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     Abbreviations 

   AchAo    Anterior choroidal artery occlusion   
  AMPA    2-Amino-3-(3-hydroxy-5-methyl-isoxazol-4-yl)propanoic acid   
  APC    Adenomatous polyposis coli   
  APP    Amyloid precursor protein   
  ATP    Adenosine triphosphate   
  BBB    Blood–brain barrier   
  BCCAo    Bilateral common carotid artery occlusion   
  CBF    Cerebral blood fl ow   
  CNS    Central nervous system   
  COX-2    Cyclooxygenase-2   
  CR3A    Complement component receptor 3 alpha   
  dMBP    Degraded myelin basic protein   
  eNOS    Endothelial nitric oxide synthase   
  ET-1    Endothelin-1   
  FACS    Fluorescence-activated cell sorting   
  GABA    Gamma-aminobutyric acid   
  GFP    Green fl uorescent protein   
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  H&E    Hematoxylin and eosin   
  HI    Hypoxia–ischemia   
  IB 4     Isolectin B4   
  Iba1    Ionized calcium binding adapter molecule 1   
  ICA    Internal carotid artery   
  ICH    Intracerebral hemorrhage   
  IL    Interleukin   
  ITGAM    Integrin alpha M   
  LCA    Leukocyte common antigen   
  LFB    Luxol fast blue   
  Mac-1    Macrophage-1 alpha antigen   
  MBP    Myelin basic protein   
  MCAo    Middle cerebral artery occlusion   
  MHC    Major histocompatibility complex   
  MMP    Matrix metallopeptidase   
  MPO    Myeloperoxidase   
  MRI    Magnetic resonance imaging   
  NKT    Natural killer T cells   
  NO    Nitric oxide   
  NOS    Nitric oxide synthase   
  OGD    Oxygen-glucose deprivation   
  RAG1    Recombination activating gene 1   
  TGFβ    Transforming growth factor beta   
  TIMP    Tissue inhibitor of metallopeptidase   
  TNF-α    Tumor necrosis factor alpha   
  tPA    Tissue plasminogen activator   

19.1           Introduction 

19.1.1     Statement of the Problem 

 This entire book focuses on white matter; ranging from structure and distribution in 
the central nervous system (CNS), to methods for monitoring injury and repair, and 
mechanisms underlying white matter injury. Many types of CNS insult in patients 
and in animal models are considered, and several chapters deal specifi cally with 
stroke in patients, and with ischemia in animal models. Ischemic stroke is much 
more prevalent than hemorrhagic stroke (Adams et al.  1993 ) and is the leading cause 
of long-term disability in the USA and the second leading cause of death worldwide 
(Kelly-Hayes et al.  1998 ; Lopez and Mathers  2006 ). Primary ischemic stroke can be 
global (usually the result of cardiac arrest or an aortic occlusion) (Traystman  2003 ) 
or focal, if caused by a transient or permanent occlusion of a major cerebral artery 
or one or more deep blood vessels (so-called lacunar stroke) (Durukan and 
Tatlisumak  2007 ). Intracerebral hemorrhage (ICH) results from rupture of small 
brain arteries or arterioles, and accounts for the remaining 10–15 % of strokes in 
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Western populations (Anderson et al.  1994 ). Up to 30–40 % of ischemic strokes 
spontaneously undergo hemorrhagic transformation (Wang and Lo  2003 ), and ICH 
patients are at a high risk of developing global ischemia (Qureshi et al.  2009 ). 
In addition, ischemic stroke is a risk factor when treating hemorrhage with the 
blood-clot promoter; factor VIIa, the only drug used for treating ICH. While factor 
VIIa can decrease hematoma expansion (Diringer et al.  2008 ; Mayer et al.  2005 , 
 2008 ), the outcome is often unimproved (Mayer et al.  2008 ; Lin et al.  2012 ). 

 The only effective drug treatment for ischemic stroke patients is the thrombo-
lytic, tissue plasminogen activator (tPA). While tPA can, in limited cases, produce a 
remarkable reperfusion of damaged tissue, its use is limited by the need to inject it 
within the fi rst 3–4.5 h of stroke onset (Wang et al.  2004 ). Because most patients are 
not in hospital and assessed in that time window, only about 5 % of patients can 
currently benefi t from tPA therapy (del Zoppo  1998 ). This has spawned a huge and 
ongoing effort to identify new therapeutic targets and drugs. Hundreds of chemicals 
that target early neurotoxicity have been identifi ed, and dozens have proven promis-
ing in preclinical studies in rodents but have been ineffective in improving survival 
or functional outcomes in clinical trials (Brott and Bogousslavsky  2000 ; Ginsberg 
 2009 ; Lakhan et al.  2009 ). This failure has led to deeper consideration of potential 
shortcomings of experimental approaches and models used in preclinical stroke 
research (Braeuninger and Kleinschnitz  2009 ; Dirnagl  2006 ; O’Collins et al.  2006 ). 
Several reports from European and North American Stroke Consortia    (Stroke 
Therapy Academic Industry Roundtable) (Endres et al.  2008 ; Meairs et al.  2006 ; 
Fisher  1999 ) have emphasized that most experimental studies target events that are 
too early to be “drug-able,” are restricted to healthy, young male rodents, lack rele-
vant comorbidities (e.g., hypertension, diabetes), monitor infarct size as their pri-
mary outcome measure, and have been highly neurocentric. Most stroke research 
has explored neural cell death and neural cell repair (Petty and Wettstein  1999 ). 
Many studies have relied on showing treatment-related changes in neuron apoptosis 
(e.g., TUNEL, caspase 3 activation), damaged (e.g., Fluorojade) or remaining neu-
rons (e.g., NeuN staining). Recommendations from stroke consortia for improving 
preclinical studies include: (1) focus more on white matter injury; (2) identify strat-
egies to protect vascular and glial cells, not just neurons; (3) focus more on aged 
animals; (4) develop small animal models of lacunar stroke and compare mecha-
nisms of damage with large vessel occlusion; and (5) identify and understand neu-
roimmune interactions and develop therapeutic strategies to target infl ammation. 
This chapter will address several of these recommendations for preclinical studies.  

19.1.2      Why Study Infl ammation and White Matter 
Injury After Ischemic Stroke? 

 Historically, white matter was thought to be less susceptible to stroke than gray 
matter (Marcoux et al.  1982 ). More recent advances in imaging technology have led 
to a paradigm shift. Development of neuroimaging techniques, such as magnetic 
resonance imaging (MRI) and Diffuse Tensor Imaging, has provided the means 
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to map networks of white matter in the human brain at the macroscopic level. 
Resulting clinical observations have shown that ischemic stroke is rarely confi ned 
to gray matter (Goldberg and Ransom  2003 ), and primary white matter injury 
occurs in about 25 % of human strokes (Matute et al.  2013 ). At the microscopic 
level, more recent research has demonstrated the sensitivity of the major cellular 
components of white matter to ischemia. Several animal models have shown the 
susceptibility to ischemic damage of oligodendrocytes, the myelin forming cells of 
the CNS (reviewed by (Arai and Lo  2009 )), myelin and axons (Petty and Wettstein 
 1999 ; Hughes et al.  2003 ; Irving et al.  2001 ; Lively and Schlichter  2012 ; Medana 
and Esiri  2003 ; Moxon-Emre and Schlichter  2010 ,  2011 ; Pantoni et al.  1996 ). Thus, 
white matter is now considered an important contributor to stroke outcome, and a 
tractable therapeutic target. 

 A second paradigm shift has been the change in focus of preclinical investigations 
searching for new post-stroke therapies. The emphasis is moving away from the rap-
idly occurring primary neurotoxicity to the secondary injury phase, which occurs in 
a time window that is amenable to treatment in hospital. This secondary phase is 
characterized by a prominent infl ammatory response within and surrounding the core 
infarct that can last for many hours to days (Emsley and Tyrrell  2002 ; Jin et al.  2010 ; 
Zhang and Stanimirovic  2002 ). However, infl ammation is complex. Understanding 
its temporal-spatial development and which components are harmful versus benefi -
cial will be essential for developing better therapeutic strategies. Figure  19.1  illus-
trates the commonly proposed time course of events after stroke in humans.

19.1.3         Scope of This Chapter 

 Much of this book is devoted to white matter damage after acute injury, including 
ischemic stroke and intracerebral and subarachnoid hemorrhage. Thus, we will not 
review fi ndings that focus solely on white matter damage. Instead, the chapter will 
focus on the intersection of infl ammation and white matter injury in the context of 
experimental models of ischemia. In focusing on ischemic stroke (the vast majority), 
the chapter begins by describing the main models used to monitor white matter injury 

  Fig. 19.1    The generally accepted time course of damaging events after stroke in humans 
(Sect.  19.1.2 ). Until recently, most experimental studies in animals focused on neurotoxicity, 
which is initiated very rapidly after stroke. This chapter addresses the infl ammation phase which 
is delayed and prolonged       

 

L.C. Schlichter et al.



465

in experimental stroke studies (mainly rodents). We describe methods used to monitor 
white matter damage in these models, and provide some fi gures to illustrate why we 
prefer some approaches over others. Because this is the only chapter in this book that 
explicitly deals with infl ammation, we then provide a brief primer on infl ammation. 
This section describes the main immune cells involved in animal models of ischemia, 
how to monitor them, and key fi ndings. Then, we summarize the limited literature 
concerning the intersection of all three elements (ischemic stroke, white matter injury, 
infl ammation) in both adult and neonatal rodent ischemia models. The wrap-up  section 
comments on needs for further research. 

 In selecting literature related to this chapter, we searched the PubMed database up 
to March 2013. As shown in Fig.  19.2 , the search began with original and review 
articles that contained all three topics: transient focal ischemia + white  matter + infl am-
mation. Remarkably, only two publications were found. We then broadened the search 
using combinations of multiple search terms, and included studies that examined 
infl ammation and white matter damage in neonatal hypoxia–ischemia and adult 
chronic ischemia models.

Transient 
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ischemia

White matter 
damage

Inflammation

2

47

528141
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Stroke-related White matter-related Inflammation-related

Transient focal ischemia White matter Inflammation
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  Fig. 19.2    As discussed in Sect.  19.1.3 , very few studies consider all three elements. ( a ) Venn 
diagram showing the approximate number of articles found when each pair of terms or the com-
bined term “transient focal ischemia AND white matter AND infl ammation” was entered into 
PubMed. (Human studies were excluded.) ( b ) To broaden the scope of the search, additional search 
terms and combinations were included. There was a slight variation in the number of articles 
found, depending on which search terms were combined. However, in every case, the intersection 
of elements from all three columns retrieved very few papers       
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19.2         Animal Models Used to Study White Matter 
Injury After Ischemia 

19.2.1      White Matter Locations in the Brain 

 It is often noted that the ratio of white matter to gray matter in the human brain is 
60:40, but much lower in the rat (14:86) and mouse (10:90) (Krafft et al.  2012 ). 
While this might be considered an impediment to studying white matter injury, 
rodents have several brain regions with high densities of white matter (Johnson 
et al.  2012 ). Several of these regions are commonly used to study white matter dam-
age in rodents. The corpus callosum is comprised of white matter tracts (nerve 
fi bers) that connect the two cerebral hemispheres, transferring and integrating infor-
mation from the left and right hemispheres (Bruni and Montemurro  2009 ). The 
internal capsule is a compact band of fi bers that lies deep in the brain, separating the 
caudate nucleus from the putamen. It consists of projection fi bers that relay infor-
mation from the cortex and spinal cord, brain stem, and subcortical structures (Bruni 
and Montemurro  2009 ). The optic nerve, formed by axons of retinal ganglion cells, 
carries information from the retina to the thalamus and other subcortical nuclei 
(Perry and Cowey  1984 ; Perry et al.  1984 ). Other white matter-dense brain regions 
include, but are not limited to, the anterior commissure, cingulum, extreme capsule, 
and external capsule (Bruni and Montemurro  2009 ). Some brain regions such as the 
striatum provide an excellent template for studying white and gray matter injury 
side-by-side. As Fig.  19.3  illustrates, the striatum contains a large number of myelin-
ated axon bundles that are surrounded by nerve cell bodies and dendrites, and astro-
glial and microglial cells. We have exploited this structure in rats to simultaneously 
analyze infl ammation, neuronal death, and damage to myelin and axons after both 
ischemic and hemorrhagic stroke (Lively and Schlichter  2012 ; Moxon-Emre and 
Schlichter  2010 ,  2011 ; Lively et al.  2011 ; Wasserman and Schlichter  2007 ,  2008 ; 
Wasserman et al.  2008 ).

19.2.2        Ischemia Models Used to Study White Matter Damage 

 It is clear that no animal model can fully recapitulate all components of human 
stroke (Durukan and Tatlisumak  2007 ; Howells et al.  2010 ). Most preclinical 
studies are conducted in small animals, especially rodents (Durukan and Tatlisumak 
 2007 ), and almost all results relevant to this chapter come from rats and mice. 
While mouse models facilitate using transgenic animals, which are of limited avail-
ability in rats (Durukan and Tatlisumak  2007 ), we mainly exploit rats for several 
reasons. The cerebrovascular anatomy and physiology is reasonably similar between 
rats and humans (Macrae  1992 ). In the most commonly used mouse model of isch-
emia (middle cerebral artery occlusion (MCAo), discussed below), the infarct size 

L.C. Schlichter et al.



467

  Fig. 19.3    As discussed in Sect.  19.2.1 , the architecture of the rat striatum provides advantages for 
studying white matter and gray matter together with glial responses and infl ammation. ( a ) Coronal 
section of healthy adult rat brain labeled with an antibody against myelin basic protein (MBP). 
Note the structure of the striatum ( circled ), which contains numerous white matter bundles (axon 
tracts) cut in cross section. Also shown are two regions of relatively pure white matter: the corpus 
callosum and internal capsule. Low magnifi cation images were digitally stitched to show an entire 
hemisphere. (Modifi ed from Moxon-Emre I and Schlichter LC. 2010. Evolution of infl ammation 
and white matter injury in a model of transient focal ischemic stroke. J. Neuropathol. Expt’l 
Neurol. 69:1–15.) ( b ) Higher magnifi cation images show bundles of myelinated axons ( left : MBP 
labeled), surrounded by gray matter and neuropil ( right ) in which neuronal nuclei are labeled with 
NeuN antibody. ( c ) Outside the axon bundles, there are astrocytes (immunolabeled for glial fi bril-
lary acidic protein, GFAP) and ramifi ed, resting microglia (labeled with OX-42 antibody, which 
recognizes CD11b)       
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is highly variable and shows strain-dependence that is not seen in rats (Carmichael 
 2005 ). The positive correlation between brain size and amount of white matter 
(Zhang and Sejnowski  2000 ) and larger brain size of rats yields more material for 
analysis. The larger size is especially useful when one seeks to analyze several 
parameters or stains, and to quantify differences across brain regions. 

19.2.2.1     Vessel Occlusion 

  Middle cerebral artery occlusion . Most human ischemic strokes occur in the area 
surrounding the middle cerebral artery (MCA). A rodent model of MCAo was 
developed early and has since been refi ned (Koizumi et al.  1986 ; Robinson et al. 
 1975 ). Robinson et al. ( 1975 ) used craniotomy to expose the MCA and distally 
ligated the artery, which produced an ischemic lesion that extended into the cortex. 
Now, a more commonly used method for occluding blood fl ow is to advance an 
intraluminal suture through the internal carotid artery (ICA) until it reaches the 
origin of the MCA (del Zoppo et al.  1992 ). With this method, transient ischemia is 
produced by removing the suture to allow reperfusion. The duration of MCAo 
needed to produce a signifi cant nonlethal lesion is variable. The common duration 
for rat is 60, 90, or 120 min (Carmichael  2005 ), and usually results in neuron death 
throughout the striatum and into the dorsolateral cortex, but not in contralateral 
brain regions (Garcia et al.  1995 ). Based on the distribution of injury, the MCAo 
model is useful for simultaneously analyzing damage that is mainly isolated to gray 
matter (in the cortex), white matter (in the corpus callosum), or occurs in both (in 
the striatum). Despite its popularity, an important limitation of the MCAo model is the 
variable size and location of the infarct (Liu and McCullough  2011 ). Some of 
the variability seen in the literature can be attributed to differences in size and qual-
ity of the suture/fi lament used (Kuge et al.  1995 ); silicone-coated thread induces a 
larger lesion than uncoated thread (Laing et al.  1993 ). When using mice, some 
strains demonstrate substantially larger infarcts after MCAo than others (Connolly 
et al.  1996a ). Other limitations of the MCAo model are the risk of subarachnoid 
hemorrhage (Carmichael  2005 ), and the added diffi culty in aged animals, which 
have less fl exible blood vessels and higher mortality (Liu and McCullough  2011 ). 

Fig. 19.4 (continued) putamen + caudate of the striatum. Staining with 2 % TTC (2,3,5,-triphenyl-
2H-tetrazolium chloride) appears pale in the metabolically compromised infarcted regions. ( c ) 
Example of sampling sites for quantifi cation in a TTC-stained section at Day 7 after ET-1 injection: 
infarct core ( red ), edge ( white ), surrounding striatum ( blue ), uninjured contralateral striatum ( green ). 
We sample multiple regions to quantify parameters that include staining area, staining intensity, 
density of specifi c cell types. For statistical comparisons, the average of four “boxes” from each of 
several sections is then averaged for multiple animals. Comparisons include: naïve animals, saline-
injected control animals, and the contralateral hemisphere of ET-1 injected animals. (Modifi ed from 
Moxon-Emre I and Schlichter LC. 2010. Evolution of infl ammation and white matter injury in a 
model of transient focal ischemic stroke. J. Neuropathol. Expt’l Neurol. 69: 1–15)       
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  Fig. 19.4    Focal ischemia induced by endothelin-1 (ET-1) injection in the rat (Sect.  19.2.2.2 ). ( a ) 
There was no infarct in saline-injected control rats. The location of the needle penetration track is 
indicated by a small amount of bleeding seen 1 day after saline injection ( arrowhead ). ( b ) 
Stereotaxic injection of ET-1 into the anterior striatum produced a lesion that was restricted to the 
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  Anterior choroidal artery occlusion . Occlusion of the anterior choroidal artery 
(AchAo) can be obtained by advancing an intraluminal suture through the ICA to a 
region  proximal  to the MCA (He et al.  1999 ). As illustrated in detail in their follow-
up paper  , the infarct location is similar in MCAo and AchAo (He et al.  2000 ). The 
main differences are that after AchAo, the infarct is generally smaller but nearly 
always encompasses the internal capsule. Thus, AchAo reliably produces ischemia 
in a white matter-dense region, and facilitates studies of deep lacunar strokes with a 
less-distributed lesion than MCAo.

19.2.2.2         Vasoconstriction 

 An increasingly popular model uses injection of the potent vasoconstrictor, endo-
thelin- 1 (ET-1). ET-1 is a naturally occurring, 21 amino acid peptide produced by 
endothelial cells, which binds to the endothelial receptors, ET A  and ET B  (Verhaar 
et al.  1998 ). There are several advantages of this model over vessel occlusion mod-
els. Provided the potency of each ET-1 batch is tested, the injected dose can be 
titrated to obtain different degrees of transient ischemia, and lesion sizes that are 
relatively reproducible. For instance, with moderate amounts of ET-1 injected 
directly into the brain parenchyma, a reduction of cerebral blood fl ow (CBF) of 
~60 % for up to 3 h has been reported (Hughes et al.  2003 ). 

 ET-1 is sometimes applied to the MCA to cause constriction, instead of ligating 
the artery in rats (Gresle et al.  2006 ; Robinson et al.  1990 ). Importantly, stereotaxic 
ET-1 injection can be used to produce a focal infarct in brain regions that are selected 
to focus on white matter (e.g., corpus callosum, internal capsule), gray matter (e.g., 
cortex), or both (e.g., striatum) (Sozmen et al.  2012 ). When injected into white 
matter-rich regions, ET-1 produces hallmarks of white matter injury seen in humans, 
including axonal damage, demyelination, infl ammation, and glial scar formation 
(Hughes et al.  2003 ; Lively and Schlichter  2012 ; Moxon-Emre and Schlichter 
 2010 ). Figure  19.4  shows the development of a typical infarct after ET-1 injection 
into the anterior striatum (putamen + caudate) of the rat, and illustrates sample sites 
for quantitative spatial analysis. 

 There are few mouse studies using ET-1 injection to evoke transient ischemia, 
and the results have been inconsistent. Injecting ET-1 into the striatum failed to 
induce ischemia in multiple strains of mice, and increasing the dose increased mor-
tality without inducing a lesion (Horie et al.  2008 ). Another study showed a dose- 
dependent increase in infarct size in mouse brain subjected to multiple focal 
injections of ET-1 (Sozmen et al.  2009 ). Differences in expression of endothelin 
receptor subtypes might be a confounding factor. Mouse brain expresses a lower 
proportion of ET A  receptors, which evoke the vasoconstriction needed to produce 
ischemia, than ET B  receptors, which generally cause vasodilation (but see below) 
(Sozmen et al.  2012 ; Wiley and Davenport  2004 ). The possibility was raised that the 
larger proportion of ET B  receptors interferes with induction of ischemia in the 
mouse brain (Sozmen et al.  2012 ). That differences in ET-1 affi nities are responsible 
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is unlikely: the  K  d  for ET-1 binding is 0.12 nM for ET B  and 0.6 nM for ET A  receptors 
(Haynes et al.  1995 ). A further complication is that in humans, ET B  receptors can 
mediate both vasodilation and vasoconstriction (Haynes et al.  1995 ; Clozel et al. 
 1992 ; Seo et al.  1994 ). This might explain the fi nding that although the rat striatum 
contains mainly ET B  receptors (Tayag et al.  1996 ), a focal ET-1 injection reliably 
produces an ischemic infarct (described above). Further research is needed to clar-
ify the regional and cell-specifi c expression, and roles of the ET-1 receptor subtypes 
in rodents. Nevertheless, focal ET-1 injection into the rat CNS is a widely accepted 
model of transient ischemia that can create reproducible lesions restricted to a 
desired region of the brain (Sozmen et al.  2012 ).  

19.2.2.3      Neonatal Hypoxia–Ischemia Models 

 The most commonly used model of ischemic injury in immature rodents is the 
hypoxia–ischemia (HI) model (Vannucci and Hagberg  2004 ). To induce ischemia, 
the common carotid artery is permanently ligated, and the whole body is temporar-
ily exposed to hypoxia (often 8 % oxygen for up to 3 h). This procedure reduces 
CBF to the ipsilateral brain region by 40–60 %, and then CBF returns to normal 
immediately after re-exposure to normoxic conditions (Vannucci et al.  1988 ). 
Unlike adult rodents, ligation or hypoxia alone does not induce ischemia in neo-
nates: both are required (Vannucci and Hagberg  2004 ). The resulting infarct is large 
but restricted to the ipsilateral hemisphere; damage to the contralateral hemisphere 
is rare (Towfi ghi et al.  1995 ; Vannucci and Vannucci  1997 ). On the ipsilateral side, 
the infarct extends through the cerebral cortex, striatum, thalamus, hippocampus, 
and most importantly for the topic of this chapter, the subcortical white matter. HI 
is exploited as an animal model of cerebral palsy (Johnston et al.  2005 ), a disorder 
seen in about 1/300 8-year-old children in the USA (Kirby et al.  2011 ). Several 
modifi cations of the HI model have also been used, including bilateral carotid liga-
tion or variations in the duration of hypoxia. In this chapter, we will restrict discus-
sion to rodent models using unilateral ligation followed by 6–8 % oxygen.  

19.2.2.4     Optic Nerve Ischemia 

 The myelinated axon tracts that make up the optic nerve have proven extremely use-
ful for studying mechanisms underlying white matter injury. Much of the stroke- 
related mechanistic work has used isolated optic nerves subjected to varying periods 
of oxygen-glucose deprivation (OGD) to simulate ischemia (Arai and Lo  2009 ). 
However, the optic nerve is one of the most vulnerable white matter regions follow-
ing experimental chronic ischemia (Wakita et al.  1994 ). ET-1 has been injected into 
the microvasculature of the optic nerve in vivo (Cioffi  et al.  1995 ), and some con-
sider the resulting ischemia and white matter injury to be a good model of human 
glaucoma (Cioffi   2005 ).   

19 Infl ammation and White Matter Injury in Animal Models of Ischemic Stroke



472

19.2.3     Methods Used to Monitor White Matter 
Damage After Ischemia 

 As mentioned above, neuronal axons and the myelin sheath are both susceptible to 
ischemic injury.   Despite their intimate connections, the timing and mechanisms 
underlying damage to these structures differs. The vulnerability of oligodendrocytes 
to ischemic injury can lead to myelin loss and prevent its repair. Therefore, to 
 comprehensively examine white matter injury after ischemia, it is important to 
 distinguish myelin from axons (both healthy and damaged) and to monitor 
oligodendrocytes. 

19.2.3.1      Staining Healthy and Damaged Myelin 

 Histological stains for myelin have been in use for many years, with loss of staining 
indicating white matter pathology. Healthy myelin can be labeled with colorimetric 
stains, such as the lipid soluble dyes, Luxol Fast Blue (LFB) (Kluver and Barrera 
 1953 ; Salthouse  1962 ) and Sudan Black B (Stilwell  1957 ) but these dyes provide 
low contrast and resolution (Schmued et al.  2008 ). There are several recent improve-
ments in myelin labeling that are less expensive than antibody-based methods. 
Gold-chloride and, especially, the improved gold-phosphate complex (“Black- 
Gold”) provide excellent contrast under bright-fi eld and dark-fi eld illumination 
(Wasserman and Schlichter  2008 ; Schmued et al.  2008 ). If fl uorescence is required, 
FluoroMyelin™ stain is attractive because it can be combined with immunohisto-
chemistry in fi xed tissue. For live imaging, FluoroMyelin™ Red is a vital dye that 
labels myelinated axons (Monsma and Brown  2012 ). 

 The use of antibody-based immunohistochemistry for detecting myelin damage 
has become popular because it can provide excellent contrast and allows use of 
multiple stains. The most commonly used protein target is myelin basic protein 
(MBP), which constitutes up to 30 % of myelin in the CNS (Sternberger et al.  1978 ). 
A reduction in antibody staining for MBP has been used to monitor myelin damage 
or loss in animal models of transient ischemia (Irving et al.  2001 ; Lively and 
Schlichter  2012 ; Moxon-Emre and Schlichter  2010 ; Souza-Rodrigues et al.  2008 ) 
and HI (Carty et al.  2008 ; Villapol et al.  2011 ). A cautionary note in relying solely 
on MBP labeling is that the staining can appear faint if healthy myelinated axon 
bundles are very tightly packed (Sternberger et al.  1978 ). If so, then the swelling of 
damaged axon bundles might actually increase the MBP labeling. An important 
advance that overcomes this limitation is the immunological detection of degraded 
MBP (dMBP) (Matsuo et al.  1997 ). We prefer this approach and, as shown in 
Fig.  19.5 , have found that the increase in dMBP labeling coincides temporally and 
spatially with loss of MBP after transient ischemia evoked by injecting the vasocon-
strictor, ET-1, into the rat striatum.
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  Fig. 19.5    Temporal evolution of myelin damage in the infarct core is shown during the fi rst week 
after ET-1 injection into the rat striatum (Sects.  19.2.3.1  and  19.4.1 ). ( a ) The  left-hand panels  show 
sections immunolabeled for normal myelin ( green ; mouse monoclonal anti-MBP antibody) and 
damaged myelin ( red ; rabbit polyclonal anti-dMBP antibody). The  right-hand panels  show the 
normal myelin staining in uninjured contralateral striatum. ( b ) Quantifi cation shows the loss of 
normal myelin basic protein staining in the infarct core and at the infarct edge. In the contralateral 
striatum ( white bars ), there was no loss of staining. The area of staining (expressed as percent of 
total area examined) was determined with ImageJ software, averaged for four rats at each time 
point, and shown as mean ± SEM. ( c ) A time-dependent increase in staining for damaged MBP is 
seen, using the same quantifi cation procedure as in ( b ). Only the core and edge were analyzed 
because there was no dMBP staining on the undamaged contralateral side (see ( a ),  right ). (Modifi ed 
from Moxon-Emre I and Schlichter LC. 2010. Evolution of infl ammation and white matter injury 
in a model of transient focal ischemic stroke. J. Neuropathol. Expt’l Neurol. 69: 1–15)       
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19.2.3.2          Identifying Damaged Axons 

 For histological assessment of axon pathology, the Bielschowski silver impregna-
tion method was developed many years ago (Nauta  1952 ). This stain labels degen-
erating axon terminals, and although it is still in use, it is capricious and cannot be 
used for co-labeling (Castellani et al.  2007 ). With increased understanding of axon 
pathology, new markers of damaged axons continue to be identifi ed. For instance, 
when fast axonal transport is disrupted in injured axons, there is swelling and accu-
mulation of proteins and organelles. Accumulation of amyloid precursor protein 
(APP) can be readily detected by immunohistochemistry (Fig.  19.6 ). APP is consid-
ered a more reliable indicator of early axon injury than traditional silver stains 
(Ferguson et al.  1997 ; Gentleman et al.  1995 ; Smith et al.  2003 ) but accumulation 
does not indicate whether axons are terminally damaged or can recover. As shown 
in Fig.  19.6 , we recently found that the matricellular molecule, SC1/hevin, identifi es 
early axon damage after transient ischemia (and other forms of acute damage) much 
like APP (Lively and Schlichter  2012 ). Another indication of damage is loss of 
integrity of the axon cytoskeleton, which can be monitored using antibodies raised 
against neurofi laments (e.g., NF200) (Lively and Schlichter  2012 ; Moxon-Emre 
and Schlichter  2011 ; McCracken et al.  2002 ). In the brain, the heavy neurofi lament 
chain is considered the most highly phosphorylated protein, and changes in its phos-
phorylation state have been used to detect axon damage (reviewed in (Petzold 
 2005 )). Nonphosphorylated heavy neurofi laments can be detected using the SMI-32 
antibody (Sternberger and Sternberger  1983 ), which labels damaged axons in 
humans following cerebral ischemia (Leifer and Kowall  1993 ). The interpretation 
of changes in SMI-32 staining intensity might be complicated. After transient fore-
brain ischemia in rats, an increase in SMI-32 intensity was seen in swollen, degen-
erating axons in the core of the infarct, and the staining gradually decreased as white 

Fig. 19.6 (continued) axon bundles (not showing MBP). Scale bar: 100 μm. Panel C shows 
 time-dependent increases in the fractional area of SC1 and APP staining (percent of total area 
examined). Values are the mean ± SEM of three animals, with each measurement being the mean 
of four sampling regions per striatum. ( d ) APP and SC1/hevin distribution in damaged white 
 matter tracts; examples are 1 day after a hemorrhagic stroke in the striatum of adult rats. The labels 
are: NF200 for axon neurofi laments ( green ), DAPI ( blue ) for cell nuclei, and SC1 or APP ( red ). 
 Left : The image from a normal white matter tract in the contralateral striatum shows NF200 distri-
bution, and lack of APP. In the surrounding striatum, further from the lesion, an apparently normal 
white matter tract is labeled for NF200, but not SC1.  Right : At the edge of the lesion, adjacent 
serial sections were labeled for NF200 to align the images, and either APP or SC1. The distribu-
tions of APP and SC1 were similar. ( e ) High-magnifi cation, deconvolved images of cross- sectioned 
axons (color-separated and merged) near the inner edge of the lesion. The immunostains are for: 
SC1 + NF200, SC1 + pan- axonal neurofi lament, SC1 + MBP. Scale bar = 5 μm. The axons in the  top  
and  bottom  images are cut in cross-section, while axons in the center image were selected to be at 
a more oblique angle. In damaged white matter tracts, SC1 staining was inside swollen axons 
(compare with NF200). (( b – e ) are modifi ed from Lively S and Schlichter LC. 2012. SC1/hevin 
identifi es early white matter injury after ischemia and intracerebral hemorrhage in young and aged 
rats. J. Neuropathol. Expt’l Neurol. 71:480–493)       
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  Fig. 19.6    To monitor axon damage after ET-1 induced ischemia, we quantifi ed accumulation of 
amyloid precursor protein (APP) and the matricellular molecule, SC1 (also known as hevin) 
(Sects.  19.2.3.2  and  19.4.1 ). ( a ) In the infarct core, APP (rabbit polyclonal anti-APP antibody,  red ) 
accumulated in injured axons as staining for normal myelin decreased (mouse monoclonal anti- 
MBP antibody,  green ). (Modifi ed from Moxon-Emre I and Schlichter LC. 2010. Evolution of 
infl ammation and white matter injury in a model of transient focal ischemic stroke. J. Neuropathol. 
Expt’l Neurol. 69:1–15.) ( b ,  c ) Confocal images taken at the edge of the infarct 7 days after isch-
emia ( b ). Adjacent serial sections were immunolabeled for MBP, and individual axon bundles 
were identifi ed for alignment purposes ( open arrows ). SC1 and APP were prominent in damaged 

 

19 Infl ammation and White Matter Injury in Animal Models of Ischemic Stroke



476

matter damage progressed (Gresle et al.  2006 ). However, at the inside edge of the 
lesion (delineated by ballistic light analysis), increased staining was also seen in 
morphologically normal-appearing axons. The authors suggest that SMI-32 immu-
nohistochemistry might distinguish the edge of the peri-infarct region.

19.2.3.3        Monitoring Oligodendrocyte Damage 

 The microtubule-associated protein, Tau-1, might be a good early indicator of oli-
godendrocyte pathology. After transient (Valeriani et al.  2000 ) and permanent isch-
emia (Valeriani et al.  2000 ; Irving et al.  1997 ), Tau-1 immunoreactivity increases 
rapidly (<1 h) and transiently (1–3 days) in oligodendrocytes within the infarct. 
However, the fate of the Tau-1-labeled cells is unclear and they are not necessarily 
lost (Gresle et al.  2006 ). Tau-1 is normally present in healthy axons so it is neces-
sary to either show lack of co-labeling with a neuron marker, or the presence of 
co-labeling with an oligodendrocyte marker. Loss of oligodendrocytes can be 
assessed using markers of mature oligodendrocytes, including antibodies directed 
against 2′, 3′cyclic nucleotide 3′ phosphodiesterase (CNPase) (Sprinkle et al.  1983 ) 
and adenomatous polyposis coli (APC) protein (Bhat et al.  1996 ). For a comprehen-
sive review of oligodendrocyte markers used during development, please see 
(Baumann and Pham-Dinh  2001 ).    

19.3     A Primer on CNS Infl ammation After Ischemia 

19.3.1     Overview 

 The brain is highly vascularized, and when healthy, is protected by the blood–brain 
barrier (BBB) from cells and molecules of the circulatory system (reviewed in 
(Engelhardt and Sorokin  2009 )). This isolation from blood and lymphatic systems 
contributed to the long-standing notion that the CNS is immune-privileged (Streilein 
 1993 ). However, tissues that are at high risk of infection generally possess resident 
macrophages (e.g., Kupffer cells in the liver, “dust cells” in the lung) that are posi-
tioned to rapidly respond, and to help recruit blood-borne immune cells into the 
injured tissue. The CNS is no exception: it possesses microglia, resident macrophage- 
like cells that rapidly respond to a wide variety of insults, and with a myriad of out-
comes (discussed below). After a stroke, the BBB integrity is compromised and CNS 
infl ammation then involves “activation” and extravasation of blood-borne innate 
immune cells (neutrophils, monocytes). The innate immune system can respond rap-
idly because, unlike the adaptive immune system mediated by T and B lymphocytes, 
it does not require antigen recognition, processing, cell priming, and proliferation. 
Thus, it is expected that within minutes of arriving at the damage site, resident microg-
lia and infi ltrating innate immune cells (neutrophils, macrophages) can begin to 
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secrete infl ammatory mediators. From in vitro work, we (Kaushal et al.  2007 ; Kaushal 
and Schlichter  2008 ; Sivagnanam et al.  2010 ) and many others (Colton and Gilbert 
 1987 ; Mao et al.  2007 ; Piani et al.  1991 ; Smith et al.  1998 ) have shown that activated 
microglia and macrophages can produce pro-infl ammatory molecules, excitatory 
amino acids, lipases, proteases, and reactive oxygen and nitrogen species. 

 When considering acute infl ammation after stroke, the damage-induced (“dan-
ger”) response is generally more relevant than a pathogen-induced (“stranger”) 
response. However, stroke often occurs in an infl ammatory environment (Jin et al. 
 2010 ; Chapman et al.  2009 ; Denes et al.  2010 ; Drake et al.  2011 ; McColl et al. 
 2009 ; Whiteley et al.  2009 ), with comorbidity arising from bacterial infection, ath-
erosclerosis, hypertension, diabetes, or obesity (Drake et al.  2011 ; Fischer et al. 
 2006 ).   Infl ammation in peripheral tissue or within the brain is thought to be an 
important determinant of stroke outcome (Kleinig and Vink  2009 ). In rodent models 
of transient ischemia, a wave of infl ammation occurs within the brain during the 
fi rst week: microglial activation is seen early, followed by infi ltration of blood-
borne immune cells (macrophages, neutrophils) (Moxon-Emre and Schlichter  2010 ; 
Stevens et al.  2002 ). Infi ltration of blood-borne immune cells is mediated by their 
interactions with endothelial cells through receptors that include the lymphocyte 
adhesion receptor α4 integrin; and signifi cantly, blocking this interaction reduced 
the infarct volume and improved the neurological outcome after transient MCAo 
(Becker et al.  2001 ; Relton et al.  2001 ). 

 Animal models are widely used to study infl ammation after transient ischemia; for 
detailed reviews, see (Jin et al.  2010 ; Ceulemans et al.  2010 ; Jordan et al.  2008 ; Wang 
et al.  2007 ). Often called a “double-edged sword,” there is strong evidence that infl am-
mation can both contribute to secondary damage and to post-stroke recovery. A sim-
plistic view has been that early infl ammatory responses are directed toward destroying 
damaged cells, and later responses help resolve the pro- infl ammatory state, promoting 
tissue recovery and repair. There are many recent reviews on microglia (Kettenmann 
et al.  2011 ; Luo and Chen  2010 ; Saijo and Glass  2011 ) and macrophages (Van Dyken 
and Locksley  2013 ; Wynn et al.  2013 ) summarizing that these cells can function as 
antigen-presenting cells, phagocytose damaged cells and debris, and produce a pleth-
ora of cytokines, chemokines, proteases, and growth factors that affect themselves and 
other cells. Here, we will not catalogue individual infl ammatory molecules and cell 
functions. Instead, we will briefl y present methods for monitoring the most relevant 
infl ammatory cells, and then present an overview of fi ndings on infl ammation in 
rodent models of transient focal ischemia.  

19.3.2      Methods to Assess Infl ammation in Ischemia Models 

19.3.2.1      Monitoring Neutrophils 

 After transient ischemia, neutrophils have been identifi ed using routine hematoxy-
lin and eosin (H&E) staining, by recognizing cells with a unique multi-lobed 
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nucleus (Phillips et al.  2000 ; Williams et al.  2003 ; Zhao et al.  2009 ). Limitations are 
that the staining resolution is relatively low, especially in densely packed tissues, 
and it is not conducive to double- and triple labeling. The extent of neutrophil infi l-
tration after ischemia (and other types of injury) is most commonly monitored by 
biochemical detection of myeloperoxidase (MPO) activity, which is high in acti-
vated neutrophils (Barone et al.  1991 ; Batteur-Parmentier et al.  2000 ; Beray-Berthat 
et al.  2003 ; Bradley et al.  1982 ; Lerouet et al.  2002 ). A major limitation of this 
indirect detection is its inability to reveal spatial and cell-specifi c MPO expression. 
This problem can be overcome by exploiting anti-MPO antibodies, as has been done 
by us and numerous others in animal models of transient ischemia (Moxon-Emre 
and Schlichter  2010 ; Justicia et al.  2003 ; Matsuo et al.  1994 ). Immunodetection is 
more sensitive than the biochemical assay (Zhang and Chopp  1997 ) and can be 
paired with other cell-specifi c antibodies to identify the cellular source (Weston 
et al.  2007 ). This is important because MPO can also be expressed by activated 
macrophages and microglia, as shown after transient MCAo (Zhang and Chopp 
 1997 ). MPO levels increase when microglia and macrophages become phagocytic, 
and they can also phagocytose neutrophils that contain MPO (Weston et al.  2007 ). 
In mice, neutrophils have also been labeled in situ by an antibody against the Ly6G 
antigen, which is commonly used in fl uorescence-activated cell sorting (FACS) 
analysis (Gelderblom et al.  2009 ). Two papers used antibodies against unknown 
neutrophil antigens: HB199 (Hughes et al.  2003 ) and MBS-1, with antigen retrieval 
(Souza-Rodrigues et al.  2008 ).  

19.3.2.2           Monitoring Microglia and Macrophages 

 In the healthy adult brain, resting microglia can be readily distinguished from 
other cell types by their tiny cell bodies and highly ramifi ed processes, and by 
immunohistochemical staining (reviewed in (Kettenmann et al.  2011 )). There 
are several markers that are widely used to detect microglia: the “integrin alpha 
M” subunit (ITGAM), which is also known as CD11b, complement component 
receptor 3 alpha (CR3A), and macrophage-1 alpha antigen (Mac-1A) (Akiyama 

Fig. 19.7 (continued) indistinguishable from macrophages. After transient ischemia induced by 
ET-1 injection, ramifi ed microglial cells are still present in the striatum surrounding the infarct, and 
are found throughout the uninjured contralateral striatum. Cells in the core of the infarct rapidly 
adopt a macrophage-like appearance. ( c ) By 3 days after ischemia, the infarct is defi ned by large 
numbers of activated microglia/macrophages that can be labeled with Iba1 or the OX-42 antibody, 
which labels CD11b (or several other markers, see Sect.  19.3.2.2 ). ( d ) Spatial correlation of acti-
vated microglia/macrophages with damaged axons.  Left : Activated microglia/macrophages were 
immunolabeled with Iba1 ( red ) and ED1 ( green ).  Middle : the adjacent serial section was immuno-
labeled with APP to indicate damaged axons, and ED1 to label activated microglia/macrophages. 
 Right : Higher magnifi cation images of the boxed regions show activated microglia inside damaged 
axon bundles closer to the infarct. Scale bars: 100 μm ( left ,  middle ), 10 μm ( right ). (( d ) is from 
Moxon- Emre I and Schlichter LC. 2011. Neutrophil depletion reduces BBB breakdown, axon 
injury infl ammation after intracerebral hemorrhage. J. Neuropathol. Expt’l Neurol. 70:218–235)       
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  Fig. 19.7    Immunolabeling for microglia and macrophages (Sects.  19.3.2.2  and  19.4.1 ). ( a ) Iba1 
labels ramifi ed, resting microglia in the normal striatum of a healthy young adult rat. ( b ) Iba1 label-
ing shows that as microglia activate, their processes are retracted until they are morphologically 
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and McGeer  1990 ; Robinson et al.  1986 ); “ionized calcium binding adapter 
molecule 1” (Iba1) (Imai et al.  1996 ; Ito et al.  1998 ); and the surface glycopro-
tein, F4/80 (Perry et al.  1985 ). ITGAM and F4/80 also label dendritic cells 
(Whiteland et al.  1995 ), endogenous macrophage-like cells that are mainly in 
myelinated fi ber tracts (e.g., corpus callosum, striatal axon bundles, fi mbria) 
and at sites of interstitial fl uid drainage (i.e., perivascular space, interface 
between choroid plexus and cerebral spinal fl uid) (reviewed in (Colton  2013 )). 
Microglia (and infi ltrating macrophages) can also be identifi ed by lectin stain-
ing, notably  Griffonia simplicifolia  B 4  isolectin (IB 4 ) and tomato lectin; how-
ever, these stains are less specifi c and also label blood vessels (Acarin et al. 
 1994 ; Streit and Kreutzberg  1987 ). Figure  19.7  illustrates some markers we 
exploit for labeling resting microglia in the healthy rat brain, and both activated 
microglia and macrophages after transient ischemia.

   After acute brain damage, some of the markers are up-regulated (Isaksson et al. 
 1999 ; Ito et al.  2001 ) but the continuing challenge is to discriminate microglia from 
blood-derived macrophages in damaged tissue.   Guillemin and Brew (Guillemin and 
Brew  2004 ) have reviewed biochemical and morphological similarities and differ-
ences between activated microglia and macrophages. The key issues are that 
microglia respond to injury by retracting their processes and can adopt a rounded 
morphology that closely resembles perivascular macrophages and infi ltrating mac-
rophages, and all three cell types share many markers. Because of the diffi culty in 
distinguishing between these cells in the damaged brain, we prefer using the com-
bined term, “activated microglia/macrophages.” Matters are further complicated 
because the commonly used marker, CD11b, is also present on neutrophils. After 
infi ltrating the brain following transient ischemia, neutrophils can also label with 
IB 4  (Matsumoto et al.  2007 ), although staining might also refl ect phagocytosis by 
neutrophils of microglia and/or macrophages. CD11b is part of an integrin complex 
on leukocytes, whose interaction with adhesion molecules on endothelial cells 
allows cell extravasation. Consequently, CD11b inhibition has been tested as a 
means of reducing stroke damage. Intravenous injection of a function-blocking 
anti-CD11b antibody at the time of reperfusion after MCAo, reduced neutrophil 
infi ltration, infarct volume, and neurological defi cits (Chen et al.  1994 ). This was 
presumed to result from reduced neutrophil infi ltration but the possibility that mac-
rophage infi ltration and microglial activation were affected was not addressed. 
Another antibody often used as a pan-macrophage marker is CD68 (also known as 
ED1), which was initially thought to label an intracellular antigen (Dijkstra et al. 
 1985 ). Later, ED1 was shown to be a lysosomal marker whose increased expression 
correlates with the amount of phagocytic activity (Damoiseaux et al.  1994 ). In the 
acutely damaged rat brain, ED1 labels phagocytic microglia and macrophages 
(Moxon-Emre and Schlichter  2010 ,  2011 ; Wasserman et al.  2008 ; Hansen et al. 
 2001 ) (and see Fig.  19.7 ). In an attempt to differentiate between microglia and mac-
rophages, an alternative approach has been to use FACS analysis. It is most com-
mon to co-label with CD11b and the antigen, CD45 (also known as leukocyte 
common antigen [LCA]), which is a protein tyrosine phosphatase. Resting microg-
lia are CD11b + CD45 low ; whereas, infi ltrating macrophages are CD11b + CD45 high  
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(Ford et al.  1995 ). One limitation is that CD45 can be up-regulated in activated 
microglial cells, which then closely resemble invading macrophages (Kettenmann 
et al.  2011 ; Sedgwick et al.  1991 ). Moreover, because all information about spatial 
localization of the cells is lost, FACS analysis is not useful for addressing the rela-
tionship between specifi c immune cells and white matter damage.  

19.3.2.3      Monitoring Lymphocytes and Other Immune Cells 

 When examining lymphocytes, it can be useful to fi rst monitor the presence of both 
activated T and B cells by staining with an antibody directed against CD25 (the IL-2 
receptor alpha chain) (Whiteland et al.  1995 ). More specifi c markers can be used to 
distinguish between T and B cells. B cells can be labeled for CD45R/B220 (Whiteland 
et al.  1995 ), Ki-B1R antigen (Koch et al.  2008 ), CD19 or Pax5 (Ward et al.  2006 ); and 
the pan-T cell marker, CD3, is very useful for showing their presence in rodent tissues 
(Ward et al.  2006 ). All of these markers can be used both for immunohistochemistry 
on brain sections and for FACS analysis. Immunohistochemistry is of limited use for 
identifying T cell subtypes and double labeling is usually required. For example, CD4 
labels helper T cells, and CD8 labels cytotoxic T cells and NK cells (Whiteland et al. 
 1995 ), but in rats, both have been reported to label macrophages and dendritic cells 
(Gibbings and Befus  2009 ). To further discriminate T cell subtypes, it is better to use 
FACS analysis (Liesz et al.  2011 ).   

19.3.3     Findings on Brain Infl ammation in Rodent 
Models of Ischemia 

 Here, we will address the intersection of infl ammation and ischemia, with emphasis 
on the major immune cells involved, and animal models using vessel occlusion or 
vasoconstriction, which are more closely aligned with human ischemic stroke seen 
in the clinical setting. Microglia, macrophages, and neutrophils are the most abun-
dant types of immune cells found in the ischemic infarct (Gelderblom et al.  2009 ), 
and consequently, have been the focus of most experimental stroke studies. 

19.3.3.1     Results on Neutrophils 

 Circulating blood leukocytes are thought to have a more prominent and damaging 
role in transient ischemia, which is followed by reperfusion, than in permanent isch-
emia, in which blood fl ow is arrested. Reperfusion after transient ischemia increases 
endothelial cell expression of adhesion molecules that attract circulating neutro-
phils, and this recruitment can further clog blood vessels (Connolly et al.  1996b ; del 
Zoppo et al.  1991 ; Hartl et al.  1996 ; Prestigiacomo et al.  1999 ). The prevailing view 
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is that neutrophils are the fi rst hematogenous cells to infi ltrate the ischemic infarct. 
For instance, using the ET-1 model of transient ischemia, we (Moxon-Emre and 
Schlichter  2010 ) and others (Souza-Rodrigues et al.  2008 ) observed peak neutrophil  
levels at 1 day, and they were undetectable by 7 days. However, another study 
reported a complete absence of neutrophils (Hughes et al.  2003 ). The reasons for 
this discrepancy are not clear but might refl ect the labeling methods; i.e., different 
antibodies, occasional use of antigen retrieval (Sect.  19.3.2.1 ). The idea that neutro-
phils are harmful after ischemia is long-standing. The extent of ischemic injury 
correlates with the increase in neutrophil numbers (Weston et al.  2007 ). Neutrophils 
express several pro-infl ammatory mediators, and although activated neutrophils are 
short-lived (1–3 days) (Moxon-Emre and Schlichter  2010 ; Lerouet et al.  2002 ; 
Matsuo et al.  1994 ; Weston et al.  2007 ), they can contribute to the early rise in cyto-
kines, reactive oxygen species, and matrix metallopeptidases (MMPs) that can 
exacerbate BBB breakdown and tissue damage (Justicia et al.  2003 ; Hartl et al. 
 1996 ; Nguyen et al.  2007 ). 

 The most compelling evidence comes from studies that have depleted the pool of 
circulating neutrophils or inhibited their extravasation (reviewed in (Hartl et al. 
 1996 )). Antibody-mediated neutrophil depletion has been exploited in several stud-
ies of cerebral ischemia (Matsuo et al.  1994 ; Gautier et al.  2009 ; Harris et al.  2005 ; 
Petrault et al.  2005 ). We used this method in a study of ICH in the rat striatum, and 
showed how blood neutrophil depletion affects their density in the lesion (Moxon- 
Emre and Schlichter  2011 ). Several studies implicate neutrophils in BBB break-
down, edema, and infarct volume (Matsuo et al.  1994 ; Gautier et al.  2009 ) but others 
reported that neutrophil depletion did not affect the infarct size (Beray-Berthat et al. 
 2003 ; Yilmaz et al.  2006 ). One possible explanation is that the contribution of neu-
trophils to ischemic damage might be region dependent. After transient MCAo, 
MPO activity was elevated for up to 3 days in the cortex and striatum of adult rats 
(Weston et al.  2007 ). Depleting neutrophils with vinblastine reduced MPO activity 
in the cortex and striatum, but oxidative stress and infarct volume decreased only in 
the cortex (Beray-Berthat et al.  2003 ). This is consistent with neutrophils being 
more abundant and long-lasting (up to 15 days post-ischemia) in the cortex than in 
the striatum (Weston et al.  2007 ). However, while increased MPO activity refl ected 
accumulation of neutrophils, the sustained elevation at later times refl ected neutro-
phil phagocytosis by microglia and macrophages (Weston et al.  2007 ). 

 In considering neutrophils as a potential target for reducing stroke damage, it 
is important to note their interactions with capillary endothelial cells, which regu-
late the BBB and control neutrophil infi ltration (reviewed in (Tonnesen  1989 )). 
Endothelial cells are more resistant to ischemic insults than neurons but are still 
vulnerable, and their damage can contribute to BBB breakdown and secondary 
injury (Won et al.  2011 ). A salient in vitro study that exposed bovine endothelial 
cells to OGD showed that they express inducible nitric oxide synthase (NOS-2) 
and produce nitric oxide (NO), which contributes to their OGD-induced apoptosis 
(Xu et al.  2000 ). However, not all sources of NO are detrimental. There is evi-
dence that toxicity depends on the cellular source, type of NO synthase used (e.g., 
inducible versus constitutive), and timing. Some studies suggest that NO 
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production very early after transient ischemia is benefi cial. That is, infarct volume 
and neutrophil infi ltration increased if the NOS inhibitor, L-NAME (N G -nitro- l -
arginine methyl ester), was injected intraperitoneally immediately (but not 1 h) 
after the onset of ischemia (Batteur-Parmentier et al.  2000 ). That study suggested 
that high NO might limit neutrophil entry. Transgenic mice lacking constitutive 
endothelial NOS had larger infarcts after focal ischemia (Huang et al.  1996 ). A 
recent study has challenged the accepted view that neutrophils infi ltrate the brain 
parenchyma after transient MCAo. Neutrophils did accumulate but remained in 
the capillary lumen or perivascular space in mice and in samples from human 
stroke patients (Enzmann et al.  2013 ). These studies have contributed to an ongo-
ing debate concerning whether the contribution of neutrophils to stroke pathology 
has been overestimated (Kalimo et al.  2013 ).  

19.3.3.2     Results on Microglia and Macrophages 

 A burgeoning area of experimental stroke research (reviewed in (Weinstein et al. 
 2010 )) is the roles of macrophage-related innate immune cells: microglia, macro-
phages, and dendritic cells. Their roles are widely debated. A serious confounding 
factor is that most studies have failed to discriminate between activated microglia 
and macrophages (Sect.  19.3.2.2 ). Both cell types have the capacity to produce mol-
ecules and perform functions that can potentially either exacerbate damage or aid in 
repair. In vitro studies show that purifi ed populations of microglia can produce pro- 
infl ammatory cytokines (e.g., tumor necrosis factor (TNF)-α, interleukin (IL)-1β), 
and reactive oxygen and nitrogen species that can be cytotoxic (Wang et al.  2007 ; 
Hanisch and Kettenmann  2007 ). Conversely, microglia can produce anti-infl amma-
tory cytokines (e.g., IL-10, TGFβ) that dampen the infl ammatory response, and 
growth factors and neuroprotective molecules that can promote neuron survival and 
repair (Turrin and Rivest  2006 ; Wang and Dore  2007 ). In vivo studies are just begin-
ning to discriminate their roles using selective monocyte depletion, genetic labels, 
and chimeric or parabiotic animals. 

 As CNS-resident cells, microglia have the potential to respond rapidly to isch-
emic events, including the initial insult to neurons, and the timing of events has 
sometimes been used to implicate microglia. After transient MCAo, one study con-
cluded that microglia progress to the phagocytic state before macrophages enter 
(Schilling et al.  2005 ). As noted (Sect.  19.3.2.2 ), ED1 is up-regulated in phagocytic 
microglia and macrophages. Using the ET-1 injection model in rats, one study saw 
accumulation of ED1-labeled cells at 1 day, with maximal accumulation at 3 and 7 
days (Souza-Rodrigues et al.  2008 ), while we (Moxon-Emre and Schlichter  2010 ) 
and others (Hughes et al.  2003 ) did not see them at 1 day. The timing of macrophage 
entry after stroke is uncertain, possibly refl ecting different stroke models, but cer-
tainly because of identifi cation issues. After transient MCAo in rats, round, Iba1 +  
cells were present in the infarct at 12–24 h and interpreted as “may be blood-borne 
macrophages” (Ito et al.  2001 ). However, there was no proof of their identity. 
A similar study claiming monocyte infi ltration as early as 1 day used H&E staining 
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and showed cells accumulating in the lumen of blood vessels (Clark et al.  1994 ). 
The timing of extravasation was not determined and the authors stated that macro-
phages were abundant in the infarct by 3 days. A better approach is to systemically 
inject super-paramagnetic iron oxide nanoparticles, which are endocytosed by 
blood-borne monocytes and can be detected by MRI in the brain. Using this method 
after cortical photo-thrombotic stroke in rats, blood-derived macrophages were 
detected in the ischemic infarct only after 5–8 days (Kleinschnitz et al.  2003 ). Based 
on their late entry, the authors postulate that after stroke, macrophages are involved 
in remodeling functions rather than acute responses. 

 Another major issue in considering potential roles of activated microglia and 
macrophages is defi ning what is meant by “activation.” For microglia it is essential 
to move beyond conventional descriptions of morphological changes, and instead, 
assess their biological functions. Recent attempts to better defi ne microglial activa-
tion have used macrophage activation as a starting point (Luo and Chen  2010 ; 
Boche et al.  2013 ; Colton  2009 ; Noda and Suzumura  2012 ). Over the past decade, 
up to fi ve modes of macrophage activation have been proposed to describe their 
responses, with each mode depending on the stimulus and affecting different infl am-
matory mediators and cellular functions (reviewed in (Van Dyken and Locksley 
 2013 ; Gordon  2003 ; Varin and Gordon  2009 )). In the absence of microbe infi ltra-
tion, classical and alternative activation are especially relevant to stroke. While clas-
sical activation is evoked by bacterial lipopolysaccharide, it is postulated to occur 
after exposure to “danger” signals during early stroke events. Classical activation 
results in secretion of reactive oxygen and nitrogen species and pro-infl ammatory 
mediators. Alternative activation induces anti-infl ammatory molecules that antago-
nize the actions of the pro-infl ammatory mediators produced during classical acti-
vation. Thus, it is thought to be involved in tissue remodeling and repair. 
Experimentally, alternative activation can be evoked by IL-4 and IL-13. The anal-
ogy between activation of macrophages and microglia is probably too simplistic. 
Monocytes are blood-borne cells that mature into macrophages in multiple tissues, 
while microglial cells normally reside behind the BBB. These very different chemi-
cal and structural environments will undoubtedly infl uence the specifi c responses 
and contributions of these two cell types to brain pathology. 

 Because blood-derived macrophages are absent from the healthy brain, it is 
much easier to analyze functions of “resting” microglia. Several studies have 
addressed motility, and we now know that the ramifi ed processes of resting microg-
lia are actually very active in sensing the environment. The processes make contact 
with various neural tissue elements, including neurons, astrocytes, and blood ves-
sels, and engulf tissue particles that are then retrograde-transported to their somata 
(Nimmerjahn et al.  2005 ). The ramifi ed processes of microglia monitor synaptic 
conditions, and their motility is modulated by neuron activity. Live imaging using 
two-photon microscopy shows that cortical microglia make brief (~5 min) contacts 
with synapses as often as once an hour, and the frequency decreases during reduced 
neuron activity (Wake et al.  2009 ). There is evidence that multiple neurotransmitters 
affect microglial motility. In an ex vivo retinal explant model, glutamatergic neuro-
transmission through AMPA and kainate receptors maintained microglial branching 
complexity and increased process motility indirectly through purinergic signaling 
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(Fontainhas et al.  2011 ). Ionotropic GABAergic neurotransmission had the opposite 
effects; it decreased branching complexity and reduced process motility. Changes in 
motility of microglial processes occur after ischemia. One study addressed this in 
the peri-infarct region after photo-thrombotic focal ischemia in the mouse somato-
sensory cortex (Wake et al.  2009 ). As early as 30 min after ischemia, the duration of 
contact between microglia and synapses increased, and was often followed by loss 
of the presynaptic terminal. A recent study found that after 60 min of focal isch-
emia, there was an increase in microglial branching complexity (hypertrophy) in the 
ischemic striatum but a decrease in number of contacts per microglia in the cortex 
(Morrison and Filosa  2013 ). However, following reperfusion for 8 or 24 h, progres-
sive retraction of microglial processes (de-ramifi cation) occurred in both regions. 

 Phagocytosis is an important function of microglia and macrophages after stroke; 
indeed, microglia were once considered the brain’s “garbage men.” The bulk of the 
evidence is that microglial cells can rapidly transform into active phagocytes, in 
some cases before macrophages have even begun to enter the brain. One such study 
depleted peripheral monocytes using clodronate-loaded liposomes, and then sub-
jected the rats to photo-thrombotic focal ischemia (Schroeter et al.  1997 ). 
Accumulation of phagocytic cells in the peri-infarct area was mainly microglia at 3 
days but both microglia and macrophages at 6 days. A study of transient MCAo in 
mice used a transgenic, bone-marrow chimera in which blood-borne monocytes 
were labeled with green fl uorescent protein (GFP) (Schilling et al.  2005 ). Microglial 
activation, as judged by morphological changes of unlabeled cells, was seen as early 
as 1 day, was coincident with phagocytosis of neuronal debris, and preceded macro-
phage infi ltration, which began on day 2. By 7 days, massive accumulation of these 
cells was observed in the infarct, but macrophages accounted for only 20 % of the 
cells. Using the ET-1 injection model in rats, our laboratory also observed huge 
numbers of activated microglia/macrophages in the infarct by 7 days, but we could 
not distinguish between the two cell types (Moxon-Emre and Schlichter  2010 ). It 
has been postulated that a protective role of microglia is to phagocytose infi ltrating 
neutrophils, thereby reducing toxic molecules in the extracellular space (Denes 
et al.  2007 ; Neumann et al.  2008 ). However, it is also possible that by releasing 
infl ammatory molecules during phagocytosis, microglia might damage bystander 
neurons. Given that most acute neuron death (gray matter injury) has already 
occurred by the time the majority of macrophages infi ltrate, the question is: What 
are macrophages doing? Do they perpetrate delayed white matter damage? Are they 
mainly involved in repair mechanisms? These questions and others highlight the 
need to determine, in time and space, the distribution of the two cell types, what 
molecules they produce, and what specifi c cellular functions they perform.  

19.3.3.3    Results on Lymphocytes and Other Immune Cells 

 The peripheral immune system is suppressed after stroke, perhaps as an attempt to 
offset the infl ammatory reactions occurring in the brain, and T lymphocytes are 
thought to be involved in this process (Planas and Chamorro  2009 ). However, there 
is a continuing debate concerning the degree to which lymphocytes enter the 
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brain after stroke and whether they contribute to brain pathology. An early study 
reported T cell infi ltration in the rat cortex as early as 1 day following photo-
thrombotic stroke (Jander et al.  1995 ). FACS analysis and immunohistochemis-
try have identifi ed both T and B cells in the ischemic hemispheres of mice 3 
days after transient MCAo (Stevens et al.  2002 ; Gelderblom et al.  2009 ). Some 
fi ndings suggest that T cells play a more prominent role in the evolving stroke 
damage, and they have been receiving more attention in experimental stroke 
research (reviewed in (Brait et al.  2012 )). Transgenic mice in which “recombi-
nation activating gene 1” (RAG1) is deleted are defi cient in both T and B cells, 
and RAG1-null mice had 70 % smaller ischemic infarcts at 24 h after reperfu-
sion than their wild-type counterparts. If RAG1-null mice were reconstituted 
with CD3 +  T cells, the ischemic infarcts were larger and comparable to wild-
type mice; whereas, reconstitution with B cells did not affect the infarct size 
(Kleinschnitz et al.  2010 ). 

 Differences in stroke models, subclasses of T cells examined and gender 
contribute to controversies about the role of T cells. A transient increase in natu-
ral killer T cells (NKT) cells (but not NK cells) has been identifi ed by FACS 
analysis in the ipsilateral mouse hemisphere 3 days after transient MCAo 
(Gelderblom et al.  2009 ) but their role is unknown. As expected, T cells infi l-
trate better after reperfusion in a transient ischemia model, but surprisingly, the 
brains of male mice contained more T cells (Brait et al.  2010 ). On the one hand, 
there is evidence for a benefi cial role of regulatory T cells (T reg ) in a permanent 
MCAo model in mice. Depletion of T reg  cells using a CD25 function-blocking 
antibody increased the infarct size, microglial “activation,” neutrophil invasion, 
levels of pro-infl ammatory cytokines in the brain and blood, and neurological 
defi cits (Liesz et al.  2009 ). Conversely, a detrimental role was seen in mice after 
transient MCAo. Selective genetic depletion of T reg  cells in DEpletion of 
REGulatory T cells (DEREG) mice reduced the infarct size and improved neu-
rological outcome scores (Kleinschnitz et al.  2012 ). Intriguingly, that study 
found that T reg  cells can exacerbate ischemic brain damage by causing dysfunc-
tion of the microvasculature, rather than through their typical immunosuppres-
sive functions. Roles of other T cell subsets are beginning to be investigated. 
After transient MCAo, mice lacking CD4 +  or CD8 +  T cells had smaller infarct 
volumes, which correlated with less leukocyte adhesion and recruitment as early 
as 4 h after reperfusion (Yilmaz et al.  2006 ). Given that an adaptive immune 
response generally takes days to develop, this rapid effect is surprising and the 
mechanism is unknown. Related studies of T cell roles after ischemia in other 
organs, such as liver (Zwacka et al.  1997 ) and kidney (Yokota et al.  2002 ) 
further demonstrate their complexity, and highlight the need to clarify their 
roles in cerebral ischemia. We lack studies of the contributions of T cells to 
white matter injury after stroke; however, future investigations can be informed 
by studies that associate specifi c T cell subsets with white matter damage in 
multiple sclerosis (Scheikl et al.  2010 ; Walker et al.  2011 ).    
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19.4     Intersection of Infl ammation and White Matter 
Damage After Transient Ischemia 

19.4.1          Adult Rodents 

 The preceding section addressed the intersection of infl ammation and transient isch-
emia (see Venn diagram in Fig.  19.2 ), focusing on the immune cells involved. Here, 
we add the third component: white matter damage. Much of the limited information 
about effects of infl ammation on white matter injury after ischemia is based on the 
correlation of microglia and macrophage accumulation in regions of white matter 
damage. 

 As one of surprisingly few groups that address this three-way intersection, we 
have exploited the transient focal ischemia model induced by a single 400 pmol 
ET-1 injection into the anterior striatum (putamen + caudate) of adult Sprague–
Dawley rats. In our fi rst study, having determined that saline injection alone caused 
minimal damage at each time point, we quantitatively compared changes in the core 
and edge of the infarct with the undamaged contralateral striatum (Moxon-Emre 
and Schlichter  2010 ). We showed that neutrophils (strongly immunoreactive for 
MPO) were present in the ischemic infarct at 1 day following the insult, and were 
no longer detected by 7 days. When present, neutrophils were inside and around 
MBP-labeled myelinated white matter tracts. As previously discussed 
(Sect.  19.3.2.2 ), after microglia had rounded-up we could not readily distinguish 
them from macrophages, and therefore used the collective term: activated microg-
lia/macrophages. [See Fig.  19.7  for examples of staining for CD11b, Iba1, ED1.] As 
shown in Fig.  19.8 , by 3 days after ischemia, Iba1-labeled activated  microglia/mac-
rophages began to infi ltrate MBP-labeled white matter tracts in the infarct. By 7 days, 
there was a massive infi ltration of Iba1-labeled cells into white matter tracts that 
were damaged, as judged by loss of MBP signal. By co-immunolabeling adjacent 
serial sections for MBP and dMBP, we were further able to show that the infi ltrated 
bundles were damaged. A similar study of transient ischemia injected a much 
smaller dose of ET-1 (10 pmol) into the striatum of adult Wistar rats (Souza- 
Rodrigues et al.  2008 ), and did not include quantitative analysis. Qualitative simi-
larities include progressive loss of MBP staining in striatal axon bundles that was 
most prominent by 7 days; infi ltration by 1 day of neutrophils (labeled with MBS- 
1); and later accumulation, at 3 and 7 days, of ED1-positive cells in the ischemic 
infarct. However, we must be cautious in comparing the results because that study 
did not show the infarct, report its volume, or show the position of the sample site. 
It also did not compare the locations of neutrophils or microglia/macrophages in the 
infarct, or their spatial relation to the damaged white matter.

   We know very little about the specifi c activation state of the microglia/macro-
phages or their contribution to the evolving white matter injury. However, in the two 
studies just described, their increased expression of the lysosomal marker, ED1 (see 
Fig.  19.7 ), suggests that they are actively phagocytic; perhaps removing myelin 
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  Fig. 19.8    Relationship between activated microglia/macrophages and myelin damage after 
 ET-1-induced ischemia (Sect.  19.4.1 ). ( a ,  b ) At the edge of the infarct ( a ), there is a spatial- 
temporal correlation of the accumulation of activated microglia/macrophages (immunolabeled 
with rabbit polyclonal anti-Iba1 antibody,  red ) with loss of normal MBP-labeled myelin (labeled 
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debris. Both microglia and macrophages can phagocytose myelin in vitro (Smith 
 1993 ; Trotter et al.  1986 ). Myelin degradation products have been found in vivo 
within lesion-associated cells in the corpus callosum of cuprizone-fed mice (Olah 
et al.  2012 ). The authors concluded that these were microglia because this model of 
demyelination and re-myelination apparently has minimal involvement of periph-
eral immune cells. 

 More information comes from models of neonatal hypoxia–ischemia 
(Sect.  19.2.2.3 ) and adult chronic ischemia. In humans, chronic hypo-perfusion 
resulting from blocked vessels or impaired vascular function is thought to underlie 
vascular dementia (Roman et al.  2002 ), and is associated with neurodegeneration, 
impaired cognitive processes and psychiatric disorders (reviewed in (Farkas et al. 
 2007 )). The main animal model of chronic hypo-perfusion uses bilateral common 
carotid artery occlusion (BCCAo) in adult rats, which results in memory impair-
ment (Ohta et al.  1997 ). Two earlier studies used this model to correlate infl amma-
tion with white matter damage, as judged by LFB (Wakita et al.  1994 ) or by 
ultra-structural changes, including large vacuoles in swollen axons, and myelin 
sheaths that were irregular and loosely wrapped (Farkas et al.  2004 ). In the latter 
study, there was a prolonged (13 weeks) accumulation of CD11b +  cells in the corpus 
callosum, internal capsule and, most notably, in the optic tract (Farkas et al.  2004 ). 
The white matter damage correlated with accumulation of CD11b +  microglia (mac-
rophages?), often in close proximity to damaged fi bers (Farkas et al.  2004 ), and with 
infi ltration of CD4 +  and CD8 +  lymphocytes (Wakita et al.  1994 ). 

 Accumulation of major histocompatibility complex (MHC) class I-labeled cells 
began as early as 1 day, was much more prominent in white matter than gray matter, 
and preceded the appearance of white matter lesions (Wakita et al.  1994 ). These 
cells were called “microglia” at the earlier time points (1–3 days). At 1 day, the 
white matter infi ltrating cells had shortened processes, hypertrophic somata, and 
increased staining for MHC class I (Wakita et al.  1994 ). By 3 days, the bundle- 
infi ltrating cells began to express MHC class II (Ia) antigen and LCA (CD45). Their 
numbers increased with time to a peak at 7–14 days, at which time they were round, 
looked like foamy macrophages, and from this time on, the authors called them 
“microglia/macrophages.” In a recent study that did not directly correlate 

Fig. 19.8 (continued) with mouse monoclonal anti-MBP,  green ). Scale bars=100 μm. For com-
parison, staining in the uninjured contralateral striatum is shown (( b ), same scale). ( c ) There was a 
time-dependent increase in density of Iba1-labeled activated microglia/macrophages in the core 
and at the edge of the infarct. Values are shown as mean ± SD for four animals at each time point, 
and differences from day 1 are indicated (** p  < 0.01, *** p  < 0.001). ( d ) Activated microglia/ 
macrophages infi ltrate axon bundles displaying damaged myelin.  Left  and  middle : Sections were 
double-stained with antibodies that recognize normal myelin (MBP) and damaged myelin (dMBP). 
The  boxes  outline the same white matter bundles in the adjacent serial sections. Scale bars = 100 μm. 
 Right : Higher magnifi cation images of the boxed regions from the  middle panels . Scale 
bars = 50 μm. (Modifi ed from Moxon-Emre I and Schlichter LC. 2010. Evolution of infl ammation 
and white matter injury in a model of transient focal ischemic stroke. J. Neuropathol. Expt’l 
Neural. 69: 1–15)       
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infl ammation with white matter damage, increased numbers of MHC class II-labeled 
microglia (macrophages?) were detected at 13 weeks after BCCAo in the hippo-
campal fi mbria of rats exhibiting spatial memory impairments (Choi et al.  2011 ). 

 Several studies have used drugs to target infl ammation following BCCAo. Rats 
that received intraperitoneal injections of the immunosuppressant, cyclosporin A, 
had less white matter damage, as judged by LFB and Bielschowsky silver stain 
(Wakita et al.  1995 ). The white matter tracts also contained fewer “microglia/mac-
rophages” that were immunostained for LCA, MHC class I or II antigens. A very 
similar study by the same group used the immunosuppressant, FK506, and found 
similar results; i.e., less white matter damage and fewer bundle-infi ltrating microg-
lia/macrophages (Wakita et al.  1998 ). A third BCCAo study tested a 2 week treat-
ment with the anti-infl ammatory compound, minocycline (Cho et al.  2006 ). They 
found reduced white matter injury (LFB, Bielschowsky silver, MBP staining) in the 
corpus callosum and optic tract, and reduced microglia (and macrophage?) activa-
tion, as measured by the CD11b +  area in the corpus callosum. Similarly, after MCAo 
in adult mice, axon damage and oligodendrocyte death were reduced by melatonin, 
which is considered to act an anti-infl ammatory agent (Lee et al.  2005 ).  

19.4.2      Neonatal Rodents 

 Although there are few investigations of the specifi c intersection between ischemia, 
infl ammation, and white matter damage in neonatal animals, there are more publi-
cations than for adult animals. Neonatal stroke studies almost entirely exploit the HI 
model in rodents, which causes damage to both white and gray matter (Calvert and 
Zhang  2005 ). White matter damage is often assessed as the degree of myelin loss, 
axonal damage, and oligodendrocyte death (Carty et al.  2008 ; Villapol et al.  2011 ; 
Biran et al.  2006 ; Deng et al.  2008 ; Uehara et al.  1999 ; Wang et al.  2013 ). Subcortical 
white matter damage correlates with decreased numbers of immature (Carty et al. 
 2008 ; Wang et al.  2013 ) and mature oligodendrocytes (Carty et al.  2008 ; Villapol 
et al.  2011 ). Several HI studies have monitored infl ammation concomitantly with 
white matter injury and have shown an increase in numbers of microglia/macro-
phages in white matter tracts. For instance, after HI in neonatal rats, white matter 
injury was accompanied by a 2–3 fold increase in the number of microglia (macro-
phages?) (IB 4  or CD11b labeled), which were assumed to be “activated” (Biran 
et al.  2006 ). However, their specifi c activation states have not been defi ned and, for 
the reasons addressed in Sect.  19.3.3.2 , it is not known whether these two immune 
cells play similar or different roles. 

 It is well known from in vitro studies from our lab (Kaushal et al.  2007 ; Kaushal 
and Schlichter  2008 ; Sivagnanam et al.  2010 ; Fordyce et al.  2005 ; Khanna et al.  2001 ; 
Schlichter et al.  2010 ) and others (Colton and Gilbert  1987 ; Mao et al.  2007 ; Piani 
et al.  1991 ; Smith et al.  1998 ; Lai and Todd  2008 ; Rock et al.  2004 ) that activated 
neonatal microglia can produce neurotoxic molecules. Less is known about their 
products and roles in white matter injury in vivo. Several studies of neonatal HI have 
directly addressed correlations between infl ammatory cell numbers and white matter 
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damage. Evidence that these cells directly contribute to white matter damage is the 
phagocytosis of immature oligodendrocytes in damaged white matter, as judged by 
colocalization of the microglia/macrophage marker, Iba1, and the immature oligoden-
drocyte marker, O1 (Biran et al.  2006 ). This is expected to hamper recovery and remy-
elination. In the corpus callosum of rat pups, a decrease in the density and activation 
of microglia (macrophages?) (Iba1 staining) accompanied a decrease in myelin loss 
(MBP staining intensity) and increase in premyelinating (O4+ cells) and immature 
oligodendrocytes (O1+ cells) (Carty et al.  2008 ). More recently, when the density of 
microglia (macrophages?) (tomato lectin staining) was reduced by melatonin admin-
istration, there was a decrease in HI-evoked white matter damage (MBP loss) and an 
increase in mature oligodendrocytes (APC-labeled cells) (Villapol et al.  2011 ). 

 Several studies support the view that infl ammation, microglia/macrophage activa-
tion, and specifi c pro-infl ammatory molecules contribute to white matter damage after 
neonatal HI. Some studies have begun to target functions of specifi c infl ammatory 
mediators. Increased expression of the potentially toxic cytokines, IL-1β, and TNF-α, 
was seen in the rat corpus callosum after HI (Deng et al.  2008 ; Wang et al.  2013 ; 
Brochu et al.  2011 ; Carty et al.  2011 ). Administering the IL-1 receptor antagonist 
reduced white matter injury in the internal capsule (Girard et al.  2012 ). IL-1β can be 
processed to its active form by MMP9 (Schonbeck et al.  1998 ) and, after HI in MMP9-
null mice, there were fewer activated microglia (macrophages?) (IB 4  staining) in the 
damaged white matter, which was judged by loss of MBP (Svedin et al.  2007 ). MMPs 
are regulated by several “tissue inhibitors of metallopeptidases” (TIMPs), and there is 
evidence from knockout mice that TIMP-3 contributes to TNF-α-dependent death of 
immature oligodendrocytes after MCAo in the adult (Yang et al.  2011 ). 
Cyclooxygenase-2 (COX-2) is an interesting target because it is inhibited by nonste-
roidal anti-infl ammatory drugs (such as aspirin and ibuprofen), and it increases after 
ischemic stroke in humans, rodents, and nonhuman primates (reviewed in (Candelario-
Jalil and Fiebich  2008 )). In rats, COX-2 was found in activated microglia (macro-
phages?) (Bauer et al.  1997 ), and the nonsteroidal anti- infl ammatory drug, ibuprofen, 
inhibited COX-2 induction after HI (Carty et al.  2011 ). In mice, the pro-infl ammatory 
cytokine, IL-18, was markedly increased in microglia and astrocytes after HI, and 
IL-18-null mice had less subcortical white matter damage (Hedtjarn et al.  2002 , 
 2005 ). Several anti-infl ammatory drugs reduced white matter damage in rodent HI 
models. Ibuprofen reduced IL-1β and TNF-α, and increased the amount of intact 
myelin (MBP stained) and immature (O1+) and mature oligodendrocytes (O4+) 
(Carty et al.  2011 ). White matter damage (loss of MBP) was also reduced by minocy-
cline (Carty et al.  2008 ) and melatonin (Villapol et al.  2011 ).   

19.5     Future Studies Needed 

 In 2010, we published our fi rst paper on infl ammation and white matter damage 
after focal ischemia in rat (Moxon-Emre and Schlichter  2010 ). At that time we 
stated that: “Despite substantial progress in understanding the pathogenesis of neu-
ronal injury after stroke, most preclinical studies have failed to consider damage to 
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the white matter. Only recently have stroke studies begun to focus on the secondary 
injury phase and prominent infl ammatory response, which is delayed, prolonged, 
and more amenable to treatment than acute neurotoxicity.” White matter is increas-
ingly recognized as a vulnerable region following ischemia (reviewed in (Petty and 
Wettstein  1999 )); thus, we were surprised how little was known about the spatial 
and temporal progression of white matter damage. As described in Sect.  19.4.1 , 
only two studies had addressed infl ammation and white matter damage after tran-
sient ischemia in adult rodents (Hughes et al.  2003 ; Souza-Rodrigues et al.  2008 ), 
and they came to different conclusions about the infi ltration of neutrophils and 
microglia/macrophages into the ischemic infarct. Thus, we set out to quantitatively 
analyze the temporal and spatial coevolution of white matter damage and infl amma-
tion using ET-1 injection to produce a transient, focal ischemic stroke in the rat 
striatum (Moxon-Emre and Schlichter  2010 ). ED1-labeled microglia/macrophages 
selectively infi ltrated damaged white matter tracts in the rat striatum as early as 3 
days after focal ischemia, but remained outside undamaged white matter tracts. As 
the Venn diagram in Fig.  19.2  illustrates, we found no additional publications 
addressing the intersection of infl ammation and white matter damage after transient 
ischemia in adult rodents. This dearth of experimental animal research means there 
are many important aspects to address in future. Here, we will briefl y discuss a few 
that are especially relevant to the material in this chapter.

    1.    While the ET-1 model of ischemia has shown that microglia/macrophages infi l-
trate damaged white matter tracts, we do not know their specifi c activation state 
or what functions they are carrying out (Sect.  19.3.2.2 ). We do not know if, or 
how, this infi ltration affects neurotransmission, neuron survival, repair, or ulti-
mate behavioral outcomes. We know little, if anything, about whether other 
infl ammatory cells (e.g., lymphocytes, dendritic cells) contribute to white matter 
damage after transient ischemia (Sect.  19.3.2.3 ). We know almost nothing about 
how the infl ammatory response affects white matter damage in aged or hyperten-
sive animals, which are better models of most human strokes than using young, 
healthy animals.   

   2.    Very few studies have  quantifi ed  specifi c responses in transient ischemic stroke mod-
els. We need more detailed information on position- and time-dependent changes in 
the staining intensity or area of damaged white matter, whether it is myelin or axon 
damage, the density or numbers of specifi c immune cells, infl ammatory molecules 
they are producing, and how these responses are changed by treatments.   

   3.    As addressed throughout this chapter (e.g., Sect.  19.3.2 ), a major challenge is 
distinguishing activated microglia from infi ltrating macrophages. Over the years, 
several experimental manipulations have been used in an attempt to distinguish 
their contributions. Several studies have ablated circulating monocytes using 
clodronate-loaded liposomes (Schroeter et al.  1997 ; Kanematsu et al.  2011 ; 
Mawhinney et al.  2012 ) or by bone marrow irradiation (Schilling et al.  2005 ). 
The recent development of knock-in fl uorescent protein reporter mice for the 
fractalkine receptor (CX 3 CR 1 +/GFP) and chemokine receptor 2 (CCR2+/RFP) 
promises to help differentiate endogenous microglia from invading macrophages 
(Mizutani et al.  2012 ).   
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   4.    Recent insights into the ontogeny of microglia show that parenchymal CNS microg-
lial cells develop earlier than previously thought, and from a surprising location: the 
embryonic yolk sac (Ginhoux et al.  2010 ). This site of origin differs from bone-
marrow derived macrophages. A better understanding of their development and pos-
sible differential gene expression might provide insight into how to distinguish 
between activated microglia and infi ltrating macrophages. There is some controversy 
about the potential of peripheral macrophages to replenish microglia after CNS 
injury. In transgenic mice engineered to allow ganciclovir- mediated depletion of pro-
liferating microglia (CD11b-HSVTK transgenic mice), circulating Iba1 +  macro-
phages entered the brain, responded to ATP gradients and migrated towards sites of 
kainate-induced neuron death (Varvel et al.  2012 ). Unlike native resting microglia, 
which are highly ramifi ed and have small somata, the infi ltrating macrophages had 
large somata and short, irregular processes. This suggests that infi ltrating macro-
phages remain as a distinct population. In future, identifying molecular expression 
profi les underlying the unique morphological and developmental differences might 
be useful in distinguishing microglia from macrophages.   

   5.    It has been postulated that white matter is particularly vulnerable to infl amma-
tory mediators (Coleman and Perry  2002 ). This means that infl ammation after 
stroke might damage white matter at times and in locations where frank loss of 
neurons is not seen. Our discovery (Sect.  19.2.3.2 ) that SC1/hevin is a new early 
marker of axon damage might prove very useful. Its spatiotemporal expression 
correlated with microglia/macrophage infi ltration of white matter bundles, and it 
showed aging-related differences in the progression of white matter damage 
(Lively and Schlichter  2012 ).   

   6.    In neonatal HI models, attempts have been made to more closely evaluate the 
intersection of ischemia, white matter damage, and infl ammation (Sect.  19.4.2 ). 
Most studies have been correlational, showing that white matter damage in a 
lesioned area was accompanied by an increase in microglia/macrophage num-
bers. While several studies used broad-spectrum anti-infl ammatory drugs (mino-
cycline, ibuprofen, melatonin), further research is needed to address the 
mechanisms. As for adult animals, an over-arching need is to parse out specifi c 
aspects of the infl ammatory response, and determine whether they exacerbate 
the damage, aid in repair, or both.    
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