forceps to ensure there is no prospect of any remain-
ing blood fl ow through the artery while minimizing damage to the 
underlying brain surface ( see   Note    9  ). When electrocoagulation is 
complete, the occluded part of the artery should be cut with spring-
loaded microscissors to confi rm complete occlusion. Sham-operated 
control animals undergo the same procedure up to and including 
removal of the dura. This model has been established in rats [ 3 ], 
mice [ 21 ], cats [ 22 ], and miniature pigs [ 23 ].  

   Modifi cations to the MCA electrocoagulation model have been 
developed to simplify the occlusion procedure, increase through-
put, and improve reproducibility in infarct size. The severity of the 
ischemic insult can be increased by inducing  hypotension  , occlud-
ing the carotid arteries, and using strains with poor collateral sup-
ply such as the spontaneously hypertensive (SHR) and spontaneously 
hypertensive stroke-prone (SHRSP) rat. Brint and colleagues [ 6 ] 
combined a single-point distal MCAO with permanent ipsilateral 
common carotid artery occlusion (ICCAO) which produced a very 
reproducible cortical infarct in spontaneously hypertensive rats. 
Following ICCAO and exposure of the MCA, a fi ne (80 μm) stain-
less steel wire hook, inserted under the MCA just distal to the 
inferior cerebral vein, is elevated using a micromanipulator to raise 
the artery away from the underlying cerebral cortex. The artery in 
contact with the hook is then cauterized and severed by heating 
the wire with an electrocautery device, thus causing minimal dam-
age to the underlying tissue.  

3.4  Electro-
coagulation of MCA

3.5  Electro-
coagulation of MCA 
Combined 
with Ipsilateral 
Common Carotid 
Artery Occlusion
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   The permanent MCAO/tandem ICCAO model in SHR rats [ 6 ] 
was further developed to produce a model of transient focal isch-
emia confi ned to the cortex [ 8 ]. A Silastic loop was used to revers-
ibly occlude the ICCA, and the hook elevated the MCA suffi ciently 
off the cortical surface to stem fl ow. This was checked by a con-
tinuous  laser Doppler fl owmetry   readout from the cortical surface 
to allow readjustment of hook height, using the micromanipulator, 
during the period of ischemia. After the designated period of isch-
emia, recirculation was achieved by releasing the Silastic loop 
around the ICCA and lowering the MCA off the hook. The 
exposed brain and artery were bathed in warmed saline prior to 
and during ischemia to prevent desiccation. 

 Microaneurysm clips and ligatures have also been used success-
fully to permanently or transiently occlude the MCA [ 9 ,  24 ,  25 ] 
and are often accompanied by tandem ICCAO to improve repro-
ducibility of infarction. Microaneurysm clips are too small to apply 
by hand and have to be loaded into a special applicator for attach-
ment to the MCA. Some diffi culties can be encountered when 
using these devices to induce transient MCAO, as removing micro-
aneurysm clips after a period of ischemia (without inducing any 
damage) can be more challenging than applying the device ( see  
 Note    10  ). Mechanical compression of the M1 parietal branch of 
the MCA can also be used to induce distal MCAO in mice [ 10 ]. A 
laser Doppler probe, placed on the surface of the M1 parietal branch 
bifurcation, provides a fl ow readout, and compression of the blood 
vessel is applied until a reduction in CBF of ≥80 % is achieved. 

 The one issue with these techniques is the increased variability 
in ischemia and infarct size when only a single point on the MCA 
is occluded. Reproducibility can be improved by occluding more 
than 1 point along the MCA, combining MCAO with hypotension 
or ICCAO, and/or using strains with poor collateral supply. 
However, when considering models for testing neuroprotective 
compounds, it is worth considering that steps taken to improve 
reproducibility in infarct size might also result in less penumbral 
(potentially salvageable) tissue being available for rescue.  

   Application of the peptide endothelin-1 (ET-1) to blood vessels 
induces a potent and prolonged vasoconstriction [ 26 ] capable of 
blocking fl ow and inducing downstream ischemia [ 11 ]. Following 
removal of the  dura  , exposure of the MCA, and puncture of the 
arachnoid membrane on either side of the blood vessel (to improve 
peptide access), topical application of ET-1 (25 μl of 10 −7 –10 −4  M) 
constricts the artery suffi ciently to block blood fl ow (Fig.  2c ). The 
higher the concentration of ET-1 applied, the more severe and 
prolonged the ischemia and the larger the infarct, which has both 
a cortical and subcortical component, similar to  proximal MCAO  . 
As the effect of the peptide wears off, the MCA diameter returns 
to normal and blood fl ow is gradually reestablished [ 12 ]. Therefore, 

3.6  Mechanical 
Occlusion of the MCA 
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3.7  Topical 
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with this approach, ET-1 induces a transient MCAO ( see   Note  
  11  ). This model was developed in the rat but should work in 
mouse and has been set up in marmosets [ 27 ].  

   A more prolonged focal ischemia can be induced by injecting ET-1 
directly into brain tissue. Using a stereotaxic frame, ET-1 can be 
targeted to any neuroanatomical site within the brain, inducing 
discrete localized ischemic lesions in gray [ 10 ] or white matter [ 28 , 
 29 ]. Sharkey and colleagues [ 13 ] used this approach to target the 
proximal MCA by injecting ET-1 (120 pmol in 3 μl) stereotaxically 
into the piriform cortex (Fig.  2d ). This approach was technically 
less challenging than surgical exposure of the MCA and induced a 
reproducible and prolonged ischemia in MCA territory. [ 14 C]iodo-
antipyrine  autoradiography   revealed reductions in CBF of ~85 % in 
MCA territory 3 h after ET-1 injection (personal communication J 
Sharkey). This is in comparison to topical ET-1 application to the 
exposed MCA (Fig.  2c ) where there was evidence of partial reper-
fusion within 60 min of ET-1 application [ 12 ].  

   Animals regaining consciousness following MCAO surgery should 
be carefully monitored and their recovery recorded. In terms of 
behavioral changes, up to 100 % of animals exhibit  circling   and 
transient mild  hemiparesis   affecting the contralateral limbs, 
although these symptoms are less apparent in distal compared with 
 proximal MCAO   models.  Lethargy  , altered consciousness,  hunch-
ing  , and  piloerection   may be exhibited for up to 24 h postopera-
tively in up to 100 % of animals. Post-op pain relief should be 
administered. Follow local guidelines and consult your local vet for 
advice on type, dose, and frequency of administration. 
Recommended analgesics include: buprenorphine, paracetamol, 
meloxicam, carprofen, ketoprofen, and butorphanol. Care should 
be taken in selecting an analgesia regime as certain analgesics may 
affect outcome measures such as performance in behavioral tests, 
infl ammatory processes, and lesion volume. 

  Subcutaneous fl uids   should be administered acutely (5 mls/kg 
sterile saline for rat and 10 mls/kg for mouse, split between two 
sites) following surgery to prevent  dehydration   and animals kept in 
a warm environment (e.g., 28 °C) until fully conscious. Continue 
administering subcutaneous fl uids until the animal is drinking nor-
mally, and provide animals with softened rodent chow and/or 
baby food, Complan, etc. to encourage feeding and limit weight 
 loss  . Introducing any new forms of diet prior to stroke surgery 
improves the animal’s willingness to eat this diet after stroke. 

 Animals should fi rst be housed individually to allow recovery 
from stroke and  wound healing.    Thereafter, group housing is rec-
ommended. Fresh bedding allows the investigator to check that 
the animal is urinating and defecating normally. Body weight 
should be recorded daily and any wounds checked for potential 
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infection or removal of stitches. Weight loss of >20 % is beyond the 
accepted severity limit, and euthanasia should be considered, par-
ticularly if movement, inquisitiveness, and grooming are absent. If 
failure to  drink   persists beyond 48 h or failure to eat persists beyond 
72 h, the animal should be euthanized. 

 The intracranial temporal approach can affect the  jaw   align-
ment in rats. With prolonged survival periods, animals may need to 
be continually supplied with softened diet. Teeth overgrowth can 
become a problem, and teeth may require fi ling or clipping at regu-
lar intervals throughout the survival period if the animals do not eat 
dry diet or use chew blocks. Teeth clipping should be done under 
brief anesthesia if required. Chromodacryorrhea with  unilateral loss 
of blink refl ex and dry eye (up to 100 %) are often associated with 
intracranial MCAO and can be prevented and controlled by taping 
or suturing the ipsilateral eye shut during surgery. Eye ointment 
(e.g., chloromycetin, Orbenin) and/or drops (e.g., Viscotears, 
Lacri-lube) can be applied to the eye to limit this adverse effect.   

4               Notes 

     1.    When purchasing an operating microscope, discuss with the 
company the optimal working distance you require between 
the animal and the microscope to have adequate access for 
surgery. We have found that an angled binocular tube with 10 
or 12.5× eyepieces provides the surgeon with a more comfort-
able seated position when operating for prolonged periods. 
Also consider a second, monocular eyepiece which can be fi t-
ted to some operating microscopes to allow trainees to observe 
the surgery.   

   2.    Specialized retractors for rodent brain surgery can be purchased 
commercially (e.g., Small Animal Retractor System, Harvard 
Apparatus) or home made. In our lab we cut them to size from 
thick copper sheet, fi le them to shape (see Fig.  1 ), and keep 
them in place by connecting to surgical silk or rubber bands 
which are secured to a cork board with poster board pins.   

   3.    Arrowhead swabs are incredibly useful tiny sponges which 
absorb blood and CSF from the craniectomy site to improve 
visualization of the MCA.   

   4.    Masking tape is extremely useful for securing the anesthetized 
animal to the cork board or heated operating table. It is also 
useful for taping equipment cables to the table to avoid acci-
dental movement of anything around the animal which might 
result in an intubation line or blood vessel cannula being inad-
vertently dislodged.   

   5.    Isofl urane is a safer and less toxic alternative to halothane, 
which is gradually being phased out. N 2 O/O 2  (70:30) is use-
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ful as N 2 O provides analgesia during surgery but must be used 
with a scavenging system.   

   6.    Aspiration to clear mucous plugs from intubation cannula. 
Mark off the required length of fi ne polythene tubing needed 
to just clear the end of the intubation cannula, and connect it 
to a hypodermic needle attached to a 5 or 10 ml syringe. 
Quickly disconnect the intubation cannula from the ventila-
tor, push the fi ne tubing down to just clear the end, aspirate, 
withdraw the fi ne tubing, and quickly reconnect the  intubation 
cannula to the ventilator. Additionally, if you have problems 
with bronchial secretions and mucus plugs, consider a subcu-
taneous injection of atropine sulfate (0.05 ml of a 600 μg/ml 
solution).   

   7.    When animals are artifi cially ventilated, the expired gases can 
be removed by connecting the ventilator exit pipe to the scav-
enging system. In freely breathing animals, double-tube sys-
tems with integrated face masks are available where anesthesia 
is delivered down an inner tune and removed by negative pres-
sure via the surrounding outer tube.   

   8.    Uncontrolled  bleeding   from muscle can be stopped using 
electrocoagulation forceps; bleeding from the bone can be 
stemmed by applying bone wax. Drilling the bone generates 
heat which can damage underlying tissue and disrupt the 
blood-brain barrier, thus producing surgery-induced artifacts. 
The bone and drill burr can be kept cool by spraying a steady 
stream of sterile saline (e.g., from a syringe with a hypodermic 
needle attached) onto the bone during drilling. Applying cir-
cular, lateral not downward pressure, when making the crani-
ectomy, will avoid the possibility of the drill burr breaking 
through the bone and damaging the underlying cortex.   

   9.    Flushing the MCA with saline and dipping forceps in saline 
before application help to prevent them from sticking to the 
artery during electrocoagulation. Start proximally and work 
distally, fi rst with short zaps of electrocoagulation and, once 
the artery is constricted, with longer bursts of electrocoagula-
tion. If the lenticulostriate branches of the MCA are to be 
occluded, they should be occluded fi rst. Electrocoagulation 
induces heat; regularly replacing the saline that collects within 
the craniectomy site will ensure that the temperature does not 
rise above 38 °C. Keep the tips of the electrocoagulation for-
ceps scrupulously clean at all times during surgery to avoid 
sticking. Polishing the tips after use will also help to minimize 
forceps sticking to the artery. We use Duraglit Metal Polish 
Wadding. Check with the manufacturer of the electrocautery 
equipment for their recommended product.   

   10.    When clips or ligatures are applied to the proximal MCA (e.g., 
at the level of the lenticulostriate branches) for 1–2 h, ensuing 
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tissue swelling can hinder visualization and access to the 
device, making it very diffi cult to remove without damaging 
the artery.   

   11.    Reproducibility of the ET-1 technique relies on consistency in 
the potency of the endothelin-1. The lyophilized peptide 
should be made up to the required concentration, aliquoted 
out into single-use vials, and frozen at −80 °C. A fresh aliquot 
should be thawed for each experiment and not refrozen.         
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    Chapter 6   

 Mouse Model of In Situ Thromboembolic Stroke 
and Reperfusion                     

     Orset     Cyrille     ,     Le     Béhot     Audrey     ,     Bonnet     Anne-Laure     ,
    Maysami     Samaneh     , and     Vivien     Denis      

  Abstract 

   To mimic ischemic stroke in mice, thrombin is directly injected in the middle cerebral artery to prompt 
clot formation. This reproducible stroke model can be used to investigate fi brinolytic interventions and 
novel strategies to improve stroke therapy or prevention. 

 All therapeutic strategies validated in animal stroke models have failed in clinical settings, except 
tissue- type plasminogen activator (tPA)-induced thrombolysis. To better mimic the human stroke pathol-
ogy and to test new therapeutic strategies, we describe here a mouse stroke model based on in situ clot 
formation. 

 The injection of thrombin in the middle cerebral artery results in the conversion of fi brinogen into 
fi brin, leading to clot formation and subsequent reproducible ischemic brain damages. In this model, tPA 
administration during the therapeutic window is benefi cial, whereas late administration is deleterious. 

 The craniotomy performed during the surgery may reduce the additional deleterious consequences of 
raised intracranial pressure normally associated with cerebral ischemia and thus limit the fi nal infarct vol-
ume due to the occlusion. This model of in situ clot formation and reperfusion is a relevant translational 
stroke model, close to the human stroke pathology. It should be an appropriate model to test new throm-
bolytics and/or neuroprotective strategies prior to clinical trials.  

  Key words     Ischemic stroke  ,   Thrombin  ,   Mouse  ,   Tissue plasminogen activator  ,   Thrombolysis    

1     Introduction 

 Ischemic stroke is due to the occlusion of a cerebral vessel, mainly the 
 middle cerebral artery (MCA)  , either by a local thrombosis or by a 
peripheral embolus. To induce in vivo permanent or transient occlu-
sion of the  MCA  , extravascular and  endovascular approaches   have 
been used, among others  electrocoagulation   [ 1 ], intraluminal thread 

 Electronic supplementary material   The online version of this chapter (doi:  10.1007/978-1-4939-5620-
3_6    ) contains supplementary material, which is available to authorized users. 
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[ 2 ], injection of an autologous or a foreign thrombus [ 3 ,  4 ], 
microemboli [ 5 ], and induction of an in situ  clot   formation using 
rose bengal [ 6 ]. However, none of the widely neuroprotective agents 
tested in these models turned out to be effi cient in the clinic for the 
acute treatment of stroke [ 7 ], because human pathophysiology was 
not closely recreated. Indeed, in human, stroke is rarely confi ned to 
one anatomical brain region and mainly occurs in patients with car-
diovascular  risk factors   such as  hypertension  , dyslipidemia, or  diabe-
tes  . These diseases can lead to a diffuse arteriopathy, which worsens 
the damages caused by an acute ischemia. Moreover, neurological 
defi cits and subsequent clinical outcome can depend on the location 
of the ischemic lesion rather than on the  infarct   volume itself. 

 To mimic the human pathological conditions leading to stroke, 
we developed a  mouse   model of focal  cerebral ischemia   [ 8 ] in which 
 thrombin   is injected into the lumen of the  MCA  . The conversion of 
fi brinogen into  fi brin   by thrombin leads to in situ  clot   formation, 
obstructing the blood supply to the  MCA   territory. The  infarcts   are 
highly reproducible and no  mortality   is associated with this surgical 
intervention. In addition, the use of the only approved and available 
acute stroke treatment allows us to observe results rather similar as 
those observed in clinical studies. This  MCA   occlusion method 
offers the possibility to induce  thrombolysis   following the appropri-
ate treatment [ 9 ]. This is a real  advantage   compared to other meth-
ods in which a pharmacologically induced  reperfusion   is not possible 
and potential  mortality   or complications are inevitable. 

 We believe that this stroke  animal model   is appropriate to 
induce focal  brain ischemia   and to further investigate the use of 
potent thrombolytic and/or neuroprotective therapies.  

2    Protocol (Table  1 ) 

          1.    The glass micropipettes must be made from hematologic sam-
pling pipette (non-heparinized, Assistent 555/5, Germany) 
using a pipette puller (PC-10 Narishige).   

   2.    Insert the pipette in the pipette puller (heating level is deter-
mined to make two pipettes with the longest tip as possible).   

   3.    Using a scalpel, cut the tip of the pipette (~20 μm external 
diameter) in order to make it sharp without dentation or edges 
to prevent inappropriate  bleeding  . This can be achieved using 
a scalpel or alternatively by polishing the tips using the second 
step in puller device. One microliter graduations are made if 
necessary (15 mm length = 1 μL).   

   4.    Mount the pipette on the  micromanipulator   of the stereotaxic 
device, and connect it to a 10 ml syringe using the tubing.   

   5.    Plunge the tip in the  thrombin   sample (1 UI/μL, Kordia), and 
apply a negative pressure by pulling the syringe to fi ll the 
pipette with thrombin.   

2.1  Pipette 
Preparation

Orset Cyrille et al.
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   6.    Inject 1 μL at 1 UI of  thrombin   in Swiss mice. This is enough 
to promote  clot   formation. Adapt the doses if you are using 
other  mouse   strains (i.e., inject 1 μL at 1.5 UI in  C57BL6 
mice  , to provide optimal occlusion and  clot   formation).   

   7.    Disconnect the syringe from the tubing, when the pipette is 
fi lled with thrombin.   

   8.    Store the pipette and its content at 4 °C (max 12 h) until used.      

       1.    Perform all procedures under aseptic conditions and according 
to institutional license and animal welfare at the European Union.   

   2.    Anesthetize the mice (male Swiss, 35–40 g, Janvier, France) 
with isofl urane (5 % for induction in a box and 2 % during main-
tenance), using a face mask with a gas mixture of O 2 :N 2 O, 1:2.   

   3.    Allow mice to breathe spontaneously during the procedure, 
but animals could also be mechanically ventilated to better 
control arterial blood gas.   

   4.    Position the mice on a  rat   stereotaxic device (rat frame, 
Stoelting, UK).   

   5.    Use a homeothermic blanket system with a retro-controlled 
heating pad and a rectal probe ( temperature   control unit, 
Letica Scientifi c Instruments) to maintain the  body tempera-
ture   at 37 °C during all surgical procedures.      

2.2  Surgical 
Procedures

   Table 1  
  Table equipment reagents   

 Company 
 Catalogue 
number  Comments 

  Name of the reagent  

 Alpha-thrombin murine  Stago BNL  MIIA  Powder solved in PBS 

 tPA (Actilyse ® )  Boehringer Ingelheim  Powder solved in saline 

  Name of the equipment  

 Hematologic pipette  Assistant  555/5  Non-heparinized 

 Pipette puller  Narishige  PC-10 

 Stereotaxic device  Stoelting  Rat frame 

  Temperature   control 
unit 

 Letica Scientifi c 
Instruments 

 HB 101/2 

 LDF  Oxford Optronix  OxyLab LDF  Optic fi ber probe 

 Mouse tail vein 
catheterization short 
term 

 Strategic Applications, 
Inc. 

 MTV-01 

Mouse Model of In Situ Thromboembolic Stroke and Reperfusion
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       1.    Turn the tail slightly and gently, and fi x it using adhesive tape, 
in order to present a vein on the dorsal plane.   

   2.    Make a small incision on the tail skin (0.5 cm long) using a 
sterile scalpel blade.   

   3.    Dissect the vein and isolate it from conjunctive tissues with 
sterile micro-scissors.   

   4.    Incise the vein with micro-scissors to allow the insertion of a 
catheter fi lled with non-heparinized saline (30G, Strategic 
Applications, Inc., USA).   

   5.    Inject a small volume of (20–50 μL) non-heparinized saline to 
verify the patency of the catheter.   

   6.    Fix the catheter on the tail with hypoallergenic adhesive tape, 
and connect it to a syringe fi lled with saline 
(non-heparinized).      

       1.    Position the stereotaxic device perpendicularly to the 
manipulator.   

   2.    Make an incision of the skin (2 cm) between the right eye and 
the right ear.   

   3.    Position micro-clips (micro-bulldog clamp) on the skin at the 
side of the incision (corner of the eye and corner of the ear) to 
allow a better access to the surgical fi eld and protect eyes with 
ophthalmic ointment.   

   4.    Dissociate the temporalis muscle from the edge of the  skull  , 
using micro-scissors, and cut it transversely into two sections.   

   5.    Place  sutures   (6/0) in both extremities to refl ect the muscle in 
order to visualize the parietal part of the  skull  .   

   6.    Incline the stereotaxic device for a better approach.   
   7.    Hydrate the bone with warm sterile saline (non-heparinized) 

to enhance the observation of the  middle cerebral artery 
(MCA)   through the parietal part of the  skull  .   

   8.    Perform a small craniotomy (0.8–1 mm Ø) using a saline- 
cooled dental drill. The bifurcation of the  MCA   is located 
through the translucent  skull  . In this region, the vessel wall is 
more resistant in structure and allows easier insertion of the 
glass pipette. Moreover, another  advantage   would be the fact 
that the blood fl ow disturbances in this region will promote 
faster and more stable  clot   formation.   

   9.    Remove the residual bone using a needle (25G) and excise the 
 dura   using a (the same) needle.   

   10.    Position the Doppler probe ( fi ber optic  , Oxford Optronix) on 
the distal part of the  MCA   to monitor the  cerebral blood fl ow 
(CBF)   in the artery. Place a small quantity of paraffi n oil around 
the probe to enhance the signal.   

2.3   Tail Vein 
Catheterization  

2.4   Clot   
Emplacement

Orset Cyrille et al.
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   11.    Mount the pipette containing the  thrombin   on the  microma-
nipulator  , and connect it to a syringe fi lled with air (the pipette 
tip should be sharpened prior to use, thus reducing the prob-
lems during its introduction into the lumen of the  MCA  ) (fewer 
hemorrhagic complications and less damage to the arterial wall).   

   12.    Position the pipette near the artery before the insertion.   
   13.    Inject  thrombin   using the syringe fi lled with air, after inserting 

the tip of the pipette into the  MCA   lumen (below bifurcation). 
Perform the  thrombin   injection using a multiple step injection 
approach. If required, refi ll the syringe with air (gently discon-
necting and reconnecting the syringe to the pipette tubing). 
Do not attempt to inject the thrombin all at once!   

   14.    Perform the injection in no less than 3 min.   
   15.    Remove the pipette 10 min after the injection of thrombin to 

allow the stabilization of the  clot  .   
   16.    Hydrate the wound throughout the experiment, using non- 

heparinized sterile saline, and monitor the  CBF   continuously 
by the Doppler system.   

   17.    Place a piece of hemostatic compress on the craniotomy to pro-
tect the brain, before suturing. Reposition the temporalis muscle, 
 suture   (6/0) the wound, and fi nally remove the tail catheter.      

       1.     Early    reperfusion   : Inject  tPA   (Actilyse ® , 10 mg/kg, Boehringer 
Ingelheim) intravenously (200 μL, 10 % bolus, 90 % infusion 
over 40 min) 20 min after the  thrombin   injection, using an 
infusion pump (WPI) connected to the tail catheter. Other 
concentrations of  tPA   or neuroprotective drugs may also be 
administered according to the desired protocol.   

   2.     Late    reperfusion    :  Inject  tPA   4 h after  MCAO  . Reanesthetize 
the  mouse   for  tail vein catheterization   (see Sect.  3 ), and inject 
 tPA   under  anesthesia  , as described above (see Sect.  2.5.1 ).   

   3.    Sacrifi ce the mice 24 hours later by decapitation under isofl urane 
(5 %) delivered in medical air. Remove rapidly the brains, immerse 
them into prechilled isopentane, and store at −80 °C until used.       

3      Representative Results 

 The  thrombin   injection induces a rapid and stable thrombus for-
mation in the  MCA   leading to a dramatic decrease of the  CBF   to a 
residual and stable level of about 20 % of the baseline (Fig.  1 ). 
Moreover, the early intravenous administration of  tPA   (10 mg/kg, 
20 min after occlusion) recovers the  reduction   in  CBF   (Fig.  1 ) and 
hence salvages the brain tissue.

2.5   Reperfusion  

Mouse Model of In Situ Thromboembolic Stroke and Reperfusion
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   The analysis of the  MCA   patency using  magnetic resonance angi-
ography   score shows a  tPA  -induced arterial recanalization either in 
early (20 min after  MCAO  ) or in late administration (4 h after 
 MCAO  ). Furthermore, this method usually leads to spontaneous 
 reperfusion   in all animals 24 h post-onset (Fig.  2 ). These observations 
are confi rmed by perfusion-weighted imaging, where the defi cit of 
the brain perfusion 20 min after  MCAO   is completely restored 24 h 
after the onset of occlusion with or without  thrombolysis   (Fig.  3 ).

    As shown by histological and  magnetic resonance imaging 
(MRI)   analyses 24 h after the onset of ischemic stroke, this method 
of occlusion leads to an  infarct   restricted to the cortical part of the 
ipsilateral hemisphere (Fig.  4 ). As in the clinic, fi brinolytic treat-
ment within the therapeutic window is benefi cial with a  reduction   
of the  infarct   size (from 24.29 ± 1 mm 3  to 17.9 ± 1.8 mm 3 ). 
However, it is noteworthy that the delayed administration of  tPA 
  has a deleterious effect and increases the lesion volume from 
24.29 ± 1 mm 3  to 32.7 ± 1.4 mm 3  (Fig.  5 ).

4        Discussion 

 We described here a  mouse   model of in situ  thromboembolic 
stroke   induced by a local injection of  thrombin  , which results in 
reproducible ischemic brain damages and shows a signifi cant 
improvement following  tPA  -induced  reperfusion  . 

 Using this model, an observer can closely monitor the forma-
tion of the  clot   as well as induced or spontaneous  reperfusion  . For 
optimal achievement,  clot   must be introduced exactly in the same 
position each and every time, and animals that demonstrate 
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  Fig. 1     Thrombin   injection induces a rapid and stable thrombus formation. ( a ) Induction of stroke. Thrombus 
formation in the  middle cerebral artery (MCA)   of anesthetized mice is triggered by direct intra-arterial injection 
of  thrombin   (1 μL, 1 UI). ( b ) Representative laser Doppler profi le.  Thrombin   injection ( black line ) induces a 
signifi cant drop in the cerebral blood fl ow. Injection of Actilyse ®  (10 mg/kg) ( red line ), however, can completely 
rescue the blood fl ow when administered intravenously 20 min after occlusion       
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  Fig. 2    The  magnetic resonance angiography   score shows  a   tPA-induced arterial recanalization. Twenty min-
utes (early) or 4 h (late) after  MCAO  , mice received an intravenous infusion  of   tPA (10 mg/kg). ( a ) Mean angi-
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  Fig. 3    The perfusion-weighted imaging shows a defi cit of the brain perfusion 20 min after  MCAO   which is restored 
24 h post-onset. ( a ) Representative  MRI   DR2* maps of mice immediately (20 min) or 24 h after  MCAO  . Twenty min-
utes (early) after  MCAO  , mice received an intravenous infusion of  tPA   (10 mg/kg).  Black arrows  indicate areas of 
perfusion defect. ( b ) Quantitative assessment of perfusion index ( n  = 4 per group) (* =  p  < 0.05,  ns  nonsignifi cant)       
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early- onset spontaneous  reperfusion   can be excluded before 
unblinding the study and prior to the statistical analysis. The  repro-
ducibility   and the cortical location of the  infarct  s could explain the 
absence of  mortality rate  . Moreover, this  MCAO   method offers 
the possibility to induce  thrombolysis   following the appropriate 
treatment. This is a real  advantage   compared to other methods 
including  fi lament   model or  electrocoagulation   in which a pharma-
cologically induced  reperfusion   is not possible and, respectively, 
potential  mortality   or complications are inevitable. 

Saline Early tPA Late tPA

Saline Early tPA

a

b

Late tPA

  Fig. 4    Thrombin injection leads to a cortical brain lesion reduced by early  tPA   admin-
istration. Twenty minutes (early) or 4 h (late) after  MCAO  , mice received an intrave-
nous infusion of  tPA   (10 mg/kg). ( a ) Representative images of thionin- stained brain 
sections, 24 h post- MCAO  .  Dotted lines  represent the ischemic lesions. ( b ) 
Representative T2-weighted images of saline, early and late tPA 24 h post- MCAO         
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  Fig. 5    Early  tPA   administration is benefi cial, whereas late tPA administration is 
deleterious. Twenty minutes (early) or 4 h (late) after  MCAO  , mice received an 
intravenous infusion of tPA (10 mg/kg). Mean of lesion sizes 24 h after  MCAO   
( n  = 10 per group) (* =  p  < 0.05,  ns  nonsignifi cant)       
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 This technique, presented on Swiss mice here, could also be 
adapted to other  mouse   strains. The surgical procedure would be 
similar in all strains, but the  thrombin   concentration should be 
adapted to avoid undesirable early  reperfusion  , leading to the 
absence of lesion or inconsistency in  infarct   volume 24 h post- onset. 
It is also possible to adapt the concentration to produce more [ 10 ] 
or less stable thrombus depending on the objective of the study. 

 Several key points remain however to be highlighted. The cra-
nium is not sealed after the surgical intervention. This is the major 
limitation of the in situ  thromboembolic stroke   model, as it reduces 
the consequences of secondary  edema   induced by ischemia which 
are normally observed in stroke patients. In addition, the  intracranial 
pressure   does not dramatically increase in this model which would 
also explain the high survival rate after the surgery. The  specifi city   of 
the cortical lesion leads to subtle behavioral disturbances, and con-
sequently evaluation of the motor function impairment is not obvi-
ous. Thus, after a few days after the induction of stroke, we cannot 
differentiate occluded and sham-operated animals, and complex 
cognitive tests are needed to show neurobehavioral dysfunctions. 

 We believe that this  animal model   of  thromboembolic stroke   
would be appropriate to induce focal  brain ischemia   and allow the 
use of potent thrombolytic and/or neuroprotective therapies. 
Furthermore, the temporal evolution of the lesion and the time to 
treatment can be accurately determined through the use of histo-
logical methods and/or  MRI   techniques.     
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    Chapter 7   

 Photochemical Models of Focal Brain Ischemia                     

     Anja     Urbach      and     Otto     W.     Witte      

  Abstract 

   The photochemical stroke model has a number of advantages: size and location can be exactly determined, 
the skull does not have to be opened, the model works in rats and mice, and technical variations allow for 
the induction of subcortical stroke, stroke in newborn animals, or stroke with a penumbra. With photo-
chemical reactions, thrombotic occlusions of large arteries as well as of small penetrating brain arteries may 
also be produced. However, the model does differ in some aspects from stroke in humans. We herein 
describe techniques for inducing these stroke models and discuss their potential limitations.  

  Key words     Photochemical stroke model  ,   Photochemical reactions  ,   Stroke  

1      Photochemical Models of Brain Ischemia 

 The photochemical stroke was introduced in 1985 by Watson et al. 
[ 1 ] as a simple model by which cortical infarcts can be induced in 
rats. To achieve the ischemic lesion, a photosensitive dye is injected 
systemically into the circulation and photoactivated by external 
illumination through the intact skull. The main incentive of Watson 
et al. was the production of more realistic models of stroke. They 
argued that mechanical stroke models such as the ligature or fi la-
ment model do not suffi ciently mimic the situation in humans: 
these models circumvent the active thrombosis process, the white 
matter lesion is not suffi ciently modeled, and the fi brin-rich 
 thrombi   used in embolic stroke models cannot be resolved by 
recombinant tissue plasminogen activator (rt-PA). 

 In the following years, more sophisticated models were devel-
oped to more closely resemble the human pathology or to study 
certain aspects of ischemic stroke: the “ring” model was invented 
to mimic processes in the ischemic penumbra [ 2 ]. Later on, optical 
fi bers were stereotactically implanted to selectively induce small 
infarcts in subcortical brain regions. Others developed techniques 
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that allow focal thrombosis of selected brain arteries or arterioles 
[ 3 – 5 ]. Some of these new models show features of an ischemic 
penumbra and even attenuation of ischemia with tPA [ 6 ].  

2    Principles of Photochemical Stroke 

 The principles of photochemical lesions were extensively stud-
ied by Watson and colleagues [ 7 – 14 ]. They introduced rose 
bengal as photosensitizing drug ( λ  max  = 560 nm), which proved 
to be more effective than the previously tested fluorescein. 
Following irradiation with green light (filtered xenon arc lamp 
or laser), singlet oxygen and superoxide are produced via dye 
triplet energy transfer. The liberation of free radicals into the 
lumen of the vessel leads to NO inactivation and lipid peroxida-
tion of cell membranes. This induces damage to the vessel 
endothelium, vasoconstriction, platelet activation, and forma-
tion of a white platelet-rich thrombus, culminating in vascular 
occlusion. As a consequence, this model produces a distal-ter-
ritory ischemia. 

 As demonstrated in electron microscopic studies, high plate-
let content of the thrombi is a striking characteristic of different 
photothrombotic models. The main trigger for thrombus forma-
tion appears to be the endothelial injury, rather than direct activa-
tion of platelets by free oxygen radicals [ 1 ,  15 ]. Recently, the 
contribution of platelet activation to rose bengal-induced photo-
thrombotic lesions was fundamentally questioned [ 16 ]. The 
authors used different approaches (platelet depletion or func-
tional inhibition; inhibition of the clotting cascade) to prevent 
thrombus formation, and none of these treatments signifi cantly 
affected the lesion size as estimated from MRI and histology. 
Similarly, rose bengal-induced thrombosis of mesenteric arteri-
oles did not respond to antiplatelet therapy [ 17 ]. 

 In addition to clot formation, photooxidative damage of endo-
thelial cells leads to a breakdown of the blood–brain barrier associ-
ated with signifi cant early vasogenic edema formation [ 11 ,  18 ,  19 ]. 
It has been suggested that the edema-induced secondary vascular 
compression could critically account for lesion development dur-
ing PT [ 16 ]. 

 As a main consequence of this discussion, the model should 
probably not be used for evaluation of antithrombotic pharma-
ceuticals. Furthermore, one has to realize that the commonly 
used denominator “photothrombosis” does not always cor-
rectly reflect the main mechanisms of photochemical lesion 
induction. It is nevertheless suggested to retain this well-estab-
lished acronym.  

Anja Urbach and Otto W. Witte
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3    Focal Cortical Photochemical Stroke in Rats 

 For the induction of photothrombotic infarcts, rats are usually anes-
thetized with volatile anesthetics (halothane or isofl urane) in a mix-
ture of nitrous oxide and oxygen. Body temperature should be kept 
constant throughout the surgery at 36.5 °C. A catheter is inserted 
into the femoral vein for rose bengal injection and either a laser emit-
ting light with wavelengths between 510 and 550 nm or a fi ber-optic 
bundle mounted onto a cold light source is placed on the exposed 
skull to induce the photoreaction (see Fig.  1 ). Care has to be taken 
that the light source does not contain an internal fi lter which absorbs 
light in the required spectrum as is often the case. An interference 
fi lter (e.g., 560 nm) with a 10-nm bandwidth is advisable. The size of 
the required lesion can be adjusted by choosing the appropriate aper-
tures of the cold light guide. Usually apertures of 1–4 mm are used.

   In the original experiments by Watson and colleagues [ 1 ,  12 ], 
fi rst rose bengal was injected intravenously (approx. 10 mg/kg), 
and brain illumination was started 2 min thereafter. Since the dye 
is most effective in the fi rst minutes following injection, the 
sequence has been changed in most studies: the light source is 
switched on fi rst and immediately thereafter the intravenous injec-
tion commences. The light is left on for 5–20 min. Most probably, 
the main effect is obtained within the fi rst few minutes after injec-
tion and illumination for 5 min is suffi cient to obtain a maximal 
effect. Sham animals are treated in the same way; they also receive 
rose bengal but the light source is not switched on. 

  Fig. 1    Schematic drawing of setup for induction of focal photochemical lesion in the rat brain. The brain is illu-
minated through the intact skull of the anesthetized rat. The photosensitive dye is injected into the femoral brain       
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 One of the main advantages of the technique is the very good 
reproducibility of the lesion location and lesion size (see Fig.  2 ) 
[ 20 – 31 ]. Common sources of unwanted variability are (a) aging of 
the light source which affects light intensity, (b) inappropriate 
placement of the optic fi ber onto the skull, (c) insuffi cient injection 
of rose bengal, and (d) nonstandardized time between illumination 
and rose bengal injection if the dye is injected fi rst. Photoactivation 
has to be performed promptly because rose bengal clears after 
intravenous injection with a  τ  of less than 3 min [ 5 ,  32 ]. With a 
placement of lesions in various positions of the brain, one has to 
furthermore consider that the bone is thicker in frontal areas than 
above the parietal cortex and that bone thickness increases with 
age. In certain experimental conditions, one therefore has to thin 
the skull over the selected brain area before placing the optic fi ber. 
Finally, the technique might lead to off-target photoactivation. 
This can be avoided by protecting the animals from intense light 
during the fi rst minutes after dye injection and, if necessary, a 
reduction of the intravenous rose bengal concentration. We previ-
ously showed that at least in a typical laboratory environment with 
normal external light (daylight plus ceiling lamp), the dye does not 
cause damage to the retina in mice (see description below [ 33 ]).

4       Materials and Equipment 

     1.    Surgical microscope.   
   2.    Equipment for use with isofl urane anesthesia.   
   3.    Temperature control system with feedback-controlled heating 

pad and rectal thermal probe.   
   4.    Stereotactic frame.   

  Fig. 2    Morphology of photochemically induced focal cortical infarcts. ( a ) Macroscopic view on the brain of an 
adult rat that received a photothrombotic lesion 2 days before. Using an aperture with a diameter of 1.5 mm 
resulted in well-defi ned infarcts with a diameter of approx. 2 mm ( arrowheads ). ( b ) Coronal section through a 
7-day-old cortical infarct immunostained against the neuronal marker NeuN. Infarction affected all cortical 
layers, while the subcortical white matter was mostly intact. ( c ) GFAP immunostaining of a section adjacent to 
that depicted in ( b ) illustrates the glial scar around the cortical lesion       
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   5.    Cold light source (Schott KL1500; heat fi lter, Schott KG 
1.45 × 45,  d  = 4.2; power rating, 300 W; beam light intensity of 
approximately 15 W/cm 2 , color temperature 3200 K).   

   6.    Apertures of appropriate size fi tting to the optic fi ber.   
   7.    No. 23 scalpel (e.g., Figure 23 from Bayha, Tuttlingen, Germany).   
   8.    Scissors.   
   9.    Hemostats (e.g., cat. no. 13002-10, Fine Science Tools, 

Heidelberg, Germany).   
   10.    Curved/splinter forceps (e.g., cat. no. BD311R, Aesculap, 

Melsungen, Germany).   
   11.    Eye scissors (e.g., cat. no. OC498R, Aesculap).   
   12.    Dural hook, type Adson (e.g., CareFusion, Rolle, Switzerland).   
   13.    23G needles with 1-ml syringes (1× for NaCl and 1× for rose ben-

gal). The tips of the needles should be blunted with sandpaper to 
prevent damaging the catheter in which they have to be inserted.   

   14.    Single-lumen tube with inner diameter of 0.58 mm and outer 
diameter of 0.96 mm (cat. no. 270117254, NeoLab, 
Heidelberg, Germany).   

   15.    Single-lumen tube with inner diameter of 0.28 mm and outer 
diameter of 0.61 mm (cat. no. 270117250, Welabo, Düsseldorf, 
Germany).   

   16.    Needle holder (e.g., cat. no. BM360, Aesculap).   
   17.    Suture material (Mersilk suture 4-0, cat. no. EH6712H, 

Ethicon, Belgium).   
   18.    Rose bengal (cat. no. R3877, Sigma-Aldrich, St. Louis, MO, 

USA); prepare a 10 mg/ml solution in saline; fi ltrate through 
a 0.2 μm sterile fi lter and draw it into a 1 ml syringe connected 
to a 23G needle; remove air; cover the solutions with alumi-
num foil to protect rose bengal from light.     

       1.    Cut 20 cm of the 0.58-mm/0.96-mm tube and 3 cm of the 
0.28-mm/0.61-mm tube.   

   2.    Gently expand the lumen of the thicker tube with the help of a 
splinter forceps to facilitate insertion of the thin tube.   

   3.    Push the thinner tube approx. 2 mm into the thicker tube; fi x 
the junction with nail polish.   

   4.    Cut the thinner part of the catheter to 2.5 cm.   
   5.    Prefi ll one of the catheters with 0.9 % NaCl and the second 

with rose bengal.      

       1.    Anesthetize the rat with isofl urane (3 min at 3.5 % for induc-
tion, use an induction box, and ~2.5 % for maintenance during 
surgery via a face mask) in a mixture of 2:1 volumes of N 2 O/
O 2  (e.g., 40:20 l/h).   

4.1  Preparation 
of the Catheters

4.2  Placement 
of the Femoral Vein 
Catheter

Photochemical Models of Focal Brain Ischemia



74

   2.    Place the rat in a supine position on a feedback-controlled 
heating pad, fi x the legs using adhesive tape, and insert rectal 
probe to maintain body temperature constant at 36.5 °C.   

   3.    Shave the left inguinal area and disinfect and make a 4-cm-long 
skin incision along the natural angle of the hind leg.   

   4.    Remove connecting tissue with two curved forceps to expose 
the femoral bundle, and blunt dissect the femoral vein (at a 
length of ~1–1.5 cm) from the artery and nerve.   

   5.    Place two pieces of suture under the vein. Pull one of them as 
far as possible toward the leg, secure the vein with two knots, 
fi x the ends of the suture with a hemostat, and put it aside (to 
the right). Move the second suture toward proximal; make a 
very loose knot to form a loop. Fix the end of the suture with 
a second hemostat and lay it to the left side. The vein should 
now be slightly stretched.   

   6.    Using a pair of eye scissors, make a small incision into the distal 
half of the exposed vein.   

   7.    Open the incision with the help of a dural hook to insert the 
saline-fi lled catheter; advance it for 2.5 cm. Avoid perforation 
of the vein; the catheter should always move easily without 
resistance.   

   8.    Confi rm intraluminal placement of the catheter by shortly 
aspirating blood, and then fl ush it with sterile saline.   

   9.    Secure the catheter with the proximal suture (one knot).      

       1.    Place the animal in ventral position in a stereotactic frame; 
maintain temperature as described above.   

   2.    Shave the scalp, disinfect and incise the skin along the midline 
(approx. 1.5 cm), and remove periosteum to expose bregma 
and lambda.   

   3.    Place the optic fi ber equipped with an appropriately sized aper-
ture above the region of interest. You can temporary turn on 
the light to facilitate correct placement. Ensure that the entire 
extent of the optic fi ber has close contact with the calvaria to 
avoid light scattering.   

   4.    Again shortly aspirate some blood and fl ush catheter with 
saline.   

   5.    Remove the saline syringe from the catheter and replace it by 
the rose bengal syringe.   

   6.    Switch on the cold light source and immediately inject rose ben-
gal at a dose of 13 mg/kg body weight. Keep care that there gets 
no blood or fl uid between the skull and the optic fi ber.   

   7.    After 20 min switch off the light and suture the head wound.   
   8.    Remove the catheter and ligate the femoral vein with a sec-

ond knot.   

4.3  Photothrombotic 
Induction
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   9.    Suture the wound. Remove the animal from the stereotactic 
frame, cease the supply of anesthetics, and apply pure oxygen 
until the animal is awake.   

   10.    Place the animal in a warm environment for 30 min (e.g., 
infrared lamp or heating pad below the cage) before returning 
it to the home cage.       

5    Focal Cortical Photochemical Stroke in Mice 

 In mice, the procedure for induction of the photochemical lesion 
is essentially similar to that in rats. The application route of rose 
bengal may be either intraperitoneally [ 34 – 36 ] or intravenously 
[ 33 ,  37 – 39 ]. With intraperitoneal injection, rose bengal is usually 
applied at higher concentrations (100–150 mg/kg), and the light 
is turned on 5 min thereafter. We also tested this procedure exten-
sively, and it usually worked well. However, the lesion size was 
much more variable than with intravenous injection of the dye, and 
therefore we prefer the intravenous applications route also in mice. 
For this purpose, either the jugular vein may be used [ 39 ] or the 
tail vein [ 33 ,  37 ,  38 ]. For the exposure of the jugular vein, a surgi-
cal microscope and a custom-modifi ed catheter (e.g., PE20 
170 mm, PE10 65 mm, silastic 0.025 in OD, 37 mm) may be used 
[ 39 ]. Application of the dye via the tail vein is much simpler: after 
the optic fi ber is placed on the skull, the tail is dipped either into a 
beaker containing warm water (37 °C) or wrapped in a swab damp-
ened with warm water (45 °C) to induce a vasodilatation. Using a 
30G needle, we inject 100 μl of a 10-mg/ml rose bengal solution 
(approx. 40–50 mg/kg) into one of the lateral veins and switch on 
the light immediately thereafter.  

6    The Ring Model of Photochemical Stroke 

 Characteristically, the photochemical model of cortical stroke has a 
comparatively sharp boundary. T cells infi ltrate the edge of the 
lesion, followed by microglial/macrophage activation and both 
local and distant cytokine production [ 40 – 42 ]. The lesion devel-
ops immediately as consequence of a microvascular insult. There is 
no signifi cant ischemic penumbra or region of local collateral fl ow 
and reperfusion, as typically seen in the “Tamura” and three-vessel 
occlusion models [ 43 ]. Oxidative damage occurs within the infarct 
core, rather than progressively extending to peri-infarct areas as in 
other models. Thus, in the classical photothrombotic model, there 
is no extensive tissue at risk to analyze processes in the ischemic 
penumbra and potential benefi ts of therapeutic interventions. To 
produce a more extended, yet well circumscribed penumbra, 
Wester and colleagues introduced a photothrombotic ring model 
[ 2 ,  44 ]. For this purpose, the output of a 514.5 nm laser beam was 
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focused with a plano-convex glass lens (focal length = 3 cm) into a 
400 μm-diameter optical fi ber (ST400E-FV with SL sleeves, 
Mitsubishi Cable America, Inc., New York, USA) at an input angle 
of 291° to the fi ber axis, resulting in a ring beam output. In rats, 
the outside diameter of the ring beam was set at 5.0 mm, and the 
laser beam thickness on the skull was at 0.35 mm, whereas in mice 
the outside diameter was set at 3.0 mm, and the laser beam thick-
ness was at 0.21 mm to fi t the anatomy of an adult mouse [ 44 ,  45 ]. 
The exposed skull was irradiated by the laser ring beam with con-
current intravenous infusion of the photosensitizing dye erythrosin 
B (17 mg/kg in saline; Sigma, #330000). The described method 
results in a circular region of ischemic damage surrounding a cir-
cumscribed area of hypoperfusion with typical characteristics of an 
ischemic penumbra.  

7    Photochemical Stroke in the  Developing Brain   

 The photochemical model can also be applied to induce reproduc-
ible, permanent focal ischemic lesions in neonates. Working with 
animals younger than 10 days of age requires some special 
considerations:

    1.    They react differently to anesthetics than adult animals. It is 
recommended to use volatile anesthetics or hypothermia. In 
our hands, isofl urane worked well at ages between of P8 and 
P11. The dosage needed may be higher than in adults and needs 
to be continuously monitored and readjusted according to the 
respiratory rate and muscle tone of the animal.   

   2.    Mothers tend to over-groom pups after surgery; therefore the 
wound has to be closed very neatly.   

   3.    To prevent mothers rejecting pups, it is helpful to rub them 
with nesting material to cover smells from the surgery.     

 In the study of Maxwell and Dyk [ 46 ], photothrombotic 
lesions were successfully induced in mouse pups as young as P7. 
Animals were anesthetized with isofl urane (4 % for induction, 2.5 % 
for maintenance). Rose bengal was injected intraperitoneally at a 
concentration of 50 mg/kg. Fifteen minutes later the brain was 
irradiated with a 532-nm laser (20 mW B&WTek, Del., USA). The 
mortality rate of pups with photothrombotic infarcts was below 
5 % and comparable to that of control animals.  

8    Photochemical Stroke in Subcortical Brain Regions and the Hippocampus 

 With appropriate devices, the photochemical model can also be 
used to produce subcortical stroke. Such experiments were recently 
reported for the caudoputamen [ 6 ], the internal capsule [ 47 ], and 
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the hippocampus [ 36 ]. In the study of Kuroiwa and coworkers, a 
thin polymethyl methacrylate optic fi ber was stereotactically 
implanted to deliver cold light to the caudoputamen. These fi bers 
are suitable for cold lighting because they transmit very little infra-
red light. Histological examination early after light exposure with 
rose bengal showed an almost spherical infarct around the tip of 
the fi ber optic, surrounded by an area of selective neuronal death 
and ischemic edema. The lesion size was adjustable by changing 
the light intensity and illumination time. The model showed clear 
evidence of an ischemic penumbra: (1) 90 min after light exposure, 
an ischemic center of markedly reduced blood fl ow (to 15 %) and a 
surrounding oligemic zone were observed on MRI scans; (2) the 
size of the infarct signifi cantly increased within the next day, which 
could be attenuated by early tPA treatment. 

 Alternatively, an optic fi ber connected to a laser source (532 nm) 
can be used for photostimulation and stereotactically guided to the 
target region with the help of a guidance cannula [ 36 ,  47 ].  

9    Focal Thrombosis of the Middle Cerebral Artery or Small Surface 
and Penetrating Arterioles 

 As was already described by Watson and coworkers [ 48 ,  49 ], pho-
tosensitive dyes can also be used to occlude single vessels. Lasers 
are applied for photoactivation to specifi cally target arteries (e.g., 
the MCA) or arterioles before penetrating the cortex. Recent stud-
ies showed that photothrombic occlusion of localized MCA 
branches is suffi ciently accurate to inactivate targeted regions of 
the somatosensory representation while leaving neighboring 
regions intact [ 5 ]. Furthermore, it could be demonstrated that 
surface arterioles form redundant interconnected networks and 
therefore can tolerate a local damage [ 4 ], whereas the territories of 
penetrating arterioles only partially overlap and have high specifi c-
ity to cortical columns ( r  = 350 μm) [  3 ]. 

 To occlude the MCA, the distal MCA territory has to be surgi-
cally exposed [ 48 ]. A vertical skin incision is made between the 
lateral canthus of the eye and the ear, the skin is retracted with silk 
sutures, and the underlying temporal muscle is incised and retracted 
ventrally. A small craniectomy (approx. 3 mm) is drilled into the 
frontal-squamosal bone ventral to the coronal suture and above the 
zygomatic arch. A green laser beam (e.g., 514.5-nm argon or 
argon-pumped dye laser or 532-nm MicroGreen or Laserglow 
LCS-0532 lasers) is then placed onto the MCA. After intravenous 
injection of rose bengal or erythrosin B, the MCA is irradiated. The 
onset of thrombosis starts with a vasoconstriction, followed by the 
formation of a mural, continuously embolizing platelet-only throm-
bus occluding the MCA [ 49 ]. High-intensity pulsed lasers based on 
Q switching (532-nm Nd: YAG  ) or superradiance (337- nm nitro-
gen or nitrogen-pumped dye lasers) are not recommended. 
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Although they may be set at an average intensity equivalent to 
continuous-wave lasers, they cannot occlude arteries or arterioles 
since their 3- to 5-ns pulse widths are too short to sustain synergis-
tic accumulation of platelet aggregation leading to occlusion. This 
technique results in robust cortical infarction which closely resem-
bles the most common type and location of human stroke. Its size 
can be varied depending on the site of photostimulation (proximal 
occlusion results in larger infarcts affecting also the basal ganglia; 
distal MCA occlusion targets only a small cortical region). 

 Targeting of individual surface arterioles has been described in 
detail by Murphy and colleagues [ 5 ,  50 ]. To photoactivate rose 
bengal, they used a 532-nm diode-pumped laser beam (Beta 
Electronics MGM-20, Columbus, OH; 0.7–1.4 mW power mea-
sured at the objective back aperture) coupled to the microscope’s 
epifl uorescent light path and focused into a spot through a 40×, 
0.8 NA water immersion lens. To reduce redundant paths of sur-
face blood fl ow, they suggested to target an arteriole at multiple 
points by rotating every 1–2 min between two or three targeted 
sites. This ensures that clots are initiated at each site by a relatively 
high concentration of dye since it clears rapidly (see Fig.  3 ).

   Kleinfeld and coworkers adapted a two-photon laser-scanning 
setup to simultaneously examine clot formation, hemodynamics, 
and neuronal activity after focal photothrombotic occlusion of sin-
gle cortical arterioles [ 3 ,  4 ,  51 ]. For photoactivation of rose ben-
gal, a 532-nm laser beam (0.1–5 mW; TIM-622, Transverse 
Industries, Taiwan) was focused coplanar with the near-infrared 
beam through a 0.8-NA, 40× water immersion objective, forming 
a 5-μm spot in the center of the same plane as the imaging beam 
(lumen of the target vessel). This method allows very precise 
 occlusion of surface or penetrating arterioles up to a depth of 
50 μm from the pial surface. It is very useful to model human 
micro- strokes which are often centered around penetrating arteries 
and arterioles with obstructed lumens (see Fig.  4 ) [ 51 ].

10       Characteristics, Advantages, and Disadvantages of Photochemical Stroke 
Models 

 Photochemical stroke models were developed in rodents to mimic 
certain characteristics of human stroke pathology. They have a 
number of advantages:

    1.    They allow a precise induction of circumscribed infarcts in any 
desired cortical or subcortical site.   

   2.    The focal nature of the infarct facilitates the distinction between 
events in the lesion and remote brain areas.   

   3.    The size of the lesion is very reproducible and can be easily 
controlled by adjusting the intensity and duration of light or 
the concentration of the photosensitive dye.   
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   4.    The classical photothrombosis and the “ring” model are fur-
thermore minimally invasive and have a very low mortality rate.   

   5.    The model is accompanied by a vessel thrombosis; the proper-
ties of the clot are similar to that of a thrombus in human 
stroke as they are responsive to rt-PA; thus it can be used to 
study the action of rt-PA in man.     

 As any model of experimental stroke, the photothrombosis has 
several limitations and differs in some respects from stroke in humans:

    1.    In the classical model, the photothrombosis is triggered in a 
large number of microvessels within the illuminated area, and 
both arteries and veins may be occluded. This primarily end- 
arterial nature of occlusion is different from human stroke, 
which is typically caused by occlusion of a single brain artery. 
There is no signifi cant ischemic penumbra or region of local 

  Fig. 3    Targeting individual brain arterioles for photoactivation of rose bengal. ( a ) Schematic showing experi-
mental subject (C57Bl/6 mouse) and brain vasculature with regions for photoactivation indicated by  arrows . 
( b ) Photoactivation spot visualized by rose bengal fl uorescence following excitation with 532-nm laser light in 
the arteriole segment shown in ( a ). The arterioles are visualized as dark structures applying dim illumination 
with blue background light (cutoff wavelength 480 nm). Scaling in the original 12-bit image was nonlinear to 
visualize both the very dim background structure as well as the laser spot, which showed several orders of 
magnitude higher intensity. ( c  and  d ) Subsequent images of the specimen shown in ( b ) during further fl uores-
cent activation by laser light. The blood fl ow in the arteriole at the left bottom of the image was blocked within 
2 min of photoactivation with green laser light. From Ref. [ 50 ], with permission       
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collateral fl ow and reperfusion, rendering the lesion resistant 
to fl ow enhancement strategies. To overcome these issues, the 
photochemical ring model has been developed in which a cir-
cular region of ischemic damage surrounds a circumscribed 
area of reduced blood fl ow with typical characteristics of an 
ischemic penumbra. However, this penumbral area is located 
within the evolving vasogenic edema, and it is unclear if this 
accurately models the human penumbra [ 43 ].   

   2.    Photothrombosis is associated with a pronounced disruption 
of endothelial integrity [ 11 ,  18 ,  19 ]. Especially in the classical 
and ring models, the ischemic damage evolves rapidly and is 
associated with simultaneous development of cytotoxic and 
vasogenic edema, whereas in humans infarction prevails edema 
by several hours. In this respect, photochemical lesions more 
closely resemble traumatic brain injury [ 43 ]. As recently 
reported, the edema might be the major cause of cerebral 
infarction following photothrombosis [ 16 ].   

   3.    The photothrombotic model is inadequate for the study of 
antithrombotic agents since it occurs also after blocking of 
platelets or inhibition of intrinsic coagulation pathways [ 16 ].     

 The more recently developed models overcome many of these 
issues. Photothrombotic occlusion of single brain vessels more 
closely replicates human stroke. Focal thrombosis of the MCA 
results in circumscribed infarcts that can be adjusted in size by the 
positioning of the light beam. These lesions are surrounded by a 
region of reduced blood fl ow, resembling a typical penumbra. 
Photothrombosis of smaller arterioles allows studying the depen-
dency of occlusion-related vasodynamics on different vessel types. 
Photothrombotic occlusion of small penetrating arterioles, for 
example, mimics processes during human micro-strokes.     

  Fig. 4    Similarity between human and rat cortical microinfarcts. ( a ) Histology of microinfarcts detected in the 
cortex of an elderly human. The infarcted area is dense with reactive astrocytes that stained with glial fi brillary 
acidic protein (GFAP,  brown ). The tissue was counterstained with hematoxylin ( blue ). ( b ) Microinfarct as seen 
7 days after occlusion of a single penetrating arteriole in rat cortex. Neuronal viability was assessed with 
antibody to NeuN and astrogliosis was assessed with antibody to GFAP. Copyright © 2013 by Macmillan 
Publishers Ltd: Nature Neuroscience [ 51 ]; reprinted by permission       
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    Chapter 8   

 Housing in an Enriched Environment: A Tool to Study 
Functional Recovery After Experimental Stroke                     

     Karsten     Ruscher      and     Tadeusz     Wieloch     

  Abstract 

   Physical therapy and social interactions between the stroke patient and health-care professionals or relatives 
facilitate the process of recovery and promote improvement of lost neurological function after stroke. 
These observations can be mimicked in an experimental setting by multimodal stimulation provided in the 
concept of enriched environment. The enriched environment is a housing condition for rodents combin-
ing social interactions and sensorimotor stimulation that improves lost neurological function without 
affecting the extent of brain damage after experimental stroke. This chapter deals with the concept of 
enriched housing and about performing studies using enriched environment as tool to investigate mecha-
nisms of recovery after brain injury.  

  Key words     Functional recovery  ,   Enriched environment  ,   Plasticity  ,   Remodeling  ,   Cell genesis  ,   Glial 
scar  ,   Behavior  ,   Rotating pole test  ,   Rehabilitation  

1       Introduction 

   In  the      USA, approximately 1.1 million adults that suffer a stoke 
continue living with a functional defi cit [ 1 ]. Though approximately 
50–70 % of the stroke victims recover suffi cient neurological func-
tion to continue an independent life, up to 30 % will be affl icted by 
a permanent disability. Today, stroke therapy that aims at enhanc-
ing lost neurological function involves various modes of  exercise  , 
and at present no approved drugs that enhance particular aspects 
of recovery are available. Though stroke also affects speech and 
cognition and may cause  pain  , dysphagia, neglect, and  depression  , 
the motor defi cits after stroke are commonly assessed or measured 
in clinical rehabilitative research and trials. Hence, physical  exercise   
such as constraint-induced movement therapy, forcing the use of 
the paralyzed arm [ 2 ], or body-weight-supported gait  training   [ 3 ] 
has proven effi cient, though this therapy is cumbersome, personnel 
intense, and thus costly. Also, the patients must be highly 
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motivated to be subjected to the quite harsh  physical therapy  . 
Positive tactile, visual and auditory stimulation, and social interac-
tions appear to promote the outcome of physical therapy. 

 To fi nd measures that speed the recovery process and enhance 
the extent of recovery is the aim of current clinical and preclinical 
rehabilitative research. However, the underlying mechanisms of 
recovery are complex and involve parallel processes of restoration 
and compensation that occur spontaneously and that may be 
enhanced by  rehabilitation   therapy. Several mechanisms have been 
identifi ed, including resolution of  edema  ,  glial scar   formation, and 
recovery of synaptic transmission or activation of alternative or 
silent neuronal pathways [ 4 ]. Prominent in this context is brain 
 plasticity   or cortical  remodeling   or reorganization, an experienced 
driven process that stimulates axonal growth and synaptogenesis. 
To study motor recovery processes, both  rodent   and  primate   mod-
els of stroke have been used. These models involve  training   ses-
sions using particular limb movement protocols [ 5 ,  6 ] and/or 
housing  rodents   in an enriched milieu—an enriched environment 
[ 7 ,  8 ]. Interestingly, fi rst proof-of-concept clinical trials imple-
menting EE in stroke  rehabilitation   have been performed to evalu-
ate benefi ts and risks for stroke patients [ 9 ]. 

 An enriched environment from a rodent perspective stimulates 
their exploratory, sensorimotor, and social  behavior  . It is a para-
digm of multiple sensori-stimulation originally developed to study 
 learning   processes [ 10 ]. The initial idea about the concept of 
enriched environment was introduced by Donald R. Hebb in 1947 
[ 11 ]. Based on these fi ndings, in the late 1950s Rosenzweig and 
colleagues initiated studies to investigate effects of enriched envi-
ronment on the brain [ 12 ]. 

 Interestingly, placing  rodents   in enriched environment pro-
vides a multimodal stimulation to the brain and among other 
effects stimulates  memory   and  learning  , neuronal  plasticity   pro-
cesses, and  cell genesis  . This experimental paradigm was applied in 
models of experimental stroke using rats [ 7 ] and mice [ 8 ]. Housing 
injured animals in an enriched environment leads to neuroanatom-
ical changes similar to those induced in uninjured animals, such as 
increasing the number of dendritic branches and dendritic spines 
and  cell genesis  , but in addition enriched housing enhanced the 
motor and cognitive performance of the animals. The complexity 
and robustness of the multimodal stimulation provided by the 
enriched housing is evident in the complex differential gene expres-
sion in stroke-damaged brains of animals in enriched  housing con-
ditions   [ 13 ,  14 ]. Moreover, enriched environment profoundly 
affects cellular and molecular processes in the poststroke brain to 
improve recovery of lost neurological function [ 15 ,  16 ]. This 
chapter provides a protocol on how to establish a standardized 
enriched environment and discusses  advantages   and limitations of 
such an approach.  
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2     Which Model of Experimental Stroke Should Be Used 

 The variable location and size of the lesion in clinical stroke,  age  , 
and comorbidity of patients, as well as individual variations in ana-
tomical and functional neuronal connections, affect functional 
outcome after stroke. In the experimental setting, some of these 
variables can be taken into consideration by choosing an appropri-
ate stroke model and animal strain. 

 The recovery enhancing effect of enriched housing has been 
reported using several experimental stroke models and several 
common  rodent   strains have been used in these studies. In a 
model of  endothelin-1  -induced  MCAO   using  Sprague Dawley 
rats  , recovery of function was accomplished by specifi c limb 
 training   and housing in an enriched environment [ 6 ]. In spon-
taneous hypertensive rats of the SHR and SHR- SP   strains, the 
 penumbra   region after permanent occlusion of the MCAO is 
small providing a large infarct that is dependent on the occlu-
sion site (proximal or distal) of the  MCA  . In these rats strain 
recovery of function is also enhanced following housing in the 
enriched environment [ 17 ]. Recently we have used the Wistar 
strain with a 90–120 min using the  fi lament model    MCAO  , 
where the  enrichment   effect is robust. Also, the photothrom-
botic model can be used [ 16 ,  18 ,  19 ].  

3     Preparation of Enriched Environment Cages 

 In general, the enriched cages have to be constructed in way that 
the environment does not represent a potential danger to the 
injured animals. Moreover, the cage has to stimulate as many of the 
 rat   senses as possible, their exploratory  behavior  , their olfaction, 
their need of social interaction, and their motor functions. Also, it 
has to be large enough to house 5–8 animals, a prerequisite to 
develop proper social interactions. Animals should be able to move 
freely and should also have places to back away from the group. A 
proper cage should not be smaller than 600 × 600 × 1200 mm for 
rat and 600 × 600 × 500 mm for  mouse   studies. Oversized cages 
might result in an artifi cial unwilling isolation. To challenge the 
exploratory function, platforms,  grids  , pipes, and ropes must be 
included in the milieu and be removable so that the cage can be 
rebuilt twice a week. The “toys” should be of a material that can 
withstand frequent washing. A suffi cient amount of free accessible 
 food   and water for 5 to 8 animals must be available at the bottom 
of the cages (Fig.  1 ).
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4          Exclusion Criteria   

 Inclusion and exclusion criteria are commonly used in clinical stud-
ies to reduce heterogeneities in a study  population  . For example, 
often stroke defi cits affecting motor function of upper extremities 
are included in the studies. For example, in the CI therapy trial [ 2 ], 
some remaining movement ability of the limbs was a prerequisite 
for inclusion. Exclusion criteria must also be considered in experi-
mental studies of recovery of function. Each experimental proce-
dure should be prespecifi ed before an animal enters a study. 
However using standardized surgery procedures, there is a vari-
ability in  infarct size   and in the loss of sensorimotor function after 
experimental stroke, possibly due to some variability in vessel anat-
omy. Therefore, to obtain a homogenous population of animals 
with approximately similar degree of motor defi cit, function is 
assessed  prior  to exposure to the enriched environment, using a 
behavioral  test   (assessing loss of sensorimotor function). A simple 
test is the  rotating pole test      or a composite  neuroscore   providing a 
sensorimotor score after acute  brain injury   [ 20 ,  21 ]. The test is 
performed at 48 h after injury, a time point when the growth of the 
infarct has essentially subsided. Animals traverse a rotating wooden 
pole at 0, 3, and 10 rpm, and only those animals which are not able 
to traverse a pole (test score 0–2) are included into subsequent 
studies and assigned randomly into groups housed either in 
 standard or enriched environment cages. Animals that traverse the 

  Fig. 1    Multilevel  enriched environment cages   for rats ( a ) and mice ( b ). Note that the cages are equipped with 
horizontal and vertical  grids   in various colors and sizes, as well as chains and ropes to allow animals to reach 
all cage levels. Pipes serve as artifi cial tunnels potentially providing a kind of security for injured animals       

 

Karsten Ruscher and Tadeusz Wieloch



89

pole are used as cage mates in the enriched environment. Similarly, 
a signifi cant defi cit in the  neuroscore   should be obtained. Also 
those animals that display signs of complications such as wound 
 infections  , hyper- or  hypothermia  , seizures,  bleedings  , and abnor-
mal  cachexia   have to be excluded by  ethical considerations   (Box  1 ).   

5       Handling   of Animals 

 It is important to keep in mind that every handling of an animal 
should be regarded as a potential  enrichment   of its environment 
and therefore might be a confounder in the studies. Hence, the 
pretraining episodes for the behavioral and performance tests are 
strong sensori-stimulants that have to be taken into account and 
controlled for in the design of the experiment. 

 The combination of a social and  sensorimotor stimulation   
integrated in the enriched environment appears to be superior to 
isolated motor  training   [ 7 ] emphasizing the importance of the 
social component of an enriched environment. Hence, at least fi ve 
 rodents   should be housed together for an optimal enriched envi-
ronment. Often, suffi cient numbers of injured animals cannot be 
accomplished in the beginning of a study. Therefore, animals 
excluded from the study and  healthy animals   may serve as mates 
until they are exchanged by injured animals during the course of 
the study. 

 At day 2 after injury, animals normally show low spontaneous 
motor activity and have a tendency to stay immobile. To overcome 
initial poststroke inactivity, animals are placed on the top level of an 
enriched environment cage. This promotes active movement to 
reach  food   and water located in the bottom of the cage. At this 
stage of recovery, once an injured animal has reached the bottom 
it should be placed back to the upper levels. All procedures in 
changing the environment must be done in a reproducible manner 
and follow a distinct protocol. 

 Placing 5–8 injured animals together is a social challenge. Rats 
adapt fast to the new environment and can be housed in the 
enriched environment during the entire course of the study. In 
contrast, mice show a pronounced tendency to become territorial, 

  Box 1: Exclusion Criteria for Recovery Studies After MCAO 
 Insuffi cient neurological defi cit at 48 h after  MCAO   assessed at 
least by one reliable behavioral test 

 Signs of complications such as wound infections, hyper- or 
hypothermia, seizures,  bleedings  , and abnormal  cachexia    
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and they form a strong social structure that may be detrimental for 
animals at a lower level of the hierarchy [ 8 ]. In fact the  mortality   
due to aggressive  behavior   could exceed 50 %. Based on our 
 experience, a stay in the enriched environment for 3 h is suffi cient 
to robustly improve functional recovery after experimental stroke 
and after transient  MCAO  . In between the “ enrichment   sessions,” 
mice are returned into standard home cages. Regular check of the 
status of the animals during the fi rst 3 days is essential since 
impaired animals are prone to secondary injuries. After photo-
thrombosis in mice, however, the tendency to create new hierar-
chies has not been observed and mice could be kept in enriched 
environment cages permanently until the study endpoint  [ 19 ].  

6     Duration in an Enriched Environment 

 The duration an animal should spend in an enriched environment 
depends on the scientifi c question. However, previous studies have 
shown that early and forced physical activities during the fi rst 24 h 
after stroke are harmful to the recovery process after experimental 
stroke [ 22 ]. Approximately at 48 h after experimental stroke, the 
acute degenerative processes have declined, the infarction has sub-
sided, and housing animals in the enriched environment from 2 
days after injury onwards does not expand  infarct size   [ 17 ]. We 
have experienced that a minimum stay in the enriched environ-
ment for 3 days is required to achieve a signifi cant improvement of 
sensorimotor function, while the start of the enriched  rehabilita-
tion   can be delayed for up to 15 days with preserved effect [ 23 ]. In 
order to preserve the functional recovery, enriched housing for at 
least 4 weeks is required. Housing for 2 weeks signifi cantly improves 
outcome, but the benefi cial effect is lost after additional 2 weeks in 
a standard cage.  

7     Problems Encountered During Housing in an Enriched Environment 

 The  brain ischemia   and the subsequent tissue infarction in combi-
nation with the surgical procedures are a massive stress on the ani-
mal that does not only affect the neurological function. Often  food   
and water intake is reduced, and poststroke animals develop a gen-
eral weakness, which can be overcome by placing animals close to 
food and water in the enriched cages. In addition, injured animals 
are prone to  infections   due to poststroke  immunodepression  , 
which may become a signifi cant problem if animals are housed in 
larger groups [ 24 ]. Hence, the cages and the  enrichment   toys have 
to be cleaned regularly. Laboratory  rodents   have no experience of 
the enriched cages and have an urge to explore the new environ-
ment. The exploration of the new environment occurs in a critical 
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period of recovery in which animals are limited to move due to the 
sensorimotor impairment and general weakness. Thus, there is a 
risk of secondary damages due to impairment while exploring the 
cage during the fi rst days of recovery that has to be taken into con-
sideration. As mentioned above, mice develop new social hierar-
chies when placed in an enriched environment. To avoid any 
fi ghting among animals, mice should be kept in the enriched envi-
ronment cage for a period suffi cient to increase voluntary motor 
activity and to initiate social interactions  .     
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    Chapter 9   

 Modeling Risk Factors and Confounding Effects in Stroke                     

     Barry     McColl    ,     David     Howells    ,     Nancy     Rothwell    , and     Adam     Denes      

  Abstract 

   Most research to date has used experimental models in rodents which fail to mimic the underlying causes 
of stroke in patients or the primary confounding factors. Available data indicate that factors such as athero-
sclerosis, hypertension, obesity, diabetes, age, and infl ammation have a major infl uence on outcome. These 
fi ndings suggest that we need to rethink the preclinical data that are required before the selection of can-
didate interventions for clinical trials in stroke.  

  Key words     Age  ,   Atherosclerosis  ,   Diabetes  ,   Hypertension  ,   Infl ammation  

1      Introduction 

 Animals have been used successfully to study the underlying mech-
anisms of diverse diseases and to successfully develop new treat-
ments. In many cases the diseases in question are induced through 
a means which differs signifi cantly from the clinical course and 
causes, e.g., implanted tumors in young and otherwise  healthy ani-
mals  , mechanical or pharmacological induction of hypertension 
and cardiac disease and pharmacological induction of diabetes. 
Some have used spontaneous mutations that result in the disease of 
interest (e.g., genetically obese animals), mutagenesis to cause a 
pathology (e.g., deafness), or specifi c genetic manipulation to 
induce disease (e.g., to cause mutations known to occur in 
 Alzheimer’s  ). All of these have been very helpful in the under-
standing of disease pathology and in the development and testing 
of new medicines. 

 The situation in experimental studies on stroke is quite differ-
ent, because the animal models we have used have revealed much 
knowledge of underlying pathological mechanisms, but have (with 
the notable exception of tissue plasminogen activator, tPA) failed 
to deliver new medicines. Thus after many promising preclinical 
outcomes, we have numerous failed clinical trials in stroke. Many 
of these can be explained on the basis of inadequate preclinical 
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data, poor clinical trial design, or a mismatch between the preclini-
cal fi ndings and the clinical studies; some failures remain inexpli-
cable. This has caused a serious reanalysis of our experimental 
approaches to stroke including the rigor of the experimental work 
and the relevance of commonly used methods [ 1 – 7 ]. 

 To date, the vast majority of experimental studies on stroke 
have used young, male rodents, with no confounding  comorbidi-
ties  , no parallel treatments, and few detectable long-term conse-
quences of stroke. Furthermore, few studies have used approaches 
to induce cerebral ischemia which mimic the clinical causes of 
stroke. Indeed most have employed mechanical occlusion of a 
major artery (the middle cerebral artery, MCA); very few have 
used thrombus or hemorrhage or indeed studied animals with 
spontaneous stroke. A further factor which may have infl uenced 
the apparent discrepancy between rodent studies and clinical trials 
may be that stroke has been considered as a neurological disor-
der—unsurprisingly given that the clinical outcomes are neurologi-
cal. Yet stroke is profoundly infl uenced, and perhaps even caused, 
by systemic factors including atherosclerosis, impaired cardiac 
function, systemic infl ammation, and infection. 

 It is clearly not feasible, or probably helpful, to fully mimic all 
the common clinical factors associated with stroke simultaneously 
in animals. To develop experimental models of aged, atheroscle-
rotic animals, some of which have diabetes, many hypertension and 
obesity, some would be smokers, have a poor diet and others would 
have many other confounding factors and comorbidities, as well as 
exposure to a whole array of potential medicines would make ani-
mal studies as complex and expensive as clinical trials. It would also 
make interpretation of data near impossible. Animal research, in 
most countries, is further constrained by legislative and welfare 
considerations which quite rightly aim to limit suffering. 

 Thus, we focus here on the major  confounding factors   known 
to cause or exacerbate stroke, i.e., hypertension, diabetes, obesity, 
infection, infl ammation, atherosclerosis, and age, and we attempt 
to review available methods, their robustness and limitations, and 
available data.  

2    Hypertension 

 Hypertension is the single most important modifi able risk factor 
[ 6 ,  8 – 10 ], which increases stroke risk by 20–30 % for a 10-mmHg 
increase in arterial blood pressure [ 9 ] and doubles lifetime risk in 
individuals with blood pressure above 120/80 mmHg [ 11 ]. 
Hypertension is evident in >50 % of stroke patients [ 6 ,  8 – 10 ], and 
blood pressure reduction reduces stroke risk [ 12 ]. 

 There are many animal paradigms of hypertension, but only a 
few have been used to study stroke. To date no stroke studies 
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appear to have been undertaken in hypertensive transgenic rats 
expressing an extra copy of the renin gene [ 13 ] or, in the New 
Zealand, Milan hypertensive or Lyon hypertensive rats [ 14 – 16 ]. 
Hypertension and stroke have been induced in cynomolgus mon-
keys by surgical coarctation and in animals fed with an atherogenic 
diet [ 17 ], but this would not seem to be a practical model for 
widespread use. 

 The most widely used hypertensive animals in stroke research 
are the spontaneous hypertensive rat (SHR) and the stroke-prone 
SHR (spSHR); the latter was derived by inbreeding of the off-
spring of SHRs that died of hemorrhagic stroke. Over 80 % of the 
spSHR population develops stroke, which is characterized by mul-
tifocal microvascular and spongy-cystic parenchymal lesions [ 18 ]. 
Wistar–Kyoto rats were the parent strain for both [ 19 ]. 

 In spSHRs, a high- salt diet   precipitates renal injury, marked 
hypertension (>240 mmHg), and rapid onset of hemorrhagic 
stroke [ 20 ,  21 ], and ~70 % of strokes are in the gray matter of the 
cortex [ 22 ]. While the number of anastomotic connections 
between anterior and middle cerebral artery territories in the cor-
tex is similar to WKY rats, their luminal diameter is reduced [ 23 –
 25 ], and their capacity for vasodilation is impaired [ 26 – 28 ]. 

 SHRs become hypertensive within 2–4 months of birth and 
attain a stable systolic blood pressure (~200 mmHg) by 6 months. 
Salt sensitivity is not a major component of their phenotype [ 29 ]. 
The hypertension is accompanied by enlarged ventricles [ 30 ,  31 ], 
cerebral artery smooth muscle hypertrophy [ 32 ], increased macro-
phage activity [ 33 ], and reduced body and brain weight [ 30 ,  34 , 
 35 ]. Losses after thread occlusion of the MCA are substantially 
lower [ 36 ] than reported for the Dahl salt-sensitive rat. 

 In both the SHR and spSHR, focal cerebral ischemia leads to 
greater infarct volumes and behavioral defi cits than in normoten-
sive controls and less variability [ 36 – 39 ]. The reduced variability is 
also evident when submaximal infarcts are induced (Howells, per-
sonal observation) indicating that this, and the greater propensity 
to damage, results from reduced cortical collateral fl ow [ 40 ] 
imposed because of reduced luminal diameter [ 23 – 25 ] and reduced 
capacity for vasodilation [ 26 – 28 ]. Reduced variability is not 
imposed by the absence of the posterior communicating arteries 
[ 41 ]; the mechanism is proposed for similar large infarcts and small 
variability in the  gerbil   [ 42 ]. 

 We were unable to fi nd evidence of studies of most neuropro-
tective agents in hypertensive or diabetic animals. For 502 thera-
pies that have been the subject of systematic review and 
meta-analysis, only 10 % of the publications identifi ed included the 
modeling with high blood pressure or diabetes, and of the 58 
tested in both normotensive and hypertensive animals, 12 were less 
effective in hypertensive animals, and 6 therapies were more effec-
tive [ 43 ]. For example, nicotinamide and FK506 were substantially 
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less effective in animals with diabetes or hypertension [ 44 ,  45 ]. 
NXY-059 was less effective in SHRs than healthy animals (17.6 % 
versus 47.8 %;  P  < 0.001) [ 5 ], and tPA provided no benefi t to 
infarct volume and worsened neurobehavioral score in hyperten-
sive animals [ 46 ]. Hypothermia however was slightly more effec-
tive in SHR than in SD and Wistar rats [ 47 ]. 

 Long-term control of hypertension with calcium or AT1 
antagonists before middle cerebral artery occlusion (MCAo) 
appears to reduce infarction [ 48 – 51 ], while  l -arginine has no effect 
when local CBF is unaltered [ 52 ] but reduces infarct volume when 
accompanied by increased cerebral blood fl ow [ 53 ].  MK-801  , the 
archetypal neuroprotectant, has been reported to either have no 
effect [ 54 ] or to be less effective in hypertensive than in normoten-
sive controls [ 55 ]. 

 Renovascular hypertension can be induced by clipping one 
renal artery (keeping the kidneys in place, two kidneys, one clip) to 
produce mild but relatively unstable hypertension [ 56 ] that never-
theless exacerbates ischemic injury [ 57 ]. Clipping both renal arter-
ies in Sprague–Dawley rats leads to stable hypertension with 
spontaneous stroke characterized by a mixture of small infarcts 
with thrombotic occlusion and hemorrhagic lesions caused by 
bleeding from the arteriolar wall in 62 % of the animals within 40 
weeks [ 58 ]. Development of spontaneous T2-weighted  MRI   
lesions in these models is tightly dependent upon blood pressure. 
After partial occlusion of both renal arteries, consistent brain 
lesions were seen only when blood pressure exceeded 276 mmHg 
[ 59 ]. In agreement with these data is the observation that decom-
pressive craniectomy reduces MCAo-induced mortality in renovas-
cular hypertensive rats by ~85 % [ 60 ]. 

 The Dahl salt-sensitive  rat   rapidly develops marked hyperten-
sion (~200 mmHg) when fed a high-salt diet (8 % NaCl), and this 
leads to blood–brain barrier disruption, stroke, and death [ 61 ,  62 ]. 
At lower salt concentrations (e.g., 1 % NaCl), the same end is 
reached, but the animals survive at least until ~5 months of age 
[ 63 ]. Thread occlusion of the MCA after 5 weeks on a high-salt 
diet leads to excessive death or hemorrhage at the MCA/ICA 
bifurcation. When the MCA was occluded for 120 min, 80 % of the 
animals died or suffered hemorrhage within 24 h; 90-min occlu-
sion still left 40 % of the animals with hemorrhage [ 64 ]. 

 Like the spSHR and renovascular models, rats made hyper-
tensive by treatment with mineralocorticoid receptor agonist 
deoxycorticosterone plus salt also suffer spontaneous strokes [ 65 ], 
but they are more readily protected against the effects of acute 
middle cerebral artery occlusion by antihypertensive treatment 
with agents such as captopril than by spSHRs [ 66 ]. Spontaneous 
stroke and worsening of the effects of MCAo in these animals may 
be mediated by stiffening and narrowing of the middle cerebral 
artery [ 67 ].  
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3    Diabetes/Hyperglycemia 

 Diabetes (types 1 and 2) or acute hyperglycemia is evident in 25 % 
[ 68 ] and 40 % [ 69 ] of stroke patients, respectively, and both are 
associated with poor outcome [ 70 – 73 ]. Diabetic control reduces 
stroke risk [ 74 ]. 

 Diabetes can be induced by selectively poisoning pancreatic β 
cells with streptozotocin or alloxan, by selective breeding in the 
nonobese  diabetic (NOD) mouse  , the biobreeding (BB)  rat  , and 
occurs spontaneously in the  Zucker diabetic fatty rat   [ 75 ] and the 
 Goto-Kakizaki rat   [ 76 ]. Specifi c defects in the db gene on mouse 
chromosome 4 and the fa gene on rat chromosome 5 lead to  leptin   
receptor defects [ 77 ,  78 ]. Isolated hyperglycemia can be induced 
by infusion of  glucose   or  dextrose   [ 75 ]. 

 Hyperglycemia accelerates and extends infarct development 
after MCAo in rats [ 79 ],  cats   [ 80 ],  dogs   [ 81 ], and  rabbits   [ 82 ]. In 
cats [ 80 ], the three- to fourfold increase in infarct size due to 
hyperglycemia after permanent middle cerebral artery occlusion 
was associated with increased death due to edema upon reperfu-
sion. In  monkeys  , infusing glucose prior to cardiac arrest causes 
seizures and muscle twitching due to mild edema and necrosis of 
the cortex and  basal ganglia   [ 83 ]. Some authors have reported that 
the effects of hyperglycemia on infarction are confi ned to the cere-
bral cortex [ 84 ], while others report that only very early and short- 
term hyperglycemia may be needed to cause injury [ 85 ,  86 ]. 

 Blood–brain barrier damage and edema [ 87 – 90 ] together with 
faster and larger infarct development after transient and permanent 
ischemic lesions [ 88 ] are also features of diabetes induced by 
chemical poisoning of pancreatic β cells. 

 Where direct comparisons have been made between transient 
hyperglycemia and diabetes, the data are confl icting; some report 
similar degrees of exacerbation of postischemic injury [ 50 ] or that 
diabetes induces signifi cantly more injury [ 91 ]. Interestingly, while 
acute hyperglycemia lessens the impact of tPA therapy [ 86 ,  92 ], it 
has no effect on endogenous tPA expression, while a similar but 
persistent elevation of blood glucose (~15 mmol/L) in 
streptozotocin- treated rats is reported to lead to a complete deple-
tion of tPA protein and greater than sixfold loss of tPA mRNA 
expression [ 91 ]. 

 In the biobreeding (BB) rat, the effects of hyperglycemia on 
ischemia are gender and region specifi c. Males and females exhibit 
similar degrees of cortical injury, but subcortical infarction is larger 
in males [ 93 ]. Similar observations have been made in the db/db 
mouse, where female diabetic mice became more hyperglycemic 
and acidotic than the males even though they were more resistant 
to ischemic damage [ 94 ]. 

 The recently described Goto-Kakizaki rat which develops mild 
hyperglycemia at 6 weeks of age is unusual in producing smaller 
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infarcts after extended (3 h) MCAo (but high rates of subcortical 
hemorrhagic transformation) than nondiabetic controls [ 76 ]. 
While this has been interpreted as the result of diabetes-induced 
vascular remodeling [ 76 ], the infarcts look like the hypothalamic 
lesions produced when only hypothalamic-perforating arteries are 
occluded [ 42 ], suggesting that reduced effectiveness of thread 
occlusion might be a sensible alternative explanation. The observa-
tion that injury caused by compression-induced cortical ischemia is 
greater in Goto-Kakizaki rats than healthy Wistar controls [ 95 ] 
supports this hypothesis. 

 The impact of diabetes on effi cacy of neuroprotection is not 
clear. Using insulin to control hyperglycemia has been reported to 
return neural injury to control levels and offer marked neuropro-
tection if blood glucose is reduced to below normal [ 96 ,  97 ]. 
Similar protective effects on infarction were reported when insulin 
was used together with tPA in normoglycemic animals to treat 
thromboembolic strokes. However, others report that tight glyce-
mic control does not improve infarct size in male BB rats [ 93 ] and 
that, despite reduced infarct volumes, mortality was as high after 
insulin treatment alone (47 %) as it was when combined with tPA 
(38 %) [ 98 ].  

4    Obesity 

   Growing evidence suggests that obesity predisposes to cardiovascu-
lar disease including stroke [ 99 – 102 ]. This association may be 
mediated indirectly via the susceptibility of obese individuals to 
established stroke risk factors such as atherosclerosis, hypertension, 
hyperlipidemia, and insulin resistance/diabetes [ 103 ]. In addition, 
there are considerable data indicating an independent association 
between obesity and stroke. Some studies have reported a graded 
elevation in stroke risk for each unit increase in  body mass index   
(BMI) greater than 25 [ 100 ,  102 ] although others have not 
observed such a close correlation [ 104 ,  105 ]. More recently, the 
validity of BMI as the optimal index for assessing the impact of 
obesity on cardiovascular disease has been questioned [ 106 ]. 
Abdominal adiposity as measured by waist-to-hip ratio may  provide 
better estimates of the health risks associated with obesity [ 107 , 
 108 ]. In support of this, a recent study demonstrated a signifi cant 
and graded association between risk of stroke and transient isch-
emic attack and markers of abdominal obesity, including waist- to- 
hip ratio, that was independent of hypertension and diabetes [ 106 ]. 
Another important point to consider is that although the incidence 
of stroke is falling in elderly people in developed countries due to 
improved risk management, there is a shift toward an earlier age at 
stroke onset and that incidence of stroke is rising in young adults. 
Recent data indicate that increasing obesity in children and young 

4.1  Association 
with Stroke Risk
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adults caused by sedentary lifestyles and unhealthy diets could 
translate into premature vascular disease, including stroke, through 
raised blood pressure and diabetes [ 109 ,  110 ].  

   A huge number of animal models of obesity have been reported 
although the extent of characterization for each of these varies 
widely [ 111 ]. In view of the predominance of rodent models in 
experimental stroke studies, obesity in mice and rats probably 
offers the greatest utility for experimental stroke researchers. 
Rodent models of obesity may arise through genetic mutation 
(spontaneous or targeted) or may be induced by some type of envi-
ronmental stimulus, e.g., high-fat diet [ 111 ]. Genetic models may 
further be subdivided as monogenic and polygenic. Spontaneous 
mutants giving rise to monogenic rodent models of obesity are the 
most commonly used and have been characterized most exten-
sively. Due to the diversity of models available, multiple factors 
deserve consideration when choosing an obese model to incorpo-
rate in experimental stroke studies. These include strain, method of 
induction, sex dependency, age of onset, severity, and associated 
phenotypes. The following sections summarize some of the bene-
fi ts and limitations/constraints of the most commonly used rodent 
obese models that are likely to be most worthy of consideration for 
experimental stroke studies. Readers are referred to these excellent 
resources for detailed accounts of these and other  obesity models   
[ 111 – 113 ]. 

    ob/ob  mice carry a spontaneous mutation in the Lep gene encoding 
the leptin protein which is abundantly produced by adipocytes 
[ 114 ]. Mice homozygous for the Lep ob  mutation are defi cient in 
leptin, which is an appetite-suppressing hormone. As a result, ob/
ob mice (on Bl/6 background) are hyperphagic and are fi rst recog-
nizable as obese at 4 weeks of age when fed a normal diet. Adult 
ob/ob mice may become three times the weight of wild-type con-
trols. They are glucose intolerant, insulin resistant, and hyperinsu-
linemic but are not hyperglycemic except during a short period in 
early adulthood (subsides by 12–16 weeks) [ 112 ,  113 ]. Our own 
studies [ 115 ] indicate a marked increase in hemorrhage on ob/ob 
mice exposed to MCAo.  

    db/db  mice carry a spontaneous mutation in the leptin receptor 
gene (Lepr); therefore there is a similar defect in the leptin axis as 
observed in ob/ob mice [ 116 ]. Although obese, male mice homo-
zygous for the Lepr db  mutation (on Bl/6J background) are most 
commonly used as a model of diabetes (or obesity with diabetes) 
[ 117 ]. These mice are also insulin resistant, hyperinsulinemic, and 
hyperlipidemic. Furthermore, and in contrast to ob/ob mice, they 
develop severe hyperglycemia and show symptoms consistent with 
overt diabetes [ 112 ].  

4.2  Animal Models 
for the Study 
of Interactions 
Between Obesity 
and Stroke

4.2.1  ob/ob Mice

4.2.2   db/db  Mice
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   The “fatty” Zucker rat has been extensively used in studies of obe-
sity. Similar to the db/db mouse, the Zucker rat has a spontaneous 
mutation in the leptin receptor ( fa  mutation) causing defective 
leptin signaling [ 118 ]. Homozygous (fa/fa) mutants develop obe-
sity and become hyperlipidemic and moderately insulin resistant 
[ 118 ]. In contrast to db/db mice, however, Zucker rats do not 
develop overt diabetes [ 112 ,  118 ].  

   Corpulent rats carry the spontaneously arising corpulent (cp) 
mutation, which is another mutation affecting the leptin receptor 
rendering it dysfunctional. Rats homozygous for the mutation ( cp/
cp ) develop obesity, insulin resistance, hyperinsulinemia, and 
hyperlipidemia but do not progress to type 2 diabetes [ 112 ]. The 
original hypertensive mutant strain (designated SHROB) was 
backcrossed to SHR, WKY, or LA strains, thus generating SHR/
N-cp (hypertensive), WKY/N-cp (normotensive control for SHR/
N-cp), and LA/N-cp (normotensive) models [ 112 ]. A further 
strain designated JCR:LA-cp was developed as an outbred colony 
from early LA/N-cp breeding stock. Signifi cantly, male JCR:LA-cp 
rats homozygous for the cp mutation develop spontaneous vascu-
lar pathology that includes atherosclerotic lesions similar to those 
observed in humans and ischemic lesions in the heart [ 119 ]. 
Corpulent rats show neuroinfl ammatory changes (microglial acti-
vation, vascular infl ammation) in the brain in the absence of any 
acute injury and display signifi cantly larger BBB injury and worse 
neurological outcome after experimental stroke (see also below 
under the infl ammation section) [ 120 ,  121 ].  

   Several different types of dietary regimens have been used to 
induce obesity in rodents, including high-fat diets, high-energy 
diets (moderately high fat and high sugar), and palatable liquid 
diets. DIO has been characterized in both rats and mice, although 
there are strain-specifi c differences in susceptibility in both species. 
Sprague–Dawley and Long–Evans  rats   and C57Bl/6J mice are 
well established as susceptible strains, with males particularly pre-
disposed [ 122 ,  123 ]. Hyperphagia, obesity, insulin resistance, 
hyperinsulinemia, glucose intolerance, and hyperlipidemia are 
common features on adjusted diets, although the relative severity 
of each of these will depend on the exact composition of diet and 
strain susceptibility [ 124 ,  125 ]. A commonly employed diet in 
male C57Bl/6J incorporates a 45 % or 60 % (by energy) fat compo-
nent, with controls being fed 10 % fat. Mice are typically main-
tained on diets for up to 20 weeks. Modifi ed diets such as these are 
available commercially (e.g., from Research Diets Inc.). 

 General considerations when selecting obesity models for 
experimental stroke studies. 

 The animals described above illustrate some of the more com-
monly used rodent obesity models that may be applicable to 

4.2.3  Zucker (fa/fa) Rats

4.2.4   Corpulent 
( cp/cp ) Rats  

4.2.5  Diet-Induced 
Obesity (DIO)
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incorporate in experimental stroke studies. The optimal model for 
any study will depend on multiple factors including the experimen-
tal hypothesis under testing, confounding factors, purchase and 
maintenance costs of animals/diets, and stroke model used. 

 All the monogenic spontaneous mutant animals outlined above 
arise from defi ciencies in the leptin/leptin receptor signaling axis. 
Leptin has a diverse array of actions in addition to its role in appe-
tite regulation, including effects on the immune and cardiovascular 
systems [ 86 ,  126 ]. Accordingly, it could not be excluded that any 
effects on stroke responses in these models are because of leptin 
signaling insuffi ciency independent of obesity. To counter this, 
leptin replacement groups could be included although these are 
unlikely to fully restore the leptin axis to normal physiological con-
ditions. This highlights a relative advantage of the diet-induced 
models. Furthermore, DIO is a more realistic model of the dietary 
component that is a key contributor to human obesity. 

 In humans, it is the vascular consequences which commonly 
accompany obesity and  metabolic syndrome   that are of most rele-
vance to stroke, since these are likely to mediate the link between 
metabolic disturbances and stroke susceptibility. However, with 
the exception of the JCR:LA- cp  strain, all obese models are resis-
tant to the development of overt human-like vascular pathology 
[ 112 ]. For this reason, the JCR:LA- cp  model perhaps most closely 
resembles the metabolic syndrome associated with obesity most 
likely to present in stroke patients, i.e., with downstream vascular 
abnormalities. 

 Hyperglycemia and diabetes are associated with poorer out-
come in stroke patients (see above); therefore it may be desirable 
to induce obesity without also affecting glycemic status. This might 
enable the role of increased adiposity itself to be more easily delin-
eated. This should be possible since some models (e.g., ob/ob 
mice after 12–16 weeks) are normoglycemic despite being mark-
edly obese. 

 On a more practical note, it should be considered that obese 
animals, by defi nition, have large deposits of adipose tissue and 
that this has the potential to complicate the surgical induction of 
stroke (particularly fi lament models where access to the carotid 
vessels is a prerequisite). However, our own experience suggests 
that despite marginally extended surgery times, subcutaneous adi-
posity does not unduly affect success rates. This is also borne out 
by the recent studies that have emerged combining experimental 
obesity and stroke [ 127 – 130 ]. In contrast, we found that proximal 
MCAo was not feasible due to the size and expected high level of 
mortality of aged, corpulent rats; therefore a distal, transient model 
of MCAo (thread occlusion of the MCA after craniotomy) was 
chosen [ 121 ]. All such studies have found that the severity of brain 
damage and/or BBB injury is markedly increased in obese rodents 
compared to corresponding wild types (see below). This suggests 
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that the basal severity of the stroke model may need to be titrated 
(e.g., by adjusting occlusion duration) to avoid excessive mortality 
and morbidity in the obese experimental group. Experimental 
stroke is commonly induced in 10–12-week-old rodents. The rapid 
onset of obesity in the monogenic models enables similar aged ani-
mals to be used. In contrast, DIO involves long durations of feed-
ing adjusted diet (perhaps up to 20 weeks); therefore the age at 
which stroke can be induced in these animals is likely to be signifi -
cantly older. Thus, the age and also the cost of long-term dietary 
modifi cation and animal housing are important to consider. A fur-
ther consideration is the diffi culty in determining the doses of any 
pharmacological intervention. Given the very different body 
weights, it is not possible to give interventions on a dose per unit 
body weight basis, and highly lipophilic substances may be prefer-
entially taken up in to adipose tissue. 

 These are just some of the many important factors to consider 
when selecting an obesity model to incorporate in experimental 
stroke studies. With good experimental planning and design and 
with particular attention to potentially confounding variables, 
most models are likely to enable a better understanding of the 
impact of obesity on stroke.    

5    Overview of Experimental Obesity–Cerebral Ischemia Studies 

 It is only in the last few years that studies investigating the impact 
of obesity on experimental stroke in rodents have emerged [ 127 –
 132 ]. All studies have found signifi cantly increased ischemic brain 
damage and/or larger BBB injury in the obese group (Table  1 ).

   Table 1  
  The impact of obesity on infarct size after experimental stroke   

 Author  Model  % change in infarct  Reference no. 

 Nagai et al.  ob/ob 
 5 weeks 42 % high-fat diet 

 30 % ↑ 
 30 % ↑ 

 [ 127 ] 

 Terao et al.  ob/ob  75 % ↑  [ 129 ] 

 Mayanagi et al.  ob/ob  43 % ↑  [ 130 ] 

 Osmond et al.  Zucker (fa/fa)  170 % ↑  [ 128 ] 

 McColl  ob/ob  120 % ↑  [ 115 ] 

 Maysami et al.  DIO  40 % ↑  [ 131 ] 

 Deng  DIO  30 % ↑  [ 132 ] 
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6       Atherosclerosis 

 The signifi cance of atherosclerosis in the context of stroke risk is 
highlighted by the estimation that thromboembolism of athero-
sclerotic origin is the principal etiological factor in approximately 
50 % of stroke patients [ 133 ]. These statistics suggest that incorpo-
rating atherosclerosis in at least some preclinical stroke models 
should be a priority and should help to more accurately recapitu-
late important features of clinical stroke.  

7    Animal Models of  Atherosclerosis   

 An extensive range of animal species has been used to study athero-
sclerosis, including large animals such as nonhuman primates, pigs, 
and rabbits and, more recently, mice. The majority of experimental 
stroke studies are performed in rodents; therefore murine models 
of atherosclerosis are likely to offer the greatest utility for experi-
mental stroke researchers. 

 The mouse is naturally resistant to spontaneous atherosclero-
sis, which may in part be the result of the HDL-dominant and 
antiatherogenic lipid profi le in mice compared to the atherogenic 
LDL-dominant profi le in humans [ 134 ]. For this reason, feeding 
an atherogenic (commonly high-fat, high cholesterol) diet to 
genetically modifi ed mice with enhanced susceptibility to athero-
sclerosis forms the basis of most currently used protocols of ath-
erosclerosis. A variety of diets have been described, and the reader 
is referred to these excellent articles for more detailed information 
[ 134 ,  135 ]. 

   Most wild-type mice are resistant to atherosclerosis when fed a 
conventional rodent chow diet; therefore aggressive dietary manip-
ulation is necessary to induce lesion formation. When fed a high- 
fat (30 %), high-cholesterol (5 %), and cholate-containing (2 %) diet 
or the “Paigen” diet (15 % fat, 1.5 % cholesterol, 0.5 % cholate) 
C57Bl/6J mice develop small aortic lesions resembling the fatty 
streaks in humans by 4–5 months of age [ 134 ,  135 ]. However, the 
lesions rarely progress beyond the early foam-cell/fatty-streak 
stage which represents the major limitation of these models.  

   In order to induce advanced atherosclerosis in mice, it is necessary 
to use genetically modifi ed, susceptible strains, most commonly in 
combination with dietary modifi cation. The most frequently used 
and best characterized strains are the  apolipoprotein E   ( apoE  )−/− 
and low-density lipoprotein  receptor   ( LDLR  )−/− mice. ApoE is a 
glycoprotein synthesized in many tissues and at highest levels in 
the liver and brain. It is a structural component of lipoprotein 

7.1  C57Bl/6J

7.2  ApoE−/− Mice
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particles and acts as a ligand for receptors such as LDLR that medi-
ate cellular internalization of apoE-containing particles [ 136 ]. 
ApoE−/− mice fed with a chow diet are hypercholesterolemic and 
signifi cantly have human-like lipoprotein profi les (i.e., low  HDL  ) 
[ 137 ,  138 ]. These mice develop lesions throughout the macrovas-
culature (but not in cerebral vessels) that progress to advanced 
plaques with a well-defi ned fi brous cap consisting of smooth mus-
cle cells, extracellular matrix, and foam cells [ 134 ]. Feeding a 
Paigen diet or the more physiological “Western”  diet   (21 % fat, 
0.15 % cholesterol, cholate free) accelerates the development of 
lesions at all stages [ 139 ]. When fed a Paigen diet for 8 weeks, 
apoE−/− mice develop infl ammatory changes in the ventricles and 
the choroid plexus, characterized by lipid deposition, microglial 
activation, and recruitment of leukocytes [ 120 ]. Focal pathologies 
in the brain parenchyma and increased VCAM-1 expression on 
cerebral microvessels were also observed (see also in the infl amma-
tion section below) [ 120 ].  

   LDLR is the principal receptor mediating uptake of LDL via bind-
ing of its major ligand apoB [ 140 ]. LDLR−/− mice develop more 
modest lipid abnormalities relative to apoE−/−  mice   and therefore 
are much more resistant to atherosclerosis on a low-fat chow diet. 
However, when fed with the Paigen or Western diet, LDLR−/− 
can develop intermediate–advanced lesions affecting multiple parts 
of the vasculature after 2–3 months [ 135 ].   

8    General Considerations When Choosing Models of Atherosclerosis 
for Experimental Stroke Studies 

 In view of the various models of atherosclerosis available, several 
factors are likely to be worthy of consideration when selecting a 
model to incorporate in experimental stroke studies. The similarity 
of the model to the human condition is of prime concern. In the 
context of atherosclerosis, the composition of the vascular lesions 
and the lipid profi le are particularly important issues. As described 
above, the vascular pathology and lipid profi les observed in 
apoE−/− and  LDLR−/− mice   fed with modifi ed diets most closely 
refl ect the human disease. Another advantage of these models is 
that the progression to advanced lesions progresses fairly rapidly 
therefore reducing the duration of experiments and associated 
costs in maintenance. However, the use of genetically modifi ed 
mice in combination with dietary modifi cation also introduces 
potentially confounding [ 134 ] variables. For example, there is evi-
dence that the diets themselves may be pro-infl ammatory, and thus 
it may be diffi cult to distinguish between effects caused by athero-
sclerosis itself rather than diet alone. Analogous to this, genetic 
defi ciency in apoE or LDLR may have important consequences 
independent of the induction of atherosclerosis. Notably, apoE has 

7.3  LDLR−/−
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a number of important activities in the CNS including homeostatic 
lipid transport [ 141 ]. In addition, apoE has several neuroprotec-
tive and neuroregenerative features [ 141 ]. For example, the extent 
of brain damage is signifi cantly greater in apoE−/− mice (on regu-
lar chow diet) after a variety of acute brain injuries including focal 
and global cerebral ischemia [ 141 ]. Anti-infl ammatory, antioxi-
dant, and anti-excitotoxic properties have all been described for 
apoE in the brain [ 142 ]. Although LDLR is a major receptor for 
apoE in peripheral tissues, this is not the case in the brain, where 
receptors such as LDLR-like protein ( LRP  ) and apoE receptor 2 
(apoER2) are the predominant transducers of apoE signaling 
[ 143 ]. The use of LDLR−/− mice may therefore avoid some of the 
complications associated with apoE−/− mice since CNS apoE sig-
naling pathways may be less severely compromised. Regardless, 
potential complications in interpreting results from studies com-
bining genetic and/or dietary models of atherosclerosis with 
experimental stroke will require the inclusion of multiple strain and 
diet control groups. If these are adequate, then it should be pos-
sible to extract meaningful conclusions from such studies. Aside 
from these design issues, an important practical consideration 
relates to the potential disruption of atherosclerotic lesions if stroke 
is induced by fi lament advancement along the internal carotid 
artery. Although a full characterization of vascular pathology in the 
carotid and intracranial arteries is lacking, it is conceivable that fi la-
ment advancement could dislodge atheromatous material, thus 
generating emboli-like particles which could complicate occlusion 
uniformity. It is also challenging to identify the exact mechanisms, 
which contribute to the outcome in complex comorbid animal 
models of atherosclerosis that commonly involve dyslipidemia, 
insulin resistance, obesity, and/or hypertension. Corpulent rats are 
obese, but also develop insulin resistance and atherosclerosis as 
they age, and similar considerations apply to most DIO models. It 
is also likely that different comorbidities interact and hence could 
shape infarct evolution and overall outcome via diverse actions. For 
example, synergistic effects of high blood cholesterol and hyper-
tension have been reported on leukocyte and platelet recruitment 
in the cerebral microcirculation [ 144 ].  

9     Aging   

 Since the incidence of stroke is higher in the elderly population 
compared to young people, it may be tempting to hypothesize that 
aging per se could facilitate stroke occurrence and/or impair out-
come. It is, however, very diffi cult to separate the effect of age itself 
from many of its frequent peripheral or central comorbidities such 
as obesity, diabetes, hypertension, arteriosclerosis, or the presence 
of microhemorrhages and senile plaques in the brain. The use of 
aged animals (especially rodents) in experimental models of stroke 
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may not perfectly refl ect the human situation due to life span, 
strain, and gender differences and many other confounding fac-
tors. Nevertheless, several data have indicated similar effects of 
aging regarding infarct size, maturation, and vascular and neuronal 
damage between patients and experimental animals. 

 It is known that in humans, cerebral blood vessels undergo 
profound changes with aging including the reduced capillary den-
sity and formation of thickened and fi brotic basement membranes. 
Endothelial cells exhibit a reduced number of mitochondria, and 
in pericytes (which regulate capillary constriction similarly to 
smooth muscle cells in larger vessels) degenerative processes are 
seen. In the aging human cortex, microhemorrhages become fre-
quent, identifi ed by their content of hem, red blood cells, collagen, 
and clotting factors and their spatial relationship to capillaries [ 145 , 
 146 ]. Similarly, vascular density, arteriole–arteriole anastomoses, 
and basal blood fl ow decrease with age in rats [ 147 ], and structural 
changes are seen in basal lamina and endothelial cells [ 148 ]. In 
mice, aging markedly alters transcriptional responses in the brain 
after stroke affecting genes involved in infl ammatory responses, 
oxidative stress, cell cycle activation and/or DNA repair, apopto-
sis, cytoskeleton reorganization, gliosis, synaptic plasticity, and/or 
neurotransmission [ 149 ]. 

 Experimental stroke generally (although not uniformly) reveals 
many factors which are altered in aged rodents. In aged rats, 
increased mortality rate, but similar recovery and infarct volume 
were found [ 150 ]. Another study showed that aged rats suffer 
larger infarctions, reduced functional recovery, and increased BBB 
disruption that precede observable neuronal injury [ 151 ]. Aging 
has been shown to reduce hypoxia-induced microvascular growth 
in the rodent hippocampus [ 152 ]. Basal neurogenesis is impaired 
in the subgranular and subventricular zones of aged animals, 
although the magnitude of striatal neurogenesis after stroke is sim-
ilar in young and old animals [ 153 ]. Spontaneous hypertensive rat 
(SHR) models revealed larger infarcts in aged (18–22 months old) 
animals after photothrombotic distal MCAo compared to adults 
[ 154 ], and ischemic neuronal damage in the hippocampus and 
striatum was produced by 20 min of transient global ischemia in 
aged but not in adult rats [ 155 ]. 

 Infarct size was found to increase with aging in female mice, 
whereas male mice had decreased damage after MCAo, which cor-
related with blood–brain barrier permeability changes. Interestingly, 
edema formation was less profound in aging mice, independent of 
sex and extent of histologic damage [ 156 ]. 

 These examples may indicate that depending on the ischemic 
model used, species, strain, or gender differences, the observable 
effect of aging can be largely different. This may require much 
more comprehensive studies in the future to understand the key 
elements of the process of aging on damage formation, infl amma-
tion, and recovery.  
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10    Infl ammation and Infection: Risk Factors and Disease Consequences 

 To satisfactorily model infl ammation and infection as risk factors in 
experimental stroke, it is important to understand the initiation, 
maintenance, and termination of both central and peripheral 
infl ammatory changes, with special respect to their interactions in 
cerebral ischemia. These processes can occur simultaneously in 
stroke, but the root causes may have started decades before their 
 consequences  are observed in the clinical practice; hence this area of 
experimental research is fraught with confounding factors. 

 Infl ammation is a highly complex and normally well- 
coordinated biological response of vascular tissues to harmful stim-
uli. Typically, in peripheral tissues, acute infl ammation induced by 
pathogen invasion or tissue injury includes a sequence of events 
aimed at eliminating deleterious agents and helping wound- healing 
processes. Several elements of this reaction contain partially 
stimulus- specifi c components (e.g., the activation of certain toll- 
like receptors, which can recognize given pathogen-associated 
 patterns), and also many common features, such as the dilation of 
local blood vessels and activation recruitment of leukocytes, release 
a wide range of active peptide and non-peptide mediators in 
infl amed tissues. While uncontrolled or prolonged infl ammation 
can be highly detrimental in the periphery, its consequences may 
even be more serious in the brain, where anti-infl ammatory and 
reparative processes would never result in complete recovery 
because of the very limited replacement of damaged neurons. 

 Many elements of cerebral ischemia-induced infl ammatory 
changes in the brain are very similar to the general pattern of the 
peripheral infl ammatory response. The early central infl ammatory 
events include the production of reactive oxygen species (nitric 
oxide, superoxide) and expression of proteolytic enzymes ( MMP- 
9  ,  MMP-2  ), pro-infl ammatory  cytokines   ( IL-1β  , TNF- α  ,  IL-6  ), 
chemokines (CINC-1, KC,  MCP-1  , MIP-1α), and vascular  adhe-
sion molecules   ( ICAM-1  ,  P-selectin  ,   l -selectin  ). Activation of resi-
dent glial cells (astroglia, microglia) and early infi ltration of 
granulocytes followed by  monocytes  ,  macrophages  , and other 
hematogenous cells are observed within hours to weeks after 
experimental stroke [ 60 ,  123 ,  129 ,  157 – 160 ].  

11    Inhibition of Infl ammation Is Protective in Most Experimental 
Models of Stroke 

 Because central infl ammatory processes in stroke are associated 
with the disruption of the BBB and the formation of the ischemic 
damage, it is not easy to decide whether these changes are conse-
quences of the cerebral ischemic event itself or indeed contribute to 
damage formation. This may be one of the reasons why stroke has 
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long been considered as a neurological disorder and the potential 
effect of systemic factors was largely neglected. In line with this, 
several studies that showed neuroprotection after cerebral ischemia 
by inhibiting certain components of the infl ammatory response 
failed to convincingly demonstrate whether this effect was centrally 
or peripherally mediated. In fact, inhibition or deletion of pro-
infl ammatory cytokines [ 161 ,  162 ], chemokines [ 163 ,  164 ],  che-
mokine receptors   [ 165 ,  166 ], treatment with tetracycline derivatives 
[ 167 ], etc., have all been shown to be protective in experimental 
rodent models of focal cerebral ischemia. One can also ask why such 
a robust infl ammatory response is initiated in response to cerebral 
ischemia if it is harmful to the organism. Does postischemic infl am-
mation involve similar mechanisms and/or effects in the periphery 
and in the brain? Although several reports showed that oxidative 
stress and recruitment of infl ammatory cells are harmful mainly in 
stroke, superoxide-initiated infl ammation and monocyte recruit-
ment seem crucial for peripheral, fl ow- or ischemia-mediated vascu-
lar remodeling [ 168 ,  169 ]. May modest and well-controlled 
infl ammation facilitate processes of repair? For example, inhibition 
of  matrix metalloproteinases   in several rat or mouse MCAo models 
reduced damage size, brain edema formation, and neuronal  apop-
tosis   [ 147 ,  170 ,  171 ], but facilitated cell death in intracerebral 
hemorrhage [ 172 ] or inhibited neuronal progenitor cell migration 
after photothrombotic ischemia in mouse [ 173 ]. These examples 
indicate that development of more appropriate animal models, tis-
sue- and cell-specifi c deletion, and inhibition or overexpression of 
infl ammatory mediators will be essential for a deeper understanding 
of underlying infl ammatory mechanisms in stroke. 

 Infl ammatory processes may differ between species and strains 
because of the differences in peripheral leukocyte populations, 
cerebral vasculature, size of the brain, kinetics of aging, etc.; there-
fore in the future, it may be advantageous to study cerebral isch-
emia more frequently in large mammals such as sheep [ 174 ] or 
swine [ 175 ]. However, the availability and cost of animals may 
limit the number of these kinds of experiments.  

12    Systemic Infl ammation and Infection: The Need for Appropriate 
Experimental Models 

 Infl ammation is elicited as a defense mechanism against infectious 
agents but is not necessarily caused by infection. The co- occurrence 
of these factors and the large overlap between the expression of 
infection-induced and ischemia-induced mediators create many 
confounding effects in clinical practice and in experimental stroke 
research. Preexisting infection or systemic infl ammation may 
induce and is very likely to affect cerebral ischemia, and relevant 
experimental models are crucial to understand the underlying 
mechanisms. In patients, acute and chronic infection can be a 
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trigger of stroke, and preceding infection worsens stroke outcome. 
Furthermore, poststroke infections affect clinical outcome [ 176 ]. 
Respiratory and  urinary tract infections   are the most common 
types of infection preceding stroke after adjustment for age and 
conventional vascular risk factors [ 177 ,  178 ]. 

 To date, the effect of systemic infl ammation and infection on 
experimental cerebral ischemia has been largely ignored in experi-
mental research. Similarly, the effect of cerebral ischemia on the 
induction or modulation of peripheral infl ammatory processes has 
also been overlooked. It is now established that cerebral ischemia 
itself induces a rapid, but often prolonged peripheral infl ammatory 
response. The level of pro-infl ammatory cytokines such as IL-6, 
IFNγ, and MCP-1 becomes elevated in the plasma within hours 
and may remain elevated for several days in stroke patients and for 
1–3 days in animals with experimental stroke. This is accompanied 
by the induction of chemokines and chemokine receptors in 
peripheral organs: long-term elevation of acute-phase proteins and 
white blood cell count in the circulation [ 179 ,  180 ]. It is reason-
able to ask how these processes are mediated and what the conse-
quences of the activation of the peripheral infl ammatory response 
on central infl ammatory changes in stroke are. 

 It is crucial to reveal the mechanisms of peripheral infl amma-
tory changes in ischemic damage formation and to understand 
how a preexisting infl ammatory event can modulate all these pro-
cesses in different experimental models. For example, depletion of 
neutrophils in the periphery showed that these cells are a major 
source of oxygen radicals during reperfusion after focal cerebral 
ischemia in the rat MCAo model [ 181 ]. Systemic infl ammatory 
stimulus induced by intraperitoneal lipopolysaccharide (LPS) or 
IL-1β administration exacerbates brain damage via a neutrophil- 
dependent mechanism in a mouse MCAo [ 182 ] and alters the 
kinetics of cerebrovascular tight junction disruption through 
neutrophil- derived MMP-9 [ 183 ]. Therefore, studies using young, 
healthy animals with no additional infl ammatory diseases may 
underestimate the impact that systemic factors have on patients 
with multiple  comorbidities  . 

 Recently established rodent models of systemic infl ammation 
and infection show worse outcome after stroke, which is reversed 
by anti-infl ammatory interventions. Blockade of IL-1 actions 
reversed brain infl ammation associated with diet-induced athero-
sclerosis in apoE−/− mice [ 184 ]. Blockade of IL-1 receptor 1 
(IL-1R1)-mediated signaling by IL-1 receptor antagonist (IL-1Ra) 
reduced infarct size, BBB injury, and infl ammation in aged corpu-
lent rats [ 121 ]. Chronic Th1-type polarization of the immune 
response induced by a nematode,  Trichuris muris , leads to pro-
longed brain infl ammation, increased platelet aggregation in cere-
bral microvessels, larger infarct size, and worse neurological 
outcome, which is reversed by blocking the pro-infl ammatory che-
mokine CCL5 (RANTES). The same infection regimen was found 
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to increase infarct size synergistically with aging in mice [ 185 ]. 
RANTES was also found upregulated in the brain after stroke in 
mice with preceding infl uenza virus infection, which was associated 
with larger brain injury. Interestingly, tPA administration resulted 
in increased incidence of brain hemorrhage in infl uenza virus- 
infected animals [ 186 ]. Preceding pulmonary infection by a 
human,  Streptococcus pneumoniae  isolate resulted in larger brain 
injury after experimental stroke, which was reversed by the IL-1Ra 
and blockade of platelet glycoprotein Ibα [ 187 ]. Collagen-binding 
 Streptococcus  mutans also aggravate cerebral hemorrhage in mice 
after stroke [ 188 ]. These results indicate that infl ammatory mecha-
nisms associated with common stroke comorbidities are likely to 
be causal factors in outcome after stroke and anti-infl ammatory 
interventions could be therapeutically advantageous, especially in 
patients with high systemic infl ammatory burden. 

 Another aspect of the peripheral changes caused by cerebral 
ischemia is the induction of profound immunosuppression, both in 
patients and in experimental animals. These changes include splenic 
atrophy, reduced B- and T-cell counts and proliferation, and 
reduced pro-infl ammatory protein expression by blood cells [ 180 , 
 189 ,  190 ]. The underlying mechanisms may be similar to those 
leading to systemic immunodepression after brain trauma [ 191 ]. It 
is not surprising that stroke-associated pneumonia is an important 
independent contributor to poor outcome in patients [ 192 ,  193 ]. 
Experimental rodent models have been established to reveal the 
potential mechanisms and to fi nd therapeutic targets. In a mouse 
model of focal cerebral ischemia, extensive apoptotic loss of lym-
phocytes and a shift from T-helper  cell   (Th)1 to Th2 cytokine pro-
duction were observed, and animals developed spontaneous 
septicemia and pneumonia [ 194 ]. Preventive antibacterial treat-
ment improved the general medical and neurological outcome 
[ 195 ]. It seems therefore that several parameters have to be taken 
into consideration for the experimental design to model the clini-
cal situation because the interaction between ischemic and immune 
processes seems highly complex. 

 Due to the large overlap between infl ammatory changes 
induced by ischemia and infection, in complex experimental mod-
els, it may be very diffi cult to interpret results and to dissect mech-
anisms. Several chemokines and pro-infl ammatory cytokines, 
which become activated after stroke in the brain or in the periphery 
[ 179 ,  180 ], are expressed in response to viral [ 196 ] and systemic 
bacterial infections [ 197 ]. In addition, pathogen detecting sensors 
such as toll-like receptors ( TLRs  ) and  NOD-like receptors  , acti-
vated by viral- [ 196 ] or microbial-derived molecules [ 198 ], not 
only recognize various self-ligands such as heat-shock proteins 
[ 199 ] or extracellular matrix components [ 171 ] but also function 
as endogenous damage sensors, becoming activated during neuro-
infl ammation and stroke [ 200 ,  201 ], and play a role in the 
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production of cytokines such as IL-1β [ 196 ]. In line with this, 
mice lacking either functional TLR4 [ 202 ] or TLR2 [ 203 ] are less 
susceptible to transient focal cerebral ischemia and reperfusion 
damage. Unfortunately, only very few studies have been performed 
on gnotobiotic animals to date; continued research could give fur-
ther insights to the potential effects of the endogenous fl ora. 
Nevertheless, recent data indicate that the gut microbiota controls 
the maturation and function of microglia in the CNS and infl u-
ences blood–brain barrier permeability in mice [ 204 ,  205 ]. 

 Timing can be another confounding factor in modeling the 
effects of infl ammation or infection in experimental stroke research. 
As discussed above, acute or chronic (systemic) infl ammation may 
worsen the outcome after stroke, but preconditioning with  LPS   or 
pre-activation of TLRs may be protective through mechanisms 
similar to ischemic tolerance. These events are most likely medi-
ated through the hyporesponsiveness or reprogramming of TLR- 
mediated signaling [ 206 ,  207 ]. 

13  Infl ammation is associated with most known comorbidities. 

 Interestingly, many comorbidities associated with stroke (such 
as diabetes, atherosclerosis or obesity) involve infl ammation. For 
example, adipose tissue is now recognized as an abundant source of 
infl ammatory mediators, and obesity is now considered a state of 
chronic infl ammation with signifi cantly elevated systemic levels of 
various cytokines, including tumor necrosis factor-α and interleu-
kin- 6. Infl ammation is strongly implicated in the development and/
or progression of insulin resistance/diabetes, hypertension, and 
vascular disease—key factors increasing stroke susceptibility—in 
obese individuals [ 208 – 210 ]. Markers indicative of an increased 
prothrombotic tendency (e.g., increased levels of von Willebrand 
factor, plasminogen activator inhibitor-1) are also evident in obese 
individuals [ 210 ,  211 ]. Infl ammatory mediators such as TNF-α 
promote pro-coagulatory mechanisms and inhibit antithrombotic 
mediators [ 212 ], suggesting that increased infl ammation in obesity 
could cause a shift from anti- to prothrombotic status, thus favoring 
the development of a “stroke-prone” state. Similarly, atherosclero-
sis is a chronic infl ammatory disorder that primarily affects large- 
and medium-size arteries at sites of disturbed blood fl ow [ 213 ]. 
Atherosclerotic lesions consist of endothelial cells,  vascular smooth 
cells,   and various immune cells including T lymphocytes and mono-
cytes and macrophages [ 214 ]. These cells, in concert with a diverse 
array of soluble infl ammatory mediators, modifi ed lipids, and pro-
teases, drive the progression of plaques from a relatively benign to 
highly unstable state prone to rupture. Plaque instability and rup-
ture trigger thrombosis and intravascular occlusion, leading to 
stroke. The contribution of infl ammatory mediators to the 

Modeling Risk Factors and Confounding Effects in Stroke



112

initiation or progression of these common comorbid conditions 
affecting stroke patients suggests that infl ammation is a more 
important contributor to the incidence and consequences of stroke 
in clinical reality than it is in experiments undertaken to date. Recent 
data show that a preexisting infl ammatory state resulting from acute 
(e.g., infection) or chronic (e.g., atherosclerosis) infl ammatory con-
ditions modifi es the peripheral and central infl ammatory processes 
prior to and after the onset of cerebral ischemia [ 182 ,  183 ] (see the 
following review articles for further details [ 215 ,  216 ]). 

 Beyond providing potential mechanisms for the interaction of 
systemic infl ammation with stroke, the examples above also high-
light some of the technical considerations and diffi culties involved 
in experimental models. As peripheral infl ammation may modify 
the expression of infl ammatory mediators in the infl amed CNS, 
cerebral ischemia may increase or blunt infection-induced changes 
in the periphery. The examination of multiple organs, evaluation in 
various time points after ischemia, and systems biology approaches 
can therefore be of great importance for achieving a more com-
plete understanding.  

14    Conclusions 

 Our failure to adequately model the factors which cause a stroke 
and contribute to the outcome in experimental studies may have 
been a signifi cant factor in the failure of potentially promising ther-
apeutic interventions. It is clear from laboratory studies that fac-
tors such as obesity, diabetes, atherosclerosis, and age have a 
profound effect on ischemic brain injury in rodents. But their 
inclusion in experimental studies is not without problems. Many of 
the methods used to induce such conditions have confounding 
effects. We rarely study spontaneous stroke caused by the factors 
which are known to predispose humans to stroke, and few studies 
have assessed the effects of multiple interventions, for example, to 
mimic the cocktail of treatments applied to many patients. In spite 
of these diffi culties, it seems clear that wider use of animal models 
with comorbidities is important for future research on stroke.     
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    Chapter 10   

 Effect of Anesthesia in Stroke Models                     

     Richard     J.     Traystman      

  Abstract 

   Many investigators have examined or are examining the effects of focal and global cerebral ischemia on 
brain physiology, chemistry, genetics, molecular aspects, and function. Many animal and cellular models 
are utilized for these types of studies. However, anesthetics must be used for in vivo studies or at least in 
most animal models of cerebral ischemia. In many of these studies, there has been an intensive search for 
agents that are neuroprotective for cerebral ischemia. The use of anesthetics may complicate the issues 
relating to neuroprotection because many anesthetics themselves may possess neuroprotective or neuro-
toxic characteristics. This chapter addresses the more commonly used anesthetics for the study of cerebral 
ischemia. At the conclusion of the chapter, the issues related to why anesthetics have not been successfully 
used in humans as neuroprotective agents are discussed.  

  Key words     Volatile and nonvolatile anesthetics  ,   Focal and global cerebral ischemia  ,   In vivo animal 
stroke models  ,   Cerebral neuroprotection  ,   Anesthetic neurotoxicity  ,   Anesthetic mechanisms of action  

1       Introduction 

 Focal (stroke)    and global (cardiac arrest)  cerebral ischemia   are 
major causes of death and disability and have been extensively inves-
tigated over the past fi ve decades. Despite much animal work con-
cerning brain tissue injury and identifying the multiple mechanisms 
by which  focal   and global cerebral ischemia produce neuronal 
injury, little of this work has been translated to effective treatment 
modalities in humans with ischemic injury. One possible reason for 
this may be that several important mechanisms of injury have been 
identifi ed, and these mechanisms may be overlapping, making the 
issue of mechanisms extremely complex. Also, some mechanisms of 
injury may be critical in certain  species   but not in others, so certain 
heavily studied mechanisms of injury in  rodents  , for example, may 
be relatively unimportant in humans. Different brain areas may also 
have different mechanisms further complicating the issue. Some 
mechanisms of injury from ischemia that have been heavily studied 
are production of oxygen free radicals, lipid peroxidation, release of 
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 excitatory amino acids    (glutamate and aspartate), involvement of 
ionic pumps for Ca 2+  and Na + , acidosis, alterations in brain blood 
fl ow and metabolism,  hyperthermia  , involvement of genes and gene 
products, and others. The notion of protecting neurons from injury 
( neuroprotection  ) is not an innovative concept and is not new. 
Many purported neuroprotective agents (such as  anesthetics  ,  free 
radical scavengers  , excitatory amino  acid   antagonists, Ca 2+  channel 
blockers), ionic pump modulators, antineutrophil and platelet fac-
tors, growth factors,  hypothermia  , and, more recently, manipula-
tion of genes and gene products, and sex steroids have been 
investigated for years. Some of these have demonstrated varying 
degrees of success in certain  species   of animals, but none of these 
have been successful in humans, with the possible exception of 
 hypothermia  . The goal of this chapter is to discuss the most promi-
nently used  anesthetics   in models of  cerebral ischemia   and their 
complicating role as neuroprotectants and/or neurotoxic agents. 
Finally, at the end of the chapter, we discuss the potential reasons 
why anesthetics and other pharmacologic agents have demonstrated 
little usefulness as neuroprotectants in humans following focal and 
global  cerebral ischemia  .  

2       Anesthetic    Neuroprotection   

 Clinical observations showing that patients under  general anesthe-
sia   are more tolerant of  cerebral ischemia   than unanesthetized 
patients [ 1 ] led to the idea that anesthetics may have an impact on 
 brain injury   following hypoxia or  cerebral ischemia  . Anesthetics 
have many mechanisms of action that have been associated with 
neuroprotection. These include: inhibition of spontaneous depo-
larization [ 2 ],  cerebral blood fl ow   redistribution [ 3 ,  4 ], antioxi-
dant potential [ 5 ,  6 ],  NMDA   receptor antagonism [ 7 ,  8 ], and 
 GABA   potentiation [ 9 – 13 ].  Anesthetic neuroprotection   could be 
important, particularly in patients undergoing  carotid endarterec-
tomy  , cardiac bypass, open-heart surgery, etc., and other proce-
dures known to lead to  cerebral ischemia  . Should anesthetics be 
found to have neuroprotective attributes, it will be critical to know 
which anesthetic provides the greatest protection, when it should 
be administered, and whether that anesthetic could be used to 
improve overall outcome from focal and global  cerebral ischemia  . 

 Numerous manuscripts have appeared in the literature over the 
past fi ve decades evaluating how different anesthetics affect neuro-
logical outcome from an ischemic or hypoxic insult in both in vitro 
and in vivo model systems. Many of these studies describe out-
come related to neurologic examination or brain histopathology, 
whereas others evaluate cerebral hemodynamic or metabolic 
aspects of the brain following ischemia with different anesthetics. 
Unfortunately, most of these reports have compared different 
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anesthetics with other anesthetics already present in the  animal 
model  , making any interpretation of the effect of any one anes-
thetic diffi cult or impossible. Few studies have compared the  effi -
cacy   of anesthetics with the unanesthetized state, and even fewer 
have evaluated the effects of anesthetics as neuroprotectants when 
administered following the onset of ischemia or  reperfusion  . 

 In considering the neuroprotective properties of anesthetics in 
 cerebral ischemia  , it must be remembered that each anesthetic has 
its own effect on the cerebral vasculature, brain metabolism, brain 
electrophysiology ( evoked potentials  ),  temperature  , blood pres-
sure, and other physiological parameters. In turn, each of these 
factors may have effects on neuroprotective cascades concerned 
with neuroprotective mechanisms. Thus, these aspects may con-
found the true effects of anesthetics on protection mechanisms 
with ischemia. For example,  barbiturates   decrease  cerebral blood 
fl ow   ( CBF)   ,  cerebral metabolism      (CMRO 2 ), and  somatosensory   
evoked  potential   (SEP) amplitude and increase SEP latency. 
However,  halothane   increases  CBF   but decreases CMRO 2  and 
SEP amplitude while increasing SEP latency.  Fentanyl   decreases 
CBF and CMRO 2 , and  ketamine   increases CBF but has variable 
effects on CMRO 2 . Thus, these basic physiological effects of differ-
ent anesthetics could also alter their neuroprotective potential fol-
lowing focal or global  cerebral ischemia  . 

 The question of whether anesthetics actually protect the brain 
from cerebral ischemia is undetermined. Many studies in the litera-
ture evaluating many anesthetic agents have attempted to answer 
this question, but no clear “winner” has emerged. There are sev-
eral appropriate mechanistic reasons why anesthetics should be 
effective as neuroprotectants, but evidence demonstrating  anes-
thetic neuroprotection   is extremely contradictory. Some investiga-
tors have shown positive neuroprotective effects of anesthetics in 
 cerebral ischemia   while others have not. Others have not been able 
to reproduce previously obtained positive data in the same or dif-
ferent animal or in vitro models. And still others have demon-
strated that some anesthetics actually produce worse outcome after 
ischemic events and are neurotoxic, not neuroprotective. 
Investigators studying anesthetics as neuroprotective agents have 
utilized many animal  species  , including humans, and many differ-
ent models, including  middle cerebral artery occlusion  ,  carotid 
ligation  , cardiac arrest, neck tourniquet, air emboli, and  carotid 
endarterectomy  ; however, the answer to the question of whether 
 anesthetic neuroprotection   exists remains elusive. Another addi-
tional aspect of anesthetic neuroprotection is that of  anesthetic 
preconditioning   [ 14 – 16 ]. Previous exposure of the brain to a vari-
ety of insults, chemical or pharmacological agents, can precondi-
tion or increase the brain’s tolerance to future, more injurious 
events. Exposure of  rodents   to clinical concentrations of volatile 
 anesthetic   agents increases tolerance of the brain to subsequent 
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ischemic insults [ 17 ,  18 ], and this tolerance (preconditioning) has 
also been demonstrated in in vitro models [ 19 ]. Many potential 
mechanisms have been proposed to account for  anesthetic precon-
ditioning  , and while many overlap with those proposed for  anes-
thetic neuroprotection  , it is likely that multiple mechanisms are 
involved and anesthetic preconditioning appears to occur almost 
immediately [ 18 ]. Thus, anesthetic preconditioning mechanisms 
are complex and likely overlap with the standard proposed mecha-
nisms of anesthetic neuroprotection. These potential mechanisms 
may involve: Akt activation which can control the balance between 
survival and death signaling in the brain [ 15 ,  20 – 22 ]; nitric  oxide   
(NO) [ 15 ,  18 ,  23 ]; opening of  KATP channels  , which alters oxy-
gen radical production, reduces  mitochondrial   Ca 2+  accumulation, 
and increases  mitochondrial   energy production [ 24 – 26 ]; adenos-
ine Al receptor activation that could trigger  KATP channel   activa-
tion leading to the development of cerebral  ischemic tolerance   
[ 27 ]; activation of p38 MARK [ 28 ]; inhibition of glutamate release 
[ 29 ,  30 ]; and others [ 14 ,  15 ]. 

 The point of this brief discussion is to indicate that the poten-
tial mechanisms of  anesthetic neuroprotection   and  anesthetic pre-
conditioning   may be quite similar and overlapping. This makes 
understanding of neuroprotection and preconditioning extremely 
complex, and for investigators utilizing  cerebral ischemia    animal 
models  , which necessitate the use of one or more anesthetics, 
aspects of drug dose, timing of anesthetic administration, and pre-
conditioning duration should be taken into consideration. All of 
these issues may alter the interpretation of data obtained. 
Nevertheless, there is great interest in  anesthetic neuroprotection   
and preconditioning as it relates to clinical situations that can result 
in brain hypoxia or ischemia. Anesthetic neuroprotection and pre-
conditioning of the brain may prevent or even delay neurological 
complications involving  cerebral ischemia  , thus expanding the 
therapeutic window for other prospective pharmacological neuro-
protective agents.    

3      Nonvolatile Anesthetics   

   Barbiturates have been investigated as neuroprotective agents for 
almost fi ve decades [ 31 – 33 ] mainly because they possess important 
characteristics of promising neuroprotective therapeutic agents 
such as  reduction   of  cerebral metabolism   [ 34 ], reduction of cere-
bral  edema   formation [ 35 ], reduction of  intracranial pressure   [ 36 ], 
and reduction of seizure activity [ 37 ]. Barbiturates also improve 
the ratio of cerebral oxygen supply to demand [ 38 ], improve the 
cell energy charge [ 39 ], improve cyclic AMP stores [ 40 ], and 
increased accumulation of free fatty acids [ 41 ], all important char-
acteristics of pharmacological agents that might be of therapeutic 

3.1    Barbiturates  
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use. Thus, the simple strategic usefulness of barbiturates as 
neuroprotective agents is that only  reduction   in brain metabolism 
would allow the brain to withstand a period of impaired energy 
and oxygen supply as would occur in an ischemic event [ 42 – 45 ]. 

 The work with barbiturates has had a checkered history in 
determining whether they are, or are not, neuroprotective. The 
early work [ 31 – 33 ] demonstrating possible  neuroprotection   was 
unfortunately fl awed. Ischemic duration to produce neurological 
injury was longer in barbiturate-treated animals, and in other ani-
mals, they had been treated additionally with chloralose anesthesia. 
Other issues could also have biased the interpretation of the 
obtained data such as the investigators not having been blinded to 
the treatment groups and the control group having had signifi cant 
surgical procedures and ischemia with light or minimal anesthesia. 
The resulting elevated catecholamine levels in this group could have 
altered the ability of the control animals to tolerate ischemia. There 
is also the matter of lack of control of  temperature  , blood pressure, 
 glucose  , and other physiological parameters in these animals. These 
points may have led to the confl icting data obtained [ 10 ,  46 ]. 

 In 1978, exciting work in  monkeys   demonstrated that barbitu-
rates ameliorated neurological damage after global  cerebral isch-
emia   [ 47 ]. Because of the positive nature of the  monkey   study, a 
clinical study was designed to determine the  effi cacy   of barbiturates 
in patients following cardiac arrest [ 48 ]. This clinical trial resulted 
in a negative outcome although it stimulated additional studies to 
be undertaken in this area. Other investigators, using more sophis-
ticated  experimental designs  , were unable to confi rm the early 
positive results showing that barbiturates were effective neuropro-
tective agents following  cerebral ischemia   in  dogs   [ 46 ,  49 ] or  cats   
[ 37 ]. More importantly, the same investigators that showed posi-
tive results in  monkeys   were unable to reproduce those results in 
the same monkey model [ 50 ]. Nevertheless, a subsequent  ran-
domized clinical trial   was performed concerning  thiopental   load-
ing in comatose survivors of cardiac arrest [ 51 ], and the authors 
concluded that “no support was found for the  hypothesis   that 
high-dose thiopental loading improves neurologic recovery after 
prolonged global  brain ischemia  .” 

 The neuroprotective effects of barbiturates in focal  cerebral 
ischemia   are less controversial than in  global ischemia   although the 
outcome is not absolutely clear. Many investigators have demon-
strated barbiturate  neuroprotection   in permanent and transient 
focal cerebral ischemia [ 52 – 59 ], although this is not a universal 
fi nding [ 60 ]. There had been some controversy as to whether bar-
biturates were actually neuroprotective themselves or whether the 
resulting neuroprotection occurred because of the associated 
 hypothermia   [ 61 ]. This idea has mostly been put to rest by studies 
that rigorously controlled  temperature   and still demonstrated bar-
biturate  neuroprotection  , although the magnitude of the effect 
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was less than previously thought. Other possible mechanisms by 
which barbiturates produce protection are redistribution of  cere-
bral blood fl ow   [ 62 ], Na + -channel and glutamate receptor block-
ade [ 63 ,  64 ], inhibition of Ca 2+  infl ux [ 65 ], inhibition of free 
radical formation [ 66 ], and potentiation of GABAergic activity 
[ 67 ]. Thus, because there is so much confl icting data in the litera-
ture and because the clinical trials of  neuroprotection   with barbitu-
rates are negative, over the past few years, interest in barbiturates 
as neuroprotective agents has subsided.   

   Propofol (2,6-diisopropylphenol) has a very favorable pharmacoki-
netic profi le, which makes it a popular short-acting  anesthetic   agent. 
It, like  barbiturates  , reduces  cerebral blood fl ow   and metabolism and 
relaxes the brain [ 59 ,  68 ]. Propofol exerts its sedative, hypnotic, and 
amnesic effects by interacting with a site on the GABAA receptor, 
potentiating currents elicited by  GABA  , increasing agonist  effi cacy  , 
and opening the GABAA receptor Cl −  channel in the absence of 
GABA [ 69 ,  70 ]. Propofol also inhibits  NMDA   receptors [ 71 ] and 
has a structural analogy with the antioxidant vitamin E [ 72 ]. It also 
acts as an antioxidant, scavenges free radicals, and decreases lipid per-
oxidation [ 5 ,  73 ]. Although these important characteristics of propo-
fol would make it an excellent candidate as a neuroprotectant, the 
neuroprotective qualities of propofol are very controversial [ 45 ,  59 , 
 74 – 76 ]. Many investigators have demonstrated neuroprotective 
effects of propofol in focal  cerebral ischemia   [ 77 – 83 ] or in vitro [ 84 ]; 
others, however, have failed to demonstrate  neuroprotection   [ 75 , 
 85 ,  86 ]. Finally, it has been demonstrated that propofol has neuro-
protective effects (up to 3 days post-ischemia), but after 3 weeks this 
protection disappeared [ 87 ]. Thus, propofol may delay, but not pre-
vent, cerebral infarction following  focal ischemia  . Thus, its neuropro-
tective effect is not sustained. 

 In addition, it has been well demonstrated that propofol may 
exert a signifi cant neurotoxic effect [ 75 ,  88 – 90 ]. This effect was 
observed in a cell culture model in which propofol resulted in cell 
death in CA3 and dentate. The precise mechanism by which propo-
fol induces neurotoxicity is not well understood; however, it has 
recently been demonstrated that microRNA-21 [ 91 ], p75 neuro-
trophin receptors [ 90 ], caspases [ 92 ], and STAT3 [ 91 ] may be 
involved.  Rodent   and  primate   models have also shown that propofol 
induces neuro apoptosis   [ 90 ,  93 ]. There has been no major clinical 
study demonstrating that propofol may be a better neuroprotective 
agent than other  anesthetics   following  cerebral ischemia  . In one 
small clinical study [ 94 ] comparing propofol with isofl urane anes-
thesia during coronary artery bypass surgery, no difference in neuro-
psychological performance was observed after the intervention, and 
there was an increase in a surrogate marker for neuronal injury 
( S100B  ) in the propofol group. So, whether propofol acts to result 
in  neuroprotection   or neurotoxicity remains unclear .  

3.2    Propofol  
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   Ketamine is an  NMDA   receptor antagonist and has anti- excitotoxic 
and antiapoptotic properties [ 95 – 99 ]. It also can stimulate the 
 sympathetic nervous system   and thereby preserve  cerebral perfu-
sion pressure   [ 100 ] and reduce vasoactive drug requirements 
[ 101 ]. Ketamine has been shown to increase cerebral metabolic 
 rate   for O 2 ,  cerebral blood fl ow  , and  intracranial pressure   [ 102 ]. 
Ketamine is also known to suppress the infl ammatory response to 
surgery systemically and in the central nervous system [ 103 ,  104 ]. 
These mechanistic characteristics of ketamine would indicate that 
ketamine has neuroprotective qualities. Indeed, a number of inves-
tigators have demonstrated ketamine to be neuroprotective in a 
variety of cerebral injury models [ 95 ,  96 ,  105 – 118 ]; however, oth-
ers have demonstrated no benefi cial effects [ 119 ,  120 ] or even 
toxic effects [ 97 ,  121 – 126 ], especially in young or developing ani-
mals. The potential neuroprotective effect of ketamine may occur 
via several mechanisms: inhibition of glutamate receptors [ 58 ], 
interfering with the infl ammatory response to injury [ 127 ,  128 ], 
and blockade of the  NMDA   receptors [ 117 ]. 

 While ketamine has certain features which would make it a 
good neuroprotective candidate, it also possesses certain features 
that would make it a good candidate to produce toxic effects or at 
least fail to produce  neuroprotection  . Ketamine can produce an 
increase in  intracranial pressure   [ 129 ] by dilating cerebral blood 
vessels through activation of the cholinergic vasodilator system 
[ 130 ]. Ketamine may also increase  cerebral metabolism   and thus 
increase  cerebral blood fl ow   [ 131 ,  132 ]. Of course, these physio-
logical characteristics could not account for the neurotoxic effects 
of ketamine observed in cell culture models. Two other character-
istics of ketamine are of interest: one is that ketamine appears to 
show neuroprotective effects only in very high doses [ 105 ,  107 , 
 126 ,  133 ], and the other is that ketamine has distinct effects in dif-
ferent brain areas [ 126 ,  134 ,  135 ]. These two features of ketamine 
(dose and regional effects) may also account for the contradictory 
data obtained in the literature. Thus, there is substantial evidence 
in the literature, using many different models, to show that ket-
amine is neuroprotective and neurotoxic .  

   Midazolam is a  benzodiazepine receptor   agonist which increases 
gamma-aminobutyric acid ( GABA)    function by acting at the 
GABAA receptor. Midazolam decreases  cerebral blood fl ow   and 
 cerebral oxygen consumption   [ 136 ,  137 ], thereby making mid-
azolam a prime candidate as a neuroprotective agent. In fact, sev-
eral studies have shown midazolam to be neuroprotective when 
administered in high doses in  cerebral ischemia   models [ 60 ,  80 , 
 82 ,  138 ], and  neuroprotection   has also been shown in in vitro 
models [ 139 – 142 ]. Thus, at least for higher midazolam doses, 
midazolam reduces  infarct size  , increases the number of surviving 
neurons in the lesion  core  , and improves neurologic outcome 
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following cerebral ischemia. At lower midazolam doses, 
 neuroprotection   may not occur. The neuroprotective effect of 
midazolam may result from  prevention   of lipid peroxidation and 
 mitochondrial   damage [ 82 ] or via its antiapoptotic effect [ 142 ]. 
Even though midazolam seems to be protective, its  effi cacy   appears 
to be less than that of  propofol   [ 60 ]. 

 However, a number of studies have demonstrated that mid-
azolam produces neurotoxicity [ 143 – 147 ]. Possible mechanisms 
for the midazolam-induced neurotoxicity may be the release of 
intracellular Ca 2+  [ 143 ], and that midazolam induces  apoptosis   via 
activation of the  mitochondrial   pathway which may involve caspase- 
dependent apoptosis [ 145 ]. Thus, it remains unclear whether mid-
azolam provides  neuroprotection   or neurotoxicity .  

   Etomidate is an agonist at the  GABA   receptor (GABAA) produc-
ing hypnosis and CNS  depression   by enhancing the effects of the 
inhibitory neurotransmitter GABA. The binding of etomidate to 
the GABAA receptor increases chloride conduction producing 
hyperpolarization of postsynaptic cell membranes and making the 
postsynaptic neuron more resistant to excitation. Since GABAA 
receptors occur almost exclusively on postsynaptic nerve endings 
in the CNS, there are few peripheral effects. Thus, etomidate is an 
interesting  anesthetic   because it has no signifi cant hemodynamic 
alteration when administered. Since etomidate can decrease  cere-
bral metabolism  , it was thought that it would be an outstanding 
neuroprotective  anesthetic   agent. Some studies have found that 
etomidate results in  neuroprotection   through a  reduction   in  cere-
bral metabolism  , inhibition of postischemic hyperemia, and atten-
uation of vascular mediated  infl ammation   [ 148 – 153 ]. However, it 
has also been demonstrated that etomidate is not neuroprotective 
and in fact increases  infarct volume   following focal  cerebral 
 ischemia   [ 58 ,  154 ]. The potential toxic effect of etomidate may be 
because of its ability to decrease the level of  nitric oxide   in ischemic 
brain tissue by either scavenging nitric oxide or by inhibiting nitric 
oxide synthase [ 154 ]. Thus, the use of etomidate for  neuroprotec-
tion   has fallen out of favor  [ 155 ].  

   Lidocaine is a widely used local  anesthetic   for topical anesthesia, 
local infi ltration, nerve block, and spinal and epidural anesthesia 
[ 156 ]. Lidocaine is one of the most used local anesthetics in clinical 
treatment, and it exerts its primary effects of regional anesthesia and 
antiarrhythmic therapy by its action on voltage-gated Na +  channels. 
Lidocaine readily crosses the blood–brain barrier and may result in 
 neuroprotection   by several possible mechanisms: decreasing the 
ischemic membrane ion shift [ 157 ], reducing cerebral metabolic 
rate [ 158 ,  159 ], reducing excitotoxic amino acid release [ 160 ], 
modulation of the ischemic infl ammatory response, and maintaining 
or increasing  cerebral blood fl ow   [ 155 ,  161 – 163 ].  Neuroprotection   

3.5    Etomidate  
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with lidocaine was fi rst demonstrated to be effective in models of 
cerebral arterial gas embolism [ 161 ,  164 ,  165 ], and much of the 
in vivo  neuroprotection   of lidocaine was demonstrated as a treat-
ment for decompression illness [ 161 ,  166 ]. Similar potential neuro-
protection of lidocaine has also been observed in a variety of clinical 
trials involving cardiac surgery [ 167 – 169 ]. Despite these clinical 
studies showing a neuroprotective potential for lidocaine, in one of 
the largest randomized, double-blinded, placebo-controlled study 
of lidocaine  neuroprotection  , no neuroprotective effect of lidocaine 
was demonstrated following cardiac surgery [ 170 ]. In addition, in 
this study, diabetic subjects receiving lidocaine were more likely to 
suffer cognitive decline at 6 weeks post-surgery [ 170 ]. This study 
also demonstrated an association between higher total accumulated 
dose of lidocaine and increased neurocognitive  defi cit  . 

 In yet another study [ 171 ], lidocaine failed to show  neuropro-
tection   following cardiac surgery. The effects of lidocaine neuro-
protection in ischemic  brain injury   have been demonstrated in 
many studies [ 162 ,  167 ,  172 – 179 ]; however, a complicating fea-
ture of lidocaine as a neuroprotective agent is that low-dose lido-
caine appears to be more effective than high doses in reducing 
ischemic brain injury whether administered prior to, during, or 
following the ischemia [ 175 ,  178 ]. Despite the considerable data 
showing lidocaine’s neuroprotective effects, there are a number of 
studies that demonstrate that lidocaine shows no  neuroprotection   
[ 180 ,  181 ] or is even neurotoxic [ 182 – 187 ]. Lidocaine can be 
applied topically as a local  anesthetic  , and while there are only few 
full studies concerning any neuroprotective or neurotoxic effects, 
almost all of these reports and case studies show neurotoxic effects 
[ 188 – 191 ]. Thus, whether lidocaine results in  neuroprotection  , 
has no effect, or is neurotoxic remains controversial, and conclu-
sive data are lacking at this tim e.   

4     Volatile (Inhalational)  Anesthetics   

   Isofl urane is one volatile  anesthetic   that has received much atten-
tion over the years, and there seems to be a general agreement that 
isofl urane and other inhalational agents are associated with  cerebral 
neuroprotection  , but even here, the data are not crystal clear. There 
are several potential mechanisms by which isofl urane could provide 
its neuroprotective effect: increasing  cerebral blood fl ow   [ 192 , 
 193 ] and possibly attenuating post-injury hypoperfusion, decreas-
ing glutamate release and decreasing excitotoxicity [ 194 ], blocking 
 NMDA   receptors [ 8 ], and decreasing NMDA-mediated calcium 
infl ux [ 8 ]. Also, the reaction of isofl urane on GABAA receptors 
may be protective [ 195 ]. Many investigators have shown that  vola-
tile anesthetics   can reduce injury from  cerebral ischemia   [ 196 – 198 ], 
but there are confl icting reports. Early studies with isofl urane 
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demonstrated an increased survival time in mice with hypoxemia or 
ischemia in  dogs   [ 199 ]. The  neuroprotection   produced was similar 
to that offered by  barbiturates   [ 200 ,  201 ]. In humans, isofl urane is 
also neuroprotective in patients with carotid artery surgery [ 202 ]. 

 However, isofl urane has not been shown to have such clear 
neuroprotective effects. In comparing the effects of  thiopental   and 
 fentanyl  –nitrous oxide with isofl urane in  monkeys   with focal  cere-
bral ischemia  , isofl urane showed worse outcome than that observed 
in the  thiopental   animals [ 200 ], and when isofl urane was compared 
with  halothane   in  focal ischemia  , there was no difference in out-
come [ 203 ]. Isofl urane was also shown to have no protective effects 
in rats with focal cerebral ischemia [ 204 ]. There has been much 
discussion concerning the length of time any  neuroprotection   from 
isofl urane can last [ 14 ,  205 – 207 ], and it appears that if isofl urane 
does have a neuroprotective effect, it is not long lasting. Thus,  vola-
tile anesthetics   may delay ischemic injury but not prevent, or per-
haps even modify, long-term neuronal death. Therefore, the role of 
isofl urane as a true neuroprotectant must be questioned. 

 Finally, there have been many reports showing that isofl urane 
and other anesthetics have neurotoxic effects [ 208 – 210 ] that man-
ifest apoptotic neurodegeneration [ 211 – 214 ]. Some anesthetics 
besides isofl urane that can produce neurotoxic effects are nitrous 
oxide and  midazolam  . It should be recalled that most  anesthetics 
in use today work via two major mechanisms: GABAA receptors 
(benzodiazepines,  barbiturates  ,  propofol  , isofl urane,  etomidate  , 
enfl urane, and  halothane  ) [ 215 ] and  NMDA   receptors ( ketamine  , 
nitrous oxide, and  xenon  ) [ 216 – 218 ]. Drugs that work on either 
of these mechanisms can result in neuronal  apoptosis   [ 122 ,  219 ]. 
Thus, anesthetics are potential toxic substances.  

   Xenon is a noble gas and exerts its anesthetic effects by antagonism 
of the  NMDA   subtype of the glutamate receptor [ 220 ]. Xenon has 
been shown to have neuroprotective characteristics in in vitro mod-
els of  NMDA   toxicity, and in oxygen– glucose   deprivation, xenon 
attenuates the extent of injury [ 220 – 222 ]. In in vivo  animal models  , 
xenon also demonstrated  neuroprotection   following  cerebral isch-
emia   [ 223 – 227 ]. When xenon was administered in combination 
with  hypothermia   [ 227 – 229 ] or dexmedetomidine (α2 agonist) 
[ 230 ], it resulted in  neuroprotection   that was greater than each 
agent alone. Xenon also results in neuroprotection in neonates with 
hypoxia–ischemia [ 223 ,  229 ,  231 ], and xenon itself is known to 
produce hypothermia [ 232 ] which reduces excitotoxicity and inter-
feres with oxygen radical formation. Major mechanisms that may be 
involved with xenon’s neuroprotective effect are the  reduction   of 
ischemia-induced neurotransmitter release [ 233 ] and the antagonis-
tic property of xenon against  NMDA   receptors [ 216 ,  225 ,  234 , 
 235 ]. Finally, xenon, like other  inhalational anesthetics  , can precon-
dition the brain against ischemic injury [ 14 ,  15 ,  236 ], although its 
mechanism of action for preconditioning is unclear .   

4.2    Xenon  
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5     Other  Inhalational Anesthetics   

   Sevofl urane is thought to act as a positive allosteric modulator of 
the GABAA receptor. However, it also acts as an  NMDA   receptor 
antagonist, potentiates glycine receptor currents, and inhibits 
nACh and 5-HT 3  receptor currents. Sevofl urane has been shown 
to reduce ischemic cerebral injury when compared with the awake 
state [ 197 ]. Sevofl urane has also been shown to be involved in 
preconditioning, in both global [ 237 ,  238 ] and focal [ 239 ,  240 ] 
 cerebral ischemias  . One potential mechanism for sevofl urane pre-
conditioning may involve opening of ATP-dependent potassium 
channels [ 237 ]. Other potential molecules such as free radicals 
[ 241 ], adenosine A1 receptors [ 242 ,  27 ], mitogen protein kinase, 
hypoxia-inducible factor-1α [ 243 ], antioxidant enzymes [ 244 ], 
and the Notch signaling pathway [ 245 ] have also been proposed to 
be involved in  neuroprotection   from  anesthetic preconditioning  . 
Sevofl urane, unlike isofl urane, does not induce  apoptosis   in corti-
cal neurons [ 246 ], so the mechanisms involving sevofl urane neuro-
protection need further evaluation. Whether sevofl urane would 
have neuroprotective and preconditioning effects in other types of 
 brain injury  , and by which mechanism, is not known .  

   Desfl urane is usually used for the maintenance of  general anesthe-
sia  . It reduces functional conductance by decreasing gap junction 
channel opening times and increasing gap junction channel closing 
times. It also activates calcium-dependent ATPase in the sarcoplas-
mic reticulum by increasing the fl uidity of the lipid membrane. It 
also binds and antagonizes the  GABA   receptor, the large- 
conductance Ca 2+ -activated potassium channel, and the glycine 
receptors and antagonizes the glutamate receptors. Desfl urane has 
also been shown to be neuroprotective in newborn  piglet   models of 
deep hypothermic cardiac arrest [ 247 ], and low-fl ow  cardiopulmo-
nary bypass   [ 248 ] confi rmed both functionally and from histopa-
thology. In focal  cerebral ischemia  , infarct  reduction   by desfl urane 
was more pronounced than by  halothane   [ 249 ], which was attrib-
uted to a more pronounced decrease in sympathetic tone with des-
fl urane. Desfl urane has been shown to improve neurological 
outcome following global cerebral ischemia [ 250 ], and desfl urane 
attenuates decrease in tissue oxygenation during focal stroke [ 251  ] .    

6    Summary 

 Like most potential drugs used for brain  neuroprotection  ,  anes-
thetics   are similar in that they are complex agents. Some investiga-
tors have shown anesthetics to be neuroprotective, while others 
have shown no protection. Still others have shown some anesthet-
ics to be neurotoxic. Precisely why the results differ widely and 

5.1    Sevofl urane  

5.2    Desfl urane  
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why  anesthetic neuroprotection   appears often to be effective in 
in vitro cellular or in vivo  animal models   but does not appear to 
work well in humans are unclear, but there are several possible 
reasons. By far, the majority of studies with anesthetics have com-
pared different anesthetics with one another when they have been 
administered as pretreatments in the setting of global or focal  cere-
bral ischemia  . In addition, the effects of  anesthetics   usually have 
been evaluated in  animal models   in which other  anesthetics   or 
analgesics were already present. Few studies have evaluated the 
 effi cacy   of anesthetics with the unanesthetized state, and even 
fewer studies have evaluated the effects of anesthetics administered 
post-ischemia. In these types of studies, full physiological 
 parameters, including brain  temperature  , arterial blood pressure, 
heart rate, blood gases ( pH  ,    PaCO 2 ,    PaO 2 ),  cerebral blood fl ow  , 
and metabolism, should be monitored. This is and has been diffi -
cult because in many cases the  animal model   of choice is the  mouse   
or rat. Nevertheless, unless these parameters are known, it is diffi -
cult or impossible to sort out  anesthetic    neuroprotection   and its 
mechanisms of action. 

 The dose of anesthetic agent is also an important factor. Many 
investigators have used very different doses of  anesthetic  , and a 
particular dose effective in the  mouse   or  rat   may not be effective in 
humans. Thus, it is not correct to merely scale up the dose from 
the mouse and expect this same dose to be effective in humans. 
Some  anesthetics   may be effective as neuroprotectants at low doses 
and not at high doses, whereas others may be effective at high 
doses but not at low doses. Different  species   may also have differ-
ent responses, or no response, to the same drug dose. Thus, knowl-
edge of the true dose–response curve is important to determine 
the optimal neuroprotective dose. Another issue is to determine 
whether  anesthetics   can be administered pre-ischemia or post- 
ischemia for successful treatment and even at various times post- 
ischemia (window of opportunity). In  animal models  , the time of 
ischemia is precisely known, whereas in humans this is not the case 
except for certain surgical procedures such as  cardiopulmonary 
bypass   and  carotid endarterectomy  . As previously mentioned, in 
animal models,  anesthetic   drug administration is often given on a 
pretreatment basis (animals must be anesthetized for certain proce-
dures) or given at  reperfusion  , with other anesthetics already pres-
ent and with little attention given to administration at various 
times following  reperfusion  . There may be several  anesthetics   
being given simultaneously; thus, the effects of combined anes-
thetics, each working via a different mechanism of action, must be 
considered. In addition, exactly how the combined  anesthetics   
affect physiological and molecular parameters must also be consid-
ered. Much work needs to be done to elucidate these effects. 

 Another issue has to do with exactly when outcome measures 
(pathology, neurobehavior, neurologic examinations) are made. 
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Many neuroprotective agents appear effective when these outcome 
measures are made early after injury (24 h) but are ineffective when 
measured at later times (7 days or longer). One conclusion from 
these fi ndings is that these potential  anesthetic   neuroprotectants 
merely delay injury until some later time. This, in itself, is not a bad 
thing since it protects the brain for a time until another better, more 
long-term neuroprotectant can be administered. One should also 
consider that genomics,  species  , and  gender   of each animal are not 
the same, and  anesthetics   may affect genes and gene products, spe-
cies, and gender differently, thereby leading to inconsistent, vari-
able, and confounding data. Finally, one extremely important issue 
has to do with the fact that anesthetics for  neuroprotection   most 
often are tested in young, normal,  healthy animals   and not in aged 
animals with diseases such as  hypertension  ,  diabetes  , or cardiovas-
cular disease. It is likely that  anesthetics   may act differently in either 
animals or humans with other comorbid diseases present, with dif-
ferent  ages  , with different  genders  , and in different physiologically 
or metabolically compromised situations. These issues have been 
greatly understudied concerning  anesthetic    neuroprotection  .  

7    Conclusions 

 Many anesthetic agents have been evaluated as potential neuropro-
tective agents in focal and global  cerebral ischemia  . This chapter 
has discussed several of the more common anesthetics used for 
studies of focal and global cerebral ischemia and whether they are 
neuroprotective, or not, or even neurotoxic. Unfortunately, the 
results concerning  neuroprotection   are unclear, with some investi-
gators fi nding positive effects, some fi nding no effects, and still 
others fi nding neurotoxic effects. It is important to remember that 
like other potential neuroprotective drugs,  anesthetics   (many of 
them) have survived preclinical studies, some with great success, 
others not; but none have successfully progressed through a clini-
cal trial in humans with clear positive results. Many  anesthetics   
have shown neuroprotective potential, but none has emerged as a 
leading candidate despite much work in this area .     
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    Chapter 11   

 Noninvasive Brain Imaging in Small Animal Stroke Models: 
MRI, PET, and SPECT                     

     Abraham     Martín    ,     Pedro     Ramos-Cabrer    , and     Anna     M.     Planas      

  Abstract 

   Acute brain damage after stroke produces remarkable changes in the brain that can be visualized with a 
variety of neuroimaging techniques. Some of these techniques are used in patients for diagnostic purposes 
and are now available to image the rodent brain. However, noninvasive imaging of the brain of rodents is 
challenging because of the size of the animals and the fact that their handling normally requires sedation 
or deep anesthesia to avoid stress and movement during image acquisition. In this chapter we will discuss 
the purpose, advantages, and diffi culties of applying magnetic resonance imaging (MRI) (part A), positron 
emission tomography (PET) (part B), and single-photon emission computed tomography (SPECT) (part 
C) to image the ischemic brain in rodents.  

  Key words     Rodents  ,   Stroke  ,   MRI  ,   DWI  ,   ADC  ,   PWI  ,   DTI  ,   fMRI  ,   PET  ,   SPECT  

1      Magnetic Resonance Imaging 

   MRI is a widely used technique to image stroke patients for diag-
nostic and therapeutic purposes [ 1 ]. With the accessibility of high 
magnetic fi eld horizontal magnets, animal-dedicated MRI has 
emerged as a powerful tool to investigate the brain of living ani-
mals. MRI has great potential for studying animal models of brain 
ischemia as it can provide in vivo information on the magnitude of 
the alterations caused by brain lesions and on their progression 
with time [ 2 ]. Due to its noninvasive nature, animals can be fol-
lowed up in longitudinal studies, and multiparametric studies can 
offer complementary information on different aspects of the brain 
lesion [ 3 – 6 ]. The aim of this text is to provide an overview of the 
MRI imaging techniques useful for studying the brain in animal 
models of stroke. Neuroimaging techniques have a complex theo-
retical and physical base, and for this reason the readers will be 
directed to specialized literature for detailed technological infor-
mation on physical principles [ 7 – 9 ] and quantifi cation [ 10 ].   

1.1  Introduction
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2    Materials 

   Conventional MRI is based on the effect that a magnetic fi eld has 
on protons (hydrogen nuclei, mainly from water and fat molecules) 
as their magnetic moments either align themselves parallel or (in 
less proportion) antiparallel to the direction of the applied fi eld. 
Image acquisition requires a process by which electromagnetic 
radiofrequency pulses are applied to excite protons (i.e., promote 
parallel to antiparallel transitions, up to a maximum where both 
populations are equaled), and after an evolution time,  protons   
release the acquired energy in the form of radiofrequencies that 
can be detected in the receiver coil and transformed into an image. 
Magnetic fi eld gradients are also applied prior, during, and after 
excitation to generate image contrast and for spatial encoding of 
the signal [ 8 ,  9 ]. 

 The main requisites for MRI are instrumentation and a multi-
disciplinary team of specialized and well-trained personnel. 
Imaging rodents using clinical equipment, with magnetic fi elds 
usually ranging 1–3  Tesla    (T), is feasible, and fi ndings in the fi eld 
of stroke research have been reported using these systems [ 11 – 13 ]. 
However, animal-dedicated MRI systems are preferred because 
they render better performance in terms of sensibility and spatial, 
temporal, and spectral resolution. Also, current legislation in some 
countries does not allow the mixed use of clinical equipment for 
animal experimentation. Most animal studies are now performed 
with horizontal magnets at high magnetic fi elds of 4.7, 7, 9.4, or 
11.7 T. Horizontal  magnets   with very high magnetic fi elds are also 
available for animal research, and studies in ischemic rats have been 
reported at 21.1 T for diffusion-weighted imaging (DWI) [ 14 ] or 
T1 [ 15 ]. Nonetheless, images of interest in brain ischemia such as 
diffusion-weighted imaging (DWI) and T2-weighted (T2W) imag-
ing (see below) offer suffi ciently good quality at 4.7 and 7 T in 
adult rats and mice. Higher magnetic fi elds are useful to increase 
sensitivity, yielding better image quality, better spatial resolution, 
or reduced acquisition times, by improving the signal-to-noise 
ratio. These factors may be critical in certain MRI techniques such 
as diffusion tensor imaging (DTI) or functional MRI (fMRI), in 
which increasing the strength of the magnetic fi eld dramatically 
improves the results. Ultrahigh magnetic fi elds are also advanta-
geous in localized spectroscopy (because of the higher spectral 
resolution achieved at higher fi elds), angiography, or molecular 
imaging. 

 Signal transmission and reception are performed by using 
radiofrequency (RF) coils. Volume coils or resonators (e.g., bird-
cage, saddle, solenoids, or Helmholtz pair confi gurations) are a 
good choice for signal transmission or for combined signal trans-
mission–reception, since these devices offer better RF homogeneity 

2.1  Instrumentation
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over their volume. Instead, surface coils (single loops adapted to 
the object geometry) are much more sensitive than volume coils 
for signal detection in the proximity of the coil, though their range 
drops very fast with the distance to it, and are a good choice for 
signal reception. The combination of a volume resonator for signal 
transmission and a brain adapted surface coil for signal reception 
into it is probably the best selection to achieve optimal signal-to- 
noise for brain studies in small animals. With the development of 
electronics and computing solutions, the use of several surface coils 
working in parallel (n-elements arrayed coils) attached to multiple- 
channel receivers in the MRI systems or the use of cryo-coils, in 
which electronic noise is reduced by working at low temperatures, 
has allowed the achievement of impressive signal-to-noise ratios, 
covering larger sample volumes and achieving faster acquisition 
times in modern MR systems. Considering the importance of the 
coils to obtain good signals, some specialized laboratories like to 
build up their own homemade collections of coils. However, coils 
of a suffi cient quality for imaging the head of mice and rats are now 
commercially available. 

 Gradient coils, inserted in the bore of MRI systems, are another 
critical aspect of the architecture of the equipment for successful 
imaging of the brain of rodents. Gradient coils are needed to 
induce image contrast and to spatially encode the signal, that is, to 
resolve the spatial position of the protons that generate the signal, 
within a specifi c space volume. The performance of the gradients 
on an MRI system, specially ramping times and strength, is a criti-
cal feature that will determine the acquisition times (faster with 
fast-switching gradients), contrast (minimum echo times), and 
spatial resolution. With 400–1000 mT/m XYZ gradients (such as 
those found in conventional preclinical MRI systems), spatial reso-
lutions of 100 to 20 μm are readily accessible.  

     General anesthesia or sedation is an issue of high concern for 
in vivo neuroimaging studies in animals (see ref. [ 16 ] for a review; 
see also Chap.   10    ). The comments below apply therefore not only 
to MRI but also to PET and SPECT studies. Generally, animals 
need to be anesthetized to prevent movement and to avoid stress 
during image acquisition (see Note  1 ). For stroke animal models, 
gaseous anesthetics (such as isofl urane or sevofl urane) are an ade-
quate choice as they can keep the animals anesthetized for variable 
periods of time, recovery is rapid, and repeated anesthesia proto-
cols with short recovery times are possible. Gaseous anesthetics can 
be delivered to the animals by carrier gases (usually air, oxygen, or 
oxygen/nitrous oxide mixtures at different proportions) while 
they are inside the magnet using a facial mask or after tracheotomy. 
Often the system delivering anesthesia into the magnet needs to be 
adjusted in order that animals maintain their blood gases within 
the physiological range. Continuous or repeated monitoring of 

2.2  Anesthesia
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physiological parameters is necessary as animals need to be main-
tained under anesthesia throughout image acquisition. MR com-
patible monitoring devices for respiration and heart beating rates 
(among other parameters) are common accessories to preclinical 
neuroimaging scanners. Anesthesia is critical in functional MRI 
(fMRI) and metabolic PET studies as many anesthetics alter cere-
bral blood fl ow and metabolism ( see  Note  2 ). Furthermore, in 
pharmacological MRI, where a blood fl ow response is assessed 
after drug challenges, anesthetics can interfere with the drugs [ 17 ].  

      Blood  PaCO 2   ,  PaO 2 ,   and  pH   can be assessed by taking blood sam-
ples and measuring them in a  blood gas analyzer  . However, the 
choice is often measuring PaCO 2  with transcutaneous systems for 
continuous monitoring [ 18 ]. It is very important to monitor 
PaCO 2  for the known effects of  hypercapnia   increasing cerebral 
blood volume (CBV) and cerebral blood fl ow (CBF) [ 19 ]. 
Endovascular probes and fi ber-optic pulse oximetry sensors are 
also available in the market. Monitoring blood pressure and tem-
perature while the animal is inside the magnet is also important. 
Temperature control is often carried out with a warming, circulat-
ing water system that is placed surrounding the animal in the 
holder or using hot air blowers. To avoid movement artifacts in 
MR images (especially critical in mice), it is essential to synchro-
nize signal acquisition with respiration of the animals. For this rea-
son, monitoring respiratory frequency is essential for the prospective 
gating of signal acquisition. Monitoring can be achieved with 
equipment adapted to be MRI compatible. It is also possible to 
perform retrospective gating, through self-gated image acquisition 
schemes that incorporate navigation modules to obtain physiologi-
cal information from the MR signal itself, avoiding the need for 
external monitoring. Although heart beating is not critical for 
brain imaging, it can also be considered for triggering.   

3    Methods 

 MRI is an optimal tool for translational studies. Theoretically, clin-
ical and preclinical scanners are identical in their concept; thus MR 
techniques should be readily translatable between both fi elds. 
Nevertheless, some of the sequences used in clinical MRI are 
sometimes not readily available in animal-dedicated magnets, and 
often specifi c sequences must be developed. Fortunately, this is 
now changing as more and more animal- dedicated machines are 
being equipped with sequences compatible with those used in the 
clinical setting. Also, some manufacturers now supply machines 
that are theoretically fully compatible with clinical equipment. For 
further information on the MRI scans and sequences mentioned 
below, see Note  3 . 

2.3  Physiological 
Parameter Monitoring

A. Martín et al.
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   Brain lesions after stroke have a very dynamic component that 
evolves with time. For this reason, the MRI tools for use in stroke 
research will depend on the stage of the lesion after the initiation 
of ischemia at the time of imaging, and full assessment will require 
the use of multimodal imaging (see ref. [ 2 ] for review). (For a 
comment on image acquisition before, during, and after induction 
of experimental ischemia, see Note  4 .) 

   The best MRI method for demonstrating the affected brain paren-
chyma in the fi rst hours after ischemia onset is   diffusion - weighted 
imaging    (DWI), which assesses the diffusion movement of water 
molecules. Signal intensity alterations in DWI are thought to 
refl ect cytotoxic edema. Therefore, DWI is very sensitive to isch-
emic conditions in the brain and it shows increased signal intensity 
( hyperintensity  ) only a few minutes after ischemia onset [ 20 ,  21 ]. 
At this very early stage, interruption of blood supply, causing arrest 
of cell metabolic activity and of the movement of fl uids across the 
intracellular space, is thought to contribute to hyperintense signals 
in DWI, indicating areas of restricted diffusion [ 20 – 23 ]. Thus, 
DWI is the most sensitive technique for detecting brain lesion in 
the fi rst 2–4 h after ischemia, whereas other MRI techniques, such 
as  T2 - weighted  (T2W), are not sensitive enough at this early stage 
[ 4 ]. Acquisition of multiple images with different weight on water 
diffusion dynamics allows the absolute quantifi cation of diffusion 
coeffi cients in the tissue, and therefore  diffusion maps   showing 
parametric images can be constructed. Since diffusion is an aniso-
tropic property (depends on the spatial orientation), usually mean 
values (MD) or apparent diffusion coeffi cient (ADC) maps are 
provided [ 22 – 25 ]. 

 Information on CBF is also extremely useful at this stage and 
can be obtained with p erfusion-weighted imaging  (PWI) (see Note 
 3 ). Studies of PWI and DWI in stroke patients were conceived with 
the concept that the mismatch between these two images identifi es 
the penumbra or “ tissue at risk  ,” where the reduction in blood 
supply is not yet refl ected in DWI [ 26 ]. This is an important imag-
ing concept that we will discuss in this chapter (see Sect.  2.3  
below), as studies of PWI and DWI are also feasible in rodent 
models of ischemia [ 27 ,  28 ]. 

 Finally, valuable information can be obtained by visualizing the 
occluded/reperfused arteries with  magnetic resonance angiography  
(MRA) in humans and also in small animals [ 29 ] (see Note  3 ) 
(Fig.  1 ).

      After the fi rst hours of evolution of the lesion, T2-weighted (T2W) 
imaging and proton density-weighted (PDW) imaging become 
also useful for detecting injury in the ischemic brain, as they show 
alteration (hyperintensity) in response to increased water content 
(PDW) and mobility (T2W) [ 30 ]. T2W is very sensitive to 

3.1  What Is the Best 
MRI Technique 
to Study the Ischemic 
Brain Lesion?

3.1.1  Acute Phase 
(<12 h)

3.1.2  Subacute Phase 
(First Days)
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vasogenic edema [ 31 ], which is a hallmark in focal ischemia, and it 
is useful to image the lesion during the fi rst days after stroke onset 
[ 32 ]. After the fi rst day, T1-weighted (T1W) imaging can also 
show some hypointensity, but is much less sensitive to injury than 
T2W. FLAIR-T2W (fl uid-attenuated inversion recovery T2W) is a 
variant of T2W on which signal from large amounts of free water 
(such as CSF in the ventricles) is suppressed and is the gold- 
standard imaging technique in the clinics, at this  stage  . DWI and 
 ADC map  s are still useful for imaging the lesion the fi rst days after 
stroke, but the less technically demanding nature of T2W imaging 
favors the use of the latter at this stage (Fig.  2 ).

      Plasticity events, including axonal sprouting, have been reported in 
rodent models of stroke [ 33 ]. Therefore, the area of interest in 
brain imaging in the chronic stages might be in the fi ber tracts and 
also to get functional information of brain activation to study 
degeneration and regeneration processes. The advent of cell-based 
therapies for stroke has also promoted the use of cell tracking tech-
niques to follow up such therapies by MR. 

   Diffusion tensor imaging    (DTI) provides an interesting tool to 
investigate the brain after stroke (Fig.  3 ), to gather information on 
degeneration, demyelination, and regenerative processes ( see   Note  
  3  ). DTI provides measures of diffusion in multiple directions, and 
it is based on the fact that water does not diffuse homogeneously 
in all directions through brain parenchyma but rather has facili-
tated diffusion along nerve fi ber tracts. DTI changes have been 
shown to take place at the time of histological remodeling and 

3.1.3  Chronic Phase

  Fig. 1    MRA of the rat brain evidences the circulation in  white . Lack of circulation 
is evidenced in the right-hand side of the image during MCAO       
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recovery of function after middle cerebral artery occlusion 
(MCAO) in mice [ 34 ]. DTI alterations were reported in the white 
matter after ischemia [ 35 ,  36 ]. Also, structural changes were found 
in zones at the periphery of the infarcted  core   after transient 
MCAO in rats [ 37 ] and mice [ 34 ]. These zones are thought to be 
critically involved in  functional recovery   after stroke [ 37 ]. 
Microstructural alterations in brain tissue imaged with DTI corre-
late with functional defi cits and can provide an assessment of func-
tional recovery [ 38 ]. A variant of DTI named diffusion kurtosis 
imaging (DKI) based on non-Gaussian methods [ 39 ] and diffu-
sion spectrum imaging (DSI), able to directly image multiple fi ber 
orientations within a single voxel [ 40 ], can potentially provide 

  Fig. 2    ADC maps 24 h after 2-hour MCAO occlusion in the rat.  White zones  in the 
right-hand side of each image illustrate the lesion       
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more valuable information on the gray matter microstructure than 
DTI, which is particularly sensitive to changes in the white matter. 
DKI has been used in studies in animal models of stroke conclud-
ing that DKI can be more sensitive than DTI in detecting micro-
structural changes throughout the brain in the chronic phases [ 41 , 
 42 ]. Although scanning time is usually an issue that hampers the 
use of DKI methods, the advantages of a fast-mapping DKI experi-
mental protocol to study ischemic animals have been recently 
tested [ 43 ]. Furthermore, combinations of several non-Gaussian 
diffusion models can provide new information on spatial properties 
of stroke lesions [ 44 ].

  Fig. 3    DTI brain images obtained in the living rat showing loss of white matter 
fi bers ( dark zones  on the right-hand side of each image) 7 days after transient 
MCAO       
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     Functional MRI    (fMRI) based on the blood-oxygen-level- 
dependent (BOLD) effect provides indirect information about 
neural activity. In its various variants, fMRI is based on the fact that 
neuronal activity is normally coupled to energy metabolism and to 
CBF. This technique is of interest in stroke research because it 
allows distinction between the specifi c loss of certain neurons and 
circuitries after brain ischemia. Altered hemodynamic fMRI 
responses have been reported during stroke recovery in animals 
[ 45 ]. fMRI may be useful to study degeneration and regeneration 
after therapeutic strategies. For example, fMRI revealed functional 
recovery in animals that received delayed albumin treatment after 
90 min MCAO [ 46 ] and also spontaneous recovery of function 
[ 36 ]. Currently, a lot of attention has been set in the fi eld of resting- 
state or low-frequency fl uctuation functional MRI (rs- fMRI or lff-
fMRI), a variant of fMRI techniques allowing the study of the 
reorganization of functional networks in the ischemic brain without 
requiring external stimulation or task performance [ 47 ,  48 ]. 

  Manganese - enhanced MRI  ( MEMRI ) has been used as a sur-
rogate marker for calcium infl ux and can be used to monitor brain 
activity [ 49 ] in spite of the need to overcome important limita-
tions, including poor BBB penetration and toxicity [ 50 ]. In spite 
of this, the improved contrast provided by this technique enables 
direct tracking of laminar-specifi c neurodegeneration [ 51 ] and has 
been used in stroke models to study neuroanatomical connectivity 
[ 47 ,  52 ], brain plasticity [ 53 ], or gliosis [ 54 ]. 

  MRA 
 Finally, the study of angiogenesis can provide valuable informa-
tion, particularly at chronic stages after induction of ischemia. 
Angiogenesis can be studied using MR by examining vessel mor-
phology at high resolution with  MRA   [ 55 ] or contrast-enhanced 
T2/T2* mapping of the brain, which allows the estimation of ves-
sel densities and mean vessel sizes in the tissues [ 56 ]. Furthermore, 
the blood vessels show hypointensity in PDW images and this fea-
ture can be exploited to examine the vasculature, particularly in 
view of new developments in segmentation analysis [ 57 ]. In 
 addition, susceptibility-weighted imaging is another interesting 
technique to highlight vascular remodeling [ 8 ].    

   Within the fi rst hours after stroke onset, MRI often evidences tis-
sue with altered DWI immersed in a larger zone of CBF distur-
bance [ 58 ]. The zone with altered DWI is taken as the irreversibly 
damaged zone (although this is not fully accurate, see below). The 
difference or “mismatch” between DWI and PWI is associated 
with tissue at risk that has abnormal perfusion but is above the 
limits of cell viability according to normal ADC [ 23 ,  26 ,  59 ,  60 ]. 
Then, in the following hours, infarction (DWI) will frequently 
grow to occupy the full region of PWI defi cit, and thus the tissue 

3.2  Diffusion–
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at risk will be lost unless active interventions are undertaken [ 23 , 
 59 ,  61 ,  62 ]. The tissue at risk is assumed to correspond to the 
physiological defi nition of penumbra as a region where neurons 
cannot maintain electric activity, but have suffi cient energy to 
maintain their  membrane potential   [ 63 ]. There are, indeed, several 
defi nitions of penumbra depending on the tools used to assess it 
[ 23 ,  64 – 66 ]. The MRI defi nition has clinical relevance as it is pro-
posed as instrumental to select patients for clinical trials in acute 
stroke [ 67 ]. Nonetheless, the zone of DWI alteration is metaboli-
cally heterogeneous [ 68 ], and there is now evidence from PET 
[ 69 – 72 ] and MRI [ 73 ] studies that it may contain some viable 
tissue. Likewise, the zone of PWI might include zones with non-
relevant reductions in CBF without dangerous consequences for 
the tissue (benign oligemia), as assessed with multimodal MRI 
[ 73 ] or the use of chemical exchange saturation transfer (CEST)-
based contrast for pH maps of the brain by MRI [ 74 ]. 

 The  DWI/PWI mismatch   is also observed in rats during isch-
emia [ 27 ]. Rat strain differences have been reported for the extent 
and evolution of mismatch tissue after ischemia [ 28 ]. Interestingly, 
a typical neuroprotective drug, the immunosuppressant  FK506  , 
protected the mismatch cortex only [ 75 ], and treatment with nor-
mobaric oxygen 30 min after induction of ischemia prevented 
expansion of the mismatch zone toward infarction [ 76 ]. Another 
condition known to exert protective action preserving the mis-
match zone in rats is stimulation of the sphenopalatine ganglion 
[ 77 ]. Notably, the DWI/PWI mismatch has been studied less in 
animals than in humans, possibly because of the technical diffi cul-
ties involved. Nevertheless, the animal studies can provide addi-
tional useful information, as scans can be repeated as many times as 
necessary in animals and a correlation can be established with the 
histological damage as evaluated postmortem. MRI animal work 
can also bring about new developments that may help to further 
understand the tissue at risk. For instance, new advances in the 
MRI defi nition of the penumbra have been recently reported in 
ischemic rats with the use of an oxygen challenge that induces 
changes in the oxyhemoglobin/deoxyhemoglobin ratios and a 
subsequent  T2*   signal change [ 78 ]. For further information, we 
refer to previous reviews on the identifi cation of the penumbra 
with imaging modalities in experimental animal models and in 
stroke patients [ 79 ].  

   Some of the strong MRI alterations occurring during ischemia 
may normalize with early reperfusion [ 5 ,  11 ,  80 ,  81 ]. However, 
despite initial normalization, MRI alterations can reappear later in 
some regions and infarction may develop [ 5 ,  11 ,  80 ,  81 ]. 
Furthermore, the extent of reperfusion can be variable, ranging 
from incomplete reperfusion to hyperperfusion [ 82 ], and this may 
affect tissue outcome [ 83 ]. The important role that MRI can play 
in detecting signs of reperfusion injury has been revised [ 84 ].  

3.3   Reperfusion  
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    Given the dynamic nature of the ischemic process, MRI data 
obtained at more than a single time point may provide valuable 
information for predicting outcome [ 32 ,  85 ]. Complex multispec-
tral approaches have been developed to characterize the ischemic 
tissue and to estimate the ischemic penumbra [ 30 ]. Recent work 
showed that tissue fate can be predicted precisely in rats after stroke 
by using statistical algorithms combining multiple MRI modalities 
[ 86 ,  87 ]. Wu et al. [ 86 ] developed a voxel-based generalized linear 
model algorithm incorporating various input parameters (includ-
ing rADC, rCBF, rCBV, and rMTT) that was a highly accurate 
predictor of infarction in the rat after embolic stroke. In this latter 
study, the predictor method was particularly precise in the absence 
of reperfusion, as prediction was better in controls than in rats 
treated with rt-PA [ 86 ]. Also, predictive algorithms have been 
developed for the early identifi cation of potentially salvageable tis-
sue [ 87 ,  88 ]. Overall, these techniques are powerful in predicting 
infarct volume, but they are computationally quite complex. 
Simplifi cations have been suggested, but they require MRI acquisi-
tions during ischemia and after reperfusion [ 89 ]. Predictor meth-
ods may help to stratify the animals according to the extent of the 
injury induced by the surgical technique. Better identifi cation of 
the lesion would add robustness to the evaluation of the effects of 
drug treatments or genetic conditions.  

   Alterations in BBB permeability can be visualized with  Gd-DTPA  - 
enhanced T1-weighted imaging (by evaluating extravasation of i.v. 
injected contrast agent in vivo (Fig.  4 ). Disturbances of blood–
brain barrier (BBB) after ischemia have been correlated with the 
hemodynamic and biophysical consequences of reperfusion [ 83 ]. 
Early changes in permeability following transient MCAO have 
been shown using other contrast agents such as  manganese   (Mn 2+ ) 
[ 90 ]. Using MRI techniques, early alteration of vascular barrier 
function was shown and was characterized quantitatively by mea-
suring the transvascular water exchange rate in a mouse model of 
permanent focal ischemia [ 91 ]. Nonetheless, quantifi cation of 

3.4  Do MRI Data 
Have Predictive Value?

3.5  Alterations 
of Blood–Brain Barrier 
Permeability

  Fig. 4    MRI (T1W) showing BBB permeability alteration in the rat brain as revealed by contrast extravasation 
( bright areas ) in the ipsilateral hemisphere shown on the right-hand side of each image) 24 h after transient 
MCAO. Contrast agent was Gd-DTPA-BMA Omniscan ® , 0.5 mmol/ml, i.v       
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contrast agent concentration is infl uenced by several factors that 
have been discussed in detail elsewhere [ 92 ,  93 ]. The very active 
ongoing investigation in MRI contrast agents will likely in the near 
future provide an assortment of compounds that will allow a better 
understanding of the different stages of alterations of BBB perme-
ability after stroke [ 94 ,  95 ].

      Hemorrhages or hemorrhagic transformation of infarction can be 
detected in research animals with T2*-weighted (T2*W) imaging 
[ 96 ] and susceptibility-weighted imaging (SWI), which is espe-
cially a useful technique for the detection of microbleedings fol-
lowing stroke [ 97 ].  

   Infl ammation is a main imaging target in stroke research. Iron 
oxide-based contrast agents of different sizes, i.e., small ( SPIO  ) or 
ultrasmall ( USPIO  ) superparamagnetic iron oxides, can induce 
positive or negative contrast on T1W and T2W MRI, respectively 
(although T2 effect usually prevails and masks T1 effects). After 
injection into the circulation of a living organism, these particles 
are eagerly phagocytosed by monocytes, and it is assumed that 
under infl ammatory conditions migration of  monocytes   into 
injured tissues should lead to accumulation of  paramagnetic   mate-
rial in macrophages. These strategies have been explored in models 
of brain ischemia (see reviews refs [ 98 ,  99 ]). However, a number 
of controversies still surround their actual applicability to image 
infl ammation after brain ischemia. It is not fully clear whether 
nanoparticle-charged macrophages or free nanoparticles reach the 
brain from blood when the BBB is damaged leading to nonspecifi c 
contrast enhancement. For further information the reader is 
referred to specialized studies on this subject [ 94 ,  100 – 106 ].  

   Imaging advances rely in part in the development of new contrast 
agents for molecular imaging. Several contrast agents that can label 
a specifi c biological process have developed with applicability in 
stroke research [ 107 ]. For instance, redox processes have been 
imaged after brain ischemia in rats using a nitroxide MRI contrast 
agent [ 108 ]. Many new adventures in MRI research are based on 
the synthesis of novel functionalized nanoparticles with paramag-
netic properties. These nanoparticles are directed toward specifi c 
targets, and one main interest is the fi eld of infl ammation. Given 
the diffi culties of getting nanoparticles into the brain, some studies 
in animal models of brain infl ammation, including stroke, are using 
nanoparticles which target the infl amed endothelium to visualize 
vascular infl ammation in the brain tissue [ 109 ]. Functionalizing 
strategies include using antibody-conjugated microparticles against 
vascular cell adhesion molecules [ 110 – 114 ] or using  glyconanopar-
ticles   displaying the natural complex glycan ligand of selectins 
[ 109 ]. An interesting approach is the use of enzyme-activatable 
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MRI agents that only manifest paramagnetic properties after 
enzyme cleavage. An elegant example of this strategy has been 
reported noninvasively in living animals after stroke using a com-
pound capable of tracking the oxidative activity of the proteolytic 
enzyme  myeloperoxidase  , which is derived from infi ltrated  neutro-
phils   fi rst and then from reactive microglia/macrophages in a later 
stage [ 115 ].  

   The development of contrast agents for MRI is a very active fi eld 
of research that is already witnessing interesting developments with 
application in stroke research. Paramagnetic functionalized 
nanoparticles have been designed to contain therapeutic agents 
that can be directed to specifi c sites and thus combine therapeutic 
and diagnostic capabilities (theranostics). For instance, anti-72 kDa 
heat-shock protein vectorized stealth immunoliposomes contain-
ing paramagnetic probes have been used to encapsulate a therapeu-
tic agent for the treatment of cerebral ischemia [ 116 ]. In the recent 
years, many stroke studies have used MRI for noninvasively track-
ing transplanted stem cells labeled with different sorts of paramag-
netic agents [ 117 – 121 ] or with  19 F [ 122 ]. More challenging is the 
possibility that paramagnetic nanoparticles can be used for tracking 
neural progenitor cells after ischemia, with some studies claiming 
its feasibility using specifi c silica-coated nanoparticles [ 123 ] and 
others showing the opposite [ 124 ]. 

 Also, MRI techniques have been developed to measure pH 
using the CEST effects from amide protons in mobile peptides and 
proteins [ 125 ]. Novel developments in this fi eld have allowed 
quantitative tissue pH measurement during cerebral ischemia with 
MRI using corrected CEST [ 126 ] or amine and amide 
concentration- independent detection (AACID) [ 127 ]. 

 Improving the detection of the penumbra is challenging and 
efforts are made using contrast agents. An MRI technique enabling 
the identifi cation of the penumbra as a region of increased T2* 
signal change during a transient oxygen (100 %) challenge [ 78 ] has 
been recently refi ned using oxygen-carrying perfl uorocarbon 
(PFC) emulsion to enhance the sensitivity with lower levels of 
inspired oxygen [ 128 ]. Multinuclear H 1 /Na 23  MRI has been used 
to measure the changing sodium signal and ADC in the ischemic 
core and penumbra after rat MCAO, and reduced sodium-MRI 
signal has been suggested as a viability marker for penumbra detec-
tion [ 129 ]. Quantitative Na 23  MRI has been combined with histo-
chemical K +  staining to study local Na +  and K +  imbalances within 
the ischemic tissue [ 130 ]. Moreover, K +  images of the ischemic 
brain have also been obtained using K 39  MRI, in spite that it pro-
vides a poor signal-to-noise ratio that can be improved using a 
cryogenic surface resonator [ 131 ]. 

 Multiparametric quantitative MRI using the BOLD effect (see 
Note  3 ) seems to be a promising tool to map tissue oxygen 
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saturation with high spatial resolution, as recently shown in a rat 
stroke model highlighting the hypoxic zones [ 132 ]. Recent devel-
opments in fMRI include spin-lock (SL) fMRI, which is sensitive 
to energy metabolism alterations and responds to cortical spread-
ing depression [ 133 ], with potential applicability to stroke research. 
Also, high-fi eld (11.7 T) fMRI implemented with a line scanning 
method provides high temporal (50 ms) and spatial (50 μm) reso-
lution [ 134 ] that might have applicability to study functional neu-
ral organization in chronic stages after stroke. 

 In the last few years, magnetic resonance elastography (MRE) 
has been applied to stroke research. MRE allows the noninvasive 
assessment of tissue elasticity [ 135 ]. Using this technique, brain 
tissue softening was correlated with reduced neuronal density after 
MCAO in mice [ 136 ]. Conversely, it has been suggested that neu-
rogenesis increases brain stiffness assessed with MRE [ 137 ]. 
Further studies using MRE are needed to fully understand the 
potential usefulness of this technique in stroke research.   

4    PET 

   PET is a unique tool to image brain metabolism and function and 
it fi nds extensive application in neurosciences. PET images are 
generated after injection of a tracer molecule that is radioactively 
labeled with a positron emitter isotope with high energy but a very 
short half-life (from minutes to hours). The main advantages of 
this technology are the generation of tomographic images and the 
possibility of obtaining fully quantitative information on molecules 
in living organisms. Its main limitations for studies in small animals 
are low availability and relatively high cost and poor spatial resolu-
tion. PET has certainly had a strong impact on the current knowl-
edge of metabolic and functional alterations in stroke, and it has 
contributed to cerebral blood fl ow studies and to defi ning the isch-
emic penumbra. Some of these achievements have been obtained 
in animals (nonhuman primates and cats) but fewer in rodents 
because of their size limitation. Animal-dedicated PET cameras are 
now available for imaging rodents and their spatial resolution has 
increased (generally within 1–2 mm). The spatial resolution of 
PET is therefore much lower than that of MRI, and often co- 
registration of PET images with 3D-MRI images from the same 
individual helps to localize the anatomy of the regions with affected 
signals. For these reasons, hybrid PET/MRI systems are being 
used in experimental and clinical setting for high-resolution and 
anatomical detail to better visualize and localize the functional data 
and allow the correction for attenuation of the PET data [ 138 ]. 
The limitation of the use and quantifi cation of PET studies in small 
animals is addressed in Note  5 .  

4.1  Introduction
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      Positron   emitter isotopes are generated in a cyclotron located in 
situ near the PET cameras. In order that the PET tracers can target 
specifi c molecules, the radioactive isotopes must also be incorpo-
rated to precursor compounds to fi nally generate the labeled mol-
ecule of interest. This requires the cooperation of a 
radiopharmaceutical department that can produce the labeled trac-
ers fast. After in vivo tracer administration, positrons emitted by 
the isotope can only travel a very short distance (mm) before they 
encounter electrons. Annihilation occurs, emitting two photons in 
opposite directions, which can be detected simultaneously by the 
scanner ring of the PET camera. Tomographic images thus gener-
ated bear information from which fully quantitative data can be 
obtained. A typical PET isotope is   11 C  , which can easily be incor-
porated to organic compounds.  11 C has a half-life of 20.3 min, 
which means that the radio-synthesis must occur very fast, before 
the radioactive decay is too advanced. This makes preclinical and 
validation studies with [ 11 C]-labeled compounds technically diffi -
cult. One of the preferred PET isotopes is   18 F  , which with a  half- life 
of 109.8 min allows more extensive preclinical ex vivo studies with 
the labeled molecule and thus facilitates images of a better quality.  

    The injected radioactive molecules are tracers as the injected mass 
is very low while the radioactive content is high. Therefore, the 
 specifi c activity   (SA) of the injected molecules is normally very 
high, while the biological activity of the injected radioactive mol-
ecules is expected to be negligible.  

   See Sect.  2.2  above, as well as Note  1  and Note  2 . Anesthetized 
animals must also be monitored for physiological constants as 
described above for MRI (see Sect.  2.3 ).    

5    Methods 

   The study of glucose utilization by PET using [ 18 F] fl uorodeoxyglucose   
([ 18 F] FDG  ) is by far the most frequently used PET technique in 
humans as it has many different clinical applications, particularly to 
evaluate tumors and alterations in cerebral energy metabolism. The 
PET technique is based on Sokoloff’s  autoradiographic technique   
[ 139 ], which has been extensively used in animal models of brain 
ischemia (e.g., [ 140 ]). In vivo PET studies with [ 18 F]FDG are fea-
sible in rodents and have been used in rats (e.g., ref. [ 141 ]) and 
mice (e.g., ref. [ 142 ]) to assess neurodegeneration under various 
experimental conditions. By using [ 18 F]FDG and taking into 
account the arterial input function, the full quantifi cation of 
regional  cerebral glucose utilization   is feasible in rats [ 143 ,  144 ] 
and also in mice [ 145 ,  146 ]. PET imaging studies using [ 18 F]FDG 
have mainly demonstrated reductions in glucose consumption in 
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the ischemic regions. Nevertheless, depressed glucose metabolism 
at reperfusion was not always associated with later development of 
infarction [ 147 ]. In other studies, [ 18 F]FDG has appeared as a sen-
sitive approach to distinguish between the recruited tissue and the 
recoverable tissue that can be salvaged with the presence of reper-
fusion after cerebral ischemia [ 14 ,  148 ,  149 ]. Overall, PET with 
[ 18 F]FDG can be considered as a valuable method for the predic-
tion of tissue fate following preclinical models of stroke [ 150 ]. 
Furthermore, [ 18 F]FDG has been used as a valuable imaging 
modality to demonstrate functional recovery after transplantation 
of induced pluripotent stem cells [ 151 ] and bone marrow stromal 
cells [ 152 ] after cerebral ischemia in rats.  

   PET studies in acute stroke patients have provided singular data on 
the metabolic status of the ischemic brain.  Cerebral metabolic rate 
for oxygen   ( CMRO 2   ) and the oxygen extraction fraction (OEF), 
both relevant measures in acute stroke, can be obtained after inha-
lation of O-15-labeled oxygen gas ([ 15 O]O 2 ).  OEF   is taken as a 
marker of the ischemic penumbra. Indeed, increased oxygen con-
sumption under conditions of moderate decreases in blood fl ow 
translates the metabolic demand of viable penumbral tissue with 
defi cient blood supply. Interestingly, comparisons of regions with 
increased OEF and hyperintense DWI underscored that the DWI 
lesion may contain some viable tissue, as the DWI/PWI mismatch 
area overestimated the penumbra as defi ned by PET [ 69 – 72 ]. 

 Unfortunately, studies of oxygen metabolism using inhaled gas 
in rodents are technically diffi cult as the radioactivity in the gas 
tubing reaching the anesthetized animal causes interference in the 
brain image [ 153 ]. To overcome this, a complex system was devel-
oped for administration into rats of an injectable preparation of 
[ 15 O]-O 2  that was obtained after gas circulation through an artifi -
cial lung [ 154 ]. This procedure allowed the in vivo study of oxy-
gen metabolism and OEF in rat brain [ 153 ,  154 ]. The same 
technique was applied to study CMRO 2  and OEF in rat stroke 
models [ 155 ,  156 ]. Nonetheless, images obtained with [ 15 O] O 2    
have a low spatial resolution due to the  15 O isotope’s features (high 
energy, very short half-life), and the images barely reach useable 
quality. In spite of these limitations, these authors showed a com-
pensatory increase in the oxygen extraction fraction (OEF) 1 h 
after MCAO in rats in the ipsilateral versus the contralateral hemi-
sphere [ 156 ]. More recently, the feasibility of quantitative PET 
measurement of CBF, OEF, and CMRO 2  has been demonstrated 
using the steady-state inhalation method of [ 15 O] O 2    and [ 15 O] CO 2    
gases in anesthetized rats [ 157 ]. 

 PET with [ 15 O]H 2 O is a robust and well-validated imaging 
technique to study cerebral perfusion in humans [ 158 ], but the 
availability of [ 15 O]H 2 O is rare in routine clinical settings. Likewise, 
the same limitations of the  15 O isotope apply in terms of spatial 

5.2   Oxygen 
Metabolism   and CBF

A. Martín et al.



163

resolution in the small animal. Nevertheless, quantitative measures 
of CBF can be obtained in the rat brain in vivo with PET using 
[ 15 O]H 2 O as the tracer [ 156 ,  159 ,  160 ]. PET with [ 15 O]H 2 O has 
evidenced the ability to detect subacute hemodynamic changes 
after cerebral ischemia involving hyperperfusion that might be 
related to angiogenesis and functional recovery [ 161 ]. 

 Several indirect strategies including measuring [ 18 F]FDG 
infl ux [ 162 ] can also be undertaken to assess CBF. These approaches 
are used in vivo in the ischemic rat and they can, in combination 
with other tracer studies [ 155 ,  162 ], provide valuable information 
on cerebral perfusion. Finally, PET imaging of cerebral perfusion 
has been also carried out by using [ 13 N]ammonia showing similar 
results than that obtained with [ 15 O]H 2 O [ 163 ].  

   The PET tracer [ 11 C] fl umazenil   has been proposed as a surrogate 
marker of neuronal fate after stroke [ 164 – 168 ].  Flumazenil   (Ro 
15–1788) binds the central-type benzodiazepine receptors that are 
principally located on neurons; as a result, the receptor density 
changes according to the neuronal density [ 169 ]. In humans and 
cats, reduced [ 11 C]fl umazenil binding is associated with develop-
ment of infarction. However, autoradiographic studies in rodents 
with [ 3 H]fl umazenil showed that binding was not decreased in the 
striatum and cerebral cortex until several days after ischemia/
reperfusion in rats [ 170 ] and mice [ 171 ]. Therefore, controversy 
exists over the results with radioactive fl umazenil after ischemia 
in vivo by PET in cats and humans [ 164 – 168 ] versus in vitro auto-
radiographic studies in rodents [ 170 ,  171 ]. Using in vivo PET 
with [ 11 C]fl umazenil in rats after transient MCAO, we found no 
alteration of tracer binding during the fi rst 8 h postischemia [ 172 ]. 
While reduced [ 11 C]fl umazenil is a precise marker of neuronal 
death [ 167 ], it is possible that lack of detectable changes does not 
necessarily imply lack of cell death since decreased [ 11 C]fl umazenil 
binding might depend on the extent of cell death and kind of 
affected neurons. Further in vivo studies with [ 11 C]fl umazenil in 
rodents are required using several degrees of ischemia and longitu-
dinal studies in the same animals to better understand the sensibil-
ity of this technique to mark neuronal cell death. 

 A few years ago, a novel PET imaging technique using 
[ 18 F]-fl uoro-3′-deoxy-3′- L -fl uorothymidine ([ 18 F]FLT) was estab-
lished to evaluate endogenous neural stem cell (NSC) mobilization 
after cerebral ischemia [ 173 ]. [ 18 F]FLT is a radiotracer used to 
image cell proliferation that visualizes neurogenic processes in vivo. 
These authors have demonstrated that [ 18 F]FLT can be used to 
monitor NCSs in adult rat induced by experimental stroke [ 173 ]. 
Therefore, PET with [ 18 F]FLT might be useful for monitoring the 
effi cacy of treatments promoting neurogenesis in longitudinal 
studies following stroke.  

5.3  Neuronal 
Viability 
and Neurogenesis
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    Imaging infl ammation in the brain with noninvasive methods is a 
main goal in experimental and clinical research in various brain 
pathologies, including stroke [ 174 ]. The most extensively used 
PET tracer targeting infl ammation is [ 11 C] PK11195  . This com-
pound is an antagonist of the  peripheral benzodiazepine receptor   
(PBR) [ 175 ], also called translocator protein-18 ( TSPO  ) [ 176 ]. 
Autoradiographic studies showed that binding of several TSPO 
ligands increased after experimental focal ischemia [ 177 ,  178 ]. 
[ 3 H]PK11195 binds to  microglia  /macrophages after ischemia 
[ 179 ,  180 ], but several studies also suggested some binding to 
reactive astroglia [ 181 ]. PET studies with [ 11 C]PK11195 have 
shown increased binding in the brain of stroke patients [ 182 – 185 ]. 
PET studies with [ 11 C]PK11195 in animal models of stroke 
(Fig.  5 ) show increased binding of this tracer in the infarcted 
region and the periphery at 4–7 days following transient MCAO in 
rats [ 186 ]. The latter study illustrated that this tracer is useful for 
imaging the cerebral infl ammatory reaction after ischemia, but 
emphasized that the expression of TSPO was not homogeneous 
through the population of reactive microglia/macrophages. A 
recent study in a model of permanent ischemia in rats showed pre-
dominant [ 11 C]PK11195 binding in peripheral regions [ 162 ], thus 
suggesting that the regional pattern and features of microglia acti-
vation might be different after permanent and transient ischemia. 
Over the last decade, the aims to provide a better signal-to-noise 
ratio and reduce the high level of nonspecifi c binding have trig-
gered a renewed effort to develop improved TSPO PET radiotrac-
ers [ 187 ]. Most of these tracers, such as [ 11 C]PBR28, [ 11 C]DAC, 
[ 18 F]FEAC, [ 18 F]FEDAC, [ 18 F]GE-80, and [ 18 F]DPA-714, have 
been used to monitor TSPO expression following rodent models 
of cerebral ischemia [ 188 – 194 ]. In addition, [ 18 F]DPA-714 has 
shown TSPO binding decrease in ischemic rats treated with mino-
cycline, evidencing its usefulness to evaluate novel anti- infl ammatory 
strategies in experimental cerebral ischemia [ 195 ]. Likewise, 
among the alternative PET radiotracers for TSPO, the labeling 
with fl uorine-18 has extended its use from the bench to the bed-
side. For all these reasons, [ 18 F]DPA-714 has been considered as a 
promising radiotracer which is becoming widely used, particularly 
in experimental animal studies.

   Therefore, the in vivo PET imaging of neuroinfl ammation has 
been almost exclusively limited to the study of TSPO. A very recent 
study has used PET imaging with 2[ 18 F]-fl uoro-A85380, a selec-
tive radioligand for the nicotinic acetylcholine receptors (nAChRs) 
α 4 β 2 , to evaluate α 4 β 2  binding after cerebral ischemia in rats [ 196 ]. 
These authors have demonstrated the increase of α 4 β 2  binding in 
microglia/macrophages and astrocytic cells that was consistent 
with the binding profi le of [ 11 C]PK11195 following stroke. In 
addition, the treatment with the α 4 β 2  antagonist dihydro-β- 
erythroidine hydrobromide (DHβE) showed an increase of [ 11 C]
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PK11195 binding at day 7 after reperfusion [ 196 ]. Altogether, 
these fi ndings suggest the existence of novel and suitable PET 
imaging markers to evaluate neuroinfl ammation following stroke. 
Active research is currently ongoing to develop novel tracers for 
imaging neuroinfl ammation by PET.  

   Imaging hypoxia is one of the recent achievements in PET research 
that has had an impact in animal models of ischemia. This was 
achieved using a tracer named [ 18 F]fl uoromisonidazole ([ 18 F]
FMISO) that images hypoxia [ 197 ,  198 ]. The fi rst study with [ 18 F]

5.5  New PET 
Developments 
Relevant to Stroke 
Research

  Fig. 5    Imaging infl ammation in vivo in the rat 7 days after transient MCAO with PET 
using the TSPO ligand  11 C-PK11195. PET images were co-registered with a rat 
brain atlas. ( a ) MRI image obtained by DWI at 7 h after MCAO.  White area  shows 
the affected region (striatum). ( b )  11 C-PK11195 PET image of the same rat at 7 days 
postischemia. Color code for higher binding is:  red  >  yellow  >  blue . ( c ) Histological 
staining (TTC) of the postmortem tissue at day 7 of the above rat showing a small 
striatal infarction ( pale zone  in the striatum at the right-hand side of the image)       
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FMISO in rats after 2 h MCAO was an autoradiographic study that 
suggested that this tracer was a marker of the ischemic penumbra 
[ 197 ]. Later, in vivo PET studies with [ 18 F]FMISO in rats sub-
jected to permanent or transient MCAO again supported it as a 
marker of viable hypoxic tissue after stroke [ 198 ]. 

 In vivo imaging of neurotransmitter receptors with [ 11 C]raclo-
pride, [ 11 C]DASB, and [ 18 F]altanserin, ligands for dopamine D 2  
receptors, serotonin transporter (SERT), and serotonin receptor 
5-HT 2A , has evidenced changes in receptor expression. Binding 
alterations became apparent in both the ischemic and the contra-
lateral brain regions suggesting receptor involvement in functional 
recovery after cerebral ischemia [ 199 ,  200 ]. 

 Recently, PET imaging of cystine/glutamate antiporter (xc −  
system) with (4S)-4-(3-[18F]fl uoropropyl)- L -glutamate [ 18 F]
FSPG has displayed increased xc −  system function at few hours 
after cerebral ischemia in rats, supporting the contribution of xc −  
system to the glutamate release during stroke [ 201 ]. 

 Likewise, PET fi ndings have also been reported in the fi eld of 
angiogenesis, as was published for the rat after transient MCA 
occlusion by using the tracer 64Cu-DOTA-VEGF121, that allows 
imaging  VEGFR   expression in vivo by PET [ 202 ]. 

 The application of PET studies to stroke research in the future 
will rely on the development of newer tracers able to track the 
molecular processes involved in the physiopathology of brain isch-
emia. Developments, for instance, in the fi eld of imaging activated 
matrix metalloproteinases [ 203 – 207 ], may have a future applica-
tion for in vivo PET/SPECT imaging in animal models of stroke 
and likely in stroke patients.   

6    SPECT 

   Single-photon emission computed tomography (SPECT) is a 
nuclear imaging technique that together with PET has provided 
valuable knowledge on pathological brain function. SPECT images 
are generated after injection of single gamma-emitting radioiso-
topes with lower energy and higher half-life (from hours to days) 
than PET tracers. The main advantages of this technology are (1) 
the capability to perform longitudinal tracking of labeled cell-based 
therapies due to the long half-lives of the radiotracers, (2) the pos-
sibility to distinguish between two different radioisotopes when 
injected simultaneously owing to the emission at different energies 
by gamma-emitting radioisotopes, and (3) the fact that it does not 
require a cyclotron for the production of radiotracers increases the 
availability and decreases costs in relation to PET. The main disad-
vantages are the worst resolution and sensitivity with respect to 
PET. Despite this, new generation of microSPECT cameras have 
improved these limitations decreasing its differences with microPET 
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technology [ 208 ], and SPECT can be a useful tool in experimental 
animal research [ 209 ]. The use of SPECT imaging to evaluate pre-
clinical stroke has been much more restricted than PET, despite its 
usefulness to evaluate cerebral perfusion and cell therapy in animal 
models of cerebral ischemia. SPECT imaging provides functional 
and anatomical information of pathologic events. High-resolution 
detail from computed tomography (CT) scanner is used to localize 
and correct the SPECT signal for attenuation. For this reason, 
hybrid SPECT/CT systems are becoming more common in hospi-
tal and imaging laboratories. The limitation of the use and quanti-
fi cation of SPECT studies in small animals is addressed in Note  6 .  

     The single-photon emitting radiotracers allow for long-distance 
transportation due to its long half-lives or can be obtained on site 
via generator systems. Likewise, radiotracers for SPECT can be 
easily prepared on site using commercial reagents and kits. 
Therefore, in contrast with PET, the infrastructure associated with 
cyclotron production is not required. After in vivo tracer adminis-
tration, gamma photons are detected in gamma cameras that uti-
lize lead or tungsten collimators to capture photons with correct 
trajectories. To obtain tomographic images of the subject, detec-
tors with collimators rotate around the subject acquiring suffi cient 
number of angular views. Despite methods for reconstruction 
being similar, principles of acquisition might be different depend-
ing on the use of different types of collimators (e.g., parallel hole, 
pinhole). Collimators are designed to eliminate all photons with a 
different trajectory to the detector surface. However, the design of 
a collimator can also limit the direction of the incoming photons 
resulting in a loss of sensitivity. Finally, the gamma-emitting iso-
topes for SPECT include  99m Tc (half-life ( t  1/2 ) = 6 h),  123 I 
( t  1/2  = 13.3 h),  111 In ( t  1/2  = 2.8 days), and  67 Ga ( t  1/2  = 2.8 days), 
among others.  

   See Sect.  4.2.2 .  

   See Sect.  2.2  above, as well as Note  1  and Note  2 . Anesthetized 
animals must also be monitored for physiological constants as 
described above for MRI (see Sect.  2.3 ).    

7    Methods 

   Imaging of brain perfusion with SPECT has been performed with 
[ 99m Tc]hexamethylpropylene-amino-oxime ([ 99m Tc]HMPAO). 
HMPAO is removed from blood during its fi rst pass through the 
brain and decomposes rapidly into a hydrophilic secondary com-
plex. The hydrophilic metabolite of [ 99m Tc]HMPAO is trapped in 
the parenchyma in a manner dependent on the CBF rate [ 210 ]. 

6.2  Materials

6.2.1  Instrumentation

6.2.2  Specifi c Activity

6.2.3  Anesthesia

7.1  Brain Perfusion
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SPECT images of [ 99m Tc]HMPAO distribution have shown 
regional CBF before, during, and after cerebral ischemia in rats 
[ 110 ,  157 ]. In fact, [ 99m Tc]HMPAO SPECT signal ratios have evi-
denced a good correlation with [ 15 O]H 2 O PET during and after 
ischemia in rats [ 211 ]. In addition, [ 99m Tc]HMPAO has also been 
used to predict the extent of infracted tissue in rodents following 
stroke [ 211 ].  

   Neuronal integrity can be visualized with SPECT using [ 123 I]ioma-
zenil that is a selective radioligand for the central type of benzodi-
azepine receptor (CBR), a selective receptor of neurons. [ 123 I]
iomazenil uptake in the human brain decreases after stroke [ 212 ]. 
In animal models of cerebral ischemia, [ 123 I]iomazenil has been 
used to monitor preservation of neuronal integrity following bone 
marrow stromal cell-based therapy. These studies supported the 
usefulness of this radiotracer to evaluate functional recovery after 
cell therapy [ 213 ]. 

 Tissue viability following stroke has been assessed by [ 99m Tc]
ethylcysteinate dimer ([ 99m Tc]ECD), a small lipophilic molecule 
that crosses the blood–brain barrier and is hydrolyzed to [ 99m Tc]
ethylcysteinate monomer ([ 99m Tc]ECM) in the brain. [ 99m Tc]ECM 
is hydrophilic and does not permeate back to the blood stream. 
Cerebral infarction reduces the enzymatic activity that mediates 
the hydrophilic conversion of Accordingly, [ 99m Tc]ECD [ 214 ]. 
[ 99m Tc]ECD uptake decreases in the infarcted brain regions after 
cerebral ischemia in rats [ 214 ].  

   [ 99m Tc]hydrazine nicotinamide-labeled annexin V ([ 99m Tc]-
HYNIC-annexin V) has been used as a tool to evaluate cellular 
stress and apoptosis in humans [ 215 ] and in a model of global 
cerebral ischemia [ 216 ]. Likewise, SPECT imaging of annexin V in 
ischemic rats showed signal uptake in distant regions to the site of 
infarction suggesting its capability to defi ne tissues at risk for cell 
death that may recover over time [ 217 ].  

   As previously described, imaging of brain infl ammation following 
ischemia has been mainly concentrated in the use of TSPO PET 
radiotracers (see Sect.  5.4 ). Despite this, SPECT imaging of brain 
infl ammation is also possible with the TSPO tracer [ 125 I]-CLINDE 
[ 165 ]. [ 125 I]-CLINDE is a  valuable tool to explore increased den-
sity of TSPO after cerebral ischemia in rats by SPECT as a marker 
of brain infl ammation [ 218 ].  

   Long half-lives of SPECT radiotracers allow for tracking of initial 
movement, localization, and engraftment effi ciency of infused 
cells. The main strategy to track cells for SPECT imaging has been 
the labeling of human umbilical cord blood (HBUC) and bone 
marrow-derived mesenchymal stromal/stem (BMMSC) cells with 

7.2  Neuronal Activity 
and Viability
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[ 111 In]oxine [ 219 – 222 ]. This strategy allows monitoring the 
in vivo biodistribution of the labeled cells. While intravenous 
administration of [ 111 In]oxine-labeled human umbilical tissue- 
derived cells (hUTC) has shown histological improvements after 
cerebral ischemia [ 221 ], other studies have not observed func-
tional recovery or histological protection after [ 111 In]oxine-hUTC 
cell treatment [ 219 ,  220 ]. Likewise, intra-arterial infusion of 
[ 111 In]oxine-labeled BMMSCs has evidenced increased cell recruit-
ment in the ischemic hemisphere compared to the nonischemic 
region [ 222 ]. Finally, other strategies, such as the reporter gene- 
probe system HSV1-tk–[ 131 I]-29-fl uoro-29-deoxy-1-b- D - 
arabinofuranosyl- 5-iodouracil ([ 131 I]-FIAU), can be useful to 
monitor stem cells in experimental cerebral ischemia in rats [ 223 ].   

8    Notes 

      MRI can be performed in non-anesthetized rats after a training 
period habituating them to the holder and the magnet environment 
(e.g., [ 224 – 229 ,  230 ]) and using a chronically implanted surface 
coil [ 231 ]. The use of MRI in awake rodents has grown in the last 
years, particularly for the investigation of functional neuronal net-
works. This technology has allowed for comparisons between the 
responses of awake and anesthetized animals (e.g., [ 232 ,  233 ]). 
Furthermore, recent developments enabled combining fMRI and 
optogenetics in awake rats [ 234 ]. Likewise, PET studies have been 
performed in non-anesthetized rats (e.g., [ 175 ,  235 – 238 ]), and 
PET combined with optogenetic stimulation has been used for 
mapping brain metabolic connectivity in awake rats [ 239 ].  

      In spite of efforts to image the brain in awake animals, most imag-
ing works use anesthetics. It has been estimated that anesthesia- 
induced loss of consciousness reduces cerebral energy consumption 
by 45 % [ 240 ]. Anesthetics minimizing alteration of neuronal activ-
ity or blood fl ow are required in functional imaging studies (for 
review on anesthetics in imaging studies, see refs [ 16 ,  241 ,  242 ]). 
Although isofl urane anesthesia is widely used in many imaging 
works [ 243 ,  244 ], PET studies have shown that it depresses brain 
glucose metabolism [ 146 ] and it can induce several alterations in 
neuroreceptor binding, for instance, as reported using a tracer for 
the serotonin receptor 5HT-1A [ 245 ]. α-Chloralose and urethane 
are the most widely used anesthetics in functional MRI studies but 
are highly toxic and therefore not suitable for longitudinal studies. 
Several works (e.g., [ 18 ,  246 – 251 ]) highlighted the greater suit-
ability of sedation with medetomidine hydrochloride, a non-opioid 
synthetic α2-adrenoreceptor agonist with sedative action that pro-
vides pain relief as well as muscle relaxation and does not seem to 
alter blood fl ow, compared with general anesthesia. The drug is 
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approved for veterinary use and is appropriate for imaging studies in 
rodents, particularly those involving evaluation of brain activity and 
CBF. Several studies in rodents have investigated the effects of dif-
ferent anesthetics or different levels of anesthesia on imaging data, 
such as the binding of various PET tracers (e.g., [ 252 ,  253 ]), brain 
blood oxygenation levels [ 254 ], and fMRI responses [ 255 – 259 ].  

        Some basic comments on the MRI scans and sequences most fre-
quently used to study animal models of stroke are given below (for 
specialized reading, see refs [ 7 ,  8 ]). MR images are obtained by 
using the relaxation of the excited nuclei after application of a 
radiofrequency pulse. The relaxation following the time course of 
the longitudinal component of the net magnetization is called  T1   
( longitudinal relaxation time  ), whereas that of the transversal com-
ponent corresponds to  T2   or T2* ( transversal relaxation time  ). 
T2* parameter includes all factors that infl uence the nuclei asyn-
chrony, whereas T2 is exclusively based on infl uences due to the 
intrinsic composition and structure of the tissue. The T1 and T2 
relaxation times are the major determinants of signal intensity and 
contrast. The fact that many parameters are involved in the genera-
tion of images has inspired the development of an extensive variety 
of MR sequences (acquisition schemes). Most common sequences 
can be grouped in two main classes: gradient-echo (GRE) and 
 spin-echo   (SE). These sequences have various parameters that can 
be tuned for contrast defi nition, such as repetition time (TR), fl ip 
angle (θ), echo time (TE), and time of inversion (TI). GRE 
sequences can be faster than the SE [ 8 ,  9 ]. This rich assortment of 
sequences allows for the generation of a variety of different images. 
Combinations of the imaging parameters (e.g., TR, θ, TE, TI, etc.) 
can power the image toward T1- or T2-weighted images. Also, 
proton density-weighted images can be obtained that have mini-
mal T1 and T2 components, but the contrast depends on the den-
sity of protons in the tissue. Investigation is required to fi nd out 
which scans best show up alterations that correspond with pathol-
ogy and are useful for characterizing the brain lesion. The follow-
ing is a list of basic images of interest in animal stroke research:

    1.     T1 - weighted  ( T1W )  imaging : This scan is generally made with 
GRE sequences and the correct choice of a short TR is very 
important. T1W provides a good contrast between white and 
gray matter, and it is very useful for obtaining high-resolution 
3D reconstructions. White matter appears in pale gray in T1, 
whereas fl uids, such as the cerebrospinal fl uid (CSF), look dark. 
3D T1-weighted imaging using a 3D-modifi ed driven equilib-
rium Fourier transform (MDEFT)-based acquisition is suited to 
voxel-based morphometry analysis at 3 T in humans [ 260 ], and 
MDEFT protocols are also useful in animal studies of cerebro-
vascular diseases [ 261 ]. Several contrast agents used to assess 
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BBB integrity, such as the clinically used gadolinium-based con-
trasts, shorten the T1 relaxation time and give a positive signal 
in T1 (hyperintensity) (see Sect.  3.4  above).   

   2.     T2 - weighted  ( T2W )  imaging : This image uses SE sequences. 
Here, the choice of TE is important to obtain images of good 
quality. In T2, the white matter is seen in dark gray, whereas 
CSF appears white. These images are very sensitive to brain 
pathology and show up ongoing or recent neuronal cell death 
and also evidence vasogenic edema. Paramagnetic gadolinium 
contrasts induce a signal decrease in T2-weighted images.   

   3.     T2 *- weighted  ( T2 * W )  imaging  : T2*W has a T2 component, 
but it uses GRE sequences. Gradient-echo sequences are very 
sensitive to magnetic fi eld inhomogeneities, such as those 
caused by deoxyhemoglobin, and thus are useful for detecting 
hemorrhage or hemorrhagic transformation of brain infarction 
[ 85 ]. Also T2*W is useful to evidence iron accumulation, as was 
shown in the thalamus of the rat secondary to infarction in the 
MCA region [ 262 ]. T2*W imaging can be used for fMRI (see 
below).   

   4.     Perfusion - weighted imaging  ( PWI ) is used mainly to assess and 
quantify CBF. Several PWI techniques have been developed 
and are in use in small animals. Contrast-based perfusion allows 
measurement of the curve of contrast fl owing through a brain 
region or a voxel after an i.v. bolus injection of a gadolinium 
chelate, which causes a negative signal in T2 or T2* sequences 
[ 263 ]. The area under the curve can then be measured to 
 generate maps of cerebral blood volume (CBV). Various func-
tional maps can be generated from the raw data, such as the 
 mean transit time   (MTT) and the time to  peak   (TTP) that refer 
to the time course kinetics of contrast passage through a par-
ticular zone. These parameters allow the quantifi cation of 
CBF. In addition, completely noninvasive contrast-free images 
of brain perfusion can be obtained with  arterial spin labeling   
( ASL  ) techniques [ 264 ,  265 ]. ASL thus offers a great advan-
tage over other PWI techniques and is being used successfully 
in rodents (e.g., [ 266 ,  267 ]). Several improvements in the tech-
nique can provide a rapid and quantitative in vivo assessment of 
tissue perfusion [ 268 ] and estimations of arterial oxygen satura-
tion among other measurements [ 269 ]. Its limitations are gen-
erally a low signal-to-noise ratio and the complexity of kinetics 
for fully quantitative data. Nonetheless, imaging and quantifi ca-
tion have been achieved and are being carried out in rodents 
after brain ischemia (e.g., [ 92 ,  270 ,  271 ]).   

   5.      Proton density - weighted    ( PDW )  images : these sequences can 
provide anatomic images [ 30 ] that are useful for the construc-
tion of an MRI brain atlas. Glial scars can become evident as 
hyperintensities in PDW images, which are also known to reveal 
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changes in water content [ 272 ]. Also, vascular regions show 
hypointensity in PDW images [ 56 ].   

   6.     Diffusion - weighted imaging  ( DWI ) assesses the diffusion move-
ment of water molecules. Long scanning times due to the use of 
diffusion gradients usually requires the use of fast SE echo- 
planar imaging (EPI) sequences for SWI that allows for enough 
sensitivity to changes in the signal due to molecular motion at 
affordable scanning times. A diffusion map can be constructed, 
i.e., the apparent diffusion coeffi cient (ADC) map, showing 
parametric images, which allow for absolute quantifi cation of 
diffusion data [ 22 – 25 ].   

   7.     Diffusion tensor imaging  ( DTI ) is one of the most suitable tech-
niques for studying white matter and fi ber tracts. DTI is based 
on the fact that tissue water diffusion is affected by the presence 
and orientation of barriers to translational motion (such as cell 
membranes and myelin fi bers) [ 35 ]. This phenomenon is called 
diffusion anisotropy [ 273 ] and can be expressed as an index 
called  fractional anisotropy   (FA). Then, brain maps of diffusion 
directions in each voxel can be reconstructed and used for 
in vivo 3D tractography that is used not only in humans (e.g., 
[ 274 ]) but also in animal studies of brain connectivity (e.g., 
[ 275 ,  276 ]) including experimental models of cerebral ischemia 
(e.g., [ 36 ,  277 ]).   

   8.     Functional MRI  ( fMRI ). This technique is based on the blood- 
oxygen- level-dependent (BOLD) effect that depends on the 
magnetic properties of  oxyhemoglobin   and  deoxyhemoglobin   
and on the hemodynamic response to brain activity. Increases in 
brain activity enhance the oxygen demand and trigger propor-
tionally higher increases in CBF, leading to a rise in the fraction 
of blood oxyhemoglobin, which in turn enhances the T2* sig-
nal [ 278 ]. This technique is extensively used in humans to study 
brain activation under different tasks [ 279 ]. In animals, fMRI is 
suitable for studying somatosensory neuronal circuits after dif-
ferent stimuli, such as  whisker stimulation   [ 280 ], visual [ 281 ], 
and the most frequently used model of electrical forepaw stimu-
lation [ 246 ,  282 ,  283 ]. Currently, stimuli-free functional imag-
ing by detection of low-frequency fl uctuations in resting animals 
(resting-state- or lff-fMRI) is a very active fi eld of research to 
depict neuronal networks, remodeling, and brain plasticity, 
eliminating the (usually complex) task of external stimulation of 
the animals [ 47 ,  48 ]. 

 A variation of this functional MRI termed pharmacological 
 fMRI   (ph-fMRI) [ 284 ] may also give valuable information in 
stroke research [ 285 ]. This technique is based on the neural 
activation produced by drug-driven stimulation of brain activ-
ity. Selective drugs can be used to specifi cally activate certain 
neurotransmitter pathways.   
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   9.      Magnetic resonance angiography    ( MRA ): MR angiograms in 
small animals can be obtained in a fully noninvasive manner 
using a contrast-free technique called  time-of-fl ight MRA   
(TOF-MRA). This technique can be somewhat improved by 
reducing the acquisition time after intravenous (i.v.) adminis-
tration of a low dose of a  gadolinium  -based contrast agent 
[ 286 ]. New developments allow for high-resolution structural 
and functional assessment of the cerebral microvasculature 
with modifi ed MRA protocols [ 287 ].    

      It is often useful to perform a pre-scan of the animal before induc-
ing ischemia using the sequence of choice and the same scanning 
protocol. This image can be co-registered with subsequent images 
obtained after induction of ischemia. It may also allow correction 
for individual differences and facilitate quantifi cation of changes. 
Methods have nonetheless been developed for performing isch-
emia inside the magnet [ 288 ,  289 ]. While technically highly 
demanding, this procedure is feasible and is currently being used 
by a few laboratories. Alternatively, after a pre-scan, the animal is 
taken out of the magnet, ischemia is induced, and animals are 
brought back to scanning as many times as necessary during or 
after the arterial occlusion.  

    PET studies in small animals are diffi cult because of the low spatial 
resolution of the technique and partial volume effects that are 
complex to correct. Limitations on the use of [ 18 F]-FDG and other 
tracers in noninvasive PET studies in mice are discussed in the lit-
erature [ 290 ]. Full quantifi cation of a biological process (e.g., 
binding of a molecule to a receptor) is often achieved after com-
plex modeling signals from PET images that may require informa-
tion of the arterial input function. This means that the time-activity 
curves of the injected radioactive molecule have to be measured, 
which often requires not only measures of plasma radioactive con-
centration but also separation of possible metabolites using analyti-
cal techniques (e.g., high-performance liquid chromatography or 
others) to account for the biological metabolism of the injected 
radioactive compound. These processes are obviously limiting 
given the extremely short half-life of the PET isotopes. In small 
animals, withdrawing multiple blood samples is possible (e.g., ref. 
[ 291 ], but diffi cult. Also, rapid reduction of blood volume may 
affect the process under study, and the procedure may not be prac-
tical when animals need to be kept for longitudinal studies. 
Recently, an automated blood sampling device to withdraw small 
blood samples from mice has been reported and used in an 
[ 18 F]-FDG PET study [ 145 ]. Nevertheless, alternative methods 
have also been developed for accurate signal quantifi cation to avoid 
invasive blood sampling. For instance, a method was developed to 
measure the arterial input function in regions of interest drawn 
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over the heart, which was imaged at the same time as the brain, and 
this was applied to noninvasive quantitative measurement of CBF 
with [ 15 O]-H 2 O [ 145 ]. Another method obtained an input func-
tion from dynamic image data and 0 or 1 blood sample for small 
animal [ 18 F]-FDG PET studies [ 291 ]. Correction of partial vol-
ume effects produced accurate quantifi cation of glucose metabolic 
rate in rats and mice [ 291 ]. Most [ 18 F]-FDG PET studies in 
rodents, however, are semiquantitative only and rely on defi ning 
regional changes in signal intensity in relation to a reference 
region). In animal models of MCAO, signal intensity values of the 
ipsilateral hemisphere are frequently referred to values in the 
homologous contralateral region to assess pathological signal 
alterations.  

    SPECT quantifi cation is compromised by several factors including 
photon attenuation, photon scatter, partial volume effect, and 
motion artifacts. These variables can alter the capacity of SPECT to 
quantify the concentration of radioactivity in a given volume of 
interest and in absolute units. The development of iterative image 
reconstruction techniques has improved SPECT image reconstruc-
tion [ 292 ]. In addition, the appearance of hybrid systems SPECT/
CT has provided the correction for photon attenuation, increasing 
the accuracy of SPECT imaging in quantifying radioactivity con-
centrations in tissues.      
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    Chapter 12   

 Noninvasive Optical Imaging in Rodent Models of Stroke                     

     Markus     Vaas      and     Jan     Klohs      

  Abstract 

   With recent advances in optical imaging instrumentation and reconstruction algorithms, preclinical optical 
imaging has become almost a commodity in biomedical research. Given the availability of specifi c fl uores-
cent probes and reporter gene technologies, which allow the noninvasive visualization of a variety of 
pathophysiological processes. The technology might also pose an attractive research tool for preclinical 
stroke research. This chapter gives a practical overview about near-infrared fl uorescence (NIRF) imaging 
and bioluminescence imaging (BLI), the two most common noninvasive optical imaging techniques. 
Furthermore, we will provide examples about the application of these methods to rodent models of stroke 
and discusses practical aspects and limitations.  

  Key words     Bioluminescence imaging  ,   Cerebral ischemia  ,   Fluorescent proteins  ,   Near-infrared fl uores-
cence imaging  ,   Molecular imaging  ,   Small animal imaging  

1      Introduction 

 The development of new  optical imaging   devices over the past 
decade has facilitated the translation of  optical imaging   from 
microscopic scale to macroscopic level imaging. Novel probes and 
reporter gene assays have become available, which allow the visual-
ization of a variety of pathophysiological processes in the intact 
animal. The technology is particularly suited for the use in  rodent   
models of stroke: specifi c pathophysiological processes can be visu-
alized in vivo, while all regulatory processes are preserved in the 
live animal and without impeding animal physiology and welfare. 
Moreover, the noninvasiveness of the methods allows combining 
them with other readouts, for example, behavior (see Chap.   13    ) or 
magnetic resonance  imaging   (see Chap.   11    ) in the same animal, 
thus reducing the overall number of animals needed for preclinical 
studies. In addition, it allows repetitive imaging to establish the 
dynamics of a process over the disease course, thus improving sta-
tistical  power  , and to monitor the response to therapeutic inter-
vention. In this chapter, we briefl y describe the application of 

http://dx.doi.org/10.1007/978-1-4939-5620-3_13
http://dx.doi.org/10.1007/978-1-4939-5620-3_11


188

 near-infrared fl uorescence (NIRF) imaging   and  bioluminescence   
imaging (BLI), the two most common noninvasive  optical imaging   
methods, to  rodent   models of stroke. Furthermore, we discuss 
practical aspects and limitations of these techniques.  

2     Near-Infrared Fluorescence (NIRF) Imaging   

    Near-infrared (NIR) fl uorescence   makes use of the fact that major 
absorbers in the tissue like water and hemoglobin have their lowest 
absorption coeffi cient in the NIR range (700–900 nm), thus allow-
ing NIR photons to penetrate deep into tissue. In addition, struc-
tural components in animal tissue have low  autofl uorescence   
emission in the NIR range compared to the visible and mid- infrared 
spectrum [ 1 ]. This gives the unique opportunity of NIR light to 
detect fl uorochrome distribution in biological tissue using sophis-
ticated hardware and reconstruction algorithms. 

 A number of NIRF  imaging   devices with different setups and 
modes of data acquisition have been developed and are commer-
cially available. The standard  NIRF imaging   instrumentation con-
sists of an excitation light source, e.g., a laser diode, and  fi ber optic  s 
to direct the excitation light to the animal under study (Fig.  1 ). 
The emitted fl uorescence is captured using a charge-coupled device 
( CCD  ) camera fi tted with adequate emission fi lters and a lens to 
adjust the focal plane. By choosing different combinations of exci-
tation sources and emission fi lters, multichannel imaging in the 
same animal can be achieved [ 2 ].

2.1   NIRF   
Instrumentation 
and Techniques

  Fig. 1    A standard planar NIRF imaging system ( a ,  b , Maestro 500 multispectral imaging system, Cambridge 
Research & Instruments Inc, Woburn, USA). The system consists of  fi ber optic  s ( 1 ) which direct the excitation 
light to the animal under study. The emitted fl uorescence is captured using a charge-coupled device camera 
( 2 ) fi tted with adequate emission fi lters and a lens to adjust the focal plane ( 3 ). The  mouse   is placed onto a 
heated support to maintain  body temperature   ( 4 ). Volatile  anesthesia   is provided in an air/oxygen mixture via 
a nose cone ( 5 ). The whole set-up is placed in a lighttight container ( 6 ). A white light image of a C57Bl6  mouse   
head taken with a charge-coupled device camera ( c ). The head has been depilated       
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   The most common method for NIRF  imaging   is to illuminate 
the object with a plane wave referred to as planar NIRF  imaging  . 
Planar NIRF imaging can be applied both in refl ectance and trans-
illumination mode. In  fl uorescence refl ectance imaging   (FRI), the 
excitation light source and the detector are on the same side of the 
object. The excitation photons propagate a few millimeters below 
the surface of the object. Scattered excitation and emission pho-
tons travel back to the surface. In transillumination fl uorescence 
imaging (TFI),  the   excitation light source and the detector are on 
opposite sides. The advantage of TFI is that the entire volume of 
the object is sampled upon the passage of the excitation light. 
Furthermore, refl ection of excitation photons and  autofl uores-
cence   of the skin is reduced in TFI compared to FRI [ 3 ]. 

 Planar NIRF imaging methods have the advantage that they 
require relatively inexpensive instrumentation (systems are com-
mercially available or can be self-built), are easy to operate, and 
facilitate high-throughput imaging of animals. However, planar 
NIRF imaging methods have some limitations: tissue scattering 
limits spatial resolution to about 2–3 mm. The obtained images are 
two-dimensional and surface-weighted. Moreover, the detected 
fl uorescence emission depends linearly on the fl uorochrome con-
centration and nonlinearly on the depth of the fl uorescent object 
and the optical properties of the surrounding tissue. As a conse-
quence, planar NIRF images do not allow for absolute quantifi ca-
tion of the detected fl uorescence. Hence, in most studies, the 
fl uorescence emission is expressed in terms of contrast, i.e., as a 
ratio of the fl uorescence intensity measured over the disease- 
affected region to the intensity measured over a non-affected 
region, termed target-to-background ratio (TBR [ 4 ]). 

 Quantitative analysis of fl uorescence emission can be achieved 
using fl uorescence molecular tomography (FMT). In contrast to 
FRI and TFI, FMT uses a point laser source instead of planar ones. 
By scanning the laser point on the surface, coupled excitation and 
emission images are sequentially recorded. Based on the diffuse light 
propagation model, reconstruction leads to an improved image res-
olution of the order of 1 mm in all three dimensions as compared to 
planar NIRF techniques [ 5 ,  6 ]. The combination of FMT with other 
imaging modalities like magnetic resonance  imaging   and computed 
tomography can be used to allocate imaging signals on low-resolu-
tion NIRF  imaging   data to a specifi c anatomical location [ 7 ,  8 ]. In 
addition, the use of anatomical information as prior knowledge can 
improve the reconstruction accuracy of FMT data.  

   A large number of fl uorochromes emitting in the NIR including 
cyanine dyes, lanthanide chelates, squaraines, tetrapyrrole-based 
probes, quantum dots, and others are available [ 9 ]. The fl uoro-
chromes can be used for the generation of  NIRF   probes by conju-
gation to ligands such as antibodies, antibody fragments, 

2.2  NIRF  Imaging   
Probes and Reporter 
Genes
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oligonucleotides, peptides, and enzyme substrates or by labeling 
cell  populations  . Probe generation might be simple: for example, 
the labeling of cysteine residues with N-hydroxysuccinimide esteri-
fi cation of NIR dyes or might involve complex chemistry. Cells can 
be labeled by using membrane-bound NIR dyes or fl uorochromes, 
e.g.,  nanoparticles  , which are internalized by the cells. Alternatively 
cells can be transfected to express an NIR  fl uorescent protein   as a 
reporter gene assay [ 10 ]. The advantage is that transfected cells do 
not lose signal intensity after cell division as compared to cells, 
where fl uorochromes are membrane bound or internalized.  

   In BLI the light detected using a  CCD   camera is produced within 
the organism by an enzymatic reaction. BLI assays are reporter 
gene assays, in which the oxygenase gene is inserted into the 
genome of cells under the control of a promoter of a gene of 
 interest. The enzymes are expressed whenever the promoter is 
active. The strength of the promoter is important. When the pro-
moter is too weak,  luciferase   is not produced in suffi cient amounts. 
The  luciferase   should emit photons at wavelength >600 nm as light 
below this wavelength will be absorbed. The most frequently used 
reporter is fi refl y  luciferase   which produces light with a spectral 
peak of 590 nm at 37 °C [ 11 ]. Light is emitted when the substrate 
 d -luciferin is administered and both oxygen and adenosine triphos-
phate are present at suffi cient concentration. BLI uses the same 
instrumentation as NIRF  imaging  , but does not require a light 
source for illumination. BLI is like NIRF  imaging   also affected by 
scattering of emitted photons which limits the spatial resolution to 
1–2 mm. BLI approaches can be used for studying gene expres-
sion, protein-protein interactions, enzymatic activities in whole 
organism, and to monitor cell traffi cking of transfected cells.  

   This is a general protocol planar NIRF imaging of mice and  rats  . 
FMT might require a different hardware  handling  .

    1.    Administration of fl uorescent probe, inject or implant labeled 
or transfected cells. 

  Probes are generally administered by intravenous (i.v.) injec-
tion into the tail vein. The time lag between administration of the 
probe/cells and the imaging depends on the research question but 
also on the mechanism of contrast generation, e.g., a probe might 
require time for activation or time is needed for washout of 
unbound probe, etc. BLI requires also the i.v. or intraperitoneal 
(i.p.) administration of   d  -luciferin before imaging.    

   2.    Anesthetize animals. 

  The use of injectable    anesthetics     is in principle feasible, but iso-
fl urane is most widely used for ease of control.    Anesthesia     is induced 

2.3   Bioluminescence   
Approaches

2.4  General Protocol 
for  Optical Imaging   in 
 Rodent   Stroke Models
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in an induction box using 3 % isofl urane in a mixture of oxygen 
and air.    Anesthesia     is maintained using 1.5 % isofl urane.    

   3.    The head of animals is depilated in strains that have fur. 

  First the fur is trimmed using an electrical trimmer and then 
an epilation cream is applied. Care has to be taken to avoid eye 
contact with the cream or skin irritations through the shaving 
procedure.    

   4.    Animals are placed on a heated support on stage within the 
lighttight box of the imaging system. 

  Real-time brightfi eld imaging might be used during position-
ing of the animal. The height of the stage is adjusted that the head 
fi ts the fi eld of view of the camera. Body    temperature        is kept at 
37 °C. For    NIRF imaging    , a sample of an NIR dye can be placed 
next to the animal serving as an internal reference and to check 
for system performance. Positioning of animals and adjustments 
of the system (i.e., stage height, binning, and aperture setting) 
should be kept the same for a set of animals to obtain comparable 
quantitative data.    

   5.    White light and fl uorescence emission images or BL images are 
acquired using the instrument software. 

  For NIRF    imaging    , appropriate excitation and emission fi lters 
are selected. The exposure time is chosen, depending on the soft-
ware, automatically or at a value, that the camera is saturated to 
around 90 % to capture as many photons as possible and obtain 
high quality images.    

   6.    After in vivo imaging, animals are allowed to recover from 
 anesthesia   or are sacrifi ced for harvesting organs. 

  The fi refl y    luciferase     signal remains strong for 45 min post mor-
tem so the tissue origin of the measured signal can be verifi ed by 
ex vivo imaging. Ex vivo NIRF    imaging     can be used to assess 
biodistribution of the injected probe or cells in organs or tissue 
sections.    

   7.    Images are normalized to the acquisition times, and region-of- 
interest analysis is performed. 

  For NIRF    imaging    , an automated baseline correction is per-
formed to remove readout noise, and images are corrected for illu-
mination inhomogeneities. Analysis can be performed using 
commercial or open-source software such as ImageJ  (  http://
rsbweb.nih.gov/ij/    ) .     

Noninvasive Optical Imaging in Stroke Models
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3       Noninvasive  Optical Imaging   in Small  Animal    Model  s of Stroke 

  Cerebral ischemia   initiates a plethora of pathophysiological pro-
cesses which are potential targets for the visualization with  optical 
imaging  . Here we present some examples of the application of 
 optical imaging   to  rodent   models of stroke. 

     NIRF  imaging   can be used to noninvasively assess hemodynamic 
parameters in the  rodent   brain and can hence be employed to 
assess the perfusion status in experimental stroke. Ku et al. have 
shown that planar NIRF  imaging   can be performed dynamically 
during the intravenous bolus administration of indocyanine green 
[ 12 ]. Hemodynamic parameters are computed from the dynamics 
of the passage of the bolus of dye through the brain. Using this 
technique, persisting perfusion defi cits were revealed in the isch-
emic territory of the  mouse   brain after  middle cerebral artery 
occlusion (MCAO)   [ 12 ] and photothrombotic stroke [ 13 ]. 
However, the low spatial resolution and lack of three-dimensional 
information of planar NIRF imaging limits considerably the infor-
mation about the spatial extent of hemodynamic dysfunction that 
can be obtained with this method. Different approaches might aim 
to directly visualize molecular mediators underlying the perfusion 
defi cit. For example, Zhang et al. have used an FXIIIa-targeted 
NIRF probe to visualize secondary thrombosis after inducing a 
 thromboembolic stroke   in mice with planar NIRF imaging [ 14 ]. 
The coagulation factor FXIIIa and fi brinogen are the key proteins 
involved in intravascular  fi brin   formation. NIRF  imaging   revealed 
a time-dependent increase in fl uorescence over the ischemic hemi-
sphere. Such approaches might be useful to monitor the effects of 
recanalization therapies in stroke models in vivo.  

   Ischemic stroke initiates complex and dynamic infl ammatory pro-
cesses that occur hours to weeks after the onset of ischemia. 
 Infl ammation   has been implicated in secondary lesion growth but 
also to partake in  repair   and recovery of the tissue. A study by 
Klohs et al. demonstrated that stroke-induced  infl ammation   after 
 MCAO   in mice can be visualized after injection of a fl uorescently 
labeled monoclonal antibody against the  CD40-receptor   [ 15 ]. 
NIRF  imaging   showed high TBR in the brain of  MCAO   mice 
injected with the CD40  receptor   antibody compared to controls. 
Histological workup revealed that the fl uorescence detected within 
the ischemic lesion with NIRF  imaging   was attributed to the pres-
ence of blood-derived with Iba1 +  mononuclear phagocyte that 
have taken up the labeled antibody. The use of whole-labeled anti-
bodies however requires long washout times of unbound probes, 
and approaches using antibody fragments might be more suitable 
to achieve contrast more rapidly. 

3.1  Examples of 
NIRF  Imaging   of 
Stroke 
Pathophysiology

3.1.1  NIRF  Imaging   
of Hemodynamic 
Dysfunction and Vascular 
Thrombosis

3.1.2  NIRF  Imaging   
of  Infl ammation   and Tissue 
 Remodeling  
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 Several studies have employed NIRF  imaging   to visualize 
 matrix metalloproteinase (MMP)   activity in stroke models.  MMPs  , 
in particular  MMP-2   and  MMP-9  , are upregulated after  cerebral 
ischemia   and have been implicated in blood-brain barrier ( BBB  ) 
damage and  hemorrhagic transformation   as well as in tissue regen-
eration and  repair   [ 16 ,  17 ]. Klohs et al. have shown that  MMP   
activity after  MCAO   can be visualized with planar NIRF imaging 
using a MMP-activatable probe (Fig.  2  [ 18 ]). The effects of thera-
peutic interventions on  MMP   activity using this approach has been 
investigated in several studies. The administration of recombinant 
tissue plasminogen activator increases  MMP   activity in the isch-
emic brain as detected with NIRF  imaging   [ 19 ,  20 ]. The coadmin-
istration of a reactive oxygen  species   scavenger or the intravenous 
administration of bone marrow stromal cells can ameliorate this 
effect. In contrast,  hypothermia  , which is neuroprotective after 
ischemia, leads to a  reduction   of  MMP   activity [ 21 ].

   Bai et al. have used a α v β 3 -targeted nanoprobe to investigate 
angiogenesis after  MCAO   in mice with NIRF  imaging   [ 22 ]. They 
showed that most angiogenesis took place after 10 days after 
 MCAO   and that signal increase was not related to unspecifi c accu-
mulation due to  BBB   impairment. In contrast, fl uorescently labeled 
bovine serum albumin has been used to visualize  BBB   impairment 
after  MCAO   [ 23 ,  24 ]. The approach can be useful to noninvasively 
assess the status of the BBB after experimental stroke, which might 
be relevant for treatment studies. The breakdown of the  BBB   leads 
to secondary damage and cell death. Bahmani et al. demonstrated 
that cell death can be detected in mice after  MCAO   with NIRF 
 imaging   using labeled annexin A5 as probe [ 25 ].  

   Attempts are made to use cell-based therapies in stroke. Due to its 
 sensitivity  , NIRF  imaging   is ideally suited to track the fate of labeled 
cells in  rodent   models of stroke. Examples have demonstrated that 
marrow stromal cells can be labeled with quantum dots [ 26 ,  27 ]. 
Cells were transplanted into the ipsilateral  striatum   of  rats   after per-
manent  MCAO  , and engraftment of cells into the ischemic territory 
for up to 8 weeks was monitored. Cell tracking approaches might 
also be useful to study the role of specifi c immune cell  populations  .   

     Cordeau et al. generated transgenic mice that carry the  luciferase   
gene under the transcriptional control of the GFAP promoter 
[ 28 ]. After  MCAO   BLI signal in mice peaked at 24 and 72 h and 
showed a decline at days 5 and 7 days, indicating astrogliosis at 
these subacute time points. Similarly, Lalancette-Hebert et al. gen-
erated a transgenic  mouse   model that carried the  luciferase   under 
the transcriptional control of the murine toll-like receptor 2 pro-
moter to assess  microglia   activation [ 29 ]. Increased BLI signal was 
detected with noninvasive BLI up to 3 months after  MCAO   in 
mice. Using this reporter  mouse   and BLI, it was further shown 

3.1.3  NIRF  Imaging   
the Fate of Cell Transplants

3.2  Examples of BLI 
of Stroke 
Pathophysiology

3.2.1  BLI of  Infl ammation   
and Tissue  Remodeling  
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  Fig. 2    The use of an MMP-activatable NIRF probe for visualizing  MMP   activity after  MCAO   in mice. Two NIR 
fl uorochromes are coupled to each other in close proximity that fl uorescence is dark quenched ( a ). The linker 
of the molecule is a substrate for the proteolytic activity of  MMPs  . Upon cleavage of the binder, the fl uoro-
chromes become liberate and emit photons ( b ). NIRF  imaging   in  MCAO   mice 24 h after  MCAO   (and 24 h after 
injection of the MMP-activatable probe) reveals high fl uorescence intensities over the ischemic hemisphere 
( b ). Target- to- background ratios are signifi cantly higher in MCAO-injected mice with the MMP-activatable 
probe compared to controls ( c ). Figure adapted from [ 18 ]       
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that  diet   and the environment can modulate toll-like receptor 2 
expression/ microglia   activation [ 30 ,  31 ]. Adamczak et al. investi-
gated a transgenic  mouse   line which expresses fi refl y  luciferase   
under the control of the vascular endothelial growth factor recep-
tor 2 promotor after  MCAO   [ 32 ]. Increase BLI signals were 
detected at 3 days after  MCAO   with peak values at 7 days, indica-
tive of vascular  remodeling   at this time point (Fig.  3 ).   

   BLI can be used to monitor the traffi cking of transplanted cells. 
Kim et al. transfected  neural progenitor cells   to express fi refl y  lucif-
erase   [ 33 ]. They used noninvasive BLI to track the fate of the  neu-
ral progenitor cells   after injection into the brain of nude mice 
following permanent  MCAO  . Similarly, Pendharkar et al. trans-
duced  mouse   neural stem cells with a fi refl y  luciferase   reporter 
gene [ 34 ]. BLI was used to track transplanted cells up to 2 weeks 
after transplantation, and ex vivo BLI was used to determine single 
organ biodistribution.    

4    Critical Parameters of  Optical Imaging   in  Rodent   Models of Stroke 

   Several critical parameters will determine the suitability of NIRF 
 imaging   assays for experimental stroke studies. For the generation 
of bright fl uorescent probes, fl uorochromes with both a high 

3.2.2  BLI of Cell 
Traffi cking

4.1  Critical 
Parameters for NIRF 
 Imaging  

  Fig. 3    A transgenic  mouse   strain expressing fi refl y  luciferase   under the control of the VEGFR2 promoter was 
used to assess vascular  remodeling   after experimental stroke. Longitudinal magnetic resonance  imaging   and 
BLI data sets of mice after  MCAO   ( a ) or sham surgery ( b ). BLI are shown as a horizontal planar projection of 
photon emission onto a  mouse   white light image. BLI signal intensity starts to increase 3 days post-MCAO, and 
photon emission is clearly increased over the ischemic hemisphere compared to the contralateral hemisphere 
at 7 and 14 days post-MCAO. BLI kinetics of the ischemic and the intact hemisphere at 14 days post sham 
surgery ( c ,  upper graph ) and  MCAO   surgery ( c ,  lower graph ). Figure adapted from [ 19 ]       
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extinction coeffi cient and quantum yield should be chosen. 
However, the metabolic stability and toxicity of the fl uorochrome 
(e.g. quantum dots) should be considered. After labeling of com-
pounds, it should be tested that the labeling procedure has not led 
to an alteration of ligand properties (binding affi nity, solubility, 
etc.). Cells labeled or transfected need to be tested for their viabil-
ity and proper function. High amounts of dye, for example, inter-
nalized in cells or bound to the cell membrane, might compromise 
cell function and lead to cell death and can also lead to a quenching 
of the dye with a decrease in fl uorescence intensity. 

 Successful NIRF  imaging   also critically depends on the phar-
macokinetics and biodistribution of the injected probe. Blood- 
tissue barriers like the  BBB   might prevent delivery of probes to 
targets in the brain parenchyma. But conversely, impairment of 
BBB integrity after stroke can lead to an unspecifi c extravasation of 
injected probe for intravascular targets. 

 Moreover, optical properties of the tissue govern the ability 
to perform NIRF  imaging   in the  rodent   brain. Absorption and 
scattering of photons in the tissue (which can both change 
under pathological conditions) make quantifi cation of fl uores-
cence emission challenging. In addition, tissue  autofl uorescence   
might increase as a result of tissue  remodeling   after stroke. 
While FMT systems, where quantifi cation can be achieved, are 
commercially available, most researchers use planar NIRF imag-
ing systems that do not allow for absolute quantifi cation. For 
planar NIRF imaging, positioning of animals and adjustments 
of the imaging system should be set reproducibly and checked 
(e.g. use of reference standards) to obtain comparable quantita-
tive data sets.  

   It is assumed that the  luciferase   activity is linearly correlated to 
the transcriptional activity of the reporter gene. However, many 
factors can affect the  luciferase   reactions and hence be potential 
confounders in BLI experiments. For example, the  luciferase   
expression can be affected by the degree of tissue oxygenation 
and body  temperature      (which can both be severely affected by 
the stroke pathology) as well as by use of  anesthetic  s [ 35 ]. 
Moreover, the BLI signal depends on the  d -luciferin substrate 
availability [ 36 ]. When transfected cells are used, it is important 
that membranes are permeable for the substrate. Moreover, the 
location of cells is important as delivery of  d -luciferin might differ 
at different sites. Differences in the distribution exist also if the 
substrate is administered i.p. or i.v. [ 37 ]. Moreover, clearance 
depends on the heart rate,  temperature   of the animals, and hence 
depth of  anesthesia  . Therefore, physiological parameters need to 
be carefully controlled in BLI studies.      

4.2  Critical 
Parameter for BLI
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    Chapter 13   

 Behavioral Testing in Rodent Models of Stroke, Part I                     

     René     Bernard     ,     Mustafa     Balkaya    , and     André     Rex     

  Abstract 

   For the past decades, experimental intervention showed therapeutic promise in animal models of stroke has 
largely failed to produce benefi cial effects in human stroke patients. The diffi culty in translating preclinical 
fi ndings represents a major challenge in cerebrovascular research. The reasons for this translational road block 
might be explained by a number of factors, including poor quality control in various stages of the research 
process, insuffi cient experimental power, the validity of experimental stroke model, and the different choices 
of end point or outcome measures. In this chapter, we present, next to general introduction to behavioral 
research in rodents, some widely used and reliable behavioral tests by which various sensory, motoric, cogni-
tive, and psychological impairments in rodent stroke models can be assessed. Each test is described in detail 
and important protocol keypoints for successful testing in rodent stroke models are included.  

  Key words     Focal ischemia  ,   Behavior  ,   RotaRod  ,   Neuroscore  ,   Pole test  ,   Wire hanging  ,   Corner test  , 
  Gait  ,   Passive avoidance  ,   Plus maze  ,   Hole board  ,   Sucrose consumption  ,   Open fi eld  

1      Introduction 

   The  inability    to   move therapeutic advances from preclinical to clin-
ical setting, also  called   translational roadblock, has led to a number 
of suggestions on how the conduct of stroke research needs to 
change [ 1 ]. One proposal includes the call for long-term studies 
with  complex   end points that include a number of functional tests. 
This marks a sharp turn from decades of stroke research in which 
histological assessment was the  only   end point, using lesion size 
determination to predict the potential therapeutic effectiveness of 
an agent in in vivo stroke models. Lesion sizes are evaluated post- 
stroke after varying survival times that range from hours to weeks, 
and any signifi cant  reduction   of the lesion size in the treatment 
group is considered as the evidence of the benefi cial effect of the 
respective substance or intervention. But also a reexamination of 
stroke models and techniques is required, especially a matching 
appropriateness of rodent stroke model and behavioral tests. 
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 According to popular dictionaries,  behavior   is defi ned as (a) 
anything that an organism does involving action and response to 
stimulation or (b) a response of an individual, group, or  species   to 
its environment. The dichotomy to the two defi nitions explains the 
dilemma of behavioral research. While  behavior   is an individual 
trait,    inferences are made for a large, sometimes, diverse  popula-
tion  , sometimes even an  entire   species. However, most preclinical 
studies are dramatically underpowered, which can lead to wrong 
conclusions that infi ltrate the scientifi c literature. But low  power   is 
not the only problem in behavioral research. Study design and con-
duction problems need to be addressed early on. 

 Behavioral tests have to be designed so that possible responses 
to well-defi ned stimuli are clearly defi ned and quantifi able. For 
interlaboratory comparison, behavioral tests also need to be 
described unambiguously and ideally video recorded which does 
not only show the execution of the test but illustrate the differentia-
tion or scale. In the light of translation, behavioral tests also need to 
assess congruent defi ciencies as they exist in human  behavior  . 

 Rodent stroke models, whether permanent or transient, induce 
sensory, motor, and  memory   impairments. Consequently, many 
functional tests focus on motor/sensory  behavior  . Behavioral test-
ing is also highly relevant to post-stroke emotional and cognitive 
disturbances. A variety of emotional disturbances including  depres-
sion  , mania, bipolar disorder (very rarely),  anxiety   disorders, and 
apathy are observed in stroke patients [ 5 ]. These disturbances not 
only affect the overall well-being of the patient but also confound 
the recovery process, so modeling post-stroke emotional distur-
bances and emotional testing draws considerable attention. 
 Cognitive defi cits   that decrease the quality of life of stroke survi-
vors are also frequently observed after stroke [ 6 ,  7 ]. Stroke 
researchers who aim at exploring post- stroke   cognitive defi cits in 
 animal models   must inevitably use behavioral tools at some point 
of their research (Table  1 ).

   Since the emergence of comparative psychology,  rats   have 
widely been used in  behavior   research as well as in any experiment 
using an  animal model  . The pioneering works in the fi eld used 
 dogs   and  cats  ; however,  rats   with their ease of  handling  , good per-
formance in complex tasks, and relatively short breeding cycles 
immediately became popular and remained the most “popular” 
   species, especially during the fi rst half of the twentieth century. 
Only with the emergence of new molecular techniques that enable 
genetic manipulations have mice in the last decade begun to replace 
 rats   in many research fi elds. As a natural outcome of this historical 
timeline, almost all the behavioral tests that we have at our disposal 
were initially developed for  rats  . The increase in the use of mice led 
scientists to modify tests developed essentially for  rats   and adapt 
them in mice models. While this approach was successful in a num-
ber of cases, some tests that were successfully used in  rats   failed to 
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   Table 1  
  Ten general advices for the planning and execution of behavioral experiments with rodents   

 Hints for setup and conduction of rodent behavioral experiments 

 1.  Blinding and    randomization    

 Especially manually rated scores are subject of  bias  . Blinding and  randomization   ensures the  validity   of 
behavioral tests. Otherwise an excessive number of presumably false-positive results may lead to 
wrong conclusions [ 2 ,  3 ] 

 2.  Repetition  

 Repetition is always desired in the experimental setup because it monitors the course of the stroke 
recovery at different temporal stages. Tests that involve self-motivation or rely on explorative 
 behavior   need to be carefully spaced with limited repetition 

 3.   Habituation      and     training  

 Rodents are sensitive to external stress. Always give animals suffi cient time to acclimate to a new 
environment or test setup. Test compliance generally improves with  several   training sessions on 
separate days. 

 4.  Consistency  

 Behavioral tests need to be performed in the same environment, at the same time of day by the same 
laboratory personnel. Any sudden change in those elements can dramatically distort test results and 
thus increase variability. For tests that require experimenter rating, if possible video record all test 
and use the same “blinded” rater 

 5.   Standardization     of experimental operation  

 Next to a written protocol, have detailed instructions or a video demonstrating the test with a sham 
animal and a rodent after ischemia. For scale rates tests, make video recording of animals that 
represent each point on the scale. Not only for teaching others but as general reference for all users 

 6.  Dynamic range  

 Can the test be performed by sham-operated and ischemic animals? What is the group variability? 
How big and stable is the test  effect size   over time? Is  variance   small enough to reliably detect a 
treatment effect? 

 7.  Test    validity    

 Each newly introduced test in a laboratory setting needs to be validated fi rst. This should also involve 
positive and negative control groups 

 8.  Test compliance  

 Most behavioral tests  require   training and baseline assessments. Predetermining thresholds for in- and 
exclusion parameters for baseline recordings can help in identifying animals that are incompatible 
with the test 

 9.  Rodent-experimenter interactions  

 Time after arrival from vendor until  fi rst   training can be used for frequent  handling  . Rodents use 
olfaction as a main sense, therefore avoiding strong odors. Note that the  gender   of the experimenter 
might also infl uence test results [ 4 ] 

(continued)

Behavioral Testing in Rodent Models of Stroke, Part I
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produce satisfactory results in mice. As the usage of mice in behav-
ioral research grows exponentially, scientists today have a variety of 
behavioral tests for almost any parameter which work reliably in 
mice. However, current literature on post-stroke behavioral testing 
in mice is surprisingly limited. Only a handful of papers focus on 
establishing batteries of tests for different  focal ischemia   models 
and time points. As the importance of testing at later time points is 
being acknowledged, the main diffi culty in the fi eld emerges as the 
lack  of   sensory motor tests that are able to evaluate defi cits with 
high  sensitivity   at late time points post-stroke. The low number of 
reports, differences in the ischemia models, and time of testing and 
 strain differences   make it impossible to create a full-scale listing of 
behavioral tests suitable for each and every time point and  focal 
ischemia   model. Nevertheless, there are tests that have been used 
by various labs and proved successful in post-stroke testing in mice. 

 In this chapter, we introduce a selection of tests that have been 
used successfully by various laboratories. We aimed at presenting a 
 battery of tests   which can easily be set up with minimum need for 
sophisticated equipment or high budgets. Since many of these tests 
were reviewed in detail in the previous chapter, some tests that can 
be used both in  rats   and mice were left out to avoid repetition. To 
alert the readers that post-stroke behavioral testing is not only 
about sensorimotor function, we have added several tests for  mem-
ory  ,  anxiety  , despair-like  behavior  , and  anhedonia   (“ depression  ”). 
In many cases, the reliability of a behavioral testing relies mainly on 
the personal experience of the experimenter, which can only be 
gained by trial and error, yet sometimes a few tips may be a lifesaver. 
To make choosing a test easier and to point out possible pitfalls, we 
provide tips and notes of caution regarding the experiments.  

2    Motor and Sensory Testing 

 Sensory and motor are the most striking defi cits that stroke survivors 
suffer from. Similar defi cits are observed in varying severity depend-
ing on the model and duration of  focal ischemia   in mice and can be 

Table 1
(continued)

 Hints for setup and conduction of rodent behavioral experiments 

 10.  Test battery  

 To increase experimental output and effi ciency, studies are often designed with multiple behavioral 
tests, sometimes on the same day. Researchers must note that these tests can infl uence each other 
and one should test whether the interaction is benefi cial or not. Animals should be allowed to rest 
in their familiar home cages in between tests. A battery of long-lasting tests is not advised for it can 
be stressful and negatively infl uence test results. For multiple test setups, balance out self-motivated 
and enforced tests 
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evaluated by using  behavior   tasks which test the benefi cial or 
detrimental effects of interventions and substances. It is not possible 
to cover  all   sensory motor tests in the scope of this chapter. We have 
chosen six tests that have been used by various studies and groups in 
mice models of stroke. Tests that are covered in Chap.   14    , such as 
the sticky-dot test and  cylinder test  , have also been applied to mice 
models of ischemia with success. 

   Stroke in humans and in rodent stroke models is characterized by 
common functional defi ciencies. This includes among others loss 
of limb function, immune  depression  , sickness  behavior  , senso-
rimotor defi ciencies,  learning  , and  memory   impairments. Various 
standardized subtests are necessary to assess the severity of stroke 
impairments. These tests are helpful to monitor the progression 
and recovery and assess effectiveness of therapies in  rats   and mice 
(Fig.  1 ). Composite scores, which usually do not require any extra 
equipment, assess general, motor, and sensory properties and 
therefore serve as measure respective functional brain areas and 
fi ber tracts. Damaged brain volume correlates well with the sum of 
functional subscores. A well-known standard to assess the neuro-
logical status in rodent  MCAO   is the Bederson score and modifi -
cations of it [ 8 ]. It consists of a summary 0–3 grading scale, 
judging forelimb fl exion, forelimb gripping, and  circling    behavior  . 
While the test is rather simple, its grade correlates with the ana-
tomical site and extension of the  infarct   (cortex and  striatum  ). 
However, the Bederson score has drawbacks: The test works well 
as an acute assessment and therefore for the test of neuroprotec-
tive therapies applied as pretreatment or near the onset of  MCAO  . 
The test often fails to distinguish sham and stroked rodents after 
5 days already. Therefore, more extensive neurobehavioral assess-
ments were developed. One of them is the modifi ed neurological 
severity (mNSS) score which contains, like the Bederson, tests for 

2.1  Composite 
Behavioral Score

Composite Behavioral Score
Material - 45° platform (e.g. cage grid)

- Type IV cage (38cmx59 cm)
- camera above cage (optional)

Procedure - Judgment of general (5) and 
focal-specific (8) deficits by 
descriptive severity scores

Measurement - Severity scale (0 to4) of 
deficits; often only summary 
score of all deficits is reported

  Fig. 1    Photograph of various motor and sensory tests assessing severity of focal 
defi cits. On the right side is a brief  overview   over general composite behavioral 
test       
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forelimb fl exion and  circling    behavior   but also more advanced 
proprioceptive, balancing, and refl ex tests. Consequently the pos-
sible maximal score is 18 for  rats   and 14 for mice [ 9 ,  10 ]. The 
mNSS score has the  advantage   to assess multiple impairments and 
permits long time  monitoring   after stroke.

   Another composite test aimed to determine stroke defi cits in 
rodents is the De Simoni behavioral score [ 11 – 13 ]. In addition to 
other tests, it takes account the physical appearance of the rodent 
(hair, ears, eyes), certain sensory responses, seizure activity, basic 
 gait  , and limb and body symmetry assessments (Table  2 ). While 
the De Simoni score is most comprehensive and detailed, it is 
affected by the same problem as all behavioral scoring tests: It 
requires a trained investigator, blinded to experimental conditions. 
Even trained scorers often differ in their assessment and under-
standing of certain score states. The more subscores a composite 
test contains, the higher the degree in which two or more test scor-
ers can differ among another. Therefore, either the person who 
scores remains the same for one study or a video reference exists 
displaying all tests and score possibilities. Another approach to 
reduce scorer  bias   is the use automated  open fi eld   testing of post- 
stroke rodents as general behavioral assessment [ 14 ].

       The  rotarod   is one of the most widely used tests for evaluating motor 
coordination and balance in  rats   and mice. The rotarod setup [ 15 ] 
consists of a cylinder with a diameter of 3 cm for mice and 6 cm for 
 rats   (Fig.  2 ), which rotates either at a constant speed or in an accel-
erating fashion (4–40 rpm in 300 s), the latter program is wildly 
preferred in stroke research. In order to stay on the rod, rodents 
must continuously walk forward and keep  gait   coordination between 
 forelimbs   and hind limbs. Rodents are trained to stay on the rotating 
rod as long as they can, and the total time before falling is a measure 
for motor coordination and balance as well as  ataxia   [ 16 ].

    Training   is not required but can reduce group variability and 
decreases the frequency of defecation and urination which can 
cause an animal to prematurely fall off.  If   training is desired, three 
trails separated by 15 min intervals recommended. To achieve sig-
nifi cant improvement, 4 trails per day for 5 days starting one week 
before stroke induction are suggested [ 17 ], but  other   training rou-
tines also exist [ 18 ,  19 ]. Especially in long-term repetitive 
 post- stroke testing,  preoperative   training is crucial to differentiate 
between actual recovery and motor  learning  . During  the   training 
trials, animals must immediately be placed back on the rod if they 
fall before the test is fi nished and must only be returned to their 
home cage from the rod to increase motivation to stay on the rod. 
At the preoperative baseline recording, it is important to exclude 
animals that cannot achieve a self-determined minimum time to 
fall. Preoperative testing is also recommended when using trans-
genic animals to avoid false-positive results due to baseline differ-
ences to wild-type animals. 

2.2  Rotarod

René Bernard et al.
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 In the actual testing phase, animals in their cage should acclimate 
for at least 15 min to the test room. Animals are then placed on the 
rotating rod (4 rpm constant) and when all rodents are in their lanes, 
acceleration protocol is started [ 19 – 21 ]. Latency to fall or if  mouse   is 
clinging to the rod, latency to full passive rotation is recorded. The 
trials are repeated 3–5 times for each  mouse   and the average is taken 
as the fi nal score. If inter-trail  variance   is very large, alternatively the 
longest time of all trials can be taken as fi nal score. Inter-trial recovery 
time for each rodent should be 15–20 min which is spend in the 
home cage. For data analysis, commonly postoperative values are 
compared as percent of preoperative data [ 18 ,  19 ,  21 ]. 

 RotaRod can be also used to assess motor  learning    behavior   by 
comparing fi rst trial with subsequent trials, especially when the fi rst 
trial is introduced after the stroke induction. Latency to fall should 
increase with time. Another procedural variation is the testing of long-
term motor  memory   by introducing the test, then stopping trails for 
a period of time, and reintroducing the test at a later point [ 22 ]. 

 Basically most commercially available RotaRod apparatuses are 
very similar and will deliver comparable results. However, one 
important difference, is the height of rotor drum over the fl oor. 
Most models have falling height smaller than 20 cm which moti-
vates many mice to jump off the RotaRod. Even the constant 
return to the rotating drum sometimes does not induce the  desired 
  training effect. Some manufacturers, such as San Diego Instruments 
or TSE, offer RotaRod apparatuses which take  advantage   of the 
natural fear of height in rodents with drum heights of 45 cm for 
mice and 120 cm for  rats   which can improve the cooperation of the 
rodents  and   training results.   

    The  pole test   was originally developed as a measure of  bradykinesia   
in  mouse   models of  Parkinson’s disease   [ 23 ]. This motor coordi-
nation test requires minimal equipment, in which a  mouse   is placed 

2.3  (Vertical) 
Pole Test

RotaRod
Material - RotaRod apparatus

- paper towels and isopropanol
Procedure - habituation at 4 rpm, training 

recommended, baseline recording
- testing: speed ramp from 4 to 40 
rpm
- testing can occur at any time, short 
or long-term

Measurement - time to fall; or time when a rodent 
makes a passive rotation
- speed at falling time

  Fig. 2    Photograph of a 5-lane  mouse    RotaRod  . On the right side is a  brief   overview over the test       
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head upward near the top of a vertical positioned pole that is 
situated in a cage with bedding. The  mouse   then turns around and 
descends the pole with its head fi rst until it reaches the cage with a 
 four   paws. A 50 cm wooden or metal pole of 8–10 mm diameter is 
used for this purpose. If the surface of the pole is too smooth, such 
as mice sliding rather than actively traveling down, adhesive tape 
can be used to cover the pole surface area (Fig.  3 ). The “time to 
turn around” and the “time to reach the fl oor” are measured. If a 
 mouse   is unable to fully turn head-down, the total time to come 
down is also assigned to “time to turn around.” The cutoff time 
and therefore maximal time can be set to either 60 or 120 s.

   The pole test has been successfully introduced to  animal mod-
els   of  focal ischemia   (mostly  MCAO  ) and distinguishes sham- and 
 MCAO  -operated mice at early and relatively late time points [ 18 , 
 24 ,  25 ] with elevated “time to turn around” and “time to reach 
the fl oor” times in ischemic animals. In a 60 min transient  MCAO   
model, the neuroprotective effects of rosuvastatin were successfully 
demonstrated using the pole test as functional measure [ 24 ]. 

 Mice  in   training are initially placed downward on the pole, in 
later sessions head upward. Mice are trained (min. 2 days) and tested 
on 3–5 trials per day with minimum resting intervals of 5 min in 
their home cage. Animals that do not turn, however, can be encour-
aged to turn by a gentle. The actual testing can be scored real time 
by an experienced person using a stopwatch, but a video recording 
with subsequent analysis is preferable. In a successful run, animal 
must not pause or stop once it starts moving. If the  mouse   pauses, 
the trial is not supposed to be included in the fi nal results. 

Pol Test
Material - 50 cm pole; 10 mm diameter

- large cage with bedding
- adhesive tape to cover pole 
surface (optional)
- stopwatch
- video camera (optional) 

Procedure - 1 day training, pre-testing 
(optional), post-operative 
testing at any time

Measurement - Time to turn around 
downwards
- Time to reach the ground

  Fig. 3    Photograph of a  mouse   performing the  pole test  . On the right side is a brief  overview   over the test       
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 In the conventional pole test used for assessing  bradykinesia  , 
the best score out of fi ve trials is taken as the fi nal value for that 
individual animal. This method was also used in post-stroke test-
ing. Alternatively, the average of fi ve trials can also be used as the 
fi nal score. We believe the letter method might be a better indica-
tor of post-stroke defi cits, especially for milder ischemic paradigms 
and later time points.   

     Wire hanging   is a motor strength test where the animal has to hold 
onto a wire with all  four   paws to avoid a fall. In an adapted version 
of this test, the animal suspends its body only with its forepaws on a 
single wire, while hind limbs are gently covered with a sticky tape. 
The wire located approximately 40 cm above the ground is stretched 
between two posts which are 50–60 cm apart. A soft pillow or thick 
layer of bedding is placed between the posts to avoid injury from 
falling (Fig.  4 ) [ 26 ,  27 ]. This test evaluates an animal’s  grasping   abil-
ity, requiring  grip strength   as well as strength endurance. Focal  brain 
ischemia  , e.g.,  MCAO  , causes impairment in the contralateral fore-
paw muscle strength, which affects the wire hanging performance.

   Compared to the conventional 4-paw hanging wire tests, the 
animals only using forepaws are more distressed and uncomfort-
able, partly also because weight that is supported by  one   paw is now 
doubled. That makes mice more likely to let go of the wire and try 
to escape; thus pre-training is required to increase the animals’ 
motivation to hold on as long as they physically can.    Training can 
be achieved by several rounds of  habituation   and trials. Animals 
should be allowed to grasp the wire and then are gently released to 
suspend their own weight. If an animal  in   training drops before the 
designated time, it should be immediately returned and forced to 
grasp the wire. Animals should only be brought back to home cage 
by taking them from the wire when the trial time is over. If the ani-
mals are returned to home cage after a fall from the pillow, they may 

2.4  Wire Hanging

Wire Hanging
Material - 2 mm wire

- 2 posts of approxiamtely. 60 cm height
- a soft pillow or blanket
- adhesive tape
- stopwatch

Procedure - 1-2 days of training, pre-testing 
(optional), postoperative testing at any 
time

Measurement - time to drop from the wire

  Fig. 4    Photograph of hanging wire setup. The function of the plate-shaped dividers on each side is to prevent 
the rodent to escape the test setup. On the right side is a brief  overview   over the test       
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learn to let go of the wire as an escape strategy. In the actual 
experimental phase, tests are repeated three times with 5 min rest 
between trials. For the fi nal score, values from three trails are aver-
aged [ 28 ]. The maximum test duration is strictly strain dependent. 

 There are striking differences among strains in their wire hang-
ing performance and  behavior  . 129/SV mice are easily trained in 
this task and naïve animals can hold onto the wire up to 300 s. 
Using 129/SV strain sham vs. animals subjected to only 30 min, 
 MCAO   can easily be differentiated even after 3 weeks post opera-
tion [ 24 ,  26 ,  29 ]. On the other hand,  C57  /BL6 mice can rarely 
hold on to the wire for more than 60 s, tend to let go, and try to 
escape more often, which complicates  the   training procedure. 
Surprisingly, more severe  MCAO   paradigms, ranging from 45 to 
90 min occlusion, failed to show difference in wire hanging 
between sham vs.  MCAO   animals at days 13–19 in  C57  /BL6 mice 
[ 27 ]. Another 30 min  MCAO   study using  C57  /BL6 mice success-
fully demonstrated neuroprotective drug effects on stroke out-
come inkling the wire hanging test for up to 8 days [ 30 ]. These 
fi ndings indicate that  strain differences   should be taken into con-
sideration when deciding whether to use the wire hanging test and 
the timing of the test.   

    The  corner test   assesses sensory and motor defi cits following both 
cortical and striatal injury in mice and  rat   models [ 31 ,  32 ]. It was 
later adapted in a  mouse   model of  focal ischemia   to test long-term 
functional impairments as late as 90 days after the operation [ 33 ]. 
The test apparatus consists of two cardboards, each with a dimen-
sion of 30 × 20 × 1 cm, attached to each other from the edges with 
an angle of 30°. Along the joint of the two boards, a small opening 
of a few millimeters is left to encourage the mice to enter all the 
way to the corner. Mice are introduced into the apparatus by plac-
ing them between two boards halfway to the corner. As the animal 
reaches deep into the corner, facial whiskers touch the boards from 
both sides and get stimulated. The mice then rear up on their hind 
limbs and turn back to face the open end of the two boards (Fig.  5 ) 
[ 18 ,  33 ,  34 ]. Naïve mice as a group do not show a side preference, 
but animals subjected to ischemia turn toward the non-impaired 
side [ 33 ,  35 ]. However, individual naïve mice might display left or 
right preference. This individual laterality in pretests can be used to 
designate the (contralateral) brain hemisphere which should be 
targeted for ischemic insult.

   There is no need  for   training in the corner test, but testing 
before ischemia operations can be done to compare pre- vs. post- 
stroke values as well as to identify a baseline. Usually affi xed number 
of 10 or 15 turns are evaluated in one trial and the percentage of 
right turns is calculated. Video recording for this test is optional. 
Important to note is that turning movements without prior rearing 
are not scored. The only potential problem during the corner 

2.5  Corner Test
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test—especially after severe ischemic manipulations—is that animals 
can be too sick to perform or show lack of motivation at early time 
points. The main strength of the corner test lies in its ability to 
demonstrate functional defi cits as late as 90 days after ischemia 
[ 33 ]. Several other studies also confi rmed successful observation at 
earlier time points [ 18 ,  34 ]. It has also been reported that the cor-
ner test can demonstrate functional improvements due to therapeu-
tic treatments [ 30 ,  35 ].   

     More than 50 %  of    stroke   survivors suffer from at least partial 
motor disabilities. The most common impairment is hemiplegia 
which negatively impacts gait performance. While most stroke 
patients partially regain gait independence, many do not achieve 
the ability to independently perform all daily activity. The gait- 
underlying neurophysiology is complex and relies on a dynamic 
interaction between central pattern generators in the spinal cord; 
feedback loops involving motor cortex, cerebellum, and brain 
stem; and constant peripheral sensory information. Especially the 
latter is important for the neural control of musculoskeletal system 
and the adjustments to changes in the environment. While most 
ischemic strokes result from blockage of the  middle cerebral artery 
(MCA)  , the motor cortex in human is mainly supplied by the ante-
rior cerebral artery. Therefore, damage of the motor cortex is less 
likely the major cause for stroke-induced gait impairments. In 
agreement, the  MCA  -supplied posterolateral putamen is suggested 
to be associated with temporal gait asymmetry in post-stroke 
patients [ 36 ]. Several rodent stroke models have been used to 
investigate post-stroke—gait impairments, many of them per-
formed in  rats  , but there are recent studies in mice. Gait is best 
investigated in an environment where rodents can move freely. 

2.6  Unforced 
Locomotion Gait 
Analysis

Corner Test
Material - Type IV cage (38cmx59 cm)

- 2 or 4 boards forming a 30° 
angle with a slight (1-2 mm) 
opening
- camera above cage (optional)
- adhesive tape for board 
stabilization

Procedure - pre-testing (for individual 
side preference); post-
operative testing short and 
long term possible

Measurement - number of turns and 
direction after rodent touches 
board with both paws

  Fig. 5    Photograph of a  mouse   performing the  corner test  . On the right side is a brief  overview   over the test       
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Commercially available systems, like Noldus CatWalk™, TSE 
MotoRater, or Cleversys Runway, permit automated recording and 
analysis of unforced locomotion along a unidirectional straight 
pathway (Fig.  6 ).  Little   training is required and repeated measure-
ments at various time point permit short and long-term analyses of 
gait after stroke. The  advantage   of such a system is the integration 
of spatial and temporal information of  each   paw recorded and a 
multitude of relationships can be assessed. This  advantage   has its 
drawbacks because each individual run can generate up to 233 
parameters. Many of them correlate with speed, but the relation-
ship can be linear, logarithmic, inverse, or independent [ 37 ,  38 ]. 
Since walking speed in acute and chronic stroke patients as well as 
rodent stroke models can be reduced, controlling for speed as 
cofactor is indispensable [ 37 ,  39 ]. Though problematic, running 
velocity is an important gait parameter indicative of the rodent and 
human post-stroke phenotype. Other parameters that are known 
to be altered in the  MCAO   model include stand duration, swing 
speed, stride length, step and duty cycle, base of support, as well as 
certain phase dispersions. Run data can be analyzed in two differ-
ent manners: (1) using runs only with predefi ned run criteria for 
minimal and maximal run duration and speed variation and (2) 
using data segmentation to set speed and variation criteria for a 
certain minimum number of consecutive steps within a run. While 
the fi rst analysis takes into account the entire run, the second type 
uses a certain portion within the run. The latter one has the  advan-
tage   that previously non-complaint runs can still be used for 

Gait Analysis
Material - automated rodent gait recording and 

analysis system, e.g. Noldus CatWalk 
XT System, TSE MotoRator or 
Cleversys Runway

Procedure - weight-adjusted sensitivity 
calibration
- 3 times training; base line record
- post-operative testing from day 2 or3 
on
- frequent cleaning between runs 
using glass cleaner and lint-free wipes

Measurement - video footprint recording of each 
rodent’s time and speed variation for 
passage of a 40-60 cm corridor
- after automatic footprint assignment 
233 individual parameters/ run are 
calculated

  Fig. 6    Photograph of CatWalk apparatus and screen capture of gait video analysis. On the right side is a brief 
 overview   over the test       
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analysis and that data variability within each run can be reduced. 
Consider to separate the data segmentation in low, medium, and 
high running speed intervals to compare gait parameters between 
groups in similar speed ranges [ 39 ,  40 ].

      Training to motivate rodents for uninterrupted walkway pas-
sage can be achieved by placing a goal at the end of the platform, 
ideally the open cage containing littermates. This helps also the 
otherwise anxious rodents to move quickly toward a goal of famil-
iar odor and vocalization. It is also advised to let the rodent explore 
the end of the platform near the home cage before entering the 
walkway for the fi rst time.     

3    Learning and Memory 

   Cognitive  impairment   is very common after stroke in patients and 
therefore also a point of interest in stroke research in animals. There 
are numerous tests, ranging from conditioning task to spatial mem-
ory tasks, that can be used to determine different types and aspects 
of  memory  . However, the assessment of cognitive abilities in experi-
mental stroke research may be problematic because transient isch-
emia is mostly accompanied by sensorimotor impairments that may 
evolve as  confounding factors   in cognitive testing. Up to date, only 
very few of these tests have been used in stroke research in mice. 
Here, we discuss one version of the  passive avoidance   task and the 
 hole board   test. The Morris  Water maze   is another memory test 
which has been used in stroke research and is described in the fol-
lowing chapter. Although there are distinct differences in perfor-
mance in the  water maze   task [ 41 ], there are only few differences 
between mice and  rat    water maze   procedures. Readers interested in 
memory tests in more detail may refer to Chap.    14    .  

    The one trial fear-motivated passive avoidance task is a simple  mem-
ory   test and has been commonly used in  learning   and  memory   
research. There are different modifi cations of this paradigm. Here, 
we will only discuss the  passive avoidance   task that requires the 
transition of the test animal from one chamber to the other, also 
called “step-through” passive avoidance. In this task, animals learn 
to avoid the location in which an aversive experience took place. 

 Step-through passive avoidance is a two-day task. The animals 
are trained in a step-through inhibitory avoidance apparatus 
 involving a large brightly illuminated start partition and a smaller 
not illuminated partition with a shocking  grid   on the fl oor. Both 
parts of the test apparatus are connected by a sliding door (Fig.  7 ).

   Usually, on day 1 (   training), an animal is placed into the start 
partition with the sliding door closed. After a short  habituation   
period, the sliding door opens [ 18 ,  34 ,  42 ,  43 ] and the animal is 
allowed to enter the non-aversive dark partition. Generally, the 

3.1  Passive 
Avoidance
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latency to enter the dark compartment is recorded to compare it 
with the retention test results. Animals with step-through latencies 
longer than 60 s are commonly rejected from further experimenta-
tion. After the animal enters the dark compartment with all  four 
  paws, the sliding door is closed and the animal receives an unavoid-
able foot shock (0.2 mA) for 1 s. The shock intensity must be suf-
fi cient to induce a vocalization and a rapid escape reaction from the 
animal that can be heard by the experimenter. If the animal does 
not display these reactions, the intensity may be too low or there 
may be a problem with the setup that prevents the proper shock 
administration. Various shock intensities and durations have been 
used in different studies, ranging from 1 to 5 s and 0.1 to 
0.8 mA. After the cessation of the shock, animals are typically left 
10 more seconds in the dark chamber to enable the formation of 
an association between the shock and the compartment. 

 24–96 h later, the animals are placed again in the brightly lit 
compartment and the time until reentering the dark compartment, 
this time without a foot shock, is determined. Testing is terminated 
either when the  mouse   reenters the dark compartment or after 
180–600 s without entry. To avoid any olfactory cues, the com-
partments should be cleaned between two animals. 

 To date, only few studies used passive avoidance tasks to mea-
sure  learning   and  memory   performance after  focal ischemia   models 
in mice [ 18 ,  27 ,  34 ,  44 ]. There are considerable differences in the 
models used in terms of the duration of ischemia and timing of the 
testing, so therefore more studies are required to fully portray the 
effects of focal ischemic manipulations on passive avoidance per-
formance in mice.   

Passive Avoidance
Material - illuminated start box (16 × 16 × 20 

cm) with a 3 × 3 cm sliding door to a 
dark goal box (11 × 9 × 7 cm) with a 
grid floor 
- programmable stimulator
- stop watch

Procedure Day 1:-place mouse in the start box.
- close sliding door when the animal 
enters the dark box
- apply foot-shock
-remove animal
Day 2:-Same procedure, except for 
receiving the foot-shock

Measurement Day 1 entering latency (max. 60 sec)
Day 2 Entering latency (max. 300 sec)

  Fig. 7    Photograph of  a   passive avoidance apparatus. On the right side is a brief  overview   over the test       
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    The  hole board   test is essentially a test for the assessment of explor-
atory  behavior   in mice [ 45 ] and  rats   [ 46 ]. Repeated testing is also 
seen as a non-conditioned test of  habituation    learning  , which does 
not require motivational stimulation [ 46 ]. The test arena repre-
sents an  open fi eld   with usually 16 holes in the fl oor (Fig.  8 ). The 
animals are placed on the fl oor and will explore the new surround-
ings by dipping their heads into the holes. The number of head 
dips into the holes (nose pokes) is regarded as a measure of explo-
ration. Repeated exposure of the animals to the hole board results 
in  habituation   determined by a reduced number of nose pokes. It 
could be shown that the hole board is suitable for the detection of 
hypo- and hypermnestic effects.

   Usually, on the fi rst day, a single animal is placed in the center 
of the dimly lit hole board and left there for 5–10 min. The num-
ber of the nose pokes is counted. 24 h later, the animals are placed 
again in the test arena for 5–10 min and the number of nose pokes 
on the second day is determined.  A   reduction of nose pokes during 
the second exposure indicates  habituation   and therefore intact 
 memory   processes, whereas impairment of  learning   and  memory   
will be shown by no changes in the number of nose pokes on the 
second exposure. 

 Until now, there are only unpublished results using the hole 
board after focal transient ischemia models in mice [ 18 ,  27 ,  34 , 
 44 ]. Since the hole board relies on naturally occurring  behavior   
without punishment, it could be favorably used for the assessment 
of different facets of  learning   and  memory  . Therefore, more stud-
ies are required to fully portray the effects of focal ischemic manip-
ulations on the  behavior   in the hole board in mice.    

3.2  Hole Board Test

Holeboard 
Material - Perspex open field (50 × 50 × 

40 cm) with 9-16 holes, 2.5 cm 
ø – infrared light beams under 
the floor 
- stop watch

Procedure day 1 + day 2:
-place mouse in the open field 
(5-10 min) 
- optional video tracking

Measurement -number of nose pokes,
-number of rearings  
- optional locomotor activity

  Fig. 8    Photograph of a  rat   in a  hole board   apparatus. On the right side is a brief  overview   over the test       
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4    Anxiety 

   Approximately   20–25 % of stroke patients suffer from long-lasting 
post-stroke anxiety disorders or posttraumatic stress disorder. 
Therefore, it is of interest in translational research whether or not 
a stroke treatment would affect anxiety-like  behavior   in animals. 

 There are a number of tests that are used to asses anxiety-like 
 behavior   in rodent models, such as  dark-light box  ,  Vogel confl ict 
test  ,  Geller-Seifter confl ict test  ,  elevated plus maze  , and  open fi eld  . 
Here, we introduce two tests, namely,  the   elevated plus maze and 
 open fi eld  , as reliable options for mice.  

    The  elevated plus maze   is a popular, ethologically based test  of 
  anxiety-related  behavior  , using the natural aversion of rodents to 
open spaces. The principle of this test was developed by 
Montgomery (1955) [ 47 ]. He observed that  rats   avoided the 
“open” part without protecting the walls of an elevated Y-shaped 
maze. Untreated animals stayed most of the time in the less- 
aversive “closed” arms (surrounded by walls). Later, a plus-form 
test apparatus (X-maze) with two opposite open and closed arms 
[ 48 ] was developed. With the X-maze both “anxiolytic” and “anx-
iogenic,” effects can be detected in  rats   and mice. A prolonged stay 
in the open arms and an increased percentage of all visits in the 
open arms are considered as “anxiolytic-like”  behavior   [ 49 ]. 

 An important  advantage   of the X-maze is the possibility to 
assess locomotor activity, number of entries into and time spent in 
the open and closed arm, by video tracking systems. In a  refi ne-
ment   approach to the X-maze analysis, “ ethological  ” measures like 
closed arm returns and stretch-attend postures as risk assessment 
 behavior   were validated [ 50 ]. With video recording software, the 
total distance covered by an animal can be calculated and used 
along with total arm entries to assess hyperactivity or  sedation  . 

 The X-maze consists of two closed arms and two open arms 
(for the use with mice even the open arms should have small led-
gers approx. 2–3 mm high to prevent unintended downfalls). The 
arms extend from a central platform and the X-maze is elevated 
50–75 cm from the fl oor according to different protocols (Fig.  9 ). 
Preferably, the X-maze is placed in a soundproof chamber with 
neutral environment and a dim light. For testing, animals are 
placed on the central platform facing one of the closed arms. In a 
5 min session, the animal is allowed to explore the X-maze freely, 
and scoring is done by an observer and/or a video tracking soft-
ware. After each session, the apparatus is carefully cleaned to avoid 
introducing  bias   in the next animal.

   A few studies used X-maze to measure the potential anxiogenic 
effects of  focal ischemia   in  rats   [ 51 ] and mice. It has been reported 
that 30 min of transient  focal ischemia   is suffi cient to  induce 

4.1  Elevated 
Plus Maze
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  anxiety- like  behavior   in 129SV mice when tested at 9 weeks after 
the operation [ 52 ]. In another study, neither 60 min nor 90 min of 
transient  focal ischemia   induced an anxious phenotype, when 
tested at 13 days post operation [ 27 ]. Apparently, more studies are 
needed to understand the nature and the  time window   of post- 
ischemic  anxiety   in mice.   

     Open field   exploration tests can be used to evaluate both emotion-
ally influenced  locomotion   and spontaneous, unidirected locomo-
tor activity in mice and  rats  . Open field setups of different sizes 
ranging from 40 × 40 cm to 1 × 1 m or larger and different shapes 
such as circular, square, or rectangular are in use. Rodents are 
placed inside an open arena surrounded by insurmountable walls, 
and rodents are allowed to explore the field freely for a predeter-
mined time period ranging from 5 min to several hours, though 
10 min is generally sufficient to detect gross changes in locomotor 
activity. The floor of the open field can be divided into small 
squares through drawn lines or photoelectric barriers, and result-
ing line or beam crossed by the rodents can be assessed manually 
or automatically. Today, automated video-assisted open field sys-
tems can not only analyze two-dimensional activity but also verti-
cal  locomotion   patterns like grooming or rearing in addition to 
total distance traveled and time spent in quadrants (Fig.  10 ).

   Rodent  behavior   in the open fi eld is infl uenced by various fac-
tors such as lighting. Bright lights are an aversive stimulus in 
rodents and reduce exploration, while low lighting conditions are 
generally associated with reduced  anxiety   and increased explor-
atory  behavior   [ 53 ]. The relatively large territory is unfamiliar to 
them and thus a potential threat. Therefore, rodents prefer to stay 
near the walls and avoid the open center. To  assess   anxiety-like 

4.2  Open Field Test

Elevated Plus Maze
Material - Perspex plus maze with two 

open arms and two enclosed
arms (5× 30 cm, 45cm high 
[mice] or 10 x 50 cm, 55cm
high [rats]) with video tracking 
- stop watch

Procedure -place the animal in the centre 
of the X-maze (5 min) 

Measurement -number and percentage of 
entries into the open and 
closed arms
-time spent in the open and 
closed arms
-number of rearings, closed 
arm returns and stretch-
attend postures

  Fig. 9    Photograph of  an   elevated plus maze apparatus. On the right side is a brief  overview   over the test       
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 behavior   in the open fi eld, the time spent in the “wall zone,” “tran-
sition zone,” and “center zone” and the number of zone visits can 
be distinguished. An increase in time spent in the “wall zone,” 
compared to control animals, indicates an  increased   anxiety-like 
 behavior   [ 54 ]. There is considerable  habituation   especially in 
smaller automated open fi eld system, which results in a decrease in 
movement activity. 

 The rodent  behavior   in the open fi eld after stroke is biphasic. 
In the acute phase after  focal ischemia  , overall activity is reduced. 
Severity of this hypoactivity is dependent on the duration of isch-
emia and rodent strain. After a few days, mice can transition into a 
hyperactive state which is characterized by high locomotor activity 
with body rotating tendencies and possible motor defi cits  [ 52 ].   

5    Depression-Like  Behavior   

  Post- stroke    depression   is the most frequent psychological sequel 
following stroke and is associated with increased  mortality   and 
poor recovery. Similar to post-stroke  anxiety   disorders, its etiology 
is still unclear [ 55 ]. The Porsolt forced swim test, tail suspension, 
 sucrose consumption  /preference, and learned helplessness tests 
are well-established tests used to assess  depression  -like  behavior   in 
mice. Potentially, all of these can be used to  evaluate   depression- 
like  behavior   after stroke. However, we only  discuss   sucrose con-
sumption/preference test in this chapter because there is a dearth 
of reports using other tests in mice models of stroke.  

     Anhedonia    is   the loss of interest in pleasurable activities and 
rewarding stimuli and is specified as one of the  core   symptoms  of 
  depression. Tests of sucrose consumption/preference can be used 

5.1  Sucrose 
Consumption/
Preference

Open Field 
Material - Perspex open field (50 × 50 × 

40 cm[mice] or 100 x 100 x 40 
cm [rats]) with video tracking 
or other means to measure 
locomotor activity
- stop watch

Procedure -place the animal in the open 
field (5-10 min) 

Measurement -determine distance travelled
- number of rearings 
- optional time spent in the 
center (measurement of 
anxiety)

  Fig. 10    Photograph of an  open fi eld   setup. On the right side is a brief  overview   over the test       
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for  anhedonia   evaluations in rodents. Animals tend to consume 
substantial amounts of sweet substances or solutions since it con-
stitutes a natural reward. When introduced to sucrose solutions, 
rodents consume higher amounts compared to their normal daily 
liquid intake and show a significantly higher preference to sucrose 
solutions over water given simultaneously. There are signs of 
 reward system   dysfunction in depressed individuals, as well as in 
 animal models    of   depression [ 56 ]. In line with this finding, con-
sumption of sucrose solutions or pellets is reduced in animals sub-
jected  to   depression models [ 56 – 59 ]. 

 Sucrose consumption/preference paradigms are far from being 
standardized, and there is a great variability in terms of preferred 
sucrose concentration,    training duration, schedules, and testing 
duration among laboratories. A simple way to perform sucrose con-
sumption tests is to offer animals a single bottle fi lled with a sucrose 
solution and measure the amount consumed in ml. Generally, solu-
tions of 1–3 % sucrose are used. For optimum results, animals are 
introduced to the sucrose solution in a course of several days before 
the actual test. In order to increase the motivation to consume the 
test solution, some studies apply a water restriction to the animals 
before testing. In the actual testing, both the amount of sucrose 
solution and water consumed must be recorded to see if the inter-
vention has had any effect on the amount of water consumed. 

 An alternative way is to introduce two bottles to animals, one 
containing the sucrose solution and the other regular tap water 
(Fig.  11 ). To rule out the effect of bottle location on the outcome, 
the sucrose and water bottles must be switched during the test, 
ensuring that each bottle stays in both locations for the same 
amount of time. With this method, the animals’ sucrose preference 

Sucrose Preference
Material - 2 ball point rodent drinking tubes 

- 2% sucrose solution and water
- measuring cylinder

Procedure Habituation to 2 drinking bottles for 3-
4 days
Test: Sucrose or Water bottles are 
present for 4 days, switch every days 
in orientation

Measurement Sucrose preference is calculated as 
ratio sucrose/tap water intake volume

  Fig. 11    Photograph of a cage with sucrose preference setup. On the right side is a brief  overview   over the test       
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over water can be evaluated in percentages. It has been proposed 
that this method may not be suitable for testing ischemic animals 
at early time points after operation because of the fact that ischemic 
animals  have   cognitive defi cits that may prevent them from making 
the necessary association between the location of the bottle and its 
contents [ 57 ]. To our knowledge, two studies employed sucrose 
consumption testing after models of  focal ischemia  . Both reported 
a signifi cant decrease in sucrose consumption in  MCAO  -operated 
animals [ 25 ,  57 ].

   Sucrose consumption/preference tests require minimum 
materials and at fi rst glance seem very easy to perform. However, it 
may prove diffi cult to obtain a stable baseline and decide on the 
optimum schedule and sucrose concentration. Every laboratory 
must establish its own optimum parameters, depending on the 
strain and ischemia procedure.    

6    Conclusion 

 Behavioral testing of therapeutic interventions is the ultimate pre-
clinical experimental step before clinical testing. Therefore, the 
appropriate design and proper execution of those experiments are 
key prerequisites for the decision making on whether a drug or 
therapy should enter the clinical testing phase. The tests that have 
been described here along with several others covered in the next 
chapter represent a good compilation for researchers who consider 
using behavioral outcome measures in their stroke research. A vari-
ety of  mouse   and  rat   models for  brain ischemia   combined with 
multitude of transgenic modifi cations present an enormous tool-
box for exploring novel strategies for  neuroprotection   or neurore-
habilitation approaches. Such studies need to include successfully 
conducted behavioral experiments as one important step to 
improve or prevent stroke disabilities in humans.       
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    Chapter 14   

 Behavioral Testing in Rodent Models of Stroke, Part II                     

     Gerlinde     A.S.     Metz      

  Abstract 

   The critical test of a therapeutic intervention is whether it affects clinically relevant outcomes. Therefore, 
a vital part of preclinical stroke research includes the use of reliable tests of functional outcome. This chap-
ter presents select behavioral tests commonly used for evaluating somatosensory, locomotor, and skilled 
and cognitive functions in rodent models of stroke. The methods described emphasize the value of careful 
quantitative and qualitative assessment of acute and long-term behavioral defi cits. Some of the protocols 
presented allow us to determine whether a preclinical treatment restores the original function or simply 
enhances performance by improving the learning of alternative strategies. Recommendations are given to 
assist the reader in the choice of individual tests to develop a test battery for the assessment of chronic defi -
cits and functional improvements in rodent models of experimental stroke.  

  Key words     Neurological test battery  ,   Rat  ,   Mouse  ,   Somatosensory  ,   Motor  ,   Locomotion  ,   Skilled 
movement  ,   Learning and memory  

1      Introduction 

 Behavioral tests are essential components of preclinical research in 
rodent models of focal ischemic or hemorrhagic stroke. A compre-
hensive behavioral assessment may require a rather extensive bat-
tery of tests with each test describing specifi c aspects of behavior. 
There is no static test battery that could be recommended for ani-
mal models of stroke. Rather, existing test batteries are constantly 
being modifi ed to address the demands of particular experiments. 
At a minimum, a useful test battery comprises tests that are sensi-
tive to the type and severity of defi cits predicted after the injury. It 
is important to choose tests that avoid a ceiling or fl oor effect, i.e., 
the inability to distinguish between lesion and control animals due 
to limited sensitivity of a test. Rather, it is preferred to choose a test 
strategy with maximum sensitivity in regard to individual differ-
ences. Furthermore, each test of a test battery should provide 
graded outcome in response to a therapeutic intervention chroni-
cally after injury and should not be infl uenced by repeated testing. 



226

To expedite research, a suitable test should produce a number of 
different measurements, such as a combination of observational 
descriptions along with end point measures. 

 There are some practical considerations that determine the 
choice of test. Some tests may require habituation to the test 
apparatus or pretraining prior to testing, which will then allow 
for longitudinal testing once habituation or training is com-
pleted. Learned  compensatory behaviors   may develop through 
repeated testing and lead to false conclusions about the effi cacy 
of an intervention. Another important consideration is the type 
of evaluation strategy. Compared to complex scoring systems, 
simple scores may be easier to use, yet the outcome may not dis-
play small differences between graded levels of injury and subtle 
therapeutic effects. Therefore, it is usually a worthy investment of 
time to use a complex scoring procedure that provides an array of 
outcome measures. Sometimes, an ideal evaluation strategy may 
not be the commercially available automated version but the one 
that requires thorough observation of the animals’ behavior by an 
experimenter, thus allowing for unambiguous interpretation of 
any functional defi cits. Furthermore, measuring quantitative (end 
point) along with qualitative (descriptive) data will help dissociate 
mechanisms of improvement through brain repair versus behav-
ioral compensation. 

 The following chapter will not attempt to provide an all- 
inclusive review of the numerous behavioral tests available. It will 
rather introduce select core tests that can be used to create a reli-
able test battery for the assessment of typical sensory, motor, and 
cognitive defi cits in rodent models of stroke. Although some of the 
tests may have been used mainly in rats, the training and test pro-
tocols described can be adapted for use in other rodents. Further 
details can be found in the cited method papers and in Chap.   13    .  

2    Neurological Tests for Models of Stroke 

   A number of somatosensory tests such as feeding and food manip-
ulation can be performed by observation of animals in their home 
cage. In addition, stroke models often use more formal tests that 
require removing the animal from its home cage. Some of these 
tests are outlined below. 

   In stroke patients, simultaneous extinction is a reliable predictor of 
chronic residual defi cits [ 1 ]. The sticky dot test can be used to 
determine cutaneous sensitivity and sensorimotor integration in 
rats and mice [ 2 ,  3 ]. This test is commonly used to assess 
 sensorimotor impairments after unilateral lesions involving the 
 sensorimotor cortex  , the  corticospinal tract  , and the striatum. 

2.1  Somatosensory 
Functions

2.1.1   Sensorimotor 
Asymmetry   (Sticky Dot 
Removal) Test

G.A. Metz
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 A round adhesive-backed label, 1.2 cm in diameter, is attached 
to the relatively hairless distal-radial aspect of each wrist of the rat 
(Fig.  1 ) [ 4 ]. When returned to its home cage, a normal rat will ori-
ent toward the stimuli and rapidly remove each of the labels using 
its teeth. The time and order in which it contacts and removes each 
label is recorded over four trials. After unilateral lesion, an animal 
fi rst contacts and removes the label attached to the good  forelimb   
and later orients toward the label on the bad forelimb. It may 
require more time to remove the dot from the bad  forelimb  . The 
order of contact and removal refl ects whether the animal shows a 
bias for one forelimb. Asymmetry in sensory function is deter-
mined by the percentage of trials for which the label on the good 
paw is contacted prior to the one on the bad paw. A bias in animals 
with a unilateral defi cit will be refl ected by removal of the stimulus 
from the unaffected limb fi rst in at least 70 % of the trials. The 
latency to remove the patch also represents a secondary measure of 
motor function. Impairments in the mouth and forelimb move-
ment lead to diffi culty in removing the sticky label. The latency to 
remove the label from the bad forelimb is usually longer in dura-
tion than the latency to contact the label. A follow-up test can 
determine the magnitude of the asymmetry by progressively 
increasing the size of the label on the bad forelimb while at the 
same time decreasing the size on the good forelimb [ 5 ]. If the 
stimulus on the bad limb becomes more salient than the stimulus 
on the good limb, the animal starts contacting and removing the 
stimulus from the bad limb fi rst.

      Stroke patients might present with asymmetry in upper limb use. 
In rat [ 4 ] and mouse [ 6 ] models, forelimb use can be measured 
when exploring a vertical surface of an enclosure. Chronic asym-
metry in forelimb use can be observed after unilateral damage to 
the sensorimotor cortex, corticospinal tract, and striatum [ 4 ]. 

2.1.2  Limb Use 
Asymmetry (Cylinder)  Test     

  Fig. 1    Photograph of a rat contacting the sticky dot adhering to the distal aspect of the forelimb. The table 
summarizes the test procedure       
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Further discrete motor disturbances and compensatory adjust-
ments might be detected by descriptive analysis of the exploratory 
movements [ 7 ]. 

 In the cylinder test to determine  forelimb asymmetry  , rats are 
placed in a clear Plexiglas cylinder 20 cm in diameter and 30 cm 
high (Fig.  2 ) [ 4 ]. The cylinder is placed on a table surface with a 
mirror positioned at an angle behind the cylinder for observation of 
limb use from any direction. Alternatively, the cylinder can also be 
placed on a transparent surface with a mirror or a video camera 
placed underneath. Forelimb use is video recorded and scored by 
an observer blind to the experimental conditions. A normal rat will 
scan the cylinder surface by vertical exploration using both fore-
limbs equally often for support against the wall. A unilateral lesion 
may bias the animal to prefer one limb, usually the less affected one.

   When watching the video recordings in slow motion, three 
main categories of forelimb use can be scored: limb use during lift-
ing, limb use during exploration of the cylinder wall, and limb use 
during landing. Limb use is scored as independent use of the left 
or right forelimb or as simultaneous use of both forelimbs. Behavior 
is expressed as percent use of left forelimb, percent use of right 
forelimb, and percent simultaneous limb use, relative to the total 
number of all limbs used [ 4 ]. In animals with a unilateral lesion, a 
single score can be obtained by subtracting the percent use of the 
bad forelimb from the percent use of the good forelimb. The 
higher score indicates greater asymmetry. This method has high 
inter-rater reliability even among inexperienced raters.   

   Motor instability and postural compensation are prominent func-
tional defi cits among patients affl icted by stroke. Most cortical and 
subcortical stroke models in rodents will affect at least one measure 
of locomotion, such as walking, turning, and  swimming  . The 
 defi cits, however, may be subtle and may require analysis of video-
tapes in slow motion or even frame by frame. This also applies to 
the following two tests. 

2.2  Locomotion

  Fig. 2    Photograph illustrating the cylinder task to test limb use asymmetry. A mirror has been placed under-
neath the cylinder to view the animal’s limb use from any direction. The table summarizes the test procedure       
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   The ledged/tapered beam walking test for rats involves the quanti-
fi cation of  foot faults   when traversing a specially constructed beam 
[ 8 ]. This test takes into consideration that lesion animals will, over 
time, adopt alternate, compensatory movement strategies to over-
come some of their defi cits. By adding ledges to this tapered beam, 
animals are offered a support that reduces the need for adopting 
compensatory strategies and thus reveals their true defi cits. The 
ledged/tapered beam has been used after middle cerebral artery 
occlusion or focal sensorimotor cortex lesions [ 9 ,  10 ]. Depending 
on the extent of damage to the sensorimotor cortex or striatum, a 
rat will display chronic changes in limb placement. 

 The length of the ledged/tapered beam is typically 165 cm 
long with a tapered width that drops from 6 cm to 1.5 cm. To 
facilitate scoring, the length of the beam is divided into three 
45 cm bins of varying diffi culty along the tapered section (Fig.  3 ). 
The beginning and the end of the beam are untapered (15 cm 
width), which serves as a comfortable starting point and goal area 
for the animals. The goal area might also contain a refuge (dark 
box or home cage) to motivate the animal to cross the beam. Only 
foot faults made on the tapered section of the beam are scored. 
Along each side of the beam are 2 cm wide ledges located 2 cm 
below the upper surface of the beam. The ledges allow the animal 
to place an impaired fore- or hind limb off the beam so that it does 
not fall. A normal rat readily learns to walk down the beam on the 
upper surface, rarely using the ledges. An animal with a bad limb 
will use the ledge for weight-bearing steps on the side of the ledge 
corresponding to the defi cit. The bad limbs will be placed on the 
ledge on the wider section of the beam more often than the good 
limbs, and as the beam tapers, animals will increasingly rely on 
using the ledges for foot placements. A mirror placed behind the 
beam will help to visualize the placements of all four limbs.

   Animals are pretrained for 5 days, with 5 trials on each day. On 
postoperative test days, fi ve trials per test session are recorded. 
Each trial is videotaped, and tapes are analyzed in slow motion to 

2.2.1  Ledged/Tapered 
 Beam Walking Test  

  Fig. 3    Illustration of the ledged/tapered beam to measure locomotion and limb placement. The  arrow points  to 
a foot fault of the left hind limb. The table summarizes the test procedure       
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count foot faults for each limb. Steps onto the ledge are scored as 
a full slip, and a half slip is recorded if the limb touches the side of 
the beam. For each limb, foot fault counts over fi ve trials are aver-
aged, and the total number of steps for each of the three bins of 
varying diffi culty is counted. After a unilateral lesion, the number 
of contralateral and ipsilateral limb faults in each bin is divided by 
the number of total steps per bin. A percentage of asymmetry for 
each of the three bins can be calculated by subtracting the percent-
age of ipsilateral faults per step from that of contralateral faults per 
step. A higher percentage indicates greater impairments in the con-
tralateral limb [ 8 ].  

   Consequences of experimental motor system damage in rats often 
include loss of motor inhibition in the affected forelimb while 
swimming. The forelimb inhibition test was developed to display 
and quantify  forelimb use   during swimming [ 11 ,  12 ]. Healthy rats, 
when swimming in a straight line, use the hind limbs for propul-
sion, while the forelimbs are held immobile underneath the chin or 
are tilted for steering [ 13 ]. Although the ability to swim is rarely 
abolished by experimental manipulations, the performance of 
swimming movements changes after lesions to sensorimotor cor-
tex, posterior hypothalamus, or cerebellum [ 14 ]. Rats with these 
lesions tend to use the bad forelimb for stroking movements, while 
holding the good forelimb motionless as do normal rats. This 
behavioral change persists even after long intervals after lesion. 

 To perform this test, a rat is trained prior to surgery to swim 
from one end of a rectangular, transparent water tank, about 
120 cm long, to the other end of the tank to reach a visible escape 
platform made of wire mesh (Fig.  4 ) [ 12 ]. The water in the tank 
is kept at a temperature of 18–20 °C, and the level of the water 
reaches a height of about 30 cm to prevent the rat from touching 
the bottom. It is important to train the rat to swim in a straight 
line toward the escape platform because rats will usually paddle 
with their forelimbs when turning. After surgery, a trained rat will 
continue to swim straight to the escape platform when released 

2.2.2  Forelimb Inhibition 
(Swimming)  Test        

  Fig. 4    Photograph of a normal rat swimming. Note that both forelimbs are held immobile in front of the upper 
body, while only the hind limbs are used for propulsion. The table summarizes the test procedure       
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from the opposite end, but will typically display some stroking with 
the bad forelimb as opposed to holding it still. On test days, the rat 
is given fi ve trials, and performance is video recorded from a side 
view. The tapes are analyzed in slow motion in order to count the 
number of forelimb strokes per limb. Forelimb inhibition scores 
are calculated by subtracting the number of strokes made with the 
good forelimb from the number of strokes made with the bad fore-
limb divided by the number of trials. This scoring method indicates 
the degree of asymmetry without being affected by individual dif-
ferences in limb use between rats. Trials in which the rat does not 
swim directly to the platform need to be excluded from scoring.

   The number of forelimb strokes may vary depending on the 
location and extent of the lesion. If the effect of unilateral lesions 
is being assessed, the intact side serves as a control for the lesion 
side. Bilateral lesions might impair both sides, so that data from 
control animals or pre-lesion test sessions will be necessary for 
comparison.   

   A common consequence of human stroke is loss of distal hand and 
arm movement. In rodent models of stroke, these functions can be 
assessed in a number of formal tasks for skilled movement. Skilled 
movements are voluntary movements requiring irregular motor 
patterns. They are characterized by a complex sequence of move-
ment components, which can be observed in rodents eating spe-
cialty food items, such as sunfl ower seeds or pasta, or when 
navigating across diffi cult territory. Formal tests of skilled move-
ment allow objective and reproducible evaluation of limb function 
and have the advantage of producing a wealth of information, such 
as that derived from end point and descriptive analyses [ 15 ]. 
Ultimately, a refi ned description can be obtained by using a move-
ment notation system or kinematic analysis to record the move-
ment of body parts in space. 

   The tray reaching task is a simple version of a forelimb reaching- 
for- food task applicable to rats and mice. It can be used as a method 
of motor skill training or to evaluate  limb preference   and reaching 
performance in stroke models involving lesions to the sensorimo-
tor cortex [ 16 ] and corticospinal tract [ 17 ]. Compared to single 
pellet reaching tasks, the design of tray reaching tasks is more per-
missive for the development of task-specifi c compensatory move-
ment strategies [ 18 ]. 

 A typical tray reaching apparatus consists of three Plexiglas 
walls and a front wall made of thin vertical metal bars, spaced 
9 mm, to allow the animal to extend the forelimb through the full 
width of the front wall [ 19 ]. Mounted on the outside and extend-
ing to the entire width of the front wall is a 5-cm-deep tray. The 
tray can be fi lled with small food pieces, such as chicken feed or 
food pellets, so that animals can reach through the bars and retrieve 

2.3   Skilled 
Movements  

2.3.1   Tray Reaching Task  
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food from any angle and position in the box (Fig.  5 ). The box is 
mounted on a grid fl oor, so that lost and dropped food items fall 
through and can be counted or weighed. To perform this task, 
animals reach through the bars, grasp food items, and withdraw 
the paw to consume the food.

   Training requires moderate food deprivation induced by 
restricting access to food the night prior to the fi rst training ses-
sion. If necessary, the restricted  feeding   regimen can be continued 
throughout the experiment by providing an adequate amount of 
food in the animal’s home cage to maintain the animal’s body 
weight. Training can be completed in a few sessions, each lasting 
about 30 min, as there is no need to replace food items or handle 
the animals while in the apparatus. It is also possible to train ani-
mals overnight while they live in the test apparatus, with water 
provided ad libitum. After completed training, test sessions can be 
as brief as 5 min, and performance can be video recorded for 
analysis. 

 There are two main methods for analysis of limb use asymme-
try and reaching performance in tray reaching tasks. First, animals 
can be allowed to use either forelimb, and the preference of one 
limb over the other can be evaluated. Thus, when unilateral lesions 
are assessed, the ratio of the use of the good limb versus the bad 
limb reveals the degree of limb use asymmetry. Second, to measure 
success rates of one limb exclusively, the use of the other limb can 
be prevented with a small bracelet made from adhesive fabric tape 
wrapped around the distal aspect of the limb [ 20 ] .  Success rates are 
determined by counting the reaching movements that obtain food 
and bring the food to the mouth for consumption. Performance is 
then described as hit percent, i.e., the number of successful reaches 
divided by the number of total reaches multiplied by hundred. In 
addition, the amount of food dropped and collected underneath 
the grid fl oor can be quantifi ed.  

  Fig. 5    Photograph of a right-handed rat reaching for chicken feed in the tray reaching task. The grid fl oor 
allows measuring the amount of food dropped. The table summarizes the test procedure       
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   The single pellet reaching task is one of the most sensitive tests for 
motor control and postural adjustments in rats [ 20 ] and mice [ 21 ]. 
The task is designed in a way that allows for measuring successful 
reaching, while at the same time performance is being fi lmed and 
scored frame by frame [ 22 ]. Performance in this task can be dif-
ferentially affected by even discrete damage to the sensorimotor 
cortex, corticospinal tract, basal ganglia, dorsal columns, and red 
nucleus. In addition, physiological conditions such as stress, strain, 
sex, and aging affect reaching success, movement performance, 
and postural adjustments [ 23 ]. 

 The apparatus for the single pellet reaching task consists of a 
Plexiglas box with a slit in the front wall. Attached to the outside 
of the front wall is a shelf to hold single small food pellets (Fig.  6 ). 
Two indentations to hold the pellet are aligned with the slit. 
Pellets are placed in the indentation opposite to the preferred paw 
to reinforce use of this paw throughout the experiment. Animals 
are pretrained to extend their preferred forelimb through the 
opening to grasp and retrieve small food pellets from the shelf. 
Within 2 weeks, performance of the animals can be shaped to 
optimize their reaching success. Because most animals show a 
preference to use either left or right forelimb for reaching, unilat-
eral lesions are usually placed on the side contralateral to the pre-
ferred limb. Rats with unilateral lesion might tend to use the good 
limb for pellet retrieval. A bracelet made of fabric tape can be 
wrapped around the good forelimb to obstruct its movement, 
thus reinforcing use of the bad (previously preferred) limb. 
Through practice rats with brain  damage might considerably 
improve their reaching success through the adoption of compen-
satory movement strategies. Descriptive analysis of reaching 
movements from video recordings is then of particular impor-
tance, as it will reveal the permanent defi cits [ 24 ].

2.3.2  Single  Pellet 
Reaching Task  

  Fig. 6    Photograph of a left-handed rat reaching for a food pellet through a slit.  Arrows highlight  the two inden-
tations to hold a single food pellet. The table summarizes the test procedure       
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   Video recordings from a frontal view allow scoring of individ-
ual components of reaching movements for descriptive analysis. 
Several systems have been devised to describe reaching movements. 
The most commonly used systems are based on movement nota-
tions by Eskhol and Wachmann [ 25 ,  26 ]. 

 Qualitative analysis of performance has revealed that the rat’s 
skilled reaching movements consist of a distinctive sequence of 
components [ 22 ]. Consequently, even subtle brain damage may 
permanently compromise reaching movement performance while 
sparing coordinated movements of swimming and locomotion. 
Notably, comparisons have shown that the essential components of 
skilled reaching movements are similar between humans and 
rodents, emphasizing the translational value of skilled reaching 
studies for preclinical research [ 27 ].  

   When navigating across diffi cult territory, rats use skilled hind 
limb movements to modify their gait pattern and prevent place-
ment mistakes. The ladder rung walking task is a simple and sensi-
tive test to simultaneously assess skilled fore- and hind limb 
movements [ 28 ]. It resembles a horizontal ladder with metal 
rungs that can be individually adjusted. A regular pattern of rungs 
allows animals to anticipate rung location and learn a specifi c 
sequence of patterns across repeated test sessions [ 29 ]. An irregu-
lar pattern prevents animals from learning the rung sequences. 
Thus, rung patterns can be changed from session to session to 
modify the level of challenge. Furthermore, modifi cations such as 
placing the ladder at an inclined plane [ 30 ] or dislodging rungs 
[ 31 ] can provide additional task-specifi c challenges. Skilled walk-
ing as measured by the ladder rung walking task is affected by 
damage to the sensorimotor cortex, corticospinal tract, basal gan-
glia, and cerebellum [ 28 ]. The rung walking task also detects 
changes in error rates in response to physiological variables, such 
as stress [ 32 ], and has been widely used to demonstrate therapeu-
tic effectiveness of pharmacological and rehabilitation treatments. 
The ladder rung walking task in mice [ 33 ] also effectively distin-
guishes different genetic manipulations [ 34 ]. 

 Animals can easily be trained in a single session to cross the 
horizontal ladder to reach their home cage or another refuge 
(Fig.  7 ). On postoperative test days, at least three trials per test ses-
sion are recorded. Each trial is videotaped from a ventrolateral per-
spective to view all four limbs. The tapes are analyzed in slow 
motion to count limb placement errors for each limb. Analysis of 
end point measures includes the number of placement errors, such 
as total misses and foot slips. For each limb, error counts from 
three trials are averaged, and the number of contralateral and ipsi-
lateral limb faults is divided by the number of total steps. 
Furthermore, descriptive analysis includes digit fl exion and the 
type of error made [ 28 ].

2.3.3  Ladder  Rung 
Walking Task  
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   A unilateral lesion affecting skilled walking impairs contralat-
eral limb placement. As a result, animals will engage in compensa-
tory adjustments that may result in errors in the ipsilateral limbs. It 
is thus important to collect data from preoperative test sessions or 
intact controls for comparison.   

   Stroke in human patients is frequently associated with loss of cog-
nitive functions. The study of neuronal damage and therapeutic 
interventions in animal models of stroke may require examination 
of cognitive function. Common cognitive assessments include tests 
of spatial memory using dry-land or water mazes. Water mazes are 
not only fl exible tests for animal studies, but their methodology is 
also directly applicable to human spatial behavior [ 35 ]. In addi-
tion, novel object recognition tasks provide a sensitive measure-
ment of working memory, attention, and even anxiety. The 
advantages of the two presented tasks are that they require no 
external reinforcement, such as food rewards or punishment, and 
they can be completed in a reliable and time-effi cient manner to 
produce robust assessment of cognition after brain damage and 
recovery in experimental stroke. Both of the tasks require some 
training and habituation. 

   Water mazes using a swimming pool are most popular for measur-
ing procedural and working memory in laboratory rodents [ 36 ]. 
Rats are good swimmers, and so they can be trained to locate a 
hidden platform within a pool fi lled with water by using visual cues 
around the pool as a guide. Although the water maze generally also 
applies to mice, caution has to be taken with regard to the test 
protocols  [  37  ] . Different protocols have shown that acquisition, 
retention, and reversal of navigational strategies in the water maze 
involve a number of brain regions and neurochemical systems, 
each affecting specifi c parameters of performance in the water 
maze. Since 1982, when two studies showed that the water maze 

2.4  Learning 
and  Memory  

2.4.1   Water Maze   Task

  Fig. 7    Photograph of a rat crossing the  horizontal  ladder rung walking task. Note the irregular spacing of the 
rungs. The table summarizes the test procedure       
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is sensitive to hippocampal damage  [  38 ,  39  ] , spatial learning has 
been related to function of hippocampal regions CA1 and CA3 
and hippocampal connectivity such as the fi mbria fornix (e.g., 
[ 40 ]). Other brain structures infl uencing water maze performance 
include the prefrontal cortex, striatum, cerebellum, and various 
neurochemical and neuromodulator systems [ 41 ]. Various test 
protocols for spatial navigation in the water maze task have been 
developed, such as protocols for trial-dependent, latent, and dis-
crimination learning. The following will focus on a basic procedure 
that applies to most versions of the water task. 

 A training or test session begins by placing an animal into a 
round swimming pool, about 2 m in diameter, which contains a 
hidden platform (Fig.  8 ). The hidden platform is submerged about 
one centimeter underneath the water surface, and the water is made 
opaque by adding skim milk powder or nontoxic tempera paint. 
The water level is about 30 cm high and kept at a temperature of 
21–23 °C. Distal visual cues, such as posters and differently shaped 
objects, are placed around the pool in plain sight of the animal. The 
goal is for the animal to use the spatial cues to localize the platform 
and use it to escape from the water. With the platform in the same 
position, the time to locate it decreases in subsequent trials as the 
animal learns to swim directly to the invisible platform relative to 
the distal cues surrounding the pool. In a water maze, animals rely 
on using the visual cues surrounding the swimming pool, as water 
contains no local cues such as scent trails. The animal’s performance 
is measured as the time it takes to fi nd the platform (escape latency), 
the distance traveled (swim distance), and the accuracy in targeting 
the platform over consecutive trials (time spent in each quadrant of 
the water tank). For more convenient data analysis, a number of 
commercial automated systems have been developed.

   The procedural simplicity of the water task is opposed to the 
complex underlying processes that determine its performance, such 
as navigation strategy, place learning and memory, and the perfor-
mance of visually guided behavior [ 39 ,  42 ]. Various protocols exist 

  Fig. 8    Illustration of the water maze task with the hidden platform. The walls of the test room are covered with 
distinctive visual cues. The table summarizes the main test procedure for rats       
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to assess spatial learning in cued and un-cued conditions. Once an 
animal has learned the procedure of searching for the hidden plat-
form, it can be tested for spatial learning ability using a  matching-
to-place  challenge. Each day the platform is moved to a new location, 
for a total of 5–7 days. Each day, the animal starts twice from the 
same location. It fi rst receives a sample swim in which it has to 
locate the platform at its new location, and then it receives a match-
ing swim, in which it demonstrates that it has learned the new loca-
tion on the sample trial. Typically, animals have long latencies on 
the fi rst trial, because they search for the platform at its old location, 
and a shorter latency in the second trial, because they now learned 
the new location. Distance swum is used as the primary measure. If 
animals are not able to learn to search for the hidden platform, a 
protocol to test  cue learning  can be used. Animals are then pre-
sented with a visible platform that is raised slightly above water 
level. A cue trial procedure is used to demonstrate that an animal is 
physically able to see, swim, and escape.  

   Since its introduction in 1988, the novel object recognition task 
has become a benchmark test to study working memory, attention, 
anxiety, and preference for novelty in rodents [ 43 ]. This test is 
based on the spontaneous tendency of rodents to approach and 
investigate novel objects or environments. Thus, if a rat or mouse 
had encountered a particular object before, it will prefer to explore 
a novel object rather than the familiar one. The learning and mem-
ory of familiarity with an object is disrupted by hippocampal and 
cortical lesions, in particular the perirhinal cortex and medial tem-
poral lobe [ 44 ]. Discrimination is also affected by damage to para-
hippocampal regions of the temporal lobe in tests focusing on 
visual object recognition memory. Aside from CNS lesions, this 
task is also frequently used to assess cognitive abilities in transgenic 
mice [ 45 ] and pharmacological studies. 

 The standard version of the novel object recognition test con-
sists of a habituation period and a familiarization period followed 
by a test period (Fig.  9 ). During the initial habituation period, an 

2.4.2  Novel Object 
Recognition Task

  Fig. 9    Illustration of the novel object recognition task showing the familiarization period with two similar 
objects and the test period that requires recognition and discrimination of a familiar versus a novel object. The 
table summarizes the main test procedure       
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animal is allowed to explore an empty open-fi eld arena. During the 
familiarization period, the animal is allowed to explore the familiar 
open-fi eld arena in the presence of two identical objects placed at 
an equal distance. During the test period, the animal is exposed to 
the open-fi eld arena that now contains one of the familiar objects 
and a novel object to assess recognition memory. The two objects 
are generally consistent in height and volume, but are different in 
shape and appearance. The amount of time spent to explore each 
of the objects is recorded. The choice to explore the novel object 
refl ects the use of learning and recognition memory. The results 
can be converted to an index of discrimination or preference, 
depending on the aim of the study.

   By varying the interval between familiarization and test peri-
ods, i.e., the length of time that animals must retain memory of 
sample objects presented to them in prior sessions, either short- 
term, intermediate-term, or long-term memory, can be investi-
gated [ 45 ]. For example, if an animal is presented with the sample 
object repeatedly over a period of a few days, it can still discrimi-
nate the sample from a novel object several weeks later [ 44 ]. Thus, 
object recognition is infl uenced by the time animals are allowed to 
spend with the sample object, and the interval between the famil-
iarization period and the test session when the familiar and the 
novel object will be encountered. This range of modifi able vari-
ables assists in maximizing the sensitivity to detect brain lesions 
and potential therapeutic effects in animal models of stroke [ 43 ].    

3    Conclusion 

 The battery of tests presented in this chapter can be used to 
describe the most prominent behavioral characteristics of a rodent 
with experimental focal ischemic or hemorrhagic injury. The 
described tests can be regarded as a starting point for more thor-
ough follow-up tests of specifi c defi cits. They are not the only ones, 
however, that should be considered useful for assessing functional 
outcome in stroke models. When designing a test battery, it is 
important to choose tests that are sensitive to the specifi c type and 
location of injury, to detect chronic defi cits and allow repeated 
testing in longitudinal studies. Long-term repeated observations 
are important because eventual residual defi cits may be subtle and 
not obvious in the acute stages after injury. Furthermore, it is the 
interpretation of the nature of the defi cit and functional recovery 
that is critical for a meaningful translation to the clinic. For exam-
ple, animals develop strategies to solve a task by using compensa-
tory strategies. In order to unambiguously determine the true 
clinical potential of an intervention, the behavioral analysis tech-
nique needs to dissociate between compensation and genuine res-
toration. Lastly, an in-depth behavioral analysis allows conclusions 
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about the functional state of the brain. Anatomical, physiological, 
biochemical, and molecular processes are important to understand 
the brain’s function and individual differences, and all of these will 
be refl ected by behavior as the ultimate outcome.     
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    Chapter 15   

 Combining Classical Comprehensive with Ethological 
Based, High-Throughput Automated Behavioral 
Phenotyping for Rodent Models of Stroke                     

     Anne-Christine     Plank    ,     Stephan     von     Hörsten     , and     Fabio     Canneva     

  Abstract 

   Comprehensive behavioral phenotyping of rodents is a process of specifying neurobehavioral characteristics 
during their ontogeny. In medical translational research, it is a crucial step to defi ne a disease model’s value 
for predictive experimental preclinical therapy and to detect relevant behavioral outcomes of such thera-
peutic intervention as endpoints. Over the past 20–30 years, rather standardized approaches evolved using 
combinations of classical assays spanning all different behavioral domains, as described in the preceding 
chapters. Specifi c guidelines for the appropriate conduction of such classical phenotyping work have been 
proposed and will be outlined in this chapter. However, more recently, due to the consideration of certain 
limitations of classical approaches (non-ethological based, stress-confounded, non-repeatable under the 
same test construct), intra-home-cage automated phenotyping technologies have been developed, partly 
validated, and are now available to be integrated into comprehensive phenotyping approaches at a larger 
scale. A technical description of different automated systems as well as information on application fi elds 
and data mining will be given in this chapter. Besides, the capabilities of such technologies regarding their 
integration into comprehensive screens of rodent models of stroke will be discussed.  

  Key words     Rats/mice  ,   Classical comprehensive behavioral phenotyping  ,   Automated home-cage 
technology  ,   Ethological  ,   High-throughput  ,   Standardization  ,   Sensitivity  ,   Reduction  ,   Refi nement  

1      Introduction 

   The investigation of highly predictive  animal models   is an essen-
tial component of medical research in the fi eld of neurodegen-
erative diseases. They provide an opportunity for deeper insight 
into the complex pathological processes involved and for the 
development and improvement of therapeutic strategies, which 
are urgently needed. However, any translational approach 
requires the establishment of dedicated neurobehavioral screen-
ing systems in order to provide reliable readouts and fi ll the gap 
between bench and bedside. The importance of a rational strat-
egy in the design, composition, and evaluation of behavioral  test   

1.1  Guidelines 
for a Systematic 
and Comprehensive 
Classical  Behavioral 
Phenotyping   Approach
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batteries is emphasized in Chap.   14     and represents to a large 
extent the “state of the art” in classical phenotyping nowadays. 
At least ten major guidelines for a comprehensive classical phe-
notyping approach were derived from general considerations, 
examples in the literature, and our own experience [ 1 ]:

    1.    Every fi rm conclusion based on certain differences in a specifi c 
behavioral performance must be substantiated by the proof 
that the experimental  animal      is not only healthy but also is 
equipped with the corresponding sensory and motoric 
abilities.   

   2.    A systematic screening for physiological abnormalities (e.g., 
 glucose   utilization, stress hormones, etc.) must be combined 
with every basic phenotyping work, even if the goal is primarily 
a behavioral one.   

   3.    The screening of general health, neurological status, basic physi-
ological parameters, as well as behavioral assessment must be 
conducted repeatedly, since several changes may become overt 
at later st ages of age   or of disease progression in mice and  rats  .   

   4.    A  behavioral phenotyping   approach must be comprehensive 
and should not only be  hypothesis   driven, but instead should 
be composed of a complete test battery in order to detect 
behavioral differences even in domains that are out of the 
scope of the  hypothesis  .   

   5.    At least two different tasks that test similar behavioral abilities 
but vary in their presuming nonresponse-relevant requirements 
should be incorporated, since these requirements may differ in 
regard to perception, motor abilities, motivation, or stress.   

   6.    Testing procedures should be  ethologically   based, i.e., the 
right tasks for the right  species   must be designed.   

   7.    Rearing conditions (number of pups per litter, etc.) must be 
standardized and maternal  behavior   screened. Thus,  handling  , 
especially postnatal manipulation, as well as environmental 
 enrichment   must be standardized/controlled. In the same 
line, (test) biographies of the animals must be considered as 
potentially interfering with the expression of a particular phe-
notype or its onset.   

   8.    Social  behavior   and social housing as well as its implications 
(social rank, aggression, isolation stress, etc.) must be consid-
ered, wherever applicable.   

   9.    Apart from validation of a particular test, positive and negative 
controls as well as controls across different strains of  rats  /mice 
should be included, if possible, in order to improve 
 comparability with other laboratories and to validate the spe-
cifi c task applied.   

   10.    Standardized protocols ( SOPs  ) should be used or developed in 
order to increase  validity   and reliability.    
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     A carefully designed battery of classical tests in compliance with 
these guidelines is a valuable tool for investigations in preclinical 
stroke research. However, defi ning the appropriate confi guration 
of such a battery is not straightforward due to the range and com-
plexity of potential defi cits occurring in  rodent   models of stroke. 
Besides, many tests are time consuming and therefore do not allow 
for  high-throughput   screening. The experimenter’s physical pres-
ence, including  animal    handling   immediately before testing, is 
required in most cases, and the observational  time window   is usu-
ally rather limited, which bears the risk of obtaining stress- 
confounded results. Moreover, some readouts are sensitive to 
variable testing conditions (day phase, light intensity, etc.); hence, 
interlaboratory comparability might not be warranted. Finally, cer-
tain paradigms are not repeatable under the same test construct as 
prior  behavioral testing   infl uences the animal’s performance. For 
instance, this has been demonstrated in the Morris  water maze   or 
elevated  plus maze      performance of naïve mice compared to mice 
with prior  behavioral testing   experience [ 2 ,  3 ]. 

 These limitations of classical phenotyping approaches in 
throughput,  sensitivity  , reliability, and  reproducibility   across labo-
ratories can be overcome by the integration of automated pheno-
typing  techniques   into comprehensive behavioral screens. Such 
systems monitor the animals within home-cage-like environments 
and are equipped with dedicated devices and multiple sensors, 
which continuously detect behavioral, physiological, and meta-
bolic parameters, such as cognitive performance, activity,  feeding  , 
drinking, respiratory gas concentrations,  temperature  , etc. In addi-
tion, these fully automated units simultaneously record large data 
sets from several animals, allowing for a standardized,  high- 
throughput   approach. In an undisturbed, “handling-free home- 
cage- like” measuring environment, artifacts induced by the 
experimenter and novelty-induced stress can be circumvented, 
which enhances screening  sensitivity   and reliability. Furthermore, 
continuous data collection over a longer period of time in a famil-
iar environment provides more information per test animal than 
classical readouts, maximizing the likelihood of detecting less obvi-
ous differences between experimental groups.   

2    Automated Phenotyping: Systems and Applications 

 Over the past years, major developments in the fi eld of automated 
phenotyping for  rodents   have been achieved. In Europe, a few 
companies have developed dedicated technologies meeting differ-
ent scientifi c demands. The following paragraphs describe a selec-
tion of the systems available (based on the authors’ experience), 
along with examples of how they can be applied. 

1.2  Reasons 
for the Application 
of  High-Throughput   
Automated Screening 
Systems in a Home-
Cage Environment
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   Designed for long-term,  high-throughput  , intra-home-cage inves-
tigations of cognitive abilities in laboratory  rodents  , the IntelliCage 
(NewBehavior, Zurich, Switzerland) was the fi rst social housing 
system where animals could perform a variety of freely program-
mable behavioral tasks (Fig.  1 ). A single IntelliCage contains four 
identical operant conditioning corners, each equipped with a 
 combination of actors for shaping the animals’  behavior   according 
to individualized reinforcement and conditioning protocols. Key 
feature of the system is the application of subcutaneously injected 
RFID-transponders, allowing for animal recognition within a social 
group of up to 16 mice or 8  rats  . An RFID antenna recognizes 
each individual, and two motorized doors block or allow access of 
the animal to water bottles on both sides of each operant corner 
(positive reinforcement). Multicolor LEDs above these doors con-
stitute the conditional stimuli used for operant experiments, while 
an air-puff valve can be automatically operated to deliver a negative 
reinforcement, discouraging access to the corner (Fig.  1 ). Simple 

2.1  IntelliCage

  Fig. 1     IntelliCage . General setup of the IntelliCage (New Behavior AG, Zürich, Switzerland). In this system, up to 
16 mice or 8  rats   can be screened in a social environment. In each corner, an operant conditioning element is 
connected containing water bottles as conditioning reward. Detailed view of the operant corner indicating the 
position of the nose-poke sensor, doors, lickometer, and air-puff generator. The antenna detects the transpon-
der chip of the animal, while a thermic sensor registers the actual presence of the animal       
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to complex  experiments   can be designed with the help of a fl exible 
software interface, automatically run and controlled for each indi-
vidual  animal   in the IntelliCage.

   Social setting and customized planning of the experimental 
paradigms are the greatest  advantages   of the IntelliCage system, 
allowing for the acquisition of high-quality  ethological   data within 
a  high-throughput   setup. It provides an opportunity to detect 
completely novel qualities of  behaviors   as the animals are kept in 
social groups, remaining totally undisturbed though being moni-
tored for social and cognitive performance. However, space 
required for the setup and  handling   of the system are presently 
considered problematic.  Monitoring   social groups—in a way—
represents a double-edged sword as on the one hand  ethological  - 
based  behaviors   fl ourish in the group, most likely providing higher 
 sensitivity   in detecting pathological  behaviors  , and on the other 
hand the requirement of group housing limits throughput (groups 
have to be established and have to remain stable; furthermore, 
drug screening appears to be more diffi cult). Finally, competitive 
 behaviors   are detectable in certain circumstances (unpublished 
observation), with dominant animals controlling access to specifi c 
areas of the arena, including the operant corners, and thus impair-
ing the  experimental design  . 

 Developed owing to the scientifi c interest of Hans-Peter Lipp 
in investigating social  behavior   in  rodents   under minimally disturb-
ing conditions, the IntelliCage was successfully used to analyze the 
cognitive  behavior   of wild-caught mice [ 4 ], proving its usefulness in 
analyzing  rodents  ’  behavior   under conditions where response to 
 handling   or novel environments must be minimized. More recent 
work has used the IntelliCage system for the  high-throughput   anal-
ysis of cognitive rigidity in  mouse   models of autism [ 5 ]. Also, results 
obtained in this system were shown to quite accurately screen for 
and predict defi cits observed with more laborious tests, for instance, 
when comparing strains, lesions, or mutations in mice [ 6 ] or evalu-
ating the impact of environmental or cognitive  enrichment   [ 7 ].  

   The PhenoMaster (TSE Systems, Germany) represents a multipur-
pose and modular system that allows  monitoring   single-housed 
mice and  rats   in a standard Makrolon cage (home-cage-like envi-
ronment) (Fig.  2 ). TSE Systems introduced the home-cage prin-
ciple a decade ago [ 1 ] in an effort to maintain experimental  animals      
in a familiar, ideally stress-free environment. Such conditions are 
not only consistent with increased awareness and respect for animal 
welfare but also enhance accuracy and  reproducibility   of the results. 
The system is equipped for the continuous and synchronized  mon-
itoring   of behavioral, physiological, and metabolic parameters in a 
computer-assisted and fully automated fashion.

   Spontaneous activity is constantly monitored by infrared light 
beam frames (ActiMot), which store precise records of the animal’s 

2.2  PhenoMaster

Combining Classical Comprehensive with Ethological Based, High-Throughput…



248

exploration pattern in the  x ,  y , and  z  plane with high spatial and 
temporal resolution. Built-in algorithms can fi lter raw data sets in 
order to  ethologically   describe the animal’s movements and explor-
ative activity in defi ned regions of the cage during the selected 
observational window. Specialized in-cage voluntary running 
wheels allow the experimenter to generate running profi les and 
evaluate motor skills, as well as to restrict running in time and/or 
distance (workload control). 

 High-precision weighing stations, in combination with leak- 
and spill-proof containers, permit the accurate analysis of  feeding   
and drinking  behavior  . Modular access control units restrict  feed-
ing   and/or drinking by time, duration, or amount according to 
customized schedules, which can be conditioned to activity perfor-
mance (running wheel) or other  behaviors  . A suspended, sit-in 
enclosure connected to a weighing station enriches the environ-
ment while  reporting   the  body weight   as the animal visits (Fig.  2 ). 
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 Furthermore, respiratory gases of each cage are continuously 
analyzed by indirect calorimetry (PULL or PUSH mode): samples 
collected from each cage are dehydrated fi rst and subsequently 
measured by O 2  and CO 2  sensors. A number of variables are auto-
matically calculated, including O 2  consumption, CO 2  production, 
respiratory exchange ratio (RER), and energy expenditure. 

 The PhenoMaster system allows a thorough analysis of sponta-
neous behavioral patterns and circadian rhythmicity under highly 
controlled and undisturbed conditions. In the classical setup, ani-
mals require to be single-housed, which is defi nitely an important 
factor experimenters must keep in mind for the evaluation of the 
results gathered. Due to social deprivation experienced by the tested 
 animals  , experiments are typically performed over 48–72 h, after 
which subjects are returned to the original social groups. Nonetheless, 
 animals   can be monitored several times during their experimental 
life, thus offering the possibility to generate longitudinal datasets 
representative of the biographical history of each subject (Fig.  2 ). 

 This approach was recently used for the comprehensive pheno-
typing of an established  rat   model of Huntington’s disease [ 8 ]. 
Age-matched cohorts of wild-type (wt) and transgenic (tg)  rats   
were monthly tested in the PhenoMaster, as well as in classical 
behavioral paradigms descriptive of the most salient traits associated 
with disease progression in this  animal model  . The results gathered 
revealed previously undetected aspects of the phenotype of tgHD 
 rats  , including alterations of circadian activity, metabolism, and 
 locomotion  . Moreover, a positive correlation was found between 
spontaneous rearing in the home-cage and individual performance 
in the accelerod ( RotaRod  ) test. Data mining and classical statistical 
approaches were supplemented by multivariate  statistics   (MVA) in 
this study. In particular, principal component analysis (PCA) and 
partial least squares discriminant analysis (PLS-DA) were applied, in 
order to take  advantage   of the  intraindividual longitudinal multidi-
mensional quality of the data acquired under the standardized con-
ditions provided by the system. Segregation by genotype was 
observed in juvenile tg  rats   that differed from adult animals, detect-
ing “ temperature  ” (juvenile) and “rearing” (adult) as phenotypic 
key features of the tgHD model. 

   Since the invention of the Skinner boxes in the early 1930s, operant 
conditioning has been an extremely valuable tool for the analysis of 
cognitive  behavior   in  rodents  , allowing for the dissection of motiva-
tional, emotional, and purely cognitive aspects of  learning   and 
 memory   performance. A few years ago, fully automated Operant 
Walls (OW) have been developed as plug-in modules that can be 
integrated into the home-cage living space of the PhenoMaster 
(Fig.  3 ). The system uses classical elements of operant  learning   tasks 
such as stimulus elements (light/sound), response devices (levers/
nose-poke holes), and reinforcement elements (pellet/water dis-
penser). Behavioral paradigms are programmed by the experimenter 

2.2.1  Automated Operant 
Conditioning
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via the dedicated software (IntelliMaze, NewBehavior), which pro-
vides full experimental fl exibility. Based on the automated nature of 
the system, the animals can perform the scheduled tasks freely 
within defi ned time frames, allowing adaptability of the testing ses-
sions to the circadian rhythmicity of the experimental  animals      (i.e., 
 rodents   are typically more active during the dark phase, but inver-
sion of light/dark cycle is not a feasible option in most animal facili-
ties). Once integrated in the PhenoMaster, various possibilities are 
available for the coordinated access/withdrawal of other modules 
( food  /water, running wheel), thus permitting the design of more 
elaborate behavioral tasks.
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  Fig. 3     Operant Walls.  Operant conditioning unit for mice ( upper picture ) and  rats   ( lower picture ) equipped with 
two nose-poke holes/retractable levers positioned on either side of a central  food   crib, a  food   pellet dispenser, 
and different stimulus lights. Graphs show sample results from an intertemporal choice procedure ( upper ) and 
a side alternation paradigm ( lower ). In the fi rst  experiment  , choice of a larger, delayed, over a smaller, immedi-
ate, reward decreases as the waiting time between a lever-press (e.g., right lever) and the delivery of the pellet 
increases. In the second  experiment  ,  rats   learned to alternately press one of the two levers in order to obtain 
a reward: performance of tg  rats   (transgenic model for  Alzheimer’s  -like pathology) in comparison to wt litter-
mates was measured during the  training   phases, under treatment with an acetyl-cholinesterase inhibitor, and 
again off-drug, in order to dissect treatment from  learning   effects       
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   Due to the high level of fl exibility regarding programming and 
redefi ning experimental tasks, the OW technology is adaptable to 
various fi elds of research, as well as to specifi c experimental condi-
tions. For instance, a minimal amount of “free” rewards can be 
delivered throughout an experimental paradigm, in order to main-
tain suffi cient motivation in all experimental  animals      irrespective of 
the individual cognitive performance. Moreover, while active in 
parallel, each OW runs the scheduled paradigm independently, 
thus allowing each animal to proceed through complex, multistep 
protocols at their own speed. As a result, animals typically adapt to 
using the OW much quicker than reported for the standard Skinner 
boxes, for the benefi t of both the  animals   and the experimenters. 

 OW systems for  rats   have been established in our lab for a few 
years as part of a development collaboration with TSE Systems [ 8 ]. 
The operant conditioning units used in our studies consist of two 
retractable levers positioned on either side of a central  food   crib, 
covered with a clear Perspex panel hinged at the top, so that the 
animal could push it open to retrieve the  food   pellets delivered 
upon completion of a successful trial. The walls are equipped with 
fi ve different light sources, including a house light at the top left 
corner, three signaling lights positioned above the  food   crib (white) 
and each lever (red and green, respectively), and fi nally a yellow 
light inserted inside the  food   compartment, classically used to indi-
cate the presence of a  food   pellet (Fig.  3 ). With such setup, we 
were recently able to develop and validate a number of cognitive/
emotional tasks relevant to our specifi c interests in the fi eld of neu-
rodegeneration (unpublished data). Testing sessions are typically 
preceded by one/two nights of  habituation  /adaptation to the 
OW, during which animals initially have access to automatically 
delivered (“free”) rewards and then are progressively trained to 
operate the response devices (levers/nose-poke holes) in order to 
obtain similar rewards. By the end of the second, if not the fi rst, 
 training   sessions (performed during the dark phase), reliable 
responses are usually achieved in most experimental  animals      
(although strain/genetic differences may be expected). Once con-
ditioned, behavioral adaptability is tested within dedicated experi-
mental paradigms. Spontaneous alternation can be measured, as 
the natural trend of  rodents   is to explore available options alterna-
tively, thus allowing  food   rewards to be obtained only if response 
elements are visited in turn (Fig.  3 ). Additionally, associative con-
ditioning can be trained by signaling to the animals which of the 
available response devices should be operated (typically with a 
lighting stimulus). For emotional investigation, impulsivity tasks 
are easily designed, in which the animals must operate one of the 
response elements only after a defi ned waiting time to obtain a 
reward (restraining from  behavior  ), yet has the freedom to choose 
the opposite response element in change for an immediate but 
smaller reward, similar to the procedure described in the rather 
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famous “Stanford marshmallow experiment” conducted by Walter 
Mischel in 1972 [ 9 ] (Fig.  3 ). Operant walls were recently used to 
assess timing and decision-making in mice [ 10 ], demonstrating the 
 sensitivity   of an intra-home-cage system to analyze complex psy-
chological processes in  rodents  .  

   Radiotelemetric (wireless) measurement of biopotentials has been 
used in basic and applied research for a few years, allowing for the 
investigation of physiological, as well as emotional, alterations in 
 animal models   of disease. Implantable devices controlled by an 
antenna system are in charge of transmitting information to and 
from a computerized system, regulating parameters’ measurement 
and data storage. 

 The recently developed Stellar Telemetry System (TSE 
Systems) represents a new generation of such implantable devices 
(Fig.  4 ). Its surgically implanted transmitters are able to record 
activity, blood pressure, tidal volume, electrocardiogram (ECG), 
electroencephalogram (EEG), electromyography (EMG), electro-
oculography (EOG), heart rate, and  core   body  temperature      in a 
hermetically sealed and surgically sterile system. Once activated by 
one central receiver, data can be collected by each individual 
implant independently and transferred when connection to the 
antenna is resumed. One main feature of Stellar, in contrast to 
other systems, is the use of “radio wave telemetry” permitting 

2.2.2  Telemetric 
Biopotentials

  Fig. 4     Telemetric biopotentials—Stellar Telemetry System.  The system consists 
of implantable transmitters which are able to record a variety of parameters 
(activity, blood pressure, tidal volume, electrocardiogram (ECG), electroencepha-
logram (EEG), electromyography (EMG), electrooculography (EOG), heart rate, 
and  core   body  temperature     ) and a central receiver regulating parameters’ mea-
surement and data storage       
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longer distances (up to 5 m) between emitter and receiver; hence, 
the experimental  animals      can be placed in virtually all classical 
assays while biopotentials are still recorded. This in turn allows full 
 fl exibility of experimental settings, such as group housing and 
social interaction studies, while each  animal   is individually observed.

   Due to these features, the Stellar Telemetry device is ideal for the 
integration into a home-cage environment (such as the PhenoMaster 
setup), paving the way for the combined analysis of behavioral, meta-
bolic, and physiological data in freely moving  rodents  . 

 While the system is fairly new on the market, studies in  mon-
keys   have recently reported on the effectiveness of their application 
in freely moving and behaving animals [ 11 ,  12 ].   

   The PhenoWorld (TSE Systems, Germany) is a combinatorial 
approach that integrates the functionalities from the abovemen-
tioned automated phenotyping systems into one multidimensional 
setup (Fig.  5 ). Spontaneous behavioral, cognitive, metabolic, and 
physiological parameters as measured in TSE PhenoMaster and 
IntelliCage systems are implemented into multiple home/satellite 
cages or mazes, which are strategically interconnected. One master 
software operates all modules, synchronizes, and integrates all 
incoming data, allowing fully automated experimentation with 
no/minimal human interference. In the PhenoWorld, animals live 
in social groups and are therefore capable of developing and dis-
playing species-specifi c  ethological    behaviors  —a prerequisite for 

2.3  PhenoWorld

  Fig. 5     PhenoWorld.  General setup of the system. Spontaneous  behavior  , cognition, metabolic and physiological 
parameters as measured in TSE PhenoMaster and IntelliCage systems are implemented into multiple home/
satellite cages or mazes, which are strategically interconnected       
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animal welfare and high translational value of experimental data. 
Every  animal   is tagged with an RFID transponder and is recog-
nized at strategic places for individualized data acquisition. The 
animals shuttle between compartments and levels through a num-
ber of different gating structures (tunnels, doors, stairways), which 
can be equipped with ID-recognition devices (RFID antennas), 
restricting access to compartments in an individualized fashion. A 
number of technological implementations allow live video feeds 
for fi ne tracking of animals’ movements, activity, and behavioral 
display. Acquisition of physiological (Stellar Telemetry) and neuro-
logical (EEG measurement, NeuroLogger, NewBehavior) param-
eters can also be included, as part of the experimental setup.

   The integrated technology of the PhenoWorld gives life to an 
 ethologically   complex paradigm that can be adapted to specifi c 
experimental requirements and better mimics real-life naturally 
enriched conditions under standardized laboratory settings. The 
setup promises to monitor spontaneous and conditioned  behaviors   
in freely moving  rodents   in an undisturbed, and therefore 
experimenter- free, setting. Consequently, data gathered are 
expected to be more sensitive and reliable in discriminating behav-
ioral features of interest for investigating mechanisms of complex 
human diseases—such as stroke. 

 The PhenoWorld represents a rather newly developed technol-
ogy, which is why it is only partially established and explored in 
broad-range research. A very interesting publication from 
Castelhano-Carlos et al. [ 13 ] reports on the application and valida-
tion of the system in  rats  . This study demonstrates that animals liv-
ing in the PhenoWorld displayed similar but more striking behavioral 
differences (despair, resting patterns and social  behavior  ) when 
exposed to unpredictable chronic mild stress, a validated model for 
 depression   in  rodents   [ 14 ], as compared to  rats   living in standard 
conditions. Moreover, several home-cage  behaviors   in the 
PhenoWorld, such as willingness to feed and  exercise   in running 
wheels, proved to be sensitive indicators of depressive-like  behavior  .  

   Based on the use of video-tracking leading technology (EthoVision 
XT, Noldus, Netherlands), the PhenoTyper (Noldus, Netherlands) 
is an observational cage for  rats   and mice equipped with an infrared- 
sensitive camera, infrared LED lights, white and yellow light 
sources, and loudspeakers (Fig.  6 ). Video-tracking of single or 
socially housed animals is possible throughout light and dark phases, 
owing to the infrared technology, and fully automated control of 
the experimental setting within a designed protocol is exerted by 
the application of a dedicated software package (e.g., EthoVision 
XT). The PhenoTyper has a rather simple basic structure, which can 
also be used for short-term observational experiments (e.g.,  open 
fi eld  ). Setup extensions (i.e., drinking bottles, feeder, shelter) trans-
form the environment into a home-cage, allowing for prolonged 
experiments to investigate the circadian rhythmicity or rare 

2.4  PhenoTyper
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behavioral events (e.g., seizures). Additionally, a wide variety of 
supplementary hardware can be connected to the PhenoTyper, 
such as a  food   dispenser, a  feeding   monitor, an activity wheel, or 
operant conditioning devices, thus expanding the range of possible 
investigations under identical experimental conditions.

   The most interesting feature offered by the PhenoTyper sys-
tem is the integration with the EthoVision tracking package. A 
“Multiple Body Points” module allows tracking the nose-point 
and tail-base in addition to the center point of experimental  ani-
mals     , leading to a very accurate detection of their position and 
movements. For instance, in certain tests, the proximity of the ani-
mal’s nose to a certain object (novel object recognition) and the 
direction the animal’s head is pointed toward are very informative 
aspects from which relevant behavioral parameters can be inferred 
(Fig.  6 ). Up to 100 arenas can be tracked simultaneously, while 
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  Fig. 6     PhenoTyper.  The PhenoTyper (Noldus, Netherlands) is equipped with an infrared-sensitive camera, infra-
red LED lights,  white  and  yellow light  sources, and loudspeakers. It can either be used for short-term obser-
vational  experiments   (e.g.,  open fi eld  ) or transformed into a home-cage by setup extensions (i.e., drinking 
bottles, feeder, shelter), allowing for prolonged experiments to investigate the circadian rhythmicity or rare 
behavioral events. On the right, sample graphs show how activity profi les can be analyzed by the EthoVision 
software to calculate a number of parameters relevant for the study       
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applying start and stop conditions for each of them individually. A 
“social interaction” module allows tracking multiple animals per 
arena and calculating a number of social parameters, such as prox-
imity of one subject to another, social exploration, etc. Because of 
the setup construction, the PhenoTyper constitutes a one-piece, 
all-inclusive system that does not comprise the use of standard 
Makrolon cages. Cleaning of the environment between or during 
experiments poses therefore a certain restraint to the throughput 
of the investigations. 

 A long list of publications attests the use of the PhenoTyper 
in the experimental pipeline associated with the analysis of 
 rodents  ’  behavior   [ 15 – 17 ]. An especially interesting example is 
described in a recent paper [ 18 ] where  anxiety   was assessed in 
mice by evaluating their response to a light stimulus (aversive) 
during the dark phase of their circadian cycle. This test is based 
on the  ethological   preference of mice to be nocturnal in associa-
tion with their  feeding    behavior  . It measures the effect of a spot-
light—shone right outside of the  mouse   shelter in the direction 
of the  feeding   compartment—on the inhibition of overall activity 
and  feeding    behavior  . Advantageous over the most commonly 
used light/dark box  transition test, the spotlight paradigm per-
mits to monitor animals’  behavior   in a familiar, home-cage-like 
environment, can be repeated over time, and therefore allows 
detecting changes of the animals’ display during an experimental 
manipulation.  

   Although not based on the concept of home-cage-like testing, a 
multi-conditioning system (e.g., TSE Systems, Germany) is a very 
interesting solution for  high-throughput   automated measures of 
 rodents  ’  behaviors  , under highly standardized and experimentally 
fl exible conditions (Fig.  7 ). The system is typically equipped with 
high-resolution infrared light beam frames for fast (100 Hz) move-
ment detection in the three dimensions, white/red house lighting 
sources, noise and sine sound generators, an ultrasonic loud 
speaker, and species-specifi c electric shock  grids  . The equipment is 
usually located in sound attenuating and ventilated cabinets and is 
operated by a dedicated software package. Arenas of various sizes, 
designs, and materials can be used with or without the shocking 
 grids   for the execution of up to nine different behavioral paradigms 
(trace/delay fear conditioning (Fig.  7 ), active/ passive avoidance  , 
place preference, learned helplessness, latent inhibition, light-dark 
test,  open fi eld  ). The modular nature of the hardware and software 
components allows to integrate new/different  experimental 
designs   to validate procedures.

   While the system incorporates several classical paradigms used 
for cognitive and emotional assessment of  rodents  , it offers the 
 advantage   of a standardized and automated setup. The computer-
ized interface promises highest quality and  refi nement   of the 

2.5  Multi- 
conditioning System
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behavioral parameters measured, thus signifi cantly reducing the 
impact of the experimenter on the data generated and analyzed. 
Initial validation of the experimental settings is still advisable with 
this system, in order to adapt the scoring thresholds to the expected 
 behaviors   displayed by the  animals   tested.   
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  Fig. 7     Multi-conditioning system.  The system is equipped with infrared light 
beam frames for movement detection in the three dimensions,  white / red  house 
lighting sources, noise and sine sound generators, an ultrasonic loud speaker, 
and species- specifi c electric shock  grids  . The equipment is usually located in 
sound attenuating and ventilated cabinets. Arenas of various sizes, designs, and 
materials can be used with or without the shocking  grids   for the execution of up 
to nine different behavioral paradigms. The graph shows the typical course of a 
fear-conditioning experiment, with shocked  animals   developing a fear response 
(freezing) after receiving the unconditioned stimulus (foot shock)       

 

Combining Classical Comprehensive with Ethological Based, High-Throughput…



258

3    Considerations on the Incorporation of Automated Phenotyping into Stroke 
Assays 

 Common features of all automated  behavioral phenotyping   systems 
described above are increased  reproducibility  ,  sensitivity  , reliability, 
and throughput compared to most classical behavioral  tests  . 
Accordingly, their integration into comprehensive  behavioral phe-
notyping   assays of preclinical stroke research provides  advantages   
on several levels. 

 Firstly, automated screening can be integrated at different 
stages of an  experimental design  . If  pilot studies   are planned to be 
conducted beforehand (as in the case of surgical manipulations), 
highest reliability of the results obtained from a limited number of 
animals is required. Therefore, the implementation of these tech-
nologies would certainly be benefi cial due to their high level of 
 sensitivity   and standardized, unbiased data acquisition. A careful 
postoperative observation of the animal’s health status and recov-
ery is also essential, as it is emphasized in other chapters. Automated 
techniques such as the PhenoMaster are suitable for a continuous 
and sensitive  monitoring   of basic physiological and metabolic 
parameters, e.g.,  food   and water intake, activity,  body weight  , and 
indirect calorimetry, including  core   body  temperature     . Applying 
such a multidimensional experimental approach might also provide 
further insight into more complex systemic post-ischemic pro-
cesses, for instance, stroke-induced  cachexia   or  hypothermia  . 
Additionally, the PhenoTyper could be appropriate for postopera-
tive  monitoring   as it allows for constant video-tracking and record-
ing of the animal’s  behavior   in a stress-free, undisturbed 
home-cage-like environment. Such video-based observation might 
be particularly helpful during the fi rst dark phase post-stroke, in 
outlying stereotypical  behaviors   indicative of distress and/or sick-
ness, in which  rodents   often conceal when the experimenter is 
present. Finally, most automated testing procedures can be 
repeated on the same animal within longitudinal behavioral screens, 
which is crucial in order to get a thorough picture of recovery pro-
gression in therapeutic intervention studies. 

 Secondly, especially at later time points after inducing the 
 infarct   lesion, major  advantage   can be taken of the high level of 
 sensitivity   provided by automated  behavioral testing   systems. Even 
subtle differences between experimental and control groups in 
physiological and metabolic parameters can be revealed, as well as 
disturbances in motoric, emotional, and cognitive display, which 
might not become evident in classical behavioral procedures. For 
instance, automated cognitive testing paradigms can be adapted in 
terms of complexity and endpoint defi nition. In addition, they are 
performed in an undisturbed home-cage environment, thus avoid-
ing potential sources of  bias   and stress introduced by the 
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experimenter’s presence. These features consequently allow for 
more refi ned cognitive testing compared to classical readouts. 
Regarding motoric dysfunction, on the one hand subtle defi cits 
that are not suffi ciently measurable by standard tests can be 
detected by means of video-tracking or longitudinal activity pro-
fi les. On the other hand, automated techniques can be used to 
collect meaningful data from animals that are unable to perform 
classical tests such as the  RotaRod   due to the severity of their phe-
notype. Furthermore, setups such as the multi-conditioning sys-
tem also provide fl exibility and high  sensitivity   for emotional 
assessment via several paradigms (trace/delay fear conditioning, 
active/ passive avoidance  , place preference, learned helplessness, 
latent inhibition, light/dark test,  open fi eld  ). 

 Thirdly, automated data collection provides several  advantages   
over manual or experimenter-assisted systems. The experimenter 
obtains unbiased, quantitative, as well as qualitative information on 
multiple parameters in high temporal resolution, and systems such 
as the PhenoMaster generate hypothesis-independent raw data. 
Appropriate analysis of these large data sets by complex  statistics   
can provide a meaningful insight into pathological and recovery 
processes. Additionally, it might allow differentiating between 
improved performance based on restoration of the original func-
tion and behavioral compensation learned in the course of repeated 
testing, a critical aspect which is outlined in Chap.   14    . Moreover, 
throughput of behavioral screens is increased owing to automated 
data collection from several animals in parallel. 

 Lastly, comprehensive data acquisition clearly translates into a 
refi ned use of laboratory animals for research, which is an impor-
tant ethical principle, as highlighted in the “ 3Rs  ” ( reduction  , 
 refi nement  ,  replacement  , addressed in Chap.   16    ). By implement-
ing the “ refi nement  ” of the experimental investigation, as obtained 
by automated phenotyping techniques owing to their high level of 
 standardization   and  sensitivity  , “ reduction  ” of the number of 
experimental  animals      recruited in a study is also achieved, due to 
the improved quality of data gathered and diminished need of 
extended and/or replicated data sets (more data from each 
animal=less animals in the study).  

4    Conclusion 

 It appears that “classical  behavioral phenotyping  ” of  rodents  —
when following certain guidelines as outlined in this chapter—rep-
resents today’s standard; nonetheless, it requires considerable 
resources and still does not provide highest reliability,  sensitivity  , 
and cross-lab comparability. However, reliable and highly sensitive 
readouts are essential in preclinical stroke research to detect even 
subtle improvements in performance and to differentiate if this 
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improvement is either based on restoration of the original function 
or merely on behavioral  compensatory   strategies. Additionally, the 
simple fact that many classical assays may not be applicable to 
stroke models due to their motor dysfunction also challenges the 
further development of  behavioral phenotyping   approaches in the 
fi eld. The integration of automated intra-home-cage  approaches   
into comprehensive behavioral screening of stroke models has the 
potential to overcome some of those limitations and to unravel 
novel aspects of post-stroke phenotype that classical observational 
studies cannot document.     
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    Chapter 16   

 Histology and Infarct Volume Determination in Rodent 
Models of Stroke                     

     Clemens     Sommer      

  Abstract 

   While there are many and in part very different staining protocols for determining and calculating infarct 
volumes after experimental stroke in rodents, this plethora can ultimately be reduced to a few basic meth-
ods such as histological staining, contrast-enhanced staining, immunohistochemistry, and enzyme histo-
chemistry. In this chapter, each of these will be briefl y introduced with an exemplary protocol. Since each 
method requires specifi c tissue pretreatment and consequently determines the possibility of performing 
additional investigations, all options should carefully be considered before starting with the experiments. 
Although each of the methods has its advantages and disadvantages and there is no “best” solution, the 
preparation of serial cryostat sections clearly offers the most options. Other frequently used and practicable 
methods of brain tissue preparation—fi xation, storage, and slicing—are nevertheless also discussed. Finally, 
the basics of infarct volume calculation are presented. Attached are the most important protocols and their 
potential pitfalls.  

  Key words     Contrast-enhanced staining  ,   Conventional staining  ,   Edema correction  ,   Enzyme histo-
chemistry  ,   Histology  ,   Immunohistochemistry  ,   Infarct  ,   Microtubule-associated protein 2 (MAP2)  , 
  NeuN  ,   Paraformaldehyde  ,   Penumbra  ,   Shrinkage  ,   Silver staining  ,   Stroke  ,   2,3,5-Triphenyltetrazolium 
hydrochloride (TTC)  

1      Introduction 

  One of  the   fi rst and most important steps when planning and 
designing a stroke experiment is deciding how to treat the brain 
tissue of the experimental animals. The wrong decision will cause 
problems later on, so this step calls for timely and careful consider-
ation. The researcher’s decision, in turn, depends on having a clear 
idea of which endpoints will be analyzed. This seemingly trivial 
aspect is frequently ignored in practice. While determination of the 
 infarct volume   is certainly one important issue in experimental 
stroke research, it is nevertheless only one parameter among sev-
eral. Analyses of gene expression, protein expression, protein syn-
thesis,  pH  ,  glucose  , lactate, ATP content, regional blood fl ow, and 
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receptor binding densities are just a few examples of potential 
 complementary investigations which might call for a specifi c way of 
tissue pretreatment. Taking all this into consideration, the fi rst step 
should be to defi ne the endpoints to be analyzed. 

 The next step is to check whether it is possible to do all experi-
ments using the same brain tissue or whether different groups are 
needed for the various investigations. When performing morpho-
logical analyses, one has to decide whether or not the brain will be 
perfused. If perfusion is necessary, two possibilities arise: perfusion 
with saline to simply wash out brain vessels or perfusion, e.g., with 
paraformaldehyde ( PFA  ),  for   additional  fi xation   of the brain tissue. 
Perfusion should be performed under standardized conditions con-
cerning perfusion pressure and perfusion time. This is especially 
important when a thorough analysis of vessels is planned. The next 
decisions concern the tissue workup steps. Tissue can be used 
natively or it can be frozen or otherwise specifi cally prepared, e.g., 
for  cryostat   sections, for free-fl oating  vibratome   sections, or for  par-
affi n embedding  . While  infarct volume   calculation is in principle 
possible with all of these workup methods, plans to perform addi-
tional experiments may infl uence the decision. For example, if com-
plementary immunohistochemical investigations are planned, the 
choice may be narrowed down to native  cryostat   material or  PFA  -
fi xed tissue, because only they would allow work with certain specifi c 
antibodies. If brilliant morphology is of major importance, paraffi n-
embedded material will provide the best results. For  infarct volume   
determination, one can choose among different  staining   methods. 
All procedures have their  advantages   and  disadvantages  , so the 
researcher should know and carefully consider all potential options. 
Although there is no ideal solution, most options are left open by 
the use of serial  cryostat   sections allowing multimodal imaging [ 1 ]. 

 In the context of  infarct volume   determination, several terms 
and defi nitions are briefl y outlined to avoid possible misunder-
standings.  Infarct   is defi ned as  pannecrosis   after  focal ischemia   and 
has to be distinguished from selective neuronal loss occurring in 
the  penumbra  , in brain areas remote from the ischemic territory, or 
in chronic arterial obstructive disease [ 2 ]. Depending on the isch-
emia model used, the  size   of the  infarct   may vary signifi cantly, i.e., 
from large  pannecrosis   as seen after  middle cerebral artery occlu-
sion   to small lesions after photothrombotic ischemia. The ischemic 
 penumbra   surrounding the lethally damaged  infarct    core  —origi-
nally defi ned as peri-infarct tissue with reduced blood fl ow, 
impaired neuronal functionality, but preserved structural integrity 
[ 3 ,  4 ]—can perhaps be saved from irreversible damage. It is there-
fore the current focus of most neuroprotective therapies. This 
therapeutic potential is evidenced by the fact that early after stroke 
onset, the  penumbra   can account for up to 50 % of the volume 
which fi nally evolves into infarction. However, the exact 
 identifi cation of “the” (one) ischemic  penumbra   on brain slices is, 
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strictly speaking, impossible. Over the past decades, it has become 
clear that the  penumbra   is a highly dynamic structure which can be 
characterized in vivo by various imaging techniques and in vitro by 
a multitude of factors, each of which defi nes one aspect of this so- 
called  tissue at risk  . The other way around, after  focal ischemia  , 
“multiple” molecular and cellular  penumbra  s are present which 
may differ with regard to their spatial and temporal expansion [ 5 , 
 6 ]. New concepts speculate that the  penumbra   comprises the tran-
sition zone between ischemic injury and  repair   [ 7 ]. Therefore, 
when using the term  penumbra   for a peri-infarct area on a tissue 
slice, an exact, context-related defi nition of the  penumbra   has to 
be given. Alternatively, one could tone down statements concern-
ing the  penumbra   and refer to it as peri-infarct area or tissue adja-
cent to the  infarct    core  . 

 There exists a plethora of techniques to identify various patho-
logical features after cell death in stroke [ 8 ]. The following para-
graphs will provide examples of four principal methods of determining 
the  infarct volume   after focal  cerebral ischemia   in rodents: routine 
 histology    staining  ,  contrast-enhanced staining  ,  immunohistochem-
istry  , and  enzyme histochemistry  . It bears repeating that there is no 
“perfect” solution. All procedures have their pros and cons, so one 
should know precisely and consider precisely all potential options. 
The possibilities for tissue storage and  fi xation   will be provided in 
the following, and fi nally, the essential features of  infarct volume   
determination will be covered. Protocols including the material nec-
essary for the  staining   methods are attached.  

2    How to Get Slices for  Staining   and  Infarct Volume   Determination:  Fixation  , 
Storage, and  Slicing   of Brain Tissue 

 Before any  staining   procedure and  infarct volume calculations   can 
be performed, the brains have to be removed, potentially fi xed, 
sliced, and/or stored. As already mentioned, these initial steps 
largely will determine the range of possible  staining   methods and 
further investigations and therefore merit careful consideration 
well in advance of any procedures. 

   Different  fi xation   methods signifi cantly alter the absolute  infarct 
volume   and the degree of  edema  . In  cryostat   sections from unfi xed 
material, the  infarct   will expand by up to 22 % [ 9 ] because it con-
tains more water than the surrounding tissue;  paraffi n embedding  , 
on the other hand, may cause  shrinkage   of the tissue by up to 36 % 
[ 10 ] because of the organic solvents used to dehydrate it [ 11 ]. The 
whole situation is further complicated by the fact that different 
brain structures are differently affected by  shrinkage   [ 10 ]. Finally, 
the hemispheric volume also depends on the  fi xation   procedure, as 
demonstrated by a 7 % increase after immersion compared to 

2.1   Fixation  
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 perfusion fi xation      [ 11 ]. These artifacts become a serious issue 
when stating absolute  infarct volumes  ; relative  infarct volumes  , 
which are also corrected for  edema   (c.f. Sect.  4 ), are a favorable 
possibility for overcoming these problems. If  fi xation   of the brain 
is necessary,  transcardial perfusion   will lead to better morphologi-
cal results than immersion  fi xation   which, nevertheless, may suffi ce 
for mere  infarct volume   determination by H&E  staining     . A further 
 advantage   of  perfusion fi xation      is the washout of vessels from blood 
cells to avoid interference with  immunohistochemistry  . One of the 
most applicable  fi xation   solutions is 4 %  PFA   (c.f. Sect.  5 ) which 
also provides good results for many immunohistochemical investi-
gations. In order not to spoil the options for additional experi-
ments, the use of unbuffered formalin should be avoided. 
Postfi xation of perfused brains for 24 h and immersion  fi xation   of 
unfi xed tissue for approximately 48 h are usually suffi cient. As 
already mentioned, perfusion should be performed under stan-
dardized conditions concerning perfusion pressure (by the use of a 
perfusion pump or, alternatively, bottles with the fi xative placed 
between 100 and 150 cm above the operating table) and perfusion 
time. This is especially important when histologic analysis of vessels 
(walls, diameter, etc.) is planned. If electron microscopy is intended, 
material should be fi xed primarily in 3 % glutaraldehyde.  

   Unfi xed frozen brains are usually stored in a freezer between −70 
and −80 °C. For storage of fi xed brains or brain slices, there are 
several possibilities:  PFA  -fi xed, paraffi n-embedded (or 
glutaraldehyde- fi xed and plastic-embedded) material can be stored 
for decades (an  advantage   not to be underestimated). Apart from 
that,  PFA  -fi xed brains may be stored as a whole for several weeks in 
phosphate-buffered saline (PBS) with 0.5 %  sodium azide   at 4 °C or 
 cryoprotected   in 30 % sucrose and then stored at −20 °C. However, 
fi xed brains may also be sliced on a  vibratome   (e.g., 50 μm thick) 
and slices then stored again in PBS with 0.5 %  sodium azide   or  cryo-
protected   in 30 % sucrose and stored at −20 °C. Concerning freez-
ing techniques of native unfi xed tissue for optimal preservation of 
morphology, it seems that every lab has its own secret recipe. The 
only method defi nitely unsuitable is direct freezing in  liquid nitro-
gen   since it usually leads to fragmentation of the brain (Fig.  1 ) and 
 cryostat   artifacts in the slices.  Snap- freezing   on dry ice, with or 
without an aluminum foil between the brain and ice, is frequently 
carried out, but the resulting cold effect is unevenly distributed. We 
achieve a gentle freezing by cooling the brain immediately after 
removal in −20 °C isopentane for 10 min; we then either process 
( cryostat  ) the tissue right away or store it at −70 °C. If any kind of 
 immunohistochemistry   is intended, frozen  cryostat   sections should 
be thawed and air-dried.  Fixation   can be performed in 4 %  PFA   for 
5 min at 4 °C. Alternatively,  fi xation   for 10 min in acetone at −20 °C 
is possible (depending on the respective antibodies).

2.2  Storage
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      For the detection of  infarct volumes  , sometimes a minimum of 
eight slices is recommended [ 12 ,  13 ], but reliable results can also 
be achieved by analysis at fi ve levels [ 14 ,  15 ]. One possibility is to 
slice the entire brain (fi xed or unfi xed) with a “brain slicer,” i.e., 
matrices with variable distances which are commercially available 
(Fig.  2 ). If slices are intended to be used for  paraffi n embedding  , 
thickness should amount to 2 mm, since thinner slices are diffi cult 
to handle and often fragment (Fig.  2 ). Cutting the brains on the 
 vibratome   or  cryostat   allows  preparation   of serial sections (most 
favorable) or sections at defi ned intervals, which makes calculation 
of the total  infarct volume   possible. For exact overall orientation, 
purchase of a brain atlas is highly recommendable (e.g., the atlases 
by Paxinos and Watson).

3         Staining   Methods for  Infarct Volume   Determination 

 See also Sect.  5 . 

   Hematoxylin eosin (H&E)  staining     , which is routinely used in 
diagnostic pathology, is also a valuable tool for detecting ischemic 
 brain   lesions and is sometimes considered as the “gold standard.” 
H&E  staining      will in fact be suffi cient in most cases. It can be per-
formed on  cryostat   sections, on free-fl oating  vibratome   sections, as 
well as on paraffi n-embedded ones. This  staining   further allows 
assessment of potential morphological alterations in the brain tis-
sue outside the  infarct    core  . H&E also allows for detection of 
selective neuronal loss, e.g., in  penumbra  l regions. While the nor-
mal brain tissue stains  eosinophilic   red, the infarcted region appears 
pale. A clear and reliable distinction between  infarct   and adjacent 

2.3   Slicing  

3.1  Hematoxylin 
Eosin (H&E)  Staining     

  Fig. 1    Freezing methods of brain tissue.  Snap-freezing   on dry ice, with ( a ) or without ( b ) an aluminum foil 
between the brain and ice, is frequently carried out and provides acceptable results. Defi nitely unsuitable is 
direct freezing in  liquid nitrogen   since it usually leads to breach of the brain ( c ). In our hands, gentle freezing 
with optimal preservation of morphology is achieved by immediate cooling of the brain in −20 °C isopentane 
for 10 min before processing or storage at −70 °C ( d )       
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tissue is possible after 24 h [ 1 ]. For the sake of thoroughness, it 
should be mentioned that other “routine”  staining  s such as  cresyl 
violet  / thionine   allow detection of infarcted brain tissue with results 
comparable to those rendered by H&E.  

   The great  advantage   of the silver  staining   method over H&E  stain-
ing      is the markedly enhanced contrast between  infarct   and normal 
tissue, which allows computer-assisted analysis of infarct  volume-
try  . A sharp demarcation of ischemic and normal tissue is also evi-
dent in the  white matter  , normally posing a major problem when 
using  microtubule-associated protein 2   ( MAP2  )  immunohisto-
chemistry   (c.f. Sect.  3.3.1 ) or  TTC       staining   (c.f. Sect.  3.4 ). A fur-
ther  advantage   of this method is its early detection of infarcted 
brain tissue including the  penumbra  , as shown by parallel determi-
nation of local  cerebral blood fl ow   with autoradiography starting 
2 h after ischemia [ 16 ]. Although slightly more complicated than 
H&E  staining     , silver  staining   can also be performed rapidly and 

3.2   Silver  Staining     

  Fig. 2     Slicing   the brain including pitfalls. There exist commercially available “brain slicers” for  mouse   and rat 
brains. Here, a model for  mouse   brains is shown (Rodent Brain Matrix, Adult  Mouse  , 30 g, coronal, Item no. 
RBM—2000 C; ASI Instruments, USA), which perfectly fi ts the shape of the brain ( a ). The matrix allows  prepa-
ration   of 1 mm thick slices which can easily be made ( b ). However, after treatment for  paraffi n embedding  , 
slices are frequently distorted ( c , gross morphology;  d , histological slice stained for  MAP2  ). Therefore, 2 mm 
thick sections are recommended       
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rather easily, and it has therefore become a standard method for 
 infarct volume   determination. However, silver  staining   only works 
with  cryostat   sections.   

      A convenient alternative to the aforementioned  staining   methods 
is the detection of microtubule-associated protein ( MAP2  ) for 
infarct  volumetry   by  immunohistochemistry  . This can be per-
formed on  cryostat   sections,  vibratome   sections, and paraffi n- 
embedded material. Furthermore,  MAP2   is also a well-established 
marker protein for the early detection of  brain injury  , after both 
permanent and transient ischemia [ 17 ,  18 ]. Reduced  MAP2   immu-
nostaining has been  report  ed as early as 1 h subsequent to the 
onset of permanent  middle cerebral artery occlusion   in the  rat   
[ 17 ].  Reduction   of  MAP2   immunoreactivity in the necrotic  infarct   
 core   and, thus, its reliable detection are possible as from 24 h after 
ischemia. A good correlation between silver  staining     ,  MAP2    immu-
nohistochemistry  , and  T2  -weighted  MRI   has also been reported 
[ 19 ]. Since  MAP2   is present mainly in dendrites, where it may be 
involved in stabilization and maintenance of synaptic circuits in the 
mature brain [ 20 ], detecting a distinct delineation of brain damage 
in the  white matter   is problematic (Fig.  3 ).

3.3  Immuno-
histochemical 
Methods

3.3.1   Microtubule- 
Associated Protein 2   
( MAP2  ) 
 Immunohistochemistry  

  Fig. 3    Problems of  MAP2   and  TTC   staining. The border between infarct and the 
normal tissue is clearly evident in the  gray matter  both after staining with  MAP2   
 immunohistochemistry   ( a ) or  TTC   ( b ). However, involvement of the   white matter    
can hardly be distinguished from the uncolored infarct ( arrows )       
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      NeuN  immunohistochemistry   for the analysis of ischemic  brain   
damage is a frequently used alternative to  MAP2    immunohisto-
chemistry   [ 21 ]. Fortunately, it can also be performed on  cryostat   
sections,  vibratome   sections, and paraffi n-embedded material. 
NeuN is a DNA-binding neuron-specifi c protein which is detect-
able predominantly in the nuclei and perikarya of neuronal cells 
[ 22 ]. NeuN  staining   decreases early after ischemic injury and allows 
a reliable delineation of the  infarct   from about 6 h after ischemia 
[ 23 ]. Some authors report a  reduction   of NeuN immunoreactivity 
as early as 1 h after severe transient  focal ischemia   in  rats   [ 24 ]. On 
the other hand, NeuN is also a perfect marker to check for neuronal 
loss in the long run after the ischemic event [ 21 ]. Thus, NeuN does 
not only allow assessment of the total  infarct   but also the detection 
of selective neuronal loss [ 21 ]. The only caveat with NeuN  immu-
nohistochemistry   is the notion that early postischemic loss of  stain-
ing   intensity may be caused by a change in antigenicity not inevitably 
indicating cell death but possibly a transient cell damage [ 25 ]. 
Finally, there are promising but still evolving approaches using 
NeuN  immunohistochemistry   for automated and quantitative 
selective neuronal loss after ischemic injury  [ 26 ].   

    Tetrazolium salts such as 2,3,5-triphenyltetrazolium hydrochloride 
( TTC  )    can be used as histochemical indicators of  mitochondria  l 
oxidative enzymes. By accepting electrons,  TTC      is reduced to a 
red-colored, lipid-soluble formazan, indicating that functioning 
 mitochondria   are present. Vice versa, if  mitochondria   are damaged, 
 TTC      cannot be reduced to the colored formazan. Based on these 
properties,  TTC    staining   has become a convenient marker for 
detecting  infarcts   in tissue slices, which remain unstained in contrast 
to the viable tissue  staining   deep red (Fig.  3 ). The use of  TTC    stain-
ing   for infarct  volumetry   in rodent stroke  models   dates back to the 
1980s [ 27 ]. This method is rather easy to apply and the results are 
immediately available, revealing a high contrast between normal 
and infarcted tissue (Fig.  3 ) and thus allowing for automated analy-
sis of scanned images [ 28 ]. Furthermore, although not ideal, slices 
can in principle be used for additional histological and immunohis-
tochemical investigations [ 18 ]. However, if indeed additional sec-
tions are prepared, the argument given most frequently for using 
this method, i.e., its quickness, loses its relevance. Last but not least, 
delayed  TTC    staining   still provides reliable results 8 h after the 
death of the experimental  animal   (kept at room  temperature  !) [ 29 ]. 
The main limitations of  TTC    staining   have also been known for a 
long time [ 30 ]. Since, strictly speaking,  TTC    staining   only labels 
 mitochondria  , tissues with a low density of  mitochondria   such as 
 white matter   do not stain, which makes demarcation of the  infarct   
impossible (Fig.  3 ). Another limiting factor with  TTC   is the narrow 
 time window  . Although in cases of severe ischemia  TTC    staining   
has repeatedly been  report  ed to delineate  infarcts   as early as 2–3 h 

3.3.2    NeuN   
 Immunohistochemistry  

3.4  2,3,5-Triphenyl-
tetrazolium 
Hydrochloride ( TTC  )    
 Staining  
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after  reperfusion   [ 18 ,  30 ], reliable detection of  infarcts   after milder 
ischemia requires about 24 h [ 18 ]. On the other hand, since infi l-
trating infl ammatory cells harbor intact  mitochondria  ,  TTC   should 
not be used for time points beyond 24 h after ischemia [ 30 ].   

4      Infarct Volume Calculation   

 After brain tissue has been stained, successfully by any method, 
 infarct volume   can be determined. Slices or slides must fi rst be 
photographed or scanned. As already stated, a minimum of 5–8 
levels is recommended to accurately assess the  infarct volume   [ 12 –
 15 ]. There is a whole range of software available (e.g., NIH soft-
ware available free of charge on the Internet or commercially 
available versions) which might even allow automatic  infarct vol-
ume   determination. Otherwise, one has to manually mark regions 
of interest, i.e.,  infarct  , ipsilateral, and contralateral hemispheres, 
on the monitor to calculate their areas.  Infarct volumes   can then be 
calculated as the sum of the sectional  infarct   areas multiplied by the 
interval thickness. In general,  infarct volume   can be determined 
directly or indirectly. Furthermore,  infarct volume   can be expressed 
as an absolute value or relatively, as a fraction of the ipsilateral or 
contralateral hemispheres. Since both freezing and  paraffi n embed-
ding   cause either artifactual extension or  shrinkage   of the tissue, 
expression as relative value is more favorable. In addition, relative 
values allow better comparability between different studies. 
Depending on the model used, severe  edema   may develop during 
the early phase following ischemia, and this distorts  infarct volume   
calculations.  Edema    correction      is then necessary and can easily be 
performed according to the method provided by Swanson and col-
leagues [ 13 ]: Area corrected  = Area Infarct  × (1–(Area ipsilateral hemisphere –
Area contralateral hemisphere )/Area contralateral hemisphere )). While originally only 
the gray matter (cortex and  basal ganglia  ) in each hemisphere was 
measured but not the  white matter   [ 13 ], current protocols include 
the  white matter   [ 31 ].  Edema    correction      is necessary within 3 days 
after ischemia [ 11 ]. However, at the peak of stroke-induced  edema  , 
brain swelling involves both  infarct   and the surrounding tissue and 
sometimes also the contralateral hemisphere; thus, this correction 
method may still be confounded by  edema  . Furthermore, as a rule 
of thumb, the smaller the  infarct   is, the higher the variations [ 11 ]. 
Another issue arises in chronic stroke studies with survival times of 
about 1 week or more. The necrotic tissue will then be removed by 
 microglia  / macrophages   resulting in a growing pseudocystic brain 
defect and an enlargement of the ventricular system (“hydrocepha-
lus e vacuo”). Measurement of tissue loss calculating the difference 
between the volume of the remaining normal hemisphere and the 
remaining volume of the injured hemisphere will then be more 
accurate than simply measuring the  infarct volume  . The average 
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volume of a hemisphere can easily be calculated using the following 
formula: (area of the complete coronal section of the hemisphere—
area of ventricle—area of damage) × interval between sec-
tions × number of sections [ 32 ].  

5      Protocols 

 For the following protocols, no companies or catalogue numbers 
are given, since change in this fi eld is so rapid. All materials are stan-
dard materials which can be purchased everywhere if not explicitly 
stated otherwise.  Pitfalls are indicated by an exclamation mark . 

   This 4 % buffered  PFA   solution is absolutely essential and should 
be used whenever formalin/paraformaldehyde  fi xation   is required. 

   NaH 2 PO 4  × H 2 O, Na 2 HPO 4 ,  PFA  , 1N NaOH

    1.    First, prepare a Sorensen’s phosphate buffer (2 L) with:

   (a)    Solution A = 0.2 M NaH 2 PO 4  × H 2 O = 27.6 g/L   

  (b)    Solution B = 0.2 M Na 2 HPO 4  = 28.4 g/L   

  (c)    OR Na 2 HPO 4  × 2 H 2 O = 35.6 g/L       
   2.    Mix 230 mL of solution A with 770 mL of solution B plus 

1000 mL distilled water and you will get your Sorensen’s 
phosphate buffer ( pH   should be 7.3–7.4).   

   3.    To prepare the 4 %  PFA   solution, add 80 g  PFA   to about 
1500 mL Sorensen’s phosphate buffer and dissolve the mix-
ture on a stirring hot plate by slowly heating to nearly 
70 °C. Just before 70 °C is reached, add about 5 mL 1N 
NaOH.   

   4.    Let the solution cool down to room  temperature   and fi ll it up 
with phosphate buffer to a total of 2000 mL.   

   5.    Adjust  pH   to 7.4.   
   6.    This 4 %  PFA   solution will stay stable for at least 2 weeks at 

4–8 °C; before use, check  pH   again. 

    (a)    The critical point is to slowly heat the  PFA   and not to pass 
the 70 °C mark; otherwise, the procedure has to be 
repeated (with fresh  PFA  ).        

       Staining   procedure and staining times vary, depending on the tis-
sue pretreatment, the thickness of the section, and, last but not 
least, the normal differences from lab to lab. The following proto-
cols are therefore just guidelines which have to be optimized by 
each user. 

5.1   Buffered   4 % 
Paraformaldehyde 
( PFA  ) Solution

5.1.1  Materials

5.2  H&E  Staining     
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   Eosin, hematoxylin, alcohol, xylol, mounting medium  

       1.    Cut 10–20 μm thick sections on a  cryostat  .   
   2.    Collect sections on glass slides (to avoid fl oating off, slides 

should be precoated with  poly- l -lysine   or 3-aminopropyl- 
triethoxysilane (TESPA); alternatively, commercially available 
SuperFrost ®  slides are recommendable).

   (a)    Warm slides before mounting the frozen tissue slices 
(thawing of the slices on the warmed slides will increase 
adherence to the coating).   

  (b)    Slices may curl if they are thawing too quickly. Adjust  tem-
perature   in the  cryostat   chamber and temperature of the 
blades.    

      3.    Dry sections for 10 min.   
   4.    Stain 1 min in hematoxylin.   
   5.    10 min running water (“blueing”).   
   6.    Stain 15 s in eosin.   
   7.    Dehydrate by 96 % ethanol, 2 × 100 % ethanol and 3 × xylol.   
   8.    Cover slides with mounting medium.      

       1.    Cut 50 μm thick  vibratome   sections on a vibratome; due to the 
relative thickness, further treatment is best done “free fl oat-
ing,” e.g., in cell culture well plates.   

   2.    3 × 5 min PBS.   
   3.    Stain 2 min in hematoxylin.   
   4.    5 × 5 min running water (“blueing”).   
   5.    Stain 30 s in eosin.   
   6.    Dehydrate with 70 % ethanol, 96 % ethanol, 2 × 100 % ethanol, 

and 3 × xylol.   
   7.    Mount slices on slides and cover with mounting medium.       

       1.    Cut 3–5 μm thick paraffi n sections on a microtome (after pre-
cooling the paraffi n block).   

   2.    Dewax with 3 × xylol, 2 × 100 % ethanol, 96 % ethanol, distilled 
water.   

   3.    Stain 2 min in hematoxylin.   
   4.    5 min running water (“blueing”).   
   5.    96 % ethanol.   
   6.    Stain 2 min in eosin.   
   7.    Dehydrate by 96 % ethanol, 2 × 100 % ethanol, and 3 × xylol.   
   8.    Cover slides with mounting medium.       

5.2.1  Materials

5.2.2   Cryostat   Sections 
(Unfi xed Tissue)

5.2.3    Vibratome   Sections 
( PFA   Fixed)

5.2.4  Paraffi n-Embedded 
Material
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     Lithium carbonate, 10 % silver nitrate solution, 25 % (28 %) ammo-
nia solution, 37 % formaldehyde solution, hydroquinone, acetone, 
trisodium citrate dihydrate  

       1.    Add 10 mL saturated lithium carbonate solution (about 0.6 g 
in 50 mL H 2 O) to 5 mL of a 10 % silver nitrate solution.   

   2.    A precipitate will form which will be dissolved with continuous 
stirring by adding a 25 % (28 % does also work) ammonia solu-
tion (about 500 μL) drop by drop until the solution gets—
slowly—clear (don’t get impatient at this point, since too much 
ammonia solution spoils the  staining  ).   

   3.    Add 75 mL distilled water and store in the dark until use. 

   (a)    Prepare all solutions daily.          

       1.    Mix 20 mL of a 37 % formaldehyde solution with 70 mL of 
distilled water.   

   2.    Add 0.3 g hydroquinone and 15 mL acetone by gentle 
agitation.   

   3.    Add and dissolve 1.1 g trisodium citrate dihydrate.   
   4.    Expose the solution to room air until it gets copper colored 

(after about 30–60 min).

   (a)    Prepare all solutions daily.   

  (b)    Clean glassware carefully (65 % nitric acid/distilled water).          

       1.    Use 20 μm thick unfi xed  cryostat   sections on  poly- l -lysine   pre-
coated slides (or SuperFrost ® ).   

   2.    Submerge slides for 2 min in the  silver impregnation solution   
with continuous and vigorous shaking.   

   3.    Wash six times for 1 min in distilled water with shaking.   
   4.    Transfer slides for 3 min to the, again, vigorously shaken devel-

oper solution.   
   5.    Wash three times for 1 min in distilled water with shaking.   
   6.    Slides are now air-dried and covered.       

   Depending on the pretreatment of the brain tissue, the protocols 
for  immunohistochemistry   have to be substantially modifi ed. 
Furthermore, there are many different detection systems. 
Therefore, when doing  immunohistochemistry  , look for suitable 
protocols and/or follow the suggestions given by the manufac-
turer of the primary antibody.

5.3  Silver  Staining      
(According to Vogel 
et al. [ 16 ])

5.3.1  Materials

5.3.2    Silver Impregnation 
Solution   (90 mL)

5.3.3  Developer Solution 
(105 mL)

5.3.4   Staining   Procedure

5.4   Immuno-
histochemistry  
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   (a)    Using  mouse   models of stroke, remember that your pri-
mary antibody must not be a  mouse   antibody.    

     Performing  TTC    staining   after 24 h, as given below, is the most 
frequently used protocol and will provide reliable results both after 
transient and permanent  focal ischemia   [ 18 ,  33 ].

    1.    Prepare coronal brain sections, ideally using a brain slicer (vari-
ous matrices for  rat  s and mice are commercially available). 

    (a)    For easy  handling  , sections should normally not be thinner 
than 2 mm (Fig.  3 ).       

   2.    Immerse slices in 2 %  TTC  , e.g., in a cell culture dish, ( TTC   is 
light sensitive: mask solution with aluminum foil) in 0.9 % 
phosphate- buffered saline (PBS) at 37 °C for 15–30 min.   

   3.    Remove  TTC   solution and wash three times with PBS.   
   4.    Transfer slices to a  fi xation   solution, normally 4 %  PFA   for 

24 h, to potentially perform additional histological/immuno-
histochemical investigations ( fi xation   in 3 % glutaraldehyde is 
also possible if further electron microscopy is intended; keep 
dark until the slices have been digitized). 

    (b)    Photograph or scan slices for  infarct    volumetry   within the 
next [ 3 – 7 ] days [ 34 ], since the  staining   fades and the con-
trast gets lost; keep slices dark ( fi xation   before further 
manipulating prevents distortion of the slices; photographs 
can be made immediately after  TTC    staining  ).       

   5.    Slices may then be stored in 30 % sucrose at −20 °C until fur-
ther analysis.

   (a)    There are some modifi ed protocols to optimize the  stain-
ing   procedure. Two major steps can be varied to improve 
the results:   

  (b)    The contrast of  TTC    staining   may be enhanced by perfus-
ing the brains with  TTC   solution or at least with a fl ush of 
saline before  staining  ; this may improve unsatisfying 
results, in particular when using a  permanent ischemia   
model [ 30 ].   

  (c)    The second parameter which may be modifi ed is the con-
centration of the  TTC   solution. Joshi and colleagues [ 35 ] 
describe improved delineation of the  infarct   by use of a 
0.05 %  TTC   solution for 2 mm thick slices.     

5.5   2,3,5-Tripheny-
ltetrazolium 
Hydrochloride (TTC)   
 Staining  
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    Chapter 17   

 Ethics of Modeling of Cerebral Ischemia in Small Animals                     

     Ute     Lindauer       

  Abstract 

   Animal models of cerebral ischemia have deepened our insight into the pathophysiology of ischemic brain 
damage. Success rates in translation to the bedside, however, are low. This fact entails unmet hopes for 
patients and ineffective deployment of money and time. It also highlights the important ethical issue of the 
quality of animal experiments in stroke research. Attention to this issue should start with the planning 
phase. This chapter will help researchers to design studies at a high ethical level and thus provide important 
arguments for obtaining permission from regulatory authorities.  

  Key words     Animal experiments  ,   ARRIVE  ,   STAIR  ,   Ethical consideration  ,   3Rs  ,   Refi nement  , 
  Reduction  ,   Replacement  ,   Burden  ,   Pain  ,   Euthanasia  ,   Permission from authorities  

1      Introduction 

 Important advances in human and animal medicine have been 
made by using animals in research. Animal models have provided 
us with deeper insight into the pathophysiology of ischemic brain 
damage, but so far, their contribution to clinical practice in stroke 
therapy has been limited. To date, only one therapy for acute isch-
emic stroke, tPA initiated within 3 h of stroke onset, has been 
approved [ 1 ]. However, there are many arguments explaining the 
failure to translate therapeutic benefi t in animal stroke models into 
successful clinical trials. Very recently, an interesting debate on the 
usefulness of animal models of neurodegenerative diseases has 
been published in  Nature  (news feature [ 2 ] with comments [ 3 ,  4 ]) 
suggesting a more differentiated use of the term “animal model of 
disease X.” Potential problems with animal studies for acute stroke 
therapies are discussed by Fisher and Tatlisumak [ 5 ], and detailed 
information can be found in this handbook in Chaps.   17    –  19    . Poor 
success rates in the translation to bedside cause ineffective employ-
ment of money and time and, in the end, leave the patients alone 
with their unmet hopes of ameliorating their symptoms. In addi-
tion, unsuccessful translation from bench to bedside also raises an 
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important ethical issue when animals are used for stroke research 
( see   Note    1  ). Consequently, close attention should already be given 
in the planning phase to the quality of animal experiments. 

 The approval of applications for permission to conduct animal 
research is based on national and international animal research laws 
and regulations. Those with broad validity for readers are listed in 
the following:

   International regulation:  Good laboratory practice   (GLP). 
Compliance with  GLP   regulations is a critical requirement for 
certain types of research and testing involving laboratory ani-
mals. The principles of GLP deal mainly with responsibility, 
quality assurance, test facilities, and documentation.  

  USA: The Public Health Service issued the “Guide for the Care 
and Use of Laboratory Animals,” which is the primary refer-
ence in the USA for animal care and use programs.  

  European Union: Directive 2010/63/EU of the European 
Parliament and of the Council of 22 September 2010 on the 
protection of animals used for scientifi c purposes.    

 National and institutional regulations may differ in many 
details; but some important aspects seem to be held in common. 
This chapter helps design studies on animal experiments in stroke 
research at a high ethical level and thus provides important argu-
ments for obtaining permission from regulatory authorities.  

2    General Standards as Prerequisite for Considering the Ethical Viewpoint 

 In order to reduce, refi ne, or replace animal experiments whenever 
possible; avoid or minimize discomfort, stress, and pain for the 
animal; and thus reduce suffering and burden within the experi-
ment, the following principles should be observed [ 6 – 8 ]. 

   Which model: cell culture/brain slice/in vivo. Important informa-
tion on the pathophysiology of damage in stroke is revealed with 
cell culture or brain slice systems, but the actual interaction of dif-
ferent cell types within the brain, the vasculature, and the immune 
system is an essential aspect of the disease and can only be investi-
gated in the living animal. The possibility of replacing animal 
experiments in stroke research is therefore very limited. As soon as 
the decision on the in vivo model is made, it has to be considered 
whether the specifi c question can be answered in acute (animals 
investigated under fi nal anesthesia) or chronic experiments and 
whether the study aims mainly at advancing knowledge of patho-
physiological aspects or at investigating new therapeutic concepts. 
Because new animal models may have been developed, a thorough 
literature search should always be conducted to determine what 

2.1  Decision 
on the Model
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models might be suitable, which models are the most relevant to 
the specifi c question, and which alternatives are available. An alter-
native is any procedure that reduces the number of animals used, 
refi nes techniques (to minimize pain and distress and/or to better 
model the disease), or replaces animals altogether (reduction, 
refi nement, replacement: the so-called 3Rs defi ned in 1959 by 
Russell and Burch [ 9 ]).  

   Only animals that are lawfully acquired are used for experiments. 
The selection of the appropriate species, strain, gender, age, quality, 
etc., has to be considered thoroughly. So far, in most experimental 
stroke studies in young adult, healthy male animals have been used. 
This may be appropriate if the main interest is in getting knowledge 
on specifi c pathophysiological aspects of the cause and progression 
of disease. However, in support of the very recent NIH initiative to 
balance the sex of cells and animals in preclinical research, it has been 
recommended to raise the awareness of sex as an important biologi-
cal variable and to allow exceptions only in conditions dealing with 
specifi c questions [ 10 ]. In addition, when testing therapeutic 
options, it is highly recommended to perform studies on older ani-
mals of both sexes with a possible comorbidity (hypertension, diabe-
tes), which would better resemble the patients’ situation. 

 Decision on a specifi c model or species should not be based on 
availability, familiarity, or cost. The easily available, familiar, or 
inexpensive species may not necessarily provide the best conditions 
needed for the proposed project. Overall health status of the ani-
mals must be assessed because it can infl uence their response to the 
planned procedure. 

 On the basis of the expected standard deviation of the data of 
outcome measures, prior statistical testing for sample size provides 
important information on the number of animals needed to detect 
a certain (biologically relevant) difference between groups. 
Reducing the number of animals in a certain study is highly recom-
mended; however, it has to be taken care that not too few animals 
are used. The lowering of the number of animals shall not lead to 
underpowered studies with the consequence of unreliable results 
and wasted animals [ 11 ].  

   The allocation of the animals to the different study groups should 
be performed by randomization. The study should be conducted 
by an experimenter blinded to the treatment groups whenever pos-
sible. The question of what control groups are appropriate (vehi-
cle, sham operation, naïve; do you need positive controls?) has to 
be considered in advance, because they will have to be included in 
the randomization process. No historical controls should be used. 
Standardization of the time of day planned for the procedure may 
be important in minimizing experimental variability in species with 
well-defi ned circadian rhythms (see also Chaps.   17     and   19    ).  

2.2  Decision 
on the Animals

2.3  Study Design

Ethics of Modeling of Cerebral Ischemia in Small Animals
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   To avoid or minimize animal discomfort and stress during the 
experiments, the main handling procedures necessary before, dur-
ing, and after surgery should be trained beforehand. Most experi-
mental animals are accustomed to basic handling procedures due 
to regular cage changes. It has to be decided whether the animals 
have to be kept alone or in groups during the experiment. In prin-
ciple, social species like rats or mice should not be kept alone; oth-
erwise, good arguments have to be given and the animals should 
be trained to the new housing situation in advance. Stroke-operated 
mice can easily be kept in groups if all were operated at the same 
time; however they should not be grouped with healthy or unoper-
ated animals.  

   The use of appropriate sedation, analgesia, or anesthesia and of 
alternatives to painful or distressful procedures should be thor-
oughly considered. Surgical or other painful procedures must not 
be performed on unanesthetized animals. The use of  paralytic 
agents   in the absence of anesthetics during painful procedures is 
prohibited. Potential effects of anesthetic agents on study param-
eters have to be anticipated and minimized by choice of the best 
agent and its optimal dosage. To choose the appropriate agent for 
stroke studies, possible neuroprotective and cerebrovascular effects 
have to be considered; see also Chap.   10    . 

 Analgesic agents should be given to prevent pain whenever it is 
likely to occur. In stroke research, pain from operation procedures 
and skin wounds should be primarily addressed because acute cere-
bral ischemia itself induces no pain, as is known from patients. In 
small animals such as rats and mice, suffering and pain cannot eas-
ily be ascertained. Most common unspecifi c signs are decreased 
activity, unusual body posture, unusually aggressive behavior, and 
an ungroomed appearance. In addition, the recently developed 
“rat grimace scale” can be used to quantify pain by thoroughly 
assessing facial expressions in rats and other rodents [ 12 ]. When 
individual animals show obvious signs of suffering, in most cases 
they are already experiencing severe pain. Analgesic agents should 
therefore not be given only to those animals displaying obvious 
signs but to any animal likely to be suffering. 

 To prevent pain from operation procedures and skin wounds 
unavoidable during stroke induction, local analgesia is strongly 
recommended during and after operation. For example, bupiva-
caine, a long-acting analog of lidocaine, in a dose of 0.1–0.3 mL, 
can be applied locally before closing the wound. 

 For systemic analgesia during procedures which may induce 
moderate to severe pain in small rodents, systemic application of 
buprenorphine is recommended. However, it also acts as a neuro-
protectant, possibly interacting with pathophysiological aspects of 
stroke and thus with outcome parameters of the study. 

2.4  Defi ning 
 Handling   Procedures 
and Animal Training

2.5  Decision 
on  Sedation  , 
 Analgesia  , 
and Anesthesia

Ute Lindauer
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 Not only during the surgery but also within the fi rst hours 
during the recovery phase after general anesthesia, body tempera-
ture has to be measured and kept within physiological range. 
Hypothermia—as well as hyperthermia—has to be prevented by 
placing the animals in a temperature-regulated recovery chamber 
for 2–3 h after surgery.  

   In studies with long-term survival after stroke, an effective protocol 
for supported feeding, diet supplementation, and antibiotics in the 
acute phase is strongly recommended. A high incidence of suffering 
and high death rates due to weight loss and infection [ 13 ] occur in 
the acute phase after stroke in mice at day 2–3, predominantly in 
stroke models of >30 min ischemia duration. Supported feeding and 
antibiotics prevent weight loss and infection. Gel food or soft food 
should be given to the animals in the fi rst days after operation, pos-
sibly complemented by s.c. bolus application of glucose- enriched 
saline (maximal injection volume per injection side: 0.2–0.3 mL, up 
to 5–6 injection sides, total injection volume 1–2 mL per day).  

   Establishing sound experimental end points in relation to the research 
subject is of fundamental importance for study success and for its pos-
sible translation into the clinical situation. The outcome parameters 
(infarct/lesion volume, outcome scores, tests on sensory performance 
and/or motor performance, behavior, etc.) must be determined as 
well as the time points for assessing them (see Chap.   15    ). Determination 
of the early lesion volume may be an appropriate parameter if the 
involvement of a specifi c molecular pathway is being investigated. 
However, it has been shown that conclusions drawn from (early) 
determination of infarct or lesion volumes often dissociate from results 
obtained by investigation of behavioral parameters assessed at later 
time points. Thus, if the study aims at the investigation of new thera-
peutic options rather than pure knowledge on pathophysiological 
aspects, it may be more appropriate to perform behavioral tests at 
advanced time points after stroke which are sensitive enough to detect 
residual defi cits [ 14 ,  15 ] (see Chaps.   13     and   14    ). 

 A good supplement within an experimental stroke protocol in 
small animals may also be the repetitive application of modern 
noninvasive imaging techniques such as diffusion/perfusion mag-
netic resonance imaging (MRI) [ 16 ] or molecular imaging modali-
ties [ 17 ] to evaluate the temporal and spatial evolution of ischemic 
brain injury. These techniques can then be adapted to evaluate the 
same characteristics in stroke patients and better direct them to 
specifi c therapeutic options.  

   Even under best conditions it cannot be totally avoided that indi-
vidual animals suffer severely during the experiment. Regular 
inspection of the animals under investigation by an experienced 
person (the experimenter) is mandatory (time interval depends on 

2.6  Support 
for Survival 
During the First 
Critical Days 
After Stroke

2.7  Decision 
on Outcome 
Parameters and  End 
Points  

2.8  Cancelation 
of Experiments: 
Criteria for Euthanasia 
of Severely  Suffering   
Animals
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the model; at least 1−2 x /day is recommended during the fi rst days 
after stroke induction). For situations in which an individual ani-
mal shows unusual and/or conspicuous behavior, an intelligible 
catalogue of measures should be available to the housing personnel 
to ensure that the experimenter is quickly informed and/or that 
the personnel intervene correctly (in worst case with euthanasia). 
From this catalogue, a score sheet may be developed to ease docu-
mentation and decision making. The catalogue and score sheet 
should be prepared in advance and attached to the application for 
permission from the authorities. A suggestion for a catalogue of 
measures adapted to the situation of experimental ischemia models 
in mice and rats is provided in Table  1  (see Table  1 ).

      Euthanasia techniques should result in rapid unconsciousness fol-
lowed by cardiac or respiratory arrest and ultimate loss of brain func-
tion ( see   Note    2  ). In addition, the technique should minimize any 
stress and anxiety experienced by the animal prior to unconscious-
ness [ 6 ]. While deciding on the right procedure, the recommenda-
tions of the institution where the experiments are performed should 
be followed. In many institutions, efforts are being undertaken to 
prohibit CO 2  or CO inhalation as a means of euthanasia because 
shortage of oxygen causes severe stress for the still conscious animal. 
For the EU, within the Directive 2010/63/EU of the European 
Parliament and of the Council, the methods of killing animals are 
clearly described and exceptions are only allowed if thoroughly 
justifi ed.  

   Appropriate animal housing and husbandry, approved by the 
authorities and directed and performed by qualifi ed personnel, has 
to be made available. Early in the planning process, the person 
responsible for housing and maintenance of animals at the 
 institution where the experiments are to be performed should be 
consulted to determine if suffi cient facilities and space are available 
to accommodate the project.  Acclimatization   time of at least 1 
week should be provided for the animals to become accustomed to 
the new housing conditions during the experiment. The appropri-
ate enrichment of the animals’ environment within the cage should 
be selected to provide them maximal comfort without infl uencing 
stroke pathophysiology or outcome and without increasing varia-
tion in the data [ 18 ] (see also Chap.   8    ).  

   Experimentation on living animals may only be conducted by or 
under the close supervision of qualifi ed and experienced persons. 
Regulations in most European countries stipulate that this person 
previously attended a certifi ed course on experimentation on living 
animals. The course content must comply with the recommenda-
tions of the Federation of European Laboratory Animal Science 
Associations ( FELASA   recommendations) for the education and 

2.9  Euthanasia 
Techniques

2.10  Provision 
of Professional 
Housing 
and  Husbandry  

2.11  Qualifi cations 
of the Experimenter
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    Table 1  

  General instructions for care personnel for clinical examination of research animals in cerebral 
ischemia experiments   

 Symptom  Instruction 

 Please pay attention to the following symptoms and follow the instructions 

  1. Daily control of the animal within the cage  

 Isolation   a  

 Scrubby fur   a  

 Blown-up belly   a  

 Intensifi ed/reduced or shallow breathing, hyper-/hypoventilation   a  

  Diarrhea    b  

  Gasping    b  

  Brief convulsion  
  Epileptic seizures >5 minutes, status epilepticus  

  b  
  c  

 Obvious signs of  pain  (posture, mimic, behavior)   b–c  

  Paleness  (eyes, ears, skin)   b  

  Blood  at the eyes, mouth, anus, etc.   b  

  Reeling and apathia    b  

  Inability to stand or move, loss of postural refl exes due to infarct development 
(Bederson score 3)  

  c  

  2. During change of cages  

 Injury or change in the skin   a  

 Teeth anomalies   a  

 Animal avoids moving   a  

 Apathia   a  

 Signs of pain when being touched   a/b  

 Swelling, neoplasia   a/b  

 Tense belly   a/b  

  Signs of exsiccosis  ( skin fold test : fold does not resolve)   b  

  3. During weighing  

 Acute reduction >10 % of body weight   a/b  

  Acute reduction 20 % of body weight    b/c  

   Instructions  
  a   Only one symptom: further observation of the animal in combination with other symptoms of (a): call the principal 

investigator/the veterinarian 
  b  Call the principal investigator/veterinarian ; in combination with reeling, obvious pain, paleness, blood: 

 euthanasia  
  c Call the principal investigator/veterinarian :  immediate euthanasia  
 (These instructions comply with recommendations of the “Arbeitskreis Berliner Tierschutzbeauftragter” for advance 
euthanasia of severely suffering research animals. Forschungseinrichtung für Experimentelle Medizin, Krahmerstraße 6, 

D-12207 Berlin, Germany, 1997; modifi ed for the specifi c demands of stroke research in rodents)  



286

training of persons carrying out animal experiments (Category B) 
[ 19 ]. Experience in experimentation on living animals in general 
and in a specifi c experimental model reduces invasiveness during 
operation, signifi cantly decreases anesthesia and operation time, 
and thus minimizes pain and suffering for the animal under 
investigation. 

 The animal model chosen should be discussed with an experi-
enced individual (identifi ed, for instance, through publications or 
Internet inquiry) if the investigator is not personally familiar with 
the model. Site visits at the laboratory of an experienced investiga-
tor may be very helpful to successfully establish a new animal 
model. Discussions with someone familiar with the model can pro-
vide very helpful information and advice that cannot be found in 
any publication.   

3    Ethical Considerations 

 The principal ethical decision is based on the weight of the burden 
for animals against the benefi t for humans. In the following two 
paragraphs, suggestions are provided to correctly estimate the 
 burden for rats and mice in common ischemia models, on the one 
hand, and the benefi t for humans/society, on the other. 

   On the side of the animals, an integrated assessment of all periods of 
stress, pain, and discomfort due to handling, operation, substance 
administration, and/or behavioral testing should be performed, 
resulting in a classifi cation of the overall amount of suffering 
throughout the experiment (no burden to mild burden to moderate 
burden to severe burden) in relation to its duration ( see   Note    3  ). 

 Table  2  presents an exemplary assessment of burden in a typi-
cal stroke study in mice.

      On the side of the humans, expected advantages have to be listed. 
Important arguments may be:

 –    More knowledge of pathways of lesion volume progression 
which generate or enrich ideas for new strategies for therapy 
especially at later time windows.  

 –   Testing of new diagnostics or new concepts or new substance 
classes for therapy aiming at the decrease of suffering or at the 
decrease of death rates in humans.  

 –   By developing new therapeutics, the rate and severity of stroke- 
induced lifelong disability can be reduced.  

 –   The ethical consideration may be introduced by epidemiologi-
cal data on numbers of newly diseased patients per year and 
their outcomes (rate of disability, death) to put emphasis on 
the side of burden for human individuals and the society.     

3.1  Burden 
for Animals

3.2  Expected Benefi t 
for Humans
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    Table 2  

  Assessment of burden in an exemplary study   

 Procedure a   Remark  Burden 

 MCAO by fi lament model in 
isofl urane anesthesia and 
local application of 
bupivacaine to the operation 
site; occlusion time 60 min 

 As known from patients, stroke itself does not 
induce pain; pain is only induced by the operation 
wound, which is postoperatively reduced by local 
application of analgesics. During the fi rst days, 
food and water intake is restricted and activity is 
reduced due to the invasiveness of the operation. 
The animals very easily cope with the sensory 
and motor impairments induced by MCAO 
(see also Bederson score) 

 Day 0–3: 
mild to 
moderate 
>3 days: 
no burden 

 Bederson score once daily at 
day 0–5 

 The animals are used to the necessary handling 
during testing; on an average a score of 1–2 is 
achieved, indicating only mild impairment 
which does not prevent the animals from normal 
behavior (eating and drinking, grooming, 
locomotion, and social interaction) 

 Mild burden 

 Body temperature control, 
injections: s.c. glucose and 
saline and i.p. antibiotics 
(every 12 h) until day 3 

 Insertion of the temperature probe: mild burden; 
s.c. and i.p. injections twice a day for 3 days 
performed by the experienced experimenter 
induce only a very brief pain at the injection 
site ( see   Note    4   for longer injection periods) 

 Mild burden 

 DW/T2-MRI in isofl urane 
anesthesia at 3, 6, and 24 h 
and 3, 7, and 21 days after 
ischemia 

 The imaging procedure is performed under 
anesthesia; therefore, the animals only very mildly 
suffer from the repeated handling and 
administration of isofl urane anesthesia 

 Mild burden 
on selected 
days 

 Functional outcome measured 
14–21 days after ischemia by 
three tests (sucrose 
consumption test, wire grip 
test, pole test) 

 The three tests only induce mild stress to the 
animals, which are used to the necessary handling 

 Mild burden 

 Testing of the anti- 
infl ammatory substance X 
against saline as vehicle 
(starting 6 h after 
reperfusion, i.p. injection 
once a day for 3 days) 

 i.p. injections once a day for only a few days 
performed by the experienced experimenter 
induce only a very brief pain at the injection site. 
It must be guaranteed that the test substances do 
not induce local irritation and have no side effects 

 Mild burden 

 Day 21: sacrifi ce of the animals 
in deep anesthesia, removal 
of the brain for further 
analysis 

 Performed in deep anesthesia  No burden 

  Overall assessment : mild throughout the study period of 3 weeks with a slightly higher—but at the 
most—moderate suffering during the acute phase after MCAO 

   a All procedures performed by an experienced experimenter  

Ethics of Modeling of Cerebral Ischemia in Small Animals
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   For most stroke studies using rats or mice and designed according 
to the exemplary study described in Table  2 , the weight of bur-
den for the animals against the benefi t for the individual human 
and for society results in the decision that the planned study is 
ethically justifi ed.   

4    Recommendations by the Stroke Therapy Academic Industry Roundtable 
(STAIR) 

 In addition to the above-described general standards that should 
be followed, further recommendations were compiled by the 
stroke therapy academic industry roundtable, referred to as “STAIR 
recommendations,” fi rst documented in 1999 [ 20 ] and further 
updated in 2009 [ 21 ]. Besides recommendations to improve the 
quality and validity of preclinical studies, the chance for transla-
tional success for neuroprotective strategies should further be 
enhanced by showing effi cacy in two or more laboratories and rep-
lication in a second species.  

5    Quality of Reporting Animal Research: The ARRIVE Guidelines 

 The failure of success in translating the results of preclinical 
research into the clinical situation has many reasons. The lack of 
transparency in reporting animal research in biomedical journals 
has been identifi ed as one possible factor. Without detailed 
report on how the experiments have been performed and how 
the data have been analyzed, a peer review process is almost 
impossible, and further experiments build on the reported 
results are highly speculative. The report should therefore pro-
vide reliable and valid information for other investigators to 
judge the biological relevance of the study, to design further 
studies based on the results, and also to make it possible to 
repeat the experiments. For standardization of the reporting, 
guidelines have been developed by an international consortium. 
These guidelines are referred to as “ARRIVE—Animals in 
Research: Reporting In Vivo Experiments” and have been pub-
lished in 2010 [ 22 ] and since then implemented in the “Author 
Guidelines” of many biomedical journals. Working in line with 
ARRIVE will, at its best, not only improve the reporting of ani-
mal experiments already performed but, if considered in advance 
in the planning phase of the experiments, improve the design 
and by this the reliability, validity, and relevance of the study.  

3.3  Ethical Decision

Ute Lindauer
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6        Notes 

  1 .  Avoidance or minimization of discomfort, distress, and pain is 
not only an issue of ethics but also an issue of reasonable results. 

  2 .  It is absolutely necessary to verify death after euthanasia and 
before disposal of the animal. An animal in deep narcosis may 
eventually recover! Death should be confi rmed by examining 
the animal for cessation of vital signs. Professional judgment 
taking into consideration the animal species and method of 
euthanasia should be exercised to determine the most appropri-
ate means of confi rming death. 

  3 .  Assessment of burden: As an example, 10 days of fi ve interven-
tions, each inducing mild suffering if assessed alone, will result 
in a summed amount of moderate suffering, because the inter-
ventions cannot be judged in isolation. 

  4 .  Repeated systemic injections necessary: If the experimental pro-
tocol demands longer periods of systemic injections, the implan-
tation of infusion pumps (e.g., Alzet ®  osmotic pumps from 
Charles River Labs) is strongly recommended.     
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    Chapter 18   

 Quality Control and Standard Operating Procedures                     

     Ulrich     Dirnagl      

  Abstract 

   Recently, systematic reviews have found quantitative evidence that low study quality may have introduced 
a bias into preclinical stroke research. Monitoring, auditing, and standard operating procedures (SOPs) are 
already key elements of quality control in randomized clinical trials and will hopefully be widely adopted 
by preclinical stroke research in the near future. Increasingly, funding bodies and review boards overseeing 
animal experiments are taking a proactive stance and demand auditable quality control measures in pre-
clinical research. Every good quality control system is based on its SOPs. This chapter introduces the 
concept of quality control by using SOPs and provides practical advice on how to write them for experi-
mental stroke research. Write down what you do; do what is written down!  

  Key words     Accreditation  ,   Auditing  ,   Certifi cation  ,   Good clinical practice  ,   Good laboratory practice  , 
  Monitoring  ,   Quality control  ,   Standard operating procedures  

1      Introduction 

 Thus far, the translation of promising results from preclinical 
stroke research into effective clinical therapy has not met with suc-
cess [ 1 ]. A straightforward explanation for the almost 100 % attri-
tion rate for the preclinical to clinical transition in stroke could be 
that rodent models of stroke are simply not predictive for humans. 
In a recent article, however, we have collected evidence that this is 
actually not the case: Preclinical stroke research predicts human 
pathophysiology, clinical phenotypes, and therapeutic outcomes 
[ 2 ] .  Among the numerous alternative reasons for this high failure 
rate, quality problems in some of the basic research or preclinical 
studies have to be considered. False-positive results, infl ated  effect 
size  s, and marginal  reproducibility   may have overestimated or 
even affected the potential of novel stroke therapeutics [ 3 ]. 
Systematic reviews have found quantitative evidence that low 
study quality may have introduced a bias into preclinical stroke 
research [ 3 – 6 ] (see Chap.   2    ). As opposed to many other causes of 
the “translational  roadblock  ,” study quality is fully under the con-
trol of the researcher and thus a prime target for improvement. 

http://dx.doi.org/10.1007/978-1-4939-5620-3_2
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Increasingly, funding bodies and review boards overseeing animal 
experiments are taking a proactive stance and demand auditable 
measures of quality control in preclinical research [ 7 – 9 ]. The 
Stroke Treatment Academic Industry  Roundtable   ( STAIR  ) 
recently updated its recommendations for the evaluation of pre-
clinical data on neuroprotective drugs [ 10 ] to include  good labo-
ratory practice   ( GLP  ) issues [ 11 ]. 

 Monitoring, auditing, and standard operating procedures 
(SOPs) are key elements of quality control in  randomized clinical 
trials   ( RCTs  ). It has been proposed that experimental stroke 
research adapt some of the tools used in clinical stroke research. In 
particular, stroke laboratories should set up and publish their SOPs 
(e.g., on their institutional websites) and guarantee that their stud-
ies adhere to these standards [ 12 ,  13 ]. This is all the more impor-
tant, as a certain portion of their experiments, evaluations, etc. are 
not performed by professionals but rather by students in training 
who are unaware of these issues. 

 Write down what you do; do what is written down! It is the 
aim of this chapter to introduce the concept of using SOPs to 
improve quality control in experimental stroke research and to 
provide practical advice on how to write them.  

2    The Concepts 

 Every good quality control system is based on its standard operat-
ing procedures (SOPs). SOPs are defi ned by the International 
Conference on Harmonisation (ICH) as “detailed, written instruc-
tions to achieve uniformity of the performance of a specifi c func-
tion.” They are necessary for a preclinical research organization—be 
it a pharmaceutical company, a contract research organization, aca-
demic laboratory, internal review board, funding organization, or 
any other party involved in preclinical research—striving to achieve 
maximum transparency, reproducibility, robustness, and effi ciency 
in its preclinical research operations. 

   Good clinical practice     (   GCP    )  is an international ethical and sci-
entifi c quality standard for designing, conducting, recording, and 
reporting trials that involve the participation of human subjects. 
Compliance with this standard provides public assurance that the 
rights, safety, and well-being of trial subjects are protected in accor-
dance with the principles of the Declaration of Helsinki and that 
the clinical trial data are credible. Important instruments of GCP 
are SOPs and auditing. 

  Good laboratory practice (GLP)  embodies a set of principles 
that provides a framework within which laboratory studies are 
planned, performed, monitored, recorded, reported, and archived. 
It is essentially a general attitude that becomes an attitude toward 
work. It is about the way in which research is planned and 
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conducted, the results are recorded and reported, and the fruits of 
research are disseminated, applied, and exploited. GLP allows 
ready verifi cation of the quality and integrity of research data, pro-
vides a transparent basis for investigating allegations of bad prac-
tice or fraud, and leads to better research. 

 A  standard operating procedure (SOP)  is a set of instructions 
with the force of a directive covering those features of operations 
that lend themselves to a defi nite or standardized procedure with-
out loss of effectiveness. 

  Auditing  is the process by which an external certifi cation body 
(external audit) or internal staff trained for this process (internal 
audit) regularly reviews, assesses, and verifi es that the GCP/GLP is 
working as it is supposed to. Audits can and should point out 
where practices can be improved to correct or prevent problems 
identifi ed. Auditing requires the audited laboratory to (1) describe 
the laboratory process, to (2) produce a reference to procedure 
manuals, and to (3) exhibit evidence in documented records. SOPs 
are the backbone of this process. 

  Certifi cation and accreditation:  Certifi cation ensures, through 
certifi cation standards, that a laboratory provides the minimum 
essential knowledge and skills needed to achieve predefi ned out-
comes. Certifi ed laboratories must successfully analyze testing 
samples annually, use approved methods, and successfully pass 
periodic on-site audits. Organizational certifi cation, e.g., by a pro-
fessional society, is usually referred to as accreditation. Certifi cation 
and accreditation bodies can issue standards for quality manage-
ment conforming to the International Organization for 
Standardization (ISO) family of standards  ISO 9000  . The ISO 
9000 is a set of procedures that cover all key processes in the fi eld: 
monitoring processes to ensure they are effective; keeping ade-
quate records; checking output for defects with appropriate and 
corrective action where necessary; regularly reviewing individual 
processes and the quality system itself for effectiveness; and facili-
tating continual improvement.  

3    Writing SOPs 

 The primary purpose of an SOP in experimental stroke research 
is to guide and standardize working procedures in order to ensure 
data reliability and integrity. It is crucial that researchers, stu-
dents, and technicians read and follow the SOPs. If this is not the 
case, SOPs will not only fail to achieve their goal; they will also 
engender a false sense of security. Failures are often due to techni-
cal shortcomings in the SOPs themselves. SOPs should be writ-
ten by the user, as they must convey a clear instruction. The user 
must not only understand the instruction but also be prepared to 
carry it out. 

Quality Control and Standard Operating Procedures
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       1.    A descriptive title   
   2.    A clear and concise header block to ensure a procedure com-

municates the purpose and scope   
   3.    The date on which the SOP became operative   
   4.    Clear delineation of responsibilities and identifi cation of who 

does what   
   5.    Key term defi nitions to avoid confusion   
   6.    Measures of effectiveness to quantify outcomes   
   7.    References to related documents to improve usability   
   8.    Listing of applicable laws or regulations which require user 

compliance   
   9.    Detailed list of revisions to track edit history   
   10.    Forms to ensure proper control and record keeping   
   11.    The signature of the person responsible for writing the SOP   
   12.    The signature of the person responsible for authorizing the SOP      

       1.     Context.  Actions must properly describe the activity to be 
performed.   

   2.     Consistency.  All references and terms are used the same way 
every time, and the procedure must ensure consistent results.   

   3.     Completeness.  There must be no gaps in information, logic, or 
design.   

   4.     Control.  The document and its described actions demonstrate 
feedback and controlling.   

   5.     Correctness.  The document must be grammatically correct 
without spelling errors.   

   6.     Clarity.  Documents must be easy to read and understandable.     

 After being authorized, the SOP needs to be distributed and 
archived. Most importantly, all staff members involved need ade-
quate training on the SOPs! 

 SOPs need to be regularly reviewed and updated to ensure that 
they encourage effi cient working practices that comply with the ever-
increasing requirements, improvements, and modifi cations in models 
and experimental procedures. When mistakes are found in an SOP, or 
when procedures have changed, SOPs need to be updated.   

4    Limitations of SOPs 

 SOPs are a powerful tool for controlling research activities, assur-
ing data reliability, and improving the reproducibility and robust-
ness of preclinical fi ndings, but like any tool, they are subject to 
limitations. 

3.1  An SOP 
Should Have

3.2  When Writing 
an SOP, You Should 
Focus On
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       1.    Cannot and should not replace training and opportunities for 
dialogue   

   2.    Cannot deal with exceptional circumstances   
   3.    May restrict the exercise of professional judgment   
   4.    May curb an inquisitive and probing spirit and thus the scien-

tifi c process in general     

 The last point is one of the most frequent objections to the use 
of SOPs in basic and preclinical research. However, it should be 
noted that SOPs are usually not meant to guide the search for new 
models or procedures. Rather, they ensure that established proce-
dures can be faithfully repeated and their results reproduced inter-
nally as well as by other laboratories (externally).   

5    Sample SOP for Middle Cerebral Artery Occlusion (MCAO), as Used 
in the Department of Experimental Neurology, Center for Stroke Research Berlin 

 Title  Middle cerebral artery occlusion (MCAO) in the mouse (intraluminal suture) 

 Date  Version 4: 04.08.2015 

 Version history  Version 1: 28.07.2009 
 Version 2: 17.8.2010 
 Version 3: 12.7.2011 

 Names of authors  Ulrich Dirnagl, Odilo Engel, Karen Gertz, Tracy Farr, André Rex 

 Purpose  Experimental induction of focal cerebral ischemia after occlusion of the middle 
cerebral artery in mice 

 Scope and 
applicability 

 Applies to a procedure in a standard lab equipped and certifi ed for in vivo 
experimentation in mice (including anesthesia with volatile anesthetics). 
Experimental procedures require approval by the relevant committees 

 Introduction  Experimental focal ischemia is most commonly studied after permanent or 
transient occlusion of the middle cerebral artery (MCA) in rodents. Proximal 
MCA occlusion can be induced by an intraluminal suture (the so-called fi lament 
model) and causes injury to cortex and deeper brain structures (striatum). 
Distal MCA occlusion (the so-called “Brint” or “Tamura” models) is usually 
produced by placing a vascular clip on a pial vessel or by cautery. Distal 
occlusion typically spares the striatum and primarily involves the neocortex. 
Pannecrosis develops in the territory supplied by the respective artery with glial 
and endothelial cell death. If recirculation is established early (2 h or less), the 
outcome is better (transient MCA occlusion). In some ways, the reperfused 
brain imitates restoration of blood fl ow after spontaneous lysis of a 
thromboembolic clot in humans, even though reperfusion after clot lysis is 
certainly more complex than an on-off phenomenon as modeled by placement 
and retraction of an intravascular fi lament 

 This SOP describes a mouse model of transient proximal MCAO (30–60 min 
occlusion time) 

4.1  SOPs

(continued)
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 Title  Middle cerebral artery occlusion (MCAO) in the mouse (intraluminal suture) 

 References  Carmichael, S.T. (2005) Rodent models of focal stroke: size, mechanism, and 
purpose  NeuroRx .  2(3) , 396-409. Review 

 Dirnagl, U. (2006) Bench to bedside: The quest for quality in experimental stroke 
research  J Cereb Blood Flow Metab   26,  1465-78 

 Dirnagl, U., Iadecola, C., Moskowitz, M.A. (1999) Pathobiology of ischaemic 
stroke: an integrated view  Trends Neurosci.  22(9), 391-7 

 Engel O, Kolodziej S, Dirnagl U, Prinz V (2011) Modeling Stroke in Mice - 
Middle Cerebral Artery Occlusion with the Filament Model. J Vis Exp:e2423 

 Shah, Z.A., Namiranian, K., Klaus, J., Kibler, K., Dore, S. (2006) Use of an 
optimized transient occlusion of the middle cerebral artery protocol for the 
mouse stroke model  J Stroke Cerebrovasc Dis.   15,  133-8 

 Materials 
 Instrumentation 

 • Ready coated fi laments, e.g., Doccol ®  
 • Or 8.0 nylon monofi lament for coating 
 • Filament USP 4/0 or 6/0 Suprama 
 • Surgical needle and thread for suture 
 • Dissecting microscope (max. × 40) 
 • Temperature feedback-controlled heating plate 
 • Surgical instruments 
 • Forceps (Dumont Medical #5 straight tip 0.05 mm × 0.02 mm) 
 • Surgical scissors (skin cut) 
 • Forceps for skin handling and suture (e.g., standard anatomical) 
 • Vascular spring scissors (Vannas) 
 • Two hemostats (Hartmann) 
 • Microvascular clamp (e.g., S&G B1-V) and applying forceps 
 • Needle holder (Olsen-Hegar or others) 
 • Anesthesia system for isofl urane and nitrous oxide 
 • Heated recovery cage 

 Cautions  Maintain a body temperature of 36.5 +/- 0.5 °C during occlusion and after 
reperfusion (for 2 h) 

 Ensure proper pain relief in the perioperative and postoperative period, e.g., by 
repeated topical application of a long-acting local anesthetic, like bupivacaine 
ointment serving as an absorption depot 

 For specifi c details, see maximizing animal welfare in experimental rodent stroke SOP 
 Surgical procedures should be carried out under clean conditions (sterile surgical 

instruments and materials, clean gown, gloves, etc.). See aseptic technique and 
anesthesia SOP and Appendix below 

 Personnel 
qualifi cations 

 In general, surgeons need: 
 • General supervision and instruction 
 • The appropriate certifi cation 
 • Offi cial registration/approval by appropriate authorities 

 Names of SOP 
Reviewers 

 Ulrich Dirnagl (ulrich.dirnagl@charite.de) 
 André Rex (andre.rex@charite.de) 
 Berlin, 20.08.2015 

(continued)

(continued)

Ulrich Dirnagl



297

 Title  Middle cerebral artery occlusion (MCAO) in the mouse (intraluminal suture) 

 Protocol   General: Please follow maximizing animal welfare in experimental rodent 
stroke SOP and aseptic technique and anesthesia SOP  

 1. Mice are anesthetized with 1.5 % isofl urane and maintained in 1.0 % isofl urane 
with 2/3 N 2 O and 1/3 O 2 . For additional analgesic treatment, follow the 
maximizing animal welfare in experimental rodent stroke SOP 

 2. Use any noninvasive physiological monitoring available locally (e.g., laser Doppler) 
 3. Maintain body temperature at 36–37.5 °C 
 4. Shave the fur and disinfect the skin of the ventral neck and place the mouse in 

supine position 
  MCAO Surgery:  
 5. The left MCA will be occluded. Right MCA occlusion is also permitted. Left or 

right must be defi ned in advance and reported with your data. Reasons to 
change sides could be planned behavioral experiments to determine functional 
outcome more robustly, like paw preference or the handedness of the surgeon 

 6. A midline neck incision is made and the soft tissues are pulled apart 
 7. The common carotid artery (CCA) is carefully dissected free from the 

surrounding nerves (without harming the vagus nerve), and a ligature is made 
using 6.0/7.0 suture thread 

 8. Then the left external carotid artery (LECA) is separated, and a loose thread 
(6.0/7.0) is looped around it above the occipital artery bifurcation and secured 
externally with a pair of hemostats 

 9. Next, the left internal carotid artery (LICA) is isolated and a knot is prepared 
with 6.0 suture thread 

 10. After obtaining a good view of the left internal carotid artery (LICA) and the 
left pterygopalatine artery (LPA), the LICA is clipped 

 11. A small hole is cut in the LCCA before it bifurcates to the LECA and the LICA 
 12. A Doccol ®  fi lament or a local alternative such as a monofi lament made of 8.0 

nylon coated with silicon hardener mixture is then introduced into the artery. 
Doccol ®  fi laments should be disinfected with 70 % ethanol or sterilized with 
ethylene oxide 

 13. The clipped arteries are opened while the fi lament is inserted about 9 mm 
into the LICA to occlude LMCA 

 14. The third knot on the LICA is closed to fi x the fi lament in position and the 
thread around the LECA is removed 

 15. Ischemia is confi rmed by laser Doppler fl owmetry, by MRI, or by withdrawing 
GA and checking for neurological defi cit according to local protocols, like circling 
behavior during occlusion time and twisting of the mice when held by the tail 

 16. The mice are allowed to recover in the heated recovery cage at thermoneutral 
temperature (30–31 °C) for the duration of the MCA occlusion 

 17. After X min/hours of occlusion, the mice are re-anesthetized, and the third 
knot is opened and the fi lament withdrawn (if reperfusion is intended) 

 18. The common carotid artery is then permanently ligated 
 19. Release the ligature on the ECA 
 20. The remaining sutures are cut and the skin is adapted with a surgical suture 
 21. Rehydration and pain relief. Refer to the maximizing animal welfare in 

experimental rodent stroke SOP and follow one of the recommended protocols 
  Sham procedure:  
 For sham operations, the fi lament is inserted to occlude the MCA and withdrawn 

immediately to allow instant reperfusion (12). The subsequent operation is 
identical to the animals undergoing cerebral ischemia (13–21) 

 A video is available which demonstrates the above described procedure (see 
references) 

(continued)
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6           Appendix to SOP 

     1.    Entry qualifi cation experiment for mouse MCAO surgeons   
   2.    Randomized selection of animals from cage and concealment of 

treatment allocation

    2a.    Pharmacological study   
   2b.    Genetically manipulated animals       
   3.    Temperature control   
   4.    Outcome assessment   
   5.    Physiological parameters   
   6.    Quasi-sterile surgery     

  1. Entry qualifi cation experiment for mouse MCAO 
surgeons  

 New surgeons need to demonstrate in a series of experiments 
that they perform the MCAO operation within 15 min. 
Reproducibility is verifi ed by induction of a certain infarct volume 
within a standard deviation of 40 %. Mortality must not exceed 
10 % within 24 h. 

  2. Randomized selection of animals from cage and con-
cealment of treatment allocation  

  2a. Pharmacological study:  
 Animals in cage are marked with bar/dot code at the begin-

ning of the procedure. Computer program (random number gen-
erator) selects an animal and assigns it to the concealed treatment 
arm (“A,” “B,” etc.). 

 Stock solution or pharmaceutical ready for application is pre-
pared by assistant and randomly assigned code (“A,” “B,” etc.). 

  2b. Genetically manipulated animals:  
 Animals in both cages (e.g., knockout/wild type) are marked 

with bar/dot code at the beginning of the procedure. Computer 
program (random number generator) selects an animal and assigns 
it to the concealed experimental arm (“A,” “B,” etc.), blinded 
intervention whenever possible. 

  3. Temperature control  
 The body temperature of mice during surgery is maintained at 

36.5 °C ± 0.5 °C using a temperature-controlled heating plate. 
Maintain a body temperature of 36.5 +/- 0.5 °C also after reperfu-
sion (for 2 h) using a heated recovery box set at thermoneutral 
temperature (30–31 °C). 

  4. Outcome assessment  
 Infarct volume should be evaluated blinded. Functional out-

come ( more than Bederson Score! ) should be assessed as well. 
Mortality and exclusion of animals have to be reported, including 
specifi c causes for exclusion. 
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 For exclusion, follow the inclusion exclusion criteria SOP. 
 Main criteria: 
 no stroke, indicated by absence of functional defi cit like cir-

cling behavior during occlusion time, insuffi cient Doppler fl ow 
reduction or missing functional defi cit or missing infarct in MRI at 
24 h after MCAo 

 Problems during induction of MCAo (excessive bleeding, pro-
longed operation time ≥15 min, thread placement). 

 CAVE: 
 Especially in genetically manipulated animals, be aware of vas-

cular alterations, which might directly affect stroke outcome. 
  5. Physiological parameters  
 MABP, HR, blood gases, and CBF should be measured in 

selected animals. 
  6. Quasi-sterile surgery  
 Prior to surgery, the surgeon has to scrub his hands. It is advis-

able to wear clean gown and non-sterile gloves at all times the 
animal is being handled. The surgeon has to wear a clean gown, 
cap, and mask during surgery. Surgical gloves ought to be worn. If 
gloves cannot be used, a surgical hand scrub from tips to elbows 
must precede every operation. 

 The necessary components of aseptic techniques in rodents 
include also sterile instruments and separate surgical and animal 
prep areas. The use of glass bead sterilizer for re-sterilization of 
instruments during repetitive procedures is recommended.

 ●    All instruments used must be sterilized prior to each 
group of surgeries.  

 ●   Instruments must be kept on sterile nonporous drapes 
during use.  

 ●   Separate instruments should be used for skin and tissue 
handling.  

 ●   Instruments must be cleaned of blood and debris by 
brushing or wiping with sterile water or saline and ster-
ile gauze sponges between surgeries (best cleaned with 
distilled water).  

 ●   If contamination has occurred, instruments must be 
placed in 70 % ethanol or a glass bead sterilizer for the 
appropriate period of time for the method used to be 
effective (or the instrument pack replaced by a new ster-
ile instrument pack) between animals.  

 ●   If 70 % ethanol is used, instruments must be rinsed with 
sterile water or saline before being used on the next 
animal.  

 ●   Surgical gloves and blades should be changed after 
contamination.  
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 ●   Following surgery, all instruments must be thoroughly 
cleaned and rinsed.    

  7. Postoperative care:  
 Please see maximizing animal welfare in experimental rodent 

stroke SOP.   
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    Chapter 19   

 Statistics in Experimental Stroke Research: From Sample 
Size Calculation to Data Description and Signifi cance 
Testing                     

     Ulrich     Dirnagl      

  Abstract 

   Experimental stroke researchers take samples from populations (e.g., certain mouse strains) and make 
inferences about unknown parameters (e.g., infarct sizes, outcomes). They use statistics to describe their 
data, and they seek formal ways to decide whether their hypotheses are true (“Compound X is a neuropro-
tectant”). Unfortunately, experimental stroke research at present lacks statistical rigor in designing and 
analyzing its results, and this may have negative consequences for its predictiveness. This chapter aims at 
giving a general introduction into the do’s and don’ts of statistical analysis in experimental stroke research. 
In particular, we will discuss how to design an experimental series and calculate necessary sample sizes, how 
to describe data with graphics and numbers, and how to apply and interpret formal tests for statistical 
signifi cance. A surprising conclusion may be that there are no formal ways of deciding whether a hypoth-
esis is correct or not and that we should focus instead on biological (or clinical) signifi cance as measured 
in the size of an effect and on the implications of this effect for the biological system or organism. “Good 
evidence” that a hypothesized effect is real comes from replication across multiple studies; it cannot be 
inferred from the result of a single statistical test!  

  Key words     Box plot  ,   Categorical data  ,   Confi dence interval  ,   Descriptive statistics  ,   Null hypothesis  , 
  Power  ,    p -Value  ,   Sample size  ,   Scatter plot  ,   Statistical signifi cance  ,   Type I/II error  ,   Wilcoxon-Mann- 
Whitney test  

1      Introduction 

 Experimental stroke researchers produce data: infarct volumes, cell 
counts, functional outcomes, and such. Collecting data means sam-
pling from a population. Since the population (e.g., all SV 129 mice) 
is too numerous to be sampled, we collect a sample to represent the 
population, and we use our sample (e.g., 20 SV 129 mice) to make 
inferences about unknown parameters of the population: infarct 
sizes, the effect of treatment with “Compound X,” etc. Descriptive 
statistics help us to do just this. But very often stroke researchers also 
want an “objective method” to decide whether an observation from 
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a sample justifi es accepting a hypothesis about the population. In 
other words, scientists want to test hypotheses and make decisions! 
In statistical terms, asking whether Compound X reduces infarct 
sizes is equivalent to asking whether the two samples (control vs. 
Compound X) come from the same population. Unfortunately, 
there is a certain likelihood that our decision might be wrong, as our 
test statistic could result in a false positive or a false negative. To get 
a handle on these errors, we calculate  p - values for levels of signifi -
cance and power.  P -values, in particular,  p  = 0.05, have become the 
graven image of modern biomedicine. Most stroke researchers 
believe that the  p -value of a signifi cance test is the  probability   that 
the research results are due to chance (i.e., they confuse it with the 
positive predictive value, PPV) and are completely unaware of the 
concept of statistical power. It is the overall aim of this chapter to 
guide the preclinical stroke researcher in the proper experimental 
planning and statistical evaluation of data. Before presenting an 
example of a mock study, from hypothesis to signifi cance testing, a 
few concepts need to be clarifi ed. The following section should serve 
as a primer in “statistics for the experimental stroke researcher.”  

2    Concepts 

    Types of Data in Stroke Research 
 Data might be numerical, such as infarct volume data, or categori-
cal, such as functional score data. 

    1.    Numerical variables tell us “how much and how many?” and 
can be either continuous (e.g., infarct volumes) or discrete 
(e.g., hemorrhagic transformation count). Numerical variables 
can be treated with mathematical operations. Numerical sum-
maries of quantitative data can be used to describe the location 
(e.g., mean) and the spread (e.g., variance) of the data, and 
statistical analysis may use parametric tests (e.g.,  t -test, 
 ANOVA  ), provided the data is normally distributed.    

   2.    Categorical variables tell us “what type?” and can be nomi-
nal (unordered, e.g., male, female) or ordinal (ordered, 
e.g., Bederson outcome score: 0, 1, 2, 3). A categorical 
variable places an individual into one of several categories. 
Mathematical operations make no sense with them. They 
can be numerically summarized with a count or with rela-
tive frequencies. Categorical variables can be visualized 
with dot plots or bar charts; frequency tables such as the 
chi-square test are used for group comparisons if they are 
unordered, or the nonparametric Wilcoxon- Mann-Whitney 
test—also known as  Mann-Whitney  U  test  —is used if they 
are unpaired and ordered.      

2.1  Descriptive 
Statistics
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 A very common error in preclinical stroke research is the use of 
parametric statistics ( mean  , standard deviation (SD),   t -test  , etc.) 
on  categorical data  , for example, the use of the Bederson score [ 1 ] 
to assess global neurological function or a score to grade histologi-
cal damage in the hippocampus [ 2 ]. As a consequence, many arti-
cles on experimental cerebral ischemia contain faulty statistics and 
may have reached unfounded conclusions. 

  Measures of Variance 
     These describe the variability of observations and serve as a useful 
basis for describing data in terms of probability: standard deviation 
(SD),  standard error of the mean   ( SEM  ), confi dence intervals 
( CI  ), etc use SDs to describe the spread of your data.  

 An extremely useful but regrettably underused measure of vari-
ance in the experimental stroke literature is the confi dence interval 
(CI, e.g., 95 %: mean ± 2 × standard error of the mean (SEM) if  n  > 30). 
Its virtue lies in its straightforward interpretation: if we were to repeat 
the experiment a great many times calculating an interval each time, 
95 % of those intervals would contain the mean. Confi dence intervals 
refl ect different degrees of precision in the measurement (Fig.  1b, d ).

   The SEM is an estimate of the SD that would be obtained 
from the means of a large number of samples drawn from that 
population. In other words, a SEM is a measure of the precision of 
an estimate of a population parameter, but it should not be used to 
describe the variability of the data. SEMs have become popular as 
a means of data description since they lead to “small” whiskers 
around the mean and are enticingly suggestive of a low variability 
of the data. It is for good reason, however, that most journals in 
their instructions to authors ban the use of SEM data description. 
Unfortunately, statistical consultants fl ooded with papers ignoring 
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  Fig. 1    Examples of noninformative ( a ), acceptable ( b ), and optimal ( c ,  d ) graphical displays of numerical infarct 
volume data in stroke research. ( a ) Typical but uninformative display as bar graphs of means + SEM. ( b ) Same 
data, ±95 % confi dence interval. ( c ) Same data, displayed as dot plot of the raw data, overlaid by box-and- 
whisker plot (median, fi rst and third percentile, range). ( d ) Same data, displayed as dot plot of the raw data, 
overlaid by mean ± 95 % confi dence interval. Note that the bar graph in A obscures the dispersion of the data, 
while C and D allow the viewer a complete assessment       
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this rule seem to have given up maintaining it. Nevertheless,  don’t  
uses SEMs to quantify the variance of your stroke data! 

   Graphing   Stroke Data 
 At the heart of most experimental stroke papers are graphs which 
summarize outcome in various groups (Fig.  1a ). Although time 
honored, this practice is actually not recommended. For one, SEMs 
should not be used for data presentation (see above). Secondly, dis-
playing only the mean is the least informative option available. 
Rather, whenever possible a graph should include each data point as 
a scatter plot (see Fig.  1c, d ). This is the most informative way of 
displaying data. The scatter plot should be accompanied by a graph 
displaying summary statistics and valid measures of variance. One 
very useful graph is the box-and-whisker plot, which is very helpful 
in interpreting the distribution of data (see Fig.  1b ). A box-and-
whisker plot provides a graphical summary of a set of data based on 
the quartiles of that data set:  quartiles   are used to split the data into 
four groups, each containing 25 % of the measurements. 
Unfortunately, Microsoft Excel does not have a built-in box-and-
whisker plot, but practically all scientifi c graphing or statistics pack-
ages do. Various web pages show how to make box-and- whisker 
plots in Excel, e.g., [ 3 ]. Alternatively, a mean ± 95 % confi dence 
interval can be plotted in or next to the scatter plot (Fig.  1d ).  

 Completely unacceptable is the use of bar graphs displaying 
means ± SDs or SEMs for categorical data (see above) (Fig.  2a ). To 
display categorical data, use scatter plots or stacked  bar graphs   
instead (see Fig.  2 ). Why is it incorrect to represent categorical 
variables by mean ± a measure of variance? Categorical variables 
may be ordered, but the intervals between values are not equally 
spaced, confounding mathematical operations. As a consequence, 
interim values between categories normally do not have a meaning. 
For example, in the modifi ed Bederson score [ 1 ], category 1 is 
given for weakness of the contralateral forepaw, and category 2 for 
circling. What would be the meaning of the score of 1.6 ± 0.4, as 
often seen in papers of the experimental stroke literature?

      Hypothesis-driven experimental stroke research, like most areas of 
basic biomedicine, is trying to formalize the acceptance or rejection 
of its hypotheses with “frequentist” statistical tests, so-called  null 
hypothesis statistical testing   ( NHST  ). The foundations for statistical 
testing were laid at the beginning of the twentieth century by William 
Sealy Gosset, working under the pseudonym “Student” (hence the 
Student’s  t -test). NHST was further developed and popularized 
more than 80 years ago by the statistician, geneticist, and eugenicist 
R. A. Fisher as a conveniently mechanical procedure for statistical 
data analysis. While the indiscriminate use of NHST has been criti-
cized for many decades [ 4 – 6 ] and while several alternatives have been 

2.2  Test Statistics
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proposed, e.g.,  Bayesian approaches   [ 5 ], its convenience and seem-
ingly easy (but in most cases false) interpretation have made it a de 
facto standard—some say a “cult” [ 7 ]—for any statistical testing in 
experimental preclinical medicine, including in stroke research. 
Statisticians know that there is no objective ritual for fi nding out 
whether a hypothesis is true or false. However, since without NHST 
it is very unlikely that an experimental stroke paper will get published, 
we need to understand it and use it carefully and correctly. 

  Null Hypothesis and  Errors   
 At the heart of NHST lies the insight that if we test hypotheses by 
sampling from large populations, we may err in concluding whether 
our hypotheses are true or false. In this process we can make two 
types of errors: one is to accept our hypothesis when in fact it is false; 
the other is to reject it when it is actually correct. To get a good 
mathematical grip on these errors, we can project our reasoning 
onto a “null hypothesis.” If a stroke researcher holds the hypothesis 
that Compound X reduces infarct sizes, his/her hypothesis is sup-
ported by rejecting another hypothesis that Compound X has no 
effect! More formally expressed, the null hypothesis (H0) states that 
there is no difference between the two groups, while the  alternative 
hypothesis   ( H1  ) states that there is a difference, which is what we 
usually state in our biological hypothesis. Now two errors may occur:
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  Fig. 2    Examples of erroneous ( a ) and correct ( b ) analysis and graphical display of categorical functional out-
come data in stroke research. ( a ) It is not correct to analyze categorical data with parametric statistics. Shown 
here: bar graphs of mean outcome score (+ SEM). ( a )  t -test results in an erroneous statistically signifi cant 
difference (* =  p  = 0.006). ( b ) Correct display of the same categorical data presented as frequencies (counts) 
with stacked bars. The Wilcoxon-Mann-Whitney test results in a  p  = 0.01. Note the substantially different 
 p -values and the implication that the wrong analysis might reveal signifi cant differences, whereas the correct 
one does not (or vice versa)       
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   We may reject  H0  , but H0 was true (i.e., a “ false positive  ”), which 
we call a  type I error  . Type I errors are quantifi ed by α (very 
often set to 0.05; see below).  

  We might accept H0, but H1 was true (i.e., a “ false negative  ”), 
which we call a type II error.  Type II errors   are quantifi ed by ß 
(very often ignored, sometimes set to 0.2; see below).     

 The key criticism of NHST is that it is a trivial exercise because 
H0, which basically states that two treatments or samples are  identi-
cal , is always false, and rejecting it is merely a matter of carrying out 
enough experiments (i.e., having enough power, see below) [ 8 ]. 

  Alpha and the  p -Value 
 The appeal of this approach is that it seems to offer a formal way of 
deciding whether our hypothesis is correct or not. Conveniently, 
we might accept an error level α (e.g., 0.05), which is presently 
interpreted by most (stroke) researchers to represent an index of 
the importance or size of a difference or relation. In other words, 
statistical signifi cance appears to imply theoretical or practical sig-
nifi cance. This seemingly straightforward interpretation of α, and 
the ease with which it is calculated through spreadsheets and statis-
tics packages even without understanding its true meaning, under-
pins the popularity of NHST testing and  p -values in biomedical 
research and may have often clouded a more (neuro)biologically 
driven interpretation of the data.  

 But what is the true meaning of  P  < 0.05? If we were to repeat 
the analysis many times using new data each time and  if the null 
hypothesis were really true , then on only 5 % of those occasions 
would we (falsely) reject it. To understand the consequences of this 
statement, we have to fi rst understand the concept of the type II 
error (see below). 

 Does  α  need to be 0.05? R. A. Fisher, at a time when far fewer 
hypotheses were tested and papers published, suggested the magi-
cal 0.05 level for  α , which seems to be universally accepted by now 
and is regarded by most students to be almost a natural constant. 
There is no theoretical justifi cation for a particular value of  α , 
which some journals even state in their guidelines for authors. An 
example from the American Physiological Society illustrates this: 
“If you plan a study in the hopes of fi nding an effect that could 
lead to a promising scientifi c discovery, then  α  = 0.10 is appropri-
ate. Why? When you defi ne  α  to be 0.10, you increase the proba-
bility that you fi nd the effect if it exists! In contrast, if you want to 
be especially confi dent of a possible scientifi c discovery, then 
 α  = 0.01 is appropriate.” [ 9 ]. 

   Beta   and Statistical Power 
 As stated above,  β  quantifi es the type II error, i.e., of falsely accept-
ing H0 (false negative). Power is simply derived as 1− β . Power is 
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the conditional probability of accepting H1 when it is true. It is 
analogous to the concept of resolving power in evaluating optical 
instruments. It tells us how likely it is that we can fi nd an effect if 
it equals or exceeds a prespecifi ed size. Power increases with effect 
size (e.g., reduction in infarct size): the larger the difference 
between the parameters tested, the greater the power to detect it. 
Increasing sample size decreases the standard error, thereby 
increasing power. Conversely, a large variance (i.e., SD) will 
decrease power. There is an inverse relation between  α  and  β : 
increasing alpha increases power (=decreases  β ) but also increases 
the risk of rejecting H0 when it is actually true.  

 Many papers in experimental stroke research report normalized 
effect sizes of about 1 (normalized effect size = effect/SD); for 
example, a reduction of infarct size by 30 mm 3  results in a normal-
ized effect size of 1 if the SD was also 30 mm 3 . A plot of total sample 
size (i.e., number of animals) vs. power demonstrates that 54 ani-
mals are needed to achieve a power of 0.95 (equivalent to  β  = 0.05) 
at an  α  level of 0.05. Targeting the same levels for  α  and  β  means that 
we are as afraid of false positives as of false negatives. The plot reveals 
that at 20 animals (10 per group, a conservative estimate of group 
sizes prevalent in preclinical stroke research), power is 0.55 (Fig.  3 ). 
The power of throwing coins is 0.5! In other words, with respect to 
statistical power a large fraction of the experimental stroke literature 
is no more predictive than a game of chance [ 11 ].
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  Fig. 3    Graphical display of sample size calculation for two-sided independent  t -test using the freeware pro-
gram G-Power [ 10 ].  α  set at 0.05, effect size (mean difference between groups/SD) set at 1. Total sample size 
vs. power. Note that to detect an effect size as large as 1, SD at  α  = 0.05, and  β  = 0.95, a total sample size of 
54 (i.e., group sizes of 27) is required       
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   Most experimental stroke researchers have a misconception of 
statistical power. They may even argue that if they have obtained a 
statistically signifi cant  p -value (e.g.,  p  < 0.05), there is no need to 
waste time worrying about type II errors, as they have not accepted, 
but rather rejected H0! For various reasons this is a fallacy with 
potentially calamitous impact. When H0 is in fact false (the drug 
really works, the knockout mouse has a phenotype, etc.), the over-
all error rate is not the  α  level, but the type II error rate  β  [ 12 ]. It 
is impossible to falsely conclude that H0 is false when in fact it is 
false! This apparently trivial insight may have important conse-
quences for the interpretation of experimental data in stroke 
research and ultimately for its translation to the patient: if  β  is high 
(i.e., statistical power is low), the probability of being able to 
reproduce data decreases more and more. For example, at a power 
of 0.5, which is not uncommon in experimental stroke research 
(see above), the probability of being able to replicate the fi ndings 
of a study stands at 50 % [ 13 ]! 

 Excellent treatments of the concepts of power, sample size cal-
culation, and positive predictive value can be found in [ 14 – 16 ]. 

   Are Most Published Research Findings False?  
 This is what was famously claimed in a provocative paper by Ioannidis 
[ 17 ]. What appears silly and outrageous at fi rst sight contains an 
unpleasant truth.  

 It was stated above that  α  measures the likelihood of falsely 
rejecting H0  when it is really true , while  β  measures the  likelihood   
of falsely accepting H0  when H1 is really true . To be able to inter-
pret  α  and  β  as likelihoods for our hypothesis being false or correct, 
we would need to know whether H0 or H1 is correct in the fi rst 
place, which of course would render statistics superfl uous! What 
we can learn from this is that the interpretation of  α  and  β  depends 
on the prior probability of our hypothesis (e.g., Compound X 
reduces infarct sizes in a stroke model). Because of the grave impli-
cations of this seemingly innocent proposition, I will illustrate it 
with three examples adapted from the literature. 

  Example 1 (Adapted from [ 5 ]) 
 An experiment is conducted to see whether thoughts can be trans-
mitted from one subject to another. Subject A is presented with a 
shuffl ed deck of 50 cards and tries to communicate to subject B 
whether each card is red or black by thought alone. In the experi-
ment, subject B correctly gives the color of 33 cards. The null 
hypothesis is that no thought transference takes place and subject B 
is randomly guessing. The observation of 33 correct is signifi cant, 
with a (one-sided)  p -value of 0.035. Would you now believe that 
subject A can transmit thoughts to subject B? Probably not, as you 
correctly recognize that much stronger evidence would be required 
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to reject a highly plausible H0. This makes clear that the  p -value 
 cannot mean the same in all situations. But why would you not hesi-
tate to accept a neuroprotective effect of Compound X at  p  = 0.035?  

  Example 2 (Adapted from [ 5 ]) 
 You take a diagnostic test for a grave disease. The test is very accu-
rate; it has a 0.1 % false positive rate (very good  sensitivity  ) and a 
0.1 % false negative rate (very good  specifi city  ). The test result 
comes out positive! What is the probability that you have the dis-
ease? Most students (and faculty) will answer 99.9 %. But the infor-
mation that was missing to answer the question is the incidence of 
the disease in the population. If it is, for example, 1:50,000, a test 
which is false positive at a rate of 1:1000 will result in a probability 
of having the disease of only 2 % (=1:50). H0 (“you do have the 
disease”) started with a very low probability! In this instructive 
example, sensitivity is equivalent to type I error, and specifi city is 
equivalent to type II error, while the incidence of disease can be 
interpreted to be the rate of true hypotheses. It is wrong to inter-
pret a  p -value as the probability of H0, because this fails to take 
account of the  prior probability   of H0.  

  Example 3 (Adapted from [ 6 ,  18 ]) 
 Let us assume that 10 % of all H0 in biomedicine are in fact false, 
that is, 90 % of all hypotheses are incorrect (assumption 1). 
Although a wild guess, it is backed by evidence from several fi elds 
[ 17 ]. Let us also assume an  α  of 0.05 and a power of 0.5 (assump-
tion 2), which is a reasonable estimate for the current experimental 
stroke literature (see above). If we now test 1000 hypotheses, 
assumption 1 results in 100 studies in which H0 is truly false. 
When power is 0.5 (assumption 2), we reject H0 in 50 % of those 
studies. In the 900 studies in which treatment does not work 
(because our hypothesis was wrong, i.e., H0 was true), we rejected 
H0 in 45, since  α  was 0.05 (assumption 2). In 45 of the 95 studies 
with a “signifi cant result,” H0 was true; in other words, the studies 
were false positives! The likelihood that a signifi cant result is “true” 
in this example was 52 %. This example is a warning to those who 
argue that once they have obtained a signifi cant result ( p  < 0.05), 
they need not worry about power, let alone the prior probability of 
the hypothesis they were testing (Table  1 ).

     Statistical Signifi cance Testing: A “Sizeless Science” 
 Before moving on to a practical example, let us briefl y contemplate 
the main criticism of the concept of “statistical signifi cance.” We 
need to be aware of the fact that even if we apply signifi cance test-
ing properly (i.e., recognizing  α  and  β ), it contains an intrinsic 
weakness. Statistical signifi cance testing substitutes exploring the 
existence of a phenomenon or the precision by which we measure 
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it, for its magnitude. We should ask “What difference does the 
effect make?” and “Who cares?”, but instead are concerned with 
formal proof of existence and precision of measurement. Increasing 
sample size is a tedious but nevertheless unconditionally successful 
exercise to demonstrate statistically signifi cant difference. As Ziliak 
and McCloskey [ 7 ] have put it: through statistical testing, “science 
has become sizeless.” Gosset was already aware of its shortcomings 
at the beginning of the twentieth century and warned against its 
“unintelligent use.” As it stands, exercising radical criticism of sta-
tistical signifi cance and shunning signifi cance testing will not help 
get scientifi c papers published. But, thus compelled to use it, we 
need to use it “intelligently,” cognizant of its limitations. Beyond 
statistical signifi cance testing, we should:

 ●    Focus on biological (or clinical) signifi cance, which is mea-
sured in the size of an effect, and the implications the effect has 
for the biological system or organism  

 ●   Be aware that “good evidence” that a hypothesized effect is 
real comes from replication across multiple studies and cannot 
be inferred from the result of a single statistical test!     

  Exploratory Versus Confi rmatory Preclinical Stroke Studies 
 Regarding study design and statistical analysis, an important dis-
tinction between two different modes of investigation should be 
made [ 19 ]. Most preclinical stroke researchers are confronted with 
two overarching agendas: selecting interventions or possible mech-
anisms amid a vast fi eld of potential candidates and producing 
 rigorous evidence of clinical promise for a small number of inter-
ventions developed further in human trials. Hence, two different, 
complementary modes of investigation can be discriminated: in the 
fi rst (exploratory investigation), stroke researchers should aim at 
generating robust pathophysiological theories of disease. In the 
second (confi rmatory investigation), researchers should aim at 

   Table 1  
  Number of times we accept and reject null hypothesis, under plausible assumptions regarding the 
conduct of medical research (adapted from [ 6 ])   

 Result of exp. 
 Hypothesis wrong (=H0 true) 
“treatment does not work” 

 Hypothesis correct (=H0 
false) “treatment works”  Total 

 “Nonsignifi cant (i.e., negative) 
result” (=accept H0) 

 855  50  905 

 “Signifi cant (i.e., positive) result” 
(=reject H0) 

 45  50  95 

 Total  900  100  1000 
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demonstrating strong and reproducible treatment effects in animal 
models relevant to human stroke. Each mode entails different 
study designs, confronts different validity threats, and supports dif-
ferent kinds of inferences. Many preclinical stroke studies appear to 
operate in both modes simultaneously, aiming to report novel 
pathophysiological mechanisms while at the same time presenting 
evidence for novel treatment. This is highly problematic, as an 
exploratory study sets out to fi nd what might work in an almost 
limitless space of mechanisms, molecules, dosages, etc., while a 
confi rmatory study needs to weed out false positives to further 
develop only robust strategies in the human. Exploratory studies 
may therefore put a premium on sensitivity, that is, be forgiving 
with respect to type I errors. On the other hand, confi rmatory 
studies need high specifi city, but may be forgiving with respect to 
type II errors. Table  2  lists how relevant design and analysis fea-
tures compare in exploratory and confi rmatory preclinical studies.

     Preclinical Randomized Controlled Trials (pRCTs) 
 In this context a novel type of preclinical study has to be men-
tioned, which could be considered the most extreme variant of a 
confi rmatory animal study: pRCTs, many features of which are 
adapted from clinical randomized controlled trials, may help to 

   Table 2  
  Comparison of design and analysis features in exploratory and confi rmatory studies   

 Exploratory “discovery”  Confi rmatory 

 Hypothesis  +  +++ 

 Establish pathophysiology  +++  + 

 Sequence and details of experiments established at onset  +  +++ 

 Primary endpoint  –  ++ 

 Sample size calculation  +  +++ 

 Blinding  +++  +++ 

 Randomization  +++  +++ 

 External validity (aging, comorbidities, etc.)  –  ++ 

 In-/exclusion criteria  ++  +++ 

 Test statistics  +  +++ 

 Preregistration  −  ++ 

 High sensitivity (high type I error rate, low type II error 
rate): Find what might work 

 +++  + 

 High specifi city (low type I error rate, high type II error 
rate): Weed out false positives 

 +  +++ 
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overcome the problem of single laboratories to conduct experi-
ments of suffi cient power and robustness to justify the expensive 
and potentially hazardous transition from animal to human stud-
ies. A pRCT includes several hundred animals, harmonizes proto-
cols, and features a prospective, blinded, and randomized study 
design, central monitoring of data quality, as well as centralized 
analysis and data deposition [ 20 ].  

  Further Reading 
 Excellent general treatments of the statistical analysis of preclinical 
studies can be found in [ 21 – 24 ]. For further in depth discussion 
on many of the issues treated above, readers are directed to my sci-
ence blog [ 25 ], which covers topics such as reproducibility, replica-
tion, statistics, power, bias, and bench to bedside translation, 
among others.  

 Let us now look at a practical example of an experimental 
stroke study.   

3    A “How To” Example 

  Before  we start conducting stroke experiments, we need to:

 –    Formulate the underlying biological hypothesis.  
 –   Lay down the experimental design with which we aim to prove 

or disprove the hypothesis.   

   1.    Hypothesis: In our example, the simple hypothesis, based 
on prior evidence (e.g., in cell culture) and knowledge of 
the mechanism(s) of action, is that Compound X is a neu-
roprotectant, decreases infarct sizes, and improves out-
come in experimental stroke.   

  2.    We now design the experiment according to SOPs: We 
decided to test Compound X in a mouse model of stroke. 
Infarct sizes will be measured volumetrically (Chap.   15    ) 
72 h after 45 min of middle cerebral artery occlusion 
(MCAO; Chap.   4    ). Compound X or saline will be applied 
intraperitoneally 2 h after MCAO. Inclusion and exclusion 
criteria, details of randomization, blinding, etc., are defi ned 
a priori; in other words, we are following our standard 
operating procedures (see Chap.   17    ).   

  3.    We now need to predefi ne the statistical tests we are going 
to apply. This needs to be done apriori. The infarct volume 
data will be numerical, but it is unclear whether it will be 
distributed normally. Assuming normality (and testing for 
it after data acquisition), we might compare the two inde-
pendent group means with a two-tailed  t -test (or for more 
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than two groups, with an ANOVA and appropriate post 
hoc contrast). To be on the safe side with respect to nor-
mal distribution, we opt for the nonparametric Mann-
Whitney  U  test (or if there are more than two variables, 
the equivalent Kruskal-Wallis one-way analysis of variance). 
As stated above, we will accept a type I error level  α  of 
0.05. As outcome test we have opted for a modifi cation of 
the simple Bederson score [ 1 ,  26 ,  27 ], which produces the 
following categories: 0 = no defi cit, 1 = weakness of the 
contralateral forepaw, 2 = circling, 3 = loss of righting refl ex, 
and 4 = no motor activity. Since our score is a categorical 
variable, we will test for statistical signifi cance between 
both groups with a Wilcoxon- Mann-Whitney test [ 28 ].   

  4.    The next step is to calculate the necessary group (sample) 
sizes. From previous experiments we know that in the 
model we are using, SDs are around 25 % of the mean 
infarct volume. If you have not had previous experience, 
you need either to conduct a pilot series (recommended) or 
use data from similar experiments in the literature. If we 
want to detect a change in infarct volume greater than 25 % 
by Compound X, this corresponds to an effect size of 1 
(effect size  d  = (mean infarct volume control –mean infarct vol-
ume treatement )/pooled SD [ 29 ]). If we set power at 0.8 and  α  
at 0.05 (see above), the required sample size (two tailed) 
calculated a priori will be 17 animals per group. All major 
statistical packages will allow you to calculate sample sizes 
and power. One very convenient and intuitive freeware 
program is G*Power [ 10 ], which I highly recommend. 

 To calculate sample sizes for nonparametric tests such as 
the ones we perform to analyze behavioral testing after 
stroke (see above), we can either use expensive, specialized 
software such as nQuery or PASS, or we can use G*Power 
(or any other program that can do power calculations). To 
do this, we fi nd an approximate size by estimating the sam-
ple size for a  t -test and then adjusting this size based on the 
asymptotic relative effi ciency (ARE) of the nonparametric 
test [ 30 ]. So, for example, to estimate sample size for a 
Wilcoxon-Mann-Whitney test (see above), we compute 
the sample size needed for a two-sample  t -test and then 
adjust the sample size based on the ARE of the Wilcoxon-
Mann-Whitney test relative to the  t -test. To avoid compli-
cated assumptions about the underlying distribution, one 
could examine a worst case scenario, since the ARE for the 
Wilcoxon-Mann-Whitney test is never less than 0.864. 
Thus, in this conservative and simple approach, estimate 
the sample size for a  t -test (see above) and divide by 0.864. 
For example, to detect a change in the Bederson score of 
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the magnitude given in the example of Fig.  2b , at a power 
of 0.8 and  α  of 0.05, a total sample size of approximately 
35 (=30/0.864) would be required.   

  5.    After the series of experiments has been conducted and the 
data evaluated by investigators blinded to treatment alloca-
tion, we fi rst produce graphical displays of the data in the 
form of scatter plots (see Fig.  1c, d ) and describe the data by 
calculating means and SDs (or even better, confi dence inter-
vals) for numerical data (infarct volumes) and contingency 
tables for the categorical data (outcome score), which is 
graphically represented by stacked bar graphs (Fig.  2b ).   

  6.    We then perform the prespecifi ed statistical tests. At this 
stage no other statistical tests should be used, except for 
hypothesis generation for future experiments. It is a com-
mon practice but a misuse of statistics to “play” with vari-
ous tests or post hoc contrasts until the “desired”  p -value 
is produced by the statistics package (“p-hacking” [ 31 ]). 
Similarly, we are not allowed to “add” animals to a series of 
predefi ned group sizes to target a certain  p -value. This may 
be tempting, particularly when the resulting  p -values only 
narrowly miss the signifi cance level.   

  7.    After all these calculations for signifi cance and plotting of 
asterisks ( p  < 0.05), we should try to forget them for a 
moment and answer the relevant question: what is the bio-
logical signifi cance of the difference observed?   

  8.    Finally, a word of caution and a recap of what was said 
above, if the results of our example proved to be “statisti-
cally signifi cant” ( p  slightly below 5 %), at a power of 80 %, 
and an a priori probability of the hypothesis of 10 %, the 
false discovery rate (the chance to have obtained a false 
positive result) would be close to 40 % [ 32 ], not 5 %.    
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    Chapter 20   

 Complexities, Confounders, and Challenges 
in Experimental Stroke Research: A Checklist 
for Researchers and Reviewers                     

     Ulrich     Dirnagl      

  Abstract 

   The quest for internal and external validity in experimental stroke research is fraught with pitfalls and 
confounders. This article, written as a checklist from the perspective of an editor and reviewer of 
articles on rodent stroke models and an active bench side stroke researcher, presents a compilation of 
the common pitfalls and quality issues in experimental stroke research. These include selecting con-
trols for genetically modifi ed animals, effects of stroke on systemic parameters (immunodepression, 
infection, cachexia, etc.), cerebral blood fl ow measurement, brain edema correction, study design, 
statistics, and interpretation.  

  Key words     Bias  ,   Body weight  ,   Body temperature  ,   Brain edema correction  ,   Cachexia  ,   Cerebral blood 
fl ow measurement  ,   Flanking gene  ,   Gene knockout  ,   Genetically modifi ed animals  ,   Infarct maturation  , 
  Internal validity  ,   Laser Doppler fl owmetry  ,   Statistics  ,   Triphenyltetrazolium hydrochloride  ,   Wasting  

1       Introduction 

 Modeling disease in animals is highly complex. Many confounders 
challenge the internal and external validity of this type of research 
[ 1 ,  2 ]. Modeling stroke is particularly challenging with respect to 
bias and confounders: It involves damage to the most complex 
organ in the known universe and produces a plethora of secondary 
changes in peripheral metabolism as well as in the endocrine, car-
diovascular, and immune systems which occur after stroke-induced 
failures in the brain’s homeostatic control function. As a journal 
editor and reviewer of articles in the cardiovascular fi eld as well as 
a stroke researcher, I am constantly faced with these complexities 
and with the various strategies (and sometimes failures) for over-
coming them and maintaining quality. In this chapter, I have com-
piled in the form of a checklist the most common and relevant 
pitfalls and quality issues in experimental stroke research. It is 
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meant to guide the experimentalist in planning stroke experiments 
and the reviewer of experimental stroke research in assessing such 
research. Many of the issues introduced here are covered in greater 
detail in the preceding chapters.  

2     The Checklist 

 Proper controls for experiments with genetically modifi ed animals?  ✓ 

   The potential for manipulating gene expression in vivo by deleting 
(knockout) or inserting genes (knock in, transgenics) has revolu-
tionized biological research and provided highly relevant insights 
into mechanisms of disease. Genetically manipulated animals are 
among the mainstays of modern cerebral ischemia research. 
However, their use brings with it several highly relevant confound-
ers which need to be taken into account when planning an experi-
mental stroke study. In particular, we need to be aware of genetic 
background, fl anking genes, and insertion-site effects. 

 The fl anking gene problem [ 3 ] is of particular relevance when 
embryonic stem (ES)  cells   for the generation of the  knockout 
mouse   have been derived from substrains of 129 inbred mice, 
whose germ lines will transmit not only the induced null mutation 
but also the 129 genetic background. Mating these mice with 
another inbred strain, very often the  C57BL/6  , results in an F2 
generation that segregates not only for the induced null mutation 
and its wild-type allele but also for any other alleles at loci where 
the parental strains differ [ 4 ]. The C57BL/6 and 129 mouse 
strains are highly popular, not only in the genetic engineering of 
mice but also in experimental stroke research. Solutions to the 
fl anking gene problem include backcrossing and outcrossing strat-
egies that produce congenic or coisogenic lines [ 3 ]. Due to gross 
differences in the vascularization of the brain [ 5 – 7 ] and intrinsic 
factors of which we understand very little [ 7 ], C57BL/6 and 129 
mouse strains differ greatly in their susceptibility to cerebral isch-
emia. Therefore, the fl anking gene problem is highly relevant in 
experimental stroke research. 

 The Banbury conference on genetic background in mice [ 8 ] 
clearly states that it is “a faulty strategy to maintain separate mutant 
and control lines by continuous inbreeding of homozygous indi-
viduals starting from the original F2 generation, as this will entail 
genetic drift and, with it, phenotypic line differences unrelated to 
the targeted mutation.” In spite of this warning, many mouse stud-
ies in the fi eld of experimental ischemia continue to use homozy-
gous knockout mice (obtained from collaborators or commercial 
sources) and choose as a control group the mouse strain which has 
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been used as the background strain, very often even a strain obtained 
from a different source than the knockout strain. The proper way of 
doing such experiments is to use littermate controls. 

 Transgenic animals may be confounded by the random inser-
tion of the transgene into the genome, which might affect the 
function of an endogenous gene and create a phenotype that is not 
related to the transgene. The solution to this problem is to create 
and use various founders [ 9 ]. If they are similar with respect to 
their phenotype after focal cerebral ischemia, it is highly likely that 
an effect is related to the transcription of the transgene.

 Proper  observation interval   after induction of focal cerebral ischemia?  ✓ 

   Maturation of damage after vascular occlusion is a highly 
dynamic process which evolves over a period of time. Depending 
on the model and severity of focal cerebral ischemia, infarcts (i.e., 
tissue pannecrosis) reach their maximum extent within 24 to 72 h. 
Many models of experimental stroke demonstrate a delay in infarct 
growth of around 20–30 % between days 1 and 3 post-middle cere-
bral artery occlusion (MCAO) [ 10 ]. This is congruent with obser-
vations in human stroke [ 11 ]. After around 1 week, infarcts may 
appear to shrink again [ 12 ]. This should not be confused with 
 repair  ; it is rather the result of resorption of necrotic tissue, glial 
scarring, and resulting changes in the 3D geometry of the brain. In 
milder forms of ischemia (transient MCAO ≤30 min), where no 
outright infarction occurs but neurons die selectively, maturation 
of neuronal damage (mostly by forms of programmed cell death) is 
even further delayed and reaches a maximum around day 3 [ 13 ]. 
In most focal cerebral ischemia models, a few days after the demise 
of tissue within the territory of the occluded artery, remote tissue 
damage may occur as a result of deafferentation. In MCAO mod-
els, this prominently involves the thalamus [ 14 ,  15 ]. An important 
consequence of all this is that outcome assessment after induction 
of experimental focal cerebral ischemia has to be appropriately 
timed. For example, in most instances, it is not acceptable to study 
outcome only 24 h after MCAO. Even if a neuroprotective effect 
of an experimental therapeutic strategy has been found at the 24-h 
time point, it is not guaranteed that this effect will be stable. The 
treatment may only have delayed damage [ 16 ]. As a rule of thumb, 
the observation period required to determine infarct volumes in 
acute neuroprotectants is 3–7 days. 

 At this point, the narrow time window for the use of the meta-
bolic stain 2,3,5-triphenyltetrazolium hydrochloride (TTC) for 
infarct volume determination should be mentioned. TTC staining 
is based on the functioning of mitochondrial enzymes. Strictly 
speaking, it is related to the number of intact mitochondria, but it 
cannot directly demonstrate pannecrosis (infarcts). This is why 
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TTC staining works even many hours after the death of the animal 
[ 17 ]. The low density of  mitochondria   in white matter structures 
yields only pale staining, rendering it impossible to discriminate 
between normal white matter structures and ischemic brain tissue, 
particularly during the fi rst hours after onset of ischemia [ 18 ]. 
Even more serious is the problem that at later time points, infl am-
matory cells invade the region of the infarct and metabolize 
TTC. For this reason, TTC should not be used for time points 
beyond 24 h [ 19 – 21 ].

 Did the experimental design allow the establishment of a causal relationship between 
experimental manipulation and phenotype? 

   One frequent problem (and cause for rejection of manu-
scripts) in experimental stroke research relates to the trivial fact 
that smaller infarcts (e.g., by a certain treatment) lead to a reduc-
tion in practically all mechanisms related to primary and second-
ary ischemic damage. Secondary damage scales with primary 
injury! For example, the fi nding that a compound which reduces 
infarct sizes leads to a reduction in infl ammatory markers (cyto-
kines, infl ux of leukocytes, etc.) in the treatment group does not 
prove that the effect of the compound is due to anti-infl amma-
tory mechanisms. To illustrate this point, reducing infarct sizes 
by blocking the  N -methyl- d - aspartate ( NMDA  ) receptor (which 
is not found on cells of the immune system) via a reduction of 
tissue damage also leads to a reduction in secondary release of 
infl ammatory cytokines or an infl ux of leukocytes into the 
affected hemisphere. 

 Unfortunately, this problem is very difficult to overcome, 
but in principle, there are two possibilities: One is to simply 
abstain from conclusions or statements that imply the demon-
stration of a clear-cut causal relationship such as “compound X 
is an anti- inflammatory neuroprotectant, as it significantly 
reduced leukocyte influx in the treatment group.” Another 
option, although also not perfect, is to titrate infarct sizes by 
using longer MCAO intervals in the protected treatment group 
so that both control and verum group have similar infarct sizes 
despite neuroprotective treatment [ 22 ]. If markers of the tar-
geted putative mechanism (such as inflammation) are still sig-
nificantly less regulated than in the verum group, this would 
give indirect evidence that the action of the compound on this 
mechanism is relevant for protection. Alternatively, one could 
perform control experiments with a compound that reduces 
infarct volumes to a similar degree but by other mechanisms 
(such as the NMDA-receptor antagonist MK801 as opposed to 
an anti-inflammatory compound).
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 Proper use and interpretation of cerebral blood fl ow measurement?  ✓ 

   Laser Doppler fl owmetry (LDF) is a useful and commonly 
applied technique in cerebral ischemia research. LDF [ 23 ] allows the 
instantaneous, continuous, and noninvasive measurement of micro-
circulatory blood fl ow in small tissue samples. Infrared light from a 
laser diode (usual wavelength, 780 nm) is delivered to and detected 
in a tissue area of approximately 1 mm 3  by a fl exible  fi ber optic  . 
Scattering by a moving red blood cell results in a Doppler frequency 
shift, while light scattered by stationary tissue remains unshifted. 
Analysis of the backscattered light yields the frequency of the 
Doppler shift, which is proportional to the red cell velocity. The frac-
tion of the backscattered light that is Doppler shifted is proportional 
to the total volume of moving blood cells in the tissue sample. An 
index of red cell fl ow is then derived from the multiplication of the 
mean Doppler shift by the fraction of light that is Doppler shifted. 
This principle dictates that LDF cannot provide accurate measure-
ment of absolute regional cerebral blood fl ow (rCBF) values, but it 
does allow the accurate measurement of changes in rCBF due, for 
example, to induction of focal cerebral ischemia [ 24 ]. In experimen-
tal stroke research, LDF is often used to verify occlusion of middle 
cerebral artery with an intraluminal thread, an extraluminal occluder, 
or reperfusion after removal of these devices. In an individual ani-
mal, reduction to 10 % of preocclusion values clearly indicates suc-
cessful induction of focal cerebral ischemia. However, LDF is also 
often used to compare intra-ischemic CBF values between groups, 
for example, to demonstrate that a “protected” phenotype of a 
knockout strain is not due to different vascular supply and conse-
quently higher CBF. This information, however, cannot be provided 
by LDF and in fact constitutes its misuse: Even if intra-ischemic 
reductions of CBF are similar, the protected strain may, because of 
different vascularization, have started with higher initial CBF values. 
LDF can quantitatively measure percent changes, but a reduction to 
20 % from an absolute value of 150 mL/100 g/min is not the same 
as a percent reduction from a baseline of 120 mL/100 g/min. An 
additional problem of LDF in this context is its small sample volume 
of approximately 1 mm 3 : While LDF may be able to demonstrate 
that relative changes in CBF are similar in one small spot within the 
lesion, it cannot enlighten us about the spatial extent of the fl ow 
reduction, which may be very different between different strains of 
animals due to differences in collateral vascular supply. Attempts 
have been made to overcome this problem by combining LDF with 
ex vivo evaluation of anastomoses between arteries of the  circle of 
Willis   at the dorsal surface of the brain after carbon black injection 
[ 25 ]. While this technique can reveal gross differences in vascular 
patterns (e.g., missing posterior communicating arteries [ 26 ]) 
between mouse and rat strains, it is clearly not sensitive enough to 
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exclude the possibility of a different vascular supply and 
collateralization, in particular at the microcirculatory level. 
Unfortunately, the only convincing approach to exclude  differences 
in pre-ischemic and/or intra-ischemic CBF between strains is the 
application of quantitative CBF techniques such as  14 C-iodoantipyrine 
autoradiography [ 27 ]. Recently, quantitative magnetic resonance 
imaging techniques for rat [ 28 ] and mouse [ 29 ] have been pre-
sented and validated. However, due to the very short transit times 
and high CBF values in rodents, these techniques, while allowing 
multiple in vivo measurements, have relatively low spatial resolution 
and high variance and hence have yet to demonstrate their suitability 
for experimental stroke research in small animals.

 Edema correction?  ✓ 

   In particular, during the fi rst days after middle cerebral artery 
occlusion, morphometric determination of infarct sizes in rodents is 
complicated by ischemic tissue swelling (ischemic brain edema). The 
space-occupying effect of brain edema leads to an overestimation of 
the affected tissue volume by a range of 20–30 % [ 30 ]. If brain edema 
is not taken into account when calculating infarct sizes, a (hypotheti-
cal) compound which acts on brain edema but not on tissue damage 
might erroneously be understood to reduce infarct sizes by 30 %. In 
most focal cerebral ischemia models in rodents, edema volume is 
maximal at around 24–48 h after middle cerebral artery occlusion, 
greatly reduced by 3 days and no longer detectable at day 7. 
However, the temporal and spatial dynamics of edema formation in 
these models is highly dynamic and variable and depends on the 
duration of ischemia, site of vascular occlusion, etc. The literature 
abounds with articles which do not account for this confounder, but 
edema correction is now routinely performed on postmortem analy-
sis by calculating the indirect infarct volume as the volume of the 
contralateral hemisphere minus the non- infarcted volume of the 
ipsilateral hemisphere [ 31 ]. This technique is based on the assump-
tion that edema develops almost exclusively in the infarcted areas. 
While this may be true as a fi rst approximation, even visual inspec-
tion of postmortem sections of MCAO brains at the peak of brain 
edema development reveals swelling of tissue of the affected hemi-
sphere adjacent to the infarcted area (Fig.  1 ). It must be therefore 
kept in mind that infarct volume correction by the direct-indirect 
volume method may still be confounded by edema. This is also true 
for MR-based techniques for edema correction because they rely on 
the same assumptions [ 30 ]. In cases in which edema is prominent—
and peri-infarct tissue potentially contributes substantially to infarct 
volumes—infarct volume should be determined after edema has 
subsided (e.g., after 7 days). In addition, a true quantitation of the 
edema by the wet- dry method should be considered: Immediately 
after being removed, the brain is rapidly cut into two halves; the 
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hemispheres are weighed, dried for 24 h at 110 °C, and weighed 
again. Hemispheric water content is then calculated using the fol-
lowing equation: % water=(wet weight − dry weight)/wet 
weight × 100 % [ 32 ].

 Did ischemia-induced or pharmacologically induced systemic alterations confound the results?  ✓ 

   Focal cerebral ischemia primarily affects brain tissue. However, via 
humoral and nervous signaling, it also has remote effects on systemic 
parameters such as the cardiovascular system, the immune system, or 
the general metabolism. These effects are further accentuated by the 
fact that practically all models of rodent stroke involve some degree of 
anesthesia and surgery, which have systemic effects of their own. 

 Depending on species, model, and MCAO occlusion interval, 
rodent stroke models may have   mortality rates    of up to 50 % 
(Fig.  2a ) [ 33 ,  34 ]. Besides perioperative mortality, which is strongly 
infl uenced by the skills of the surgeon, the major cause of death in 
rodent stroke models, as in patients [ 35 ], is  infection . As a general 
rule, occlusion of the MCA proximal to the lenticulostriate arteries 
leads to a higher risk of infection than do occlusions distal to it. 
Rate of infection is clearly correlated to the duration of ischemia: 
While a 30 min occlusion of the MCA is rarely followed by clini-
cally apparent infection, permanent occlusions of the proximal 
MCA lead to a very high susceptibility to infection-related and 
sepsis-related death. Following stroke-induced immunodepression 
mediated to a large degree by sympathetic overactivation [ 36 ,  37 ], 

  Fig. 1    Prominent edema of the left hemisphere 24 h after 60 min of middle cere-
bral artery occlusion in the BL6 mouse strain (cresyl violet staining). Note that not 
only the infarcted area but also the tissue adjacent to the infarct appears 
swollen       
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  Fig. 2    ( a ) Mortality after 60 min of middle cerebral artery occlusion (MCAO) in the BL6 mouse strain. Note that 
mortality increases dramatically after 3 days. The mortality is due to bacterial infection, as it is completely 
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( b ) Rectal body temperature after 60 min of MCAO in the BL6 mouse strain. The temperature changes are due 
to bacterial infection in this model, as they are completely blocked by treating the animals with the fl uochino-
lone antibiotic moxifl oxacin between 0 and 12 h after MCAO. Data from  a ,  b  published in [ 33 ]. 

 



325

rodents develop pneumonia and sepsis from day 2 on. Infectious 
mortality starts at day 3 and peaks at day 5. Animals surviving day 
7 will normally survive extended time periods. Treatment with 
antibiotics can completely stop this mortality, demonstrating that 
in this model, it is mainly caused by infection (Fig.  2a ). Infected 
animals may initially develop fever, but once they have become 
septic,  they   will invariably become hypothermic (Fig.  2b ). It is of 
utmost importance for the experimental stroke researcher to be 
aware of these changes. Not only will infectious mortality intro-
duce a strong selection bias to the surviving animals, infection is 
also a major modulator of infarct development. These effects may 
be mediated by the innate or adaptive immune system [ 34 ,  38 ,  39 ] 
or physically by hyper- or hypothermia. It is therefore mandatory 
that stroke researchers closely monitor body temperature over 
extended time periods, control body temperature in heated cages, 
and determine the cause of death if mortality rates are higher than 
a few percent (e.g., by bacterial cultures of the blood and lung, 
histology of lung tissue).

     Temperature dysregulation    in animals subjected to cerebral 
ischemia may not only be related to infection. Another reason for 
postischemic hypothermia in rodents is the decreased activity after 
experimental stroke. Furthermore, the parietal cortex, which is 
affected in most MCAO models, contains neurons which project 
toward vegetative control regions such as the hypothalamus, which 
affects not only sympathetic outfl ow but also body temperature. In 
addition, those MCAO models which introduce fi laments through 
the internal carotid artery function by blocking blood fl ow at 
points where the circle of Willis branches. This intravascular 
approach may affect hypothalamic arterial perforators originating 
off the internal carotid artery, as well as hippocampal blood supply 
[ 40 ]. Depending on the model and the surgeon’s skill, this may 
affect vascular supply of the circle of Willis [ 41 ], potentially leading 
to vegetative dysregulation, including temperature dysregulation. 
Buchan and Pulsinelli demonstrated in 1990 [ 42 ] that the neuro-
protective effect of the  N -methyl- d -aspartate receptor antagonist 
MK-801 can be explained entirely by the hypothermia it produces 
in animals after global cerebral ischemia but not in controls. 

 Hypothermia is an important confounder of stroke injury in 
rodent focal cerebral ischemia models. Experimental stroke 
researchers need to measure body temperature frequently by deep 
rectal probe (ideally also temperature in the M. temporalis with a 

Fig. 2 (continued) ( c ) Mean body weight after 60 min of MCAO in the BL6 mouse strain ( n  = 10). Note the 
dramatic drop and slow recovery. Also note that non-manipulated control mice gain 1–2 g per week. ( d ) 
Correlation of infarct size with loss in body weight 72 h after 60 min of middle cerebral artery occlusion in the 
BL6 mouse strain. Note the very tight correlation between infarct size and loss in body weight. Ninety-fi ve 
percent confi dence intervals for the population mean (regression). For details of  c  and  d , see [ 46 ,  47 ]       
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needle probe [ 43 ], which correlates better, but not perfectly, with 
brain temperature than body temperature [ 44 ]). Body temperature 
must also be controlled not only in the acute postoperative phase. 
Researchers also need to be aware of interaction of putative neuro-
protectants with temperature regulation, in particular if any brain 
circuitry involved in temperature regulation has been damaged. 

 Another important confounder of stroke-induced systemic 
changes is the acute and dramatic loss of  body weight  after MCAO 
(Fig.  2c, d ). Again, it appears as if MCAO in rodents faithfully 
models the human condition, as stroke patients lose weight even 
while in intensive care [ 45 ]. Weight loss other than that attribut-
able to atrophy of a paralyzed limb is often observed after stroke, 
indicating tissue wasting and loss of muscle tissue. This contributes 
to the impairment of functional capacity and reduces quality of life 
[ 46 ]. We found that catabolic pathways of muscle tissue are acti-
vated after experimental stroke. Impaired feeding, sympathetic 
overactivation, or infection cannot fully explain this catabolic acti-
vation. Wasting of the target muscle of the disrupted innervation 
correlated to severity of brain injury [ 47 ]. Similar fi ndings were 
obtained in a rat trauma model [ 48 ]. While reduced fl uid and 
caloric intake after stroke may play some role in changes of weight 
and body composition after stroke, it is likely that the main reasons 
are complex and include hypermetabolism, malabsorption, and 
catabolism triggered by stroke- and stress-induced neurohormonal 
and immune pathways. The relationship between lesion size and 
body weight loss is very close (Fig.  2d ), so close, in fact, that 3 days 
after MCAO body weight could robustly substitute infarct volum-
etry for outcome assessment! In most MCAO models, rodents lose 
10–20 % of their body weight within 3 days and slowly regain it 
over the next few weeks (Fig.  2c ). It should be noted that stroke- 
induced wasting is actually even more dramatic than it appears to 
be from the weight charts, as healthy adolescent animals gain 
approximately 10 % body weight per week. A body weight “nor-
malization” by return to pre-MCAO levels therefore actually rep-
resents a reduction in body weight of around 20 %. 

 Very little is known about the mechanisms and the consequences 
of stroke-induced cachexia in animals. However, due to the massive-
ness of these changes, it is very likely that they confound outcome 
studies in experimental stroke research. Preclinical stroke researchers 
in rodents need to be aware of these drastic changes, monitor them 
carefully in their experiments, and use appropriate controls.

 Proper statistics?  ✓ 

   As discussed in detail in Chap.   19    , numerous misconceptions 
about statistics and outright errors in study planning and statistical 
testing confound experimental stroke research and may even nega-
tively impact bench-to-bedside translation in this fi eld. The 
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following important items need to be checked when planning, 
 analyzing, and reporting a rodent stroke study. Further details and 
“how to” advice are found in Chap.   19    :

 ●    Sample sizes with suffi cient statistical power should be calcu-
lated before the fi rst animal is operated (a priori). Most experi-
mental stroke studies are grossly underpowered. As a rule of 
thumb, with standard deviations (SD) around 30 % of the 
mean, which is typical for rodent stroke studies, group sizes of 
close to 20 are needed to detect an effect size on the order of 
the SD at a power of 0.8 and an  α  of 0.05. Statements such as 
“compound X does not reduce infarct sizes” should be made 
only in the context of type II error considerations.  

 ●   Predefi ned hypotheses need to be clearly stated.  
 ●   Categorical data should not be evaluated with parametric 

statistics.  
 ●   Standard error of the mean should not be used to report the 

variance of the data. SD is acceptable; confi dence intervals are 
preferred.  

 ●   Data presentation in graphs should be maximally informative, 
for example, by providing all the data points as dots in a plot, 
together with summary information presented, for example, 
with boxes and whiskers.  

 ●   Do not perform multiple comparisons without correction.  
 ●   Don’t “p-hack”(i.e., do not try out various post hoc analysis 

methods until one returns  p  < 0.05 or, even worse, add animals 
until  p  < 0.05).  

 ●   Do not confuse the  p -value with the positive predictive value. 
Even at  p  < 0.05 and power of 80 %, it is very likely that the 
false-positive rate is above 30 %!  

 ●   In case of doubt, seek the advice of a professional 
biometrician.  

 ●   Read Chap.   19     (Statistics in Experimental Stroke Research).   

 Internal validity?  ✓ 

   The failure of bench-to-bedside progression may be due to 
problems in the way the experiments are performed, or it may 
result from the use of unsuitable or intrinsically fl awed models; in 
other words, the problem may lie either in the internal or the 
external validity of the experiments. Bias is a key problem in inter-
nal validity, and four major types have been described: selection 
bias (creating groups with different confounders, solved by ran-
domization), performance bias and detection bias (investigators, 
respectively, treating or assessing those subjects on the treatment 
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arm more positively, controlled by blinding interventions and 
outcome assessments), and attrition bias (dropouts of subjects with 
a negative outcome not included in the fi nal result, solved by an 
intention-to-treat analysis or by reporting dropouts) [ 49 ]. So the 
key checkpoints regarding internal validity are:

 ●    Was a hypothesis formulated and an outcome predefi ned? To 
prevent “harking” (hypothesizing after the results are known), 
consider publication of the study protocol. Hopefully, this will 
become a requirement in the near future, at least for confi rma-
tory studies [ 50 ].  

 ●   Were   inclusion     and    exclusion     criteria  preset? For example, was 
it prespecifi ed to exclude animals below or above a certain 
infarct size (because it would not normally occur in that par-
ticular model) or animals in which blood pressure dropped 
below a certain threshold during anesthesia, etc.?  

 ●   Were  excluded animals  reported? A suspicious sign is unequal 
group sizes (e.g.,  N  = 8 in control, and  N  = 6 in the verum 
group). Practically, every experimental stroke study has to 
exclude animals from analysis, for example, due to mortality 
before an endpoint was reached or because preset criteria were 
met. Report the number of all animals used in all groups in the 
Methods section, to allow tracing of the fl ow of animals 
through the study (as required by the ARRIVE Guidelines). 
The number of animals excluded needs to be reported together 
with the reasons for exclusion. Even the exclusion of one ani-
mal can have a major impact on the outcome of the study [ 51 ].  

 ●     Randomization   . “The manuscript should describe the method 
by which animals were allocated to experimental groups. If this 
allocation was by randomization, the method of randomiza-
tion (coin toss, computer-generated randomization schedules) 
should be stated. Picking animals ‘at random’ from a cage is 
unlikely to provide adequate randomization. For comparisons 
between groups of genetically modifi ed animals (transgenic, 
knockout), the method of allocation to for instance sham oper-
ation or focal ischemia should be described” [ 49 ].  

 ●     Allocation concealment.     “Allocation is concealed if the inves-
tigator responsible for the induction, maintenance and rever-
sal of ischemia and for decisions regarding the care of 
(including the early sacrifi ce of) experimental animals, has no 
knowledge of the experimental group to which an animal 
belongs. Allocation concealment might be achieved by hav-
ing the experimental intervention administered by an inde-
pendent investigator, or by having an independent 
investigator prepare drug individually and label it for each 
animal according to the randomization s schedule as out-
lined above. These considerations also apply to comparisons 
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between groups of genetically modifi ed animals, and if 
phenotypic differences (e.g. coat coloring) prevent alloca-
tion concealment this should be stated” [ 49 ].  

 ●    Blinded assessment of outcome . “The assessment of outcome is 
blinded if the investigator responsible for measuring infarct vol-
ume, for scoring neurobehavioral outcome or for determining 
any other outcome measures has no knowledge of the experimen-
tal group to which an animal belongs. The method of blinding 
the assessment of outcome should be described. Where pheno-
typic differences prevent the blinded assessment of for instance 
neurobehavioral outcome, this should be stated” [ 49 ,  52 ,  53 ].  

 ●    Reporting of    confl icts of interest     and sources of funding . “Any 
relationship which could be perceived to introduce a potential 
confl ict of interest, or the absence of such a relationship, should 
be disclosed in an acknowledgments section, along with infor-
mation on study funding and for instance supply of drugs or of 
equipment” [ 49 ].  

 ●    Does the reporting comply with the ARRIVE guidelines  ARRIVE 
(Animal Research: Reporting of In Vivo Experiments) guide-
lines are intended to improve the reporting of research using 
animals—maximizing information published and minimizing 
unnecessary studies [ 54 ].        
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