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ABSTRACT
Intracerebral hemorrhage (ICH) associated

with stroke, head

trauma and

premature birth often predicts poor prognosis. The goals of the experiments described in

this thesis are to investigate the role of inflammation and proteolytic enzymes in brain

following ICH. Several animal models

of ICH, magnetic

resonance imaging,

pathological, histological and immunological techniques, and behavioral tests were
applied to rats and mice

of various

ages. We found that whole blood causes brain

inflammation and brain cell death that is maximal ftom 48-72 hours. There is a prolonged

period of brain reaction over at least 4 weeks. Different specific models of ICH are
associated with similar temporal patterns of cell death and inflammation, although the
magnitude of inflammation differs. "Activated" leukocytes seem to exacerbate the brain

injury in adult rats, as does systemic immune pre-activation in mouse, particularly in 2day old mice. Thrombin and plasmin are harmful to brain cells in rodents in a dose and

age dependent manner. The neonatal brain is relatively more sensitive to proteolytic
enzymes than blood. Hirudin can significantly reduce the brain injury following ICH in

the acute stage and trends to be mildly protective the neonatal mouse brain. These data
suggest that inflammation and proteolytic enzymes play an important role
pathogenesis

of brain

damage following ICH. Therefore inhibition

of thrombin and

inflammation may represent potential targets for therapeutic intervention.
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Chapter

1.1

1

GENERAL INTRODUCTION

Introduction and def,rnitions
Stroke is defined as any acute clinical event, related to impairment of cerebral

circulation, that lasts for more than 24 hours and can cause a loss of the ability to move
particular parts of the body. The sudden death of some brain cells is due either to lack of
oxygen when the blood supply to the part of the brain is suddenly interrupted (ischemic
stroke) or to bursting of a blood vessel in the brain, which spills blood into the spaces

surrounding the brain cells (hemonhagic stroke, intracerebral hemorrhage, ICH).
Subarachnoid hemorrhage (SAH) implies the presence of blood within the subarachnoid
space

from some pathologic process. The nontraumatic types of SAH are usually from

rupture of a berry aneurysm or arteriovenous malformation (AVM). We will not discuss

SAH because blood does not necessarily enter brain parenchyma. Brain cells

are

damaged when stroke happens. These damaged cells can linger for several hours in the
penumbra area, which surrounds the damaged core and contains functionally impaired

but still viable brain tissue supplied with blood from collateral vessels. This area may be
transformed into infarction due to secondary neuronal damage induced by deleterious

biochemical cascades, resulting

in

cytotoxic and excitotoxic effects. With timely

treatment, these cells can be saved.

ICH differs from ischemic stroke in that blood enters the brain parenchyma and
may extend into the ventricles (Figure 1-1a, see page 15). The amount of research
conceming ICH

is lacking compared to the work done on ischemic stroke.

Delayed

clinical deterioration may occur after ICH but the mechanism is not fully understood.

After ICH blood

components

(i.e. leukocytes, hemoglobin, thrombin,

plasmin,

complement, plasma, and fibrin degradation products) enter into the brain parenchyma.

This is followed by an inflammatory response and brain cell death, which may involve
enzyme activation, cytokine release, leukocyte migration, and brain tissue breakdown and

repair. Some aspects of the brain damage following ICH are well documented, for
example, disruption of tissue by the enlarging hematoma l, reduction of blood flow in
surrounding tissue

2,

and destruction

of cells by proteolytic enzymes including thrombin,

plasmin, and matrix metalloproteinases (MMPs) 3'4.

Although ICH is a disease of the brain, it can affect the entire body due to
neurological deficit. The consequences following ICH depend on the area of the brain
affected. The most conlmon neurological deficit is weakness or paralysis of one side of

the body with partial or complete loss of voluntary movement or sensation in a leg or
arm. There can be speech problems, cognitive defrcits, emotional difficulties, daily living

problems, and pain. Numbness or tingling is very common. An ICH involving the brain
stem can affect balance, vision, swallowing, breathing, and even consciousness.

r.2

Hemorrhagic stroke in the clinical setting

1.2.1 Brain

hemorrhage in the adult brain

The worldwide annual incidence of primary (spontaneous) ICH is 12-351100,000

population, which accounts for approximately

15o/o

of cerebral strokes and is associated

with a higher mortality rate s'6 than to brain ischemia. ICH is more common in men than

inwomen, particularly those older than 55 years of ageT andof African American andlor
Japanese

origin 8. A high prevalence of hypertension and alcohol use in the Japanese

l0
population may account for the incidence e. ICH associated with hypertension remains

the most common form of ICH. ICH may also be associated with coagulopathy
cerebral amyloid angiopathy

10,

brain tumors

13,

vascular anomalies

la,

tt't',

brain trauma

l, or

premature birth 15. Stroke associated with ICH has a worse prognosis than ischemic
stroke

I

6,

the mortality rafe at 3 0 days is

43 -5 Io/o

" ; and recovery following ICH is poor;

most surviving patients retain a considerable functional handicap related to the specific

site of hemorrhag"

18.

The most common sites of hypertensive ICH are the caudate I

putamen (basal nuclei), thalamus, cerebellum, and pons (the locations may differ with
other etiologies).

There

is no proven

effective treatment

for ICH le. However, the

clinical

therapeutic strategies include medication and surgery. Drug therapy is the most common

treatment for ICH. This includes prevention of ICH based on treating an individual's

underlying risk factors, for example, control

of hypertension. The blood

glucose in

diabetics is often quite high after a stroke; controlling the glucose level may minimize the
size of a stroke '0. Oxygen is given as needed. Surgery can be used to prevent ICH by

repairing vascular damage or malformations in and around the brain or to treat acute ICH

by evacuating the hematoma, but the surgical treatment is still controversial2t'22 due to
very few controlled randomized trials. Rehabilitation may help overcome disabilities that
result from ICH damage

23.

Initial severity of disabilit¡,

predict functional outcome after rehabilitation.

àgê, and

duration of therapy best

L2.2 Hemorrhage

in the immature brain

The developing brain lacks mechanical rigidity and is readily deformed during

birth or following trauma. Fragile blood vessels within the brain are thereby easily
ruptured. Hemorrhage can arise from the arterial, capillary, or venous systems. It may be
due to intravascular hypertension, thrombosis, or breakdown of vessel integrity following

infarction or physical trauma '0. The location and type of hemorrhage are dictated at least

in part by the stage of development

2s.

Periventricular hemorrhage (PVH) refers to

bleeding adjacent to the lateral ventricles. Intraventricular hemorrhage (IVH) refers to

blood collections within the ventricles, which are usually extensions
eminence hemorrhage. PVH and

of

ganglionic

IVH frequently occur in combination (PVH/IVH).

Blood can extend into the ventricles causing hydrocephalus, or
ischemic injury in the adjacent tissue

ls.

it

can cause secondary

Euen a small hemonhage may be associated

with

cognitive deficits 26. Detectable PVH/IVH with extensive hemorrhage occurs in
approximately half of the affected infants bom <28 weeks while only one tenth of those
affected at >35 weeks have severe bleedings

" . The highest risk periods are within

first 3 hours after birth, 2 days, and around 10 days after birth

IVH is young gestational age, although maternal
excessive head distortion may contribute

28.

the

Th" main risk factor for

I fetal sepsis 27'2e'32, and delivery with

25.

The desirable therapy is prevention of brain hemorrhage through the avoidance

preterm birth, chorioamnionitis, and improved understanding

of

of the physiologic

determinants of hemorrhage. Many medical treatments have been attempted to prevent

initial or progressive IVH in preterm infants, but none appear to be effective

33'

34.

Digestion of intraventricular clots with proteolytic agents such as urokinase and tPA has

4

been attempted

with minimal success although new trials are being designed 3s' 36

Subdural hemorrhage can be managed surgically

1.3

if

necessary.

Animal models of hemorrhagic stroke
To understand the pathogenesis of ICH and to evaluate preventive or therapeutic

strategies, animal models

of ICH

have been developed and used. Experimental ICH

models have been studied in several species including mouse

pigat, and primate

37

, tat38a2,

rabbite'43

,

cat44,

a6.

1.3.1 Microballoon insertion models
An acute expanding lesion model using a mechanical microballoon to simulate
the space-occupying effect of ICH was developed by Sinar in the adult rut

in

1987

(although this model lacks the effects of blood components¡ 47. The microballoon system
consisted of an embolization balloon mounted on a 20 gauge venous cannula using its

own previously blunted guide. The microballoon was then inflated with saline in

a

syringe. Immediately following balloon inflation in the caudate nucleus of rats, there was

a significant increase in intracranial pressure accompanied by a reduction in cerebral
blood flow (CBF) in the ipsilateral frontal cortex and the ipsilateral caudate nucleus

2.

There was little change in intracranial pressure (ICP) with microballoons (25 microliters
and 50 microliters in volume) equivalent in size to those lesions which occur with this
disorder in man. With larger volumes (i00 microliters) there is an increase in ICP which

is associated with systemic effects on cerebral perfusion pressure (CPP)

08.

The rats with

an intracerebral mass exhibited a l0-fold increase in the volume of ischemic damage in

the ipsilateral caudate nucleus compared to the sham-treated group
damaged neurons was signif,rcantly higher

inflation groups

ae.

a7

. The quantity of

in the permanent groups than in

transient

Deflation of balloon after 10 minutes was shown to improve clinical

outcome and reduces CBF abnormalities in rats

s0.

Therefore, in this model evacuation of

an extensive acute expanding subcortical (hematoma-like) mass must be performed

within a limited time window to prevent the development of irreversible neurological
deficits or death. Similarly a microballoon inserted into the ventral posterolateral nucleus

of the thalamus in cat, caused a rapid reduction in CBF following gradual balloon
inflation sl.

1.3.2 Autologous whole blood injection

models

Although autologous blood does not reproduce the rupturing of a blood vessel in
spontaneous ICH, this method allows anatomically localized hematomas to be created

without artificial agents 'n-o'. Th" autologous whole blood may be obtained from the
animal's

tail or femoral artery, then directly injected into the

Sometimes the femoral artery may be attached directly

to a

selected brain aÍeas.

cannula

to

simulate

pressure/pulsation. Several groups have studied the brain injury mechanism following

ICH by using this model. In the rat, autologous blood can cause brain edema, cell death,
inflammation and behavioral impairment
despite a prominent increase

38'40' s2-s4.

in intracranial

Studies in the dog have shown that

pressure (ICP) and mean arterial pressure

(MAP) after ICH, there is no evidence to support the presence of an ischemic penumbra

in the first 5 hours after ICH

5s.

Inc.eas"d intracranial pressure as well as compromised

CBF and metabolism following ICH have been shown

s6

in the cats, rabbits, monkeys,

and pigs. Pigs have been frequently studied for clot evacuation

tt'tt.

Fo. instance, a tPA-

induced clot lysis study showed that reduction in clot size was significantly greater than
mechanical aspiration alone. In the rabbit model
o/o

se,

urokinase treated animals showed 86

of clot lysis compared to injection of saline into clot (23 %).
Rat models have been used to compare effects of blood components, such

thrombin, plasmin, plasma, serum, leukocyte fractions and erythrocytes individually

as

a0-42.

Leukocytes, activated leukocytes, thrombin and plasminogen caused brain edema,
inflammation, and brain cell death when they were injected into the brain

of the coagulation system can modulate inflammation
system

6l

and injections

brain edem a4r'

1.3.3

of

60.

38.

Components

Activation of the complement

hemoglobin as well as erythrocytes into the brain may lead to

42
.

Collagenase animal models of ICH

This model was developed by Rosenberg's group. Bacterial collagenases, which
are proteolytic enzymes, are injected into basal ganglia

the capillary basal lamina in the brain62'

63.

to induce ICH by destruction of

The advantage of using this model is that it

produces highly reproducible hemorrhages and mimics spontaneous
significant blood leakage along the needle track.
collagenase induced

4'62'6s.

studies

of

without

adult rat following

ICH, behavioral improvement is rapid during resolution of

edema but incomplete at 3 weeks

ICH

In

ICH

52.

the

This model is also used to study treatment following

A disadvantage of using the collagenase model is that it involves introduction

of a foreign protein that seems to cause more inflammatory reaction than autologous

blood injection or venous hemorrhage due to avulsion of surface vessels of brain

sa

Addition of heparin to collagenase injection enhances the inflammation in ratbrainsz.

L3.4

Hypertensive stroke models

Hypertension
causes changes

is the most common cause of primary ICH. Hypertension

also

in the walls of small vessels in the brain and leading to rupture, which

make the blood bleed into the brain parenchyma.

To

understand the effect of

hypertension induced hemorrhage and to develop treatment for it, several animal models
have been developed

66.

Renal artery constriction in which the roots of both renal arteries

are constricted by ring-shaped silver clips, causes renovascular hypertension

67.

The rate

of stable hypertension \üas I00% and the incidence of spontaneous stroke including ICH
and brain infarct was

61 .8%o

at 40 weeks after renal artery constriction 6t. Th"

hypertension is stable and not renin dependent, apparently involving brain angiotensin
and perhaps circulating vasopressin

66.

Stroke prone spontaneously hypertensive rats

(SHR) may also develop cerebral hemorrhage as well as cerebral infarct

68.

The brain

lesions in this model include old and fresh cerebral hemorrhage and infarcts with or

without subarachnoid effusion. These models simulate hypertensive ICH in humans and
offer the chance to study the mechanism of brain injury following hypertensive ICH. The
disadvantages are that brain lesions are unpredictable with regard to size and position.

1.3.5 Models of neonatal PVH/IVH and IVH
Using immature rabbits, dogs, cats, and sheep, the mechanisms of germinal
matrix hemorrhage have been elucidated. Fluctuations

in arterial and venous

blood

pïessure can cause PVH 6e. IVH has been induced using glycerol to create intracranial

hypotension in prematurely born rabbits (21

beagle model, injection

of

- 30 days gestation)

70'

". In a newborn

phenylephrine hydrochloride intravenously induced

hypertension which can cause IYH 72. Intraventricular injection of blood into newborn

dog brains has been used to study the effect
surrounding blood

of acute ventricular

distension on the

flow pattems 73. Dog models have played an important role in
6e.

morrse model

of

neonatal hypoxia develops superficial foci of bleeding unlike those seen in humans

74.

understanding the physiologic factors that predispose to PVH/IVH

A

We recently developed a novel PVH/IVH model in newborn mice by injection of
autologous whole blood into periventricular tissue including germinal matrix (GM) and

striatum

37.

AU mice exhibited extension of the hematoma into the ventricles, which

mimics germinal matrix hemor:rhage in humans at24-28 weeks gestation age. This model

provides an opportunity

to study mechanisms of cellular injury after

PVH/IVH.

Posthemorrhagic hydrocephalus can be modeled by injection of blood into the ventricles

of 7-day old rats 7s.

1.3.6

Other animal models of ICH

In addition to the above-mentioned ICH animal models, other models have

also

been developed. Cortical vessel avulsion by tearing the pia can cause mixed brain
damage including ischemic and hemorrhagic

54.

Hemorrhage related to shaking injury in

6-day old rats has been studied as a model of child abuse 76. Some forms of traumatic

brain injury (TBI) also cause bleeding into the brain parenchyma77'7e. None of the
above-mentioned ICH models completely reproduce the brain injury response following

9

human ICH. However, these models have significantly contributed

to the overall

knowledge of the pathophysiology of human ICH including edema, inflammation, cell
death, brain damage, compromised CBF, and metabolism as well as pathogenesis.

1.4

Histopathology of ICH

Following ICH, blood components, including cells and plasma, intermingle with
brain cells adjacent to the hematoma, which is a contiguous collection of clotted blood.
Brain tissue surrounding the core of damaged area appears pale due to edema. After 24 h,
degenerating erythrocytes and fragmented nuclear debris are seen. Hemosiderin is
evident in macrophages as early as 3 days after the bleed *0. Th" surrounding tissue may
become necrotic

if the hematoma is large and secondary

infarction ensues

81.

In intact

brain tissue surrounding the hematoma, neutrophils adhere to vessel walls or pass through

capillaries and small veins. Neutrophils are rarely present within the necrotic tissue
except at the periphery of hematoma. Neutrophil infìltration and reactive glial changes

including astrocyte activation and microglia reaction

in the brain adjacent to the

hematoma are obvious at2-3 days after ICH. Large clots degrade very slowly because the
macrophage ingestion

of debris takes place only at the surface. For months after clot

resolution, residual hemosiderin and minerahzation may be detected along the hematoma

cavity. In the IVH, blood debris may obstruct the cerebral aqueduct. This may cause
hydrocephalus.

1.5

Pathophysiology of brain damage after ICH

Several mechanisms are involved

in lCH-related brain damage. Mechanical

t0

destruction of brain tissue is caused by the enlarging hematoma l. Local cerebral blood

flow (CBF) surrounding the hematoma may be compromised through mechanical

and

chemical factors. Cerebral edema raises intracranial pressure and reduces cerebral
perfusion pressure 2. In this regard ICH has similarities to ischemic stroke particularly in
the penumbra region that surrounds the hematoma

82' 83.

ICH is associated with entry of

proteolytic enzymes including thrombin, plasmin, and complement proteins 8o from
plasma into the brain parenchyma. Matrix metalloproteinases (MMPs) are a family of

proteolytic enzymes with relative specificity for components of the extracellular matrix.
Following brain injury MMPs such as MMP3 and MMP9 are produced by infiltrating
inflammatory cells, microglia, and astroglia 8s. Plasmin can promote the activity of
MMPs

86' 87.

MMPs can directly damage brain cells, cause cell injury by processing death

molecules (e.g. FasL), disrupting the myelin, and perpetuating

of inflammation

86' 87.

MMPs may contribute to the brain damage following ICH. To a lesser extent this may
occur after ischemia when the blood brain banier (BBB) becomes permeable to large

molecular weight proteins 88-el such as plasminogen and prothrombin. They may
edema

n''

plasmin), and inflammation

"

contribute

to brain

source of prothrombin

el

"

(".g. albumin), cellular necrosis (e.g. thrombin and

(..g. complement). However, the brain may also be a

and plasminogen

88'8e,

which are the precursors of thrombin and

plasmin, respectively. When erythrocytes begin to break down 2-3 days after ICH,
hemoglobin is released.

It can cause brain

damage through iron-dependent formation

of

oxidizing agents 42'e4. Reactive oxygen species (ROS), which come from neutrophils,
reactive microglia/macrophages, and the damaged brain cells, also contribute to the brain

cell damage following ICH I.
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r.6

Brain inflammation following ICH (published by Xue M, Balasubramaniam

Del Bigio MR. "Brain

inflammation following

ICH." in

J,

Current

Neuropharmacolo gy. 2003 ;l : 325 -332)

1.6.1

General aspects of the immune response
Response

of the immune system to tissue injury occurs in two

non-adaptive (or innate) response and a later adaptive respons"

es.

phases: an early,

Vascular permeability

increases immediately, in part due to histamine release from mast cells. Minutes to hours

after injury mediators such as chemokines and cytokines promote cell activation and
attract immune cells. Adhesion molecules on endothelial cells mediate extravasation

of

leukocytes. Neutrophils, which release proteolytic and oxidizing agents, attack cells with
bound complement, a plasma protein that adheres to damaged cells. Natural killer (l.iK)
cells can

kill injured cells that have downregulated their major histocompatibility (MHC)

class I molecules. Cytotoxic T lymphocytes (CTLs) and NK cells express CD95 ligand

(CD95L or FasL) which binds to CD95 (Fas) on target cells to induce apoptosis; CD95 is
upregulated following cell injury. In the adaptive immune response, antigen-presenting

cells (e.g. microglia or macrophages) process proteins released from damaged cells.
MHC class I molecules present cytosolic antigens to T lymphocytes that express the CD8
antigen on their surface. MHC class

II molecules

present lysosomal antigens to CD4 T

lymphocytes. Subsequent activation and proliferation of cells directed against the specific

antigen occurs over the next 3-5 days

in lymph

nodes.

proliferation occurs locally e6. Activated CTLs bind

12

In the brain,

some

to target cells that

T

cell

express

appropriate peptide/MHC class

I

complexes and costimulatory molecules. Then they

release perforin and deliver granzymes to induce apoptosis

e7.

1.6.2 Brain inflammation following ICH in humans
Clinical studies show that the increase in circulating leukocytes is greater

e8

and

persists longer (3-5 days) following hemorrhagic brain lesions than following ischemic

brain lesiofls

ee,

although

it is not clear that the data are adjusted for

coma level. The

leukocyte count at 24 hours correlates with factors such as hematom a sizel00. In contrast,
peripheral neutrophil activation determined by chemiluminescence occurs within the first

hours following ischemic stroke but not following ICH

l0l. Infants with intraventricular

hemorrhage (IVH) display an increase in total leukocytes and absolute neutrophils in

peripheral blood compared

to

infants without

IVH

neutrophil counts are frequently elevated after ICH

t02.

103.

Cerebrospinal

fluid

(CSF)

High plasma levels of tumor

necrosis factor alpha (TNFcr) within 24 hours of ICH are correlated with the magnitude

of perihematoma brain edema

l0a.

Eleuated levels

of the pro-inflammatory

cytokines

interleukin (IL)-10, IL-6, and transforming growth factor-beta (TGF-B) have been
detected

volume

in the CSF or serum of patients with ICH; the levels correlated with hematoma
l0s' 106.

Patients with ICH exhibit increased IL-6 secretion by leukocytes after ex

vivo stimulation with endotoxin (lipopolysaccharide, LPS)
factor (LIF) is induced

in

germinal brain cells

r07.

of premature

Leukemia inhibitory

humans with

ICH

108.

Cysteinyl-leukotriene (cys-LT), which is a proinflammatory lipid molecule, is increased

in the urine of patients following ICH, and the amount of cys-LT release depends on the
hematoma volume

10e.

tto.
Serum soluble
This agent can promote vascular permeability

I3

vascular cell adhesion molecule-l (sVCAM-1) was higher at 24 hours in patients with

infarct than ICH rrr.
Concerning the histological changes in human brain following ICH, there are few
studies and most make little or no mention of inflammation ll2. Contused brain tissue

from adult humans has been studied more frequently

l13' l14.

The inflammatory ïesponse

consists of monocytes/macrophages, reactive microglia, neutrophils, and CD4- and CD8-

positive T lymphocytes appearing 3 to 5 days after trauma

in the penumbra region beginning at 5-8 hours and

neutrophils were identified
disappearing

l't. Following ICH in adults,

by 72 hours. However, they were sparsely distributed and the

authors

expressed the opinion that neutrophils "have no major role in the development of cellular
changes around hematomas"

116

persist for weeks (see Figure

(see Figure 1-1b). Lymphocytes also appeff early and

i-lc).

Macrophages in the brain are derived from either

microglia or monocytes in the circulating blood l. Macrophages with hemosiderin appear

at3-6 days after ICH l'117 and persist for many months (see Figure 1-1d). Microglial
cells also ingest arange of plasma proteins after ICH ll8. Whether post-contusion changes
are directly comparable to post-ICH changes is unclear.

Less

is known about inflammation in the premature

human brain after

hemorrhage than is known about inflammation in the adult. The inflammatory reaction in

this situation has been described as "negligible" with few details offered lle. In a pilot
investigation, neutrophils appear from 1-4 days and CD3 positive lymphocytes from 1100 days after ICH. Both are

in small quantities, but are more

abundant than after

ischemic damage (Del Bigio, unpublished). Macrophages appear in the periventricular
germinal tissue 4 days after hemorrhage in premature infants 120'tzt. Some cy'tokines may

l4

Figure 1-1. Intracerebral hemorrhage and inflammatory cell infiltration in adult human
brain. a. Photograph showing coronal slice through the brain of an adult who died hours
after ICH. A large hematoma (H) centered around the right basal nucleus extends into the
ventricles (intraventricular hemonhage). There is a cavity in the left putamen (anow) that

is the result of an old resolved hemorrhage. b. Photomicrograph showing neutrophils
stained red (arrows) in brain tissue adjacent to a hematoma,3 days after ICH (Leder stain

for chloracetate esterase activity. Bar

:

40 pm). c. Photomicrograph showing CDScr

immunoreactive lymphocytes (brown) in brain tissue adjacent to a hematoma, 42 days

after ICH. (Bar

:

50 ¡rm). d. Photomicrograph showing HLA-DR immunoreactive

macrophages and activated microglia (brown) in brain tissue adjacent to a hematoma 42
days, after ICH. (Bar

:20

¡tm.)

l5

play arole in the brain damagetzz

1.6.3 Early inflammatory

mediators following ICH

Although there are mast cells in the brain
ischemic stroke

that

it

t24,

123

and histamine seems play a role in

there appear to be no studies of histamine after ICH despite the fact

could play a role

in BBB opening

and brain edema t25. Following ICH,

complement enters the brain and is activated to form membrane attack complexes that
can precipitate neutrophil attack

61.

1.6.4 C¡okines following ICH
The production of cytokine and chemokine messenger ribonucleic acids (mRNA)

coincident with or preceding the infiltration of neutrophils and monocytes has suggested
a role in the pathology of brain injruy t26'
released

t27

. Cytokines are small peptides potentially

by almost all immune cell types (e.g. leukocytes, neurons, microglia, and

astroglia). Often cytokines are divided into pro- and anti-inflammatory mediators based
on their ability to promote or suppress immunoactivation. However, recent data showed

that some cytokines possess a dual action and their presence is fundamental for the
processes

of tissue repair, regeneration and neurological recovery

77'78.

The role of

individual cytokines in brain disease has been studied by injecting them into the brain or
by studying mutant mice.
TNFcr exerts a diverse array of biological activities, including stimulation of acute
phase protein production and vascular permeability

128.

TNFa is released by many cell

types in the brain such as neurons, astrocytes, and microglia upon appropriate stimulation

'te. Irn-unohistochemical labeling indicated that collagenase-induced ICH in rats was
16

accompanied

by

of TNFa in

elevated expression

neutrophils, macrophages,

and

microglia. Inhibiting expression of TNFc¿ using antisense oligodeoxynucleotides reduced
inflammation and brain injury '30. Th"r" was no significant expression of cytokines IL-6,

IL-18, and TNFc¿ found one hour after autologous blood ICH in brain, CSF, or serum in
dogs

l3l; however, this results do
not include that cytokine expression may be delayed

and may not be measurable within the

t

hour time frame. One technical problem that

should be mentioned is that antihuman antibodies might be inappropriate to detect the
canine expression.

1,.6.5 Adhesion molecules following ICH
Adhesion molecules on vascular endothelium mediate binding and extravasation

of blood-borne inflammatory cells. Activated endothelial cells in the vicinity of damaged
or infarcted brain rapidly present selectins on the lumenal surface
cause neutrophils to

t32'134.

Those molecules

roll onto the endothelial surface. Stable binding of neutrophils occurs

when intracellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule

(VCAM-l)

are upregulated on the endothelium. This occurs in rats and humans

brain trauma and infarction l3s'

136.

1

following

Once stable binding is achieved the leukocytes can

pass through or between endothelial cells in postcapillary venules. Then they migrate to

the injured tissue following a path

of

chemoattractant substances (chemokines)

However, only sparse data are available concerning the role

of

7e.

adhesion molecules

following ICH. Immunohistochemical detection of ICAM-1 expression in rats following
whole blood injection showed that ICAM-I was presented in blood vessels adjacent to

t7

the hematoma 1 to 7 days after ICH, as well as in activated microglia and neurons in the

ipsilateral hemisphere

1

to

10 days after

ICH

r37.

1.6.6 Leukocyte infiltration following ICH
The intensity of inflammation is greater in hemorrhagic lesions than in nonhemorrhagic brain lesions
hematomas, neutrophil

days

3e' a0.

in rats a0. In rat brain

adjacent

to autologous

blood

infiltration begins before 7 day, peaks at2 days and is gone by 3

Activated neutrophils are known to die by apoptosis within 2 days

138.

Monocytes come from blood beginning at about 3 days to become macrophages and

ingest hematoma breakdown products 3e' s2. CDSa immunoreactive lymphocytes,
possible CTL or

NK cells, enter brain at 2

temporal sequence

of

days and persist

until 7 days 3e. The

same

inflammation occurs after collagenase-induced hemorrhage

Similar findings have been reported by other groups in rats

t37'13e

and rabbits

s2.

140.

Leukocytes included in the hematoma, as well as those infiltrating from the blood,

could release vasoactive mediators, such as superoxide anion, thromboxane

Ã¡

endothelin-l, prostaglandin Iz and prostaglandin Hz, TNFc¿, nitric oxide Q.{O), and
t4t'142.
interferon-gamma (INFy)
We showed that injection of whole blood, leukocytes, or

activated leukocytes into adult rat brain caused more inflammation and brain damage
than comparable plasma, serum, or saline injections 40.
lymphocyte infiltration peaking

following brain trauma in mice

A similar

pattern of B- and T-

at2 days and persisting for 7 days has been

la3

and rats

documented

1a4.

Activated microglial cells or macrophages can produce a number of cytotoxic
compounds, including NO, chemokines, and cytokines

18

tot. Microglia
might also have

trophic effects on neurons through release of growth factors such as FGF and TGF-P

In rats microglial cells are activated

as early as 4 hours after

146.

ICH, they reach a maximal

state of activation after 3 days. Their condition remains altered for at least 1-3 weeks

following whole blood injection 3e. Similat timing of microglial activation has
147

documented in human brains following traumatic ICH

been

. The potentially deleterious or

beneficial roles of microglia after ICH may be related to when and where the microglia
are activated.

1.6.7 Inflammation following

the ICH in immature brain

Following periventricular blood injection into brains of neonatal mice, reactive
microglia were evident by 8 hours, their quantity was maximal at 2-7 days, and they had
decreased

by 28 days. By 7 days macrophages were

adjacent

to the hematoma.

Neutrophils and lymphocytes in the brain tissue surrounding the hematoma were detected

in only very small quantities using immunolabeling with anti-CD3, CD3e, CD4, and CD8
antibodies

1.6.8

37.

Treatment of ICH with anti-inflammatory agents

There are few studies using anti-inflammatory agents

in

humans with ICH.

Dexamethasone, an anti-inflammatory steroid, did not improve outcomes of unselected
patients with ICH and the complication rate was higher to8. In a randomized trial there

was no statistically significant difference between treated and untreated patients

trial of methylprednisolone in ICH also failed

tsO.

14e.

A

Enlimomab (murine anti human

ICAM-I antibody) has been given to patients with ICH in an uncontrolled safety trial;

T9

there was no increased risk of adverse events lsl. Howeuer, the drug, which failed clinical

trials for ischemic stroke

't', hu, not been formally

tested for protection in ICH.

Experimental animals seem to benefit by reduction of inflammation following

ICH. Whole body irradiation to deplete leukocytes reduces cerebral edema around small
balloons inflated in the striatum of rats suggesting a role for inflammation in generation

of edema lt3. Serreral drugs have been studied in rats with collagenase-induced ICH,
because this model

is most consistent.

administered dimethylthiourea

Quenching free radicals

with systemically

or alpha-phenyl-N-tert-butyl nitrone slightly improved

outcome; however, treatment did not significantly affect edema, resolution

of

the

hematoma, or neuronal injury in tissue adjacent to the hematoma. Furthermore, alpha-

tocopherol/ascorbic acid had no effect

r5a.

Fucoidan, which can block selectin-mediated

binding of leukocytes, signif,tcantly improved early recovery of motor function following

ICH and was associated with memory retention in the passive avoidance test

Iss.

However, the drug also caused hemodilution, which could itself be neuroprotective.
Administration of ORF4-PE (a TNFa antisense oligodeoxynucleotide) directly into rat
striatum, decreased levels

of TNFc mRNA and protein in brain tissue surrounding

hematoma. Brain cell death was also reduced and neurobehavioral scores improved

Systemic FK-506 (tacrolimus),

a

130.

potent immunosuppressant, reduced neutrophil

infiltration and cell death around the hematoma. The decreased inflammatory response
was accompanied by functional improvement ls6. However, FK-506 can be directly
neuroprotective independent of inflammation ls6. Minocycline, a tetracycline derivative

that crosses the BBB, significantly reduced neutrophil and macrophage infiltration,
microglia activation, and celi death. Neurobehavioral outcomes were also improved

20

is7.

Injection

of

metalloproteinase inhibitors reduced hemorrhagic edema following

collagenase-induced ICH 4' 64. Interpretation of these data is confounded by the fact that
collagenase-induced ICH is associated with artificially enhanced inflammation

Therapeutic studies

sa.

of rats with ICH induced by whole blood injection

shown that N-acetyl heparin,

a

complement activation inhibitor,

have

decreased

perihematomal edema 61. Systemic depletion of complement with cobra venom factor
reduced brain edema in rats with autologous blood ICH ls8.

1.6.9 Summary

and conclusions of brain inflammation

Published data indicate that an inflammatory response occurs in and around brain
hematomas following ICH. Far less information is available for ICH than for ischemic
stroke or trauma, with which there may be overlap and similarities. Brain inflammation
seems

to be more

severe after ICH than that after ischemic stroke. Infiltration of

leukocytes, activation of microglia, and production of cytokines may participate in the
absorption of the blood clot and the removal of injured brain cells. Macrophages and

microglia in the central nervous system (CNS) have been considered by some to have
predominantly destructive effects. They might, however, also have a neuroprotective role

through their ability

to clear debris rse. T cells directed against myelin-associated

proteins appear to have a beneficial effect by promoting regrowth and reducing the posttraumatic spread of damage in the injured rat optic nerve or spinal cord lse'

the

T

cells probably need well-controlled stimulation

Inf,rltrations

of

neutrophils seem more likely

in

order

160.

However,

to be effective

lse.

to have only harmful side effects.

Experimental blockade of leukocyte entry and inhibition of pro-inflammatory cytokines

21

provide weak evidence that lCH-induced brain injury may be amenable to treatment with

anti-inflammatory agents. However, the few clinical trials using corticosteroids are
uniformly negative. It seems naiVe to try to block inflammation in general. More work is
needed

to

variables

def,rne the

t6t

harmful role of inflammation,

if

any, as well as the age-dependent

before embarking on pharmacological anti-inflammatory therapy in human

ICH.

1.7

Brain cell death following ICH

1.7.1 Brief introduction of cell

death in the brain

Acute brain injury can lead to significant neuronal cell death resulting in as loss in

neurological functions. Despite their causative differences, the ultimate cell death
mechanisms and pathways from brain injuries are largely similar. Cellular death includes
both necrosis and apoptosis. Accumulating data have been shown that autophagy, another

type of cell death, may play an important role in brain development

162.

Autophagy is an

intracellular lysosome-mediated catabolic mechanism that is responsible for the bulk
degeneration and recycling

of damaged or dysfunctional cytoplasmic components

and

intracellular organelles t62' t63 (Table 1-1). There aïe no data showings that autophagy
occurs in ICH, and therefore

it will not discussed here.

Necrosis is characterized by cellular swelling and lysis, involves the death of a

group

of cells and

evokes

a

signif,rcant inflammatory response. Mechanisms

of cell

necrosis include acute stresses directly acting on the cells such as toxic chemicals,
extreme temperature, free radicals, and lack of oxygen. Another mechanism of brain cell

22

necrosis may involve excitotoxicity, for example inappropriate activation
receptors. Membrane depolarization leads

to influx of calcium that can activate

hydrolytic enzymes and quenching of mitochondria
energy necessary

of NMDA

t6a.

the

Cells may die due to lack of

to maintain the membrane potential

t64.

Morphologically,

a

cell

undergoing necrosis exhibits cytoplasmic, mitochondrial, and nuclear swelling as water
moves into the cell along osmotic gradients. The cell membranes rupture spilling cellular
and organelle chemical contents into the surrounding tissue. Pro-inflammatory signals are

emitted from necrotic cells inciting the entry

of lymphocytes and polymorphonuclear

cells into the area of injury with the potential for attendant secondary injury as these
inflammatory cells engulf necrotic debris and release cytotoxic compounds. In the brain,

infiltrating neutrophils and reactive microglia/macrophages following ICH can release
proteolytic and oxidizing agents, and attack cells with bound complement, a plasma
protein that adheres to damaged cells to kill the target cells.
Programmed cell death, which is more commonly known as apoptosis, is an interrelated collection of pathways and mechanisms utilized to eliminate excess or unwanted

cells

162' 165.

During development the nervous system is sculpted by neuronal cell death.

Apoptosis plays an important role to remove the excess neurons or unwanted cells in the

brain to ensure the proper and precise synaptic connection

162' t6s.

Neurons may die

prematurely during adult life when subjected to acute or chronic neurotoxic condition

Apoptosis involves single cells and results

in cell

shrinkage and apoptotic body

formation, with subsequent phagocytosis by adjacent normal cells (Table 1-1)

Apoptosis

162.

e7' 162' t6s.

of brain cells plays a critical role in brain injury, which may cause

neurological impairment. Apoptosis has been demonstrated in various animal models

23
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Table 1-1. Morphological Features of Cell Death

APOPTOSIS

NECROSIS

AUTOPHAGY

Programmed

Uncoordinated

Programmed

lndividual cells

Groups of cells

Groups of cells

Caspase activation

Energy failure

Lysosomal enzymes

Cell shrinkage

Swelling,lysis

Cell shrinkage

Membrane blebbing

Membrane breakage

Autophagic vacuoles

Nuclear condensation

Karyolysis, pyknosis

Nuclear collapse

No inflammation

Macrophage Invasion

?

ATP dependant

Energy independent

ATP dependant

Delayed

Immediate

Delayed
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ICH3740's4'166'167 and there is evidence

I.7.2

of ICH induced apoptosis in human brain

168

Apoptotic cell death pathway

Apoptotic cell death is a complex process, which depends upon the outcome of

many signalling pathways before the terminal apoptotic pathway
caspase-dependent pathway

is

completed. A

is a common pathway involving caspases to cause the cell

apoptosis. The 14 members of caspases are closely involved in the apoptotic process

of

the cell. In addition, caspases can be categorized as apoptotic initiators, executioners, and

inflammatory mediators based on their specific role in the apoptotic process

t6e.

To date,

two of the best-characterized caspase-mediated pathways are the intrinsic and extrinsic
pathways.

|.7

.3

Intrinsic caspase-dependent pathway

This pathway is activated by apoptotic stimuli such as hypoxic stress, growth
factor withdrawal, or irradiation, inducing the emergence of mitochondrial membrane
permeability (MMP). This change in permeability facilitates the release of cytochrome c
from the mitochondria into the cytosol. C¡ochrome c associates with Apaf-l to activate
caspase-9. The activated caspase-9 can cleave and activate caspase-3. Then the activated
caspase-3 instigates the execution of the cell death pathway

L7.4

Extlinsic caspase-dependent pathway

e7.

e7

This pathway is triggered by the activation of death receptors such as the ligation

of FasL to Fas or of TNF to TNFRi. The activated death receptors activafe

25

caspase-8,

which can elicit the apoptotic pathway via two directions. First, it can cleave and activate

-6, and -7 resulting in the terminal stages of the apoptotic

caspase executioner caspase-3,

pathway t70' t7t. Second, activated caspase-8 can activate Bid, which translocates to the

mitochondria and stimulates Bax and Bak.

In

concert, Bax and Bak alter the

mitochondrial membrane perneability, resulting in the release of cytochrome c into the
cytoplasm. Cytochrome c triggers the intrinsic pathway to complete the apoptotic process
97

1.7.5

Caspase-independent pathways

e7

Apoptosis inducing factor (AIF) is localized in the inter-membrane space of the
mitochondria. Like cytochrome

c,it

can be released into the cytosol when the MMP is

compromised. Once released, AIF translocates into the nucleus and induces cellular
apoptosis

t72-t74.In

addition, the cathepsins, the calpains, and the granzymes have been

implicated in caspase-independent apoptotic pathways.
Cathepsins are proteases that reside
degrade extracellular matrices,

in the lysosome and have the capacity to

like collagen, fibronectin, laminin, and proteoglycans

Cathepsins appeaïs to play a role in apoptosis

176.

Like caspases, calpains are a family of cytoplasmic neutral cysteine proteases
The most ubiquitous calpains are calpain

I

l7s.

and calpain

II, which can be triggered

177.

by

calcium influx and oxidative stress. They act on substrates including cytoskeletal
proteins, kinases and phosphatases, membrane receptors and transporters, and steroid
receptors

178.

Calpains are implicated in apoptosis based on two types of observations: (1)

26

the activation of calpains during cell deathttn;
presence of calpain inhibitors

Granzymes,

180'

*d

(2)the inhibition of apoptosis inthe

l8l.

a family of

serine proteases, can induce apoptosis

mechanisms. One mechanism involves the stimulation

via

two

of cell surface death receptors

(e.g. TNFcr receptor and Fas), such as Fas to achieve cell death following the extrinsic
pathways. The second mechanism involves the transfer of the contents of the effector cell

cytoplasmic granules into the target cell

180.

membrane are present, this enables the entry
fragmentation and cell death

When perforins that form pores on the

of

granzyme

B, which can cause DNA

e7.

Leukocytes in the brain following ICH can release harmful substances such

as

proteolytic and oxidizing agents as well as cytokines, which can damage or kill the cells
through caspase-dependent or independent pathways. C¡otoxic T lymphocytes (CTLs)
and

NK cells express CD95 ligand (CD95L or FasL), which binds to CD95 (Fas)

on

target cells to induce apoptosis. Activated CTLs and NK cells bind to target cells that
express appropriate peptide/MHC class

I complexes and costimulatory

they release perforin and deliver granzymes to induce apoptosis

molecules, then

182.

It should be noted that there is a high degree of cross-talk between the caspasedependent pathways. These proteases have a propensity

activation of initiator or executioner caspases

to direct apoptotic pathways via

e7.

1.7.6 Bcl-2 family
The Bcl-2 family proteins are important regulators involved in the regulation of
apoptotic cell death, consisting of anti-apoptotic and pro-apoptotic members. The anti-

27

apoptotic members of this family, such as Bcl-2, Bcl-XL,
apoptosis either by sequestering proforms

of

caspases

McL-l, and Bcl-W, prevent

or by preventing the release of

cytochrome c and AIF from mitochondria into the cytoplasm. In contrast, pro-apoptotic
members of this family, such as Bax, Bak, Bok, Bcl-XS, Bad, and Bid, trigger the release

of caspases and also by inducing the release of cytochrome c and AIF from mitochondria
into the cytoplasm through mitochondrial permeability transition pore, thereby leading to
caspase activation

e7

'

t83'

184

.

L7.7 BNlP3-mediated neuronal cell death pathway
BNIP3, a pro-apoptotic member of the Bcl-2 family in mitochondria without

a

functional BH3 domain, induces cell death by acting on mitochondrial permeability
transition pores in the absence of cytochrome c release and caspase activation l8t. BNIP3
may be an important participant in apoptotic and necrotic processes after brain ischemia.

In brain ischemia, BNlP3-positive granules were seen in the nucleus at 1 and 2 days, and
these neurons were damaged at 3 and 7 days

186.

What happens to the apoptotic cells and how are they removed? Ingestion by
phagoc¡tes is the fate of most cells that undergo apoptosis

187.

In the early

stages

of

apoptosis, changes occur at the cell surface and plasma membrane. Translocation of
phosphatidylserine (PS) from inner side
alterations.
187.

to the outer layer is one of the membrane

It is an "eat me" signal for the macrophage to remove the apoptotic cell

138'

Another class of surface changes that has been implicated in apoptotic cell removal is

alteration of membrane carbohydrates

I

38' I 87.
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1.7.8 Cell

death detection methods

V/ith increased understanding of the cell death, a number of methods have been
developed for its detection based on different events.

TI-INEL (terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine
triphosphate (dUTP)-biotin nick end labeling) was used to identify cells with damaged

DNA to show cell death

38'40' s4.

It is important to know that TUNEL positive

cells

include necrotic and apoptotic cells which can be distinguished by the morphological
appearance. TLINEL-positive nuclei

with chromatin condensation and fragmented nuclei

are considered as probable apoptotic cells. TLINEL positive cells with diffuse light brown

labeling of nucleus and cytoplasm are considered as probable necrotic cells

188.

In situ

nick translation (ISNT) technique with staining of DNA fragmentation and apoptotic
bodies is similar to TTINEL staining.
Fluoro-Jade is an anionic fluorescein derivative useful for the histological staining

of neurons undergoing degeneration. Fluoro-Jade staining is an easy way to quantifizing
dying neurons because the signal-to-noise ratio is high lse' teo.
Hematoxylin and eosin (H&E) staining can identifu the dying neurons as those with
eosinophilic cytoplasma and pyknotic nuclei with loss of chromatin structure

3840,s4.

Apoptosis is characterized by a fragmentation of the genomic DNA. These DNA
fragments have a length of about 180 base pairs or multiples thereof (360, 540, 720, ...),

the characteristic DNA-length of a nucleosome (DNA-histone-complex). Endonucleases
selectively cleave DNA at sites located between nucleosomal units (linker DNA). In
agarose gel electrophoresis these DNA fragments are resolved
pattern.
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to a distinctive

ladder

Electron microscopy can directly find the apoptotic cells by looking for the
condensed apoptotic bodies.

Caspase(s) assay

by using immunohistochemistry and western blot detects the

apoptotic related caspases proteins such as caspase-6, -7 , -8, -9, -3.

Annexin V, a calcium-dependent phospholipid binding protein, has a high affinity

for PS lel, which is translocated from the inner side to the outer layer of the membrane
apoptosis

138' 187.

Thus Annexin V has provided a suitable marker for detecting apoptotic

cells. However, this test may only be used in cell culture for detecting apoptosis and is

not suitable in situ in histopathologic sections, because when the tissue is cut, the PS
would be exposed.

1.7.9 Brain cell death following ICH in humans
Neuronal cell death after ICH andlor traumatic brain injury with blood in the
brain has been ascribed to cellular necrosis that occurs not only at the impact site but also

as a result

of

secondary brain insults such as intracranial hypertension, hypoxia or

disturbances of microcirculation. In recent years it has been demonstrated that secondary
neuronal loss may also be due to apoptosis.
There are few studies specifically regarding the cell death following ICH and little
is known about cell death in the premature human brain after hemorrhage. Contused brain
tissue from adult humans has been studied more frequently I13' I14.

Clinical studies show that evidence of TIINEL positive cells in a retrospective
histological analysis was present
patients

168.

in

surgical specimens obtained from

The TLINEL-positive cells were observed within

30

I

l0 of 12 ICH

day,2 days,and 5 days in

the penumbra region after the onset of symptoms. The authors concluded that brain cell
apoptosis represents a prominent form of cell death associated with ICH in humans

168.

However, this study has many shortcomings. For instance, the number of patients in the

study group

is small and the exact site of the biopsies

was not recorded. Most

importantly, only TUNEL staining was used to document apoptosis; TUNEL staining
detects

DNA fragments in apoptotic cells and necrotic cells

38-40' 54.

Therefore, other

techniques should be used to confirm these findings.

In traumatic ICH, neuronal apoptosis has been investigated in paraffin-embedded
brain tissue from 103 individuals who had sustained traumatic brain injury by use of the

in situ nick

translation (ISNT) technique with staining

of DNA

authors claimed that apoptotic neuronal cells could be detected

fragmentation. The

in a cortical contusion

with a wound age of 45 minutes at the earliest and in the majority of the

cases

with post

infliction intervals up to 2 weeks, numerous lSNT-positive cells were found adjacent to
the traumatically injured area. The neuronal apoptosis peaks at about 1 day and persists

for at least 22 weeks after traumatic brain injury

le2.

Thirty-one specimens of brain tissue removed during emergency craniotomy for
evacuation of cerebral contusions with mass effect were examined. TUNEL positive cells

were noted in eight patients. Bax expression was detected in all patients, whereas bcl-2
expression was noted in six patients. The apoptosis occurs in patients after traumatic brain

injury and may contribute to the secondary injury processes

1.7.10 Brain cell death following ICH in animal models

3l

'e3.

In addition to mass effect of the hematoma following ICH, the hematoma could
release toxic substance such as thrombin, ROS, MMPs, and inflammatory c¡okines,

which can induce pathological changes in its vicinity, including neuronal and glial cell
death, vasogenic edema, and breakdown

of the blood-brain barrier

3e'4t' s3' 54' te4, tes.

Apoptosis has been observed in other central nervous system injuries, including epilepsy

and cerebral ischemi a

ei

,

and there

is growing

evidence from animal experiments

suggesting that cell death in the penumbra region may involve apoptosis 3e,40's3,s4'166'167'
194,196

.

Exposure of primary cortical neurons to hemoglobin induced a dose- and timedependent neurotoxicity. Caspase-9-like and caspase-3-like activities increased te6. Th.

free radical scavenger U83836E significantly reduced hemoglobin-induced neuronal
death le6. The activation

of

caspase cascades and pathways

predominate in hemoglobin neurotoxicity in vitro

of oxidative

stress may

le6.

Brain cell death is mediated in part by apoptotic mechanisms following ICH in rats
lea.

Double staining suggested that these TTINEL-positive cells with morphologies

suggestive

of apoptosis were mostly neurons and astrocyt"r

tno.

The TUNEl-positive

cells appeared at 6 hours in the ICH model and were present for more than 2 weeks after

ICH, peaking at 3 days
caspase-3

at

I

t67.

167.

Brain cell loss after ICH is associated with activation of

The activation of caspase-3 precedes that of DNA fragmentation, peaking

day after ICH. Caspase-3 was localized in the TUNEL positive cells. Intracerebral

thrombin injection elicited DNA fragmentation similar to injection of blood

167.

Double-

labeling studies demonstrated that both neurons and astrocytes surrounding the clot were
TLINEL-positive. This claim may be incorrect because TLTNEL labeling was found in the
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cytoplasm but not the nucleus (it might have been a staining afüfact)

167.

Cytochrome c

increased at 24 hows and 3 days after ICH, and retumed toward baseline by day 7 .

At 24

hours, stereology in the peri-ICH region showed decreased density in the region where
cytochrome c immunoreactivity was the highest

le7.

Nuclear factor-kappaB QrlF-kB) contributes to cell death after ICH in rats '66. NF-

kB is a ubiquitous transcription factor that, when activated, translocates to the nucleus,
binds to DNA, and promotes transcription of many target genes. In an ICH model by
double blood injection in rats, NF-kB in the 4-day group revealed
increase compared control.

DNA

measured

by

a

1.8- to 2.5-fold

NF-kB activation colocalized to cells containing fragmented

TLINELI66. Neuronal,

but not microglial,

accumulation of

extravasated serum proteins after intracerebral hemolysate exposure is accompanied by
cytochrome c release and DNA fragmentation

le8.

In an oxidant model of ICH, neuronal

accumulation of extravasated serum proteins was associated with cytochrome c release,

DNA fragmentation, and cell death. Stress protein induction in adjacent regions
suggested that vasogenic edema
death after

ICH

might have exacerbated cellular dysfunction and cell

le8.

In a rabbit ICH model, a large proportion of cells trapped within the matrix of the
hematoma were either shrunken dark cells or swollen. In the TTINEL-stained sections, a

high burden of apoptotic-like cells, the type of which is not known, was observed in the
matrix of the hematoma but not in the perihematoma regions

1.7.Il

lee.

Proteolytic enzymes involved in cell death following ICH

JJ

Some of the adverse effects of blood have been attributed to proteolytic enzymes

involved in blood clot formation and lysis such as proteolytic activity of thrombin and
plasmin

38.

Thrombin promotes blood clotting by cleaving f,rbrinogen into fìbrin. Plasmin

digests fibrin in blood clots. Following ICH, prothrombin er and plasminogen

88' 8e

in the

blood, which are the precursors of thrombin and plasmin, enter the brain substance. Brain

is also a minor source of thrombin and plasmin 200-202. In vitro, thrombin can impair
neurite outgrowth'o', indu"" apoptosis 'oo,
astrocytes

20s,

^d

cause morphological changes

neurite retraction in cultured neurons

206.

of cultured

In vivo, intracerebral injections of

thrombin and plasmin can cause brain edema207-20e, inflammation, brain cell necrosis and
apoptosis

38.

Matrix metalloproteinases (MMPs) and tissue plasminogen activator (tPA) induce
cell death '*. Mutti* metalloproteinases are a family of proteolytic enzymes with relative
specificity for components of the extracellular matrix. Following brain injury MMPs are
produced by infiltrating inflammatory cells, microglia,

ffid astroglia 8s. Plasmin can

promote the activity of MMPs 86'87. MMPs can directly damage brain cells and cause cell
death by processing of death molecules (e.g. FasL). MMP may also disrupt myelin and

perpetuate inflammation 86' 87. Tissue plasminogen activator,

a fibrinolytic serine

protease, is routinely given by intravenous administration for the treatment of ischemic

stroke.

It

can mediate microglial activation and modulates neuronal survival

210.

The

hematoma persists in tPA-deficient (tPA(-/-)) mice but is drastically reduced in size in

wild-type mice at i-3 weeks after autologous blood injection

2r0.

The detrimental effects of MMPs, especially MMP-9, have gained much attention
since

it was observed that their expression is elevated in ICH

34

1s7.

t-PA treatment elevated

the levels of MMP-9 after ischemiu"t, there are growing concems about the cell damage

that is attributed to the elevated level of MMP-9. In concert, these two proteinases may
cause brain hemorrhage

by dissolving the extracellular matrix of the micro-vessels

sur¡ounding the injury as well as preventing the natural healing process of damaged

blood vessels. t-PA-induced hemorrhage volumes were reduced significantly
presence of an

in the

MMP inhibitor BB-94 2t2.The activated MMP-9 can induce neuronal cell

death via apoptosis

213.

L7.12 Treatment of ICH with pharmacological agents
There are no studies using agents which inhibit cell death in humans with ICH.
However, experimental animals seem to benefit by reduction of cell death accompanied
by reduction of inflammation following ICH. Several drugs have been studied in rats with
collagenase-induced

ICH, because this model is most consistent. Free radicals may

contribute to cell death and brain injury in ICH. The free radical trapping agent disodium

4-f(tert-butylimino)methyl]benzene-1,3-disulfonate

N-oxide 0{XY-059) administered

following ICH in rat signif,rcantly reduced the neutrophil infiltrate and the number of

TlNEl-positive cells observed adjacent to the hematoma at 48 h, and it significantly
decreased neurological impairment

on days 1,

3,7, 14, and21

2la.

Systemic FK-506

(tacrolimus), a potent immunosuppressant, reduced neutrophil infiltration and cell death
around the hematoma t56. The neurological deficit induced by the ICH was significantly
decreased from 3

to 21 days post-ICH by treatment with FK-506 'tu. Ho*.uer, FK-506

can be directly neuroprotective independent of inflammation. Minocycline, a tetracycline

derivative that crosses the BBB, significantly reduced neutrophil and macrophage

35

infiltration, microglia activation, and cell death. Neurobehavioral outcomes were also
signif,rcantly improved

r57.

Reducing brain TNF-alpha expression by using ORF4-PE (a

TNFc¿ antisense oligodeoxynucleotide) directly into rat striatum is neuroprotective

130.

It

decreased levels of TNFc¿ mRNA and protein in brain tissue surrounding the hematoma.

Brain cell death labelled by TUNEL was significantly reduced in animals receiving
ORF4-PE compared

to the saline-treated ICH group. ORF4-PE treatment improved

neurobehavioral deficits observed from 24 hours to 28 days after ICH '30. Int.acerebral

infusion

of a

second-generation ciliary neurotrophic factor (CNTF) (AXOKINE@)

reduced neuronal loss
21s.

in rat striatum following experimental intracerebral

hemorrhage

Counts of medium-sized striatal neurons adjacent to the hematoma 8 weeks revealed

a slight but statistically significant benefit following AXOKINE treatment

2ls.

Neuronal

and glial cell death in the striatum begins at 1 day and continues for at least 3 weeks after

ICH

2r5.

Rare TUNEl-positive cells exhibited a weak cytoplasmic signal for the neuronal

marker NSE

2ls.

The density of TUNEl-positive cells at 24 and 48 hours after ICH was

significantly reduced by treatment with the broad-spectrum caspase inhibitor, zVADfmk
leo.

Macrophage/microglial inhibitory factor (MIF), a tuftsin fragment 1-3, significantly

reduced brain injury volume and
Endogenous tPA assists

the neurobehavioral deficits were

improved.

in the clearance of ICH, presumably by affecting microglial

activation, and MIF could be a valuable neuroprotective agent for the treatment of ICH
210.

Tauroursodeoxycholic acid (TUDCA), an endogenous bile acid, reduces apoptosis

and protects against neurological injury after ICH in rats

"6. TUDCA

reduced lesion

volumes and decreased apoptosis adjacent to hematoma, which was associated with a

similar inhibition of caspase activity. TUDCA treatment increased expression of certain

36

antiapototic Bcl-2 family members which can inhibit cytochrome

mitochondria 2t7' 218. NF-kB activity

is

decreased

c

release from

after TUDCA

treatment.

Neurobehavioral deficits, which improved with TUDCA treatment, are possibly related to
the reduction of apoptotic cells in the brain of treated animals.

Aspiration of the hematoma after collagenase-induced ICH slightly improved acute
functional outcome and reduced neuronal loss from the striatum

2le.

The transplantation of fetal forebrain tissue into the hematoma site of rats with ICH
showed there were no statistically significant differences in histology and behavioral tests

of rat with ICH compared to control220.

1.7.13 Brain cell death following the ICH in immature brain

PVFVIVH can occur

in

pt'emature infants

associated with poor developmental outcome '5.

of 24 - 30 weeks gestation and is

Follo*ing periventricular blood injection

into brains of neonatal mice, TLINEL positive cells were evident by 8 hours, their
quantity was maximal

I.7.14

atl

days, ancl then persisted up to 28 days

37.

Summary and conclusions of brain cell death

Previous studies indicate that brain cell death occurs in and around hematomas

following ICH. Far less information is available for ICH than for ischemic stroke or
trauma, with which there may be overlap and similarities. Brain cell death seems to be
more severe after ICH than after ischemic stroke. In ICH, inflammation accompanies cell

death. The more severe inflammation, the greater cell death occurs. Infiltration of
leukocytes, activation of microglia, and production of cytokines may contribute to brain

5t

cell death. Neutrophils and microglia / macrophages seem more likely to produce free
radicals and cause brain cell necrosis. Therefore, inhibition of inflammation may reduce

the cell death following ICH. Experimental blockade of inflammation and inhibition of
caspases

provide evidence that lCH-induced brain cell death may be amenable to

treatment with anti-inflammatory and anti-apoptotic agents. More work is needed to

define the role

of brain cell death before embarking on pharmacological

anti-

inflammatory and anti-apoptotic therapy in human ICH.

1.8

Proteol¡ic enzymes in brain development
Neurons and glia can produce thrombin and thrombin receptors

203,

which

are

most abundant in the newborn rodent brain2zr. Plasminogen, tPA and uPA are produced

by brain cells in neonatal and adult rodents 202. tPA and uPA cleave plasminogen to
plasmin. In the mouse brain, uPA and its receptor are maximally expressed by neurons at

8-10 days

"'. MMP. are also produced in the developing brain 223. Endogenous

proteolytic enzymes play arole in cell migration223, vascular growth 224, synaptogenesis,
and myelination22s in the developing brain.

Following ICH additional proteolytic enzymes enter into the brain substance from
the blood or are produced by the damaged brain. In vitro, thrombin induces apoptosis
causes morphological changes
203' 206

of astrocyt€s

205,

and neurite retraction in cultured neurons

ükely through protease activated receptors-2 (PAR-2)

thrombin and plasmin cause brain
apoptosis 38. Endogenous
enhanced

tPA

edem

seems

208' 20e,

a

to

204,

226,

227.In

vivo, injected

inflammation, brain necrosis and

potentiate neuronal degeneration through

NMDA receptor-mediated signalling after focal cerebral

38

ischemia228. MMPs

are produced

injury

8s.

by infiltrating inflammatory cells, microglia, and astroglia following brain

Plasmin can promote the activity of MMPs

86'

8i.

MMPs can directly damage

brain cells, cause cell death by processing death molecules, disrupting myelin, and
perpetuating inflammation 86'8t. Endogenous inhibitors of proteolytic enzymes, including
neuroserpin

22e,

plasminogen activator inhibitors (PAI) 7 and,2222, profease nexin-l (PN-

l) "0, u2-macroglobulin
233

are present

23t' 232,

and the tissue inhibitors of metalloproteinases (TIMPs)

in developing brain. Their quantities are likely insufficient for inhibition of

high concentrations of proteolytic enzymes released following ICH. Potentially

the

proteolytic enzyme activity associated with ICH might interfere with normal brain
development.

1.9

Cell migration from germinal matrix

In premature infants at 24-30 weeks gestation the germinal matrix around
ventricles consists

of

pluripotential cells that gives rise largely

the

to precursors of

oligodendrocytes to produce myelin, and astrocytes to support maturation of neurons that
have already migrated

ls.

In the newbom mouse and rat, the periventricular germinal cells

generate similar cells that migrate into various parts of the ipsilateral cerebral hemisphere
234-236.

Hypoxic ischemic damage to 7-day old rat brain, in which the germinal matrix has

largely involuted, reduces the quantity of oligodendrocyte precursors

237

. In immature

brain the germinal matrix may be directly injured by PVH, therefore the migration of

glial precursors involved in the myelin formation and neuron development might
affected in PVH.

39

be

1

.10

Brain injury in the developing brain in ICH and other brain injury

Neonatal brain hemorrhage has been largely overlooked. Newborn dogs have
been used to study physiologic factors that predispose to hemorrhage

6e.

Trarrmatic injury

in young animals has been studied as a model of child abuse 76' 238. Premature infant
brains with hemorrhage in germinal matrix have reduced proliferating cell populations
23e.In

a PVH/IVH model

similar to that
suppressed

of 1-day old mice, whose brains arc at a developmental

in 24-25 week

gestation

stage

in humans 2a0, cell proliferation was greatly

in germinal matrix. Cell death increased in the damaged brain and germinal

matrix after PVH/IVH

important role

240.

Those data indicated that extravasated blood might play an

in brain damage following PVIVIVH

proliferation. The cytokines

lL-I, IL-6,

through suppression

of

cell

and TNF-cr have been found associated with

prenatal intrauterine infection (IUI), preterm birth, neonatal infections, and neonatal brain
damage. Maternal
associated

IUI

appears

to increase the risk of preterm delivery, which in turn is

with an increased risk of IVH, neonatal white matter damage, and subsequent

cerebral palsy. Intemrpting the cytokine cascade might prevent later disability in
premature infants 2al.

Focal brain ischemia with reperfusion triggers acute inflammatory responses
including neutrophils, lymphocyte, and microglia/macrophages in P7 rats

2a2.

In mouse

brain, microglia are markedly increased during mouse development in the frrst postnatal
week after birth, but may also related to pathological conditions of the brain
suggested that activation

Exposure

of immune

'03''*. This

status affects the injury to the immature brain.

to uterine infection is an independent risk factor for the development of

cerebral palsyzas.

40

1.1

I

Age-dependent brain response following brain injury
Age-dependent brain responses have been seen in a variety of brain injuries. A

focal cortical impact study in piglets showed that the amount of hemisphere injured
differed significantly among ages, with the 5-day old piglets sustaining smaller lesions

than

I or 4 months old piglets 238. There is an age-dependent

behavioral recovery

following brain damage by removal of cortical tissue. In rat this is associated with poor
behavioral recovery in newborn and adult rats and moderately good recovery

in

10-day

old rats, which suggests that there is a stage of development with optimal adaption to
brain damage and subsequent brain reorg anization246'247

.

Following focal ischemic brain injury there is an age-dependent reduction in the
infarct volume in mice lacking the inducible nitric oxide synthase (iNOS-null). The size
of the infarct produced by occlusion of the middle cerebral artery (MCA) is larger in 4 to
6-month old than in 1 to 2-month old mice. However, the reduction in infarct volume was
greatest at 1 to 2 months old mice

248.

A single intracerebroventricular (ICV) injection of

brain-derived neurotrophic factor (BDNF) showed neuroprotection against neonatal
hypoxic-ischemic brain injury in7-day old rats but not in2-day old rats

2ae.

In hypoxic-ischemic brain injuries the area of infarction in 2-week-old rat
reduced

by pretreatment with

ineffective

2s0.

dexamethasone, whereas

in l-month-old

rats

it

was
was

Apoptotic cell death following cerebral hypoxia-ischemia occurs more

frequently in immature than older rats, possible because the immature brain retains apart

of developmental prograrnmed cell death that is readily activated following hypoxiaischemia

251.
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Although the effects of ICH have been described for adult animal models, few
have investigated these effects in the newborn or have characterized such effects as a

function of age using a single model of injury. Gene expression in rat brain following
blood injection varies with age. The 7-day-old mouse brain exhibits a more rapid and
intense inflammatory response

to stimuli by intracerebral injections of endotoxin in

neonatal mouse brain than the adult brainzs2.

Age-dependent differences in brain injury response might explain certain unique

clinical syndromes seen in infants and young children and would determine whether
specific therapies might be effective or even counterproductive at different ages. Head
trauma is also accompanied by bleeding into the brain. Prognosis following brain injury
appears to be worst in children under 4 years of age

2s3

.In fact, brain

damage in the very

young is associated with a worse outcome than in older children'S4. Differences in
pathways leading to brain damage may be relevant to designing therapies appropriate for
patients of different ages.

LI2

Summary

ICH is a common occuffence in adults with hypertension and in prematurely bom
infants. Several mechanisms are involved in ICH-related brain damage. These include
mechanical destruction

of brain tissue,

compromised cerebral blood flow 2, cerebral

edema, release of proteolytic enzymes, inflammation, and cell death. The mechanisms

ICH-related brain injury have been studied extensively in adult animals

2s5,

of

but neonatal

hemorrhage has been largely ignored. Therefore, the general hypotheses and specific
goals of present study are as follows.
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1.13

Generalhypotheses
I .13.1 . There are age-dependent responses

following ICH in the rodent brain.

1,13.2. Uncontrolled proteolytic activity and inflammation contribute to the poor

outcome following ICH in the rodent brain.

Ll4

Specific goals

I.I4.I To describe the evolution of inflammation and cell death following
intracerebral blood injection in adult rats.

I.I4.2 To compare the evolution of inflammation and cell death in different
models

of adult rat brain

hemorrhage, specifically autologous blood

injection, collagenase injection and pial vessel disruption.

L14.3 To investigate the relationship between blood fractions and brain cell
death in intracortical hemorrhage in adult rats.

I.I4.4 To investigate acute brain damage after injections of thrombin

and

plasmin into adult rat striatum.

I.I4.5 To

to

establish a model of periventricular

I intraventricular

hemorrhage and

in

neonatal mouse

investigate brain inflammation and damage

cerebrum.

1.14.6 To determine the effect of age on the evolution of inflammation and cell
death in mouse brain following injections of whole blood, thrombin, and
plasminogen.

43

L14.7 To determine the effect of immune pre-activation on brain inflammation
and cell death by using LPS, Conavalin A, and Poly I:C in 3 ages of
mouse following ICH.

1.14.8 To investigate whether inhibition of thrombin or plasmin improves the
neurological outcome in neonatal mice following PVH.

NOTE: Five of these experiments have been published already and the remaining three
have been submitted to journals for review at the time of writing. The journal citation (or

planned for submission) is included on the front sheet of each chapter.
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CHAPTER

Chapter

2 SPECIFIC

EXPERIMENTS

2-I

Intracerebral injection

of

autologous whole blood

inflammation and cell death.

Mengzhou Xue
Marc R. Del Bigio

Neurosci Lett. 200

0 ; 283

(3) :23 0 -232.
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in

rats: time course of

ABSTRACT
Intracerebral hemorrhage is associated with stroke and head trauma. The purpose

of this study was to study brain inflammation and cell death in adult rats

I

hour to 4

weeks after injection of blood into the striatum. TLINEL positive dying cells were evident

4 hours to 4 weeks post-hemorrhage. Neutrophil infiltration was brief and peaked at 48
hours. CDSa immunoreactive lymphocytes, possibly natural killer cells, became apparent

at 48 hours and persisted for 1 week. Microglial reaction was evident at 4 hours and
persisted

for 4 weeks. We

inflammatory cell reaction

in

conclude that extravascular blood causes
brains that

a

mixed

is maximal from 48-72 hours following

hemorrhage. This is associated with death of brain cells over a prolonged period of at
least 4 weeks.

KEYWORDS
brain hemorrhage, infl ammation, neutrophil, TLINEL, lymphocyte, microglia
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Intracerebral hemorrhage (ICH) can be a consequence of hypertensive bleeding,
rupture of cerebral vascular malformation, amyloid angiopathy, or trauma. Hematomas

remain a significant management problem because the blood seems to have adverse
effects beyond its space occupying effect 2s6. Brain edema associated with ICH has been

studied experimentally following infusion

of

autologous whole blood and after

collagenase-induced hemorrhage4t'62.Ischemia in the surrounding tissue and toxicity

might be involved in brain damage 2' 42' e3. Neutrophil

thrombin and

I or hemoglobin

inflammation

is considerable in the vicinity of

hematoma

52.

of

collagenase-induced intracerebral

Neutrophils release a variety of cytokines, such as tumor necrosis factor

alpha (TNF-a), interleukin 6 (IL-6) and interferon gamma (IFN-y), which might play an

important role in ischemic and traumatic brain damage

7e.

Although the autologous whole

blood injection model is one that might have relevance to the clinical situation, there are

no reports concerning the subsequent inflammatory cell infiltration. Therefore, the
purpose of this study was to investigate the temporal relationship between autologous
intracerebral hemorrhage and brain inflammation and cell death.

All

experimental procedures were done

in

accordance

with guidelines of

the

Canadian Council on Animal Care. Protocols were approved by the local experimental
ethics committee. Twenty-five young adult male Sprague-Dawley rats weighing 175 to

250 grams were used. Each rat was anesthetized with pentobarbital (50 mg/kg IP) and
placed in a stereotactic frame. A midline scalp incision was made and a hole was drilled

in the skull (3 mm lateral to midline, 0.02 mm anterior to coronal suture). Autologous
whole blood was collected by placing the tail tip in warm water for 5 minutes, cleansing
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the skin with 70o/o alcohol, cutting the tail tip with a razor blade, and drawing 50 ¡rl of
freely dripping blood into a sterile syringe. A 25-gauge needle was attached, the syringe
was secured in the frame, and the needle was quickly introduced into the striatum 5.5 mm

below the skull surface. Blood was injected over 5 minutes, the needle was left in place

for 3 minutes, then removed slowly. The bone hole was sealed with bone wax, the scalp
wound was sutured, and the animal was placed in a cage with free access to food and
water. To control for the process of injection, additional rats received injections of 50 pl
sterile 0.9% saline solution into the same site.

One hour, 4h,24h, 48h, 72h, 1 week, or 4 weeks after the injection, rats were
reanesthetized and perfused through the heart with 300 ml ice cold

4o/o

paraformaldehyde

in 0.1 mol/L phosphate-buffer saline (PBS). Rats with saline injection were killed at 48
hours. The brain was removed and kept

in the same fixative then cut coronally

approximately 2 mm on either side of the needle entry site. Brain slices were embedded
in paraffin. Sections (6 pm) were cut, and each 30th section from the rostral to the caudal
portion of the residual hematoma was stained with hematoxylin and eosin (H-E). At the

level of maximal brain damage a variety of histological and immunohistochemical
staining procedures were performed. Chloracetate esterase reaction was used

to

stain

neutrophil cytoplasm bright red2s7. To demonstrate lymphocyte subpopulations, sections
were dewaxed, hydrated, quenched with 0.3 % HzOz, blocked with

incubated

l0

Yo

normal serutn,

with anti-CD8a monoclonal antibody (diluted 11400, PharMingen) at 4'C

ovemight, washed, incubated with biotinylated goat anti-mouse IgG (1/300) for

I hour at

room temperature, washed, incubated with peroxidase-streptavidin, and colored with
diaminobenzidine. Control sections were processed
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with omission of the primary

antibody. Biotinylated Ricinus communis agglutinin-1 (RCA-1) lectin (Sigma) binding

was used to demonstrate rcactive microglial cells by incubation

for I hour at room

temperature followed by peroxidase-streptavidin and diaminobenzidtne. Dying cells were

demonstrated

by TUNEL

(terminal deoxynucleotidyl transferase (TdT)-mediated

deoxyuridine triphosphate (dUTP)-biotin nick end labeling) using the Apoptag in situ

kit

(Intergen) as recommended by the manufacturer. Sections were counterstained with

methyl green. Negative control sections were treated similarly but incubated in the
absence

of TdT

enzyme, dUTP-digoxigenin,

or anti-digoxigenin antibody. TUNEL-

positive nuclei with chromatin condensation and fragmented nuclei were considered as
probable apoptotic cells. TUNEL positive cells with diffuse light brown labeling of
nucleus and cytoplasm were considered as probable necrotic cells

188.

Using an ocular graticule and 250 x ocular magnification neutrophils, TUNEL
positive dying cells, RCA-1 labeled cells and CDSa immunoreactive cells were counted

in four fields (each

area 250

x 250 ¡rm) immediately

adjacent to, but not including, the

needle insertion and injection site, which was defined by the presence of erythrocytes.

Areas with large blood vessels were avoided.

A "camera lucida" drawing

was made

of

the coronal slice with maximal hemorrhage. Areas of hematoma, defined by blood
collections and tissue rarefaction, were traced onto a sheet

of paper. Computerized

planimetry was used to measure the traced areas.

All

data are expressed as mean

t

standard deviation of mean. Data were analyzed,

by ANOVA with Bonferroni-Dunn post hoc intergroup comparisons or Student's t test
using StatView 5 software (SAS Institute Inc.).
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All rats tolerated the surgical procedure well

and there was no surgical mortality.

Residual hematoma was consistently located in the striatum with focal extension into

adjacent white matter

in 5l2I rats. In rats with blood

injection, damaged brain

surrounding the hematoma appeared pale. Microscopically, blood appeared as single or

multiple contiguous collections of blood cells surrounding the needle ftact. After 24
hours, degenerating erythrocytes and fragmented nuclear debris were seen. In intact brain
tissue surrounding the hematoma, neutrophils were adherent to vessel walls or passing

through capillaries and small veins. TUNEL positive dying cells with a necrotic
appearance were present

within the hematoma as early as t hour after blood injection.

TTINEL positive dying cells, with a nucleus-only stained apoptotic appearance, were
evident in the intact striatum surrounding the hematoma beginning at 4 hours. Cells that

exhibited membrane immunoreactivity for CDBa were small with minimal cytoplasm and

round nuclei. V/e believe these to be natural killer lymphocytes and not monocyte /
macrophages

2t8.

Quantitative analysis

of cell

death and inflammation

in intact

striatal tissue

surrounding the hematoma is shown in Table 2-I-1. TUNEL positive dying cells were
observed beginning at

4 hours, maximal at 72 hours, and persisting until 4

weeks.

Neutrophils were present in the tissue, maximally at 48 h and were nearly gone by 72
hours. CDSa immunoreactive cells became apparent at 48 hours and persisted until

1

week. RCA-1 labeled microglia were evident beginning at 4 hours, were maximal at 48-

72 hours, and persisted until 4 weeks. At 48 hours, inflammatory and dying cells were

significantly more abundant following whoie blood injection than saline injection. The
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size of the hematoma appeared to be constant for at least 72 hours and perhaps 1 week
but by 4 weeks was considerably reduced in size.

Intracerebral hemorrhage causes brain damage by multiple mechanisms. Direct
tissue destruction by the hemorrhagic event and dissection of blood along tissue planes

occurs immediately. This is followed by development

of edema and the potential for

ischemic damage due to raised intracranial pressure or distortion of microvasculature

2.

Delayed damage could result through a variety of mechanisms including local ischemia,
release of toxins by blood breakdown products, thrombin release, or leukocyte infiltration
4, s2,92,259
.

This study demonstrates that injection of a small quantity of whole blood into the
cerebral striatum of rats is associated with cell death, inflammatory cell infiltration, and

microglial reaction. The tissue distortion was minimal and therefore mechanisms other
than the local space-occupying effect and ischemia are presumed to contribute. Blood
injections produce larger lesions and more inflammation than inert material injection into
the brain

2s6'260.

We have shown that collagenase-induced hematoma in rats is associated

with considerable inflammatiotr

52,

and that injection

of blood causes a

greater degree

of

neuronal death and inflammation after 48 hours than injection of mineral oil, saline, or
plasma

40.

Blood clot formation is considered to contribute to early peri-hematoma edema

development 41. Cellular damage

in the tissue adjacent to

autologous whole blood

injection sites might be due to chemical toxicity generated by the degrading hematoma

itself

42,

by exogenous inflammatory cells including neutrophils that release harmful

oxygen radicals 261 and, cytokines including tumor necrosis factor alpha (TNF-o) and

interleukin 6 (IL-6), by natural killer cells that can release interferon gamma (IFN-y)
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which is potentially toxic to neurons and oligodendrocytes 'u',by plasma proteins such

thrombin e3, or by the endogenous inflammatory response of microglia

263.

as

Our data

demonstrated that cell death was commonplace ftom 24 hours to 4 weeks and peaked 72
h after blood injection. We have previously shown that the most of dying cells are glial

a0

but that there is significant neuronal loss in the penumbra surrounding the hematoma 2le.
V/hether the inflammation following intracerebral hemorrhage contributes directly to
neuronal loss or if the two cellular processes are simply coexistent phenomena remains to

be proved. Data from experimental ischemia models suggest that inflammation does
contribute directly to brain injury

264.

If

so, anti-inflammatory therapy during the f,rrst

week might be useful following brain hemorrhage.
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Table 2-1-I. Striatal inflammation and cell death following injection of autologous whole
blood.

Time

after

blood

Hematoma

TTINEL

size (mm2)

positive cells

Neutrophils

CDSa

microglia/

positive cells

macrophages

injection

lh (n:3)

4.6

* Ll

0.0 + 0.0

0.0 + 0.0

0.0 + 0.0

0.0 + 0.0

(n:3)

4.4

+

1.0

3.0 + 0.0

0.0 + 0.0

0.0 + 0.0

9.3 +7.0

+

0.0 + 0.0

13.3 + 8.0

41.7 + 6.0 *

106.0

ah

24h

(n:3)

3.1+

1.3

12.3

+

1.5

1.3

a8h

(n:3)

5.0 + 3.8

18.7

+ 10.8 *

34.7

0.2 +

2.5 + 3.0 #

48h

saline

0.t #

1.5

+

13.6 *

6.8 + 3.6

**

3.8

r

0.5

**

*

1.0 *

32.8 + 6.4

**

control

(n:4)
+ 11.1 t

72h (n=3)

6.9 + 4.3

49.0

+2.6 *

5.0

lw (n:3)

3.8

+

17.7

+9.3

0.0 + 0.0

4.7 +2.1

9.7 + 5.5

4w (n:3)

1.5

+ 0.3

0.0 + 0.0

0.0 + 0.0

14.3 L 4.5

All

1.7

7.7

+7.2

+

1.0

23.7

97.3 + 19.7 *

data are expressed as mean + SD. Cell counts are expressed as the number of cells

per four 250 x250 pm areas.

* p<0.0003 vs. th and 4h times after blood injection (ANOVA)
# p<0.05, x* p<0.01 vs. 48 hours blood injection (Student's t test)
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Chapter 2-2

Comparison

of

brain cell death and inflammatory reaction

intracerebral hemon'hage in adult rats

Mengzhou Xue, MD

Marc R. Del Bigio, MD, PhD, FRCPC

J. Stroke Cerebrovasc.

Dis. 2003;12:152-159.
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in

three models of

ABSTRACT: Intracerebral hemorrhage

is

associated

Different experimental models are used, but
responses are comparable. The purpose

responses

to brain hemorrhages

with stroke and head trauma.

it is unclear to what extent the tissue

of this study was to

created

by injection of

compare the temporal

autologous whole blood,

collagenase digestion of blood vessels, and avulsion of cerebral blood vessels. Adult rats

were subjected to intracerebral hemorrhage. Rats were perfusion fixed with
paraformaldehyde

I hour to 28 days later. Hematoxylin &. eosin, Fluoro-Jade,

immunohistochemical, and TUNEL staining were used to allow quantification of damaged
and dying neurons, neutrophils, CDScr immunoreactive lymphocytes, and RCA-1 positive

microglia/macrophages, adjacent to the hemorrhagic lesion.

In all models eosinophilic

neurons peaked at 2-3 days. TTINEL positive cells were observed maximal at 2 days in

blood injection model, 3 days in vessel avulsion model,

model, and were evident

I-7

days

in collagenase injection

in small quantities in 2I-28 days in 3 models.

appeared briefly from 1-3 days

Neutrophils

in all models but they were substantially lower in

the

cortical vessel avulsion model, perhaps owing to the devitalized nature of the tissue. Influx

of CD8cr immunoreactive lymphocytes was maximal at 2-3 days in autologous injection
model, 3-7 days

in other 2

models, and persisted for 2l-28 days

in all

models. The

microglial/ macrophage reaction peaked at2-3 days in the blood injection model and at 3-

7

days

in other 2 models, and persisted for weeks in all groups. These results suggest that

different models of intracerebral hemorrhage are associated with similar temporal patterns

of cell death and inflammation. However, the relative magnitude of these changes differs.
Keywords: intracerebral hemorrhage, neutrophils, microglia, cell death
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Introduction

Intracerebral hemorrhage (ICH) can be a consequence of hypertension, bleeding

into an ischemic infarct, rupture of abnormal blood vessels, or trauma. Hematomas
remain a significant management problem because the blood itself seems to have adverse
effects beyond its space occupying effect 2'e. The development of therapies relies on the

use

of

animal models. Several experimental models

of ICH have been described

including autologous whole blood injection 38'40'44'46's7'140'26s and bacterial collagenase
injection, which disrupts the basal lamina of cerebral capillaries and causes bleeding into
the brain tissue

52' 63' 2ts.

Another simple but infrequently used model of cortical injury

involves stripping of the cortical surface blood vessels, wherein avulsion of the veins
creates cortical hemorrhages

266'

267

. Brain cell death, inflammatory cell infiltration,

microglial reaction accompany stroke and brain trauma

t43' 264' 2u8.

and

The purpose of this

study was to investigate the similarities and differences of these three ICH models with
regard to brain cell death and inflammatory cell infiltration. Furtherrnore, we sought to
assess advantages

of

different methods for assessing cell death including TUNEL,

eosinophilic neurons, and Fluoro-Jade staining.

Materials and methods
Animal preparation

All

experimental procedures were done

in

accordance

with guidelines of

the

Canadian Council on Animal Care. Protocols were approved by the local experimental
ethics committee.
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Autologous whole blood induced ICH

Twenty-five young adult male Sprague-Dawley rats weighing 175 to 250 grams
were used. Each rat was anesthetized with pentobarbital (50 mglkg IP) and placed in a
stereotactic frame. A midline scalp incision was made and a hole was drilled in the skull

(3 mm lateral to midline, 0.02 mm anterior to coronal suture). Autologous whole blood
(50 pl) was collected in a sterile syringe by placing the tail in warm water for 5 minutes,
cleaning the skin with 70%o alcohol, and cutting the tail tip.

A

Zl-gauge needle was

attached and quickly introduced into the striatum 5.5 mm below the surface of the skull.

Blood was injected over 5 minutes; the needle was left in the place for 3 minutes, and
then removed slowly. The bone hole was sealed with bone wax, the scalp was sutured,
and the animal was placed in a cage with free access to food and water.
Collagenase induced ICH

Thirty-one young adult male Sprague-Dawley rats weighing 250-300 grams were
used

to induce intracerebral hemorrhage by collagenase as previously described

s2.

Rats

were anesthetized with pentobarbital (50 mg/kg, IP) and placed in a stereotactic frame

(David Kopf Inst.). Through a 30 gauge needle placed in the caudatoputamen (3 mm
laterul to midline,0.2 mm anterior to bregma, 6 mm depth) 0.7 p,l of sterile saline
containing 0.14 U collagenase (Type IV, Sigma Chemical Co., St. Louis) was injected
over 5 minutes. Core temperature was monitored and maintained (37"C) throughout the
procedure using

a tympanic

membrane thermocouple probe and

a

thermostatically

controlled water blanket. Bone was sealed with bone wax, the scalp was sutured, and rats
were placed in a box with free access to food and water.

Cortical blood vessel avulsion
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Twenty-six young adult male Sprague-Dawley rats weighing 175 fo 250 grams
were used. Rats were anesthetized with pentobarbital (50 mg/kg IP) and placed in

a

stereotactic frame. Under aseptic conditions, the scalp was incised along the midline. A
rectangular craniotomy 3 mm wide and 5 mm long was created in the right hemiskull, I

mm behind the bregma and

i

mm lateral to the midline. The exposed cortical vasculature

was avulsed by gently pulling away the leptomeninges and surface blood vessels with a

sterile needle (23 gauge) bent at the tip. Hemostasis was achieved by gentle tamponade

with cotton-tipped applicators. The scalp wound was sutured, and the animal was placed
alone in a clean cage

with free access to food and water.

Histological examination
Rats were reanesthetized and perfused through the heart

with 300 ml ice cold 4 o/o

paraformaldehyde in 0.1 mollL phosphate buffered saline (PBS), 1 and 4 hour(s), 1,,2,3,

7 day(s), 28 days after whole blood injection into striatum, 1 and 4 hour(s), 1,2, 3,
day(s) and2I days after collagenase injection into the striatum, and

I

7

and 8 hour(s), 1, 2,

3, 7 day(s) and 28 days after cortical vessel avulsioh. The brain was removed and stored

in the same fixative for 1 - 10 days. Fixed brains were cut coronally approximately 2-4
mm on either side of the lesion center, which were identifiable on the brain surface. Brain
slices were dehydrated and embedded in paraffin. Sections (6 pm) were cut, and each 30th

section from the rostral

to the caudal portion of the damage area \ilas stained with

hematoxylin and eosin (H&E). Near the lesion center, where the brain damage was
maximal, a variety of histological and immunohistochemical stains were performed.
Immunohistochemistry and histochemistry
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To demonstrate lymphocyte infiltrates, sections were dewaxed and rehydrated,
washed

with distilled water, quenched with 0.3 YoHzOz, blocked with 10 yo normal goat

serum, and incubated with anti-CD8a monoclonal antibody (diluted
l/400, pharMingen

International, Canada) at 4"C overnight. This detects cytotoxic T cells and
natural killer

(NK) cells
anti-mouse

2t8.

Slides were then washed with Triton PBS, incubated in biotinylated goat

IgG (1i300) for

I

streptavidin-peroxidase (11400)
diaminobenzidine

-

hour at room temperature, washed, incubated with

for 30 minutes at room

temperature, colored with

H2O2 solution, washed and coverslipped. Control sections were

processed with omission of the primary antibody.

Histochemistry with Ricinus communis agglutinin lectin (RCA-l) labeling
was

used

to

demonstrate reactive microglial cells and macrophag", tun. Sections were

dewaxed and rehydrated, washed with distilled water, quenched with 0.3o/o
HzOz, blocked

with 10 %o notmal sheep serum, and incubated with biotinylated lectin (diluted 1/2000,
Vector Laboratories, Inc., Burlingame, U.S.A.) at room temperature for

I

hour. Slides

were then washed with Triton PBS, incubated with streptavidin-peroxidase (1/400)
for I

hour at room temperature, colored with diaminobenzidine

-

H2O2 solution, washed and

coverslipped. Control sections were processed with omission of the biotinylated
lectin.

TT]NEL

TUNEL (terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine
triphosphate (dUTP)-biotin nick end labeling) was used to identify cells
with damaged

DNA, most of which are dying cells. Paraffin embedded sections were dewaxed
rehydrated, then incubated

in 20 pllml

proteinase

and

K for 15 minutes. TTINEL was

accomplished using Apoptag in situ kit (Intergen; Purchase, NY, USA). After
immersion
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in equilibration buffer for 10 minutes, sections were incubated with TdT and dUTpdigoxigenin

in a humidified

stop/wash buffer

chamber at 37'C

at 37"C for 30 minutes.

for I hour and then

Sections were washed

incubated

with pBS

in

the

before

incubation in anti-digoxigenin-peroxidase solution (l/500 in pBS) for 30
minutes at room
temperature, and colored

with diaminobenzidine - HzOz solution. Sections

were

counterstained with methyl green. Negative control sections were treated
similarly but
incubated in the absence of TdT enzyme or dUTP-digoxigenin. TTINEL-positive
nuclei

with chromatin condensation and fragmented nuclei were considered as

probable

apoptotic cells' TTINEL positive cells with diffuse light brown labeling of nucleus
and
188.

cytoplasm were considered as probable necrotic cells

Together they were considered

to be dying cells.
Fluoro-Jade staining
Sections were stained with Fluoro-Jade
potassium permanganate

18e' leO'

ztj

by incubating sections in 0.06%

for 15 min while gently shaking on a rotating platform.

Then

0.001% Fluoro-Jade (Histo-Chem Inc.; Jefferson, AR) staining solution was applied
for
30 minutes, following by PBS wash and coverslip application.

Cell counts and determination of damage area

The coronal level with maximal damage was identified.

A

"camera lucida,'

drawing was used to trace the brain damage area, which was defined by the presence
of
blood, tissue rarefaction, or necrosis. Computerized,planimetry was used to measure
the

traced areas. Using an ocular reticule and, 250
magnif,rcation

x 20) pyknotic or eosinophilic

x

ocular magnification (objective

dying neurons, Flouro-Jade positive

neurons, TLINEL positive dying cells, extravascular neutrophils (identified on
H&E
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sections

by characteristic nuclear morphology), CD8o immunoreactive cells, and RCA-1

binding cells were counted in 4 fields (each area 250 x 250 pm) immediately adjacent to

the needle injection/damage site as previous described '8-00. Ar"us with large blood
vessels were avoided. Counts were made near the edge of the lesion because the necrotic
cores were devoid of viable cells.

Statistics

All

data are expressed as mearì

+ SEM. Data were analyzed to ensure normal

distribution and then intergroup comparisons to compare temporal changes were made by

ANOVA followed by Scheffé test using StatView 5.0i software (SAS Institute; Cary
NC). The differences were considered significantly different when p<0.05. To compare

the quantity of dying neurons on H&E and Fluoro-Jade staining, paired t-test

was

performed at each time point. We did not directly compare the different lesion types
because the experiments were not run concurrently.

Results

All rats tolerated the surgical procedure well and there was no surgical mortality.
In all groups, damaged brain surrounding the hematoma appeared pale on H&E stain due

to edema

and

lor necrosis. Following autologous whole blood injection the irregular

hematoma core \üas located in striatum (Fig.2-2-1a), although there was extension into
adjacent white matter

in approximately 25

hematoma core was more spherical;

Yo rats.

Following collagenase injection the

it was consistently located in striatum

and did not

extend into adjacent white matter (Fig. 2-2-1b). Following cortical vessel avulsion,
damage appeared across the entire cortical thickness (Fig. 2-2-lc) and extended to the

61

callosal white matter

in

approximately 20Yo

rats. The microscopic

changes were

essentially similar in all three models with the exception that the cortical vessel avulsion

lesion had more necrosis and less hemorrhage. Acutely, autologous whole blood
injection, collagenase injection, and cortical vessel avulsion lesions were characterizedby
single or multiple contiguous collections of blood cells, swollen glial cells, and damaged
neurons with shrunken angular somata and nuclei. By 1 day and thereafter neurons with
shrunken nuclei and hypereosinophilic cytoplasm were evident within and surrounding
the lesions. After

I

day, pale-staining degenerating erythrocytes and fragmented nuclear

debris were seen. In intact brain tissue surrounding the lesions neutrophils (Fig. 2-2-2a)

were adherent to vessel walls, or passing through walls of capillaries and small veins.

Most TUNEL positive nuclei in the damage area or penumbra were small and likely
represent

glial or inflammatory cells (Fig.2-2-2c). Cells immunoreactive for CDSo were

small and round with round nuclei (Fig.2-2-2d). The lesion sizes were roughly constant

until -3 days after which time they appeared smaller as blood was phagocytosed (data not
shown).

Quantitative data are shown in Fig. 2-2-3. The number of dying neurons at the
edge (i.e.

in the penumbra) of the lesion core, identified by cytoplasmic pyknosis

eosinophilia, peaked at

2 days in all forms of injury. Pyknotic neurons

prevalent at the earliest time points following brain damage

in all

or

were more

groups. Pyknotic

neurons with shrunken angular somata and nuclei were evident in the injured area at

and

I

7

hour(s). By 1 day and thereafter hypereosinophilic neurons with shrunken nuclei

surrounded the edematous infarct (Fig. 2-2-2a). Dying neurons remained common at 7
days and persisted

in small quantities 2l-28 days in all groups (Fig. 2-2-3). There was no
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significant difference between the quantity
stained neurons (Fig. 2-2-2b)

(p:

of

0.56, paired

eosinophilic neurons and Fluoro-Jade

t test) except I hour in all groups,

and 7

days in collagenase injection model. Fluoro-Jade did not detect pyknotic neurons, which
are presumed to represent the earliest form of injury at

time points

t

hour. For individual animals, at

I hour to 1 day, there was no significant correlation between Fluoro-Jade

H&E detectable damaged neurons (r
correlated better (r

:

:

and

0 to 0.3, p> 0.5). On days 2-7 the two values

0.6 to 0.83, p:0.23). TTINEL positive dying cells were observed

beginning at 4 hours, maximal at

2 days in autologous blood injection group, 3 days in

vessel avulsion group, 1-7 days

in

collagenase injection group, and persisted until 4

weeks in brain tissue surrounding the hematoma in all 3 groups. The temporal pattern and

quantity

of TTINEL positive cells were similar in all three models. The quantity of

T{-INEL positive cells differed significantly from the quantity Fluoro-Jade

and

eosinophilic neurons at all time points except 2 days (p< 0.0001 paired t test).

Neutrophils were present
hematoma, starting at

I

in the striatal or cortical tissue

day, peaking at

2

days, and were nearly gone

surrounding the

by 3 days in all

three models. Collagenase injection was associated with the most neutrophils while the

cortical vessel avulsion was associated with the fewest neutrophils.
immunoreactive

T

CD8cr

lymphocytes (Fig. 2-2-2d, 2-2-3) were maximal at 2-3 days in

autologous blood injection group, 3-7 days in vessel avulsion and collagenase injection

groups and, unlike neutrophils, were still abundant at

7 days. They persisted for 2l-28

days. In all groups, RCA-1 labeling of microglia/macrophages (Fig. 2-2-2e) appeared by
4 hours, was maximal af 2-3 days in autologous blood injection group, 3-7 days in vessel

avulsion group and collagenase injection group, and persisted for weeks. By 2 days and
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more prominently

by 7

days the core

of the lesion exhibited an accumulation of

macrophages. The quantity of microglia following collagenase injection was greater than

in the other two groups.

Discussion

Intracerebral hemorrhage causes brain damage through multiple mechanisms.

Direct tissue destruction by the hemorrhagic event and dissection of blood along tissue
planes occurs immediately. This is followed by development

ischemic damage due

to

of edema and

secondary

raised intracranial pressure and distortion

microvasculature. Delayed damage could result through

a variety of

of

the

mechanisms

including local ischemia, release of toxins by blood breakdown products, thrombin
release, or inflammatory cell action 4'38's2'e2'208'2se.

This study demonstrates that brain hemorrhage in rats created by injection of
autologous whole blood
associated

or

collagenase,

or by avulsion of cerebral blood vessels is

with similar temporal patterns of cell death, inflammatory cell infiltration, and

microglial reaction. Cortical vessel avulsion causes ischemic infarction and hemorrhage;
the hemorrhage is probably a consequence of deep vein avulsion. Cortical vessel avulsion
is therefore not a pure ischemic stroke model as has been previously implie d266'27r, rather

it is a model of mixed ischemia and hemorrhage more similar to a cortical laceration than
an ischemic infarct. The neutrophil infrltration in this model was less than that following

autologous blood or collagenase injections into either the coftex or striatum

a0.

A possible

reason is that neutrophils cannot reach the damage d area because the vasculature has been

severely disrupted. However, this is unlikely considering that the quantity of lymphocytes
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is roughly the same. Another possible reason is that chemokine production differs. In the
collagenase lesion, cell death and inflammation began earlier in comparison to the other
models. A possible reason could be that collagenase activity causes direct and rapid cell

injury in addition to creating a hematoma. In this regard, the model differs from

the

human situation and models using autologous blood injections.

Neutrophil infiltration into brain tissue surrounding the hematoma is substantial
by 2 days. Clotting blood and damaged brain tissue liberate chemotactic factors, including

thrombin 272, that prompt the movement of neutrophils from blood into intact brain and

toward the hematoma 213'"0. Many neutrophils invade intracerebral hematoma and
surrounding tissue after contusion or ICH in rats after collagenase injection '' 63. The fact

that inflammation is more intense and prolonged in rats with collagenase injections
suggests that the collagenase may be acting as a potentiator of chemoattractant agents

There

is

considerable interest

secondary tissue

s2.

in the possibility that activated neutrophils can cause

injury and contribute to edema formation through the release of reactive

oxygen species and a variety of protease s

275' 276.

Depletion of circulating neutrophils

reduces brain injury after middle cerebral artery occlusion 277. However, some authors
have recently suggested that the evidence for a harmful effect of neutrophils is weak

The rapid decrease

in neutrophils occurs because they die within

278.

1-2 days of

extravasation.

Cell death was commonplace from 1 to 28 days and peaked 1 to 3 days after
hemorrhagic injury. It was clear, however, that the quantity of TUNEL positive cells did

not match that of the dying neurons defined by eosinophilia on H&E staining or FluoroJade staining. There are several reasons for the disparity. TTINEL positive cells might
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understate the magnitude

of cell death because they persist only for several hours

while eosinophilic neurons can persist for days or weeks 280. Furthermore,

27e

because

TUNEL positive cells include neurons, glia, and inflammatory cells, the quantity does not
necessarily reflect the final neurological injury

281.

Following autologous blood injection

into brain we found that most TTINEL positive cells are not neurons ttt, We consider

a

claim by others that most dying cells in this model of brain hemorrhage are neurons to be
incorrect. This report shows TUNEL label in the cytoplasm but not in the nucleus, which
might be a stainin g artifact

167.

Nevertheless, the use of TTINEL at appropriate post-lesion

times with additional markers to confirm the type of dying cell can provide a gauge of the
magnitude of cell death for purposes of comparison. We observed no differences in the

quantity

of dying

neurons shown with the Fluoro-Jade staining and the eosinophilic

neurons shown with H&E staining. It is likely that they represent the same population of
damaged neurons

l8e' leO.

It

should be noted that Fluoro-Jade did not detect damaged

neurons at the earliest time points when pyknosis is evident.

At this

stage the pyknotic

neurons might represent "dark neurons" which can potentially either revert to normal or

go on to die

282.

Fluoro-Jade staining, however, is an easy way for quantifying dying

newons because the signal-to-noise ratio is high.

This comparative study has some shortcomings. The time course of three groups
under study

is not identical

because

the experiments were not done concurrently.

Furthermore, the anatomical regions affected were not the same; two models focused on

the striatum and one on the cerebral cortex.

'We

have previously done autologous blood

injections in the cortex and found them to be complicated by subarachnoid hemorrhage
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40.

Regardless, the similarities and differences between the three models

of ICH

are

apparent.

In

summary, brain

intracerebral hemorrhage

cell death and inflammatory cell inf,iltration following

in rats continues for several weeks after autologous

whole

blood injection, avulsion of cerebral blood vessels, and collagenase injection. The three
models of ICH have similar temporal pattem of cell death and inflammation. Autologous

whole blood injection is most similar to human ICH. Cortical vessel avulsion by pial
stripping causes a mixed form of injury with non-perfusion ischemia and hemorrhage.
The brain damage caused by collagenase injection is most consistent from an anatomical
perspective but is most artificial from a biological perspective. The model of ICH should
be chosen carefully to address parameters one is interested in studying.
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1b

Figure 2-2-1. Photomicrographs showing brain lesions in rat cerebrum 48 hours after
injection of 50 pL autologous whole blood (Fig. 2-2-la), and collagenase (Fig.2-2-lb) or
avulsion of cortical surface blood vessels (Fig. 2-2-lc). Collections of erythrocytes are
seen as red areas. After blood injection, the edematous damaged striatum (anows)
extends well beyond blood collections. After collagenase injection, hematoma (anows) is

limited to the striatum. After vessel avulsion, the cortical tissue is partially necrotic and

has fallen away during processing. The edematous tissue along the margin of the
hematoma is evident (arrows), and there is blood on the brain surface.
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2;e

Figure 2-2-2. Photomicrographs of representative histopathologic features studied after

ICH. H&E staining (Fig. 2-2-2a) shows neutrophils (blue anow) and eosinophilic
neurons (black arrow)

in

striatum. Fluoro-Jade staining (Fig. 2-2-2b) shows dying

neurons (red anow) in cerebral cortex. TUNEL (Fig.2-2-2c) shows dying cells (arrow) in

striatum. CDSa immunostaining (Fig. 2-2-2d) shows membrane

localized,

immunoreactivity of T lymphocytes (anow) in striatum. RCA-I lectin staining (Fig.2-22e) shows reactive microglial cells (anow) in lesions.

69

Bar:

5 pm.

Autologous blood
str¡atum
70i
60:

&
É

.:

s0

40ì
3ù;
20l

t0,

p<.005

Avulsion hemorrhage Collagenase injection
- striatum
cortex
50

10

o

€0
50

46:

40

40.

¿0

eù

r0

1o;

-

st:
5Ô.

40ì

30j
20,
ì

0'

1

p..0+

W

ii'w

tco
80

ïj
?0

p<.005
ffi

M
Ip<.0003

W

10

0

Neütfôthils

ì60

i

r¿o

I

tza

:

60

M
w

5Ð

3D

3$

?0

?s

t0

.10

U

0

FlucrrJ¿de

r00

8ù'

o*t

80

Goì

60.

¡0,

00.
2Qj
¡l

0^'

?0:

,,Æ
COÊr

60r

60'
5ûl

soì
ool
30i

*,

ffi

C08(

p..01

40r
JU

p<.009

lo,
0

p<.ooo.Ì jf;:

t0-

:

.".:.:Wq¡ø
N4ulrðthils

NÉutrophilg

p<,o l 2

ã

t60

:

:

80l

bui

60:

40l

40;

t,

?0.

o.

70

___*p<.05

ì4O l

r20
r00

Boì

0

ûyino nðurôñs

.{0

roo j

2tr

W

..,
ì

6Ù

5t

ì00

W
ffi
W

30

;

o<.005
r---'t-----ï----

r0:

40

W
W

0::

0

80l

50

i

" p<.04

i

60

::':
i

3o

,r,,
,o i j.*

60

l

20.
loi
o'

zo

50

t0

ry

3ü

60

0 i.i..

p<.05

7A:
60:

4Ai

4O

ÏUNEL

30j

* p<,0i 2

60
50

.,ffi
ficA-Ì

:
,r
ø
¡

I

hour

4-6h{)ur

¡ day
Zday
3dãy
@ Tday
và 2l/28 dây
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ABSTRACT
Background and purpose: Intracerebral hemorrhage is associated with stroke and head
trauma. The purposes of this study were to investigate the effect of intracortical injections

of autologous whole blood and blood components on inflammatoïy cell infiltration

and

brain cell death and to determine if non-hemorrhagic lesions differ in these respects.

Methods: Eighty-one adult rats were subjected to intracortical injections of autologous
whole blood, or allogeneic plasma, erythrocytes, leukocytes, "activated" leukocytes, and
seruln. Injections of saline or mineral oil were controls. Blood injections were compared

to cortical freeze injury and pial devascularization. Rats were perfusion fixed forty-eight
hours after injection or lesioning. Eosinophilic neurons, TLINEL positive cells, brain
damage area, infiltrating neutrophils and CDSa immunoreactive lymphocytes were
quantified.
Results: Damage area, dying cells, and inflammatory infiltrate were significantly greater

following autologous whole blood, leukocyte, and "activated" leukocyte injections than
injection of other fractions.
Conclusions: These results suggest that extravasated whole blood causes a greater degree

of cortical cell death and inflammation than ischemic lesions of similar size. Leukocytes
"activated" by systemic illness might exacerbate the injury. Secondary hemorrhagic
phenomena suggest that the harmful effect is directed toward both brain cells and the
vasculature. Further studies are required to delineate the mechanism(s).

KEYWORDS : Hematoma, infl ammation, neutrophil, TLINEL, lymphocyte

73

INTRODUCTION
Intracortical hemorrhage can be a consequence

of bleeding into an ischemic

infarct, rupture of vascular malformation, amyloid angiopathy, or trauma

i. Although

hematomas in the cortex are amenable to surgical therapy 283, they remain a significant
management problem perhaps because the blood itself has adverse effects beyond its
space occupying effect. Several animal models

of intracerebral hemorrhage have

been

developed s't'63'140'26s arrd experiments indicate that space-occupying effect, brain edema,

ischemia, and neurotoxicity might

all be involved in the brain dam age that follows

hemorrhage42'e3't3e'284' 28s. Ischemia may be induced by direct mechanical compression

from the hematoma and

/ or vasoconstrictor

substances

in blood 286. Neutrophilic

inflammation is considerable in the vicinity of cerebral hematoma
a variety

of cytokines, such

as tumor necrosis

52.

Neutrophils release

factor alpha (TNF-cr), interleukin 6 (IL-6)

and interferon gamma (IFN-y), which might play an important role

in

ischemic and

traumatic brain damageTe't27'tze. 'Work from one group suggested that thrombin and
erythrocyte degradation products are responsible for edema production 41,42,e2,e3.

An understanding of evolution of brain injury after intracortical hemorrhage

is

important to determine the strategy of treatment. Therefore, the purpose of this study was

to investigate the early effects of autologous whole blood, and compare its effect to that

of

separated blood components

following intracortical injection. We hypothesized that

cellular components of blood would cause greater cortical cell death and inflammation
than soluble blood proteins. We have chosen a survival period of 48 hours because we
have observed that inflammation and the frequency of dying cells both peak 48-72 hours

after intracerebral injections of autologous blood 3e and after pial devascularization
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(unpublished data). To test the secondary hypothesis that hemorrhagic brain injury causes

more inflammation than non-hemorrhagic injury, we compared the damage caused by

to that caused by cortical freeze injury 287'28e and pial

blood product injections
devascular ization267 '29o'29|

.

MATERIALS AND METHODS

Animal preparation

All

experimental procedures were done

in

accordance with guidelines

of

the

Canadian Council on Animal Care. The local experimental ethics committee approved

protocols. Eighty-seven young adult male Sprague-Dawley rats weighing between 175 to
250 grams were used. Ten groups of five to eight rats each (see Table 1) were used for
injections of blood fractions, saline, or mineral oil. Because the blood components, which

were derived from donor rats and prepared fresh, had limited stability ex vivo,
randomization of the experiment was only partial with saline and mineral

oil controls

randomly included among batched recipient animals. Cortical freezing and pial
devascularization experiments weïe done later, therefore these animals were not
randomized among the blood fraction recipients.

Intracortical hemorrhage model
For cortical injection each rat was anesthetized with pentobarbital (50 mg/kg Ip)
and placed

in a stereotactic frame. Under aseptic conditions a midline scalp incision was

made, a hole was drilled in the skull (3 mm lateral to midline, and 0.02 mm anterior to
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coronal suture), a 100 pl syringe was secured to the frame, and a}S-gauge needle was
introduced into the deep cerebral cortex 2.5 mm below the surface of the skull. pilot
experiments wherein blood was injected

to these coordinates showed that there

minimal extension into white matter or the subarachnoid compartment after

was

short

survival. Each rat received a 50 ¡rl injection of either normal saline, plasma, serum,
erythrocytes, leukocytes, "activated" leukocytes, autologous whole blood, or mineral oil

over 5 minutes. Mineral oil was chosen as additional inert control because it has greater

viscosity than saline and was expected to better mimic the minimal space occupying
effect of the infused blood. After infusion, the needle was left in place for 3 minutes and
then removed slowly. The bone hole was sealed with bone wax, the scalp wound was
sutured, and the animal was placed in a clean cage with free access to food and water.

Invasive physiological monitoring was not used because

it

significantly increased the

anesthesia time.

Whole blood and blood component separation

Autologous whole blood was obtained from anesthetized rats by placing the tail
end in

40' C water for 30 seconds followed by cleansing with 70Yo alcohol and cutting

the tail approximately 10 mm from tail tip. Freely dripping whole blood (50
¡rl) was
collected

in a sterile syringe, which was then affixed to the stereotactic frame, and

immediately injected into
.the cerebral cortex. To obtain allogeneic blood components,

two donor rats were anesthetized with pentobarbital and 5 ml blood was removed from
the heart' Fresh blood was put in CPD anti-coagulation-preservative 2e2, gently mixed in a

sterile plastic tube, and centrifuged at 2200 G for 20 minutes. Plasma appeared in the
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upper layer, leukocytes and platelets formed a thin intermediate layer, and concentrated

erythrocytes were in the lower layer

2e2.

To further concentrate the leukocytes, plasma

was removed and the leukocytes were put in a 2 mm diameter sterile glass tube and
centrifuged at2200 G for 20 minutes. These were stored in a sterile vial for up to 2 hours

prior to injection. To obtain autologous serum, rats were anesthetized and 0.5 ml whole
blood was collected from tail in a sterile vial as described above. After

t hour at room

temperature, the blood coagulated. Serum was separated after clot retraction and stored
up to 3 hours prior to injection.

To obtain allogeneic "activated" leukocytes, cardiac blood was obtained from two
tats 24 hours after intracortical injection of autologous blood, which had been performed

as described above. The rationale for this approach is that acute subarachnoid and
intracerebral hemorrhages cause acute elevations
neutrophils

in circulating

leukocytes, especially

2e3'2es.

Freeze and pial devascularization lesions

We observed that injections of autologous whole blood were frequently associated

with lesions much larger than the area directly infused with blood. To test the secondary
hypothesis

that hemorrhagic brain injury causes more inflammation than

non-

hemorrhagic injury we attempted to create relatively non-hemorrhagic lesions of similar
size in a similar dorsal cortical location. For induction of cortical freeze lesion rats were
anesthetized with pentobarbital and placed

in a stereotactic frame. The scalp was incised

along the midline. A copper rod (end diameter 2 mm) cooled to -170"C in liquid nitrogen
was applied to the skull surface for 4 minutes (3 mm lateral to midline, 0.02 mm anterior
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to coronal suture). The scalp wound was sutured, and the animal was placed in a clean
cage with free access to food and water. To study the early histological changes, rats
were killed 4, 8, and 24 hours (n:2 each) after freezing in addition to the 48 hour survival
period used for comparison to blood injections.

For pial devascularizafion, rats were anesthetized and placed in a stereotactic
frame. The scalp was incised along the midline. A rectangle 3 mm wide and 5 mm long
was delineated in the right hemiskull, the rostral margin 1 mm anterior to the bregma and

the medial margin

I

mm lateral to the midline. The bone was removed carefully by

enlarging a drill hole with rongeurs. Cortical blood vessels were interrupted by gently

pulling the pia/arachnoid away with a needle (23 gauge) bent at the tip

2e6.

Hemostasis

was achieved by gentle tamponade with cotton tipped applicators. The bone hole was
covered with surrounding soft tissue, the scalp wound was sutured, and the animal was
placed in a clean cage with free access to food and water. Rats were killed
each), and 48 hours

4,8,24 (n:2

(n:4) after pial devascularization.

Histological examination

Forty eight hours after intracortical injection or lesioning, rats were anesthetized
and perfused through the heart

with 300 ml ice

cold,4%o paraformaldehyde

in 0.1 mol/L

phosphate-buffered saline (PBS). The brain was removed and stored in the same fixative

for up to l0 days. Fixed brains were cut coronally approximately 2 mm on either side of
the needle entry site, which was identifiable on the brain surface. Brain slices were
dehydrated and embedded

in paraffin.

Sections (6 pm) were cut, and each 301h section

from the rostral to the caudal portion of the residual hematoma cavity was stained with
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hematoxylin and eosin (H&E) stain. At the level of the needle site with maximal brain
damage atea, a variety of histological and immunohistochemical stains were performed.
Chloracetate esterase staining was used to assess neutrophils. Sections were dewaxed and

hydrated, washed with distilled water, and incubated for 60 minutes
nitrite, 4Yo new fuchsine, and

I

Yo esterase

in 4 % sodium

substrate solution (naphthol AS-D chloracetate

dissolved in N-N dimethyl formamide) in phosphate buffer at pH 7.4. Slides were washed

with distilled water, counterstained with Mayer's hematoxylin for 3 minutes, dehydrated,
cleared and mounted. Neutrophilic granulocyte cytoplasm was stained bright red.
Immunohistochemical localization of CDSa was performed 2s8. Sections were dewaxed
and hydrated, washed with distilled water, quenched

with 0.3 o/oH2O2, blocked withI0 %

normal serum, and incubated with anti-rat CDSa monoclonal antibody (clone G28 diluted
1/400; PharMingen International, Canada) at 4"C overnight. Slides weïe then washed

with Triton PBS, incubated in biotinylated goat anti-mouse IgG (1/300)
temperature, washed, incubated

I hour at room

with peroxidase-HRP (I/400) for 30 min at

room

temperature, colored with diaminobenzidine- H2O2 solution, washed and coverslipped.

Control sections were processed with omission

of the primary antibody.

TUNEL

(terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate
(dUTP)-biotin nick end labeling) was used to identify dying cells. Paraffin embedded
sections were dewaxed and hydrated, then incubated

in 20 ¡;Jlml proteinase K for

15

minutes. TLINEL was accomplished using Apoptag in situ ktt (Intergen; Purchase Ny).

After immersion in equilibration buffer for l0 minutes, sections were incubated with TdT
and dUTP-digoxigenin in a humidified chamber at37o C

for I hour and then incubated in

the stop/wash buffer at 37o C for 30 minutes. Sections were washed with PBS before
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incubation in anti-digoxigenin-peroxidase solution (1/500 in PBS) for 30 minutes at room

temperature, and colored

with

diaminobenzidine- HzOz solution. Sections were

counterstained with methyl green. Negative control sections were treated similarly but

incubated

in the absence of TdT

enzyme, dUTP-digoxigenin,

or

anti-digoxigenin

antibody. TUNEL positive nuclei with chromatin condensation and fragmented nuclei

were considered as probable apoptotic cells. TLINEL positive cells with diffuse light
brown labeling of nucleus and cytoplasm were considered as probable necrotic cells

188.

Determination of damaged brain area

The area of brain damage on the H&E stained coronal slice at the level of the
needle injection site was def,rned by the presence of blood collections, tissue rarefaction
due to edema, and dying cells around the injection sites. Computerized planimetry was
used to measure the damage area on

"cametalucida" drawings of the brain section.

Cell counts

Although the observer
because

of

\À/as

technically blinded to the nature of the injection,

some obvious differences (for example between whole blood and saline

injections) blinding in an absolute sense was not possible. Using an ocular graticule and

250

x

ocular magnif,rcation (objective magnification 20x), eosinophilic

neurons,

neutrophils, CDSa immunoreactive cells, and TTINEL positive dying cells were counted

in four randomly selected fields (each area 250 x 250 ¡rm) adjacent to but not including
the needle insertion/injection site, which was defined by the presence of erythrocytes in

all

cases (see Figure

2-3-l). Areas with large blood vessels were avoided. In brains with
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large areas of damage following autologous blood injection, similar counts were made at

the edge of the lesion, distant from the injection site. Cortical freeze and pial
devascularization lesions were assessed in four randomly selected areas at the periphery

of the lesions.

Data analysis

All

data are expressed as mean + standard deviation of mean. Data were analyzed

using StatView 5 software (SAS Institute Inc.; Cary NC). ANOVA with Bonferroni-

Dunn test was used for intergroup comparisons. Fisher's

r to z test was used for

correlations.

RESULTS

All

rats tolerated the surgical procedures well and there was no surgical mortality.

Residual hematoma

in the cerebral cortex around the needle site was apparent at 48

hours. A small quantity of blood was in the adjacent white matter of 7 rats. Some rats in
the whole blood and in both leukocyte injection groups exhibited additional blood in the

subarachnoid space (4/8 whole blood, 2/8 leukocyte, and 316 "activated,, leukocyte
recipients). This extension was associated with areas of hemorrhagic and edematous brain
damage far beyond (up to

2 mm) the site of injection. Because such extension was never

seen following injection

of

saline, mineral

oil, plasma, or serurn, and

because pilot

experiments showed that 50 pl of blood remained confined to the cortex in the immediate
term, this suggests that a secondary hemorrhagic phenomenon, and not a simple surgical

complication, had occurred.
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Microscopically, whole blood injections appeared as single or multiple contiguous
collections of blood cells in a column surrounding the needle tract. Leukocyte injections
appeared as smaller collections

of intact neutrophils and fragmented leukocytes with

nuclear debris. Small collections of blood cells around the needle insertion site were
seen

in all other groups. In the vicinity of all lesions, neutrophils were seen adherent to blood
vessel walls or passing out

of capillaries and venules into the neuropil. Eosinophilic

neurons, TTINEL positive cells with nuclear labeling presumed to indicate apoptosis,
and

TTINEL positive cells with cytoplasmic labeling presumed to indicate necrosis

188

were

detected in cortical damage areas. Cells that exhibited membrane immunoreactivity for
CDSa were small

with minimal cytoplasm and round nuclei. Based upon the morphology

of the cells and the known specificity of the antibody

258,

we believe these to be natural

killer (ltIK) cells and / or activated cytotoxic T lymphocytes. Neutrophils were also noted

in the subarachnoid

compartment adjacent

to the needle entry sites and at sites of

subarachnoid hemorrhage.

Quantitative analysis showed that the

total

area

of

cortical damage

was

significantly larger following injection of 50 pl of whole blood or "activated,' leukocy.tes

than other blood fractions (Table 2-3-1), particularly when there was
subarachnoid hemorrhage.

At the microscopic level, eosinophilic

associated

neurons, TIINEL

positive dying cells, neutrophils, and CDSa immunoreactive lymphocytes adjacent to the

injection site were significantly more abundant following whole blood, leukocyte, and
"activated" leukocyte injections than the other groups (Table 2-3-l). For the population
as a whole, the quantities

of dying cells and inflammatory cells were all intercorrelated (r

= 0.556 to 0.795, p<0.0001). The total

damage area correlated poorly
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with TTINEL

positive cells and eosinophilic neurons per unit area in microscopic fields (r

:

.412

and.

.544 respectively, p<0.001) and not with the inflammation. Comparison of microscopic
changes between the core and edge of hemorrhagic lesions that had enlarged beyond
the

site of whole blood injection showed that the quantity of dying cells and inflammatory
cells was approximately half at the periphery.

To test the secondary hypothesis that hemorrhagic brain lesions are associated
with more inflammation than non-hemorrhagic lesions we compared the lesions that had
enlarged following whole blood injections

to freeze lesions and pial

lesions in the dorsal cortex (Figure 2-3-2

Table 2-3-2). Our goal was to create lesions

and.

devascularizing

of similar size in the same location, but we did not entirely succeed in this respect. pial
devascularization lesions exhibited a mixture of edematous and hemorrhagic brain at

g

hours as previously documented
'u'. By 48 hours the core was necrotic and damage
extended laterally to the margins of the craniectomy and deep to the white matter. Freeze
lesions were pale on gross inspection and only microscopic petechiae were noted 8 hours

aftet freezing. By 48 hours the majority of cells in the central region were necrotic with

no basophilic staining of the nuclei. The surrounding viable brain was rarefied due to
edema. The core

of all large lesions exhibited advanced necrosis with only vague cell

outlines apparent, absence of chromatin staining, minimal inflammation, and only very
rare TIINEL positive cells. The margins of these lesions was edematous and exhibited
both dying cells and inflammation. At the microscopic level lesions associated with blood

injections exhibited more inflammation and cell death than the partially hemorrhagic
devascularizing lesion and the relatively non-hemorrh agic freeze lesions (Table Z-3-2).
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DISCUSSION
Intracerebral hemorrhage causes brain damage through multiple mechanisms.
Direct tissue destruction by the hemorrhagic event with dissection of blood along tissue
planes occurs immediately. This is followed by development

of edema and possibly

ischemic damage due to raised intacranial pressure and distortion or vasospasm in the
microvasculature. Delayed damage could result through

a variety of

mechanisms

including local ischemia, release of toxins by blood breakdown products, thrombin
release, or leukocyte infiltration42' s2'2se'2e7. This study demonstrates that injection

of

a

small quantity of whole blood into the cerebral cortex of rats is associated with cell death
and inflammatory cell infiltration at 48 hours. In a prior experiment we have shown that
this time represents the peak for both processes
'n. Th. tissue distortion was minimal and
therefore mechanisms other than ischemia due to distortion aïe presumed to play a role.
Plasma or serum alone and concentrated erythrocytes had negligible effect. Concentrated

leukocytes had

a mild adverse effect, whereas "activated" leukocytes had a

strong

adverse effect. Two issues need to be discussed. First, what is the nature of the early
response to the released blood products? Second, what is the reason that some blood
components are more harmful than others? One could argue that the experiment should
have been conducted by injecting 50
and

-2

pl whole blood, -20

¡tl erythrocyte

s, -25 pl plasma,

¡rl leukocytes to account for the true relative volumes of these blood fractions. We

were, however, concerned that this would be confounded

by different volumes of

dispersion. Had this been done, the effect of erythrocytes and plasma, which were not

significantly different than saline control, would have been even less. The effect of the
leukocytes might be exaggerated in the experimental protocol that was used.
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Following injection

of the blood we

observed cell death, inflammatory cell

infiltration, and in some cases distant hemorrhagic / ischemic damage. In the immediate

vicinity of the injection site, neuronal death was characterized by DNA damage

and

cytoplasmic hypereosinophilia. Although it is likely that the two features represent cells

at different stages of death or those dying by different mechanisms (i.e. apoptosis or
necrosis), our data do not add anything to explain the mechanism of delayed neuronal cell

death, a subject

of heated debate 2e8-300. Reactive neuronal expression of heat

protein (HSP72) and

I or loss of }y'r/-Pz

shock

immunoreactivity indicative of proteolysis and

impending death has been documented within 5 hours after intracerebral hemorrhage in
humans. Increased astroglial expression
metallothionin occurs within 18 - 48 hours

of glial fibrillary acidic protein (GFAP)

and

116.

Inflammation is an obvious response to the injections. Although one might argue
that the neutrophils had been injected and had not entered by diapodesis, we attempted to
count cells only beyond the margin of the primary injection site. Substantial margination

of leukocytes along blood vessel lumens supports the idea that they subsequently

enter

the brain tissue. Chemotaxis of these neutrophils and lymphocytes, and later of
monocytes, is mediated by c¿- and B-chemokines and complement 30t' 302.In rat brain

injury experiments, intense neutrophilic infiltrate has been previously documented around
collagenase-induced hematomas s2'63, contusions 303'304, and ischemic sites

at 6

-

12 hours and peaking at 48

apparent 5

30s

beginning

- 72 hours. In human brains, neutrophil infiltration is

- 72 hours after hemorrhage or contusion l'

ll3-1t6.

The present experimental

comparison of hemorrhagic and non-hemorrhagic lesions suggests that something in, or a
process initiated

by, extravasated blood promotes chemotaxis. Neutrophils can
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release

potentially harmful factors such as oxygen radicals 26' or cytokines including tumor
necrosis factor alpha (TNF-o), interleukin 6 (IL-6) and interferon gamma (IFN-y), which
seem

to play arole in brain damag"'n'"'. Neutrophils can also exacerbate brain injury by

obstructing microvessels, which then causes local ischemia
'ou. Muny experimental
studies have documented infiltration of natural
'08.

killer (lrtrK) cells into injured brain 301, 307,

On" study of brain contusions in rats showed that NK and T cell infiltration was more

prevalent than neutrophilic infiltrate laa. Vy'e also observed a significant number
of CDSa

immunoreactive cells, which could be either
lymphocytes

2s8,

NK cells

and

I or activated

cytotoxic T

that could be directly injurious or indirectly so through release of IFN-y.

We observed that the injection of whole blood or the leukocyte fraction caused
injury while injection of erythrocytes, plasma, and serum had minimal effects. However,

it is conceivable that specific

blood

/

plasma fractions exert damage at different times.

Other investigators showed that cerebral edema develops only 3 days after erythrocyte
injection and they suggested that hemoglobin released from lysed erythrocytes is toxic to
btaina2. Toxic effect of hemoglobin on neurons has been demonstrated in vitro

ea.

In this

study neither plasma nor serum caused more damage than saline injection. Thrombin,

which is a component of plasma, has been shown to cause brain edema and seizures
following intracerebral injection

3'e3'2e7.

There are several possible explanations for the

discrepancy. The thrombin effect might be mediated only by very large doses and is

therefore relatively less important

in vivo. Thrombin might for some

reason be

inactivated during processing of the plasma. Finally the "pharmacodynamics,' might be
altered because a blood clot allows slow focal release whereas plasma injection would

diffuse rapidly leading to lower regional concentrations.

86

The leukocyte fraction, and in particular "activated" leukocytes, caused greater

injury than other blood fractions. When one interprets the intensity of the leukocytemediated response, one must keep in mind that leukocytes occupy less than lo/o

volume

of whole blood.

Therefore the leukocyte injection groups received

equivalent to 5 ml of whole blood

30e.

of the

a

dose

Regardless, "activated" cells appear to be more

harmful, perhaps through production of more of the deleterious mediators mentioned
above' This might help to explain the observation that fever during the first 3 days after
intracerebral hemorrhage is an independent predictor of poor prognosis in patients

310.

To

fuither study the role of leukocytes in this model one could inject microwave-killed cells
whose proteins are inactivated, lysed cells, and supernatant from cultured cells in resting

or active states. This would help to determine whether the noxious agents are actively or
passively released. It is also important to recognize that activated platelets, which we did

not study directly, are included in the leukocy'te fraction. Platelets can release serotonin
and platelet-derived growth factor,

which are capable of increasing vascular permeability

and causing vasoconstriction 3ll.

Finally, we must try to explain why injection of some blood fractions
associated

with enlargement of the lesions well beyond the limits of the

was

injected

substance. Several results suggest that mechanisms other than mass effect are involved in

the contribution of blood to perihematoma edema formation, because blood produces
larger lesions than would be expected from its space occupying effects alone

2s6.

This

might be explained by a secondary effect of the injected substances on the vasculature
through agents that promote vasospasm and

/

or increased vascular permeability

312.

Whole blood has greater adverse effects on cerebral blood flow than hemoglobin or
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albumin when injected into the subarachnoid compartment, presumably because of
vasoconstrictive agents

313.

It is because of

these larger lesions that we also used control

injuries of freeze lesion, which creates ischemia and coagulative necrosis 287, and pial
devascularization, which has been promoted as a model of ischemia 'e0. Ou, goal was to
create large non-hemorrhagic lesions that could be compared to the lesions caused by

blood injections. The freeze lesion was reasonably successful in this regard, having
caused only minimal hemorrhage but considerable release of plasma 3ta.

At the margin it

was associated with considerably fewer dying cells and neutrophils than the whole blood

injection. The devascularization injury was associated with deep hemorrhage that was

likely a consequence of deep vein avulsion. This mixed hemorrhagic / ischemic lesion
was associated with more dying and inflammatory cells than the freeze lesion but fewer
than the whole blood injection.

In conclusion, extravascular whole blood, and perhaps the leukocyte fraction in
particular, appears

to play an important role in cortical

delayed cell death and inflammation

damage. The magnitude of

is greater than that following

non-hemorrhagic

injury. Although coexistent, we cannot state that inflammation is necessarily a cause of

neural cell injury. The precise molecular and chemical mechanisms remain to

be

determined, but are likely multiple and include secondary ischemia, inflammatory cell
products, and iron-mediated effects.
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Table 2-3-t. Cortical injury and inflammation following injection of whole blood or
blood fractions.
Lesion

Saline

(n:7)

Whole blood

Total

Eosinophilic

damage

neurons

area (mm2)

0.25 mm2

I 0.25

0.1+

5.1 + 3.0

1.3

2.8

0.1

+2.5

+

69.5

I

+ 40.2 *

TLINEL

Neutrophils /

CDSa

positive cells

0.25 mmz

positive cells

+

25.3

mm2
1.1

+23.3 *

I 0.25 mmz
3.4

+

50.6

1.6

+ 45.9 *

2.4 + 3.8

36.5 + 10.3 *

(n:8)
Erythrocytes

0.3 + 0.1

6.5 +6.7

4.4 + 3.3

0.3 + 0.2

41.1+20,0 *

74.8

+ 40.9 *

37.5 +4.7 *

55.4

+

5.0 +1.9

12.6 +8.1

(n:8)
Leukocytes

50.5

+ 12.3 *

20.0

+

15.1 *

(n:8)
"Activated"

5.9

+2.9 *

1.8 *

26.8 + 5.1 *

18.5 + 7.6

+

leukocytes

(n:6)
Plasrna

Serum

(n:8)
(n:6)

Mineral

oil

0.2 + 0.1

4.9

+3.0

5.6 + 2.3

3.3

1.6

4.5 + 2.6

0.2 + 0.2

8.8 + 4.2

4.5 + 5.3

3.8 + 2.8

7.3 + 8.4

0.2 + 0.1

6.6 + 4.3

3.2 + 3.1

3.6 + 3.4

3.2+2.3

+

(tt:5)

All

data are expressed as mean + SD. Cell counts are expressed as the number of cells per

four 250x250 pm areas (i.e. 0.25 mm2).

*: p<0.004 versus saline, plasma, serum, erythrocyte,
and mineral oil groups

(ANOVA with

B

onferroni-Dunn intergroup comp
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ari s ons)

Table 2-3-2. Cortical injury and inflammation in large lesions following injection
of
whole blood compared to freeze lesion and pial devascularization.

Lesion

Whole blood

Total

Eosinophilic

TLTNEL

Neutrophils /

CDSa

damage

neurons I

positive cells

0.25 mmz

positive cells

area (mm2)

0.25 mm2

0.25 mmz

1.0

106.3 +18.7

81.8 + 44.8

71,0

6.4 + 0.8

44.5+7.1#

45.0 + 7.8

6.0 + 3.4

**

4.3 + 4.0

**

5.0

+

/0.25
+ I 1.3

mm2

38.0 + 5.3

(n:4)
Devascularizin
g lesion

1

1.3 + 2.9

**

(n:4)

Freeze

lesion

1.6

+ 0.3 *

13.7

+ 5.0 #

22.0

+ 1r.4

@

21.9 + 4.9 +*

(n=7)

All

data are expressed as mean + SD. Cell counts are expressed as the number of cells per

fow 250x250 pm areas (i.e. 0.25 mm2).

* p<0.0001 significantly less than whole
blood and devascullarizinglesions
# p<0.002 all are significantly different from each other

@p:0.003 significantly

less than whole blood

** p<0.0001 significantly

less than whole blood

(ANOVA with Bonferroni-Dunn intergroup comparisons; note that the same conclusions
are reached when the lesions are compared to the entire whole blood injection group)
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Figure 2-3-L Diagram of coronal section of rat cerebrum to illustrate areas used for cell
counts

[l)

relative to injected blood (H indicates hematoma) and margins of large lesions

(dotted line).
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Figure 2-3-2. Photomicrographs showing cortical lesions in rat cerebrum 48 hours after
injection of 50 ¡rl blood into the cortex (top), pial devascularization (middle), and fueeze

injury @ottom). Collections of erythrocytes are seen as dark areas. Following blood
injection the edematous area of cortical injury (pale region defined by arrows) extends

well beyond blood collections along the needle tract (arrowhead). There is some blood in
the white matter and subarachnoid compartment. Following pial devascularization the
cortical tissue is partially necrotic and has fallen away during processing. The edematous

tissue along the edge

is

evident (anows) and there

is

some blood

in the depth

(anowhead), presumably due to bleeding from disrupted veins. The freeze lesion, defined

by necrotic and edematous tissue (arrows), is less hemorrhagic and more superficial than
the other lesions.

Bar: I mm.
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Chapter 2-4

Acute tissue damage after injections of thrombin and plasmin into rat striatum.

Mengzhou Xue, MD

Marc R. Del Bigio, MD, PhD, FRCPC

Stroke. 200 I ;32(9) :21 64-21 69.
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ABSTRACT
Background and purpose: Extravasation

of blood is

hemorrhage and head trauma. The mechanism

associated

with

of brain cell injury

intracerebral

associated with

hemorrhage differs from that due to pure ischemia. The purpose of this study was
to

investigate the acute changes following intracerebral injections

of proteins that

are

involved in blood clotting and clot lysis.
Methods: Sixty-eight adult rats were subjected to stereotactic intrastriatal injections of
normal saline (5 pl), low (2.5 ui5 pl) and high dose (25 u/5 pl) thrombin, low (0.

pl) and high dose

(I

t

¡tg/5

pgl5 prl) tissue plasminogen activator, low (0.05 U/5 pl) and high

dose (0'5 U/5 ¡rl) plasminogen,

low (0.335 U/5 pl) and high dose (3.35 U/5 pl) plasmin.

Forty-eight hours later rats were perfusion fixed. Brain damage area, eosinophilic

neurons, TTINEL positive cells, inf,rltrating neutrophils, CDSa immunoreactive
leukocytes, and reactive microglia were quantified.
Results: Damage areain striatum, dying cells, inflammatory cells, and microglial reaction

were significantly greater following the high dose plasminogen, plasmin and thrombin
injections. tPA injections were associated with mild inflammation.
Conclusions: These results suggested that thrombin and plasmin are harmful to brain cells

in vivo. Although the doses required to cause damage are relatively great in consideration

of the plasma content of these proteins, their pathological effect might be enhanced
through synergism with other mechanisms.

KEYV/ORDS: blood coagulation, cerebral hemorrhage, leukocytes,
proteolysis
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microglia,

INTRODUCTION
Intracerebral hemorrhage can be a consequence of hypertension, bleeding into an

ischemic infarct, rupture of abnormal blood vessels, or trauma. Hematomas remain a
signif,rcant management problem because the blood itself seems to have adverse effects

beyond its space occupying effect

"n. So-" of the adverse effects of blood have

been

attributed to proteolytic enzymes involved in blood clot formation and lysis. Thrombin,

which activates the formation of fibrin, causes morphological changes of cultured
astrocytes

20s,

neurite retraction in cultured neurons

"u,

undcauses edema when injected

into brain 3ls. Plasminogen is converted into plasmin by tissue plasminogen activator
(tPA), which is produced by brain endothelia

316.

Plasmin serves to lyse blood clots

through the digestion of fibrin. Plasmin also causes considerable edema when injected

into brain

20e.

tPA can potentiate brain damage caused by thrombin and that which

follows middle cerebral artery occlusion in rats
evacuation

317' 318.

However, injection of tpA to aid

of intracerebral hematoma is not associated with adverse affects 3le. The

consequences
documented,

of thrombin,

plasminogen, and tPA injections into brain are not well

in particular to what extent they resemble those caused by intracerebral

hemorrhage. Nishino and coworkers infused thrombin or plasmin into rat striatum for 7

days and studied the histopathological changes after that time. Plasmin
hemorrhage, and therefore they did not study the animals histologically.

caused

At sites of

thrombin infusions neutrophils, macrophages, reactive astrocytes, and new blood vessels
were observed

84' 320.

The purpose of this study was to investigate the acute inflammation

and cell death that follow intracerebral injections

of thrombin, tPA, plasmin,

and

plasminogen. Our previous experiments showed that cell death and inflammatory cell
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infiltration peak 2-3 days after injection of autologous whole blood in to the rat brain,
therefore we chose a survival period of 2 days3e'a0.

MATERIALS AND METHODS

Animal preparation

All

experimental procedures were done

in

accordance with guidelines

of

the

Canadian Council on Animal Care. Protocols were approved by the local experimental

ethics committee. Sixty-eight young adult male Sprague-Dawley rats weighing 175 to

250 grams were used. Rats were anesthetized with pentobarbital (50 mg/kg Ip) and
placed in a stereotactic frame. The animals were draped but core temperature was not
monitored or regulated during the 15-minute procedure. Following midline scalp incision,
a hole was drilled through the

skull,

and

a27

gauge needle attached

to a l0 pl Hamilton

microsyringe was inserted into the striatum (3 mm lateral to midline, 0.02 mm anterior to
coronal suture, depth 5.5 mm below the surface of the skull). To allow clotting of any
induced bleeding the needle was left in place for 5 minutes before beginning the infusion

(5 pl over 5 minutes). After infusion, the needle was left in the place for 3 more minutes
then removed slowly. The bone hole was sealed with bone wax, the scalp wound was
sutured, and the animal was placed in a warm cage with free access to food and water.

Nine groups of six to eight rats each were used. Infusion solutions were prepared and
passed through a 0.22 ¡rm

and high dose (25 U/5

filter. Rats received injection of saline, low dose (2.5 U/S ¡il)

pl) thrombin (from bovine plasma; T-6634, Sigma

company, st. Louis Mo), low dose (0.1 ¡rgl5 ¡ri) and high dose
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(l

Chemical

pe5 pl) tpA (from

human melanoma cell line; T-7776, Sigma), low dose (0.05 U/5 pl) and high dose (0.5

U/5 pl) plasminogen (from bovine plasma; P-9156, Sigma), or low dose (0.335 U/5 pl)
and high dose (3.35 U/5

pl) plasmin (from porcine plasma; P-8644, Sigma)

4-l). Our original intent had been to inject equivalent unit activity

(see Table 2-

doses of plasmin and

plasminogen, but for technical reasons and financial constraints this did not occur. The
proteins were not tested for the presence of endotoxin because of the known capacity for
serine proteinases to yield false positive results (see E-TOXATE@ technical bulletin No.

210; Sigma).

Histological examination

Forty-eight hours after injections rats were reanesthetized and perfused through
the heart with 300 ml ice cold 4 %oparaformaldehyde in 0.1 mollL phosphate buffered
saline (PBS). The brain was removed and stored in the same fixative for

I

- 7 d,ays. Fixed

brains were cut coronally approximately 2 mm on either side of the needle entry site,
which was identif,rable on the brain surface. Brain slices were dehydrated and embedded

in paraff,rn. Sections (6 pm) wete cut, and each 30th section from the rostral to the caudal

portion of the damage area was stained with hematoxylin and eosin (H&E). At the
coronal level of the needle entry site, where the brain damage was maximal, a variety

of

histological and immunohistochemical stains were performed.

To demonstrate mononuclear leukocyte infiltrate, sections were dewaxed
rehydrated, washed with distilled water, quenched with 0.3

o/o

HzOz, blocked

with

and

10 %

normal goat serum, and incubated with anti-CD8a monoclonal antibody (diluted 11400,
PharMingen International, Canada) at 4"C overnight. This detects cytotoxic T cells and
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natural killer (lrlK) cells 2t8. Slides were then washed with Triton PBS, incubated in

biotinylated goat anti-mouse IgG (1/300)
incubated

for t hour at room

temperature, washed,

with streptavidin-peroxidase (11400) for 30 minutes at room

colored with diaminobenzidine

-

temperature,

H2O2 solution, washed and coverslipped. Control

sections were processed with omission of the primary antibody. Histochemistry with
Ricinus communis agglutinin lectin (RCA-1) labeling was used to demonstrate reactive

microglial cells

26e.

Sections were dewaxed and rehydrated, washed with distilled water,

quenched with 0.3Yo HzOz, blocked with 10 Yo normal sheep serum, and incubated with

biotinylated lectin (diluted 112000, Vector Laboratories, Inc., Burlingame, U.S.A.) at
room temperature for

t hour. Slides were then washed with Triton PBS, incubated with

streptavidin-peroxidase (11400)
diaminobenzidine

-

for I hour at room temperature,

colored with

HzOz solution, washed and coverslipped. Control sections were

processed with omission of the biotinylated lectin. TUNEL (terminal deoxynucleotidyl
transferase (TdT)-mediated deoxyuridine triphosphate (dUTP)-biotin nick end labeling)
was used to identify cells with damaged DNA, most of which are dying cells. Paraffin
embedded sections were dewaxed and rehydrated, then incubated in 20
¡illml proteinase

K for

15 minutes. TUNEL was accomplished using Apoptag in situ

Purchase, NY, USA). After immersion in equilibration buffer

for

kit

(Intergen;

10 minutes, sections

were incubated with TdT and dUTP-digoxigenin in a humidified chamber at 37'C for

1

hour and then incubated in the stop/wash buffer at 37"C for 30 minutes. Sections were
washed with PBS before incubation

in anti-digoxigenin-peroxidase solution (1/500 in

PBS) for 30 minutes at room temperature, and colored with diaminobenzidine

-

HzOz

solution. Sections were counterstained with methyl green. Negative control sections were
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treated similarly but incubated

in the absence of TdT

enzyme

or dUTp-digoxigenin.

TUNEl-positive nuclei with chromatin condensation and fragmented nuclei were
considered as probable apoptotic cells. TLINEL positive cells with diffuse light brown

labeling

of

nucleus and cytoplasm were considered as probable necrotic cells

I88.

Together they were considered to be dying cells.

Cell counts and determination of damage area

A "camera lucida" drawing

was used to assess the overall brain morphology on

the coronal slice with maximal striatum damage, which was defined by the presence of
blood, tissue rarefaction, or necrosis at the injection sites. Computerized planimetry was

used

to

measure the traced areas. Using an ocular graticule and 250

magnification (objective magnification

x

x

ocular

20), eosinophilic dying neurons, TLINEL

positive dying cells, neutrophils, CDSa immunoreactive cells, and RCA-1 binding cells
were counted in 4 fields (each area 250

x

250 pm) immediately adjacent to the needle

injection/damage site which was defined by the presence

of erythrocytes or

necrosis

(Figure 2-4-1). Areas with large blood vessels were avoided. In brains with large areas of
necrosis, counts were made near the edge of the lesion because the necrotic cores were

devoid of viable cells.

All data are expressed

as mean

+ SEM. Data were analyzed

to

ensure normal distribution and then intergroup comparisons were made by ANOVA

followed by Fisher's protected least signif,rcant difference (PLSD) post hoc test using
StatView 5.01 software (SAS Institute; Cary NC). The differences were considered
significantly different when p<0.05. Additional power calculations were made manually
using published tabies

32r.
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RESULTS

All rats tolerated the surgical procedure well and there was no surgical mortality.
Microscopically, brains with saline injection, all low dose injections, and tpA high
dose

injections exhibited small collections of blood and negligible edema extending up to
50pm on either side of the needle tract (Figur e 2-4-2). High dose injections of thrombin,
plasmin, and plasminogen resulted in columns of necrosis characterized by lysis
of all

cell types and absence of nuclear staining extending up to 2 mm on either side of the
needle tract (Figure

2-4-2).In

a

minority of these the necrotic core was hemorrhagic up to

200 ¡rm from the needle tract. Scattered karyorrhectic nuclei, eosinophilic or pyknotic
neurons and TTINEL positive cells were identifiable up

necrotic lesion. Neutrophils were adherent

to

to 2 mm from the edge of

vessel walls

or passing through

the

capillaries and venules. Neutrophils and CDSa immunoreactive leukocytes were

*ely

present within the necrotic tissue except at the periphery. They were found

in the

surrounding intact edematous striatum as well as occasionally in nearby white matter

(Figure 2-4-3)' Reactive microglia with ramified processes and swollen bodies
were
present in the parenchyma and around blood vessels.

Quantitative data are shown in Figure 2-4-4. Damage areain striatum, dying cells
and inflammation

in

adjacent non-necrotic tissue were significantly greater following

high dose thrombin, plasminogen, and plasmin injections compared to other groups.
These destructive and reactive changes were roughly proportionate to the total area

injury although despite the absence of significant necrosis following the low

10r

of

dose

thrombin injection, there were more dying neurons and neutrophils in the penumbra.
Neutrophil inf,rltration and microglial reaction were mildly but significantly elevated
following injection of all substances.

DISCUSSION

Intracerebral hemorrhage causes brain damage through multiple mechanisms

2se.

Direct tissue destruction by the hemorrhagic event and dissection of blood along tissue
planes occurs immediately. This is followed by development

ischemic damage due

to

of edema and

secondary

raised intracranial pressure and distortion

of

the

microvasculature. The enzymes involved in blood clotting and clot lysis are potentially

toxic in the first day following hemorrhage e2. Delayed damage also occurs through
release of toxins by blood breakdown products ot. This study demonstrated that injection

of thrombin, plasminogen, and plasmin into the striatum of rats is associated with

dose

dependent tissue necrosis, cell death, and inflammation at 48 hours. The focal necrosis
associated with enzyme injections was rapid and most likely due to a direct effect of

these agents on the neuropil

or the vasculature. Inflammation, including influx of

neutrophils and lymphocytes as
proportionate

to the total

area

of

well as reaction by microglia, was generally

damage and not

to the quantity of foreign protein

injected. It was also similar in magnitude to that seen following infusions of autologous

whole blood 3e' 40. Therefore, with the exception

of tPA-associated

changes the

inflammation is likely stimulated by the damage and not directly by the infusate (or by
small quantities of contaminants in the infusate such as endotoxin t"1. The inflammation

t02

may contribute to secondary injury in the penumbra region surrounding the hemato-u'e,
52,130,155.

In blood, thrombin is produced by proteolytic cleavage of the plasma protein
prothrombin. Thrombin converts f,rbrinogen into fibrin, which is ultimately involved in
formation of a blood clot. Brain and spinal cord tissues including neurons and endothelia
have a large number of thrombin receptors (also known as protease-activated receptor,

PAR-I) as well as the related PAR-2
concentrations

221,226,323,324.

of trypsin, thrombin, and plasmin

227.

capable of producing small quantities of prothrombin

whose precise role
processes

3t5.

Th"

inhibitors

326.

200'

32t.

neurons 206 and. is toxic to neurons

be

Thtough these receptors,
causes retraction

in brain

slices

of

cell

in a dose-

When injected into the brain, thrombin can cause brain edema2s7,

edema-inducing effect
e3' 2e7' 3ts'

The brain itself appears to

in normal signaling is unclear, thrombin

of cultured

dependent manner

These can be activated by low

327

of thrombin can be inhibited by

) thrombin preconditioning

208,

several thrombin

or heparin al. plasminogen is

a

plasma protein that is converted into plasmin by tissue plasminogen activators. They are
produced by brain endothelia as well as by some neurons

316.

Plasmin can digest fibrin to

allow lysis of blood clots. When injected into brain, plasmin also causes considerable
edema

3tt,

pot"rrtially through an effect on the blood brain barrier

207.

Brain necrosis and cell death caused by injection of high dose thrombin and
plasmin are likely due to direct proteolytic activity. We suggest this because the tissue
necrosis was rapid and involved all cell elements, even those without known thrombin
receptors. Thrombin, plasmin, and tPA are all trypsin-like serine proteinases of the tissue

kallikrein family. Their active sites have similar substrate specificity although their
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aff,rnity varies, being modified by additional binding sites

328-331.

At lower

doses thrombin

also causes apoptosis of neurons and astrocytes in culture, apparently through surface
receptors that arc activated by proteolytic cleavage af a specific site 332,333. Because the

receptors are proteolytic substrates, experiments

with

determine whether thrombin and plasmin are acting

antagonists would

not help

in a selective or indiscriminant

marìner. More detailed investigation of the dose-response relationship would. Although

it

is conceivable that thrombin or plasmin can induce endothelin synthesis and subsequent
vasospasm and ischemia334-336, vasoconsttiction

previously excluded

2e7.

following thrombin injection has been

Thrombin, tPA, and plasminogen are normally present in brain at

low concentrations, especially during development and during reactive

changes. In

addition to action through the PAR receptors, plasmin is known to degrade a range of
extracellular matrix proteins and
digest matrix proteins

328'

337

to activate matrix

metalloproteinases, which can also

.In high doses their proteolytic activity likely

exceeds that

which can be controlled by endogenous regulatory proteins (e.g. u2 macroglobulin,
protease

nexin-l, plasminogen activator inhibitors, etc) and proteolysis continues

unchecked 230'338-340. Plasminogen activator inhibitor-l

(PAI-l), the major regulator of

plasminogen activation, exists in brain only in very small quantities 3al, although it can be

upregulated following experimental stroke 342.

PAI-I

def,rcient mice exhibit larger

infarcts following middle cerebral artery occlusion 3ot. It has also been shown that mice
deficient in tPA, in which plasmin is not activated, are less susceptible to neuronal injury

following brain ischemia

318

or excitotoxin injection

3aa.

The plasma proteins we injected, with the exception
dependent brain injury. We must point out several caveats

104

of tPA, caused dose-

to the experiment.

First,

expressed in terms of the whole blood volume that would contain that quantity (see Table

1),

it

seems obvious that the

toxic doses could only be delivered in unrealistically large

blood volumes relative to the brain size. Furthermore, plasma infusions alone are not
overtly toxic a0'30t. Ho*ever, one cannot exclude the possibility that alargehematoma in
alarge brain would allow diffusion of toxic quantities into the surrounding tissue, at least

at the microscopic level. Second, there were considerable differences in the apparent
potency of the different proteins. Although, the high dose plasminogen and the low dose

plasmin were roughly equivalent in terms of nominal enzyme activity, the effect of
plasminogen was much greater. We speculate that some plasmin activity is lost when it is

purif,red

in the post-activated form. In contrast, the plasminogen is activated in

situ.

Third, the relative potency of thrombin delivered in a hematoma would appear to
gteater than that of plasminogen (compare high dose thrombin to

be

low dose plasminogen,

which are contained in roughly the same amount of blood). However, we must consider

for several reasons that this type of comparison is naive. The true quantity of thrombin
delivered is not accurately known because it can adsorb to glass and plastic. Furthermore,
the actual activity of thrombinataparticular site can be very difficult to predict because

it is self-amplifuing

and because

it is rapidly inactivated by binding to fibrin

32e' 33t.

Fourth, tPA injections appeffed to cause mild inflammation, perhaps a non-specihc effect

of foreign protein, but minimal cell death. This was previously observed by Figueroa and
coworkers 3t7 and. may be because tPA injected alone lacks suffrcient substrate to be
toxic. In neither experiment, however, was the tPA tested independently to prove activity

prior to injection. It is clear that tPA potentiates various forms of brain injury 3'7. Fifth,

with only two doses, we cannot know that the maximal adverse effect would not be
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achievable at a much lower dose. Therefore we have not determined the dose-response

relationship necessary to speculate accurately on the mechanism of injury. Finally, we
cannot exclude the possibility that mild hypothermia was protective

in the low

dose

situation, magnifying the apparent difference between low and high doses.

In summary, the results demonstrate that injections of thrombin, plasminogen, or
plasmin into rat striatum are associated with necrosis, cell death, and inflammation in a
dose dependent manner. Because of the rapid evolution, the most likely mechanism

of

action is uncontrolled proteol¡ic digestion of neurons, glia, and vascular cells. Peripheral

to the necrotic core, cell death might be mediated by indiscriminate proteolysis, selective
cleavage of protease activated receptors

226,

or by inflammation, which might be induced

by general mediators of tissue injury or perhaps directly by thrombin3a6. Although the

toxic doses are seemingly high when injected individually, we cannot exclude

the

likelihood that applied together, as in the case of intracerebral hemorrhage, they can act
synergistically along with other plasma proteins not studied here. The plasma enzymes

thrombin and plasmin might play an important role

in the brain injury that follows

intracerebral hemorrhage, and therefore represent potential targets
intervention.

i06

for

therapeutic

Table 2-4-1. Striatum damage area, cell injury and inflammatory cell infiltration
following injection of enzymes involved in blood clotting and clot lysis.

Injection (in 5 ¡rl)

Number of rats

Saline

I

tPA low (0.1 pg)

6

35

tPA high (1.0 pg)

6

350

Plasminogen low (0.05U)

8

110

Plasminogen high (0.5U)

8

1

Plasmin low (0.335U)

8

7s0

Plasmin high (3.35U)

8

7500

Thrombin low (2.5U)

8

15

Thrombin high (25U)

I

150

u:

Crude approximation - see references

347'348

t07

Blood volume equivalent (¡rl)

100

a

Figure

2-4-1. Schematic diagram of coronal section through rat striatum (S), bounded

medially by the lateral ventricle (V) and superiorly by the external capsule, illustrating
areas

in which cells were counted

(squares) surrounding the area

injection site.
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of

damage

at the

5äline

Figure

Thrürfi hin

2-4-2. Photomicrographs showing striatal damage 48 hours after saline or high

dose th¡ombin injection. Insertion
extravasated blood due

of the needle resulted in a

narrow column of

to microvascular injury. Injection of 25 units thrombin (and

similarly 0.5 units plasminogen) resulted in a necrotic lesion characterized by necrotic
and edematous tissue in which cells stain weakly. (Hematoxylin and eosin stain)
100 pm for both images.
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Figure 2-4-3. Photomicrographs showing comparable areas

of striatum adjacent to

the

injection site following administration of saline or high dose thrombin. Neutrophils
(arrows

on H&E stained sections), cytotoxic lymphocytes (immunohistochemical

detection of CD8 antigen on cell membranes), reactive microglia and early macrophages

(lectin histochemical detection with RCAI), and dying cells (TIINEL detection of
fragmented DNA) are all more abundant following injection of proteolyic enzymes. (All
micrographs were photograph ed at 25bxslide magnif,rcation, scanned and color balanced
using Adobe Photoshop 5.0)
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Figure

2-4-4. Bar graphs showing relative tissue damage area (in

¡rm2) and quantity

TUNEL positive dying cells, eosinophilic dying neurons, neutrophils,

of

CD8

immunoreactive lymphoc¡es, and RCA-1 lectin binding reactive microglia and
macrophages.

All data are expressed

as mean

+ SEM. Cell counts are expressed

as the

number of cells per four 250x250 pm areas.

* p<0.05 versus saline control group.
# p<0.05 high dose versus low dose

(ANOVA followed by Fisher's PLSD post hoc test)

NOTE: Using the mean differences for values that were minimally different (e.g. CDSa
for low dose plasminogen) the actual power of the test is calculated at -50%o (d:1.742; k,
the total number of groups,

:

9; f, for intermediate pattem of variability,

achieve a power of 80% with cr : 0.05, group sizes
321
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Abstract

Periventricular/intraventricular hemorrhage (PVH/IVH) into brain can occur in
premature infants and is associated with poor developmental outcome. The purpose of

this study was to develop and characterize a model of PVH/IVH in newborn mouse. We

hypothesized

that periventricular germinal matrix would exhibit reduced

cell

proliferation. PVFVIVH was induced in l-day old mice by injection of autologous blood
into the periventricular tissue. Magnetic resonance images (MRI) were obtained from
minutes

to

15

14 days later. Mice were killed 4 hours to 28 days later. Cell proliferation,

dying cells, astrocyte and microglial reactions, neutrophils, and lymphocytes were
quantified. Histological studies showed that MRI accurately localizes the hematoma but
overestimates the size

of the hematoma. The hematoma, located in the striatum and

germinal tissue, always extended into the lateral ventricles. Cell proliferation, measured

by Ki67 immunoreactivity, was suppressed bilaterally in germinal matrix and beyond
from 8 hours to 7 days. Increased cell death was observed in the ipsilateral striatum and
germinal matrix 1 and 2 day(s) after PVH/IVH. Astrocyte and microglia reaction peaked

at2

days and persisted up to 28 days. Inflammatory response was minimal. Extravasated

blood might play an important role

in brain damage following PVH/IVH

through

suppression of cell proliferation.

Keywords: cell death, cell proliferation, inflammation, immunohistochemistry, Ki67,
MRI, PVH/IVH
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INTRODUCTION
Periventricular/intraventricular hemorrhage (PVH/IVH) is defined as hemorrhage
originating primarily from subependymal germinal matrix (GM) with extension into the
ventricles. It occurs most commonly in premature infants 24 - 30 weeks gestation tt. The
pathogenesis

of PVH/IVH is multifactorial and consists of a combination of varying

arteúal and venous blood flow

walls in the germinal matrix
tissue

3ae.

15,

6e'349

3s2'

3s3

) coagulation disturbances

3s0' 3s1,

veins with fragile

and excessive fibrinolytic activity in the immature brain

Perinatal brain damage

neurologic disability
354,

ls'

is among the most prevalent and costly forms of

. PVH/IVH can be associated with hemiplegic cerebral palsy

mental retardation 3s5, and hydrocephalus ls'353. H"morrhage causes brain damage

through direct tissue destruction, followed

by

secondary damage

to cells through

proteolytic activity of enzymes involved in blood clot formation and lysis, inflammation
and cytokine production, edema, and hemoglobin released from lysed ery.throcytes 38'a0'

42.

Some

of

these mechanisms have been studied experimentally

in adult brains.

However, unlike damage due to hypoxia-ischemia which has been studied extensively
neonatal brain hemorrhage has been largely ignored

2s5,

6e.

The periventricular GM consists of pluripotential cells that give rise largely to
cerebral neurons before 20 weeks gestation
oligodendrocytes and astrocytes

in

humans and later

to

precursors of

't. In humans the GM involutes by about 34-38 weeks

gestation. In the mouse and rat, periventricular germinal cells generate neurons prior to

birth and glial cell precursors during the week after birth
have shown that plasticity is not very effective

Experimental studies

in the newborn rodent brain, likely

because normal developmental processes are interrupted

tt6

234'23s' 3s6.

tou.

Hypoxic ischemic damage to

7-day rat brain,

in which the GM has largely

oligodendrocyte precursors 23t.
associated

In

involuted, reduces the quantity of

humans we have observed that hemorrhage is

with suppression of germinal cells in cell cycle (Figure 2-5-1). Because

reduced brain cell production could have important consequences, our goal was to
develop and characterize a novel animal model of PVFVIVH in which we could test the
hypotheses that GM cell proliferation is reduced after PVH/IVH. We used 1 - 2 day(s)

old mice based upon the state of the subependymal zonelganglionic eminence, which is

roughly comparable to that

in 24 - 26

week gestational age human brains

3s7'

358.

Magnetic resonance imaging (MRI) was used to standardize the hematoma for successive
time point analyses of the mouse brain following PVH/IVH.

MATEzuALS AND METHODS
Animal model

All

experimental procedures were done

in

accordance with guidelines

of

the

Canadian Council on Animal Care. Protocols were approved by the local experimental
ethics committee. A total of one hundred and eighteen newbom (24-36 hours) CD-l mice

weighing 1.42

-

1.95 grams were used. The mice were anesthetized with 1.5

- 2%

halothane in a 70:30 mixture of NzO:Oz. Autologous whole blood (15 ¡rL) was collected

in a sterile syringe by placing the tail in warm water for
70Yo alcohol, and cutting the

tail tip.

I

minute, cleaning the skin with

Because the mice could not be secured

in

a

stereotaxic frame, the injections of blood were done freehand with the needle inserted
percutaneously.

A

27-gauge needle was attached to the syringe and quickly introduced

tt7

into the right periventricular region of the newborn mouse (1 mm laterul,0.5 mm behind
the right eye,3 mm deep to the scalp surface). A shield around the needle stabilized it
against the scalp and ensued correct depth of penetration. Blood (15 ¡rL) was injected

over 1 minute; the needle was left in the place for 10 - 20 seconds, and then removed
slowly. Mice were returned to the mother after the 3-minute procedure. Sham controls
consisted

of 12 newborn CD-1 mice into which in 15 ¡"rL sterile saline was injected.

Because needle insertion alone also can cause hemorrhage,25 intact mice were also used

as controls following halothane anesthesia only. Physiological monitoring was not
possible. To compare the extent of blood spread, five additional adult CD-1 mice (weight

20 - 25 grams) underwent autologous whole blood (50 pL) injection. The method was
similar except the head was affixed in a stereotaxic frame.

Magnetic Resonance Imaging

Proton magnetic resonance imaging (MRI) was carried out using
Biospec/3 MR scanner equipped with a

2I cm bore magnet operating

a

Bruker

at a field of 7 Tesla.

The MR probe used was a custom-built quadrature volume coil (tength 3.0 cm, inside
diameter 2.0 cm) 3te. Th" mouse pups were anesthetized

with L5 - 2 %ó halothane in a

70:30 mixture of NzO:Oz and maintained normothermic by blowing warm air over the

animal holder. Scout MR scans were taken with

a

magnetization transfer prepared

TuTboFLASH (MT-FLASH) sequence with a TR of 3.7 ms, TE of 2.3 ms, field of view
of 4.0 x 4.0 cm2, slice thickness of 1.0 mm, and matrix size of 128
a 2 second continuous-wave RF pulse at an offset

of

x

I28 pixels. Applying

12000 Hzand strength of 25 mT

effected the magnetization transfer. High-resolution scans were taken with a standard
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multi-slice spin-echo sequence using TR's in the range of 800 - 2500 ms, TE's of either
7.2, 60, or 120 ms, field of view of 3.0 x 3.0 cm2, slice thickness of 1.0 mm, and matrix
size of 256

x 256. Ow predominant interest was to observe the signal loss due to the

injected blood. This was dramatic even at very short TE (7.2 ms). We found that the T1-

weighting produced by the short TR was far less than the T2-contrast produced by the
paramagnetic relaxation effect. Therefore, the short TR was chosen for most scans to
reduce the overall scan time. Mice were only used for subsequent histological analysis

if

MRI showed a standard hematomasize and location.

The volume

of the acute hematoma

observed

by MRI and histology

was

compared. For this we used 13 mice,4 of which were imaged twice at 15 - 30 minutes
and 4 hours. Four had

compared at

MRI and histology compared at 15 - 30 minutes, and 9 were

4 hours. On MR

images, the area

of signal alteration was traced and

measured by computerized planimetry. The total volume proportion was calculated based

on 1 mm slice thickness. Histological sections every 200 ¡rm encompassed the entire
hematoma site. Camera lucida tracing was used to measure the blood collections on each

slice (including intraventricular blood and parenchymal hematoma). The total volume of
extravasated blood was then calculated.

Histologic evaluation

Mice were reanesthetized 4,8 hours, 1,2,7, and 28 day(s) (4 - 5 mice were used
for each time point) after blood injection into brain, or 8 hours, 1,2, 7 day(s) (3 - 4 mice
were used for each time point) after saline injection. They were perfused through the
heart with 5

to20 ml ice cold 4 %oparaformaldehyde in 0.1 mol/L

t19

phosphate buffered

saline (PBS). The brain was removed and stored in the same fixative for 1

Fixed brains were cut coronally

- 10 day(s).

to surround the injection sites, and slices were

dehydrated and embedded in paraffin. Sections (6 pm) were cut serially for the whole

brain, and each iOth section was stained with hematoxylin and eosin (H&E). Near the
lesion center, where the brain damage was maximal, and a variety of histological and
immunohistochemical stains were performed (see below).

We wanted to investigate the inflammation that occurs after PVH/IVH, but the
relevant antigens cannot be detected reliably on paraffin sections. Therefore, additional
mice were reanesthetized at2,

4,7, 14, and 28 day(s) (4 - 5 mice were used for each time

point) after blood injection into brain, perfused through the heart with 5 to 20 ml ice cold
0.15 mol/L phosphate buffered saline (PBS), following by 5
sucrose
stored

to 20 ml ice cold 10%

in 0.1 mol/L phosphate buffer (PB). The brain and spleen were removed and

inI}Yo

sucrose

in 0.1 mol/L PB with 0.02% sodium azidefor 3 - 8 days. Brains

were cut coronally approximately 3 - 4 mm on either side of the lesion center. Frozen
sections (14 pm) were cut serially through the anterior half of the cerebrum. Selected

levels were stained with H&E. Near the lesion center,

a variety of immunolabeling

procedures were performed using anti-CD3, anti-CD3e, arúi-CD4, anti-CD8, anti-Gr-1
antibodies to detect the lymphocyte and neutrophil infiltration (see Table 2-5-1). AntiCD3e antibody was used to detect lymphocytes in the frozen brain tissues by labeling the

T cell receptor associated CD3 complex, which is expressed on thymocytes and mature T
lymphocyes of all mouse strains
washed, blocked

360.

Frozen sections were fixed

in 20" C acetone,

with i0% donkey serum, and incubated with biotin-conjugated

hamster

anti mouse CD3e monoclonal antibody (diluted 11300 in Io/o BSA, Pharmingen Canada)
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at 4"C overnight. Slides were then washed, incubated in streptavidin-peroxidase HRP

(1/400), washed, colored

with

diaminobenzidine

-

HzOz solution, washed

and

coverslipped. Purified rat anti-mouse CD3, anti-mouse CD4, anti-mouse CD8 (Ly-2),
anti-mouse Ly-6G

(Gr-l) antibodies were used to detect the lymphocyte and neutrophils

infiltration on frozen brain sections by immunofluorescence. Frozen sections were fixed
in -20" C acetone, washed, blocked with 10% donkey serum, and incubated with rat anti
mouse monoclonal antibodies (all antibodies from Pharmingen Canada, diluted 1/100 for

anti-CD8 and anti-CD3, 11300 for anti-CD4, 11500 for anti-Gr-|

in I% BSA) at 4"C

overnight. Slides were then washed and incubated in mouse anti rat Cy3, coverslipped

with mounting media for fluorescence microscopy (Kirkegaard
Gaithersburg, Maryland, USA) and observed

by

&

Perry Laboratories

fluorescence microscopy. For all

antibodies procedures negative control sections were processed with omission

of

the

primary antibody. Positive controls were pieces of spleen tissue embedded adjacent to the
brain.

Ricinus communis agglutinin lectin (RCA-l) labeling was used to demonstrate
reactive microglial cells 26e. Paraffin sections were dewaxed and rehydrated, washed,
quenched

with 0.3 %o HzOz, blocked with 10 o/o normal sheep serum, and incubated with

biotinylated lectin (diluted I/2000, Vector Laboratories, Inc., Burlingame, U.S.A.). Slides

were then washed, incubated with streptavidin-peroxidase (11400), colored with
diaminobenzidine

- HzOz solution,

washed and coverslipped. Control sections were

processed with omission of the biotinylated lectin.

Anti-GFAP (glial fibrillary acidic protein) antibody was used to evaluate astrocyte
reaction. Paraffin sections were dewaxed, rehydrated, quenched with 0.3 o/o HzOz,

t21

blocked

with 10 %o normal goat serum, and incubated with rabbit anti-cow

GFAp

polyclonal antibody (diluted 1/1000, Dako) at 4'C ovemight. Slides were then washed,
incubated with biotinylated goat anti-rabbit IgG (1/300), srreptavidin-peroxidase (11400),
and colored with diaminobenzidine -HzOz solution. Control sections were processed with

omission of the primary antibody.

Detection of proliferating cells and dying cells

Cell proliferation status in the brain was assessed with an antibody that recognizes
nuclear Ki67 antigen, which is expressed from late

Gl to M

phase

of the cell cycle

361.

Bisbenzimide (2-(4-ethoxyphenyl)-5-(4-methyl- 1-piperuzinyl)-2,5-bi-1H-benzimi dazole
trihydrochloride; Hoechst 33342, Sigma) counterstaining was used to show all nuclei.
Paraffin sections were dewaxed and rehydrated. Slides were microwaved in 0.6 M citric
acid buffer for 15 minutes and were cooled in 0.1M PBS for 20 minutes. Slides were
blocked with 10

%o

normal donkey serum and incubated with rabbit anti-Ki67 polyclonal

antibody (Nlovocastra, U.K, diluted l/500) at 4"C overnight. Slides were then washed,
incubated with Cy3 donkey anti-rabbit IgG (1/500), and coverslipped. Negative controls
were processed without the primary antibody.

TLINEL (terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine
triphosphate (dUTP)-biotin nick end labeling) was used
damaged

to identify dying cells with

DNA. Paraffin embedded sections were dewaxed and rehydrated, then

incubated in 20 ¡tLlml proteinase

Apoptag in situ

K for 15 minutes. TLINEL was

accomplished using

kit (Intergen; Purchase, NY, USA). After immersion in equilibration

buffer for 10 minutes, sections were incubated with TdT and dUTP-digoxigenin in
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a

humidified chamber and then incubated in the stop/wash buffer. Sections were washed
before incubation in anti-digoxigenin-peroxidase solution (1/500

in PBS), and colored

with diaminobenzidine - HzOz solution. Sections were counterstained with methyl

green.

Negative control sections were treated similarly but incubated in the absence of TdT
enzyme or dUTP-digoxigenin.

Sections of brain were stained with Fluoro-Jade to show dying neurons l8e, leO by

incubating sections

in

0.06%o potassium peffnanganate

for 15 minutes while

gently

shaking on a rotating platform. Then 0.001% Fluoro-Jade (Histo-Chem Inc.; Jefferson,

AR) staining solution was applied for 30 minutes, following by PBS washing, drying in
air, and coverslip application.

Determination of hematoma size and cell counts
The coronal levels with damage were identified. A "camera lucida" drawing was
used to trace the damaged areas, defined by the presence

of blood, tissue rarefaction, or

necrosis. Computerized planimetry was used to measure the traced areas. Using an ocular

reticule and 400x ocular magnification, TUNEL positive dying cells, extravascular
neutrophils identified on H&E sections by characteristic nuclear morphology, and RCA-I
labeled cells were counted in 4 fields (each area 540 prm x 540 ¡rm) immediately adjacent

to the damage site including striatum and GM as previous described

3e.

Areas with large

blood vessels were avoided. The GFAP positive cells were assessed semiquantitatively

by using four grades (0, no positive cells; 1, rare positive cells; 2, moderute number
positive cells; and 3, many positive cells). The proportion of cells in cycle was calculated

by dividing the number of Ki67 immunoreactive nuclei by the total number of nuclei
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stained with bisbenzimide. These proportions were determined in germinal matrix (three
areas comprised

of four 540 pm x 540 ¡rm field each, objective 40x magnification). Cells

were also counted in striatum (S), white matter (W), and cerebral cortex (superficial and
deep cortex) in 2 fields each (each 1.08 pm

counts were made

x 1.08 ¡.rm, objective 20x magnification). All

by an observer blinded to the time after injection. For

acute

experiments the presence of blood precluded blinding between groups.

Statistics

All

data are expressed as mean

+ SEM.

Data were analyzed, to ensure normal

distribution. Intergroup comparisons were made by ANOVA followed by Fisher least
square difference test. The differences were considered significantly different when
p<0.05. Non-parametric data (i.e. GFAP) were assessed using Kruskall-Wallis test. We
used StatView 5.01 software (SAS Institure; Cary NC).

RESULTS

MRI of PVH/IVH in newborn mice

All mice tolerated the injection of 15-pL blood into the periventricular

tissue well

and there was no surgical mortality. On T2-weighted MR images, blood appeared dark

(Figure 2-5-2 A-D) due to the large susceptibility effect of paramagnetic hemoglobin
products. The blood appeared to spread widely and rapidly following injection into the
periventricular region. In the majority of mice blood entered the lateral ventricles. Bright
regions surrounding the ventricles on T2-weighted images are likely due to susceptibility

attifact. This was confirmed by switching the read and phase encoding gradients in

r24

imaging studies carried out l-day post PVH/IVH (data not shown). When the read
gradient was directed left-right (L-R) and phase-encoding anterior-posterior (A-P), the

bright artifact appeared to the right and left of the hematoma; when the read gradient was

A-P and phase encoding gradient L-R, the afüfact appeared A-P. The
resolved rapidly, significantly decreasing

hematomas

in size by 1 day (Figure 2-5-2 E, F). Mild

ipsilateral (or sometimes bilateral) ventricle enlargement was apparent at 2 weeks (Figure

2-5-2 G, H). Saline injection was associated with only very small foci of blood
accumulation (Figure 2-5-2 I). MR images after injection

of 50 pL blood into medial

striatum of adult mouse brain had a similar appearance to those obtained following acute

PVH/IVH in neonates but was associated with less spread into tissue (Figure 2-5-2 J). As
in newborns, by

I

day the site of blood injection was hardly apparent (not shown).

We quantified and compared the hematoma volume on MRI and histological
sections immediately (15-30 minutes) and

4 hours following the blood injection into

newborn mouse brain (Figure 2-5-3). On MRI there was a significant decrease in size of

the hematoma by

4 hours. On histological examination

there was no significant

difference in size at the 2 time points. In comparison to MRI, histological preparations
showed that blood was in a much more confined region of the periventricular tissue.

Although the ventricles were filled with blood they were only minimally expended.
Therefore

MRI

overestimates the size

of the hematoma, but reliably documents the

location and allows in vivo documentation of a standard hematoma size.
for quantitative analyses had a similar MR appearance initially.

Histological features of PVFVIVH in neonatal mice

t25

All mice

used

Examination of the normal mouse brain at

l-2

days age, the time at which blood

would be injected, showed that the large elongated cells of the pseudostratifed ventricular
zone occupied a -50¡rm thick layer. The smaller, rounder subventricular zone cells over
the caudatoputamen (the ganglionic eminence) were packed in a dense layer up to 300¡rm

thick. Rare mitotic figures could be identified along the ventricle wall and many more

were

in the

subventricular zone. Scattered apoptotic bodies were present

in

the

subventricular zone. The germinal tissue of the ganglionic eminence was largely gone by

7

days and absent

by 28 days, confirming prior observations that the mouse lateral

ventricular wall resembles that of adults by 15 d,ays362.

A few ciliated ependymal

cells

were apparent along the roof of the ventricle by 3 days and many weÍe present along the

lateral wall by 7-9 days. Their appearance coincided with involution of the ventricular
and subventricular zones. Long processes of radial glial cells were apparent on the GFAP

immunostained sections
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extending into the white matter at the roof of the ventricle and

into the caudatoputamen along the wall of the ventricle at
long processes were evident at

7

2

days. Far fewer cells with

days. During this involution period many apoptotic

bodies were present.

Qualitative and quantitative assessments

injection were studied

of brain changes following blood

in the germinal matrix of the ganglionic

caudatoputamen, the white matter at the roof

eminence, the

of the lateral ventricle, and the dorsal

cerebral cortex (Figure 2-5-4). From hours to 2 days after blood injection, damaged brain

surrounding the hematoma appeared pale on hematoxylin and eosin (H&E) stain due to
edema. The irregular hematoma was located

in striatum and GM with extension into the

ventricles (Figure 2-5-5 A-C). Acutely, hematomas were characterized by single or

t26

multiple contiguous collections of blood cells, and blood cells mixed with GM cells.
These collections were often continuous with intraventricular blood collections because

ventricular zone was split.
ventricles.

At

It was difficult to assess ependyma in the blood-filled

1 day scattered neurons with hypereosinophilic cytoplasm were evident

within the damaged striatum. After

I

day, pale-staining degenerating erythrocytes and

fragmented nuclear debris were seen. By 7 days no blood or edema could be identified in

the tissue. The hematoma site was difficult to find with the exception of scattered
hemosiderin-containing macrophages. The ventricles were slightly enlarged at 28 days.

Cell proliferation and cell death
Counts of proliferating cells were made in several regions of brain adjacent to and

distant from the site of the hematoma (Figure 2-5-4).In normal brain, large proportions
of cells were Ki67 positive (Figures 2-5-5 D-G) in the GM and white matter from 8 hours

to 28 days. Fewer proliferating cells were identified in the striatum and cortex. In
comparison

to intact and saline-injected controls we observed that the proportion of

proliferating cells in the GM significantly decreased 8 hours, 2 andT days (but not 1 day)

post PVH/IVH bilaterally (Figure 2-5-6). In the white matter (corpus callosum and
extemal capsule), decreased cell proliferation was observed bilaterally from 8 hours to 7
days following PVH/IVH. The cerebral cortex showed a significant decrease
proliferation bilaterally

I

in

cell

- 2 day(s) post PVH/IVH. The striatum did not show significant

change in cell proliferation at any time point.

TUNEL positive dying cells (Figures 2-5-5 H-J) were infrequent in the normal
control tissue and contralateral to the hematoma. Ipsilateral to the hematoma more

t27

TLINEL positive dying cells were observed in the striatum and GM

I and 2 day(s) after

PVH/IVH (Figure 2-5-7). Rare, scattered Fluoro-Jade-stained dying

neurons,

corresponding to hypereosinophilic neurons, were observed in the striatum 1 - 2 day(s)

after PVH/IVH and thereafter (data not shown). Cells that stained weakly with FluoroJade were evident

in the striatum, cortex of ipsilateral and contralateral hemisphere,

and

septum, but these were not obviously dying cells.

In normal brains, astrocytes were immunoreactive for GFAP around blood vessels
in the striatum and cerebral cortex, and also among axons in the white matter (Figure 2-5-

5 K-M), beginning at

7

days. Radial glia were immunoreactive

for GFAP 2-7

Following PVH/IVH slightly hypertrophic astrocytes were evident

at 2

days.
days.

Semiquantitative assessment (Figure 2-5-7) showed that the astrocyte reaction was
maximal 2 - 7 days after PVH/IVH in the ipsilateral striatum ,2 - 28 days in the ipsilateral

white matter,

7 - 28 days in

contralateral white matter. 'We could not determine

specifically whether radial glia cells were disrupted except at the site of the hematoma.

Inflammation
RCA-1 labeling of microglia (Figures 2-5-5 N-P) was not evident in normal brain.

By

I hours after PVH/IVH

some reactive microglia with narrow cell bodies and branched

processes were evident. Their quantity was maximal

at2 - 7 days and had decreased by

28 days (Figure 2-5-7). By 7 days there were round macrophages adjacent to
hematoma' Neutrophils, evident with H&E stain and

Grl immunostaining,

the

were present

in the brain tissue surrounding the hematoma in very small quantities only at

I - 2 days

(1.6 ? 1.5 and 2.4 ? 1.8 respectively, per count region). Immunolabeling with anti-CD3,
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CD3e, CD4, and CD8 antibodies showed only very few scattered lymphocytes in the

vicinity of the hematoma, 2 - 7 days after blood injection (not shown).

DISCUSSION

Animal models are needed to study the pathogenesis of brain damage after
PVH/IVH. Intraventricular hemorrhage has been induced using glycerol
intracranial hypotension in prematurely born rabbits (27 - 30 days gestation)

to

70.

create

Injection

of blood into newbom dog brains has been used to study the effect of acute ventricular
distension on the surrounding blood

flow patterns t3. Dog models have played

important role in understanding the physiologic factors that predispose to PVH/IVH

6e.

an

A

mouse model of neonatal hypoxia develops superficial foci of bleeding unlike those seen

in humans to. These studies have been concemed with the physiologic

processes and

structural features that allow PVH/IVH but not the tissue reactions. In this study, we
developed a novel model

of PVH/IVH in newborn mouse by injection of

whole blood into periventricular tissue including GM and striatum.

autologous

All mice exhibited

extension of the hematoma into the ventricles. Therefore, this model corresponds to grade

ru i IV PVH/IVH as defined by imaging studies in premature infants 'uo. Thi,

model

provides an opportunity to study mechanisms of cellular injury after PVFVIVH.

Histological examination showed that MRI was capable of accurately localizing
the hematoma to the periventricular region and the ventricle. MRI allows us to ascertain

the size and site of the acute hematoma regardless of the subsequent survival period.
There are few studies of human infants with PVH/IVH using MRL T2-weighted fast spin
echo MRI is more sensitive than ultrasound for detecting small sites of hemorrh age

t29

36s:

366.

The MRI features we observed in mice are similar. However, MRI consistently

showed a latger hematoma volume than the histological preparation. This suggests that

hypointensity in the MR image is due to diffusing hemoglobin from lysed cells and/or the
large susceptibility effect of paramagnetic hemoglobin. Sequential studies after pVH/IVH
showed rapid dispersion of the blood. Blood in the ventricles is probably washed away by

cerebrospinal fluid (CSF). The loosely organized newborn brain might also allow rapid

removal of hemoglobin degradation products. MRI showed that the ventricles enlarged

slightly weeks after PVH/IVH. This is similar to the hydrocephalus that develops after

PVH/IVH in prematurely born infants

367.

However, we never observed progression to

severe ventricle and head enlargement. When enlargement was unilateral we believe that

it is related to mild tissue atrophy.
This study demonstrates that injection of a small quantity of whole blood into the
brain of neonatal mice is associated with widespread reduction of cell proliferation, local
increase in cell death, diffuse astroglial reaction, and negligible inflammation except for

microglial activation. Dying cells, demonstrated

by

TLr-NEL and Fluoro-Jade,

signif,rcantly increased in quantity in the damaged striatum, peaking

2 days following

the

blood injection. Cell death is expected after brain injury. However, the most impressive

finding was that the proportion of proliferating cells decreased ipsilateral

and

contralateral to the PVH/IVH

the

in the periventricular GM and in white matter. In

newborn rodent, the periventricular germinal region gives rise to glial precursors that
migrate into various parts of the ipsilateral cerebral hemisphere

234'23s,3s6.

Decreased proliferation was observed as early as 8 hours following IVIVPVH.

Thus the mechanism

of proliferation

suppression
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is likety a direct effect of

some

mediator from blood or damaged cells and not,

for example through immune

cell

mediators; the effects of immune activation would probably not be seen until later times

after most brain injuries. We expect that the decrease in cell proliferation can be due to

one

of or a combination of the following

mechanisms. The hematoma may cause

mechanical destruction including tearing of cell processes and fragile blood vessels in

GM' Cerebral blood flow or venous outflow may be compromised locally

t in tum

leading to ischemic damage Is' 368. Extravasation of blood components, clotting blood,

and damaged brain tissue may liberate neurotoxic factors including thrombin,
plasminogen, hemoglobin, glutamate, and agents from inflammatory cells
273.

38,

4t,e3,te6,zse,

These agents could spread through ventricular CSF or edematous white matter. High

semm concentrations can suppress neuronal proliferation in chick neuroblast cultures

Neurotransmitters released

in

response

to injury,

aminobutyrate (GABA), have also been shown

36e.

such as glutamate and gamma-

to suppress cell

proliferation3'70,371.

Together, these mechanical, ischemic, and potentially neurotoxic components constitute a

complex insult after PVH/IVH. Because our TTINEL study showed no increase in cell
death in the contralateral germinal tissue, it is likely that the factors involved in mediating

cell death are different from those that suppress proliferation. Cell proliferation was not
significantly decreased at 24 hours. This could be an experimental artifact or there could
be a population of cells (e.g. astrocytes or microglia) that begin to proliferate at this time.

In the absence of pulse labeling studies with a thymidine analogue, we cannot be certain
about this. Longer term suppression could be mediated by other agents produced later e.g.

cytokines 372. PVHIIVH can result in enlargement of the lateral ventricles that might

13r

compress the adjacent brain tissue causing further damage. This did not seem to be a
factor in this experiment.

Our data show that inflammatory cell infiltration has a similar temporal pattern to
that in adult rat brain following blood injection 3e. However, the number of infiltrating
neutrophils and lymphocytes is much lower. Possible reasons are that the chemokines are
diluted and washed quickly from the highly hydrated newbom brain

373,

that there is an

interspecies difference, or that cellular production of chemokines might differ

370.

These

data suggest that leukocytes probably play a minor role in the brain damage following the

PVIVIVH. Microglial reaction, evident beginning at
similar to the temporal pattern in adult rats

2

days, persisted

up to 28 d,ays,

3e.

This study has several potential shortcomings. Newborn mice are very small and
they could not be secured in a stereotactic frame. Therefore, the method of freehand
blood injection could cause variable brain damage. We used MRI to be sure that blood
was indeed injected into the correct location and we only used mice with comparable
hematomas. The small size of the brain dictates that diffusible toxic agent(s) have effects

in anatomic regions different from those in human brain. For example, a given protein
that diffuses 5 mm in both mouse and human brain would produce bilateral effects in
mice but only "focal" effects in humans. We do not know whether the route of toxic
agent spread is through tissue or CSF. The absence of an intact ependymal layer at the
age when blood is injected could allow toxic agents to spread directly from CSF into
germinal tissue. We did not attempt to determine conclusively whether the suppression of

mitotic activity occurs in the ventricular zone or the subventricular zone, although
subjectively both would seem to be affected. This is of potential significance because
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they give rise to different cell types. Nor did we assess whether there was an effect on the

differentiation of radial glia, which can act as stem cells as well as migration guides

362.

RC2 immunohistochemistry might help address this issue. Finally, cell proliferation was
measured indirectly by assessing immunoreactivity for Ki67, which is expressed from
late

Gl to M phase of the cell cycle and correlates well with thymidine

by proliferating cells

37s'376

analogue uptake

. The loss of expression does not prove that too few cells were

generated because generally

a surplus of cells is

produced. Perhaps the residual

proliferative activity was sufficient to produce the necessary cells.

In conclusion, extravasated blood may play an important role in brain damage
following PVH/IVH through suppression

of cell proliferation in the GM. This

is

potentially important because MRI studies on humans show that premature birth or
periventricular hemorrhage is associated with reduced white matter volume
suppression is associated

377.

If

GM

with impaired development of glial precursors it could explain

some aspects of the final (sometimes subtle) brain damage following premature birth.

The precise molecular and chemical mechanisms remain to be determined but probably
are multiple. Complete understanding

of the mechanisms of damage associated with

PVFVIVH should direct us to new treatment strategies.
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Table

2-5-1.

Antibody

/

Summary of immunohistochemical and histochemical staining used.

Histochemical

Specif,rcity

Dilution

Source

T lymphocytes

1/300

Pharmingen

Rat anti-mouse CD3

T lymphocytes

1/100

Pharmingen

Rat anti-mouse CD4

Helper T cells

1/300

Pharmingen

Rat anti-mouse CD8 (LV-2)

Cytotoxic T cells

1/100

Pharmìngen

Rat anti-mouse Ly-6G

Neutrophils

t/500

Pharmingen

Rabbit anti-cow GFAP

Astrocytes

1/1000

Dako

Rabbit anti-Ki67

Proliferating cells

l/500

Novocastra

Microglia

112000

Sigma

method

Hamster anti mouse CD3s

monoclonal

(biotin-

conjugated)

(Gr-1)

Ricinus

communis

agglutinin lectin (RCA-1)
(biotin-conjugated)
TLINEL

Dying cells

lntergen

Fluoro-Jade

Dying neurons

Histo-Chem Inc
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Figure 2-5-1. (A) Photomicrograph showing periventricular germinal tissue (ganglionic
eminence)

of a human fetus (- 24 weeks gestational age) a few

periventricular hemorrhage. There is a circular area
ventricle wall (arow) (hematoxylin and eosin stain)

of

days after a small

decreased cellularity along the

(Bar: i00pm). This was shown to

be the site of hemorrhage by the presence of hemosiderin-containing macrophages (inset,

Perl's stain for iron) (Bar

:

25¡.rm). (B) Immunohistochemical labeling of an adjacent

section with anti-Ki67 antibody demonstrates that the damaged area has a greatly reduced

proportion of proliferating cells (brown nuclei)

13s

(Ba¡:

50pm).
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Figure 2-5-2. T2-weighted MR (MT-FLASH) showing coronal (A, C, E, G, I, J) and
sagittal images (8, D, F, H) of mouse brain. Normal l-day mouse brain is shown in A
and B. One hour following blood injection (15 pL), the hematoma in the striatum (anow)

and ventricles appears dark (C, D).
mouse brain

t

A similar but less extensive change is seen in adult

hour after injection of 50-¡rL blood (J). One hour after saline (15 ¡rL)

injection (I) into 1-day mouse brain, a small blood collection due to the needle damage is

evident (arrow). The injected hematomas resolve rapidly as shown by a significant
decrease in size

by

I

day (8, F) (arrow). By 2 weeks only a small fluid-filled cavity and I

or slightly enlarged ipsilateral ventricle (bright area, anow) is evident (G, H).
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Figure 2-5-3. Proportionate hematoma size on MR images and histological sections 30

minutes and

4

hours following blood injection into newborn mouse brain.

On

sequentially imaged mice there was a signihcant difference in the apparent size of the

blood collection between the two time points (paired

t

test, p<0.02). MR images

consistently displayed an apparent hematoma size that was significantly larger than the
true hematoma size evident on the histological sections (paired t test, p<0.0001).
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Figure 2-5-4. Schematic diagram of mouse brain showing areas in which cells were
counted following blood injection. For quantification

immunolabeled nuclei

and

bisbenzimide-stained

of

proliferating cells, Ki67

nuclei were counted in

the

periventricular germinal matrix (Gl, G2, and G3), striatum (S1, 52, 53, and 54) adjacent

to the hematoma (H), white matter (W), deep cerebral cortex (DC) and superficial
cerebral cortex (SC). GFAP immunoreactivity, an indicator of reactive astrogliosis, was
assessed semiquantitatively in the same regions. To evaluate cell death and inflammation,

TLINEL positive cells, neutrophils, and RCA-I labeled microglia were counted in
striatum (S1, 52, 53, and 54) adjacent to the hematoma (H).
bilaterally.
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All

assessments were made
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Figure 2-5-5. Photomicrographs of histopathologic features following blood injection into
newborn mouse brain.

(A) Low magnification photomicrograph of mouse brain coronal

section (hematoxylin and eosin stain) at the site

of blood injected into the striatum

adjacent to the periventricular germinal matrix (anow). The lateral ventricles are enlarged

:

0.5 mm).

(B) Intact newborn medial striatum exhibits tightly packed immature neurons

(Bar:25

bilaterally and contain a small quantity of blood 4 hours after injection (Bar

prm

for B-P). (C) Damaged striatum adjacent to hematoma 2 days after PVFVIVH

exhibits fewer neurons, small collections of erythrocytes, and mild pallor due to edema.

(D) Ki67 immunolabeling with Cy3 detection shows abundant proliferating cells (bright
red) in the normal germinal matrix at the angle of the lateral ventricle. (F) Far fewer cells

are seen in the age-matched brain, 1 day after blood injection. (E

& G) Bisbenzimide

stained nuclei of same fields respectively. TLINEL showing rare dying cells (brown) in

normal newborn striatum (H), in striatum adjacent to hematoma (I), and in contralateral

striatum (J)

2 days after PVFVIVH. GFAP immunolabeling shows scattered

stellate

astrocytes in normal brain (K), an increased quantity and size of astrocytes adjacent to the

hematoma (L) 2 days after blood injection, and few labeled cells in striatum contralateral

to the hematoma (M). RCA-I lectin staining shows a negligible number of microglial
cells in normal striatum

(1.,1),

an abundance of round macrophages and plump activated

microglia adjacent to the hematoma (O) 2 days after blood injection, mild activation of
cells in striatum contralateral to the hematoma (P).
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rcH 8h
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1d

rcH 2d
rcH 7d
rcH 2Bd
Con 8h

Con 1d
Con 2d

ConTd

Con28d

Figure 2-5-6. Bar graphs showing the proportion of proliferating cells (calculated by the
number of Ki67 immunoreactive nuclei

/ total bisbenzimide

stained nuclei) in various

regions of mouse brain (see Figure 2-5-4) at sequential times after blood injection. In

intact control mice the highest proportions were observed

in

germinal matrix

(subependymal zone). The quantities were negligible by 28 days age, by which time the

germinal matrix periventricular white matter had involuted. There \ /as no change
following injection of saline. Following injection of blood the proportion of proliferating
cells decreased in the ipsilateral (and to a lesser degree in the contralateral) germinal
matrix and white matter from 8 hours to 7 days. There \ilas a moderate decrease in the
immature cerebral cortex bilaterally, and no change

in the striatum. (nd : no

data).

*p<0'05; **p<0.01 ANOVA. (On legend ICH:
intracerebral hemorrhage, Con: control)
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Figure

2-5-7. Bar graphs comparing cell death (upper panel), GFAP immunoreactivity

in reactive astrocytes (middle panel), and RCA-1 lectin detection of reactive microglia
(lower panel) in control (Con) brains and mouse brains after blood injection (ICH). Rare

dying cells were apparent in control brains up to 3 days age (shown as 2 days posthemorrhage). The number of dying cells was greater adjacent to the hematoma

l-2

days

after blood injection, but there was no change in the contralateral striatum (p<0.05
ANOVA). GFAP immunoreactivity in astrocytes was negligible in intact control striatum
(str) and white matter (wm) prior to 7 days (8 days age). It was increased significantly in

the ipsilateral (ipsi) striatum and white matter and slightly in the contralateral (contra)
white matter 2-7 andT-28 days respectively after blood injection. (*p<0.05; **p<0.01,
Kruskall-Wallis). The quantity of reactive microglia and macrophages binding RCA-I
lectin was negligible in normal brains at all ages (not shown) and was increased 2 - 7
days following the blood injection. (*p<0.05; **p<0.01 ANOVA). (On legend ICH
intracerebral hemorrhage, Con

:

control)
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Chapter 2-6

Neonatal mouse brain is more severely damaged than mature brain by injections
of blood, thrombin, and plasminogen

Mengzhou Xue, MD

Marc R. Del Bigio, MD, PhD, FRCPC

(Submitted to Brain Pathology July 2004).
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Abstract

The mechanism of brain cell injury associated with intracerebral hemorhage may be in

part related to proteolytic euzymes in blood, some of which are also functional in the
developing brain. We hypothesized that there

is an age-dependent brain response

following intlacerebral injection of blood, thrombin, and plasminogen. Mice at three ages
(neonatal, 10-day old, and adult) received autologous blood (75,25,50 pl respectively),

th¡ombin

(3,5,

10 units respectively), plasminogen (0.03, 0.05, 0.1 units respectively)

(the doses expectecl

in

same volume blood), or saline injection into lateral striatum.

Forty-eight hours later mice were perfusion frxed with parafonnaldehyde. Hematoxylin
and eosin, lectin histochernistry, Fluoro-Jade, and TI-INEL staining were used to quantiSr

the volume of damage, as well as neutrophils, microglia, and cell death at the edge of the
hemorrhagic lesion. Damage volume, dying neurons, neutrophils, and microglial reaction

were significantly greater following injections
compared to saline injection

of blood, plasminogen, and thrombin

in all 3 ages. Plasminogen and thrornbin associated brain

damage was greatest in neonatal mice and, in that gloup, greater than the damage caused

by whole blood. These results suggest that the neonatal brain is relatively more sensitive
to pr"oteolytic plasrna elzymes than blood.
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Introduction
Intracerebral hemorrhage (ICH) is a consequence of hypertension, bleeding into

an ischemic infarct, rupture of abnormal blood vessels, or trauma.

A

significant

proportion of premature births are also accompanied by bleeding into the brain 27. The

incidence

of

periventricular/intraventricular hemorrhage (PVH/IVH) increases

progressively with decreasing gestational age, e.g. from 1 .6Yo
50'0% at24-30 weeks of gestation
8e

27.

at 38-43

weeks up to

Following ICH, prothrombin el and plasminogen

in the blood, which are the precursors of thrombin and plasmin,

substance. Neurons and glia are capable

enter the brain

of expressing thrombin receptors

203,

which are

most abundant in the neonatal rodent brain221.In vitro, thrombin induces apoptosis
causes morphological changes

neurons

203'206

20a,

of astrocyt€s 205, and causes neurite retraction in cultured

fikely through protease activated receptors (PARs)

thrombin causes brain edema

88,

208

226,227

.In vivo, injected

perhaps by lysis of vascular basement membrane

inflammation, brain necrosis and apoptosis

38.

31s,3t7,

Plasmin is produced when plasminogen is

cleaved by tissue type (tPA) or urokinase type plasminogen activators (upA) 3t6.

k

mouse brain, uPA and its receptor are maximally expressed by neurons at 8-10 d,ays222.

Injected plasmin also causes considerable brain edema 20e, inflarnmation, and brain cell

death 38. Following brain injury endogenous

tPA

seems

degeneration 228. Endogenous brain thrombin and plasmin

to

potentiate neuronal

200-202

are implicated in

migration of immature neurons, synaptogenesis, and formation of myelin. Endogenous

inhibitors of plasmin and thrombin, including neuros erpin 22e , plasminogen activator
inhibitors (PAÐ

I

and 2222, u2-macroglubulin23t,232, and protease nexin-l

are present in developing brain

(pN-l)

in at generally higher concentrations than mature brain.
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378,

Vy'e

have observed that gene expression in the rat brain following blood injection

varies with age (unpublished data). We hypothesized that brain damage related to
plasmin and thrombin

will be greater in young brains that mature

brains. To test the

hypothesis we assessed the brain damage and inflammation following intracerebral
injections of autologous blood and plasma enzymes in 3 ages of mice. Our previous data

in adult rats showed that inflammatory cell infiltration and cell death peak 2-3 days after
injection of autologous whole blood into the brain, therefore we chose a survival period

of 48 hours

3e' 40' sa.

Neonatal (1 - 2 day(s) old) mice have a maturational state of the

subependymal zonelganglionic eminence roughly comparable to 24 - 26 week gestational
age human brains

3s7'

3s8.

Ten-day old mice are roughly comparable to neonatal human

brains. Adult mice (7 weeks) are roughly comparable to young adult human brains

37e.

Materials and methods
Experimental group design

All

experimental procedures were done

in

accordance

with guidelines of

the

Canadian Council on Animal Care. Protocols were approved by the local experimental
ethics committee. Seventy-four CD-1 mice (Charles River Canada, St. Constant, Quebec)
at three ages (neonatal 24-48 hours

weighing 1.42 - 1.95 grams; 10 day old weighing 5-7

grams; adult weighing22-26.5 grams) were used in this study. Young mice were hosted

with their mothers in litters of ten. Each group consisted of 6 mice (no more than two to
three mice from a given litter). There were 12 groups (3 ages with 4 treatments)

(Table2-

6-1): saline injection as control, autologous blood injection, thrombin injection, and
plasminogen inj ection.
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Animal model
Neonatal mice were anesthetized by cooling on an ice bed. Ten-day old and adult

mice were anesthetized by intraperitoneal injection with ketamine

I

xylazine (9.0/0.5

mg/kg). Autologous blood was collected in a sterile syringe by placing the tail in warm
water for 1 minute, cleaning the skin withT0o/o alcohol, and cutting 2 mm off the tail tip
37'3e'40.
as previous described
Because the neonatal and 10-day

old mice could not

be

secured in a stereotaxic frame, the brain injections were done by freehand with the needle
inserted percutaneously.

A

In 10-day old

and adult mice, a midline scalp incision was made.

27-gauge needle was attached to the syringe and quickly introduced into the right

striatum of the mouse brain with a custom-made guide to help stabilize the needle and
guide it to the correct depth (in neonatal mice 1.5 mm lateral to midline, 0.5 mm posterior

to the outer canthus of the right eye, 2.5 mm deep to the skull surface; in 10 day old mice

2mmlaterul to midline, 1.0 mm posterior to the outer canthus of the right eye, 3.0 mm
deep to the skull surface; in adult mice 2.0 mm lateral to midline, 1.5 mm posterior to the

outer canthus of the right eye, 3.5 mm deep to the skull surface). The sites of injection
were more lateral than those used in our PVH/IVH models

37

because we wanted to avoid

blood escape into the Iateral ventricles. The volume of injected blood was 15 ¡rl in
neonatal, 25 p,l

in

10-day old, 50

pl in adult mice. Saline, thrombin, and plasminogen

solutions were of the same volumes respectively. We chose these volumes so that the
hematoma was

of similar proportion to the total brain

size at

all ages. We based our

calculation on prior studies that showed the brain weights are approximately 150 mg in
neonatal mice, 250

mgin

1O-day

mice, and 420 mg in adult mice
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380'

38r.

Thrombin (from

bovine plasma; T-6634, Sigma Chemical Company) (3, 5, 10 units in 3 ages respectively)
and plasminogen (from bovine plasma; P-9156, Sigma) (0.03, 0.05, 0.1 units in 3 ages

respectively) were administered in doses estimated to be in the equivalent blood volume

(Table 2-6-1). We chose plasminogen rather than plasmin because a previous study
showed that plasmin potency seemed

to be reduced

38.

We calculated the units of

thrombin and plasminogen in whole blood based on the following assumptions: plasma
volume is

-

60%o

total blood volume, each ml plasma contains 260 to 360 units of

prothrombin, and 200 ¡:,g(1.95 units) plasminogeî347'348'382. Agents were injected over I
minute; the needle was left in the place for 30 seconds, and then removed slowly. The
scalp

(in

10-day old and adult mice) was sutured. Physiological monitoring was not

practical due to the small size of the mice.

All mice were

returned to the cages after the

procedure, which took approximately 3-5 minutes. Adult mice were placed in a cage (in
groups 4-5) with free access to food and water. The syringes were loaded and supplied

blindly with thrombin, plasminogen, and saline.

Histological evaluation

Mice were overdosed with ketamine

I xylazine at 48 hours after injection into

brain and perfused through the heart with ice cold

4%o

paraformaldehyde in 0.1 mol/L

phosphate buffered saline (PBS). The brain was removed and stored in the same fixative

for

1

- i0 day(s). Fixed brains were cut coronally to sunound the injection sites,

slices were dehydrated and embedded

and the

in paraffin. Sections (6 pm) were cut serially

through the whole slice, and each 10th section was stained with hematoxylin and eosin

(H&E). Near the lesion canter, where the brain damage was maximal, a variety of
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histological and histochemical stains were performed on adjacent sections and the same
regions were compared on these sections.

Histochemistry

Ricinus communis agglutinin lectin (RCA-l) labeling was used to demonstrate
reactive microglial cells 26e. Paraffin sections were dewaxed and rehydrated, washed,
quenched

with 0.3 YoHzOz, blocked with 10 Yo normal sheep serum, and incubated with

biotinylated lectin (diluted I12000, Vector Laboratories, Inc., Burlingame, U.S.A.). Slides

were then washed, incubated with streptavidin-peroxidase (11400, Dako Corporation,
Carpinteria, CA, USA), colored with diaminobenzidine

- HzOz solution, washed and

coverslipped. Control sections were processed with omission of the biotinylated lectin.

TLINEL

TTINEL (terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine
triphosphate (durP)-biotin nick end labeling) was used
damaged

to identifli dying cells with

DNA. Paraffin embedded sections were dewaxed and rehydrated, then

incubated in 20

¡rllml

Apoptag in situ

kit

proteinase

K for 15 minutes.

TLTNEL was accomplished using

(Intergen; Purchase, NY, USA). After immersion

in equilibration

buffer for 10 minutes, sections were incubated with TdT and dUTP-digoxigenin in

a

humidified chamber and then incubated in the stop/wash buffer. Sections were washed
before incubation in anti-digoxigenin-peroxidase solution (1/500 in PBS), and colored

with diaminobenzidine - HzOz solution. Sections were counterstained with methyl green.
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Negative control sections were treated similarly but incubated in the absence

of TdT

enzyme or dUTP-di goxigenin.

Fluoro-Jade staining

Sections of brain were stained with Fluoro-Jade to show dying neurons lae by

incubating sections

in 0.060/o potassium

peÍnanganate

for i5

minutes while gently

shaking. Then 0.001% Fluoro-Jade (Histo-Chem Inc.; Jefferson, AR) staining solution

was applied for 30 minutes, followed by PBS wash, drying

in air, and coverslip

application.

Determination of damaged brain volume
Using H&E stained sections of all affected levels, a"cameta lucida" was used to

trace the brain damage area, which was defined by the presence
rarefaction,

or

necrosis. Computerized planimetry was used

to

of blood, tissue

measure the cross

sectional areas of damage and of brain. The volumes of damaged brain were calculated
by adding the areas of damage on all levels multiplied by the distance between sections.

Cell counts

Using an ocular reticule and 400x magnification (objective magnification x 40),
Fluoro-Jade positive neurons, TLTNEL positive dying cells, extravascular neutrophils

(identified on H&E sections by characteristic nuclear morphology), and RCA-i binding
cells were counted in 4 fields (each area 540 ¡rm x 540 ¡rm) immediately adjacent to the

needle injection/damage site as previous described (Figure 2-6-r)
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38-40,

s4.

Areas with

large blood vessels were avoided. Counts were made near the edge of the lesion because

the necrotic cores were devoid of viable cells. The cell count and damaged brain areas
were blindly measured or calculated by an experienced junior author to minimize the
observation bias.

Statistical Analysis

All

data are expressed as mean

+ SEM. Data were analyzed to ensure normal

distribution. The initial test was 2-way analysis of variance (ANOVA) using age and
treatment as independent variables. Intergroup compaïisons within

a given age and

between ages were made using Scheffé test. The differences were considered significant
when p<0.05. We used StatView 5.01 software (SAS Institure; Cary NC).

Results

Most mice tolerated the surgical procedure well. There were no overt neurological

deficits on casual observation. No seizures were observed. There werc 2 deaths among
10-day old mice, possibly related to anesthesia, immediately after injection of whole

blood and plasminogen (1 each). Following saline injection, only
damaged brain could be seen (Figure 2-6-2A). Brains

a small

area of

with saline injection exhibited

small collections of blood and negligible edema around the needle tract in the striatum.

Following autologous blood injection the inegular hematoma characferized, by the
presence

of edema, blood debris, and necrosis (Figure 2-6-3), was located in striatum

(Figure 2-6-28).
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Following injections of plasminogen and thrombin, the volume of damaged brain
was large, especially in the neonatal mouse, where hemorrhagic infarction consistently
extended

into adjacent white matter and cerebral cortex (Figure 2-6-2C,

2-6-2D).

Microscopically, brain surrounding the damaged area appeared pale on H&E stain due to
edema. Neutrophils were rarely present within the necrotic tissue except attheperiphery.

Reactive microglia/macrophages with ramified processes and swollen bodies were
present

in the

parenchyma adjacent

to the

damaged brain tissues and around blood

vessels. Fluoro-Jade staining highlighted the dying neurons. TLINEL positive dying cells

were also present (Figure 2-6-3).

Age and treatment had significant effects on TTINEL positive cells (ANOVA
F(age)

:

:

5.718,

42.800, df

df

:

:2,

p<0.0001; F(trearment)

:

71.984, df

p<0.0001), and on neutrophils

:

:

1.009, p

:

3, p<0.0001; F(interaction)

(ANovA

:0.375)

(F:

:

3, p<0.0001; F(interaction)
F(age)

43.682, df = 3, p<0.0001; F(interaction)

was influenced by treatment

df

9.599, df

6, p<0.0003), on dying neurons (ANOVA F(age)

p<0.0001; F(treatment)

:

:

:

13.620, df

:

52.295, df

22.530, df

:

:

145.375,

df

:

2,

53.799,

df

:

6,

:

:2, p<0.0001; F(treatment)

6, p<0.0001). RCA-I labeling

13.620,p<0.000i) but not age

and there was no interaction effect

(F:

1.009,

(F:0.614, df : 6,p:0.717).

Total brain damaged volume and damaged area on the most severely affected level were

highly correlated (r

:

0.897, p<0.0001). Damaged area

(ANovA, F(treatment) : 7.65g,

df : 3, p<0.0005; F(age) : 6.605, df = 2, p<0.005, respectively) and damaged volume
(ANOVA, F(treatment) :7.099, df = 3, p<0.0008; F(age)

:

8.895, df

:2,

p<0.0008,

respectively) were influenced by treatment and age and there were no interaction effects

(ANOVA, F(area) :2.036, df

:6, p:0.0877, F(volume) = 1.356, df :6,p:0.2602,
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respectively). The proportionate damage was used because the doses were adjusted in
proportion to the brain size. There was a significant interaction effect between age and
treatment (ANOVA, F(treatment)

:

P<0.0001; F(interaction): 5.843,

9.557, df

:

p:0.0003)

3, p

:

0.0001; F(age)

:

16.2gg, df

:2,

indicating that the immature brain is

relatively more sensitive to the blood and enzyme injections. Intergroup comparisons
showed that brain damage volumes, as well as dying cells and inflammation in adjacent

non-necrotic striatum were significantly greater following whole blood, thrombin, and
plasminogen injections compared

to

saline injection (Figures 2-6-4, 2-6-6). These

destructive and reactive changes were roughly proportionate to the total volume of injury.

Only small volumes of damaged brain were presented in brains that received saline
injection (Figure 2-6-4).Injections of blood and plasma enzymes caused proportionally
larger volumes of damage in neonatal mice than

in i0-day old and adult mice. TTINEL

positive dying cells were infrequently seen in striatum of the normal control brain in
neonatal group and never in the older mice. No Fluoro-Jade positive dying neurons were
apparent in normal brains (Figure 2-6-3). The quantities of TUNEL positive cells and

dying neurons were greater following the injections of blood, plasminogen, and thrombin

compared

to

saline control injection (Figure 2-6-5). TLTNEL positive cells were

significantly more abundant after plasminogen injection compared to blood injection in

the neonatal group. The quantity

of dying neurons was significantly

greater after

plasminogen and thrombin injection compared to blood injection in the neonatal group.

In contrast, dying neurons were significant fewer following plasminogen and thrombin
injection compared to blood injection

in

10 days and adult mouse groups. Neutrophils

and microglia/macrophages were more abundant adjacent to damaged brain 48 hours
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after blood, plasminogen, and thrombin injection compared to saline control group in all

3

age groups.

In the neonatal group, the neutrophils and microglia

I

mauophages were

significantly greater after plasminogen injection compared to blood injection (Figure 2-66).

Discussion

Intracerebral hemorrhage causes brain damage through multiple mechanisms

2se.

Direct tissue destruction by the hemorrhagic event and dissection of blood along tissue
planes occurs immediately. This is followed by development

of edema and secondary

brain damage due to raised intracranial pressure and distortion of the microvasculature.
The enzymes involved in blood clotting and clot lysis are potentially toxic in the first day

following ICH e2. Delayed damage could result through

a

variety

of

mechanisms

including local ischemia, release of toxins by blood breakdown products, proteolytic
enzymes,

or inflammatory cell action which including

cytokines, chemokines, and

leukocytes 38'42's3's4'2se. Blood clot and damaged brain cells after blood injection liberate

chemotactic factors, including thrombin 272, that prompt the movement

of

leukocytes

from the blood into the insulted brain273.It is possible that the activated leukocytes can
cause secondary brain damage through the release

of cytokines, reactive oxygen

nitric oxide, matrix matelloproteinases (MMPs), and other proteases

species,

27s,276.

In this study, the sites of intracerebral injection were more lateral than those we
used in a previously reported PVH/IVH model 3t b"cause we wanted to avoid blood entry

into the lateral ventricles. Consequently we observed more inflammation and more
parenchymal damage. This may be because the toxic substances were not washed away
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by cerebrospinal fluid. The main finding in this experiment was that injections of blood,
thrombin, and plasminogen caused relatively more brain damage in neonatal mouse brain

than

in

10-day old

or adult mouse brain. Furthermore, the neonatal mouse brain

is

relatively more sensitive to serine proteases involved in blood clotting than to whole
blood. Thrombin converts fibrinogen into fibrin, which causes the blood to clot. Plasmin
digests fibrin to allow lysis of blood clots. Thrombin receptors, PAR-1 and PAR-2 are
located on neurons and endothelia of brain22r'226'323'324. These receptors can be activated

by low

concentrations

of

thrombin

"7.

Through these receptors, thrombin causes

retraction of cell processes of cultured neurons

in a dose-dependent manner

3t6.

206

and is

toxic to neurons in brain slices

Thrombin and plasmin can induce endothelin synthesis

and subsequent vasospasm and ischemia

334-336.

Why is the brain damage more severe in

neonatal mice? The possible reasons include a) immature cells in neonatal brain might be

more sensitive to blood borne agents including thrombin and plasminogen; b) toxic
substances associated

with the hematoma might diffuse more broadly in neonatal brain

due to its higher water content; c) the neonatal brain vasculature might be more fragile
because the stroma is incomplete ls. Thrombin and plasminogen are normally present in

the brain at low concentrations 203, especially during development and during reactive
changes

22'.It has also been shown that
adult mice deficient in tPA, in which plasmin is

less activated, ate less susceptible to neuronal injury following brain ischemia

318

or

excitotoxin injection too. In addition to dissolving fibrin, plasmin is known to directly
degrade a range of extracellular matrix proteins of vascular basal lamina as well as elastin
and to activate MMPs, which can also digest matrix proteins

328'337.

vessel walls might explain the widespread hemonhagic infa¡ct
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Damage to immature

in the middle

cerebral

arfery distribution of neonatal brain following thrombin and plasmin injections. PAI-1,
the major regulator of plasminogen activation exists in brain only in very small quantities
3al,

although they tend to be more highly expressed in the young brain, perhaps to control

proteolysis involved

in

development222'22e'231'232'378. The endogenous inhibitors of

proteolytic enzymes can also be upregulated following experimental brain damage

342.

However, they probably are insufficient and cannot respond quickly to deal with the large
amounts of plasmin and thrombin released following hemorrhage.

Although the quantity of TTINEL positive cells and dying neurons defined by
Fluoro-Jade staining were similar, they might not reflect the same cell populations.

TLINEL positive cells might understate the magnitude of cell death because they persist

only for several hours 27e while dying neurons can persist for days or weeks 280.
Furthermore, TUNEL positive cells include neurons, glia, and inflammatory cells,
therefore, the quantity does not necessarily reflect the final neurological injury

281.

Following autologous blood injection into adult rat brain we found that most TLINEL
positive cells are not neurons

215.

There were several shortcomings

in this experiment. First, we have no way of

determining whether the proteolytic activity is representative

of what actually occurs

following hemorrhage. We injected plasminogen instead of plasmin because some
plasmin activity seems to be lost when

it is purified in the post-activated

form; the

plasminogen is presumed to be activated in situ 38. Furthermore, the activity of thrombin
at a particular site can be very difficult to predict because it is self-amplifuing as well as

rapidly inactivated by binding to fibrin

32e'33t.

Second, the plasminogen and thrombin that

we used were bovine proteins and we cannot exclude the contribution of an immune

159

response

to foreign

proteins. Third, the neonatal and young mice are very small.

Therefore, the method of freehand blood injection could cause variable brain damage.
Histological examination revealed that the injections were not entirely consistent in terms

of depth. Nevertheless, our histological

assessments were

in similar striatal areas and

therefore the quantification is likely valid. Fourth, we did not assess long-term outcomes

to determine if the response in older animals is delayed

38,

although based on our prior

work we think that is unlikely. Fifth, ketamine, which we used as an anesthetic in the
older animals, is a potentially neuroprotective glutamate antagonist

383.

In the future we

might use other types of anesthesia, such as halothane or isofluorane. Sixth, the watercontained in neonatal mouse brain is much higher than in the old mice. This could have

affected the age-related results because the toxic substance

in the hematoma easily

spread.

In

summary, the results demonstrate that injections

of blood, thrombin,

and

plasminogen into mouse brain are associated with cell death and inflammation in an age
dependent manner. There is no age effect on microglia /macrophages. The neonatal brain

could be most susceptible because the blood vessels are more fragile, or because it has

higher levels

of PARs on immature cells, or because the immature cells are more

susceptible to proteolytic damage independent

evolution, the likely mechanism

of

damage

of specific receptors. Due to the rapid

is uncontrolled proteolytic digestion of

neurons, glia, and vascular cells. This observation complements Kolb's findings that the
neonatal rat brain recovers less than juvenile or adult brains following cortical aspiration
246'384' 38s.

Thrombin and plasmin in the blood might play an important role in pïemature

160

neonatal brain injury that follows brain hemonhage, and therefore represent potential
targets for therapeutic intervention.
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Table 2-6-I. Experimental intracerebral injections into CD1 mouse brains.

Blood

Thrombin

i5 pl

3 units

(n:6)

(n:6)

(n:

25 ¡tl

25 p,l

5 units

(n:6)

(n:

(n:6)

50 pl

50 pl

10 units

(n:

(n:6)

(n:6)

Saline
Neonatal mouse

1O-day old mouse

Adult mouse

15

pl

6)

6)
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in

Plasminogen
15

pl

0.03 units in 15 pl

(n:

6)

in25 ¡tl

6)

0.05 units in25 ¡tl

(n:6)
in 50 pl

0.1 units in 50 pl

(n:6)
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Figure 2-6-1. Schematic diagram of mouse brain in coronal section showing the cerebral
cortex, striatum, and white matter (WM). The hematoma (H) represents the site where the

whole blood, thrombin, and plasminogen were injected. Neutrophils, RCA-I labelled
microglia/macrophages, TUNEL positive cells, and Fluoro-Jade stained neurons were
counted in striatum adjacent to the injection site (squares).
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Figure 2-6-2. Low magnification photomicrographs of neonatal mouse brain coronal
sections 48 hours after injection

of

15 pl of saline (24), autologous whole blood (28),

plasminogen (2C), and thrombin (2D). After saline injection, there is small quantity of

blood in the striatum. Blood injection is associated with a localized hematoma. After
plasminogen and thrombin injection, the damage areas are large; hemorrhagic infarcts
extend to the white matter and cerebral cortex.

t64

Control

Plasminogen

t65

Thrombin

Figure 2-6-3. Photomicrographs showing histopathologic features 48 hours following
injections into neonatal mouse brain. Intact neonatal medial striatum exhibits tightly
packed immature neurons (A). Damaged striatum after blood (B), plasminogen (C), and

thrombin (D) injection exhibits fewer neuÍons, collections of erythrocytes, and pallor due

to

edema.

RCA-I lectin staining

demonstrates negligible microglial cells

striatum (E), mild accumulation of activated microglia

/

macrophages

in

intact

in striatum after

blood injection (F), and more substantial collections associated with plasminogen (G) and
thrombin (H) injection. TUNEL demonstrates rare dying cells (brown) in intact neonatal

striatum (I), and many dying cells in striatum after blood (J), plasminogen (K), and
thrombin (L) injection. Fluoro-Jade shows no dying neurons in normal brain (M), and an
increased quantity

of dying neurons adjacent to the blood

thrombin (K) injection sites.

Bar:

50 ¡rm.
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Figure 2-6-4. Bar graphs showing the brain damage volume in mouse brains 48 hours

following saline, blood, plasminogen, and th¡ombin injections. There is a significantly
larger volume of brain damage following the injection of plasminogen in newborn mice
compared

to 10-day old and adult mice (@p<0.001, ANOVA using age as independent

variable). The volumes of damaged brain were greater after blood, plasminogen, and
thrombin injection compared to saline control in all 3 ages. (*p<0.05; **p<0.0i, ANOVA

with Scheffé post hoc intergroup comparisons). Abbreviations:
plasminogerì, T

:

thrombin.
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Figure 2-6-5. Bar graphs showing dying neurons (per 4

x

540 x 540 ¡tm2 arca) detected

by Fluoro-Jade staining (upper panel) and cell death detected by TLINEL (lower panel),

in mouse striatum 48 hows after saline, blood, plasminogen, and thrombin injections.
There is a significantly larger number

of dying

neurons and TUNEL positive cells

following the injection of plasminogen and thrombin in newborn mice compared to 10day old and adult mice (@p<0.001, 2-way ANOVA using age as independent variable).

The number of dying neurons and TUNEL positive cells were greater adjacent to the
blood, plasminogen, and thrombin injection sites compared to saline control (*p<0.05;

t*p<0.01,

*, **

compared

to saline, ANOVA with

Scheffé post hoc intergroup

comparisons). Dying neurons were significantly more abundant after plasminogen and

thrombin injections compared to blood injection in the neonatal group, whereas there

were significantly fewer dying neurons after plasminogen and thrombin injection
compared to blood injection

in 10-day old and adult mice (#p<0.05;

##p<0.01, #, ##

compared to blood, ANOVA with Scheffé post hoc intergroup comparisons). The number

of TLINEL positive cells exhibited a similar pattern of differences. Abbreviations: S :
saline, B

:

blood,

P:

plasminogen,

T:

thrombin.
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Figure 2-6-6. Bar graphs showing neutrophil infiltration (per 4

x

540

x 540 ¡tm2 area,

upper panel) and microglia/macrophages reaction (lower panel) in mouse striatum 48
hours after injections. Rare inflammatory cells were apparent

in saline control

brains.

There is a significantly larger number of neutrophils with the injection of plasminogen in
newborn mice compared to 10-day old and adult mice (@p<0.001 ,2-way ANOVA using
age as independent variable). There is no difference in number of microglia/macrophages

in the 3

ages. The number

of neutrophils and microglia/macrophages were greater

adjacent to the blood, plasminogen, and thrombin injection sites (+p<0.05; **p<0.01, *,

**

compared

to saline, ANOVA with Scheffé post hoc intergroup comparisons). The

number of neutrophils was significantly greater after plasminogen injection compared to

blood injection in the neonatal group. The number of neutrophils was significantly lower
after plasminogen and thrombin injection compared to blood injection in the 10-day old

group (#p<0.05; ##p<0.01, #, ## compared to blood, ANOVA with Scheffé post hoc
intergroupcomparisons).Abbreviations:

S:saline,B:blood,P:plasminoger,T:

thrombin.
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Chapter 2-7

Immune preactivation exacerbates hemorrhagic brain injury in immature mouse
brain.

Mengzhou Xue, MD

Marc R. Del Bigio, MD, PhD, FRCPC

(Submitted to Stroke June 2004).
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Abstract
Background and Purpose: Premature infants with placental infection and adult stroke
patients with fever have worse outcome following intracerebral hemorrhage (ICH). We
hypothesized that immune pre-activation would aggravate brain injury

in mouse brain

following ICH.
Methods: The immune systems of 2-day,lO-day old and adult

by intraperitoneal injection of concanavalin

A

CDi mice were stimulated

(ConA, 10 mg/kg), lipopolysaccharide

(LPS, 1 mg/kg) or polyinosinic-polycytidilic acid (PolyI:C

4

mglkg), with saline as

a

control, 12 hours prior to intracerebral injection of autologous blood (15, 25, 50 pl
respectively in the three ages,). In addition, adult interferon-gamma (IFN-y) knockout and

C57Bl6 wild-type controls received intracerebral blood injections (50 pl). Mice were
perfusion fixed 48 hours later. The area of brain damage and the quantity of neutrophils,
microglia/macrophages, and dying cells at the edge of the brain lesion were determined.
Results: LPS acutely reduced body temperature and suppressed circulating mononuclear
leukocytes in adult mice. LPS significantly increased the brain damage and inflammation

in neonatal mice following ICH. PolyI:C significantly
neuronal death

increased inflammation and

in 10-day old mice. ConA significantly increased neutrophils in neonatal

and 10-day old mice and cell death in neonatal mice. IFN-y knockout mice exhibited
significantly fewer neutrophils and dying cells in the brain.
Conclusions: These data suggest that immune pre-activation aggravates hemorrhagic
brain injury in mouse. IFN-y might play arole following brain inflammation in ICH.

KEYWORDS: cerebral hemorrhage, infection, interferon gamma, prematurity
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Intracerebral hemorrhage

(ICH) may be associated with

hypertension,

coagulopathy, brain trauma, or premature birth. The magnitude of inflammation is greater

in hemorrhagic brain lesions than in non-hemorrhagic brain lesions 40. Systemic illness
including matemallplacental and fetal infection can predispose to neurological injury in
the premature infant 386. Feu", following ICH in adults is associated with poor outcome
310.

Systemic stimulation with lipopolysaccharide (LPS, endotoxin),

a constituent of

gram-negative bacteria, provides a strong stimulus for leukocytes, brain endothelium and

microglia 387. It induces production

of

cytokines, adhesion molecules,

and

chemoattractants 388. Polyinosinic-polycytidilic acid (polyl:C) enhances the peripheral

activity of natural killer QllK) cells, increases IFN-y production and promotes lymphocyte
adhesion to endothelium 38e. IFN-y is a pleotropic cytokine released by T-lymphocytes
and

NK cells. It also plays a role in brain inflammatory responses

(ConA) promotes polyclonal activation of T cells

3eo.

Concanavalin A

3er.

We hypothesized that immune pre-activation would aggravate brain damage in
mouse brain following experimental hemorrhage at various ages. V/e used 2-day old mice

in which the maturational

state

of the subependymal

comparable

to 24-26 week gestational age human brains

comparable

to newbom human brains

zonelganglionic eminence is
3t8,

10-duy old mice that are

37e,

and young adult mice. Furthermore, we

investigated experimental brain hemorrhage

in IFN-y knockout mice. Our previous

experiments showed that inflammatory cell infiltration and cell death peak2-3 days after

injection of autologous blood into the ratbrain, therefore we chose a survival period of 2
days for our analyses

sa.
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Materials and methods

Animal preparation

All

experimental procedures were done

in accordance with

guidelines

of

the

Canadian Council on Animal Care. Protocols were approved by the local experimental

ethics committee. One hundred and eight
Canada,

CDI mice of mixed gender (Charles River

st. constant, Quebec) (2-day, 10-day old, and 7-week adult) were used. An

additional 9 female adult C57BL/6 wild+ype mice and 9 IFN-y knockout mice were used
(Jackson Laboratory, Bar Harbor, ME).

Drug administration

Twelve hours prior to autologous blood injection into brain, ConA, (C-20i0,

Sigma, 10 mg/kg), LPS (Escherichia coli serotype 055:85
Mississauga,

dissolved

oN, I

in

lot L-2637,

sigma,

oH 4

mglkg)

mglkg), and Polyl:c (INC Biomedicals, Aurora,

pyrogen-free 0.9% sodium chloride solution were administered

intraperitoneally

in

volumes

of 7,28, and lOO¡rl/mouse (Z-day, 10-day, and adult

respectively). The doses of the immune stimulators were based on previous studies
3e2'3e3

387' 38e'

. Controls received an equal volume of vehicle. The agents were provided in coded

syringes so that the experimenter was blinded.

Intracerebral hemorrhage model

Two-day old mice were anesthetized by cooling, and 10-day old and adult mice

were anesthetized by intraperitoneal ketamine/xylazine (9.0/0.5 mg/kg). Autologous
blood was collected in a sterile syringe by placing the tail in warm wafer, cleansing the
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skin with 70%o alcohol, and cutting 2 mm off the tail tip

37.

Because the 2-day old and 10-

day old mice could not be secured in a stereotaxic frame, injections were done freehand

with the needle inserted percutaneously. In 10-day old and adult mice, a midline scalp
incision was made. A27-gauge needle was attached to the syringe and quickly introduced
into the right striatum with a custom-made guide to help stabilize and guide the needle to
the correct depth (in neonatal mice 1.5 mm lateral,O.5 mm posterior to the outer canthus

of the eye,2.5 mm deep; in 10 day old mice 2 mm lateral, 1.0 mm posterior to the outer
canthus of the eye, 3.0 mm deep; in adult mice 2.0 mm lateral, 1.5 mm posterior to the

outer canthus of the eye, 3.5 mm deep). The sites of injection were more lateral than

those used

in our periventricular/intraventricular hemorrhage

model 37 because we

wanted to avoid blood escape into the lateral ventricles. The volume of injected blood

was 15 ¡^Ll in neonatal,25 p,l in 10-day old,50 pl in adult mice. These volumes

are

proportionate to the brain weight (approximately 150 mg in2-day,250 mgin 1O-day, and
420 mgin adult mice

38r;.

Blood was injected over I minute and the needle was left in the

place 30 seconds. The scalp of 10-day old and adult mice was sutured. The 2-day and 10day old mice were housed with their mothers in litters

placed

in a

cage

of 10. Four to 5 adult mice were

with free access to food and water. Each experimental group for

histological studies consisted of 6 mice (2-3 mice from each litter).

Temperature measurement

An additional36 mice (12

each age) received the same drug doses

to

assess the

effect on body temperature. Rectal temperature monitoring was not safe in the young

mice. Therefore

in all

ages temperature was measured
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with a thermocouple

probe

(Anritherm, Anritsu Meter) placed in the axilla, acknowledging that this likely does not
reflect brain temperature; we were more interested in the systemic effects of immune
stimulators. Temperature was measured before the intraperitoneal injection and, every 2
hours in for 8 hours (9 am to 5 pm) then every 4 hours for 24 hours. The ambient room
temperature was 24"C

Blood samples

At the time of
mice was placed

sacrif,tce

2

in heparinized

(Coulter blood cell counter

days after surgery, -250¡tl cardiac blood from adult

containers then subjected

in the hematology

laboratory

to complete blood

count

of the Winnipeg General

Hospital). We could not get sufficient blood from the young mice.

Histological evaluation

Mice were overdosed with ketaminelxylazine

2

days after intracerebral blood

injection and perfused through the heart with ice-cold 4 % paraformaldehyde in 0.1M

PBS. Fixed brains were cut

in the coronal

plane surrounding the injection

sites,

dehydrated and embedded in paraffin. Sections (6 pm) were cut serially through the slice

and each 20th section was stained with hematoxylin and eosin (H&E). Near the lesion

center where the brain damage was maximal additional histological stains were
performed 37' s4. Briefly,

to

demonstrate reactive microglial cells 26e d"waxed and

rehydrated sections were incubated with biotinylated Ricinus communis agglutinin lectin

(RCA-1) (diluted 112000, Vector Laboratories, Inc., Burlingame, U.S.A.) followed by
streptavidin-peroxidase (r1400, Dako Corporation, Carpinteria,

t77

CA, USA)

and

diaminobenzidine -HzOz solution. Control sections were processed with omission of the
lectin. Terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate
(dUTP)-biotin nick end labeling GUNEL) was used to identify dying cells with damaged

DNA using Apoptag in situ kit (Intergen; Purchase, NY, USA). Negative control sections
were incubated in the absence of TdT enzyme or dUTP-digoxigenin. Fluoro-Jade staining

was used

to show dying

neurons t*n

by incubating sections in

0.06%o potassium

permanganate followed by 0.001% Fluoro-Jade (Histo-Chem Inc.; Jefferson, AR). To
evaluate astrocyte reaction

in the IFN-y experiment dewaxed sections were incubated

with rabbit anti-cow GFAP (glial fibrillary acidic protein) polyclonal antibody (diluted
1/1000, Dako) followed

by biotinylated goat anti-rabbit IgG (1/300),

peroxidase (11400), and diaminobenzidine

-

strepravidin-

HzOz solution. Control sections were

processed without the primary antibody.

Assessment of brain damage

A "camera lucida" was used to draw the maximal

area

of brain damage, which

was defined by the presence of blood, tissue rarefaction, or necrosis, and computerized

planimetry was used

to

measure the area. Proportionate damage was calculated by

dividing the damage area by cerebrum area. Using an ocular reticule and 400x ocular
magnification, Fluoro-Jade positive neurons, TIINEL positive dying cells, neutrophils
(identified on H&E sections by characteristic nuclear morphology), and RCA-1 binding
cells were counted in 4 fields (each area 540pm

x 540¡rm) immediately

adjacent to the

needle injection/damage site as previous described a0' sa. Counts were made along the
edge of the lesion because the necrotic cores were devoid of viable cells.
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Statistical Analysis

All quantitative data were
the nature of the treatment.

All

determined by the junior author, who was blinded to

data are expressed as mean + SEM. Data were analyzed,to

ensure normal distribution. The initial test was 2-way analysis

of variance (ANOVA)

using age and treatment as independent variables. Intergroup comparisons
within a given
age and between ages were made using Scheffé test. IFN-y knockout
and

wild+ype adults

were compared using unpaired t-test. The differences were considered
significant when

p<0.05' we used Statview 5.0r software (sAS Institute; cary NC).

Results

During the 28-hour recording period, there was a gradual variation in body
temperature of the control adult mice, a reflection of diurnal rhythm. younger
mice had

lower and more stable temperatures, probably reflecting their susceptibility to
ambient
conditions (Figure

2-7-l).In adults, there was signif,rcant hypothermia at 6 hours after

LPS, but not after ConA or PolyI:C. There was no significant change in temperature
of 2-

day and 10-day old mice (Figure 2-7-1). The quantities of total white
blood cells and
lymphocytes in adult mice were significantly lower after LPS. The quantity
of monocytes

was significantly lower after ConA (Figure 2-7-2). There was no significant
change in

hemoglobin, although hematocrit was significantly lower after ConA and LpS (not

shown). There was

no mortality following injections of immune

stimulators or

intracerebral blood- In all groups, damaged striatum surrounding the hematoma
appeared

pale and microscopically one could identify edema, blood debris, and
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necrosis.

Neutrophils were present at the periphery. Reactive microglia/macrophages were present

in the parenchyma adjacent to the damaged brain and around blood vessels. Fluoro-Jade
staining highlighted the dying neurons and TLTNEL demonstrated all types of dying cells.

Age and treatment had significant effects on dying neurons (ANOVA, F(age) =
22'389, df
2.533, df

:2, p:0.0001;

:

6, p

:

F(treatment):10.743, df

:3,

p<0.0001; F(interaction):

0.0349), on proportionate damaged area

(ANovA

F(treatment)

:

3.586,df:3,p:0.02L4;F(age):9.640,df:2,p:0.0004;F(interaction):2.259,df:
6,

p:0.0460). TLINEL positive cells (ANOVA,

F(treatment)

:

11.095, df

:

p : 0.0002; F(treatment)
F(treatment)

influenced

:

3.250, df

:

F(age)

3, p<0.0001), neutrophils

:

11.246, df

3, p

:

:

:

8.047, df

:2,

p

:

0.0011;

(ANOVA, F(age) = 10.934, df

3, p<0.0001), and damaged area (ANovA,

0.031 1; F(age)

:

7.289, df

: 2,p :

0.0019) and were

by treatment and age and there were no significant interaction

(ANOVA, F(TUNEL)

p:0.1r92; F(area)

:

:

1.996,

1.780,

influenced by treatment

df

:

6, p

df : 6, p :

:2,

:

0.0878; F(neutrophil)

0.1266, respectivery).

:

1.816,

df :

RCA-I labeling

(ANovA, F : 20.338, df : 3, p<0.0001) but not age (F :

df :2,p:0.2184)andtherewasaninteractioneffect

effects
6,

was

1.57g,

(F:6.394,df:6,p<0.0001).

In2-day old mice, the absolute and proportionate brain damage

areas due to blood

injection were significantly increased after LPS stimulation and tended to increase after

ConA. No difference was observed in the other ages (Figure 2-7-3). Neutrophil
infiltration and microglia/macrophage reactions were greater after LPS and polyl:C
stimulation in the 2-day and 10-day old brains. In adults, ConA and LPS were associated

with more microglial reaction (Figure 2-7-4). The number of dying cells detected by
TI-INEL was increased

in

2-day old mice after Con

r80

A, LPS, and PolyI:C stimulation

(Figure 2-7-5). Dying neurons detected by Fluoro-Jade were signif,rcantly more abundant

in the 2-day old brain after stimulation with LPS and in the lO-day old and adult mice
brain after stimulation with PolyI:C (Figure 2-7-5).

In IFN-y

knockout mice the number

of infiltrating

neutrophils and TLINEL

positive dying cells adjacent to the hematoma were significantly fewer compared to
Cí7BL| 6 wild-type mice (Figure 2-7 -6).

Discussion

ICH causes brain damage through multiple mechanisms

25e.

Delayed brain

damage could result through a variety of mechanisms including inflammation 38' sa. In

this study, cellular damage and inflammation caused by blood injection into mouse brain
were aggravated by immune pre-stimulation with LPS, ConA, and PolyI:C. The effect
was especially strong in neonatal mice. LPS produced transient hypothermia, which has
been shown to correlate with elevated plasma TNFa'eo. LPS also caused leukocytopenia,

which is likely mediated by enhanced interaction between leukocytes and endothelium
3es.

Stimulated inflammatory cells included in the hematoma and those infiltrating brain

from blood could release oxygen free radicals, nitric oxide, endothelin-1, prostaglandin Iz
and H2, tumor necrosis factor alpha (TNFa) and IFN-y, which are harmful to brain cells

ie. Systemic administration
of cytokines interleukin (IL)-lP, IL-6, IL-9, and TNF-q
exacerbate brain lesions
3e6.

in 5-day old mice following intracerebral injection of

ibotenate

We observed that IFN-y knockout mice had significantly reduced neutrophil

infiltration and cell death compared to wild-type control mice following ICH. IFN-y can
enhance the microbiocidal

activity of macrophages, activate cytotoxic T cells and NK
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cells, and upregulate class

I

and

II MHC

antigen expression on a variety of cells

3e7.

multiple sclerosis tissue, IFN-y has been detected at high levels on microglia
leukocytes

3e8.

In

and

These data suggest that IFN-y might contribute to secondary brain injury

following ICH.

We showed that there was an age-dependent response following ICH after
immune pre-stimulation. The age-dependent brain response has shown in other types of

brain damage. We observed that hemorrhage and thrombin-associated brain damage is
more severc

in 2-day mice than in

10 day-old or adult mice (Xue and Del Bigio,

unpublished data). Traumatic brain injury in neonatal pigs differs from that in older pigs
238.

Rats exposed to systemic LPS in infancy exhibit altered CNS-mediated inflammatory

responses even as adults

3ee.

The mechanisms for the age-dependent brain injury are not

clear. Immune prestimulation could affect microglia directly or it could alter the systemic

inflammatory status, which in turn affects brain following damage. Nitric oxide synthase

(iNOS) in the intestine is induced by LPS in 4-day old rats to a different extent than in
15-day rats; this may be

a

mediator

of intestinal injury

ooo.

The intrapulmonary

inflammatory response to LPS stimulation is minimal early in life and does not approach
adult levels until approximately 4 weeks of age in rats

40t.

Howeuer, neonatal mice are

markedly more susceptible to LPS-induced lethality but more resistant to staphylococcal
enterotoxin

B than are adults; the

response correlates

with plasma TNF-ct levels

402.

Clearly the age-related differences depend on the model system studied.

There are several potential shortcomings in the experiment. First, there is some

variability in the lesion because of our inability to use a stereotaxic frame. However, this
should not explain differences between the groups. Second, it is possible that the immune

t82

stimulators only alter the time course of injury; long-term survival studies are required to
address this.

Third, brain temperature might not be reflected in the axilla, nevertheless

our measurements did demonstrate differences between the agents and the ages of mice.
Fourth, we could not get enough cardiac blood from the 2-d,ay and l0-day old mice to
perform blood counts and differentiation and we did not determine circulating cytokine

levels. This would require an additional experiment. Fifth, actual bacterial or viral

infection

of the animal might

have

a different effect,

demonstrates the principal effect. Finally, although there

however our experiment

is an association

between

increased inflammation and increased damage, we cannot determine which is cause
or
effect.

In summary, our results demonstrate that brain damage and inflammation after
injections of blood into mouse brain are aggravated after immune pre-stimulation, most
obviously in2-day old mice. We conclude that inflammation, including the cytokine IFNy, might be an important factor in brain injury following ICH. We also conclude that
the

effects are age-specific. As has been previously suggested, these represent potential
targets for therapeutic intervention.
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Poly l:G

Figure 2-7-I. Body temperature (mean+SEM,) changes induced by i.p. injections

of

saline, conA, LPS, and Polyl:c into mice at2-day,1O-day, and adult age (n:3 each
group). There was no significant change in temperature of the 2-day and 1Q-day old mice

(4, B) compared to saline injection. In adult mice significant hypothermia occurred at 6
hours after LPS administration. Basal temperatures in 2-day and lO-day old are lower
than in adult mice. (*p<0.05 compared to saline;
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ANovA

and scheffé test).
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P

Figure 2-7-2. Bar graphs (mean+SEM) showing leukocyte counts and differential in the
peripheral blood 48 hours following blood injection into brain after Con A, LpS, and

PolyI:C prestimulation in adult mice (n:6 in each group). The numbers of white blood
cells and lymphocytes were significantly lower after LPS stimulation compared to saline.
There was no significant difference in mature and immature neutrophils. The number

of

monocytes was signif,rcantly lower after ConA stimulation compared to saline. (*p<0.05
compared to saline;

ANOVA and Scheffé test). Abbreviations: S: saline, C: concanavalin

A, L: lipopolysaccharide, P: polyinosinic-polycytidilic acid.
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Figure 2-7 -3 . Bar graphs showing the absolute brain damage areas (upper panel) and
proportionate brain damage areas (lower panel) following ICH after saline, Con A, LpS,
and PolyI:C stimulation in the mouse brain

(n:6 in each group). The absolute brain

damage area and proportionate brain damage area were greater following stimulation

with LPS in the 2-day old mice compared to 10-day old and adult mice (@p<0.002,2way

ANovA

using age as independent variable). Brain damage area was also

significantly increased after LPS stimulation compared to saline injection in the 2-day old
mice (*p<0.05; ANOVA and Scheffé test). Abbreviations: S: saline, C: concanavalin A,

L: lipopolysaccharide, P: polyinosinic-polycytidilic acid.
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Figure 2-7-4. Bar graphs (mean+SEM) showing neutrophil infiltration (upper panel) and
microglia/macrophage reaction (lower panel) in mouse striatum (per 4
area) 48 hours

x

540

x 540 ¡rm,

following blood injection with saline, conA, LPS, and polyl:c

stimulation. The number of neutrophils was increased following stimulation with ConA
and LPS inZ-day old mice compared

to

1O-day old and adult mice

(@p<0.002,2-way

ANOVA using age as independent variable). There was no age dependent difference in
the number of microglia/macrophages. The number of neutrophils was significantly
gteater after ConA and LPS stimulation in the 2-day old mice and after LPS and PolyI:C

stimulation in 1O-day old mice compared to saline, but there was no significant difference

in adult mice. The number of microglia / macrophages was significantly greater after LPS
and PolyI:C stimulation in the 2-day old mice compared to saline and PolyI:C stimulation

in 1O-day old mice compared to saline and LPS as well

as ConA and LPS stimulation

adult mice compared to saline. (*p<0.05; **p<0.01 compared to saline; ##p<0.01
compared to LPS,

ANovA

and scheffe test). Abbreviations see Figure 2.
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Figure 2-7-5. Bar graphs showing dying neurons (upper panel) and TLINEL positive
cells (lower panel) (per 4

x

540

x 540 ¡rm2 area) following blood injection after

saline,

Con A, LPS, and PolyI:C stimulation. There were significant age-dependent differences

in TUNEL positive cells following

stimulation with ConA and PolyI:C and dying

neurons following stimulation with LPS in the 2-day old mice compared
and, adult

to lo-day old

mice (@p<0.002, 2-way ANOVA using age as independent variable). The

number of TLINEL positive cells following stimulation with ConA, LPS, and PolyI:C and

dying neurons following stimulation with LPS was signif,rcantly increased following
blood injection

in

2-day old mouse brain compared to saline injection. There was no

significant change in TI-INEL positive cells in the 10-day old and adult mouse brain.
Dying neurons were significantly more abundant following blood injection with polyl:C
stimulation compared to saline and ConA in the 1O-day old and adult mice, and compared
to LPS in the adult mice. (*p<0.05; **p<0.01 compared to saline; # p.0.0s compared to
ConA; + p<0.05 compared to LPS, ANOVA and Scheffé test). Abbreviations see Figure
2.
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Figure 2-7-6. Bar graphs showing neutrophils (Neutr), TTINEL positive dying cells,

dying neurons (FJ:Fluoro-Jade), reactive astrocytes (GFAP), and microglia/macrophages

(RCA-I)

Qter 4

x 540 x 540 pm area, upper panel) and brain damage area (lower panel)

48 hours following ICH in adult C57BL/6 wild-type and IFN-y knockout mice. The

quantities of neutrophils and TUNEL positive cells were significantly decreased adjacent

to the hematoma following blood injection in IFN-y knockout mice. (*p<0.05; +*p<0.01
compared to wild-type mice. Unpaired Student t-tests).
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Chapter 2-8

Inhibition

of

thrombin reduces brain damage following intracerebral blood

injections in neonatal mice

Xue M, Balasubramaniam J, Parsons K, Mclntyre I, Peeling J, Del Bigio MR.

(Submitted to J Neuropath Exp Neur, October 2004)

(The cell culture and enzyme overlay experiments described in this project were

done

by Ms. Janani

Balasubramaniam. Ms.

Kari Parsons assisted with

the

behavioral tests. Mr. Ian Mclntyre assisted with the cell culture. The magnetic
resonance imaging was directed by Dr. James Peeling.)

196

Abstract
The mechanisms of brain injury following intracerebral hemorrhage (ICH) may
include proteolyic activities, some of which are also functional in the developing brain.

We hypothesized that activities of thrombin and plasmin (serine proteases)

are

responsible for damage following neonatal PVH and that inhibition of activity would
reduce brain damage. Neonatal rat brain cells were cultured for colorimetric viability
assay after treatment

with blood, thrombin, or plasmin. Following in vivo injection of

autologous blood, rat brain slices were tested with enzyme overlays using thrombin and

plasmin fluorogenic substrates. Rats at

2

days

blood, thrombin, and plasminogen. Mice at

of

2-

age received intracerebral injection

of

and. 10-day ages received intracerebral

injections of blood in combination with saline, hirudin, u2macroglobulin, or plasminogen

activator inhibitor-l. After

2 days survival, hematoxylin &

eosin, Fluoro-Jade, lectin

histochemistry, and TLTNEL staining were performed. Neonatal mice received low and
high doses of hirudin mixed with blood, behavioral testing was conducted repeatedly, and

histological studies were conducted at 10 weeks. Whole blood and thrombin, but not
plasmin, decreased cultured brain cell viability. Enzyme overlays showed increased
serine protease activity in a halo around the hematoma after blood injection. Thrombin

and blood caused greater damage

in

neonatal rat brain than saline

or

plasminogen.

Hirudin significantly reduced the inflammation, cell death, and brain damage 48 hours
following PVH in 2-day old mice. Ten weeks after neonatal PVH, high dose hirudin
reduced brain infarction. These results indicate that thrombin plays a role in neonatal
brain damage following PVH.
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Introduction

A significant proportion of
hemorrhage (PVH)

in the brain

premature births is accompanied by periventricular

27.

Some

of the adverse effects of blood have

attributed to the proteolytic enzymes thrombin and plasmin

38' 88'

8e'el,

been

which are involved

in blood clot formation and lysis respectively. The immature brain is also a minor source

of thrombin and plasmin
where they play a role
myelination
204,

200-202.

Proteolytic enzymes are active in the developing brain

in cell migration

"t . rn vitro, thrombin

and cause

223,

vascular growth 22a, synaptogenesis, and

can impair neurite outgrowth

morphological changes in astrocytes

205.

203,206,

induce apoptosis

Thrombin and plasmin cause brain

edema, inflammation, and cell death when injected into adult rodent brain 38'

207-20e.

Endogenous inhibitors of

proteol¡ic enzymes, including neurosetpin "n, plasminogen

activator inhibitors (PAÐ

I and 2222,protease nexin-l (pN-l)

232,

and the tissue

230,

a2-macroglobulin

231,

inhibitors of metalloproteinases (TIMPs) '33 are present in developing

brain. Their quantities are likely insufficient to inhibit the high levels of proteolytic
enzymes released following PVH.

Inhibition of thrombin with hirudin following blood injection into rat brain
reduced brain edemae3 and,brain cell death

a03.

Blocking of protease activated receptor

1

(PAR-l) by knockout or intraventricular injection in wild-type mice of the PAR-I
antagonist BMS-200261, decreased brain damage following transient focal cerebral
ischemia

o0o.

Ho*errer, the neonatal brain has not been studied in vivo. We hypothesized

that activities of the serine proteases thrombin and plasmin are responsible for brain
damage following neonatal PVH and that inhibition would reduce brain damage and

improve the neurological impairment following PVH in the neonatal rodents. The goals
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of this study were to

in vitro and in vivo,

to

demonstrate proteolytic activity in brain following PVH, and to investigate the role

of

demonstrate toxicity on brain cells

inhibitors of proteolytic activities post PVH. The inhibitors \ /e chose to study are hirudin,

which is a thrombin inhibitor derived from leech saliva with proven efficacy in brain
edema reduction e3, a2-macroglobulin, which
proteases that is normally present
338,

is a broad-spectrum inhibitor of

serine

in small quantities in developing brain and in plasma

ffid PAI-I, which is produced in the brain and prevents activation of plasmin

222.

Previous studies showed that inflammation and cell death peak2-3 days after injection

of

3e' 40' s4

for

blood into the adult rat brain, therefore we chose a survival period of 2 days

the initial screening. We used 2-day old mice because the maturational state of the
subependymal zonelganglionic eminence

is

roughly comparable

to

24-26 week

gestational age human brains, an age at which premature birth is associated with PVH.

Materials and methods

Animal preparation

All

experimental procedures were done

in

accordance with guidelines

of

the

Canadian Council on Animal Care. Protocols were approved by the local experimental

ethics committee. One hundred and twenty eight CDt mice (Charles River Canada, St.

constant, Quebec)

of two

ages (2-day old weighing l.4z-1.95 grams, l0-day old

weighing 5-7 grams) were used. An additionalT6locally bred Sprague-Dawley rats were
used for cell culture and enzyme overlay studies because the tissue dissections were more
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reliable; additional histological studies were done in the acute stages to ensure that
similar abnormalities occurred in rats and mice.

Brain cell culture
Twelve 2-day old Sprague-Dawley rat pups were sacrificed using CO2 anesthesia
and euthanasia by decapitation. Brains were removed and placed in a circulating bath

of

4oC artificial cerebrospinal fluid containing (in mM) 124 NaCl, 25 NaHCo3, 3 KCl, 1.5

CaCl2,l.0 MgSOa, 0.5 NaH2PO4, and 30 D-glucose equilibrated with 95%o}zto

5o/o

COz

(pH 7.4). Tissue lateral to the frontal ventricles including the ganglionic eminence and
striatum was excised and minced in a sterile solution containing trypsin (5%) dissolved in

a dissection medium supplemented with antibiotics (penicillin G, Streptomycin Gibco).
Cells were counted using a Spotline hemocytometer and plated at a concentration of 50100,000 cells/well into Corning 96-well tissue culture plates (Corning 3997) and culture
dishes were stored
5o/o COz

in a humidified incubator and maintained at 37 .5"C and at an ambient

concentration. Cultures were fed twice weekly with Eagle's minimal essential

medium (MEM, Gibco 82-0234), containing added

and supplemented with

50%

horse serum, glutamine (2mM)

a solution containing T3, insulin, progesterone, putrescine

dihydrochloride, corticosterone, human transferrin, BSA, and nerve growth factor

a0s.

The cultures were grown to confluency (7-10 days).

Assessment of cell

viability after blood, thrombin and plasmin exposure

Blood was obtained from 4 healthy adult male Sprague-Dawley rats. Cultured
brain cells were exposed to blood volumes of 10 ¡rl, 25 ¡t"1,50 pl, 100 ¡rl, and 200 pl in

200

total culture medium volume of 400 pl. We calculated the units of thrombin

and

plasminogen in whole blood based on the following assumptions: plasma volume is
60yo total blood volume, each

-

ml plasma contains 260 to 360 units of prothrombin and

3o''
200 ¡tg (1.95 units) plasmino gen

348' 382.

The quantities of thrombin (from bovine

plasma, T-6634, Sigma Chemical Company) and plasmin (from porcine plasma, P-8644,

Sigma) calculated to be contained in blood volumes of 25¡rl (plasmin 0.0295 units and
thrombin 6.5 units) and 100 pl (plasmin 0.1 18 units and thrombin 26 units) were applied
to cell cultures in 400p1 wells. Cell viability in response to blood, thrombin, and plasmin

was determined by using the MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H
tetrazolium bromide] colorimetric assay. Twenty-four or 48 hours after application of

blood or blood products, 100 pt of MTT solution (lmg/ml, Sigma Chemical Co., St.
Louis, MO) was added to each well. After 4 hours of incubation af 37oC, the reaction was
terminated by removing the supematant and adding 100

pl of DMSO,

thorough mixing. The plates were read at 570 nm (absorption background

:

followed by
empty well +

DMSO) on a plate reader (BioRad). Mean absorbance was calculated for control well and
treatments.

All

tests were done in triplicate. For immunocytology, cultured cells

in

12-

well plates were labeled with rabbit anti-cow GFAP (1:1000, Dako, CA) or mouse antineurofilament 200 (1:40, Sigma) and incubated for

t

hour with Cy3- conjugated donkey

anti-rabbit (1:500, Jackson ImmunoResearch laboratories, PA)

or FITC-

sheep anti-mouse (1:150, Jackson ImmunoResearch laboratories,
antibodies.

Intracerebral injections

20t

PA)

conjugated
secondary

For the acute brain response study, 2-day old rats and mice were anesthetized by
cooling on an ice bed. Ten-day old mice were anesthetized by intraperitoneal injection

with ketaminelxylazine (9.0/0.5 mglkg). Autologous blood was collected in a sterile
syringe by placing the tail in warm water for 1 min, cleaning the skin with7}o/o alcohol,

and cutting 2 mm off the tail tip as previous described
animals could not be secured

37'3e'40.

Because the neonatal

in a stereotaxic frame, the brain injections were done

freehand with the needle inserted percutaneously.

In

10-day old mice, a midline scalp

incision was made. After blood collection, a29-gauge needle was attached to the syringe
and quickly introduced into the right striatum of the mouse brain with a custom-made
guide that helped to stabilize the needle and guide it to the correct depth (in2-day old: 1.5

mm lateral to midline, 0.5 mm posterior to the outer canthus of the right eye, 2.5 mm
deep to the skull surface;

in

10 day old: 2 mm lateral to midline, 1.0 mm posterior to the

outer canthus of the right eye, 3.0 mm deep to the skull surface). The volume of injected

blood was 15 ¡rl in neonatal and 25 ¡il in 10-day old mice. We chose these volumes so
that the hematoma was of similar proportion to the total brain size at all ages. We based

our calculation on prior studies that showed the brain weights in mice are approximately
150 mg in2-day old,250 mg

lateral compared
described

"

in

10-day mice

380'3*t.

Th" sites of injectionwere more

to the periventricular/intraventricular hemorrhage model

be"uur" we wanted to study the reactions

intraventricular hemorrhage) following PVH. Blood,

in

previously

in brain parenchyma

(not

some cases combined with

inhibitory agents (see below), was injected over 1 minute. Newborn rats received
intrastriatal injections of saline (15pL, n:6), blood (15pL, n:8), thrombin (3.9U/15 pL,

from bovine plasma; T-6634, Sigma Chemical Company, n:8), or plasminogen (0.03
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IJll5

¡t"L,

from bovine plasma; P-9156, Sigma, n:8). The needle was left in the place for

30 seconds, and then removed slowly. Then the opened scalp (10-day old) was sutured'
Physiological monitoring was not practical because of the small size of the animals. All
were returned to the cages with their mothers after the procedure.

For the long-term behavioral study two-day old mice were anesthetized with 1.5-

2Yo halothane

in a 7030 mixture of N2O:O2. Immediately after injection mice

were

examined with MRI, which allowed us to assess accuracy of the injection. There was no

injection in intact control group. Nine intact 2-day old mice were used as control.

In vivo assessment of serine protease activity using eîzyme overlay membranes

In a qualitative manner, proteolytic activity related to
assessed

using chromogenic substrates impregnated

in

serine proteases was

enzyme overlay membranes

applied to fresh brain slices. Rats were used because the larger brains were more practical

for this experiment. At 0,
point, blood

n:4

I,6,24,48

and controls

hours after the injection of blood (at each time

n:2), rats were re-anesthetized and perfused with 0.1M

phosphate-buffered saline (PBS)

to flush the

vasculature. The brains were quickly

removed and sliced (lmm) in the coronal plane through the needle insertion site, and

placed onto

a

glass microscope slide

at room temperature. Overlay membranes

impregnated with peptides conjugated to fluorogenic substrates (Thrombin: D-Pro-Phe-

Arg, AFC 80; and Plasmin: D-Val-Phe-Arg, AFC 80 or D-Val-Leu-Lys, AFC

56;

Enzyme Systems, Livermore, CA, USA) were used to assess proteolytic activity of both

thrombin and plasmin. Membranes were cut into icm squares, soaked in 0.lM PBS with

or without 5 units of hirudin, and marked with small hole to place directly over the
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by epifluorescence (FITC filter set) on

hematoma. The membrane was monitored

an

upright microscope (10X objective) and photographed at S-minute intervals to document
the time dependent release of substrate. Fresh human blood, pure thrombin (0.1 ¡tgl5 p'L

from bovine plasma; T-6634, Sigma Chemical Company), and plasmin (0.335 Ul5 p'L
from porcine plasma; P-8644, Sigma) were directly applied on both membranes to assess
the specificity of thrombin and plasmin substrates impregnated on the membranes.

Intracerebral administration of drugs to mice

Five units (in 15 pl) or 9 units (in 25 ¡rl) of hirudin (H-0393, Sigma Chemical
Company), 50 pg (in 15 pl) or 90 pg

(in25 pl) of a2-mactoglobulin (M-6159, Sigma

Chemical Company),5 pg (in 15 ¡rl) or 9 pg

(in25 pl) of recombinant

mouse PAI-I

(Technoclone GmbH A-I235, Vienna), or equal volumes of saline were preloaded and
supplied blindly
response study

in syringes by the senior author without blood for the acute brain

in the 2-day and 10-day old mice respectively (Table 2-8-1). The doses

are based upon the amount theoretically needed to block all enzyme activity
volumes of blood

347'348'38'.

in

equal

For the blood injections, the solutions were provided in 5 or

10 pt aliquots and combined with autologous blood obtained from the tail for injection

into the striatum in2-day and lO-day-old mouse brain (15 or 25 pl respectively). For the
behavioral study in2-day old mice, the preloaded syringes with low dose hirudin (5 units,

n:l1), high dose hirudin

(10 units,

rl2),

or saline (n:12) in 5 ¡rl were combined with

15 ¡rl blood from the tail.
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Magnetic Resonance Imaging (MRI)

MRI was used to
previous described

37.

assess the hematoma size and

location in the neonatal mice

as

Briefly, the mouse pups were anesthetized with 1.5-2 % halothane

in a 70:30 mixture of NzO:Oz. MRI was performed using a Bruker Biospec/3 MR scanner
equipped with a 2Icm bore magnet operating at a field

of 7T (Karlsruhe, Germany) to

obtain T2-weighted images of brain. Two-day old mice were imaged immediately after
the injection and the size of the hematoma was assessed. Mice were only used for longterm behavioral tests and histological analysis

if MRI showed

a standard hematoma size

and location.

Evaluation of acute brain damage
Newborn rats were re-anesthetized at 24 or 48 hours after saline (n:3 at each time
point), blood (n:4 at each time point), thrombin (n:4 at each time point), or plasminogen

(n:4 at each time point) injections. Mice were re-anesthetized 48 hours after injections of
blood or blood combined with hirudin, u2-macroglobulion, or PAI-I (n:5 each). They
were perfused through the heart with 5ml of ice-cold 4%o paraformaldehyde in 0.1M PBS.

The brains were removed, fixed and cut coronally to surround the injection sites. Slices
were dehydrated and embedded in paraffin. Sections (6 pm) were cut serially and each
20th section from the rostral to the caudal portion of the damage area was stained with
hematoxylin and eosin (H&E). The coronal levels with damage were identified. In the rat
brains, using characteristic cellular morphology, dying cells were counted
(each area 540pm

x

540¡rm, objective 40X magnification)

of lateral

in 3

fields

cerebral cortex,

white matter, and germinal matrix at three levels. Near the lesion center in the mouse
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brains, where the brain damage was maximal, a variety of additional histological and
37' s4.
Briefly,
immunohistochemical stains were performed as previously described

histochemistry with Ricinus communis agglutinin lectin (RCA-l) labeling was used to
demonstrate reactive microglial cells

26e.

Paraffin sections were dewaxed and rehydrated,

incubated with biotinylated lectin (diluted 112000, Vector Laboratories, Inc., Burlingame,

U.S.A.) and incubated with streptavidin-peroxidase (11400, Dako
Carpinteria, CA, USA), colored with diaminobenzidine

-

Corporation,

HzOz solution, washed and

coverslipped. Control sections were processed with omission of the biotinylated lectin.

Terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate
(dUTP)-biotin nick end labeling (TUNEL) was used to identify dying cells with damaged

DNA using Apoptag in situ kit (Intergen; Purchase, NY, USA). Negative control sections
were treated similarly but incubated in the absence of TdT enzyme or dUTP-digoxigenin.

Fluoro-Jade staining showed dying neurons

l8e' leO

by incubating sections in

0.06%

potassium permanganate for 15 minutes. Then 0.00I% Fluoro-Jade (Histo-Chem Inc.;
Jefferson, AR) staining solution was applied for 30 minutes, following by PBS washing,

drying in air, and coverslip application. On the coronal sections with brain damage

a

"cameta lucida" drawing was used to document the area of brain damage, which was

defined

by the

presence

of

blood, tissue rarefaction,

or

necrosis. Computerized

planimetry was used to measure the areas of damaged brain. The proportion of brain
damage was calculated as the area

hemisphere. Using

magnification

x

of

damage divided

by the area of the

an ocular reticule and 400x ocular magnification

whole

(objective

40), Fluoro-Jade positive neurons, TUNEL positive dying cells,

neutrophils (identified on H&E sections

by
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characteristic nuclear morphology), and

RCA-I binding cells were counted in 4 fields (each

area 540 ¡rm

x 540 ¡rm) immediately

adjacent to the needle injection/damage site as previously described

38-40' s4.

Counts were

made near the edge of the lesion because the necrotic cores were devoid of viable cells.

Long-term behavioral testing (Table 2-8-2)

Mice were weighed twice weekly for 10 weeks. To study

sensorimotor

development, the tests include pivoting (forelimb movements involved

in

early

ambulation), righting response (mice were placed on their backs and the time to righting

was measured), and negative geotaxis (mice were placed on an 15o incline pointing
downward and the time it took to face upward was recorded)

006.

The mice were housed

with their mother until weaning on postnatal day 21. Then 3-4 same sex mice were
housed cages without the mother. Grip strength was tested at 14, 16,20, and23 days of
age by allowing the mice

to grasp a 1.5 mm diameter wire with their forelimbs

measuring the hanging time for a maximum 2 minutes.

and

A soft blanket was placed under

the wire to catch any mice that fell.

Starting on the fifth week, the following behavioral tests were performed.

1)

Cylinder exploration: forelimb placing during vertical exploration was analyzed by
placing mice in a transparent cylinder (15 cm diameter and 30 cm height) for 2 minutes.
Videotapes were analyzed and the frequency of left and right forepaw placement on the

cylinder wall was counted. 2) Rotating cylinder: gait agility was assessed using a rotating

cylinder with 7 cm diameter (Economex, Columbus Instruments) in two separate trials.
First, endurance was assessed at a constant speed of 5 rpm for a maximum of 2 minutes.
Second, the cylinder accelerated at a rate of 0.1 rpm every second for up to 2 minutes.
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The time that the animals remained on the cylinder was recorded. 3) Beam walking: to
assess

motor coordination, mice were trained to walk along a0.7 cm wide 50 mm long

Plexiglas beam to a platform. The mice were videotaped from behind. The time taken to

walk the beam and the frequency of hindlimb slips off the beam were recorded. Five
trials were used for each test. 4) Swimming: a 20 cm deep, 65 cm long, 20 cm wide
aquarium filled with 22'C water and containing a 72 cm diameter round platform 2 mm
above of the water level at one end was used. The mice were videotaped from the side

and below. The time

to swim the length of the pool, the ease of climbing onto

the

platform, and the forepaw position during swimming were scored. Five trials were used
for each test separated by a 30 second rest period.

Brain tissue evaluation 10 weeks after PVH

At the end of the l0-week behavioral testing period, the mice were given
overdose of pentobarbital, the vascular system was flushed by transcardiac perfusion

an

with

ice-cold 0.1M PBS, and the brains were removed quickly. The cerebral hemispheres were

split down the midline. The left hemisphere was frozen in liquid nitrogen and stored at 80

'C (for ELISA). The right hemisphere was immersion fixed in 4 %o buffered formalin,

embedded

in paraffin and cut in the coronal plane. Sections (6p-) were stained with

H&E and solochrome cyanine for visualization of myelin. Brain damage was graded as

follows: 0 (intact);

I

(mildty enlarged lateral ventricle, mild atrophy of striatum or

external capsule, or dorsal cortex); 2 (moderately severe dorsal cortex atrophy, atrophy

of

lateral striatal white matter bundles); 3 (severe dorsal/lateral cortex atrophy, loss of
corpus callosum and external capsule, atrophy of striatum).
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Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA was used to measure the quantity of myelin basic protein (MBP). The left
hemispheres were weighed and homogenized in RIPA buffer proportional to the weight

of the brain samples. Following centrifugation at 15,000 x G for 30 min at 4o C the
clarif,red supernatant was used to do protein assay. The wells

I

ELISA plates were coated with 100 pllwell of

of coated NUNC brand

¡tglmL polyclonal rabbit anti-human

myelin basic protein (DAKO, A0623) overnight at 5 oC. Washed plates were blocked

with 100 pllwell of

5Yo

skim milk powder in PBS for

washed with PBST (0.5% Triton

t

hour at room temperature and

in 1X PBS). To make the standard curve, 100 pllwell of

myelin basic protein (bovine brain MBP, M1891, Sigma) standards were diluted (15

nglmL,50, 100, 200, 300, 400, and 500) on ice in PBST (0.5% Triton in
Samples

at25

PBS).

and 50 ¡-rglml concentrations, 100 pl/well, were diluted on ice in PBST.

Standards and samples on plates were incubated

I

hour at room temperature. Mouse anti-

human monoclonal MBP antibody (US Biological,M9758-01) diluted

skim milk/PBST was applied 100 ¡rVwell for

washed

lX

with PBST. Alkaline

t

to 1:500 in

5%

hour at room temperature. Plates were

phosphatase conjugated goat anti-mouse antibody

(Cedarlane/Biocan, 115-055-146) diluted

to 0.5 pglmL in

5o/o

skim milk/PBST was

t

hour at room temperature. Plates were washed with PBST.

Phosphatase substrate (100

pliwell, Pierce, 37620) was applied in a dark place for 30

applied, 100 ¡rllwell, for

minutes at room temperature. The reaction was stopped with 50

¡rllwell of 2N NaOH

and plates were read at 405 nm absorption with a microplate reader (Corona). Controls

without antigen were measured to determine the background.
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Statistical Analysis

All

data are expressed as mean

+ SEM.

Unblinding was done only after all

analysis was complete. Data were analyzed to ensure normal distribution. Intergroup
comparisons were made

by ANOVA followed by Fisher's protected least significant

difference (PLSD), or nonparametric Kruskall-Wallis test as appropriate. The differences

were considered significantly when p<0.05. We used StatView 5.01 software (SAS
Institute; Cary NC).

Results

Brain cell culture

Cultured cells were predominantly immunoreactive for GFAP, i.e. astrocytes, and
approximately 5%o of smaller cells were neurofilament positive neurons. Whole blood
starting at25o/o of the culture medium caused significant loss of viability (p<0.05; Figure

2-8-l). There was no neurofilament reactivity after the treatment. At low

doses, thrombin

or plasmin (equivalent to 6.25Yo blood) alone did not cause signif,rcant decrease in
viability. Thrombin at high doses (equivalent to 25Yo blood) caused a significant decrease

in cell viability (Figure 2-8-1). Plasmin had no effect at comparable doses (data not
shown).

Magnetic resonance imaging
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MRI was used in 2-day old rats and mice to ensure accurate placement of the
injection and comparable hematoma size. On T2-weighted MR images, twenty minutes

following whole blood (15 ¡rL) injection, the hematoma in the striatum and ventricles
appears dark (Figure 2-8-2) due

to the large susceptibility effect of

paramagnetic

hemoglobin products.

Assessment serine protease activity using enzyme overlay membrane (EOM)

Membranes embedded with all substrates showed fluorescence within 2 minutes

upon direct application of fresh human blood. When pure plasmin and thrombin were
applied to corresponding membranes fluorescence was also observed. However, when the
substrates were interchanged, fluorescence

activity was still present. We concluded all

substrates (Thrombin substrate: D-Pro-Phe-Arg , and Plasmin substrates D-Val-Phe-Arg

and D-Val-Leu-Lys) could be cleaved by either plasmin or thrombin, despite the
manufacturer's claim of specificity. Application of membranes to brain slices revealed no
fluorescence directly over the hematoma (Figure 2-8-3). Increased serine protease was

activity was observed
approximately

of

in brain

tissue around hematoma extending

to a

distance of

300pm. Fluorescence appeared approximately 20 minutes after

membrane application and the intensity increased to 90 minutes. Fluorescence intensity
peaked after approximately 60-90 minutes. The reaction was most evident using slices

from acutely injected brains, but some fluorescence developed even in brains 24 hours
after blood injection. There was a qualitative reduction

in

serine protease activity

following pre-incubation of membranes with hirudin (data not shown).

2tl

Cell death after injections of blood, thrombin, and plasminogen into neonatal rat striatum

Twenty-four hours after blood injection, a small hematoma could be seen in the
rat striatum. In addition, 6 out of 8 rats exhibited hemorrhagic infarction in the lateral
cerebral cortex in the distribution of the middle cerebral artery, remote from the needle

insertion site and not necessarily contiguous with the hematoma. Similar changes were
seen at 48h and

following thrombin injection. Blood and thrombin injection resulted in

significant increase in dying cells compared to saline and plasminogen (Figure 2-8-4).

Brain reaction 48 hours following injections of inhibitors with blood

All mice tolerated the surgical procedure well

and there was no surgical mortality.

Following injections of saline, thrombin, a2mauoglobulin, and PAI-I alone, there was a
small area of brain damage surrounding the injection tracks. These appeared as a pale
area on

H&E stain due to edema. Brains that underwent injections of blood had large area

of damage (Figure 2-8-5). Microscopically, the hematoma was identified by the presence
of edema, blood debris, and necrosis within the brain striatum.

Age and treatment had signif,rcant effects on dying neurons (ANOVA, F(age)
28.744, df
5.186, df

:

1, p<0.0001; F(treatment):22.797,

:7,p:0.001),

p<0.0001; F(treatment)

df

:

30.005,

df

:

:

7, p<0.000 1 ; F(interaction)

damaged area

:

100.696, df

:

1,

6.538, df

:7,

:

3.3

47, df

(ANOVA F(treatment) :3.992, df

p:0.00350; F(interaction) :3.913, df

F(age):

7, p<0.0001; F(interaction)

:1,

p<0.0001), onneutrophils (ANOVA F(age):36.683, df
5.927, df

7, p<0.0001; F(interaction)

on microglia/macrophages (ANOVA,

:

:

7, p

:7, p :

:

:

:

p<0.0001;F(treatment):

0.0047), and on proportionate

0.0013; F(age)

:

4.664, df

: l,

:7, p:0.0015). TUNEL positive cells were

2t2

influenced by treatment (ANOVA, F = 22.096, df :7 , p<0.0001) but not age (F

df :1, p

:

0.4608) and there was an interaction effect (F

Damaged aÍeas were influenced by treatment (ANOVA, F

not age (F :2.293, df :1, p

:

:

:

8.561, df
9.749, df

:

-

:

0.551,

7, p <0.0001).

7, p<0.0001) but

0.1355) and there was an interaction effect (F

:

8.463, df

:

7, p<0.0001). Intergroup comparisons showed that brain inflammation adjacent to the
injection was mildly increased by a2macroglobulin and PAI-1 but not hirudin (Figure 28-6). In comparison to saline with blood, hirudin with blood reduced neutrophil infiltrate,

microglial activation, Fluoro-Jade dying neurons and TLINEL positive dying cells in both
ages. aZmacroglobulin and

PAI-I tended to be protective in 10-day old mice but not 2-

day old mice (Figures 2-8-5, 2-8-6,2-8--7).

Long term outcome following hirudin co-administration

All mice tolerated the surgical

procedure well and there was no acute surgical

mortality. There were three delayed deaths, one in each group for unknown
(necropsies were not obtained). There were no significant differences

reasons

in body weight

between the experimental and control groups (Figure 2-8-8). In the righting test at three
days þ:0.117, saline versus low dose hirudin) and negative geotaxis

at7 days (p:0.092

saline versus high dose hirudin), there was no significant difference (Figure 2-8-9). On
the beam, mice with PVH exhibited significantly more slipping of the contralateral hind

limb than normal mice (p<0.05), but there were no significant differences with hirudin
treatments (Figure 2-8-10). There were no significant changes in any of the other tests

including pivoting, cylinder exploration, rotating cylinder, and swimming (data not
shown). Following sacrif,rce, arcrLge of brain damage was observed. On gross inspection,

2t3

tissue loss was often obvious in the right hemisphere, while the left hemisphere appeared

normal. The mildest form was focal dorsal cortical damage, which might be attributably

to needle insertion. This ranged to complete infarction of the lateral and dorsal cerebral
cortex in the distal middle cerebral artery distribution. Fewer mice treated with high dose

hirudin exhibited large infarcts þ:0.259, Kruskall-'Waltis test) (Figure 2-8-11). ELISA

for the MBP content in the contralateral hemispheres showed no significant difference
between groups (data not shown).

Discussion

In the present study, viability of mixed striatal cell culture was reduced by
addition of whole blood (25% of total medium volume) and by thrombin in a dose
calculated to be in the same amount of blood. Plasmin administered at doses relative to
the same blood volumes had no such effect. Enzyme overlays placed on brain slices with

injected blood showed that there was a qualitative increase in serine protease activity
around the hematoma immediately following injection of blood. The absence of activity

directly over the hematoma could indicate that the enzyme activity is exhausted in the

blood clot. Pre-incubation
subjective decrease

of the membranes with hirudin was associated with

in activity,

suggesting that thrombin activity

responsible. Neonatal rats injected

a

is at least partially

with blood or thrombin, but not plasminogen,

exhibited large areas of damage. Brain damage area, dying cells, and inflammation in 2day and 1O-day old mice were significantly decreased at 48 hours when blood injections

were combined with hirudin. The effect was less consistent with o2-macroglobulin and

PAI-I, which have effects on plasmin. Therefore, we selected hirudin as the agent to
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study long-term following intracerebral injection of blood into 2-day old mice. High dose

hirudin reduced the brain infarction in l0 weeks after PVH. Together these observations
suggest that thrombin

from blood plasma plays a role in damage to the newborn brain

following hemorrhage.

In blood, thrombin converts fibrinogen into fibrin during clotting. Neurons

and

glia produce thrombin and thrombin receptors, also known as protease activated receptors
(PARs)

203,

especially in the newborn period when they play a role in development

date, four members

221.

To

of the PAR family have been identified. PAR-I, PAR-3, and PAR-4

are considered as thrombin receptors, while PAR-2 is activated by serine proteases other

than thrombin, such as trypsin and tryptase407'408.In culture, thrombin causes astrocytes
to proliferate by acting through PAR-I
neuronal apoptosis

PAR-4

oOe.
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through PAR-2

84'407

)

it impairs neurite outgrowth

226'227,

and

it

203

and induces

causes microglia proliferate through

Thrombin and plasmin proteolytic activity after hemorrhage likely exceed the

regulatory capacity of endogenous proteins such as u2macroglobulin, PAI-I, and PN-l.

Thrombin and plasmin cause tissue necrosis and inflammation when injected into adult
rat brain

38

and neonatal mouse brain in an age-dependent manner

(M. Xue and M.R. Del

Bigio, unpublished observations). The neonatal brain is relatively more sensitive to
proteolytic plasma enzymes possibly because there are more PARs on immature cells, or
perhaps because blood vessels are more fragile. Thrombin can act directly on cytoskeletal

actin
s2's4

alo.

In addition, inflammation may contribute to secondary injury following ICH

andthrombin itself is chemotactic for neutrophils

3e'

272.

Tissue type or urokinase type plasminogen activators (tPA and uPA) convert
plasminogen in blood to plasmin, which digests f,rbrin in blood clots. Plasmin-mediated
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activation of platelets occurs by cleavage of PAR-4 all. Plasmin, tPA and uPA are also
produced in small quantities by brain cells

202

where they play a role in cell migration,

synaptogenesis, and formation of myelin. Plasmin may regulate PAR-2 signaling in brain

endothelial cells under pathological conditiors ot'. Plasmin is known to degrade a range

of extracellular matrix proteins and to activate matrix metalloproteinases (MMPs), which
also can digest matrix proteins

328' 337

and myelin. Following brain injury MMPs are

produced by infiltrating inflammatory cells, microglia, and astroglia 85.

In this

study

plasmin seemed to play a minor role compared to thrombin in the damage of neonatal rat
brains when injected directly at physiologically comparable doses (in terms of blood
content), and in relation to the blockers that were tested in mouse brain. This is similar to
other experiments we have done in which low doses (0.05U) caused minor damage and

high doses of plasminogen (0.5U from the same supplier and same lot) caused severe
brain damage in adult rats

38.

In a recent study, however, the same dose (0.03U)

caused

more extensive damage in neonatal mice (M. Xue and M.R. Del Bigio, see Chapter 2-6).
We cannot offer a certain explanation

-

there may be interspecies differences.

Hirudin binds to thrombin in a one-to one molecular manner and can reduce brain
inflammation and cell death by inhibition of th¡ombin. This may be beneficial to the
brain following PVH. However, hirudin did not completely inhibit the damage even
though we used equimolar concentrations for the amount of blood injected. This may be
because more thrombin is produced by the injured brain

occurs from broken blood vessels

plasminogen

",

macroglobulin
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or because fuither bleeding

in the brain. Other factors such as leukoc¡es

and hemoglobin te6, also play roles

in the brain damage. a2-

or PAI-I also partially reduced brain inflammation and cell

216

40,

death,

suggesting that plasmin plays at least some role in brain damage. Previous experiments
showed that PAI-1 deficient mice exhibit larger infarcts following middle cerebral artery
occlusion

343.

Other issues remain unresolved. More sophisticated cell culture, cell death assays,
and immunostaining could help differentiate the kinetics of cell death, which may vary

between different types

of

cells. Furthermore, additional blood component toxicity

experiments should be done. 'We have no way of determining whether the proteolytic

activity is truly representative of what occurs following PVH. Fresh human tissues are
hard to obtain. We used plasminogen instead of plasmin because some plasmin activity is

lost when

it is purified in the post-activated

form. Our prior studies did show brain

damage in adult rats following injection of high dose (10 times of the some amount of the

blood) of plasminogen

38.

Although the method of freehand blood injection could cause

variable brain damage, through extensive experience and use of MR screening the results
are quite reproducible.

In summary, our results demonstrate that blood and thrombin

cause comparable

levels of brain cell loss in vitro and in vivo. Hirudin can significantly reduce the acute

brain damage following neonatal mouse PVH and high dose hirudin slightly reduced
brain infarction in long-term study. Thrombin therefore represents a potential target for
therapeutic intervention

in neonatal brain hemorrhage. The mechanisms of thrombin

toxicity, and specifically the reasons for neonatal susceptibility need to be explored more
tully.
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Table 2-8-l.Intracerebral injections of inhibitors of proteol¡ic activity with whole blood

into CDI mouse brain.
2-day old

(n:

5, each group)

1O-day old

(n:5,

each group)

Hirudin

5

a2-macroglobulin

50 pe in 15 ¡rl saline

90 pg in25 ¡ú saline

PAI-1

5 prg in 15 pl saline

9 ¡rg in 25 pl saline

Saline

15 pl

25p,|

Hirudin + blood

5 U in 5 pl saline + 15 ¡rl 9 U in 10 pl saline + 25 ¡tl

U in 15 pl saline

9 U in 25 prl saline

blood

blood

o-2-mauoglobulin

50 pg in 5 pl saline + 15 pl

90 pg in 10 ¡rl saline + 25

+ blood

blood

blood

PAI-I + blood

5 ¡rg in 5 ¡rl saline + 15 pl 9 pg in 10 ¡rl saline + 25 ¡:.1|

Saline + blood

blood

blood

5 ¡rl saline + 15 pl blood

10
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pl saline + 25 ttl blood

¡i

Table 2-8-2. Long-term study: Behavioral testing after inhibition of thrombin by hirudin
and control in neonatal mice.

{ge of testing

Behavioral test

Iesting schedule

fwice a week first 5 weeks

I

day

I

day to 2 weeks

to

10 weeks

Body weight

Jnce a week last 5 weeks

Pivoting

Iwice

a week

3-10 days

lighting

Iwice

a week

ì-10 days

\iegative geotaxis

Iwice

a week

Z-4 weeks

Wire hanging

fwice

a week

j-7 weeks

Beam

j-8 weeks

3ylinder exploration Jnce a week

1,5,7 weeks

Rotating rod

Jnce a week

3-10 weeks

Swimming

Cnce a week

walking

Jnce a week

2t9

.2
.'17

Ë
o
o

ït

fû

.15
.13
.1

o
IJ

a.

o

.08
.05
.03
0

o

t+,

2,5% 6.25%

o
o

25%

50%

TL

TH

BIood treatments

Figure 2-8-1. Viability of cultured rat brain cells 24 hours after exposure to whole blood
or thrombin. For blood treatments, percentages indicate the proportion of blood in total of

culture medium volume. Whole blood starting at 25%o caused a significant decrease in

viability. Thrombin at 6.5 units (TL), which is in

a blood volume equivalent

to

6.250/o

oî

the culture medium, did not cause a significant decrease in viability of cells. Thrombin at

26 units (TH) which is in a blood volume equivalent to 25Yo of the culture medium,
caused significant loss in cell

viability (p<0.05, ANOVA and Fisher's PLSD).
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Figure 2-8-2. Magnetic resonance imaging of neonatal rodent brain. A. Coronal image of

normal 2-day rat brain. B. Twenty minutes following blood (15 pL) injection, the
hematoma in rat striatum and ventricles appears dark. C and D. The appearance of the
acute hematoma is similar in the striatum and ventricles

2-day old mouse.
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in sagittal and coronal images of

Figure 2-8-3. Serine protease activity following neonatal rat periventricular hemorrhage.

An overlay membrane impregnated with D-Pro-Phe-Arg ("thrombin" substrate) exhibits
a halo

of fluorescence beginning at -20 minutes (60 minutes is shown), indicating that

there is increased serine protease activity for a limited distance around the hematoma

(HE). Activity over the hematoma itself was very low.

222

Dying cells in ipsilateral cortex
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Figure 2-8-4. Dying cells in rat brain following injections of blood and thrombin. Bar
graphs show the average number of dying cells

þer 4x

540 ¡rm

x 540 pm area) in the

lateral cortex of rat brain24 and 48 hours following injection of saline, blood, thrombin,
and plasminogen.

(* p<0.01, saline 24 hours vs. thrombin 24 hours; ** p<0.01, saline 48

hours vs. blood 48 hours; # p<0.05, plasminogen 24 hours vs.

thrombin}4hours;##

p<0.01, plasminogen 48 hour vs. blood 48 hours; $ p<0.05, thrombin 48 hours vs. blood
48 hours).

ANOVA and Fisher's PLSD were used.
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Figure 2-8-5. Acute mouse brain damage following injections of blood alone or with
inhibitors. Bar graphs (mean + SE) show the absolute brain damage areas (upper panel)
and proportionate brain damage areas (lower panel)

2 days following injections of

agents

alone or with blood into mouse brain. The absolute and proportionate brain damage areas

were significantly increased following injections of blood with saline compared to saline

injections in

2 and 10-day old mice. No significant

changes could be seen following

injections of hirudin, aZmacroglobulin, and PAI-1 alone compared to saline injection. (*:
p<0.05, **: p<0.01 saline vs. saline with blood). Both indices of brain damage areas were

significantly increased following injection of a2macroglobulin with blood in 2-day old
compared

with injection of saline with blood. Injection of blood with

aZmacroglobulin, and
areas compared

PAI-I significantly

decreased the both indices

of brain

hirudin,
damage

to saline with blood in 10-day old mice (#: p<0.05,##: p<0.01,

saline

with blood vs. hirudin, u2macroglobulin, and PAI-I with blood). Injections of hirudin

with blood significantly reduced brain damage areas compared with injection of
u2macroglobulin with blood in both ages and PAI-I with blood in 10-day old mice (@:
p<0.05; @@: p<0.01, hirudin with blood vs. c¿2macroglobulin and PAI-I with blood).

(ANOVA and Fishers PLSD test). Abbreviations: S: saline, SB: saline and blood, H:
hirudin, HB: hirudin and blood, M: o2macroglobulin, MB: cr2macroglobulin and blood,
P: PAI-I, PB: PAI-I and blood.
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PB

Figure 2-8-6. Acute mouse brain inflammation following injections of blood alone or

with inhibitors. Bar graphs (mean + SE) show neutrophil infiltration (upper panel)

and

microglia I macrophages reaction (lower panel) 2 days following injections of agents with
or without blood into mouse brain. Injection of a2macroglobulin and PAI-I caused more

neutrophil infiltration compared
neutrophils and microglia

blood compared
u2macroglobulin,
microglia

I

to saline alone in 2-day old mice. The number of

macrophages was greater

following injections of saline with

to saline alone in both ages (*:

p<0.05,

**:

p<0.01, saline

PAI-I, and saline with blood). The number of neutrophils

I macrophages was significantly reduced

vs.

and

following injections of hirudin with

blood in both ages. Injections of cr2macroglobulin or PAI-I with blood compared with
saline with blood significantly reduced microglia / macrophages

in

1O-days

old mice (#:

p<0.05, ##: p<0.01, saline with blood vs. hirudin, a2macroglobulin, and PAI-I with

blood). Injections

of

hirudin with blood significantly reduced neutrophils

microglia/macrophages compared with injection

blood

in

of cr2macroglobulin and PAI-I with

2-day old mice (@: p<0.05; @@, p<0.01, hirudin with btood

u2macroglobulin and PAI-1

and

vs.

with blood). (ANOVA and Fishers PLSD rest).

Abbreviations: S: saline, SB: saline and blood, H: hirudin, HB: hirudin and blood, M:
u2macroglobulin, MB: a2macroglobulin and blood, P: pAI-l, pB:
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pAI-l

and blood.
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Figure 2-8-7. Acute mouse brain cell death following injections of blood alone or with
inhibitors. Bar graphs (mean + SE) show neuron death (upper panel) detected by FluoroJade staining and

2

cell death detected by TTINEL (lower panel)

days following

injections of agent alone or with blood into mouse brain. The number of dying neurons

and TIINEL positive cells were greater following injections
compared

to

saline injections. Injection

of hirudin and PAI-I

of

saline with blood

caused less TUNEL

positive cells compared to saline in both ages. (*: p<0.05, **: p<0.01, saline vs. hirudin,

PAI-I and saline with blood). The number of dying neurons and TTINEL positive cells
were significantly reduced following injections of hirudin and

ages compared

to

saline with blood. Injection

of

PAI-I with blood in both

a2macroglobulin

with

blood

significantly increased the TUNEL positive cells compared to saline with blood in 10-day

old mice (#: p<0.05, ##: p<0.01, saline with blood vs. hirudin, u2macroglobulin, and

PAI-I with blood). Injections of hirudin with blood significantly reduced cell
compared with injection

of a2macroglobulin with blood in both

death

ages (@: p<0.05; @@:

p<0.01, hirudin with blood vs. a2macroglobulin and PAI-I with blood). (ANOVA and
Fishers PLSD test). Abbreviations: S: saline, SB: saline and blood,

H: hirudin, HB:

hirudin and blood, M: u2macroglobulin, MB: o2macroglobulin and blood, P: PAI-1, PB:
PAI-1 and blood.
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Figure 2-8-8. Body weight of mice that received intracerebral injections of blood alone or

with hirudin. Line graph shows the body weight (mean + SE) of mice in intact controls
well

as

as

prior to injections (init) and following injections of blood with saline, low dose (5

U), or high dose hirudin (10 U) in 2-day old mouse brain. There was no signifrcant
difference in body weight between the four groups (ANOVA and post hoc Fishers PLSD
test).
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Figure 2-8-9. Behavior of mice that received intracerebral injections of blood alone or

with hirudin in the neonatal period. Bar graphs (mean + SE) show the latency to righting
(upper panel) and negative geotaxis (lower panel) at age 3
and 2 days

to l0

days in intact controls

following injections of blood with saline, low dose hirudin (5 U), or high dose

hirudin (10 U). The righting latency decreased as the mice matured. There was no
significant difference between groups (p:0.117, ANOVA and post hoc Fishers PLSD
test). The negative geotaxis latency gradually increased from the 3 days to

i0

days as the

reflex to tum became suppressed. However, mice with PVH had persistence of the reflex.
Hirudin had minor effect at7 days (p:0.092).
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Figure 2-8-10. Beam walking by mice that received intracerebral injections of blood
alone or with hirudin in the neonatal period. Bar graphs showing the left hind limb slips
(mean

+ SE) during beam walking from 8 to 10 weeks in intact control and following

injections of blood with saline, low dose (5U), or high dose hirudin (10 U) into 2-day old
mouse brain. There was no significant difference in the groups with PVH although the
test showed significant (p<0.05) impairment compared to intact mice (ANOVA and post
hoc Fishers PLSD test).
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Figure

2-8-ll. Chronic brain

damage

in mice that received intracerebral injections of

blood alone or with hirudin in the neonatal period. Photographs of solochrome cyanine
stained mouse brain hemispheres in coronal section illustrate the infarct grading.

A is an

intact normal half brain in 1O-week old mouse. B shows grade 1 damage; mildly enlarged
laferal ventricle with mild atrophy of striatum, external capsule, or dorsal cortex. C shows
grade

2

damage; the dorsal cortex and white matter are destroyed and there is loss

of

lateral striatal white matter bundles. D shows grade 3 damage; the superior and lateral

cortex and white matter are destroyed and the striatum is atrophic. Scattergram of the
injury grades (E) shows that the high dose hirudin (10 U) slightly reduced the frequency

of brain infarction following injection with blood compared to injection of saline with
blood in mouse brain þ:0.259, Kruskall-Wallis test).
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CHAPER

3

GENERAL DISCUSSION

The data described in this thesis provide new information regarding

the

pathophysiology of experimental ICH by correlating brain inflammation and cell death

with blood fragments, proteolytic enzymeq type of animal model, and stage of brain
maturation. Qualitative and quantitative datahave revealed aspects of brain pathology not

previously reported. ICH causes brain damage through multiple mechanisms

2se.

Direct

tissue destruction by the hemorrhagic event and dissection of blood along tissue planes

occurs immediately. This is followed by development
damage due

of edema and secondary brain

to raised intracranial pressure and distortion of the microvasculature

Thrombin and plasmin are potentially toxic in the first day following ICH

e2.

2.

Delayed

damage could result through a variety of mechanisms including local ischemia, release

of

toxins by blood breakdown products, release of proteol¡ic enzymes, or inflammation

involving chemokines, cytokines, and leukocytes 4' 38' 42' s2-s4, e2' zse,2e7 . Blood clot and
damaged brain after ICH liberate chemotactic factors, including thrombin 272, that prompt

the movement of leukocytes from the blood into insulted brain 273. Activated leukocytes

possibly can cause secondary brain damage through the release of cytokines, ROS, NO,
MMPs, and other proteases

3.1

27s'276.

Animal models play an important role in ICH research
Animal models of ICH are very important to understand the pathogenesis and to

evaluate preventive or therapeutic strategies. ICH has been studied

236

in several species

including mouse

37

, rat

38-a2

, rabbit

e'

43

,

cat

oo

,

pig

4s

,

and

primate a6. In the present study

we compared inflammation and cell death in three commonly used models of ICH, and
developed a novel model of PVH/IVH in neonatal mice to study the ICH in immature
brain.

Brain cell death and inflammatory cell infiltration following ICH in rats continues
for several weeks after autologous blood injection, avulsion of cerebral blood vessels, and
collagenase injection. The three models are associated with similar temporal pattems

of

cell death and inflammation. Autologous blood injection is most similar to human ICH
with the exception of needle insertion. Cortical vessel avulsion causes ischemic infarction
and hemorrhage.

implied

266'27t,

It is therefore not a pure ischemic stroke model

as has been previously

rather it is a model of mixed ischemia and hemorrhage more similar to a

traumatic cortical laceration than an ischemic infarct. The brain damage caused by
collagenase injection

is most consistent from an anatomical perspective but is

most

artificial from a biological perspective. Cell death and inflammation begin earlier in
comparison to the other models. Possibly the collagenase activity causes direct and rapid

cell injury in addition to creating a hematoma. In this regard, the model differs from the
human situation and models using autologous injections. The model of ICH should be
chosen carefully to address parameters one is interested in studying.

PVH/IVH occurs most commonly in premature infants 24 - 30 weeks gestation
Some models of

IVH or PVH/IVH had been developed in rabbits

these studies have been concerned

70

and dogs

6e'73,

ls.

but

with the physiologic processes and structural features

that allow PVFVIVH to occur, but not the tissue reactions. We developed a novel model

of PVFVIVH in newborn mouse by injection of a small amount of autologous blood into
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periventricular tissue including germinal matrix and striatum. Most mice exhibited
extension of the hematoma into the ventricles. Therefore, this model corresponds to grade

m i IV PVH/IVH as defined by imaging studies in premature
Sequential studies after PVH/IVH showed rapid dispersion

36a.

human infants

of the blood, which is

probably washed away by CSF. Mzu showed that ventricles enlarged slightly weeks after

PVH/IVH. This

is similar to the hydrocephalus that develops after PVH/IVH in

prematurely born infants 36t. This model provides an opportunity to study mechanisms

of

cellular injury after PVH/IVH.

3.2

Brain inflammation plays a role in brain injury following ICH

3.2.I

Brain inflammation is significant following ICH

Inflammation is an obvious brain response following ICH and includes influx of
neutrophils, CD8 lymphocytes þossibly CTL or NK cells), and microglia/macrophages
as well as actions

of cytokines and chemokines. We found that obvious inflammation

occurred following infusions

of blood, leukocytes, collagenase, thrombin,

ffid

plasminogen into rodent brain 38a0. Similar brain reactions are seen following mechanical

brain trauma in mice

143

and brain contusion

in

rats

taa.

Chemotaxis of neutrophils and

lymphocytes, and later of monocytes, is mediated by chemokines and complement 301'302.

Neutrophils can release potentially harmful factors such as oxygen radicals

'ut o,

cytokines including TNF-c, IL-6, and IFN-y, which seem to play a role in brain damage
7e'12e.

Neutrophils can also exacerbate brain injury by obstructing microvessels, thereby

causing local ischemia 306. Many experimental studies have documented infiltration
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of

NK cells into injured brain

301'307' 308.

Brain contusions in rats showed that NK and T cell

infiltration was more prevalent than neutrophilic infiltrate too. We also observed

a

significant number of CDSo lymphocytes that could be injurious directly or indirectly
through release of IFN-y. CTLs and NK cells express CD95 ligand (CD95L or FasL)

which binds to CD95 (Fas) on target cells to induce apoptosis. Alternatively activated
CTLs release perforin and deliver granzymes to induce the target cell apoptosis.

3.2.2

Brain inflammation along with cell death is time-dependent following ICH
Chapter 2-1 demonstrates that injection of a small quantity of whole blood into

the rat striatum is associated with cell death, inflammatory cell infiltration, ffid
microglial/macrophage reaction that varies in a time-dependent manner. Cell death was
commonplace from

24 hours to 4 weeks and peaked 72

h

after blood injection.

Neutrophil infiltration into brain surrounding the hematoma is substantial
peaked at

2

by I

day,

days then rapidly decreased, possibly because neutrophils died within l-2

days of extravasation. Intense neutrophilic infiltrate has been previously documented in
brain contusions 303''oo, ffid ischemic sites

30s

beginning at 6 - l2hours and peakin g at 48

- 72 hours. In human brains, neutrophil infiltration is apparent 5 - 72 hours after ICH or
contusion

l'

113-116.

In our comparison of three models of ICH we found that

many

neutrophils invade the hematoma and surrounding tissue after collagenase-induced ICH
in rats

63.

We observed that the injection of whole blood, concentrated leukocytes,

and

"activated" leukocytes into the cerebral cortex of rats is associated with cell death and
inflammatory cell infiltration at 48 hours. Plasma or serum alone and concentrated
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erythrocytes had negligible effect. Concentrated leukocytes had a mild adverse effect,
whereas "activated" leukocytes had a strong adverse effect. We can not exclude the

possibility that specific blood / plasma fractions exert damage at different times. Other
investigators showed that cerebral edema develops 3 days after erythrocyte injection and

they suggested that hemoglobin released from lysed erythrocytes is toxic to brain 42. The

toxic effect of hemoglobin on neurons has been demonstrated in vitro

ea.

In our study

neither plasma nor serum caused more damage than saline injection. However, thrombin
has been shown to cause brain edema and seizures
2e7.

following intracerebral injection

3'e3'

Possible explanations are that thrombin might be inactivated during processing of the

plasma or that the "pharmacodynamics" might be altered because a blood clot allows

slow focal release whereas plasma injection would diffuse rapidly leading to lowêr
regional concentrations.

The concentrated leukocytes caused greater injury than other blood fractions. We
have to mention that the leukocytes occupy less than l%o of the volume of whole blood.

Therefore the leukocyte injection groups received a dose equivalent to 5 ml of whole

blood

30e.

Regardless, "activated" cells appear

to be more harmful,

perhaps through

production of more of the deleterious mediators mentioned above. This might help to
explain the observation that fever during the first 3 days after ICH is an independent

predictor of poor prognosis in patients

310.

It is important to recognize that activated

platelets, which we did not study directly, are included in the leukocyte fraction. Platelets
can release serotonin and platelet-derived growth factor (PDGF), which are capable
increasing vascular permeability and causing vasoconstriction

240

3l

I

.

of

Why was injection of some blood fractions associated with enlargement of the
lesions well beyond the limits of the injected substance? Several results suggest that
mechanisms other than mass effect are involved

in the contribution of blood to

perihematoma edema formation, because blood produces larger lesions than would be
expected from

its space occupying effects alone 2s6. This might be explained by a

secondary effect

of the injected

substances

on the vasculature through agents, for

example endothelin 413, that can promote vasospasm and
permeability

tt'.

/ or increased vascular

V/e created large non-hemorrhagic necrotic lesions by freezing that

could be compared to the lesions caused by blood injections. The freeze lesion was
reasonably successful
considerable release

in this regard,

having caused only minimal hemorrhage but

of plasma "0. At the margin it was associated with considerably

fewer dying cells and neutrophils than the whole blood injection. The devascularization

injury was associated with deep hemorrhage.

The data from newbom mouse PVH/IVH showed that inflammatory cell
inf,rltration and cell death had a similar temporal pattern as adult rat brain following blood

injection

3e.

Howerrer, the number of infiltrating neutrophils and lymphocytes was much

lower. Possible reasons are that the chemokines are diluted and washed quickly from the

highly hydrated newborn brain

373,

or that there may be an interspecies difference. The

latter can be excluded because injection more laterally into the striatum

caused

inflammation similar to that in adults. This suggests that leukocytes probably play

a

minor role in the brain damage following the PVH/IVH. Dying cells, demonstrated by
T{.INEL and Fluoro-Jade, significantly increased in quantity in the damaged striatum,
peaking 2 days following PVH/IVH.
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3.2.3

Brain cell death accompanies inflammation following ICH
Brain cell death always accompanies brain inflammation, which might be a cause

of cell death or be stimulated by the same factors. The quantity of TLNEL positive cells

did not match that of the dying neurons defined by eosinophilia on H&E staining or
Fluoro-Jade staining. There are several reasons for the disparity. TUNEL positive cells

might understate the magnitude of cell death because they persist only for several hours
27e

while dying neurons can persist for days or weeks

280.

Furthermore, TTINEL positive

cells include neurons, glia, and inflammatory cells. Death
necessarily reflect the final neurological injury

281.

of the latter does not

Nevertheless, the use of TTINEL with

additional markers to confirm the type of dying cell can provide a gaùge of the magnitude

of cell death. There are no differences in the quantity of dying neurons shown with

the

Fluoro-Jade staining and the eosinophilic neurons shown with H&E staining. It is likely

they represent the same population of damaged neurons l8e. Fluoro-Jade staining is an
easy way

3.2.4

for quantifying dying neurons because the signal-to-noise ratio is high.

Immune preactivation exacerbates the brain damage following ICH

Our current data demonstrate that brain inflammation, cell death, and damage are
aggravated following blood injection into mouse brain after immune pre-stimulation
using LPS, ConA, and PolyI:C in mice of three ages, most obviously in 2-day old mice.

Microglia become activated in response to injury, infection or inflammation ala. The
bacterial endotoxin LPS after intraperitoneal injection stimulates inflammatory cells to
produce the pro-inflammatory factors that may have detrimental action on the brain.
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Increased brain damage following blood injection after LPS pre-stimulation in neonatal

mice might be caused by increased inflammation 40. Inflammatory cells included in the
hematoma, as

well as those infiltrating from blood, could release free radicals and

inflammatory cytokine s

141' t42,

which are harmful to the brain cells

7s

,

andmay cause cell

death. Systemically administered cytokines IL-18, IL-6, IL-9, or TNF-a exacerbate brain
lesions in 5-day old mice following intracerebral injection of ibotenate

3e6.

INF-y is mainly produced by leukocytes and activated microglia/macrophages.
Adult INF-y knockout mice had significantly reduced neutrophil infiltration and cell
death compared to wild-type mice following ICH. The immune effects of INF-y include

the ability to enhance the microbiocidal activity of macrophages, activation of CTL and

NK cells, and upregulation of class I and II MHC antigen expression on a variety of cells
3e7'

4ts. INF-y can
enhance apoptosis through perforin/granzymes

or Fas ligand

mechanism. INF-y is elevated in unspecified brain cells of the ischemic hemispheres after

brain ischemia in rats al6. In MS tissue, INF-y has been detected at high levels on
microglia and leukocyt"t 'nt. The aberrant expression of INF-y within the CNS is thought

to contribute to upregulation of genes such as class I and II MHC, ICAM-I, and others.
These data indicate that INF-y might contribute to the secondary brain injury following

ICH.
We conclude that inflammation, including the cytokine mediator INF-T, might be
an important factor in brain injury following ICH. Whether the inflammation following

ICH contributes directly to neuronal loss remains to be proved. If so, anti-inflammation
represents potential targets for therapeutic intervention during the early stage following

ICH.
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J.J

Proteolytic enzymes are involved in the pathogenesis of brain damage following

ICH

3.3.1 Brain inflammation

and damage caused by thrombin and plasmin are dose and

age-dependent

Injection of thrombin and plasminogen into the striatum of rodents is associated

with dose and age dependent brain damage, cell death, and inflammation at 48
Culture

of striatal cells showed that thrombin but not plasmin

hours.

caused significant

reduction in cell viability. The focal brain damage associated with enzyme injections was

rapid and most likely due to a direct effect of these agents on the neuropil or the
vasculature. It was similar in magnitude to that seen following intracerebral infusions

blood

of

3e'ao.

Thrombin is produced by cleavage of prothrombin and it converts fibrinogen into

fibrin, which is ultimately involved in formation of a blood clot. Neurons and glia
produce thrombin and thrombin receptors 203, especially

in the newborn period 221.

Thrombin induces numerous responses through protease activated receptors (PARs). To
date, four members

of the PAR family have been identified. PAR-I, PAR-3, and PAR-4

are considered as thrombin receptors, while PAR-2 is activated by serine proteases other

than thrombin, such as trypsin and mast cell tryptase
proliferate

in

response

407' oo*.

to thrombin acting through PAR-i

In culture, astrocytes

84' 407.

In vitro, thrombin

impairs neurite outgrowth 203 and induces apoptosis 20a likely through PAR-2
Microglia proliferate in response to thrombin through PAR-4
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40e.

226,227.

Plasminogen is produced by brain endothelia and some neurons
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and converted

into plasmin by tPA and uPA. Plasmin can digest fibrin to allow lysis of blood clots.
Plasmin, tPA, and uPA play a role in migration, synaptogenesis, and formation of myelin.
Plasmin-mediated activation of platelets occurs by cleavage of PAR-4 all. Plasmin may
regulate PAR-2 signalling under pathological conditions ot2. Thrombin and plasmin can

induce endothelin synthesis and subsequent vasospasm and ischemia
injected into the brain, thrombin

2e7' 3ts

334-336.

and plasmin 3t7 can cause brain edema. The

edema induced by thrombin can be inhibited by thrombin inhibitors such as hirudin
3ts'327)

argatroban

blood brain barri

When

e3'2e7'

alt. The edema-induced by plasmin may be through an
effect on the

", 'o'

. Plasmin and thrombin cause tissue necrosis and inflammation

when injected into rodent brain

38

(Chapter 2-6).

Brain cell death caused by injection of high dose thrombin and plasmin is likely
due to direct proteolytic activity, because the tissue necrosis was rapid and involved all

cell elements, even those without known thrombin receptors. Thrombin and plasmin are

both trypsin-like serine proteinases and are normally present

in

brain at low

concentrations, especially during development. Plasmin is known to degrade a range of

extracellular matrix proteins and to activate MMPs, which can also digest matrix proteins
328' 337.

MMPs are a family of proteolytic enzymes with relative specificity for

components of the extracellular matrix. Following brain injury MMPs are produced by

infiltrating inflammatory cells, microglia, and astroglia 8s. Plasmin can promote the
activity of MMPs

86' 87.

MMPs can directly damage brain cells, cause cell death by

processing the death molecules, disrupt myelin, and perpetuate inflammation 86'87. The

proteolytic activity of high doses of thrombin and plasmin likely exceeds what can be
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controlled

by

endogenous inhibitors (e.g.

proteolysis continues unchecked
quantities 3al, although

230' 338-340.

PAI-I, a2 macroglobulin, PN-l)

and

PAI-I exists in brain only in very small

it can be upregulated following

experimental stroke

3a2.

In tPA

deficient mice, plasmin is not activated, and they are less susceptible to neuronal injury

following brain ischemia

3.3.2 Hirudin reduces

318.

brain injury following ICH

Brain damage caused by ICH may be due

to many mechanisms

such

as

inflammation, thrombin, edema, as well as direct proteolytic activity. Acute histological
evaluation showed that the brain damage area, dying cells, and inflammation in 2-day and
1O-day

old mice were significantly decreased following injections of hirudin with blood

compared to injections of saline with blood. Hirudin, the most potent natural thrombin

inhibitor, was originally isolated from the medicinal leech, Hirudo medicinalis. Hirudin
binds to thrombin's fibrinogen-binding exosite to inhibit the thrombin activity directly.
Injections of a2-macroglobulin or PAI-1 with blood were less effective. Previous studies
showed that PAI-1 deficient mice exhibit larger infarcts following middle cerebral artery

occlusion
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suggesting that plasmin plays a role in the brain damage. In our long-term

behavioural study, there was no significant improvement following injections of two
doses

of hirudin with blood.

incidence

However the high dose hirudin slightly reduced the

of brain infarction. Although the precise

mechanism

of thrombin

induced

damage is not known, these data suggest that thrombin inhibitor might protect the brain

following the ICH.
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3.4

Brain responses are age-dependent following ICH
The current data showed that injections of blood, plasminogen, and thrombin are

associated with cell death and inflammation in an age dependent manner. There is greater

brain damage in2-day old than in 10-day old or adult mouse brain. Furthermore, the 2day old brain is relatively more sensitive to the serine proteases than to whole blood.
Why is the brain damage more severe in neonatal mice? Possibly the neonatal brain could
be more susceptible because the blood vessels are more fragile ls, because it has higher

levels of PARs on immature cells, because the immature cells are more susceptible to

proteolytic damage independent

of specific receptors, or because toxic substances

associated with the hematoma might diffuse more quickly in neonatal brain due to its

higher water content. Damage to immature vessel walls might explain the widespread
hemorrhagic infarct

in the

neonatal cerebral cortex following thrombin and plasmin

injections.

We showed that there was an age dependent brain response following ICH after
immune pre-stimulation in which the brain damage was more severe

in

2-day old mice

than in 1O-day old or adult mice (Chapter 2-6). There is a significant interaction between
age and treatment by

ANOVA analysis, which supports the conclusion that interaction to

ICH is age-dependent. This observation complements Kolb's findings that the neonatal
rat brain recovers less well than juvenile or adult brains following cortical aspiration
384' 38s.

2a6,

The age-dependent brain response has also been shown in other types of brain

damage, such as brain ischemia 248, traumatic brain injury

"t,

and age-dependent

neuroprotection against neonatal hypoxic-ischemic brain injury'ae.The mechanisms for

the age-dependent brain injury are not clear. The immune prestimulation could affect
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microglia directly, or could alter the systemic inflammatory status, which in turn affects
brain following damage. However, neonatal mice are markedly more susceptible to LPS-

induced lethality but more resistant

to staphylococcal enterotoxin B (SEB) than

are

adults, and this was correlated directly with plasma TNF-o levels 402. Clearly the agerelated differences depend on the model system studied.

3.5

Shortcomings of these experiments and alternate approaches

The injection of thrombin and plasminogen (Chapter 2-3, 2-6) caused
dependent brain

dose-

injury. Several caveats must be noted. First, we have no way of

determining whether the proteolytic activity is representative

of what actually occurs

following hemorrhage. V/e injected plasminogen instead of plasmin due to possibility
that some plasmin activity is lost when

it is purified in the post-activated form; the

plasminogen is presumed to be activated in situ 38. Furthermore, the actual activity of
thrombin at a particular site can be very difficult to predict because it is selÊamplifying
and because

it is rapidly inactivated by binding to fibrin

32e'331.

Second, the plasminogen

and thrombin that we used were bovine proteins and we cannot exclude the contribution

of an immune response to foreign proteins. Third, we did not assess long-term outcomes

to determine if the response in older animals is delayed

38,

although based on our prior

work we think that is unlikely. Fourth, in the adult rats only two doses were used, we
cannot know that the maximal adverse effect would not be achievable at a much lower

dose. Therefore we have not determined the dose-response relationship necessary to
speculate accurately on the mechanism

of injury. Other non-rodent species need to be
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studied to confirm these findings. Blocking experiments must be developed to ensure that

all thrombin or plasmin activity is blocked selectively.
The comparative study (Chapter 2-3) showed the time course of three groups under
study is not identical. However, the experiments were not done concurrently and were not

originally designed for direct comparison. Furthermore, the anatomical regions affected
were not the same; two models focused on the striatum and one on the cerebral cortex.
We have previously done blood injections in the cortex and found them to be complicated

by subarachnoid hemorrhage

00.

Regardless, the similarities and differences between the

three models of ICH are apparent.

In the PVH/IVH study, neonatal mice are very small and they could not be secured

in a stereotactic frame. Therefore, the method of freehand blood injection could cause
variable brain damage. Histological examination revealed that the injections were not

entirely consistent in terms of depth. We used MRI to be sure that blood was indeed
injected into the correct location. The small size of the brain dictates that diffusible toxic

agent(s) have effects

in anatomic

regions different from those

in human brain.

For

example, a given protein that diffuses 5 mm in both mouse and human brain would
produce bilateral effects in mice but only "focal" effects in humans. We do not know
whether the route of toxic agent spread is through tissue or CSF. The absence of an intact

ependymal layer at the age when blood is injected could allow toxic agents to spread
from CSF into germinal tissue.

In the pre-activation of immune system study, we must consider the following.
First, these are only short-term studies. It is possible that the immune stimulators only
alter the time course

of injury. A more

complete dose response study is necessary.
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Second, we could not measure the core and brain temperature, which might not be

reflected in the axilla.

A

study using invasive monitoring should solve this question.

Third, we could not get enough cardiac blood from the young mice to perform blood
counts and differentiation. Furthermore, we did not test the circulating cytokine levels.
This should be done with pooled blood studies. Fourth, actual bacterial or viral infection

of the animal might have a different effect. Finally, although there is an association
between increased inflammation and increased damage, we cannot determine which is

cause and which

is effect. Extensive

experiments would be needed

to clarify

the

cytokines involved and whether immune cells contribute to brain cell death. For example,
the severe combined immune deficient (SCID) mice could be tested.

3.6

Conclusions

Extravascular blood causes a mixed inflammatory cell reaction in brains that is
time dependent and maximal from 48-72 hours following hemorrhage. This is associated

with death of brain cells over a prolonged period of at least 4 weeks. The contributing
factors are leukocytes, which can be "activated" by systemic illness to exacerbate the

injury, and thrombin as well

as plasmin. The neonatal

brain is relatively more sensitive to

proteolytic enzymes than to blood possibly because the normal developmental processes

rely on similar proteolytic activity. Extravasated blood might also play an important role
in brain damage following PVIVIVH through suppression of cell proliferation. Different

models

of ICH are associated with similar

inflammation, but the magnitude

temporal patterns

of cell death

and

of inflammation varies. This should be taken into

consideration when choosing an experimental model. The precise molecular and

2s0

chemical mechanisms remain to be determined. They are likely multiple and include
secondary ischemia, inflammation, and proteolytic enzymes. Complete understanding

of

the mechanisms of damage associated with PVH/IVH/ICH should direct the development

of new treatment strategies.
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