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Preface

Intracerebral hemorrhage is an important clinical entity encountered in practice. Common
causes of intracerebral hemorrhage include hypertension, amyloid angiopathy, trauma, coa-
gulopathy, arteriovenous malformation and underlying tumor. Advances in imaging techni-
ques have helped in better understanding of pathogenesis and the mechanisms of recovery
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Chapter 1

Intracranial Hemorrhage in the Newborn

Shahina Bano, Vikas Chaudhary,
Umesh Chandra Garga, Sachchidanand Yadav and
Sachin Kumar Singh

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/58476

1. Introduction

Intracranial hemorrhage (ICH) is a major source of neonatal morbidity and mortality. In full-
term infants, it most often occurs during labor as the result of mechanical factors; however, in
the pre-term infants it can occur even prior to labor or as late as the second week of life usually
as a result of hemodynamic instability. Besides etiology, the location of hemorrhage, clinical
presentation and neurological outcome also differs in the term and preterm infants. It is
important for the radiologists to provide an accurate anatomic description of the compart-
ment(s) confining the hemorrhage, as correct location may be an indicator to the underlying
cause and provide a roadmap to the neurosurgeons if intervention is required. The knowledge
of the anatomic compartments is vital for interpreting the imaging findings in case of ICH and
formulating a differential diagnosis. Cranial ultrasound is often used as the first imaging
modality for newborns. CT is the preferred diagnostic study for evaluation of acute intracranial
hemorrhage. MRI is indicated when subarachnoid bleed or posterior fossa hemorrhage is
suspected. Prevention of ICH is a subject of great interest in premature newborns. Prenatal
prophylaxis and improved obstetric and neonatal care in general markedly reduces the stress
to premature fetus and neonate.

2. Etiopathogenesis

Intracranial hemorrhage (ICH) is perhaps the most dramatic manifestation inherited in the
birth process. The etiology of ICH differs according to the gestational age of the infant and the
site of hemorrhage.

I m EC H © 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Of all types of ICHSs, germinal matrix-intraventricular hemorrhage (GM-IVH) by far is the most
common and distinctive pathology in premature infants. The pathogenesis of GM-IVH is
multifactorial. It involves a combination of vascular-anatomic immaturity and complex
hemodynamic factors. The role of inflammatory and genetic factors is currently under
investigation. Germinal matrix (GM) is a highly vascular structure and the source of develop-
ing brain cells (neuronal and glial cells). The tissue surrounds the fetal ventricular system and
gradually involutes to reside over the body of the caudate between 24 and 28 weeks of
gestation, at the level of head of caudate nucleus in the caudothalamic groove between 28 and
34 weeks of gestation, and finally completely regresses and converts into normal cerebral
parenchyma by the 36" week of gestation. The capillary network of germinal matrix is
composed of high-caliber, thin-walled (deficient in muscularis layer) and immature fragile
vessels predisposed to rupture. Furthermore, GM lies within an arterial end zone, and is
directly connected to the deep galenic venous system, thereby exposing it to insults of arterial
ischemic-reperfusion and to venous congestion.[1,2,3] The rupture hemorrhage of the vulner-
able GM requires the coexistence of several intrinsic and extrinsic hemodynamic factors.
Premature infants are believed to have impaired cerebral pressure autoregulation (a major
intrinsic factor) that renders these infants susceptible to both cerebral hypoperfusion and
ischemia at the border zone GM vessels and hence the rupture of fragile germinal matrix
vessels. In term infants, a well developed cerebral pressure autoregulation mechanism
maintains a relatively constant cerebral blood flow (CBF) across a range of cerebral perfusion
pressures.[4] Various extrinsic hemodynamic factors that potentially interfere with the
integrity of the vulnerable GM include low CBF (hypotensive events and frank perinatal
asphyxia), high CBF (hypertension, bolus fluid infusion, hypercarbia and low hematocrit),
fluctuating CBF, and factors causing increased cerebral venous pressure (respiratory distress
syndrome, positive pressure ventilation, pneumothorax, or pulmonary hemorrhage).[1,2]
Immature deep galenic system, in a preterm infant, which is prone to venous congestion and
stasis is another major factor responsible for development of GM-IVH and its complications.
Immature cerebral venous system has several vulnerabilities because (i) development of
cerebral venous system occurs late in relation to that of the arteries, (ii) there is sequential
remodeling and considerable individual variation in the pattern and size of different veins
entering the internal cerebral veins, (iii) immature veins have high caliber and thin wall, they
branch parallel to the ventricle, hence tend to collapse, (iv) because of relative paucity of
superficial cortical veins between 24 and 28 weeks of gestation, most of the cerebral venous
drainage is dependent on the deep galenic system that drains GM and most of the white matter,
and (v) the periventricular veins, particularly the terminal (thalamostriate) vein, which is the
main vein draining the white matter passes directly through the GM and takes a U-turn to join
the internal cerebral vein.[1,2]

In term newborns ICH is relatively uncommon and has a different etiology. ICH in term
neonates may be subarachnoid, subdural, intraventricular, parenchymal or epidural in
location. In clinical practice, hemorrhage involving multiple compartments is not unusual.[5]
Both subdural and subarachnoid hemorrhage in a term newborn is associated with birth
trauma either from forceps delivery/vacuum extraction or unassisted vaginal delivery. Vertical
moulding of skull causes stretching and tearing of blood vessels of tentorium, falx and dura
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to produce SDH, while tearing of bridging blood vessels or dural sinuses causes SAH.[5,6]
Intraparenchymal hemorrhage (intracerebral or cerebellar) is less frequent than subdural and
subarachnoid hemorrhage in term newborns. Intraparenchymal bleeding in the full term
newborn may occur as a result of birth asphyxia, instrumental delivery, infection, primary
clotting abnormality or congenital vascular abnormality.[7] The incidence of intraventricular
hemorrhage (IVH) in term newborns (4.6%) compared to preterm newborn (50%) is very low,
probably due to greater maturity of the brain at term. In the term newborn, intraventricular
hemorrhage commonly originate from choroid plexus (cryptichemangioma) or as an extension
of the thalamic hemorrhage or subependymal GM bleed.[8] Epidural hemorrhage is rare in
term newborn because the middle meningeal artery, which is not yet encased within the bone,
moves freely away from displacements of the skull. Epidural hemorrhage, however, may occur
in the newborn, in absence of skull fracture, during a difficult forceps extraction when an
external forceps causes the outer layer of dura to detach from the inner table of skull. [9]

Several risk factors have been reported in term newborns with ICH. Maternal risk factors
causing ICH in the first neonatal week includes usage of drugs (such as aspirin, cocaine),
pregnancy-induced hypertension, placental abruption, placental alloimmunization and
autoimmune disorders. Major perinatal risk factor are birth trauma, low Apgar score, resus-
citation at birth, thrombocytopenia, breastfed infants who received no vitamin K, inherited
coagulopathy, disseminated intravascular coagulopathy, increased cerebral venous pressure,
prolonged labor, unassisted vaginal delivery, forceps delivery, suction cup, and cesarean-
section (sometimes).[10]

3. Clinical presentation

GM-IVH in premature infant is typically diagnosed during the first week of life, 50% on the
first day and 90% within the first 4 days. GM-IVH is usually subependymal and asymptomatic,
diagnosed by routine screening cranial ultrasound (CUS) in 25-50% of premature infants less
than 1,500 gm birth weight and less than 32 weeks’ gestation. Clinically symptomatic cases
with large hemorrhage and its complication may present with various degree of altered
consciousness, cardiorespiratory deterioration, unexplained drop in hematocrit, acidosis,
blood glucose alteration, inappropriate antidiuretic hormone secretion, severe apnea or
neonatal seizure, bulging fontanelles, abnormal eye movement or alignment, abnormal
pupillary response, and abnormal neuromotor examination (hypotonia, decresased motility,
tight popliteal angle). [1,3]

The pattern of hemorrhage also differs from GM hemorrhage common in preterm newborns
in having a later onset between the 4" and 10" days after birth. Neurologic manifestations like
neonatal seizure, decreased level of consciousness, increased intracranial pressure are the most
common presentations of ICH in term newborns. The newborn’s history, maternal and family
history and perinatal risk factors may suggest the diagnosis of ICH.[5]
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4. Role of neuroimaging

4.1. Germinal Matrix-Intraventricular Hemorrhage (GM-IVH) in preterm infants

For years neonatal cranial ultrasound (CUS) has been the key diagnostic tool for GM-IVH in
premature infants due to its widespread availability, relative low cost, direct bedside scanning
and high resolution to detect GM-IVH. CUS is nearly as accurate as CT but much less stressful
for an ill premature infant. Diagnostic screening with CUS is recommended in all premature
infants (less than 1,500 gm birth weight and less than 32 weeks’ gestation) during the second
week of life (after which further bleeding is uncommon) or earlier if clinical conditions indicate.
[11] Doppler ultrasound can also be used for the imaging and flow velocity measurements of
the terminal vein.[12] CT had been used in the original studies to grade the GM-IVH, however,
it is no longer recommended for diagnostic purpose due to the adverse effect produce by
ionizing radiation on immature brain. MRI is superior to CUS and CT for detection of associ-
ated white matter (WM) abnormalities and for identifying hemorrhages particularly small
petechial hemorrhage, subacute to chronic hemorrhage and for extracerebral or posterior fossa
hemorrhage.[13] The severity of GM-IVH has been evaluated by Papile[14] and Volpe’s[15]
grading system. When bleeding is confined to the subependymal region, itis classified as grade
I; grade Il is extension of hemorrhage into non distended lateral ventricle(s) where blood fills
less than 50% of the ventricular diameter; in grade III, extensive intraventricular hemorrhage
fills greater than 50% of the ventricular diameter leading to hydrocephalus; whereas, grade IV
is periventricular hemorrhagic infarction (PVHI).[14,15] Most cases have grade I or grade II
intraventricular hemorrhage and do not show late sequelae.[16,17] Infants with grade Il or IV
hemorrhage have high incidence of neurologic sequelae (approx. 30% will have severe cerebral
palsy or mental retardation).[18,19]

Once GM-IVH is diagnosed, follow-up CUS examinations are necessary to determine its
complications like periventricular hemorrhagic infarction (PVHI) and post-hemorrhagic
hydrocephalus (PHH) and associated cerebellar hemorrhagic injury (CHI), periventricular
leukomalacia (PVL), and SAH.[1,4]

Periventricular hemorrhagic infarction (PVHI), classified as grade IV GM-IVH, is a complica-
tion of GM-IVH. As previously thought, it is not due to rupture of ependymal lining and
extension of intraventricular hemorrhage into the periventricular white matter; rather it occurs
due to compression of the terminal vein by GM-IVH resulting in impaired venous drainage
and congestion of the medullary veins, which in turn leads to hypoxia-ischemia, infarction
and finally hemorrhagic transformation in the periventricular white matter.[20] PVHI can be
associated with all grades of GM-IVH (grade I-III) and may be unilateral (65-75% cases) or
bilateral (symmetrical or asymmetrical). The severity of PVHI can be graded based on three
CUS parameters: (i) extent, (ii) bilaterality, and (ii) the presence of a midline shift. [21]
Decreased flow velocity and displacement of the terminal vein can be seen in surviving infants
with PVHI using Doppler flow velocimetry.[22] PVHI is in the distribution of the fan-shaped
periventricular medullary veins. Intravascular thrombi within the medullary veins can be
demonstrated on T2-weighted MRI as linear abnormalities in the WM of centrum semiovale.
[20] In living infants, venous infarction usually evolves to produce a porencephalic cyst and
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rarely multiple cysts. The evolving cyst(s) are associated with the destruction of motor and
associative WM axons and preoligodendrocytes. These infants have a high incidence of
hemiplegia later in their life.[23] Asymmetric myelination of the posterior limb of the internal
capsule on MRI at term has been suggested as an early predictor of hemiplegia in PVHI. [24]

Incidence of ventricular dilatation increases with the severity of GM-IVH. CUS is an ideal tool
for monitoring ventricular dilatation in newborns with open fontanelle. Detailed imaging with
MRI is usually required prior to shunt surgery and for monitoring the progression or shunt
complication after closure of the fontanelle. Posthemorrhagic hydrocephalus (PHH) may be
progressive (due to obstruction by blood clot or secondary inflammatory changes which
interferes with CSF flow), nonprogressive (due to parenchymal loss secondary to PVHI or
PVL) or a combination of the two. PHH survivors with grade III and IV GM-IVH have high
risk of significant neurodevelopmental sequelae (e.g. quadriparetic cerebral palsy and/or
profound mental retardation).[3,25]

A very high association (77%) has been reported between the cerebellar hemorrhagic injury
(CHI) and supratentorial GM-IVH. CHI can result from cerebellar GM hemorrhage (subepen-
dymal or subpial), primary hemorrhage, ischemic hemorrhagic transformation of either
arterial or venous origin, or dissection of blood through the fourth ventricle or subarachnoid
spaces following massive supratentorial GM-IVH. The location of CHI could be unilateral,
vermian, bilateral or a combination of these. Mastoid CUS view helps to detect CHI in 3% of
premature infants. MRI detects small petechial cerebellar hemorrhages not visible on CUS.
CHI may eventually lead to several types of atrophic changes. 40% of CHI survivors have
global developmental (cognitive and social communication disabilities) and functional deficits
(motor deficits).[3,26]

A strong association between GM-IVH and periventricular leukomalacia (PVL) has been
suggested. GM-IVH and PVL may develop in parallel, the ischemic injury may injure the GM
and the periventricular WM leading to both GM-IVH and PVL. The CUS markers of cystic and
diffuse PVL include echolucencies, echodensities and nonprogressive ventriculomegaly.[3,27]

Subarachnoid hemorrhage (SAH) is relatively common in premature infants with GM-IVH.
The true incidence of SAH is not known as it is difficult to visualize the extra-axial hemorrhage
by CUS. MRI is the modality of choice to detect SAH. SAH could be one of the reasons for PHH
(obstructive arachnoiditis), neonatal seizure (irritation of cerebral convexity) and cerebral/
cerebellar growth impairment.[28,29]

Impaired cerebellar and supratentorial gray matter growth has been reported in GM-IVH
survivors. The complicated GM-IVH (PVHI and PVL) causes impaired growth and develop-
ment of the contralateral cerebellar hemisphere due to injury to specific supratentorial
projections (crossed cerebellar diaschisis).[28] The uncomplicated GM-IVH (without paren-
chymal involvement) is associated with impaired growth of the supratentorial gray matter,
probably because the GM destruction prevents the neuronal and astrocyte precursor cells from
reaching their cortical destination. In addition, SAH (circulating free radical) may directly
injure the cerebral cortex surface.[29]

5
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4.2, Intracranial hemorrhage (ICH) in term newborns

Subarachnoid hemorrhage (SAH) is the most common type of hemorrhage among the
symptomatic term newborns.[6] On FLAIR (fluid attenuated inversion recovery) sequence of
MRI, SAH is detected as hyperattenuating fluid in the basal subarachnoid spaces or along the
cerebral sulci. Extensive subarachnoid hemorrhage may be difficult to distinguish from
subdural hemorrhage and the two may co-exist. [3]

Subdural hemorrhage (SDH) is the most frequent hemorrhage among asymptomatic term
newborns.[5] SDH is usually infratentorial, may result from rupture of the vein of Galen,
straight or transverse sinus. On imaging, SDH can be seen as a crescent-shaped hyperattenu-
ating region conforming to the adjacent brain. Small posterior fossa SDHs are common in
infants and are usually of no clinical significance; however, when large, may result in com-
pression of the brain stem and death. Infratentorial SDH may be difficult to distinguish from
transverse sinus thrombosis. The two may co-exist or a SDH may compress the sinus predis-
posing to thrombosis. Convexity SDH are less common than posterior fossa hemorrhage and
the two may co-exist. Rupture of superficial cortical veins gives rise to convexity SDH, which
may be accompanied by SAH. Convexity SDH is mainly unilateral. Large convexity hemor-
rhage may be associated with infarction of the brain either from arterial occlusion or impaired
venous drainage. Associated parenchymal hemorrhage either due to hemorrhagic tendency
or in association with infarction may also occur.[3]

Large SDH may result in impairment of CSF flow and associated ventricular dilatation or
widening of the extracerebral space (external hydrocephalus). The evolution of SDH may
result in the formation of a subdural effusion which may remain at the site of a previous SDH
for months and may be associated with rebleeding.[3]

Parenchymal hemorrhagic lesions may co-exist with hemorrhage elsewhere in the cranium.
Parenchymal hemorrhage may be focal or multifocal and of any size. Multifocal small
hemorrhages may be found in term infants presenting with convulsions during the first few
days of life. Thalamic hemorrhage is usually unilateral and associated with IVH. Primary
thalamic hemorrhage needs to be distinguished from the bilateral thalamic abnormalities seen
in HIE. The thalamic lesions in HIE are focal, usually involving the lateral thalamic nuclei and
sometimes the medial nuclei, these lesion have high signal intensity on T1-weighted images
and low signal intensity on T2-weighted images due to capillary proliferation in region of
infarction (not due to hemorrhage). However, infants with HIE may develop large intracranial
hemorrhage. Basal ganglia hemorrhage may occur as an isolated event in term newborn,
sometimes it is difficult to differentiate it from a hemorrhagic infarction involving a deep
branch of middle cerebral artery. Cerebellar hemorrhage may be primary, secondary to venous
infarction or may complicate massive intraventricular or subarachnoid hemorrhage. The MR
appearance of parenchymal hemorrhage varies with time depending on the oxidation state of
hemoglobin.[30]
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5. Prevention and management

5.1. GM-IVH in preterm infants

Modern practice should emphasize on (i) prevention of GM-IVH, (ii) halting its progression,
and (iii) reducing its complications. Important preventive measures include (i) special obstetric
care for high-risk pregnancies, (ii) treatment of bacterial vaginosis for reducing premature
delivery, (iii) prevention of imminent premature labor using tocolytic agents, cesarean section
delivery in selected cases, and (iv) maternal administration of magnesium sulfate. In addition,
optimal ventilation and strict hemodynamic control of the premature infant are the corner-
stones of preventing GM-IVH and its progression. Several postnatal pharmacological agents
for prevention of GM-IVH are still under trial.[25,31,32]

PHH, a complication of GM-IVH has a very unpredictable course. 60% of the infants may
undergo spontaneous resolution while 40% may require a ventriculoperitoneal shunt, the
definitive treatment of progressive PHH.[25] Repeated lumbar puncture may temporarily
arrest the progression of PHH, but the long-term benefit of this approach remains unknown.[3]

5.2. ICH in term newborns

The single most important primary prevention is successful accomplishment of a vaginal
delivery with or without obstetric instrument. However, forceful vaginal delivery should not
be attempted if either vacuum extraction or forceps delivery has failed.[33]

Medical interventions should be implemented on the very first clinical suspension of ICH. The
goal of medical therapy is to provide adequate ventilation, prevent metabolic acidosis, to keep
vital organs well perfused and to control seizure activity. Sick newborns with ICH are managed
in the intensive care unit. Any treatable etiological factor (e.g. sepsis, dehydration, thrombo-
cytopenia, vitamin K deficiency or coagulopathy) should be identified and treated promptly.
Most symptomatic newborns with intracranial hemorrhage do not require neurosurgical
intervention. Neurosurgical intervention could, however, be lifesaving in a situation in which
there is a sudden clinical deterioration primarily due to rise in intracranial pressure as a result
of massive ICH and PHH.[34] The secondary prevention is to limit the extent of parenchymal
injury to the brain due to neurosurgery or hematoma.[35]

6. Summary

GM-IVH and its complications have potential impact on morbidity, mortality and long-term
neurodevelopmental outcome. The mechanism of GM-IVH is multifactorial and involves a
combination of vascular anatomic immaturity and complex hemodynamic factors. Goals are
prevention of GM-IVH, halting its progression and reducing its complications.

A strong association between traumatic deliveries especially vacuum extraction/forceps
delivery and hemorrhagic lesions has been well established in term newborns. Hemorrhage

7
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is often present at more than one site. MRI can be used to time the onset of lesions. Hemorrhage
may be primary or secondary and occur within an arterial or venous infarct. Neurodevelop-
mental outcome varies with the site of hemorrhage and the underlying cause. In the majority
of term newborns with ICH, medical therapy is the primary mode of treatment; rarely, surgical
intervention may be needed in selected cases.
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1. Introduction

While ongoing clinical trials are directly assessing ethnic/racial differences in incidence and
outcome of ICH, it is clear that individuals of certain ethnic groups (Asian, African American,
etc.) more commonly experience ICH [1,2]. However, few published studies comprehensively
assess the role of gender differences in incidence, clinical presentation, etiology, or outcome
after ICH. This knowledge is important for understanding putative pathophysiological
mechanisms, improving research models, and developing effective treatment options for
patients with ICH.

2. Incidence

While epidemiological observations on gender differences in the incidence of ischemic stroke
are abundant [3], relatively few have been published assessing gender differences in incidence
of ICH [4,5]. Over the course of the last several years, the incidence of primary ICH in the
developed world seems to be same or decreasing [4,5]. Presumably this is attributed to better
public awareness of preventive measures, such as control of hypertension, regular physical
activity, and healthy lifestyle. This observation is supported by population-based studies by
Islam et al. [6] in Perth, Australia as well by Lovelock et al. [5] in Oxfordshire, UK. On the other
hand, the incidence of ICH was reported to be nearly the same in studies done in France and
Finland [7,8]. In a systematic meta-analysis involving 36 studies over last 2 decades, Charlotte
et al. [4], found no significant difference in incidence of ICH over time.

I m EC H © 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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3. Influence of gender on incidence of ICH

Observations differ regarding the existence of gender differences in incidence of ICH. Further,
ethnic/racial background and age may interact with gender to influence ICH incidence. For
example, gender differences in ICH incidence are difficult to find in populations composed
largely of Caucasian individuals, such as Europe and Australia. In contrast, data from
multiethnic/racial populations, such as Northern America, suggest gender differences do exist.
Interestingly, there is a relative paucity of data from African, Southeast Asian, and Middle
Eastern populations about gender differences in incidence of ICH.

Below observations from major stroke registries and epidemiological studies are summarized
in Table 1. Statistical significance is reported wherever available (p values and confidence
intervals). All the incidence values for ICH are reported as per 100,000 people per year, unless
otherwise stated.

3.1. Studies from Europe

In a community-based study in Oxfordshire, UK, Bamford et al. [9] reported no gender
difference in overall incidence of ICH for men compared to women. Out of 66 patients with
ICH presenting over 5 years (1981-1986), 29 were men and 37 were women. Out of 37 women
with ICH, 23 (62%) were more than 75 years old, as compared to only 6 out of 29 men (21%).
In a population-based observational study during the years 1985-1989 in Dijon, France,
involving a town with 140,000 subjects, no gender differences were found in 87 cases of ICH
from a total of 984 cases of new strokes [10].

Fogelholm et al. [11] studied the epidemiology of ICH in central Finland during the years
1985-1989. From a total of 158 patients with ICH, they noted that 80 were women and 78 were
men. The incidence rates were similar in men (32) as compared to women (31) over this time
period. There was no difference in age of presentation between men and women with ICH.

These results were similar in a community-based study over the year 1989 in Italy. Researchers
in this study did not find any gender difference in annual incidence of ICH [12].

In a similar population-based study in Italy in 1992, it was noted that incidence of ICH was
similar in men and in women [13]. The incidence was 47 (95% CI=35-61) in women as compared
to 39 (95% CI=27-53) in men. In addition, there was no significant difference in the age of
presentation with the majority of patients being 65-75 years old at the time of presentation.

In the FINSTROKE study, Sivenius et al. [8] looked at the incidence of various types of strokes
across ages and genders from 1983-1997. This was a large comprehensive study to evaluate
incidence and types of various strokes, in addition to outcomes in Finland, over a span of 15
years. The investigators evaluated 5650 new cases of stroke. In their study, the incidence of
ICH did not change as opposed to incidence of ischemic stroke, which showed a decreasing
trend. Further the incidence of ICH was similar in men and women during course of the study

(p=0.6).
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The incidence of ICH was similar between men and women in an observational study
conducted at Vibo Valentina, Italy. This was a population-based study involving 97 subjects
with primary ICH in southern Italy conducted in 1996. The investigators found that the
incidence of ICH was 35. The incidence ratio in women to men was 0.92 (95% CI=0.56-1.51).
This was similar to another observation in 1989 from Valle d'Aosta, Italy. The investiga-
tors noted an annual incidence of primary ICH of 22 in men and 30 in women (95%
CI=0.85-3.49) [12,14,15].

These findings are similar to Arcadia Stroke Study from Greece. Vemmos et al. [16] studied
555 patients with stroke during 1993-1995 from a population-based stroke registry database
study. The age-adjusted incidence was 50.9, similar to other European studies. The incidence
of ICH was 64.4 (95% CI=41-88) in men as compared 38.2 (95% CI=20-56) in women. Thus,
there was no gender difference in incidence of ICH in this cohort.

The incidence of ICH over a 2-year period was found to be 24 in the German study, ESPro [17].
This was a prospective population-based study to evaluate the incidence of various types of
strokes. The incidence of ICH was 29 in women and 18 in men.

3.2. Studies from Asia

In the population-based Hisayama study from Japan, Kubo et al. [18] analyzed patients with
various types of strokes from 1961-2000, breaking down patient populations into 3 time-based
cohorts (1961-1973, 1974-1986, 1986-2000). They observed differences in the incidence of ICH
in men as compared to women. Incidence in men was higher (321, 125, and 130 over the 3 time
periods) as compared to women (63, 73, and 70, respectively) over the course of these cohorts.
Notably, there was a drop in incidence of ICH in men from 321 to 125 between the first and
second time periods (p=0.01), whereas the incidence in women remained the same across 40
years of observation.

In a large population-based retrospective observational study involving 32,859 inhabitants of
rural Japan, Morikawa et al. [19] found the incidence of ICH was lower in women as compared
to men. The researchers analyzed the incidence of various types of strokes over the years
1977-1991, divided into 3 time periods (1977-1981, 1982-1986 and 1986-1991). There were 410
cases of ICH [175 (97 men, 78 women), 120 (70 men, 50 women) and 115 (67 men, 48 women)
during three sub-periods]. The incidence of ICH in each time period for men was 605, 455, and
417 as compared to 476, 322, and 329 for women. Further, in their study they did not notice
any difference in the age of presentation between the genders.

In another hospital-based study by Inagawa et al. [20], the incidence of ICH was similar in men
and women. They studied 350 patients with first-ever primary ICH who were treated during
the 8-year period 1991 to 1998 in Izumo City, Japan. The incidence of ICH in men was 93 as
compared to 57 in women. (p=0.938). Inagawa et al carried out a population-based retrospec-
tive study of 267 patients with primary ICH in Izumo City, Japan, during the time period
1991-1996. The investigators noted similar incidence of ICH in men and women. The incidence
of ICH in age groups 50-59, 60-69, 70-79 and 80-89 in men versus women was: (36/13, 55/27,
40/41, 20/33). The study did not have enough power to assess for statistical significance. The
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slightly higher incidence of ICH in older women was attributable to higher life expectancy in
women and increasing incidence of amyloid angiopathy with age. In another population-based
study in Shibata province of Japan, the investigators studied 97 patients with primary ICH
during the time period 1976-1978. The investigators noted incidence in men of 80 as compared
to 44 in women. [18,19,21-23].

In a large multicenter study conducted across 10 different provinces in China during the years
1991-2000, the investigators identified a total of 16,031 cases of new onset stroke. Out of these
cases, 23.9 percent were ICH. The investigators found no difference in incidence of ICH across
gender. [24]

3.3. Studies from North America

In the Northern Manhattan Stroke study [25,26] the investigators found that the annual
incidence of ICH in the urban population of New York City was 30.9. Incidence was the same
inmen (81) as compared to 74 in women. Risk of ICH in men was higher than in women overall
with a relative risk of 1.5 (95% CI=1.2-1.8) for ICH in men as compared to women. Below age
65, men were at significantly greater risk than women (RR=3.4, 95% CI=2.7-4.3) but age 65 and
above men and women had a similar risk (RR=0.8, 95% CI=0.5-1.2). Men were at significantly
greater risk of deep ICH than women (RR=1.8, 95% CI=1.4-2.3) but there was no difference in
risk of lobar ICH (RR=1, 95% CI=0.8-1.2).

Kissela etal. [27] conducted a hospital-based observational study of 3136 stroke patients during
the time period of January 1, 1993, to June 30, 1994, to evaluate racial differences in clinical
features of strokes. The investigators noted that the incidence of primary ICH was 37 (95 CI,
28-46) in blacks as compared to 18 (95 CI, 16-20) in whites. Further, the incidence of ICH was
higher in black men in age group 65-74, (225) as compared to black women in the same age
group (100). There was no significant gender difference in the incidence of ICH in white
population.

3.4. Studies from South America

There have been few studies from South America in this regard. The PISCIS stroke project, a
community-based prospective study in Iquique, Chile noted that the incidence of ICH was
higher in men as compared to women with nearly two thirds of the total study cohort being
men. Minelli et al. [28] in a population-based study in Brazil noted similar findings. They
studied overall incidence of various types of strokes in the assigned population and found the
overall incidence of ICH was 14.7. Incidence in men (18.7) was nearly twice as much in women
(10.7). The majority of women were older (above 75 years of age) at presentation as compared
to men who most commonly were between 55-74 years of age.

3.5. Studies from Australia and New Zealand

In STROMA study, slightly higher incidence of ICH in men was found as compared to
women [29]. These findings are similar to the Australian study, NEMESIS, completed over
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period of 2 years [30]. A higher incidence of ICH was observed in men compared to women
(30 vs. 18) [30,31].

There was no significant gender difference in incidence of ICH in Auckland Regional Com-
munity Stroke Study [32-34]. The adjusted incidence for ICH was 29, with an incidence of 33
in men and 26 in women. There was uniform increase in the incidence of ICH in the older age
groups in both genders.

4. Gender differences in pathophysiology and outcome

While gender differences in clinical features of aneurismal subarachnoid hemorrhage has been
studied [35,36], a relative paucity of data exists regarding gender difference in similar charac-
teristics after ICH.

In the Northern Manhattan study [25,26], the incidence of ICH in men was 81 as compared to
74 in women (RR=1.5, 95% CI=1.2-1.8). The incidence of deep ICH was 58 in men as compared
to 43 in women (RR=1.8, 95% CI=1.4-2.3). On the other hand, the incidence of lobar ICH was
21 in men as compared to 28 in women (RR=1, 95% CI 0.7-1.4).

Inagawa et al. [20] evaluated incidence of ICH across gender and anatomical location during
8-year period 1991 to 1998 in Izumo City, Japan. Though ICH occurred more commonly in
men as opposed to women, the investigators did not find any significant difference regards to
the anatomical hematoma location across genders. Taken together, these findings suggest a
potential interaction between gender and race/ethnicity in determining the site of ICH.

Mean arterial pressure (MAP) may be associated with mortality in first 24 hours after presen-
tation of ICH. Qureshi et al. [37] carried out a retrospective chart review of 105 patients with
a diagnosis of primary ICH, and looked at the effect of rapid lowering of MAP on mortality in
the first 24 hours after ICH. The rate of decline in MAP (slope) was independently associated
with increased mortality (p=0.04), i.e., a faster rate of MAP decline was associated with higher
mortality. This effect was independent of other known predictors of mortality, i.e., hematoma
volume, presence of ventricular blood, and initial GCS score. While not powered to examine
gender-specific interaction, MAP lowering effects on mortality were nearly greater in men as
compared to women. (p=0.08). These findings may highlight gender differences in suscepti-
bility to changes in MAP and its potential contribution to mortality.

Gender differences may exist in formation of deep venous thrombosis (DVT) in patients with
primary ICH. Kawase et al. [38] prospectively evaluated 81 patients with primary ICH for risk
of developing DVT. After adjustment for age and relevant confounders, female sex was the
only independent predictor for DVT (odds ratio 6.89, 95% confidence interval, CI, 1.56-36.34,
p=0.014). Female patients with an initial NIHSS score > 12 had 19 times the risk for DVT
compared to men with an NIHSS score <12 (95% CI 2.61-213.77, p=0.007). Development of DVT
could add significantly to the morality and morbidity, especially in patients with ICH, as these
patients are not routine candiates for anticoagulation in the acute phase.
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Perihematomal edema (PHE) formation after ICH may affect mortality and long-term neuro-
logical function in this patient population. Wagner et al. [39] looked at the role of gender in
perihematomal edema in cases of primary ICH. PHE development was assessed over a 14-day
period on follow-up CT scans in 387 subjects and was compared between men and women.
The investigators found that starting at days 2-4, women showed lower PHE values (P<0.05;
days 2-4 and 8-11). The mechanism and ultimate effect on outcome of these findings is unclear.

To further support the neuroprotective role of female sex hormones, menopause may alter the
risk of primary ICH in women. Feldman et al. [40] carried out a prospective observational
study of 1714 patients with a diagnosis of ICH, and evaluated various risk factors for devel-
oping primary ICH. The investigators found that post-menopausal women had signifcantly
higer incidence of ICH as compared to premenopausal women. Thus, menopause was
significantly associated with development of primary ICH (adjusted OR, 2.50; 95% CI, 1.06 to
5.88). This observation may support role of female sex hormones in modifying the risk of
developing ICH. Clearly, more studies are necessary in this regard.

Five studies provide information about the fatality of ICH in both genders. In a cross sectional
study done by Kimura et al. [41], investigators found no difference in ICH mortality in men
vs. women at 28 days. The case fatality was 17.6% overall, with 18.8% in men and 16.2% in
women. These findings were similar to subsequent studies. Data from the Arcadia stroke
registry [16] showed a slightly higher rate of case fatality in women (51.8%) as compared to
men (44%) at 4 weeks after ICH. There was no difference in the case fatality rates in men as
compared to women from the observations in STROMA study. [29] The investigators found
that case fatality rate was 23.9% in men and 22.7% in women at 4 weeks after UCG. These
findings were supported by a large multicenter study from China, where the case fatality rate
was 48.4 percent in men, similar to 50.7 percent in women at 4 weeks after ICH. [24] Strikingly
different were the observations made by Thrift et al. [30] from Australia. The investigators
found that case fatality was higher in women (50.6%) as compared to men (29.2%). Finally,
women had better survival than men after first-ever primary ICH in a prospective stroke
register from Sweden, largely explained by a higher 28-day mortality in male patients over 75
years. [42]

5. Preclinical observations of the role of sex in ICH

Data from preclinical models of ICH suggest response to the estrogen therapy. Nakamura et
al. [43] studied sex differences in rat model of ICH. They observed that brain edema and
neurological deficits at 24 hours after ICH were less in female rats as compared to male rats.
The investigators then studied the role of an estrogen derivative on edema as well as functional
outcome in male and female rats. They observed that administration of exogenous estrogen
decreased edema as well as neurological deficits in male rats, but made no difference in female
rats. Other studies support these findings. [44,45] These observations may also extend to
pretreatment. Auriat et al. [46] found that estrogen pretreatment significantly reduced
hemorrhagic blood volume at 12 hours after ICH in male rats; however estrogen did not lessen
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cerebral edema at 2 days after ICH. These observations are supported by work from Gu et al.
[47] The investigators evaluated the role of estrogen pretreatment in reducing brain edema
and neuronal survival iniron induced injury in murine models of ICH. The investigators found
that estrogen pretreatment in male rats reduced brain edema (p < 0.01) as well as reduced
neuronal death in vitro suggesting a broader neuroprotective effect of etrogen.

Further, accumulation of iron and free radicals is proposed as one of the mechanisms of
neuronal injury after ICH. Chen et al. [48] evaluated the molecular mechanisms underlying
estrogen-mediated neuroprotective effect against iron induced neuronal injury in cases of ICH.
The investigators found that ferrous citrate induced greater brain injury in male rats than
female rats. Further, they observed that estrogen pretreatment was protective in iron-induced
brain injury in both sexes but the effect was more pronounced in female rats as compared to
male rats. The protective effect in female rats was attributed to higher concentrations of
estrogen receptor alpha in the brain regions involved. These observations suggest a direct
receptor mediated neuroprotective effect of estrogens against iron-induced free radical injury
in murine models of ICH.

Findings from work with estrogen may be partialy extended to other gonadal hormones. Chen
et al. [49] evaluated progesterone and testosterone effects on ICH-induced brain injury in male
rats. There was significant reduction of PHE in progesterone-treated rats (p < 0.05) as well as
improved functional outcome following ICH (p < 0.05), as compared to vehicle-treated rats.
However, testosterone treatment did not affect PHE and was associated with worse functional
outcome (p <0.05) as compared to vehicle-treated rats. These observations suggest a differen-
tial effect between female and male sex hormones after ICH.

Finally, Lei et al. [50] evaluated the role of sex and APOE polymorphism in modifying
outcomes in murine models of ICH. The investigators found that female mice had better
functional outcome as compared to male mice after ICH, as measured by neurobehavioral and
cognitive tests. Further, female mice showed rapid rates of recovery as compared to male mice
after comparable ICH injury. Interestingly, both male and female mice showed functional
benefits after administartion of apoE mimetic peptide. Thus, sex differences may exist in
pharmacogenomic interactions for drug therapy to improve recovery after ICH.

6. Conclusions

Several general conclusions can be made from the above observations. Gender differences in
incidence of ICH appear to exist in Asian and South American populations, where men seem
to suffer a higher incidence. Gender differences in incidence of ICH are not as obvious in
Northern America, European, or Australian-New Zealand populations. Interestingly, there
appears to be an interaction between age and gender in many of these populations, with ICH
occurring at a younger age in men. Differences in access to preventative treatment, prevalence
of known risk factors (e.g., hypertension, alcohol consumption, use of sympathomimetic
drugs), and genetic variance may explain some of these disparities.

17



18

Intracerebral Hemorrhage

Less clear is the existence of gender differences in pathophysiology and outcomes after ICH.

While preclinical data support the role of gonadal hormones influencing hemostatic and

neuroinflammatory modulation after ICH, their effects on recovery in humans are unknown.

No. Author Study details Year/s Observations
1 Tanaka (1981) [23 ] Shibata, Japan 1976-1978 Higher incidence of ICH in men
) Same incidence of ICH across genders.
2 Bamford (1988) [9,51] Oxford shire, UK 1981-86 ]
Women older age of presentation
) . No difference in incidence of ICH
3 Giroud (1991) [10] Dijon, France 1985-1989
across genders
No difference in incidence of ICH
4 D'Alessandro (1992) [12] Italy 1989
across genders
No difference in incidence of ICH
5 Fogelholm (1992) [11] Central Finland 1985-1989 across genders, women older age of
presentation
) Slightly higher incidence of ICH in
6 Lauria G (1995) [13] Italy 1992
women
) ) No difference in ICH related mortality
7 Kimura (1998) [41] Okinawa, Japan 1988-1991
at day 30 across genders
) Slightly higher incidence of ICH in
8 Kolominsky-Rabas (1998) [17] Germany 1993-1995
women
Higher incidence of ICH in men but
9 Sacco (1998) [26] New York, USA 1993-1996 ]
women older at age of presentation
Much higher incidence of ICH in older
10 Vemmos (1999) [16] Greece 1993-1995
men
Same incidence and age of
11 Morikawa (2000) [19] Rural Japan 1977-1991 )
presentation of ICH across genders
Incidence of ICH more in men as
12 Thrift (2001) [30] Australia 1996-1997
compared to women
13 Di Carlo (2003) [14] Calabria, Italy 1996 Slightly higher incidence of ICH in men
Incidence of ICH more in men as
14 Inagawa (2003) [20] Izumo, Japan 1991-1998
compared to women
Significantly higher incidence of ICH in
15 Kubo (2003) [18] Japan 1961-2000
men
_ No difference in mortality in ICH across
16 Zhang (2003) [24] China 1991- 2000
genders
17 Sivenius (2004) [8] Finland 1983-1997 Higher incidence of ICH in men
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No. Author Study details Year/s Observations
No difference in incidence of ICH
18 Anderson (2005) [34] Auckland, NZ 1981-2003
across genders
) Higher incidence of ICH related
19 Fogelholm (2005) [52] Finland 1985-1991 o
mortality in men
20 Khan (2005) [29] Sweden 1989-1999 Higher incidence of ICH in men
Higher incidence of ICH in men of
21 Labovitz (2005) [25] Manhattan, USA 1993-1996
African American ethnicity
22 Lavados (2005) [53] Iquique, Chile 2000-2002 Higher incidence of ICH in men
Same incidence of ICH over years
23 Benatru (2006) [7] Dijon, France 1985 to 2004
across genders
24 Feigin (2006) [33] Auckland, NZ 2002-2003 Same incidence of ICH across genders
) Decrease in incidence of ICH across
25 Lovelock (2007) [5] Oxford shire, UK 1981-2006
genders over years
26 Minelli (2007) [28] Mat&o, Brazil 2003-2004 Higher incidence of ICH in men
) Decrease in incidence of ICH across
27 Islam (2008) [6] Perth, Australia 1989-2001
genders over years
28 Thrift (2009) [31] Melbourne, Australia 1997-1999  Higher incidence of ICH in men
The incidence of non-lobar ICH was
29 Lavados (2010) [54] Iquique, Chile 2000-2002 ) ) _
high, most non-white populations
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1. Introduction

Intracerebral hemorrhage (ICH) is a type of acute stroke characterized by extravasation of
blood into brain parenchyma and formation of hematoma, leading to edema and tissue damage
in the brain. During ICH, rapid accumulation of blood within brain parenchyma leads to
disruption of normal anatomy and increased local pressure. Depending on the dynamic of
hematoma expansion (growth), the primary damage occurs within minutes to hours from the
onset of bleeding and is primarily the result of mechanical damage associated with the mass
effect, which compress adjacent tissues, thus destroying them. The ‘mass effect’ is an important
factor in the pathogenic events in ICH. But it may be difficult to predict and manage this effect
directly by drug therapies [1-2].

Once present, ICH causes both primary and secondary injury. The primary insult is due to
disruption of adjacent tissue and mass effect. Secondary injury occurs with the development
of edema, free radical formation, inflammation, and direct cellular toxicity due to the deposited
hematoma and subsequent degradation byproducts [3].

2. Body

After arteriolar rupture and parenchymal hemorrhage in the brain, a combination of local
compression, cytotoxic injury, inflammation, and surrounding edema ensues. Many patients
with ICH deteriorate progressively with no sign of hematoma expansion, suggesting that
secondary damage following ICH plays a critical role in neurological deterioration.
Secondary damage is, for the most part, attributable to the presence of intraparenchymal
blood and may be dependent on the initial hematoma volume, patients age, or ventricu-
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lar volume. Several lines of evidence show that secondary damage involves blood constit-
uents such as thrombin and hemoglobin as well as its degradation products, which exert
biological actions or toxic influences on brain cells. These events, primarily resulting from
blood extravasation, which subsequently activates cytotoxic, oxidative and inflammatory
pathways, also triggers secondary reactions in the brain parenchyma including recruit-
ment of additional proteases, cerebral edema, and cellular apoptosis, ultimately leading to
blood-brain barrier disruption and massive brain cell death. The toxic effects of extravasat-
ed blood result mainly from blood components, including red blood cells (RBCs), plasma
proteins, coagulation factors, inflammatory mediators , complement components and
immunoglobulins. After ICH, the extravasated blood components (primarily erythrocytes
and plasma proteins) and the damage-associated molecular patterns, impose a strong
cytotoxic, pro-oxidative, and proinflammatory insult toward adjacent viable brain cells and
could be seen as early as minutes after onset of ICH [1-3].

In addition to the hematoma, the associated edema may also contribute to the initial
neurological deficit, subsequent decline, or death. The edema related to ICH has been cited
as a reason for neurological deterioration after the first 24 to 48 h from the onset of
symptoms, and it has, to a lesser degree, also been implicated with deterioration as late as
3 weeks. The edema has been demonstrated to be predominately vasogenic with a cytotoxic
component. The vasogenic edema is a consequence of blood brain barrier (BBB) break-
down. In the normal brain, the BBB prevents the flow of water into the brain due to
hydrostatic pressure gradients. However, when the BBB is disrupted as occurs in ICH, the
imbalance in hydrostatic forces result in the entry of an exudative proteinaceous fluid onto
the brain parenchyma. The disruption in the BBB is likely a consequence of an inflammato-
ry cascade with resultant expression of specific cytokines and other markers of inflamma-
tion. The presence of red blood cells and their subsequent lysis and release of
oxyhemoglobin may contribute to the leakage of the BBB. The hemorrhage itself also induces
the production of thrombin and the overexpression of matrix metalloproteinases. Throm-
bin has been demonstrated to be an important factor in the modulation of BBB break-
down. Thrombin may be a major mediator of ICH-induced tumor necrosis factor-a
production and an increase of perihematomal tumor necrosis factor-a levels contributes to
brain edema formation after ICH. Matrix metalloproteinases also promote BBB disruption
and have been associated with increased edema volume via extracellular matrix proteoly-
sis, basal lamina destruction, and the degradation of c-fibronectin [4].

3. Blood plasma components/products

At early stage following ICH, the toxicity of extravasated blood plasma components including
blood derived coagulation factors, complement components, immunoglobulins, and other
bioactive molecules are proposed to act as contributors to ICH-affected tissue damage.
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3.1. Thrombin [1-2]

Thrombin, a serine protease produced rapidly after ICH onset, plays a pivotal role in the blood
coagulation cascade. In response to bleeding, a complex series of clotting-factor interactions
leads to its conversion by thromboplastin to thrombin, which transforms fibrinogen in
plasmainto fibrin, as well as catalyzing many other coagulation-related reactions. As part of
its activity in the coagulation cascade, thrombin also promotes platelet activation and aggre-
gation via activation of protease-activated receptors on the cell membrane of the platelet. The
primary purpose of thrombin is to stop bleeding as soon as possible and prevent hematoma
expansion. Besides its physiological role, substantial lines of evidence indicate that thrombin
participates in various pathological conditions in the brain, which contributes to edema
formation and blood-brain barrier damage in early brain injury, and activates the cytotoxic,
excitotoxic and inflammatory pathways that are involved in secondary injury following ICH.

In the case of ICH, a large amount of blood-derived thrombin invades the brain tissue and
exerts biological actions through its proteolytic activity. The substrates for thrombin include
proteinase-activated receptors that transduce intracellular signals via trimeric G proteins.The
role of thrombin in ICH pathogenesis was first suggested by its possible involvement in edema
formation. That is, injection of whole blood into the striatum of rats induced edema, which
was prevented by addition of hirudin, a thrombin inhibitor. Edema induced by autologous
blood injection into the striatum was attenuated also by argatroban, another inhibitor of
thrombin, even when the drug was systemically administered from 6 h after blood injection.
ICH-associated edema results from disruption of the blood-brain barrier and death of brain
parenchymal cells, both of which may be induced by thrombin. Application of thrombin to rat
corticostriatal cultures induced delayed neuron death in the cortical region and shrinkage of
the striatal region. Various pharmacological examinations revealed distinct properties of the
mechanisms of injury between the cerebral cortex and the striatum. For example, extracellular
signal-regulated kinase (ERK), p38, and c-Jun N-terminal kinase (JNK), three major members
of mitogen-activated protein kinase (MAPK) family, all contributed to thrombin-induced
injury of the striatum, whereas ERK, but not p38 or JNK, was involved in cortical injury. In
addition, depletion of microglia from slice cultures rescued striatal tissue, but not cortical cells,
from thrombin-induced injury, suggesting that microglia participate only in striatal tissue
injury. Involvement of MAPKSs and activated microglia in striatal tissue injury was confirmed
by an in vivo study where thrombin was directly injected into the striatum of adult rats. On
the other hand, plasminogen was found to cooperate with thrombin in inducing cortical injury
but not striatal injury. Thrombin-mediated cellular injury may also be mediated by activation
of matrix metalloproteinase (MMP)-9. That is, concurrent application of MMP-9 exacerbates
cytotoxicity of thrombin in neurons in primary culture, and thrombin cytotoxicity is partially
attenuated by MMP inhibitors. Moreover, brain damage induced by autologous blood
injection is synergistically attenuated by deletion of the gene encoding MMP-9 and adminis-
tration of the thrombin inhibitor hirudin.

So, Thrombin can be a double-edged sword, It should be protective during the early stage in
ICH to rapidly stop bleeding and prevent hematoma enlargement , whereas its augment in
the late stage may result in edema formation and be toxic.
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3.2. Haptoglobin (Hp) and Hemopexin(Hx) [1-2]

Haptoglobin and Hemopexin Acts to Combat Hb/Heme Toxicity After ICH.

Haptoglobin (Hp), an acute phase protein, is an abundant blood plasma component that is
normally synthesized and released into blood circulation primarily by hepatocytes. The
primary function of Hp in blood is to bind and neutralize nephrotoxic free Hb in case of
intravascular hemolysis.

Under normal circumstances, Hp represents an effective mechanism by which our body is
protected from Hb toxicity. However, because Hp synthesis is not increased by low Hp levels
and Hp is not recycled by macrophages, it may take 5 to 7 days for the Hp level to recover if
completely sequestered by Hb. Thus, massive hemolysis may lead to persistent hypohapto-
globinemia. Interestingly, Recently study demonstrated that Hp is also produced locally in rat
brain after ICH and its expression is significantly increased around the hematoma within hours
from the onset of ICH.

The brain-derived Hp appeared to be synthesized and released by oligodendrocytes. Because
oligodendroglia are abundant in white matter and are present throughout the gray matter,
local production of Hp by these cells likely represents an important endogenous mechanism
protecting brain against the extravascular Hb toxicity. Indirect support for such a claim
includes (1) primary oligodendrocytes protect neurons in culture from Hb toxicity via Hp
release; (2) animals made hypohaptoglobinemic with repetitive Hb administration, before
ICH, experience more extensive brain damage; (3) mice genetically engineered to overexpress
Hp are less susceptible to ICH injury; and (4) Hp-deficient mice are more vulnerable to ICH
injury. In the context of therapeutic relevance, there have been determined that pharmacolog-
ical intervention with sulforaphane, a naturally occurring agent that acts as NF-E2-related
factor-2 (Nrf2) transcription factor activator, increases Hp in blood plasma and brain, and
notably reduces brain damage in animal models of ICH. The relevance of Hp genotype as a
factor modifying the outcome after ICH has not been studied to date. It could also be relevant
for this review to indicate that in addition to the Hp-Hb/CD163 scavenging system, an
independent system exists to help remove Hb breakdown products, heme, and iron.

Hemopexin (Hx) is a blood plasma glycoprotein synthesized primarily by hepatocytes. Hx has
been shown to bind to heme with a high affinity and forms stable Hx-heme complexes. The
heme-Hx complexes are readily endocytosed by macrophages expressing CD91 macroglobu-
lin receptor, (also known as low-density lipoprotein receptor-related protein-1). Although
under physiological conditions CD91 plays a role in recycling iron in response to extravascular
hemolysis in hematoma-affected tissue, the Hx-heme/CD91 system may facilitate removal of
prooxidative heme by icroglia/macrophages.

Recent studies and ongoing research in this laboratory support this notion and suggest that
Hx-deficient mice experience augmented ICH injury. More studies of the role of Hx in ICH
are warranted.
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4. Red blood cells degradation products [1-2, 5-6]

Aside from proteases and plasma products, important blood constituents contributing to ICH
pathogenesis are erythrocyte and its degradation products. Following ICH, a large number of
red blood cells penetrate into brain parenchyma. Hemolysis does not occur promptly after
ICH, but rather, proceeds slowly, taking several days to weeks. Packed RBCs do not cause
acute edema development after infusion into the basal ganglia or frontal white matter.
However, they do cause delayed edema that appears to be related to release of hemoglobin.
Usually, most RBCs start to lyse several days after ICH, but RBC lysis can occur very early.A
cascade of events triggered by erythrocyte lysis is critical for the delayed development of
edema and the secondary brain damage after ICH.

4.1. Hemoglobin (Hb) and Heme and heme oxygenase-1 (HO-1) [1-2, 5-6]

Red blood cell lysis lead to release of cytotoxic hemoglobin (Hb) with further deterioration of
the pathological status quo . Hb and its degradation products, heme and iron, directly
compromise the well-being of neighboring brain cells. Hb and heme are potent cytotoxic
chemicals capable of causing death to many brain cells.

Hemoglobin(Hb) is a major component of blood and a potent mediator of oxidative stress after
ICH. After a cerebral hemorrhage, large numbers of hemoglobin-containing red blood cells
are released into the brain's parenchyma and/or subarachnoid space. Hemoglobin is released
from lysed red blood cells, heme is liberated from hemoglobin, and hemoglobin as well as
heme is taken up by brain parenchymal cells such as microglia and neurons. Prominently, the
mechanism of hemoglobin toxicity is via generating free radicals (mainly through Fenton-type
mechanism) and massive oxidative damage to proteins, nucleic acids, carbohydrates, and
lipids. Heme itself or its degradation products may contribute to formation of brain edema
and secondary brain injury after hemorrhagic insults. Hemin, the oxidative form of heme,
plays a critical role in Hb-induced brain injury following ICH. Hemin exerts its neurotoxic
effects via release of excessive iron, depletion of glutathione and production of free radicals.

Breakdown of the heme moieties of hemoglobin is catalyzed by heme oxygenase-1 (HO-1) into
iron, carbon monoxide, and biliverdin, the latter two of which are thought to mediate the anti-
inflammatory and antioxidant actions. HO-1, the rate-limiting enzyme for heme catabolism
and iron production, after induction of ICH by collagenase or injection of autologous blood,
robust expression of HO-1 is induced predominantly in non-neural cells such as microglia/
macrophages and endothelial cells. The role of HO-1 following ICH is controversial.

Under normal conditions, HO-1 is expressed at a very low level, but it is rapidly induced by
hemoglobin, heme, and various oxidants. HO-1 has a convincing role in the regulation of
intracellular iron. HO-lincreased heme catabolism, so it plays a protective role against
oxidative injuries in the vascular system.HO-1 induction protects astrocytes from the oxidative
toxicity of hemoglobin and heme. HO-1 has a protective role as an intrinsic factor against
oxidative stress and the protection depends on the degree of oxidative stress by generating
antioxidant bilirubin and vasodilating carbon monoxide. Deficiency of HO-1 in humans and
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in an HO-1 knockout mouse model leads to vulnerability to oxidant stress and inflammation.
In the present study, intravenous administration of nicaraven (a marked synergistic induction
of HO-1 protein, for 2 days after subarachnoid hemorrhage) ameliorated delayed cerebral
vasospasm in rat subarachnoid hemorrhage models. These results suggest that the enhanced
HO-1 expression through a combination of pathological state and pharmacological agent could
be an effective strategy to improve the prognosis of heme- and oxidative stress-induced
diseases. However, contradictory results have been reported in other researches. Overexpres-
sion of HO-1 may be cytotoxic when excessive free iron exceeds the antioxidant properties of
heme derived biliverdin. Earlier studies on ICH models in pigs and rabbits demonstrated that
tin-mesoporphyrin, an isoform-nonselective HO inhibitor, attenuated edema formation and
neuron loss. HO-1 and peroxidized lipid content were significantly higher in CSF from SAH
patients with vasospasm, compared with nonvasospasm SAH CSF and correlated with
occurrence of vasospasm. It is suggested that bilirubin and HO-1 was induced after hemor-
rhagic stroke, reflecting the intensity of oxidative stress. One potential explanation for such
discrepancy is that HO-1 deficiency could reduce the excessive liberation of free iron from
erythrocytes in hematoma (feature that is unique to ICH) and consequently limit the iron-
mediated oxidative stress.After some controversy over the beneficial or toxic roles of HO-1, a
better understanding of the pivotal HO-1 has evolved. We recently proposed a novel role of
HO-1 in ICH pathogenesis. We concluded that upregulation of HO-1 after ICH may be a
double-edged sword. The early mild upregulation possibly fit with the events and its overex-
pression in the late stage may result in its dysfunction and be toxic. It should be prudent to
intervene ICH with the inhibitor or activator of HO-1 and think over its potential dual effects.

Figure 1. Cerebral slice with autologus blood HO-1 positive staining in ICH rat in ICH rat

4.2. Iron deposits and AQP4 [1-2, 5-6]

As indicated, toxicity of free iron originated from extravascular hemolysis, and HO-mediated
catabolism is well-documented. Iron derived from heme degradation may also play a key role
in ICH pathogenesis, presumably via acceleration of oxidative stress. After autologous blood
injection in rats, induction of HO-1 is followed by a gradual increase in tissue levels of non-
heme iron. Iron concentrations in the brain can reach very high levels following RBC lysis,
possibly contributing to acute brain edema formation (1st week) and delayed brain atrophy (1
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month later). Lysis of RBCs and iron overload contribute to delayed edema formation after
ICH. Iron accumulation in brain tissue is toxic and may result in brain damage after ICH. A
recent clinical study showed that high serum levels of ferritin, a soluble protein for iron storage,
are associated with poor outcome in ICH patients, suggesting that iron is involved in brain
damage by ICH. Consistent with this idea, several studies on animal models of ICH showed
that the iron chelator deferoxamine attenuated tissue damage and neurological deficits. For
instance, intraperitoneal administration of deferoxamine starting from 2 or 6 h after autologous
blood injection lessened brain edema, oxidative stress, and motor function deficits in rats.
Another study on aged rats showed that deferoxamine was effective in reducing brain edema
and motor dysfunction even when administration of the drug was delayed and 48 h, respec-
tively, after autologous blood injection. However, the therapeutic efficacy of deferoxamine
might depend on the type of ICH model. Reports mentioned above demonstrating beneficial
effects of deferoxamine are based on the model made by autologous blood injection, whereas
deferoxamine did not improve the outcome of the collagenase- induced ICH model in rat. On
the other hand, a study on clioquinol, another kind of ferrous iron chelator, has demonstrated
that oral administration of the drug, starting 6 h after induction of hemorrhage near the internal
capsule by collagenase, alleviated motor dysfunction of rats . It recently has been demonstrated
that estrogen reduces ferrous iron toxicity in vivo and in vitro, indicating that gender difference
in susceptibility to ICH may, in part, be associated with differences in handling ferrous iron
toxicity. Iron (II), by reacting with H202 generates hydroxyl radicals and clioquinol, by
forming stable complexes with ferrous iron prevents its engagement in oxidative reactions.
So, all these data suggest that iron particluarly ferrous iron (II) plays an important part in
brain injury after ICH.

Iron has the potential to mediate a number of deleterious reactions both in vitro and in vivo.
Iron accumulation in tissues, particularly if the labile iron pool is increased, is associated with
tissue damage.Iron overload in the brain can cause free-radical formation and oxidative
damage such as lipid peroxidation after ICH. Brain cells, including neurons, astrocytes, and
microglia, show a decreased ability to respond to oxidative stress, particularly with respect to
their levels of glutathione and lutathione peroxidase, such that alteration in their iron status
may predispose them to iron-induced oxidative stress.

Among the aquaporins(AQP) family, a major water-channel in the central nervous sys-
tem(CNS )is AQP4, which is a key molecule for maintaining water balance, and its dysfunction
or structural damage may cause brain edema.Aquaporin 4, a major water channel protein that
is expressed in the brain, plays a key role in the maintenance of brain water homeostasis. It
has been proposed that AQP4 may play an important role in the formation of cerebral edema.
Because of restricted space within the cranium, salt and water fux in the CNS must be strictly
regulated to maintain neuronal functions of the brain. In the CNS, most of the AQP4 is
expressed in perimicrovessel astrocyte foot processes, and alterations in AQP4 expression are
associated with perturbations of brain water homeostasis. The pattern of AQP4 expression was
correlated with blood-brain barrier permeability, which was assessed using contrast enhanced
Computed Tomography scanning. Our results showed that AQP4 was mainly located around
blood vessels. The current study provided more direct evidence that AQP4 in perivascular
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astroglial end feet plays a key role in exchange of water between brain, blood, and cerebro-
spinal fuid. Upregulation of AQP4 induced by iron overload may cause an increased perme-
ability to water in astrocytic membranes. The faint positive immunoreactivity of AQP4
possibly prevent the astrocytes from swelling. So, AQP4 in the brain may be viewed as a final
common pathways of cerebral edema.
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Figure 2. Iron staining after ICH (Perl’s staining) AQP4 positive staining in ICH rat

5. Inflammatory mediators [1-4]

Whereas inflammatory mediators generated locally in response to brain injury have the
capacity to augment damage caused by ICH (secondary injury), the involvement of inflam-
matory cells, eg, microglia/macrophages, is vital for removal or cleanup of cellular debris from
hematoma, the source of ongoing inflammation. The timely removal of damaged tissue is
essential for reducing the length of deleterious pathological process and thereby allowing for
faster and more efficient recovery.

Several lines of evidence showed that activation of innate immunity and inflammatory
responses contributes to the pathogenesis of secondary injury after ICH. An inflammatory
response occurs after ICH, which aggravates ICH-induced brain injury, leading to further
tissue damage, blood-brain barrier disruption and edema. The inflammatory mechanisms
involved in progression of ICH-induced brain injury include activation of microglial cells,
infiltration of inflammatory cells and production of cytokines and chemokines.

5.1. Microglias activation [1-4, 7]

The brain-resident phagocytes, microglia, are highly abundant (10%-15% of total glial cells)
in brain and become readily activated within minutes after ICH. Microglia are a type of glial
cell that are the resident macrophages of the brain and spinal cord, and thus act as the first and
main form of active immune defense in the central nervous system(CNS). Microglial cells fulfill
a variety of different tasks within the CNS mainly related to both immune response and
maintaining homeostasis.

Microglia constitute 10-15% of the total glial cell population within the brain. Microglia (and
astrocytes) are distributed in large non-overlapping regions throughout the brain and spinal



The Pathogenesis of Edema and Secondary Insults after ICH
http://dx.doi.org/10.5772/58542

cord. Microglia are constantly scavenging the CNS for plaques, damaged neurons and
infectious agents. The brain and spinal cord are considered "immune privileged" organs in that
they are separated from the rest of the body by a series of endothelial cells known as the blood-
brain barrier, which prevents most infections from reaching the vulnerable nervous tissue. In
the case where infectious agents are directly introduced to the brain or cross the blood-brain
barrier, microglial cells must react quickly to decrease inflammation and destroy the infectious
agents before they damage the sensitive neural tissue. Due to the unavailability of antibodies
from the rest of the body (few antibodies are small enough to cross the blood brain barrier),
microglia must be able to recognize foreign bodies, swallow them, and act as antigen-present-
ing cells activating T-cells. Since this process must be done quickly to prevent potentially fatal
damage, microglia are extremely sensitive to even small pathological changes in the CNS.

Microglia can be activated by a variety of factors including: glutamate receptor agonists, pro-
inflammatory cytokines, cell necrosis factors, lipopolysaccharide, and changes in extracellular
potassium (indicative of ruptured cells). Once activated the cells undergo several key mor-
phological changes including the thickening and retraction of branches, uptake of major
histocompatibility complex (MHC) class I/Il proteins, expression of immunomolecules,
secretion of cytotoxic factors, secretion of recruitment molecules, and secretion of pro-
inflammatory signaling molecules (resulting in a pro-inflammation signal cascade). Activated
non-phagocytic microglia generally appear as "bushy, " "rods, " or small ameboids depending
on how far along the ramified to full phagocytic transformation continuum they are. In
addition, the microglia also undergo rapid proliferation in order to increase their numbers.
From a strictly morphological perspective, the variation in microglial form along the contin-
uum is associated with changing morphological complexity and can be quantitated using the
methods of fractal analysis, which have proven sensitive to even subtle, visually undetectable
changes associated with different morphologies in different pathological states.

Microglial cells are activated within minutes after the onset of ICH. The activated microglia
release proinflammatory cytokines and chemotactic factors, which help to recruit hemotoge-
neous inflammatory cells to the ICH injury sites. Activated microglial cells undergo morpho-
logical and functional changes that include enlargement and thickening of processes,
upregulation of proinflammatory proteins, and behavioral changes, including proliferation,
migration and phagocytosis. Timely clearance of the extravasated RBCs by activated micro-
glia/macrophages can provide protection from local damage resulting from RBC lysis. The
primary neuroprotective role of activated microglia is to clear the hematoma and damaged
cell debris through phagocytosis, providing a nurturing environment for tissue recovery. This
is characterized first by the transient (18 hours—4 days) infiltration of neutrophils and then a
long-term (1 day—months) presence of hematogenous macrophages. However, accumulating
evidence has shown that microglial activation contributes to ICH-induced secondary brain
injury by releasing a variety of cytokines, chemokines, free radicals, nitric oxide and other
potentially toxic chemicals. In addition, several studies have shown that inhibition of micro-
glial activation reduces brain damages in animal models of ICH. Microglial inhibitors, such as
minocycline and microglia/macrophage inhibitory factors (tuftsin fragment 1-3), reduce ICH-
induced brain injury and improve neurological function in rodents. Clearly, microglial
activation mediates ICH-mediated brain injury. Successful removal of injured cells can reduce
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secondary damage by preventing discharge of injurious proinflammatory cell contents.
Resolution of hematoma and inhibition of inflammation are considered potential targets for
ICH treatment.

Activated microglia can be stained via the marker ionized calcium-binding adapter molecule
1 (IBA1), which is upregulated during activation. Microglia are the only cells in the brain to
express Ibal.

One way to control neuroinflammation is to inhibit microglial activation. Studies on microglia
have shown that they are activated by diverse stimuli but they are dependent on activation of
mitogen-activated protein kinase (MAPK). Previous approaches to down-regulate activated
microglia focused on immunosuppressants. Recently, minocycline (a tetracycline derivative)
has shown down-regulation of microglial MAPK. Another promising treatment is CPI1-1189,
which induces cell death in a tumor necrosis factor (TNF) a-inhibiting compound that also
down-regulates MAPK. Recent study shows that nicergoline (Sermion) suppresses the
production of proinflammatory cytokines and superoxide anion by activated microglia.
Microglial activation can be inhibited by MIF (microglia/macrophage inhibitory factor, tuftsin
fragment 1-3, Thr-Lys-Pro). MIF-treated mice showed reduced brain injury and improved
neurologic function in a mouse model of collagenase-induced intracerebral hemorrhage.

Albeit some inflammatory responses generated by microglia/macrophages after ICH may
aggravate brain injury, microglia/macrophages-mediated phagocytosis is instrumental in
conducting brain clean-up, the process that must occur to allow for tissue repair and functional
recovery. A fast and efficient removal of apoptotic, dislocated (eg, extravascular erythrocytes),
and damaged cells before the discharge of injurious and proinflammatory cell contents
(damageassociated molecular patterns) occurs and may help to reduce secondary damage.

So, by inhibiting the activation of microglial cells, namely the inhibition of brain primary
response to the timely removal of damaged tissue and self repairing systems, to reduce the
amount of potential damages, the desirability of this way is still questionable .

Figure 3. Microglia - ramified form from rat cortex before traumatic brain injury (lectin staining with HRP)
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Figure 4. Microglia/Macrophage - activated form from rat cortex after traumatic brain injury (lectin staining with HRP)

5.2. Infiltration of inflammatory cells [1-3]

Besides microglia, other blood-derived inflammatory cells, such as leukocytes and macro-
phages, are also activated after ICH and contribute to ICH-induced brain injury Neutrophil
infiltration occurs less than 1day after the onset of ICH, and the infiltrating neutrophils die by
apoptosis within 2days . Neutrophils are believed to contribute to brain injury after ICH.
Depletion of neutrophils reduced blood-brain barrier disruption, axon injury and inflamma-
tion in a rat model of ICH and was found to prevent tissue plasminogen activator (tPA)-
induced ICH in a rat model of cerebral ischemia. Neutrophils may damage brain tissues by
producing reactive oxygen species (ROS) and releasing proinflammatory cytokines and matrix
metalloproteinases (MMPs). Dying leukocytes can cause further brain injury by stimulating
microglia/macrophages to release proinflammatory factors. Activated macrophages are
indistinguishable from resident microglia in morphology and function. Similar to activated
microglia, activated leukocytes and macrophages release a variety of cytokines, chemokines,
free radicals and other potentially toxic chemicals.

5.3. Production of cytokines

Cytokines are well-known to be associated with inflammation and immune activation.
Although cytokines are released by many cells, including microglia/macrophages, astrocytes
and neurons, the major sources of cytokines are activated microglia/macrophages.

5.3.1. INF-a and IL-16 [1-3]

Many studies have shown that two major proinflammatory cytokines, TNF-a and interleu-
kinlp (IL-1PB), exacerbate ICH-induced brain injury. After ICH, TNF-a is significantly in-
creased both in vivo and in vitro, which may contribute to brain edema formation and brain
injury in animal models of ICH. Consistent with animal studies, clinical studies support the
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proposition that TNF-a contributes to ICH-induced brain injury. Plasma TNF-a has been
shown to correlate with the magnitude of the perihematomal brain edema in patients with
ICH. Single-nucleotide polymorphisms in the TNF-a gene promoter are associated with
spontaneous deep ICH. Similarly, IL-1§3 has been found to be upregulated after ICH in an
animal model and to produce detrimental effects, including brain edema and blood-brain
barrier disruption.

5.3.2. Nuclear factor kappa-B (NF-xB) [1-3]

The apoptotic pathway in ICH may involve nuclear factor-kappa B (NF-kB), which is a
ubiquitous transcription factor that, when activated, translocates to the nucleus and binds to
DNA. NF-«B is associated with apoptotic cell death and has been reported in the role of cell
death after experimental ICH in rats .

The inflammatory signaling involves a coordinated effort of different molecules and cell types
and is largely coordinated by a ubiquitous transcription factor, NF-kB, a transcription factor
involved in inflammatory responses, is a key regulator of many proinflammatory cytokines,
such as TNF-at, IL-18 and MMP-9 are involved in various pathological conditions, including
ICH-mediated brain injury. Activation of NF-«kB occurs within minutes and lasts for at least 1
week after the onset of ICH. The activity of NF-«kB correlates with perilesional cell death after
ICH in rats and is positively associated with the progression of apoptotic cell death in patients
with ICH. Several lines of evidence have shown that NF-kB is activated by RBCs and plasma
via signaling pathways involving free radicals, cytokines and glutamate receptors. Cellular
necrosis likely occurs at the core of the hemorrhage; however, apoptosis has been observed in
the perihematomal region.

5.3.3.CD36[1, 3]

Microglia and macrophages express various cell surface receptors, including scavenger
receptors (eg, CD36) that assist in phagocytosis / endocytosis - mediated removal of cellular
debris after tissue injury, including brain injury after ICH. One specific study evaluated CD36,
a class II scavenger receptor that is transcriptionally regulated by peroxisome proliferator-
activated receptors (PPARs). This study used in vitro and in vivo models and demonstrated
that: (1) microglia/macrophages utilize CD36 to promote phagocytosis of red blood cell; and
(2) treating animals with PPAR agonists (eg, rosiglitazone, pioglitazone, or 15D-PGJ2), which
increased CD36 expression, results in faster hematoma resolution and improved functional
recovery after ICH.

5.3.4. Toll-like receptors (TLRs) [3]

Toll-like receptors (TLRs) is expressed in microglia, the resident macrophages of the brain,
belong to alarge family of pattern recognition receptors that play a key role in innate immunity
and inflammatory responses. It has been reported that TLR4 is upregulated in a rat model of
ICH and that its signaling pathway contributes to poor outcome after ICH. TLR4 is activated
by many endogenous ligands, such as heme and fibrinogen, which are produced in the brain
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after ICH. Our recent in vivo study shows that activation of TLR4 by heme causes ICH-induced
inflammatory injury via the MyD88/TRIF signaling pathway and that effective blockade of
TLR4 by its antibody suppresses ICH-induced inflammation. Thus, the TLR4 signaling
pathway could be a promising therapeutic target for ICH treatment.

5.3.5. Matrix metalloproteinases(MMPs) [1-2, 4]

The hemorrhage itself also induces the overexpression of matrix metalloproteinases(MMPs).
Matrix metalloproteinases also promote BBB disruption and have been associated with
increased edema volume via extracellular matrix proteolysis, basal lamina destruction, and
the degradation of c-fibronectin.

Matrix metalloproteinases (MMPs) are a large family of calcium-dependent zinc-containing
endopeptidases, which are responsible for the tissue remodeling and degradation of the
extracellular matrix (ECM), including collagens, elastins, gelatin, matrix glycoproteins, and
proteoglycan. Matrix metalloproteinases are excreted by a variety of connective tissue and pro-
inflammatory cells including fibroblasts, osteoblasts, endothelial cells, macrophages, neutro-
phils, and lymphocytes. These enzymes are expressed as zymogens, which are subsequently
processed by other proteolytic enzymes (such as serine proteases, furin, plasmin, and others)
to generate the active forms. After hemorrhagic events in the brain, several members of the
MMP family are recruited and involved in pathogenic processes. An early study on collagenase
injection model reported that the MMP inhibitor BB-1101 could reduce brain edema when
administered 6h after induction of ICH. In human ICH patients, expression of MMP-9 and
MMP-3 increases after the incident. MMP-9 expression is induced in astrocytes and neurons
in the perihematomal area, possibly by an action of hemoglobin. Increased MMP-9 is associated
with the extent of perihematomal edema, whereas increased MMP-3 is associated with high
mortality. Experiments using MMP-9-deficient mice demonstrated that MMP-9 derived from
both blood and brain parenchyma contributes to edema formation after autologous blood
injection. In addition, MMP-9—-deficient mice displayed lower levels of neurodegeneration,
neutrophil infiltration, and microglia/macrophage reactions than wild-type mice. In the
collagenase injection model, MMP-9 expression was found mainly in neurons and vascular
endothelial cells, and administration of the MMP inhibitor GM6001, beginning 2 h after
induction of ICH, attenuated neutrophil infiltration, oxidative stress, brain edema, neurode-
generation, and neurological impairment. With regard to MMP-3, early induction of this
enzyme may contribute to brain damage in combination with other proteases such as MMP-9
and thrombin. Other lines of evidence indicate that MMP-12 may play a key role in the
pathogenesis of ICH. That is, MMP-12 was induced most prominently among MMP isozymes
in the collagenase-injection model in rats and mice, and MMP-12 deficient mice showed better
functional recovery after ICH as well as reduced levels of recruitment of microglia/macro-
phages in the perihematomal region.It should be noted that several studies reported conflicting
results. For example, a study on MMP-9—deficient mice showed that collagenase injection into
the striatum of the mutant mice resulted in enhanced bleeding, increased mortality, and
exacerbated neurological deficits. These changes may be attributable to heightened expression
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of MMP-2 and MMP-3 in response to ICH, together with lowered levels of collagen in the brain
of MMP-9—-deficient mice . In addition, systemic administration of BB-94, a broad spectrum
MMP inhibitor, from 30 min before collagenase injection increased hemorrhagic volume and
the number of cells exhibiting DNA fragmentation.

6. Oxidative injury [1-2]

Neurological deficits associated with ICH were also released from RBC lysis is a potent
cytotoxic chemical that generates free radicals and oxidative damage, causing death of
surrounding cells. ROS are produced after ICH and contribute to ICH pathogenesis. In
addition, phagocytosis generates a large amount of ROS that can damage macrophages and
neurons. Oxidative stress appears to play a prominent role in ICH pathogenesis. In addition
to increased free radical generation, damage to brain tissue may result from the impairment
of the endogenous antioxidative enzyme system in response to ICH. Direct evidence for the
causal relationship between free radicals and ICH injury was by demonstrating the efficacy of
antioxidants as therapeutic agents. Specifically, the free radical scavengers, such as dime-
thylthiourea, a-phenyl-N-tert-butyl nitrone, NXY-059 (a sulfonyl derivative of a-phenyl-N-
tert-butyl nitrone) or deferoxamine, a drug chelating pro-oxidative iron, significantly reduced
brain injury in animal models of ICH. Mice with generically deleted NADPH oxidase, a key
enzyme involved in generating ROS, showed reduced damage after ICH.

It reported a significant reduction in the levels of manganese superoxide dismutase and
copper/zinc superoxide dismutase, the key enzymes of the antioxidant defense system in
brains, after intracerebral injection of lysed erythrocytes.

Nrf2, a key player in antioxidative homeostasis. By binding to the antioxidant response
element, Nrf2 regulates the expression of many detoxification and antioxidant enzymes,
including superoxide dismutase, catalase, glutathione- Stransferase, glutathione peroxidase,
HO-1, NAD(P)H quinine oxidoreductase -1, peroxiredoxin, or thioredoxin. To activate Nrf2
in animals after ICH, researchers utilized a naturally occurring organosulfur compound,
sulforaphane. As expected, treatment with sulforaphane effectively increased the expression
of Nrf2-regulated antioxidant genes, including catalase, superoxide dismutase, and gluta-
thione-Stransferase, in brain tissue after ICH. Notably, this expression of antioxidants corre-
sponded to reduced oxidative damage to proteins and lipids within the ICH-affected brain
and importantly, with less severe neurological deficits. Nrf2 plays critical safeguard function
in defending brain against oxidative stress associated with ICH pathogenesis.

7. Glutamate [2]

Glutamate has long been recognized as the major excitatory neurotransmitter in the central
nervous system (CNS). This amino acid is also well known as an important player in various



The Pathogenesis of Edema and Secondary Insults after ICH 39
http://dx.doi.org/10.5772/58542

CNS disorders, since over-activation of ionotropic glutamate receptors causes neuronal
damage via processes called excitotoxicity. Several lines of evidence suggest that glutamate is
involved in the pathogensis of ICH. Transient elevation of the extracellular concentration of
glutamate in the perihematomal region was demonstrated in rabbits following injection of
autologous blood into the gray matter of the cerebrum. Subsequently, the effect of memantine,
a low-affinity blocker of the N-methyl-D-aspartate subtype of glutamate receptor—associated
channels, was investigated in the collagenase-injection model in rats. Daily intraperitoneal
administration of memantine, starting from 30 min after induction of ICH, reduced hemor-
rhage volume, apoptotic cell death, neutrophil infiltration, and the number of microglia/
macrophages in the periphery of hematoma.

8. Ischemia [8, 4]

Based on the recent publications, several potential factors of secondary ischemic injury after
ICH have been consistently associated with acute ischemic lesions around hematoma.
Although there is restricted diffusion within the hematoma during the first 2 weeks, an effect
of increased viscosity and suspectibility effects from blood breakdown products, much more
attention has been paid to the potential for ischemia in the surrounding tissue.

9. Conclusion

In conclusion, blood constituents, including hemoglobin-derived products as well as proteases
such as thrombin and Haptoglobin, play important roles in the pathogenic events. Inflamma-
tory reactions involving activated microglia, neutrophils, and production of proinflammatory
cytokines also constitute a critical aspect of pathology leading to neurodegeneration and tissue
damage. The mechanisms of secondary cerebral injury after ICH are complex and multidisci-
plinary. From a protective response into the later damaged process, they are interacting and
overlapping, so we have to weigh the benefits (positive effects) and risks (adverse effects)
carefully when we intervene in ICH.
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1. Introduction

Cerebral amyloid angiopathy (CAA) is an important but under-recognized cause of sponta-
neous intracranial hemorrhage (ICH) in the normotensive individuals. [1] Both sporadic and
hereditary forms may occur. Hereditary form of CAA is seen at a younger age, as early as the
third decade; in contrast, the sporadic form is more common in elderly and increases in both
prevalence and severity with increasing age. CAA results from deposition of 3-amyloid protein
in small and medium sized cortical, subcortical, and leptomeningeal vessels. This deposition
is responsible for the wide spectrum of clinical symptoms and neuroimaging findings. [1,2]
CAA isnot associated with the presence of systemic amyloidosis. [3] Majority of cases of CAA
are asymptomatic. However, symptomatic patient may present with sudden neurological
deficit due to transient ischemic attack, progressive cognitive decline, or potentially devastat-
ing intracranial hemorrhage. [3,4] Computed tomography is the imaging modality of choice
for evaluation of suspected acute intracranial hemorrhage. Magnetic resonance imaging is a
sensitive technique for identifying microhemorrhages, microangiopathy-related ischemic
changes and assessment of disease progression. The early and accurate diagnosis of CAA is
important because of the likely implication it has on future management targeted to reduce
the risk of recurrent hemorrhage. In this chapter our emphasis will be on the complex patho-
physiology, important clinical and radiological features and the role of imaging in secondary
prevention of CAA related ICH. [1,3,4]

I m EC H © 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Pathophysiology

CAA is characterized by deposition of f-amyloid protein in media and adventitia of small and
medium-sized cortical, subcortical, and leptomeningeal vessels, with sparing of similar-sized
vessels in the deep white matter. [2] The complex structural changes in the vessel wall related
to -amyloid deposition include endothelial dysfunction, loss of smooth muscle cells, fibrinoid
necrosis, vessel wall fragmentation (fragile vessel) and microaneurysm formation. All these
factors predispose the patient to repeated episodes of blood vessel leakage and frank hemor-
rhages in response to sudden increase in blood pressure or minor trauma. [3,4] CAA related
inflammation (termed as cerebral amyloid angitis or cerebral amyloid inflammatory vascul-
opathy) is typically perivascular and may be associated with frank vasculitis. 3-amyloid
deposition causes vessel wall thickening and subsequent luminal narrowing leading to
ischemic changes. [2] The deposition may also impair the perivascular drainage, leading to
dilatation of perivascular spaces (also known as Virchow Robin spaces) within the lobar region
and in deep cerebral white matter. The enlarged perivascular spaces, a potential useful
neuroimaging marker of CAA, can reach several millimeters in diameter and may be visible
on brain imaging. [5,6] Histologically, f-amyloid deposits stained with Congo red show classic
yellow-green birefringence under polarized light. [3]

3. Clinical spectrum

In general, hereditary form of CAA has an earlier onset and more severe clinical manifestations
than sporadic CAA. Symptomatic CAA has variable clinical presentations, which include
sudden neurologic deficit (stroke) related to acute ICH, TIA-like symptoms, cognitive impair-
ment and dementia. [7]

The most common presentation of CAA is the development of a sudden neurological deficit
secondary to an acute ICH. Specific clinical symptoms and signs depend on both the size and
location of the ICH. CAA can have similar presentation as acute ICH related to other causes:
headache, nausea and vomiting, loss of consciousness, focal neurological deficits and seizures.

(8]

Transient-ischemic attack (TIA) like symptoms also termed as “amyloid spells” is the next most
commonly described presentation. The spells are typically brief (<30mts) and are characterized
by recurrent, stereotyped episodes of ‘positive’ spreading sensory symptoms (paraesthesias).
The spells are related to hemorrhagic components of CAA, for example cortical microbleeds
(CMBs), cortical subarachnoid hemorrhage (cSAH), or cortical superficial siderosis. [4,9]

The prevalence of CAA is significantly higher in demented patients (due to Alzheimer disease)
compared to non-demented patients. CAA-related dementia is slowly progressive, similar to
that seen in patients with Alzheimer disease. [10] CAA is also the direct cause of cognitive
impairment that progresses rapidly over the course of a few weeks. These patients may present
with confusion and disorientation. [3]
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4. Neuroimaging correlates of CAA

The Boston criteria (table 1) was first proposed in 1990 in order to standardize the diagnosis
of cerebral amyloid angiopathy. They comprise of combined clinical, imaging and pathological
parameters. [11]

Definite CAA

Full postmortem examination demonstrating:
-Lobar, cortical, or corticosubcortical hemorrhage
-Severe CAA with vasculopathy

-Absence of other diagnostic lesion

Probable CAA with supporting pathology

Clinical data and pathologic tissue demonstrating:
-Lobar, cortical, or corticosubcortical hemorrhage
-Some degree of CAA in specimen

-Absence of other diagnostic lesion

Probable CAA

Clinical data and MRI or CT demonstrating:

-Multiple hemorrhages restricted to lobar, cortical, or corticosubcortical regions
-Age more than 55 years

-Absence of other cause of hemorrhage

Possible CAA

Clinical data and MRI or CT demonstrating:
-Single lobar, cortical, or corticosubcortical hemorrhage
-Age more than 55 years

-Absence of other cause of hemorrhage

CAA: Cerebral amyloid angiopathy

Table 1. Boston criteria for diagnosis of CAA-related hemorrhage

Recognition of the imaging findings of CAA is important for correct diagnosis. The important
imaging correlates of CAA include: (i) large intracranial hemorrhages (ICHs), (ii) cerebral
microbleeds (CMBs), (iii) convexity subarachnoid hemorrhages (cSAH), (iv) cortical superfi-
cial siderosis, (v) white matter changes (leukoaraiosis), and (vi) prominent VRSs.

The majority of ICHSs (>75%) in elderly are spontaneous due to rupture of small arteries affected
by either of the two processes; the hypertensive arteriopathy or CAA. Distribution of ICH
reflects the underlying microangiopathy. Hypertensive arteriopathy is characterized by
lipohyalinosis and fibrinoid necrosis of lenticulostriate perforators located in deep gray nuclei
(i. e. basal ganglia, thalami) and infratentorial location (i. e. pons). In contrast, CAA related
ICH is preferentially lobar (any lobe may be involved); less commonly involves the cerebellum
and rarely the deep nuclei or the brainstem. [12] CAA-related ICH represents 2% of all ICH
and is an important cause of hemorrhage in normotensive elderly patients without trauma.
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Nonenhanced CT helps to exclude the presence or absence of an acute ICH and provides
information regarding the location, size, shape and extension of ICH (Figure 1). MR imaging
is most sensitive for detection of chronic hemorrhages in suspected cases of CAA. After ICH,
hemosiderin remains stored within the macrophages, leads to focal dephasing of the MR
signal, and causes hemosiderin-containing areas to appear dark on T2-weighted spin-echo
sequences. This effect may be further enhanced by the use of imaging techniques with high
sensitivity for differences in magnetic susceptibility, such as the T2*-weighted gradient-echo
(GRE) sequence (Figure 2). The susceptibility-weighted imaging (SWI) has been found to be
more sensitive than conventional GRE techniques for the detection of blood products.
[13,14,15]

Figure 1. Plain axial CT image of a 66-year-old normotensive male reveals a large, right parietal lobe, hyperdense, sub-
acute hemorrhage (arrow) causing mass effect in form of effacement of adjacent sulci and compression of posterior
part of the body of ipsilateral lateral ventricle. Diffuse periventricular white matter hypodensities (leukoaraiosis) is also
noted.

The hemorrhage is typically lobar and cortical-subcortical in distribution; it generally spares
the deep white matter, basal ganglia and the brainstem. Symptomatic ICH is large (>5mm),
while microhemorrhages (<5mm) are often clinically silent. CAA-related macrohemorrhages
typically exhibit irregular borders (Figure 1) and may be associated with subarachnoid
hemorrhage, subdural hemorrhage, or, less commonly, intraventricular hemorrhage. CMBs
are small, well demarcated; rounded lesions not detected on conventional MRI (Figure 2). The
presence of chronic cortical-subcortical microhemorrhages in association with large ICH
increases the probability of CAA (Figure 3). Multiplicity and recurrence of ICH further favors
CAA. [16,17]
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Figure 2. T2*-weighted gradient-echo MR image of a 62-year-old male patient shows diffuse and small multifocal he-
mosiderin deposits (chronic microhemorrhages) in corticosubcortical location of both the cerebral hemispheres, seen
as signal void areas (blooming) (arrows).

Figure 3. T2*-weighted gradient-echo MR image of same patient as in figure 1, demonstrates a large right parietal
hematoma in association with multiple chronic cortical-subcortical microhemorrhages (arrows) and periventricular
white matter abnormality (asterisk), thus increasing the probability of CAA.
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Chronic subarachnoid hemorrhage (cSAH) and superficial siderosis are quite characteristic of
CAA. c¢SAH often results from lobar ICH extending to the cortical surface (Figure 4). Cortical
superficial siderosis describes hemosiderin deposition in the superficial layers of the cerebral
cortex and may follow repeated episodes of bleeding in the subarachnoid space. On T2*-
weighted GRE sequence, cortical superficial siderosis shows a characteristic gyriform pattern
of hypointense signal. [18]

Figure 4. T2*-weighted gradient-echo MR image of same patient as in figure 1, shows two linear areas of signal void
(thin arrows) in the vicinity of large primary lobar hemorrhage (thick arrow) suggest chronic subarachnoid hemor-
rhage and cortical superficial hemosiderosis.

MRI is also sensitive for identifying CAA-related inflammation and ischemic changes and
assessment of disease progression. [19] Leukoaraiosis, a radiological term which describes
imaging changes in deep cerebral white matter, is a nonspecific finding seen in patients with
CAA and can be due to demyelination, infarction or edema. Onimaging, leukoaraiosis appears
as patchy or confluent, CT hypodense or T2/FLAIR (fluid attenuated inversion recovery)
hyperintense white matter abnormality with or without sparing of subcortical U fibers (Figure
5). Leukoaraiosis with sparing of U fibers is secondary to ischemic white matter damage and
is seen in association with long standing dementia; whereas, white matter changes that extend
to involve the U fibers are common in patients with subacute cognitive decline and are
associated with mass effect due to inflammatory edema. [20,21] White matter changes in CAA
increases over time and is an important contributor to overall disease burden. The CAA should
be considered in the broad differential diagnosis of leukoencephalopathy especially if
associated with progressive dementia or cognitive impairment. [13]
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Figure 5. Axial MRI (FLAIR sequence) of the same patient as in figure 2, demonstrates bilateral symmetrical, confluent,
supratentorial periventricular white matter hyperintensity with involvement of posterior subcortical U fibers (thick ar-
rows). Also note dilated perivascular spaces (Virchow Robin spaces) in deep cerebral white matter (thin arrow).

5. Management prospect and prognosis

Currently, there is no treatment to halt or reverse 3-amyloid deposition. Thus, attention is
directed instead to the prevention of adverse outcomes associated with CAA, such as recurrent
hemorrhages or progressive dementia. In this context, MRI may help in selecting patients for
different types of secondary prevention of stroke. MR evidence of higher number of chronic
microbleeds on baseline GRE MR images are predictive of a greater risk of recurrent hemor-
rhage and future cognitive impairment. A routine use of GRE MRI sequence is suggested to
detect microbleeds in older people to avoid potentially dangerous anticoagulant or antiplatelet
therapy. [22]

The role of neurosurgery in ICH remains to be defined clearly. However, hematoma evacuation
appears relatively safe in patients <75 years of age without intraventricular extension. [23] For
future treatment of CAA, itis important to identify patients early in the course of disease before
ICH or dementia occurs, to allow the use of disease modifying therapies. [24] Tramiprosate
has been found to be a safe treatment option for patients with suspected CAA. Tramiprosate
is an ionic compound that binds with soluble $-amyloid, interferes with the amyloid cascade

and delays or inhibits the progression of CAA. [25]
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6. Summary

* Cerebral amyloid angiopathy (CAA) is an important cause of spontaneous cortical-
subcortical intracranial hemorrhage in the normotensive elderly.

* Leukoencephalopathy in conjunction with acute or chronic ICH in a cortical-subcortical
location increases the diagnostic specificity for CAA.

* Computed tomography is the imaging study of choice for evaluation of suspected acute
cortical hemorrhage.

* MRI is best suited for identification of chronic cortical-subcortical hemorrhages, ischemic
sequelae of the disease and assessment of disease progression.

* Theburden of asymptomatic cerebral microhemorrhages detectable by GRE MRIin patients
with CAA is a good predictor of hemorrhage recurrence, and therefore highlights the
importance of secondary prevention in CAA-related PICH.
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1. Introduction

Cerebral amyloid angiopathies (CAA) can be divided into sporadic and hereditary forms. This
chapter is focused on the genetics of sporadic CAA, but will first consider hereditary forms in
brief.

1.1. Hereditary CAA

Amyloid- protein (A{), the commonest amyloid subunit implicated in sporadic forms of
CAA, is also involved in certain hereditary forms. Several other proteins are also associated
with rare familial diseases in which CAA is a characteristic morphological feature. [1] Missense
mutations within or just outside the AP peptide coding region of the APP gene result in
clinicopathological phenotypes of early onset Alzheimer’s disease (AD) and are associated
with a neuropathological phenotype which includes prominent CAA - for example hereditary
cerebral haemorrhage with amyloidosis of Dutch type (HCHWA-D), or with Italian, Arctic,
Iowa, Piedmont and Flemish mutations. Severe A3 CAA has also been well documented in
cases of familial AD due to mutations in the presenilin (PSEN1 and PSEN2) genes. Familial
CAAs associated with other proteins include BRI2 gene-related dementias (familial British
dementia and familial Danish dementia), cystatin C gene mutations in hereditary cerebral
haemorrhage with amyloidosis of Icelandic type, TTR gene mutations in meningo-vascular
amyloidosis, hereditary prion disease with premature stop codon mutations and mutated
gelsolin gene in familial amyloidosis of Finnish type. [1]

1.2. Sporadic CAA

Sporadic cerebral amyloid angiopathy is characterised by deposition of A3 in leptomeningeal
and cortical blood vessels. It has a prevalence in population-based autopsy studies of 20-40%

I m EC H © 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.
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in non-demented and 50-60% in demented elderly people. [2] Neuropathological case-control
and cross-sectional studies, as well as the increased incidence of intracerebral haemorrhage
(ICH) in patients with Alzheimer’s disease, suggest that CAA causes lobar ICH. [3, 4] CAA is
also associated with increasing age, dementia, lobar brain microbleeds, leukoaraiosis, small
cortical infarcts and superficial siderosis. [3, 5-7]

It is unknown why only a few people with CAA pathology develop an ICH, but it seems likely
to involve biological pathways additional to and distinct from those involved in vascular
amyloid deposition. Cases of CAA with ICH not only have a greater proportion of amyloid-
laden blood vessels, [8] but also more often demonstrate severe CAA with associated vascul-
opathy. [8-11]

Identifying genetic polymorphisms associated with the presence of histopathologically
confirmed CAA in general, as well as with the severe form of CAA thought to cause vessel
rupture and ICH, should increase our understanding of the mechanisms leading to CAA and
associated diseases, including CAA associated ICH.

Polymorphisms in the apolipoprotein E gene (APOE) [12] are associated with ICH as well as
with other conditions in which CAA may be involved, including subarachnoid haemorrhage,
lobar brain microbleeds, and AD. [7, 13-18] In vitro studies have shown that APOE influences
AP conformation, fibril formation and toxicity, [19, 20] while in vivo mouse studies have
confirmed a critical role for apolipoprotein E in A deposition, toxicity and possibly clearance.
[21, 22] It therefore seems likely that APOE influences risk of developing histopathologically
confirmed, sporadic CAA. Other genetic polymorphisms are also likely to contribute to
development of sporadic CAA.

Below we present and summarise the evidence for associations of polymorphisms in APOE
or any other gene with histopathologically confirmed, sporadic CAA in adult humans. We
then go on to consider the evidence for associations of APOE with the severe form of CAA.
The evidence presented is based mainly on our two recently published systematic reviews of
all relevant published studies, both of which incorporated a comprehensive search strategy, a
thorough assessment of study quality, a series of meta-analyses, and an evaluation of the
robustness of any positive findings to small study and other methodological biases. [23, 24]
Figure 1 summarises the strategy used for identifying relevant studies and the numbers of
studies (and study participants) identified.

2. Genetic associations with histopathologically-confirmed, sporadic CAA

While robust, large-scale evidence exists for an association of APOE with ICH attributed to
CAA on the basis of clinical criteria, [15] studies assessing association of APOE with histopa-
thologically confirmed CAA have had various methodological shortcomings (including small
size), and reported results vary. Our systematic review of genetic associations with histopa-
thologically confirmed, sporadic CAA sought all studies in which participants had been
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genotyped for any genetic polymorphism and had CAA assessed pathologically (using
autopsy or biopsy). [23] Studies that had assessed genetic associations with CAA-associated
ICH (CAAH) versus CAA-free controls were excluded, because these would not be able to
distinguish a genetic association with the presence of CAA histopathology from an association
with ICH.

2.1. APOE £2/e3/e4 polymorphism and sporadic CAA

We identified 46 studies including 6645 participants with data about the APOE ¢2/e3/e4
polymorphism and sporadic CAA (Figure 1). [25-70] These studies had used autopsy brains
from clinical autopsy collections, a brain bank or a population-based prospective study.
Participants’ mean age was 70 to 85 years in most studies and about half were male. Almost
90% of participants were of European ancestry while around 10% were from Asian populations
(all Japanese). About 30% of participants had clinical dementia (mainly AD), about 10% were
known not to be demented and dementia status was not specified for the remainder. There
was substantial variation in overall study quality. Genotyping reporting quality [71, 72] was
generally limited and methods for pathological assessment were very variable. Larger studies
tended to be of higher quality. [23]

2.1.1. APOE &4 and CAA

Meta-analyses were possible of data from just over half of these studies (including just over
half of the participants), and showed a significant association between &4+ genotypes and
presence of CAA (OR 2.67, 95% CI 2.31 to 3.08), although there was significant heterogeneity
between the studies' results (Figure 2). There were no significant differences between sub-
groups of studies based on dementia status, ethnicity or overall study quality score (Figures
2 and 3). Six studies (443 participants) made only a qualitative statement, [27, 30, 33, 37, 40,
42] reporting either no significant association or a trend towards association with APOE &4,
while 16 studies (2682 participants) provided no information about the association. [25, 28, 29,
31, 32, 34-36, 38, 39, 41, 43, 46, 47, 50, 57]

Failsafe N calculations [73] showed that a null study of >137, 000 participants would be re-
quired to bring the association of e4+ genotypes with CAA from the meta-analysis to a just
statistically non-significant level. This makes it unlikely that there might plausibly be
enough participants in unpublished, unreported or otherwise unretrieved null studies to
make this significant result non-significant, and suggests that the association of APOE &4+
genotypes with histopathologcally confirmed, sporadic CAA is real and robust. Meta-analy-
sis of the association of APOE &4 allele dose with CAA among 12 studies (1706 participants)
providing quantitative data showed a significant increase in the odds of having CAA with
increasing dose of the €4 allele (Figure 4). Two further studies (117 participants) provided a
qualitative statement about the association supported this result. [40, 64] Failsafe N calcula-
tions showed that it would require a null study of >7000 participants to bring the stronger
association with CAA of ¢4 homozygous versus heterozygous genotypes to a just non-sig-
nificant level, suggesting that the finding of a dose-response relationship between APOE ¢4
and CAA is real and robust.
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Figure 2. Meta-analysis of association of APOE €4+ vs e4- genotypes with CAA by participants’ dementia status
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Figure 3. Subgroup analysis based on study quality scores.
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Figure 4. Meta-analysis of effects of APOE €4 dose (e4--/e4+-/e4++genotypes) on presence vs absence of CAA

2.1.2. APOE €2 and CAA

Meta-analysis of the association of APOE &2+ versus £2- genotypes with CAA among 11 studies
(1640 participants) showed borderline significant decreased odds of CAA with APOE €2+
genotypes (OR 0.73, 95% CI 0.53 to 1.00, p=0.05). Two studies (213 participants) provided a
qualitative statement; neither reported a significant association. [60, 64]
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2.1.3. Summary and discussion

There is, therefore, robust evidence for a highly significant, dose-dependent association
between APOE ¢4 and pathologically proven CAA, which does not vary significantly with
dementia status, ethnicity, or study quality. However, there is no clear overall association
between APOE &2 and histopathologically confirmed CAA. Lack of variation in the effect of
APOE &4 by study size and the very large failsafe N showed that this association could not
plausibly be explained by publication, reporting or any other small study bias. It is important
to note that the quality of studies included in our systematic review was generally limited
when assessed against current reporting standards. [71, 72] However, there were - reassuringly
- no significant subgroup differences by study quality score.

The prevalence of CAA in Alzheimer’s disease is over 70% but the relationship between CAA
and AD is still poorly understood. Although the diagnostic criteria for dementia and the
participant inclusion criteria varied between the studies in our systematic review (some
excluding cases with severe dementia), the demonstration of a similar association in those with
and without clinical dementia suggests that the association of APOE &4 with CAA is inde-
pendent of its known association with dementia (mainly Alzheimer’s disease).

Pathological assessment in the included studies was very variable. Indeed, there is no widely
accepted, standardized histopathological grading system for CAA, [74] and no comparative
studies to determine the most accurate method for assessing CAA (although the suggested
method is a combination of Thioflavin S/T or Congo Red with immunohistochemistry). [75]
CAA assessment location also varied widely, possibly influencing the rate of CAA detection,
since a greater burden of CAA is generally reported in the occipital or parietal lobes, albeit
with a higher frequency of frontal lobe involvement reported in studies from China and Japan.
[74] This is important because genetic associations may differ by CAA location and subtype.
For example, there is preliminary evidence that APOEe4 may be associated with CAA type 1
(where CAA is found in cortical capillaries), and €2 with CAA type 2 (where amyloid is
deposited in leptomeningeal and cortical vessels with the exception of cortical capillaries). [26]
In addition, since APOE effects on ICH may vary with ethnicity, there may also be ethnic
variation in genetic associations with CAA, but these have not yet been widely enough studied
in non-white populations to assess this reliably. [76]

2.2. Associations between other genetic polymorphisms and sporadic CAA

In our systematic review, few polymorphisms other than APOE had been studied in more than
a few hundred participants or in more than one study and there were not enough data for
meta-analysis (Figure 1, Table 1). [39, 46, 50, 61, 63, 77-95] Thus, there were too few studies and
participants to draw firm conclusions about the effect of other genetic polymorphisms.
However, there were some suggestive positive associations with CAA. First, there was a
consistent trend towards an association with CAA of a single nucleotoide polymorphism (SNP)
in the transforming growth factor-g1 (TGF-B1) gene in two studies (449 participants). [82, 85]
If real, this may occur through an influence of TGF-f31 on A clearance and deposition through
activation of astrocytes and microglia. Second, there were significant associations in one study
(723 participants) of SNPs in the translocase of outer mitochondrial membrane 40 (TOMM40)



58

Intracerebral Hemorrhage

gene with vascular amyloid burden but not with ICH attributed to CAA, [88] which could be
through interaction of TOMM40 with APOE &2 or through its effects on Af mitochondrial
transport. Finally, one study (544 participants) found an association of a SNP in the comple-
ment component receptor 1 (CR1) gene with both CAA severity and ICH attributed to CAA,
possibly occurring via altered clearance of Af peptide. [96] Other studies found no overall
significant associations, although some reported associations in particular subgroups (Table 1).

. i No. of No. of
Gene Location / Polymorphism . . Summary of results
studies  participants

Consistent trend for
positive association
TGF-B1 rs1800470 2 449
between T allele and

CAA

rs2075650, rs34404554, rs11556505,

rs769449,rs12972156,rs12972970, ) )
SNPs associated with

TOMM40 rs157582,rs184017,rs157581, rs283815, 1 723 )
vascular amyloid burden
rs157580, rs439401, rs34095326,
rs10119
Associated with severity
CR1 gene rs6656401 1 544

of CAA pathology

LRP1 (low-density
lipoprotein receptor 1)

rs1799986 3 597

signal region of the gene - A/T alleles
ACT (a1 antichymotrypsin) that determine the aminoacid alanine or 2 235
threonine**

CYP46 rs754203 2 524
No overall significant
ACE (angiotensin 1 intron 16 insertion/deletion of a 287 bp .

. 2 239 associations
converting enzyme) sequence (inconsistent trends and
Gene in some cases
PS1 (presenilin-1);BCHE (butyrylcholinesterase);DXS1047 locus; APOE associations in
promoter;A2M (a2 macroglobulin);PON1 (paraoxonase);NEP subgroups)

(neprilysin);OLR1 (oxidized low-density lipoprotein receptor 1);LRP

(low density lipoprotein receptor related protein);CYP46; 18 50-380*
CH25H*1;VEGF (vascular endothelial growth

factor);IL-1A;IL-1B;IL-33;GSTO1-1 (glutathione S-transferase

omega-1);SORL1 (sortilin related receptor);CTSD (cathepsin D); ABPP

and ABPppromoter;

*Range of participant numbers in individual studies **probably rs4943

Adapted by permission from BMJ Publishing Group Limited, from “Genetics of cerebral amyloid angiopathy: systematic
review and meta-analysis” Rannikmae K, Samarasekera N, Martinez-Gonzalez NA, Al-Shahi Salman R, Sudlow C. Journal
of Neurology Neurosurgery and Psychiatry 2013;84(901-8)

Table 1. Summary of studies of non-APOE polymorphisms and CAA
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3. APOE allele-specific associations with severe CAA-associated
vasculopathy

The systematic review and series of meta-analyses presented in the previous section confirmed
an association between histopathologically diagnosed CAA and APOE &4, but not APOE ¢2.
However a recent large scale genetic association study found that both €2 and ¢4 containing
genotypes were associated with clinically diagnosed CAA, manifesting as lobar ICH attributed
to CAA. [15] Furthermore, APOE €2 has been found to predict initial haematoma volume,
haematoma expansion, increased mortality and poor functional outcome after lobar ICH. [17,
97] The currently favoured popular explanation for these findings is, that APOE &4 enhances
deposition of amyloid-f3 in cerebral blood vessel walls, while €2 promotes haemorrhage from
amyloid-laden blood vessels by increasing specific CAA-related vasculopathic changes
(Figure 5). [8, 25, 98]

Popular theory €4

2 W a

[yl B — | —
."'-\h x‘} 5:'\. /'I 9
- = ‘t::'&:_f/
No CAA Mild/Moderate ~ Severe CAA CAA related
'T‘ CAA 1‘ vasculopathy ICH
Current state of evidence: €4 €4? €2 and €4

Adapted from Figure 1 in Acta Neuropathologica 2005;110: 345-359 “Sporadic cerebral amyloid angiopathy: pathol-
ogy, clinical implications, and possible pathomechanisms”, Johannes Attems, with kind permission from Springer Sci-
ence and Business Media and Professor Attems.

Figure 5. Proposed theory and current state of evidence about associations between APOE and CAA phenotype

In a further recent systematic review, we reviewed the evidence for this hypothesis. [24] The
main focus of this work was on assessing the potential influence of APOE genotypes on severe
CAA preceding rupture. To avoid selection bias, we excluded studies with participants
selected on the basis of having had a CAA-related ICH, since APOE €2 and ¢4 are already
known to be associated with this phenotype, and severe CAA is commoner in such cases. This
review sought all studies, which had conducted both APOE genotyping and histopathological
assessment for CAA, including assessment for severe CAA with associated vasculopathic
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changes (blood vessel dilatation, microaneurysm formation, fibrinoid degeneration, cracking
and double-barrelling of the vessel wall, and paravascular leakage of blood). The assessment
for this severe form of CAA could have occurred either as part of the Vonsattel grading scale,
[9] which includes such changes in its ‘severe” category or through specifically reporting on
some or all of the relevant histopathological characteristics. From 1754 publications screened,
we identified six eligible studies, which included 543 eligible participants (Figure 1). [8, 25, 62,
64, 99, 100] Only one of the six studies had previously reported on the association between the
APOE genotype and severe CAA (assessed using Vonsattel scale), finding a significantly
greater frequency of APOE &2 in severe versus moderate CAA cases. [25] This study and four
others that had rated CAA on the Vonsattel scale, between them including 497 eligible
participants (92% of all 543 potentially eligible participants), [62, 64, 99, 100] were able to share
their unpublished data for collaborative meta-analyses.

The five studies included in the meta-analyses used autopsy brains either from brain tissue
banks or from a population-based prospective study with an autopsy component. There were
57 to 227 eligible participants per study, mean age at death was 78 to 84 years and about half
of all participants were male. Three studies (357 participants) were conducted in predomi-
nantly white populations in the USA while information on ethnicity was unavailable for two
studies (140 participants). About 50% of participants had clinical dementia (mainly neuropa-
thologically confirmed AD), about 20% were known not to be demented and in the remaining
30% dementia status was unknown. The quality of genotyping and of pathology assessment
was generally very good when assessed against current reporting standards. [71, 72] As in the
first of our two systematic reviews, methods for pathological assessment were variable,
reflecting a lack of agreed standards for CAA pathology assessment at the time these studies
were conducted. [24]

Among the 353 individuals in these five studies who had CAA present on histopathological
assessment, meta-analyses found a significant association of &4+ versus e4- genotypes with
severe versus mild/moderate CAA (OR 2.5, 95% CI 1.4 to 4.5, p=0.002) but no significant
association with severe versus moderate CAA (OR 1.7, 95% CI 0.9 to 3.1, p=0.11) (Figure 6).
There was no significant heterogeneity between individual studies’ results. For £2+ versus &2-
genotypes, the associations with severe CAA versus mild/moderate CAA and with severe
versus moderate CAA were non-significant, with wide confidence intervals due to small
numbers of participants, particularly in the e2+ group, which included 22 individuals, only
seven of whom had severe CAA (Figure 7). There was moderate heterogeneity between
individual studies’ results for severe versus mild/moderate CAA (I>=52%; x%4=6.2; p=0.1) and
minimal heterogeneity for severe versus moderate CAA (I*=11%; x%4=3.4; p=0.3). Results were
similar and conclusions unchanged for the ¢4+ and 2+ genotypes when £3¢3 genotypes were
used as the comparison group (rather than e4- or £2-). Associations with the presence versus
absence of CAA were consistent with results from the previous published systematic review
[23], showing a clearly significant association with e4+ (e4+ versus e4-: OR 4.8, 95% CI 3.0 to
7.6, p<0.00001) but not with &2+ genotypes (£2+ versus £2-: OR 0.38, 95% CI 0.1 to 1.0, p=0.05).
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&4 +* &4 -+ OR (95% ClI)
Severe vs mild/moderate CAA 74/224 19/129 <o 25(1.4t04.5)
p =0.002
Severe vs moderate CAA 74/169 19/69 1.7 (0.9 to 3.1)
p=0.11
0.01 1 100

Less severe CAA with eé4+ More severe CAA with g4+
Random effects model
Tests for heterogeneity:
Severe vs less severe CAA: 12=0%; x%,,=1.2; p=0.75
Severe vs moderate CAA: 12=0%; x%,,~1.2; p=0.76

The diamonds represent pooled OR across studies and the width of the diamonds represents 95% confidence inter-
vals (Cls).

*e4+: number of subjects with an €4 allele and severe CAA / total number of subjects with an €4 allele and any severity
of CAA or severe/moderate CAA

€4-: number of subjects without an €4 allele and severe CAA / total number of subjects without an €4 allele and any
severity of CAA or severe/moderate CAA

Results of two studies conducted in one centre were combined for the analyses. [25, 64]

Adapted by permission from BMJ Publishing Group Limited, from “APOE associations with severe CAA-associated vas-
culpathic changes: collaborative meta-analysis” Rannikmae K, Kalaria RN, Greenberg SM, Chui HC, Schmitt FA, Samara-
sekera N, et al. Journal of Neurology Neurosurgery and Psychiatry 2014;85(3):300-5.

Figure 6. Meta-analysis of APOE-g4 associations with severe CAA

82+ g2-F OR (95% Cl)
Severe vs mild/moderate CAA  7/22  86/331 2.3(0.5t0 11.3)
p=03
Severe vs moderate CAA 712 86/226 2.7 (0.6to 11.4)
p=0.19
0.01 1 100

— —
Less severe CAA with €2+ More severe CAA with €2+
Random effects model
Tests for heterogeneity:
Severe vs less severe CAA: 12=52%; x?,,=6.2; p=0.1
Severe vs moderate CAA: 12=11%; x2,,=3.4; p=0.3

The diamonds represent pooled OR across studies and the width of the diamonds represents 95% confidence inter-
vals (Cls). *e2+: Number of subjects with an €2 allele and severe CAA / total number of subjects with an €2 allele and
any severity of CAA or severe/moderate CAA €2-: number of subjects without an €2 allele and severe CAA / total num-
ber of subjects without an €2 allele and any severity of CAA or severe/moderate CAA. Results of two studies conduct-
ed in one centre were combined for the analyses. [25, 64]

Adapted by permission from BMJ Publishing Group Limited, from “APOE associations with severe CAA-associated vas-
culpathic changes: collaborative meta-analysis.” Rannikmae K, Kalaria RN, Greenberg SM, Chui HC, Schmitt FA, Samar-
asekera N, et al. Journal of Neurology Neurosurgery and Psychiatry 2014;85(3):300-5.

Figure 7. Meta-analysis of APOE €2 associations with severe CAA
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Thus, contrary to what has been suggested, [8, 25] a systematic assessment of the relevant
evidence suggests a possible association of APOE &4 but not of APOE &2 with progression to
severe CAA (Figure 5). However, this does not exclude a biologically meaningful association
with APOE &2 since, despite including data from almost all relevant cases from the published
literature, total numbers of individuals included in our meta-analyses were relatively small
and confidence intervals wide, especially for analyses of the effects of APOE 2. There were
other limitations too. First, methods for histopathological assessment varied between studies,
potentially introducing heterogeneity and reducing the likelihood of detecting a consistent
effect across studies. Second, APOE allele-specific effects on severe CAA may differ according
to the presence or absence of Alzheimer’s disease, particularly for APOE €2, which has been
associated with a decreased risk of Alzheimer’s dementia. [101] Informative subgroup analysis
to explore potential causes of heterogeneity could not be performed, however, because of the
small overall numbers of participants and because dementia status was unknown for a large
number of participants. Third, while the studies included assessed those severe CAA-
associated vasculopathic changes that are specifically alluded to in the Vonsattel scale, other
vasculopathic changes may also be relevant. Fourth, both APOE allele-specific and other
genetic associations may differ by CAA subtype. The preliminary evidence that APOE ¢4 may
be associated with CAA type 1 (where CAA is found in cortical capillaries), and 2 with CAA
type 2 (where amyloid is deposited in leptomeningeal and cortical vessels with the exception
of cortical capillaries) [26] suggests that CAA types 1 and 2 may represent different patholog-
ical entities, and - if so-the mechanisms and genetic risk factors for severe CAA and ICH could
also differ. Finally, there may be other genetic influences that interact with APOE €2 to increase
risk of or protect against severe CAA and ICH.

4. Conclusions

There is strong evidence that APOE ¢4 promotes cerebral amyloid angiopathy, and further
evidence to suggest that ¢4 may increase the risk of developing severe CAA among those with
CAA. However, there is not convincing evidence to support the theory that APOE €2 promotes
progression to severe CAA-related vasculopathic changes so leading to vessel rupture and
ICH. Much larger numbers of individuals will need to be included in CAA histopathology
studies if reliable conclusions are to be drawn about the specific effects of APOE €2, while
bearing in mind that APOE genotype will not be the only genetic influence on CAA. Future
research efforts in this area will also be helped substantially by the development and use of
an internationally-agreed, standardised histopathological grading system for CAA (including
assessment of CAA types 1 and 2), and by the consistent reporting of dementia — and specifi-
cally Alzheimer’s disease — status [102] among individuals included in CAA histopathology
studies.
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Src Family Kinases in Intracerebral Hemorrhage

DaZhi Liu

Additional information is available at the end of the chapter
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1. Introduction

Intracerebral hemorrhage (ICH), which accounts for 2 million (10-15%) of about 15 million
strokes worldwide each year [1], has very high mortality rates of 31% at 7 days, 59% at 1 year,
82% at 10 years, and greater than 90% at 16 years [2,3]. ICH is associated with increased
intracranial pressure, hematoma, blood brain barrier (BBB) disruption, brain edema, neuron
loss, motor deficits, cognitive impairment and high mortality in humans. The major challenges
immediately after ICH are re-bleed, hematoma induced brain injury, brain edema and
neurological deficits [4]. Potential treatments of ICH include slowing the initial bleeding
during the first hours after onset; removing blood from the parenchyma or ventricles to
eliminate both mechanical and chemical factors that cause brain injury; management of
complications of blood in the brain; and supportive medical care and surgery for certain
patients [5]. Since these treatments have great variability, there is currently no FDA approved
treatment for ICH.

The time course after ICH can be divided into two stages (acute/injury and chronic/recovery)
(Fig. 1). At the acute stage, glutamine, thrombin, TNF-a, VEGF and other endogenous
molecules are rapidly released following ICH. These molecules team up leading to brain cell
death and severe brain injury via multiple neurotoxicity pathways, including (1) Excitatory
amino acid (AA) and NMDA receptor-mediated excitatory toxicity; (2) Thrombin and other
mitogen-mediated mitogenic stress; (3) Vascular endothelial growth factor (VEGF) and matrix
metalloproteinases (MMPs)-mediated changes of vascular permeability; (4) Cytokines-
mediated inflammatory responses; and others (Fig. 1).

As time course transits into chronic/recovery stage post-ICH, the elevated molecules resolve
gradually and in turn participate in neurogenesis via populating neural progenitor cells
(NPCs) to fix the damaged brain tissue. The possible mechanisms include (1) Excitatory amino
acid (AA) and NMDA receptor-mediated excitatory genesis; (2) Thrombin and other mitogen-

I m EC H © 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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mediated mitogenic growth; (3) Nerve growth factor (NGF), epidermal growth factor (EGF)
and other growth factor-mediated neurogenesis; and others (Fig. 1).
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Figure 1. Src family kinases (SFKs) participate in mitogenic signaling pathways that play critical roles in blood-brain
barrier (BBB) disruption and self-repair after intracerebral hemorrhage (ICH). The network does not apply to certain
cell type(s). The arrows do not necessarily indicate direct binding and/or activation of the downstream molecules; in-
termediate proteins or kinases may exist.

Src family kinases (SFKs), a family of proto-oncogenic proteins, participate in both neuro-
toxicity at acute stage and neurogenesis during recovery stage post-ICH (Fig 1). Our previous
studies have confirmed the time-specific and conflicting roles of SFKs using their inhibitor
(PP2) after ICH: (1) Acute administration of PP2 (immediately post-ICH) decreases local
cerebral glucose utilization (LCGU)), activity of SFKs, attenuates BBB breakdown, brain edema,
and cell death around ICH and improves behavioral function following ICH [6-9]; (2) Chronic
inhibition of PP2 (2-6 days) blocks BBB repair and brain edema resolution in the recovery stage
(7-14 days) after ICH [9].

2. Tissue specificity, structure and activity regulation of SFKs

SFKs are a family of non-receptor protein tyrosine kinases, include nine family members Src,
Fyn, Lck, Lyn, Yes, Hck, Blk, Fgr, and Yrk [10-12], of which Src, Fyn, Yes and Yrk widely
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expressed whereas the rest members are expressed in specific tissues [13]. In addition, one
tissue can express multiple SFK members, for example, Src, Fyn, Yes, and Lck have been
examined in brain [13-19]. Importantly, the different SFK family members often compensate
for one another [20], which are supported by the evidence that the mice deficient in Src can
survive though Src plays vital role in cell signaling transduction [20]. SFKs share a conserved
domain structure consisting of consecutive SH3 (polyproline type II helix for protein-protein
interaction), SH2 (phosphotyrosine recognition), and SH1 (tyrosine kinase catalytic activity)
[12]. All SFK family members also contain an membrane-targeting region at their N-terminus
that is followed by a unique domain of 50-70 residues, and the unique region is divergent
among family members [12]. Although it still remains incompletely clear, Src activity is
regulated by tyrosine phosphorylation at two sites (one is at Tyr416 in the SH1 domain, the
other at Tyr527 in the short C-terminal tail), but with opposing effects. While phosphorylation
at Tyr416 activates Src, phosphorylation at Tyr527 inactivates Src [13,21].

3. SFKs modulate NMDA receptor for brain injury after ICH

NMDA receptors are ionotropic glutamate receptors, comprise NR1, NR2 and NR3 subunits,
which form the central conductance pathway [22,23]. In the physiological conductions,
activation of NMDA receptors results in the opening of an ion channel that allows the flow of
Na* and small amounts of Ca* into the cell and K* out of the cell [22,23]. Following ICH there
is a transient increase of glutamate release and local cerebral glucose utilization in the region
surrounding the ICH, and the antagonists of NMDA receptors reverse the glucose hyper-
metabolism produced by ICH [6]. However, glutamate alone could not explain the hyperme-
tabolism since glutamate injected directly into brain did not produce hypermetabolism [6].
Apart from glutamate release, ICH may affect NMDA receptors in some way to make them
more sensitive to glutamate in order to mediate injury and/or hypermetabolism.

ICH activates SFKs [7,8], and SFK members (e.g., Src, Fyn) up-regulate the ion channel activity
of NMDA receptor and make them more sensitive to glutamate by phosphorylating the NR2A
and NR2B subunits of the NMDA receptors [19,24-27]. It has been proved that phosphorylation
by Src at Tyr-1292, Tyr-1325 and Tyr-1387 in NR2A subunit increases activity of NMDA
receptors, and phosphorylation of tyrosine residues by Src in the C-terminal of the subunits
prevents a Zn*-dependent inhibition of the NMDA receptors and thus increases channel
conductivity [28-30]. We have demonstrated that either NMDA receptor inhibitors (MK-801)
or SKF inhibitors (PP2) can attenuate brain injury at the acute stage after ICH (Fig. 2) [8]. These
results suggest that either activation of NMDA receptors or SFKs is sufficient to produce brain
injury post-ICH.

NMDA receptor activation has also been shown to enhance NPCs proliferation and lead to
increased neurogenesis [31]. However, there is no direct report showing the mechanism by
which SFKs participate in NMDA receptors mediated neurogenesis after brain injury.
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Figure 2. The effects of graded doses of SFK inhibitor PP2 (0.3 and 1.0 mg/kg, i.p.) and NMDA receptor inhibitor
MK801 (1.0 mg/kg, i.p.) on injury produced by thrombin injections into striatum of Sprague-Dawley rats. A. Represen-
tative Hematoxylin-Eosin stained section shows that 20U of thrombin causes brain injury, including hematoma and
edema. B. Control injections of BSA into striatum produced minor injury. C. Infarction volumes 24h following striatum
injections of thrombin compared to control BSA injections (BSA/Control) (n=6). Several groups of animals received
striatal injections of thrombin: just thrombin alone (Throm/Saline) (n=6); prior intraperitoneal injection of PP2
(Throm/PP2/0.3mg/kg) (n=6); prior intraperitoneal injection of a higher dose of PP2 (Throm/PP2/1.0mg/kg) (n=6);
and prior intraperitoneal injection of MK801 (Throm/MK801/1.0mg/kg) (n=6).. * p<0.05 and ** P<0.01 vs Throm/
Saline (one-way ANOVA followed by Dunnett's post hoc test). D. PP2 (0.3 and 1.0 mg/kg, i.p.) and MK801 (1.0 mg/kg,
i.p.) decrease the thrombin-induced motor deficits (n=9 for each group) using Elevated Body Swing Test (EBST) 23.5
hours after thrombin injections. Biased swinging behavior was calculated as follows: L/ (L+R) (%) for left biased swings
(L, left-biased swings; R, right-biased swings). * p<0.05 and ** P<0.01 vs Throm/Saline (one-way ANOVA followed by
Dunnett's post hoc test).

4. SFKs regulate cell cycle for mitogenic toxicity and cell proliferation after
ICH

The cell cycle is an irreversible, ordered set of events that normally leads to cellular division
[32-36]. The release of cells from a quiescent state (G0) results in their entry into the first gap
phase (G1), during which the cells prepare for DNA replication in the synthetic phase (S). This



Src Family Kinases in Intracerebral Hemorrhage
http://dx.doi.org/10.5772/58488

is followed by the second gap phase (G2) and mitosis phase (M). After the cell has split into
its two daughter cells, the new cells enter either G1 or G0. Mature neurons normally maintain
themselves in GO resting phase; however, a mature neuron that re-enters the cell cycle can
neither advance to a new GO quiescent state nor revert to its earlier GO state. This presents a
critical dilemma to the neuron from which death may be an unavoidable, but necessary,
outcome for adult neurons attempting to complete the cell cycle [32,37]. Increasing evidence
have revealed that aberrant cell cycle re-entry leads to neuronal death [8,32,37-64], and cell
cycle inhibition via blocking SFKs can protect neurons from death post-ICH [8].

Apart from post-mitotic neurons, SFKs play critical roles in the process of cell cycle in dividable
cells, by regulating mitogen-activated protein kinases (MAPKSs) and cell cycle proteins such
as cyclin-dependent kinases (Cdks) [65-69]. Although mitogenic signaling is necessary to
initiate the cell cycle for normal cell division and proliferation, massive mitogenic signaling
can also produce neurotoxicity and cell death [9,32,37,70]. Cell death and cell proliferation
seem contradictory to each other, but these two seemingly different cellular processes share
some common mitogenic molecules and signaling pathways (Fig. 1). In addition, many other
molecules, including Ca%, ROS, NO and MMPs can directly or indirectly activate or increase
mitogenic signaling [54,71-77].

There are two stages (acute and recovery) after ICH (Fig. 1). Once ICH occurs, a large number
of molecules (e.g., thrombin, glutamate, TNF-a, VEGF, etc.) are increased. This peaks within
the first hour to a day in the acute stage after ICH, and then resolves gradually in the recovery
stage after ICH. The over-activated SFKs/mitogenic signaling leads to neurons to enter the cell
cycle and die, and damages astroctyes and BMVECs via MAPKSs in acute stage after ICH.
Within a day, however, the massive thrombin/SFK mitogenic signaling resolve, and the disease
progresses to a recovery stage of ICH. The restored moderate SFK/mitogenic signaling leads
to newborn BMVECsS, astrocytes and other cells that mediate self-repair in the recovery stage
after ICH.

As shown in Fig. 1, thrombin (a potent mitogen) triggers mitosis after ICH by modulating
mitogenic intracellular molecules such as SFKs. SFKs participate in mitogenic signaling
activation via regulating mitogen-activated protein kinases (MAPKs) and other molecules
[64-69] that play critical roles not only in brain injuries during the acute stage in ICH, but in
brain self-repair during the recovery stage in ICH. Acute inhibition of SFKs is beneficial, that
attenuates hematoma, BBB breakdown, vasogenic edema, MAPK activation in the acute stage
(0-24h) after ICH (Fig. 2, 3, 4, 5 & 6) [7-9,26,64,70]. In contrast, delayed and lasting inhibition
of SFKs is detrimental, and prolongs BBB repair and brain edema resolution in the recovery
stage (7-14 days) after ICH [9], presumably because SFKs mediate population of NPCs that
exist in the “neurovascular niche”. that repair the damaged BBB [78]. Such NPCs could serve
as a source of newborn cells (i.e., BMVECs, astrocytes and perhaps other cells) of the neuro-
vascular unit that play a role in re-establishing the BBB via the mitogenic growth signaling
pathways during recovery phase after ICH (Fig. 1) [79].
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Figure 3. Intracerebroventricular (i.c.v.) injection of thrombin (20 U/animal, i.c.v.) causes reductions in brain microvas-
cular endothelial cell (BMVEC) immunoreactivity after 1 day, and subsequent BMVEC proliferation around the brain
vessels in lacunosum moleculare layer (LMol) of the hippocampus after 7 days and 14 days in Sprague-Dawley rats.
Panels A-C show rats following sham operations labeled for BrdU, bromodeoxyuridine (A), RECA-1, rat endothelial
antigen-1 (B) and the overlay or Merged image (C). RECA-1*cells demonstrate the tube-shape of brain capillaries (ar-
rows in panel C). Panels D to F show BrdU (D), RECA-1 (E) and the Merged image (F) at 1 day after thrombin injec-
tions. Compared with the sham group, RECA-1+*cells tend to lose their tube-shape at 1 day following thrombin
injections (arrows in panel F) and there were no BrdU+cells co-labeled with RECA-1 at one day (panel F). Panels G-I
show the staining for BrdU (G), RECA-1 (H) and the Merged image (I) 1 day after thrombin plus PP2 injections. PP2
administration at day 0, immediately after thrombin injection, blocks the thrombin-induced loss of tube-shape of RE-
CA-1+*cells. Panels J-L show the staining of BrdU (J), RECA-1 (K) and the Merged image (L) 7 days after thrombin injec-
tion. Compared to 1 day, BrdU*cells are increased 7 days after thrombin injection. Some of these BrdU*cells are co-
labeled with RECA-1 (arrows in panel L and M). A few brain capillaries regained their tube-shape, though not
completely. Panel M shows a higher power image of Panel L (area within dashed lines). RECA-1 stained BMVEC are
red. The BrdU*/RECA-1*double-labeled new born BMVEC nuclei are yellow. Panels N to P show the staining for BrdU
(M), RECA-1 (N) and the Merged image (P) 14 days after thrombin injection. Compared to 7 days, BrdU*cells are de-
creased, but some BrdU*cells (N) remain co-labeled with RECA-1 (arrow in panel P), and more and more brain capilla-
ries regained the tube-shape 14 days after the thrombin injection. Scale bars: A-P, 50 um.
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Figure 4. Intracerebroventricular injection of thrombin (20 U/animal, i.c.v.) causes reductions in astrocyte glial fibrillary
acidic protein (GFAP) immunoreactivity after 1 day, and subsequent astrocyte proliferation around the brain vessels in
lacunosum moleculare layer (LMol) of the hippocampus after 7 days and 14 days in Sprague-Dawley rats. Panels A-C
show rats with sham operation labeled for BrdU (A), GFAP (B), and Merged image (C). GFAP*cells envelop most all of
the brain vessel (arrows in panel B). Panels D-F show BrdU (D), GFAP (E) and the Merged image (F) at 1 day after
thrombin injection. Compared with the sham group, there is decreased GFAP immunoreactivity around brain vessels.
There are a few BrdU*/GFAP-cells located close to the vessel (arrows in panel F). Panels G-I show the staining for BrdU
(G), GFAP (H) and the Merged image (1) 1 day after thrombin plus PP2 injections. PP2 administration at day 0, immedi-
ately after thrombin injection, blocks the thrombin-induced reductions in GFAP immunoreactivity. Panels J-L show the
staining for BrdU (J), GFAP (K) and the Merged image (L) 7 days after thrombin injection. Compared to 1 day, BrdU
*cells are increased 7 days after thrombin injection (J, arrows). Many of these BrdU*cells are co-labeled with GFAP (ar-
rows in panel L). Panel M shows a higher power image of Panel L (area within dashed lines). GFAP stained astrocytes
are red. The BrdU*GFAP+*double-labeled new born astrocytic nuclei are yellow (arrows, Panel M). Panels N-P show the
staining for BrdU (N), GFAP (O) and the Merged image (P) 14 days after thrombin injection. Compared to 7 days, BrdU
*cells are decreased 14 days after thrombin injection. Some BrdU*cells (N, arrow) remain co-labeled with GFAP (arrow
in panel P) 14 days after the thrombin injection. Scale bars: A-P, 50 pm.
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Figure 5. Brain sodium fluorescein (NF, panel A) and Evans blue (EB, panel B) extravasation increased 1 day after
thrombin (Throm) injections (20U, i.c.v.), and decreased at 7 and 14 days in Sprague-Dawley rats. The thrombin inhibi-
tor hirudin (Hir, 20U) blocked thrombin-induced NF/EB extravasation at 1 day after co-injection into the cerebral ven-
tricles. PP2 (src family kinase inhibitor) administered with thrombin (day 0) blocked the NF/EB extravasation at 1 day
after thrombin injection, whereas delayed PP2 administration (days 2-6) postponed alleviation of NF/EB extravasation
at 7 days post-thrombin injection. Each column and vertical bar represents the mean + standard error of the mean. **
p<0.01 vs. Cont; #p<0.05, ##p<0.01 vs. Throm/1day, ¥ p<0.01 vs. Throm/7days (one-way ANOVA followed by Tu-
key's post hoc test).
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Figure 6. Brain edema (water content) increased at 1 day after thrombin (Throm) injections (20U, i.c.v.), and decreased
by 7 and 14 days in Sprague-Dawley rats. The thrombin inhibitor hirudin (Hir, 20U, i.c.v.) blocked elevation thrombin-
induced brain water content at 1 day after co-injection into the cerebral ventricle. Administration of PP2 (src family
kinase inhibitor) at day 0 blocked the increase in brain water content observed at 1 day after thrombin injection,
whereas delayed PP2 administration (days 2-6) prevented the resolution of brain water content at 7 days post-throm-
bin injection. Each column and vertical bar represents the mean + standard error of the mean. ** p<0.01 vs. Cont;
#p<0.05, ##p<0.01 vs. Throm/1day, ¥ p<0.05 vs. Throm/7days (one-way ANOVA followed by Tukey's post hoc test).
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5. Future directions

Future studies need to address which specific SFK members found in brain (e.g., Src, Fyn, Lck
and Yrk) that mediate ICH-induced cell death or birth. Since delayed and chronic inhibition
of SFKs may impair neurogenesis and prolong BBB self-repair during recovery stage post-ICH,
the acute and transient inhibition of SFKs should be pursued in treatment of ICH. The
nanoparticle-based siRNA transfection system allows transient knockdown of target gene(s)
and highly efficient delivery of siRNA in vivo with low cytotoxicity [80,81]. This could present
anovel therapy for treating ICH patients as the nanoparticle-based siRNA approach provides
heightened specificity for specific SFK gene(s) with less off target effects and this approach has
been used in humans [82-85].
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1. Introduction

Intracerebral hemorrhage (ICH) is a devastating clinical event caused by rupture of blood
vessels and accumulation of blood in the brain. Many disorders, including hypertensive
arteriosclerosis, amyloid angiopathy, neoplasia, coagulation disorders and cerebrovascular
malformations, directly or indirectly damage blood vessels in the brain and thus lead to ICH.
The annual occurrence of ICH is estimated to be approximately 0.12 million in the USA and 2
million in the world. These numbers are expected to increase due to the aging of populations.
Although accounting for only 15-20% of all strokes, ICH has severe clinical symptoms and
poor prognosis. The 1-year survival rate of ICH is estimated to be 38% and long-term physical
and mental disability is found in more than 90% of the survivors. Sadly, there is no effective
treatment for ICH. Currently, primary supportive care and risk factor control are the main
therapy for ICH in clinics. Thus, research and development of effective reagents to treat ICH
is extremely urgent. In this chapter, we first introduce the anatomy and biology of the blood
brain barrier. Then the pathophysiology and animal models of ICH are reviewed. Furthermore,
we summarize the potential therapeutic targets for ICH.

2. Blood brain barrier

One unique feature about the blood vessels in the brain is the presence of the blood-brain
barrier (BBB). BBB is a natural barrier that separates the central nervous system (CNS) from
the circulation [1]. Under physiological conditions, the BBB prevents the entrance of blood cells
and large molecules into the brain, but allows the uptake of nutrients and hormones from the
blood, maintaining the homeostasis of CNS microenvironment [1, 2]. Under pathological
conditions, the integrity of BBB is compromised and blood components leak into the brain,
contributing to the progress of diseases [3-12]. At the cellular level, the BBB consists of brain

I m EC H © 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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microvascular endothelial cells (BMECs), astrocytes, pericytes, neurons, microglia, and the
non-cellular component-basement membrane [13] (Figure 1).
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Figure 1. Schematic illustration of BBB. The BBB is composed of cellular and non-cellular components. Cellular compo-
nents include BMECs, perycites, astrocytic endfeet, neurons, and microglia. Non-cellular components includes the
basement membrane.

a. BMECs

Endothelial cells in the CNS, BMECs, are different in many ways from the ones in the periphery.
First, BMECs have more mitochondria, lower pinocytotic activity, and little-to-no fenestra-
tions. Second, the endothelium in the brain and the spinal cord is 50-100 times tighter than that
in the rest of the body [14]. In the CNS, BMECs connect to each other via tight junctions, which
are unique structures that confer impermeability to the BBB. Two types of proteins are found
at tight junctions: transmembrane proteins, including occludin and claudins, and cytoplasmic
accessory proteins, including zonula occluden-1, 2, 3 (ZO-1, 2, 3) and cingulin [15, 16]. The
transmembrane proteins seal gaps between adjacent cells, decreasing intercellular permeabil-
ity [17, 18], whereas cytoplasmic accessory proteins link transmembrane proteins to cortical
actin-based cytoskeleton, enabling strict regulation of the distribution of tight junction proteins
(TJP) [19, 20].

Besides intercellular transportation, intracellular transportation is another way to regulate BBB
permeability [11, 21-23]. Although small lipophilic molecules, such as oxygen and carbon
dioxide, can diffuse across BMECs freely [24], the transport of large hydrophilic molecules is
mediated by specific transporters or receptors. Based on their subcellular distribution and
functions, these transporters and receptors are divided into three groups. Group I transporters
are expressed on both luminal and abluminal sides of BMECs and function to transport
nutrients between the blood and brain [25, 26]. For example, glucose transporter 1 (GLUT1)
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transports glucose; monocarboxylate transporter 1 (MCT1) transports lactate; the L1 and y
ttransporters transport large neutral and cationic essential amino acids to and from the brain.
Group II transporters are also expressed on both sides of BMECs, but only transport materials
in one direction [27-29]. For example, transferrin and insulin receptors (TFR and IR) are
expressed on both sides of BMECs. The luminal and abluminal receptors mediate endocytosis
of transferrin and insulin from the blood and brain, respectively. Group III transporters are
expressed on only one side of BMECs and usually mediate one-way transportation of materials
[26, 30-38]. For instance, in order to remove excitatory neurotransmitter glutamate from the
brain, excitatory amino acid transporters (EAATs) are exclusively expressed on the abluminal
side of BMECs. Similarly, to facilitate the removal of amyloid-3 from the brain, low-density
lipoprotein receptor related protein 1 (LRP1) is solely expressed on the abluminal side of
BMECs. Another example of such transporters is (Na*-K*) ATPase, which is only found on the
abluminal side to regulate ion homeostasis and thus proper neuronal & synaptic functions.
Additionally, multidrug resistance related protein 1 (MRP1) and P-glycoprotein (P-gp) are
primarily expressed on BMEC luminal side to efflux many types of drugs from the brain. The
subcellular distribution of these transporters and receptors is summarized in Figure 2.

Brain

4 A

Figure 2. Major transporters and receptors expressed by BMECs. Three groups of transporters are expressed in BMECs.
Group | includes GLUT1, MCT1, L1 and y+transporters, which are expressed on both luminal and abluminal sides of
BMECs and transport materials bi-directionally. Group Il includes TRP and IR, which are expressed on both sides of
BMRCs but transport materials in one direction. Group Ill includes EAATs, LRP1, (Na+-K+)ATPase, MRP1 and P-gp, wich
are expressed on only one side of BMECs.
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b. Astrocytes

More than 30 years ago Stewart and Wiley, using xenograft experiments, demonstrated that
the unique properties of BMECs, including increased mitochondria number, few pinocytotic
vesicles and presence of tight junctions [39], were induced by the microenvironment of the
CNS. Astrocytes, which constitute the major glial cells in the brain that cover more than 99%
of the vascular surface using their extended endfeet [40, 41], have been suggested to contribute
to these unique features of BMECs as well as the impermeability of BBB. Consistent with this
hypothesis, temporary focal loss of astrocytes positively correlates with the compromise of
BBB integrity in vivo [42]. Additionally, injected astrocytes have been shown to cover the blood
vessels in the eye and prevent the leakage of Evans blue from the circulation system [43].
Moreover, in vitro culture experiments revealed that BMEC-astrocyte co-culture had a higher
transendothelial electrical resistance (TEER) and less leakage of tracers, compared to BMEC
monolayer [44-46]. Further mechanistic studies have demonstrated that both direct contact
and astrocyte-secreted soluble factors, such as Angl, TGF-3, GDNF and FGF2, are responsible
for the impermeability of BBB [47-49]. These data suggest that astrocytes, by interacting with
BMEC:s directly and indirectly, contribute to the unique properties of BMECs and the imper-
meability of BBB. Therefore, the co-culture of BMEC with astrocytes has been one of the most
widely used in vitro BBB models, since it replicates in a petri dish the tight structures observed
in vivo.

c. DPericytes

Discovered in 1873, pericytes are perivascular cells sandwiched between endothelial cells and
astrocytic endfeet [50]. They are embedded in the basement membrane under normal condi-
tions [1]. Pericytes cover capillaries and the degree of coverage varies depending on the species
and tissue type[51]. It has been shown that the pericyte-to-endothelial ratio is 1:5 in rats, 1:4 in
mice, and 1:3-4 in humans [52, 53]. In mice, this ratio is 1:1 in retina, 1:3 in brain and 1:100 in
skeletal muscle vasculature [54], representing how tightly the blood vessels and their contents
are confined in different tissues. Pericytes have several different developmental origins,
depending on the organs they cover [51]. In the brain and thymus, pericytes arise from
ectoderm-derived neural crest, whereas they differentiate from the mesothelium in the lungs,
liver, and gut [51]. So far, there are no pericyte-specific markers available [51], although many
cellular markers, including a-smooth muscle actin (SMA), PDGFRf3, Desmin, CD13, NG2, and
RGS-5, have been used to identify pericytes, primarily in combination, as none of these markers
is exclusive for these cells (pericytes share markers with myofibroblasts, vascular smooth
muscle cells and neuronal progenitors [51]). It should be noted that the expression of these
markers is high dependent on the differentiation stage of pericytes.

The main functions of pericytes include BBB regulation, vascular development and injury
repair [52, 55, 56]. Here we focus on BBB regulation. It has been shown that pericyte-deficient
mice have compromised BBB and pericyte coverage positively correlates with the tightness of
tight junction [11, 57, 58]. Additionally, pericytes migrate away from capillaries, decreasing
their coverage, under pathological conditions, such as hypoxia and traumatic brain injury [59,
60]. These data suggest that pericytes play a critical role in BBB integrity and maintenance.
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Mechanistic studies demonstrate that BBB breakdown in pericyte-deficient mice is due to
diminished expression of BBB-specific genes in endothelial cells and lack of polarity in
astrocytic endfeet [58]. Consistent with these data, adding pericytes to BMEC-astrocyte co-
culture system significantly enhanced TEER and decreased the leakage of tracers [61, 62].
Further studies showed that the function of pericytes on BBB integrity is also dependent on
the differentiation stage of pericytes [63]. TGF-f3 treated pericytes, which are further differen-
tiated SMA*pericytes, compromise BBB integrity. On the contrary, b-FGF treated pericytes,
which are less differentiated SMA pericytes, maintain impermeability of BBB. Altogether,
these data suggest that pericytes is a key regulator of the BBB integrity. Nowadays, BMEC-
pericyte-astrocyte triple-culture is becoming more and more popular in BBB research.

d. Neurons

In the human brain, the number of neurons and capillaries is estimated to be the same [64].
Both BMECs and astrocytic processes are directly innervated by noradrenergic, serotonergic,
cholinergic, and GABA-ergic neurons [65-71]. The fact that local neuronal activity and
metabolism regulate cerebral blood flow (neurovascular coupling) suggests that neurons may
regulate BBB permeability through modulating BMEC and astrocyte function [72]. Consistent
with these data, adding neurons to in vitro BBB models significantly increases the tightness of
the BBB [73]. However, the exact mechanism underlying how neurons contribute to the BBB
integrity is still elusive. Many studies focus on such mechanisms.

e. Microglia

Microglia, the brain resident immune competent cells, account for 10-20% of glial cells in the
brain [74, 75]. Fate mapping studies suggest that they originate from Myb-independent, FLT3-
independent, but PU.1-dependent myeloid progenitors that express colony stimulating factor
1 receptor (CsfIR) at embryonic day 8.5 [76-80]. Under physiological conditions, microglia
have a ramified morphology, characterized by a small cell body and many long/thin dynamic
processes [75]. By extending and retracting these dynamic processes, microglia survey the
changes of microenvironment in the brain [75]. Once an insult is identified, microglia quickly
undergo a process collectively termed activation, which involves changes to ameboid mor-
phology. Activated microglia migrate to the site of injury, proliferate locally, secrete pro-and
anti-inflammatory cytokines, and remove cellular debris by phagocytosis [74, 81-83]. Microglia
play a dual role in the brain. On one hand, they contribute to neurite growth and neuronal
survival by clearing cell debris and releasing neurotrophic factors [84-86], such as neurotro-
phin-3 and brain-derived neurotrophic factor. On the other hand, microglia secrete high levels
of pro-inflammatory cytokines, including TNF-a and IL-1§3, promoting neuronal death. The
former (neuroprotective microglia) display anti-inflammatory properties and are called M2
cells, similar to the nomenclature of macrophages. The latter, secreting pro-inflammatory
cytokines, exhibit neurotoxic behaviors and are called M1 microglia. Which role they play is
highly dependent on the timing after injury and the type of injury. Since microglia are close
to other components of the BBB in the brain, they may regulate BBB integrity either by directly
interacting with the blood vessels, or indirectly through interaction with BMECs, astrocyte
endfeet, or pericytes [87]. Interestingly, microglial activation has been reported to both
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compromise and restore BBB integrity [88, 89]. This discrepancy could be explained by
different injury models and different timing after injury. More work is needed to answer the
question how microglia regulate BBB integrity.

f. Basement Membrane (BM)

BM is a 3-dimensional network composed of extracellular matrix (ECM) proteins, including
collagens, laminins, heparin sulfate proteoglycans, and nidogens [47, 90]. The formation of this
network involves polymerization and cross-link of these ECM proteins [90, 91]. At the BBB,
BMECs generate a vascular BM and astrocytes generate a parenchymal BM [92, 93]. The
vascular and parenchymal BM is usually indistinguishable at capillaries [1]. However, at the
post-capillary venules, the two BMs are separated by perivascular space where cerebrospinal
fluid drains, and where antigen-presenting cells can be found [1]. Both BM layers have the
same composition except that in the vascular BM laminin-a4 and-a5 are predominantly
present [93], whereas in the parenchymal BM laminins-al and-a2 are the main components
[92-94].

Accumulating evidence suggests that loss of BM results in disruption of BBB, probably due to
the loss of a physical barrier at the BMEC-astrocyte interface and/or lack of signaling from
ECM molecules [95-99]. Individual ECM proteins, including laminin, collagen type IV, and
fibronectin, have been shown to increase the TEER of BMECs in vitro [100]. Using laminin
conditional knockout mice, we have shown that astrocytic laminin maintains BBB integrity by
preventing pericyte differentiation from the resting stage to the contractile stage [101]. In
addition, laminin a5 and dystroglycan, a major receptor for ECM proteins, have been found
to negatively correlate with the infiltration of leukocytes in the brain [93]. These data suggest
that BM plays a crucial role in BBB regulation. Future studies are expected to focus on the roles
of individual ECM proteins in BBB integrity. Understanding how these ECM proteins affect
individual BBB components and BBB integrity would significantly enhance our knowledge on
BBB and potentially pave the way for the treatment of many neurological disorders.

3. Pathophysiology

When ICH occurs, blood leaks into the brain parenchyma, leading to the formation of hema-
toma, which quickly increases intracranial pressure. The accumulated blood and high
intracranial pressure cause immediate primary damage to the brain. This initial injury is
followed by secondary damage mainly resulting from inflammatory responses [102, 103]. The
exposure of brain parenchyma to blood proteins (e.g., proteases and hemoglobin) and cells
(red blood cells and leukocytes) results in activation of microglia, and the secretion of pro-
inflammatory cytokines/chemokines [104, 105], including TNF-«, IL-13, and MCP1/CCL2.
These inflammatory mediators, by forming a concentration gradient, activate and attract more
microglia and other inflammatory cells to the injury site [106]. These cells then accumulate
around the hematoma, forming a barrier to prevent the spread of injury to other sites. The
released pro-inflammatory cytokines/chemokines and possibly activated microglia also act on
BMECs, pericytes and astrocytes, leading to compromise of BBB integrity. Through the
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disrupted BBB, peripheral leukocytes infiltrate into the brain. The infiltrated leukocytes
together with activated microglia produce more pro-inflammatory mediators, which induce
cell death in the penumbra area [107, 108]. In addition, hemolysis of red blood cells causes iron
deposition in the brain parenchyma and subsequent lipid peroxidation [109]. Free radicals
generated during lipid peroxidation also lead to cell death and contribute to ICH-induced
brain injury [110, 111]. With the progress of disease, microglia and infiltrated leukocytes
change their gene expression profile from pro-inflammatory to anti-inflammatory and clear
up the dead cells via phagocytosis [110, 112]. The clearance of cell debris finally leads to the
resolution of the hematoma and repair of damaged tissue. At this stage, the activated inflam-
matory cells revert to a resting state again. Due to the limited regenerative ability of neurons,
however, most neurological functions cannot be recovered, which explains the high extent of
disability after ICH.

4. ICH animal models

To study ICH and eventually cure this disease, several ICH animal models have been devel-
oped, including collagenase ICH model, whole blood ICH model, and the spontaneous ICH
model. Although these models have been widely used in ICH research, none of them fully
replicates the pathology of ICH in human patients. Here we briefly discuss the advantages
and disadvantages of these models.

a. Collagenase ICH Model

This model utilizes the enzymatic activity of collagenase, a bacterial enzyme. After injection
into the brain, collagenase induces rupture of blood vessels by degrading collagen IV, a
component of the blood vessel wall [103-105]. The rupture of blood vessels then induces the
formation of hematoma and other pathological alterations. There are many advantages of this
model. First, ICH induced by collagenase injection is very reliable and reproducible. The size
and location of hematoma reported by different laboratories across the world are comparable
[112-115]. Second, the location of hematoma can be controlled depending on the site of
injection. Third, this model is very simple and fast. ICH can be induced within hours after
collagenase injection. Due to these advantages, collagenase ICH model has become one of the
most popular animal models for ICH research. This model, however, also has a few disad-
vantages. One of the most significant drawbacks is that it introduces collagenase, a bacterial
enzyme, into the mammalian brain. This enzyme degrades ECM proteins in the brain, affects
BBB integrity, and modifies inflammatory or immune responses, all of which may affect ICH
progress [105, 116, 117]. Another disadvantage of this model is that it does not replicate the
vascular challenges usually seen before the onset of ICH in patients, such as hypertension and
atherosclerosis. Mice lacking these vascular injuries may have different disease progress and/
or recovery patterns, which makes it difficult to interpret data generated using this ICH model.

b. Whole Blood ICH Model
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The whole blood model involves injection of blood from the same animal or a donor into the
brain. The injected blood induces secondary pathological changes observed in human patients.
Unlike the collagenase ICH model, this model does not introduce exogenous enzymes. The
application of this ICH model, however, is circumvented by its three major disadvantages.
First, the whole blood ICH model lacks pathological changes in blood vessels. The vascular
challenges and rupture of vasculature cannot be replicated in this model. Second, this model
is less reproducible than collagenase ICH model. The size and location of hematoma vary
depending on different laboratories. Third, the shape of hematoma is different from that found
in human patients. Hematoma formed in whole blood ICH model is usually umbrella-shaped
and narrower slit-like [118]. This unique shape is probably caused by high pressure-induced
rapid distribution of blood along white matter tracts and/or corpus callosum after injection. A
way to get around this problem is used in bigger animals, like pigs, where a space/balloon
forming initial injection is followed by the injection of the homologous whole blood.

¢. Spontaneous ICH Model

To better replicate the pathological changes observed in human patients, a spontaneous ICH
model has been developed in rodents [119]. This new model induces ICH through acute
hypertension, the most common etiology of hemorrhage in humans. In this model, animals
are administered with NG-nitro-L-arginine methyl ester (L-NAME) and angiotensin II to
induce hypertension. The injection of angiotensin II causes surges of blood pressure, which
eventually lead to rupture of blood vessels and thus ICH. This spontaneous ICH model
replicates most pathological alterations observed in human patients. However, the time it takes
to induce ICH is relatively long (2-4 weeks), the location of the ICH varies, and the reprodu-
cibility still needs further investigation.

5. Targets for ICH treatments

ICH is a devastating clinical event. Sadly, no effective treatments are available at present.
Current therapy is mainly supportive care [120, 121]. Due to the pivotal role of inflammatory
responses in ICH development, anti-inflammatory strategies have been explored by many
laboratories. Here we review a few anti-inflammatory targets with therapeutic potential in
ICH: microglial activation, leukocyte infiltration, cytokines/chemokines, protease activation,
and reactive oxygen species (ROS) production. In addition, stem cell therapy is also discussed
briefly.

a. Microglial Activation

Microglia are one of the first cell types that respond to ICH. In collagenase ICH model,
microglial activation starts at 1 hour [102, 122], peaks at 3-7 days [104, 105, 115, 123], and returns
to a resting state again by 3-4 weeks after the onset of ICH [124, 125]. A similar time course of
microglial activation is observed in whole blood ICH model [122, 124, 125]. Since activated
microglia contribute to the amplification of inflammatory responses and cell death by secreting
chemotactic cytokines and cytotoxic mediators, including proteases and ROS [102, 103, 112,
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115], inhibition of microglial activation has been proposed as a therapeutic strategy for ICH.
It has been shown that pre-or post-treatment with the tri-peptide microglia/macrophage
inhibitory factor (MIF, Thr-Lys-Pro) significantly inhibited microglial activation, reduced
injury size and improved neurological function [104, 105]. Consistently with this report,
inhibiting microglial activation with neuroprotectant minocycline in both collagenase and
whole blood ICH models protected BBB integrity, decreased brain edema, and improved
functional recovery, although neuronal death remained changed [126-130]. These data support
that inhibition of microglial activation is beneficial. However, there is also evidence suggesting
that long-term inhibition of microglial activation is detrimental [104, 115]. Given that activated
microglia also contribute to the clearance of cell debris and recovery at late stage, inhibition of
microglial activation should be limited to the early stage. The question then becomes how to
define early and late stages after ICH? Definition of these stages would significantly improve
the outcome of ICH treatments.

b. Leukocyte Infiltration

Leukocytes infiltrate into the brain through the compromised BBB and modulate the progress
and/or recovery of ICH [102, 112]. Among all the subtypes of leukocytes, neutrophils are the
earliest ones to infiltrate into the brain after ICH. In both collagenase and whole blood ICH
models in rodents, neutrophil infiltration starts at approximately 4 hours and peaks at 3 days
after the onset of ICH [102, 115, 124, 131, 132]. These cells promote cell death and brain damage
by producing ROS and pro-inflammatory mediators [107, 108], and usually die within 2 days
in the brain. Mice deficient for CD18, a subunit of (32 integrin indispensable for leukocyte
infiltration, demonstrated reduced brain edema and mortality as well as decreased leukocyte
number in the brain after collagenase injection [133]. In human postmortem brains, leukocyte
infiltration was also observed within hours after ICH [134, 135]. Furthermore, leukocyte counts
in blood have been found to positively correlate with injury size in ICH patients [136].
Therefore, high leukocyte counts together with other factors have been used to predict early
clinical outcome in ICH patients [137, 138]. Currently, no anti-leukocyte infiltration strategies
have been investigated in ICH models. Obtaining such data may facilitate the research and
development of novel reagents targeting leukocyte infiltration.

c¢.  Cytokines/Chemokines

During ICH, activated microglia and infiltrated leukocytes produce high levels of inflamma-
tory cytokines/chemokines, which mediate the secondary damage to the brain. In both rodents
and humans, pro-inflammatory cytokines, including TNF-a and IL-1§, are transiently up-
regulated in the peri-hematomal region [106, 139]. In addition, chemokines and chemokine
receptors that mediate leukocyte extravasation, including CCL2-4, IL-8, CXCL5, and CCR1-2,
are also increased/activated [139, 140]. These data suggest that targeting cytokine/chemokine
signaling may be a therapeutic strategy for ICH. In collagenase ICH model, we have found
that mice deficient for CCL2 or its receptor CCR2 have a mild but delayed disease progression
[115]. In CCL2"or CCR2"mice, hematoma was smaller at day 1 post injury (dpi 1) but larger
at subsequent times (dpi 7 and 14 [115]), indicating a delayed recovery. Consistent with the
crucial role of CCL2-CCR2 system in microglial activation/migration, limited numbers of
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microglia were observed at dpi 1 in both knockout mice [115]. At dpi 3 and 7, however, the
number of microglia in the knockout mice far exceeded those in control animals [115],
suggesting that CCL2-CCR2 independent alternative signaling recruited microglia in the
knockout mice. The infiltration of neutrophils was also ablated in both knockout mice at dpi
1 and 3, echoed by the smaller hematoma size early after injury [115]. In addition, at dpi 7 the
expression of inducible nitric oxide synthase (iNOS) decreased in controls compared to earlier
time-points, but remained high in the mutant mice, indicating that lack of CCL2-CCR2
signaling produces more ROS. Moreover, brain edema, neuronal loss and neurological
function followed similar trends over time as that of hematoma size [115]. Altogether, these
data suggest that inhibiting CCL2-CCR2 signaling early after ICH is neuroprotective, whereas
long-term inhibition delays the recovery. Future work should focus on developing the best
CCL2-CCR?2 inhibition regimen for ICH patients.

d. Protease Activation

ICH activates many proteases, including matrix metalloproteinases (MMPs). MMPs are a
group of zinc-dependent proteases actively involved in extracellular remodeling and neuro-
inflammation. Under physiological conditions, low levels of inactive MMPs are found in the
brain. These MMPs, however, are dramatically up-regulated and activated when ICH occurs
[112, 141]. We and others have demonstrated that collagenase quickly activates and up-
regulates the expression of MMP-2,-3,-9, and-12 in rodents [112, 142]. Activation of MMP-9
has also been described in other ICH models [143-145]. In human ICH patients, blood MMP-9
level has been reported to correlate with BBB integrity, hematoma size, edema of the penumbra
area, and neurological function [138, 146, 147], whereas blood MMP-3 levels have been found
to associate with mortality [148]. Additionally, higher level of MMP-9 was detected in the peri-
hematomal region in postmortem human brains [113, 149]. These data suggest that modulation
of MMP activity may have therapeutic effect in ICH. Consistent with this hypothesis, mice
lacking MMP-3,-9, or-12 are partially protected from ICH [141, 144, 150]. In addition, the
therapeutic effect of MMP inhibitors has also been investigated. GM6001, a broad-spectrum
MMP inhibitor, has been found to be neuroprotective in both collagenase and whole blood
ICH models in mice [132, 151]. Similar results have been noted for BB-1101, another broad-
spectrum MMP inhibitor [152]. However, both neuroprotective and detrimental roles have
been reported for MMP inhibitor BB-94, depending on the animal models used [153-155].
Besides its inhibitory effect on microglial activation, minocycline also functions as a MMP
inhibitor [126]. There is evidence suggesting that minocycline reduces TNF-a level and brain
edema without affecting neuronal loss [127, 156], when administered 6 hours after ICH.
Together, these data suggest that MMPs, especially MMP-9, play a detrimental role in ICH,
and that MMP inhibitors may be used, alone or in combination with other medicine, to treat
ICH.

e. ROS Production

One of the main pathological changes of ICH is the accumulation of blood in the brain. The
hemolysis of extravasated red blood cells leads to degradation of hemoglobin and deposition
of iron in the brain [109]. In rats, a 3-fold increase of non-heme iron was found after ICH [109].
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Accumulated iron has been shown to induce oxidative stress by formation of free radicals,
mediate secondary inflammatory injury, and contribute to brain atrophy and neurological
deficits after ICH [157, 158]. In human patients with spontaneous ICH, blood ferritin level
associates with brain edema in peri-hematomal region [159]. In addition, iron level in the
hematoma also correlates with brain edema in peri-hematomal area [160]. These data suggest
that iron deposition contributes to brain damage, and that removing the deposited iron may
be an appropriate therapeutic approach. Consistent with this hypothesis, 2, 2'-dipyridyl, a
lipid-soluble iron chelator, has been shown to be beneficial in both the collagenase and whole
blood ICH models in mice [161]. Another iron chelator deferoxamine has shown neuropro-
tective effects in the whole blood ICH model in rats and piglets [162-165]. In collagenase ICH
model, however, deferoxamine failed to show any beneficial effects [166], suggesting the effect
of deferoxamine depends on ICH animal models. None-the-less high doses of deferoxamine
are currently examined in clinical trials (starting in 2012) for the treatment of ICH.

An alternative way to treat iron-induced oxidative stress is to target antioxidant enzymes. To
remove extra ROS, antioxidant enzymes, including glutathione S transferases, glutathione
peroxidase, and glutamate-cysteine ligase, are up-regulated. The key transcription factor that
controls the expression of these antioxidant enzymes is Nrf2 [167]. Nrf2 is expressed in
neuronal and glial cells in the brain. Activation of Nrf2 has been shown to be neuroprotective
both in vitro and in vivo [168, 169]. Additionally, mice deficient for Nrf2 showed more severe
neurological deficits compared to wild-type mice in both collagenase and whole blood ICH
models [170, 171]. Paralleled with neurological deficits, enhanced ROS production and
leukocyte infiltration were observed in Nrf27mice [170, 171]. More importantly, sulforaphane,
an Nrf2 inducer, has been reported to improve neurological deficits in mice when administered
30 minutes after ICH [170]. Together, these data suggest that Nrf2 is a target with therapeutic
potential.

f.  Stem Cell Therapy

ICH induces neuronal death and loss of neurological function. Multipotent stem cells with the
ability to differentiate into neurons are a potential therapy for ICH. It has been reported that
human neural stem cells are able to differentiate into neurons and astrocytes, and thus improve
neurological function after intravenous injection in collagenase ICH model [172]. Stem cell
therapy is relatively new and more work is needed before it can be used in ICH patients. For
example, the route, dose and timing of stem cell injection need to be optimized; the differen-
tiation, proliferation and integration of stem cells in vivo should be investigated; and the side
effects of stem cell administration must be examined.

6. Summary

Accumulating evidence suggests that the secondary inflammatory responses play a critical
role in the development of ICH, indicating that the molecular mechanism of inflammation is
an ideal target for the therapy of ICH. As discussed, many pathways, including microglia
activation, leukocyte infiltration, cytokine/chemokine secretion, protease activation, and ROS
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production, have been explored, and several compounds showed significant potential in the
treatment of ICH. However, it should be noted that the animal models used in the studies are
not perfect, which limits the interpretation of experimental data. Thus, other models and
human samples should be used to confirm the results before they are used in patients.
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Intracerebral hemorrhage is an important clinical entity encountered in practice.
Common causes of intracerebral hemorrhage include hypertension, amyloid angiopathy,
trauma, coagulopathy, arteriovenous malformation and underlying tumor. Advances
in imaging techniques have helped in better understanding of pathogenesis and the
mechanisms of recovery of intracerebral hemorrhage, thereby resulting in marked
improvement in its management. I hope that this book on intracerebral hemorrhage will
be a useful learning tool for students and clinicians in the field of neuroscience.
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