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ABBREVIATIONS
ABC

Avidin-biotin-complex

ATP

Adenosine triphosphate

BBB

Blood-brain-barrier

BrdU

5-bromodeoxyuridine

CNS

Central nervous system

CPS

Cerebral protein synthesis

EEG

Electroencephalogram

GFAP

Glial fibrilary acidic protein

H&E

Hematoxylin and Eosin

lCBFIAP

Local cerebral blood flow - 14C-iodoantipyrine

lCBFLBF

Local cerebral blood flow - Laser Doppler flowmetry

MCAO

Middle cerebral artery occlusion

M.O. M.TM

Mouse antibody on mouse tissue

NeuN

Neuronal nuclear antigen

Phos H3

Phosphorylated histone H3

PRS

Photothrombotic ring stroke

SAH

Subarachnoid hemorrhage

SVZ

Subventricular zone

TIA

Transient ischemic attack

TTC

Triphenyltetrazolium chloride

VEGF

Vascular endothelial growth factor

3-D

Three- dimension
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ABSTRACT
Background: Ischemic stroke ranks as the third major cause of clinical mortality and the
leading cause of handicap in adults. Each year, stroke occurs in about 30,000 Swedes. The
severity of an acute ischemic stroke depends mainly on the degree and duration of local
cerebral blood flow (lCBF) reduction. Prompt reperfusion improves neurological deficits,
spontaneous electrical activity, energy metabolism, cerebral protein synthesis (CPS), and
tissue repair, among which cell proliferation (neurogenesis, gliosis) and revascularization
(angiogenesis) may have important functional and therapeutic implications.
Aims of the thesis: (1) To establish the photothrombotic ring stroke (PRS) model with late
spontaneous reperfusion in adult mice; (2) To explore angiogenesis and neurogenesis in
adult brain after focal cerebral ischemia.
Materials and Methods: The PRS model in C57 BL adult mice and the middle cerebral
artery suture occlusion (MCAO) model in adult Wistar rats were used. The 5bromodeoxyuridine (BrdU) was delivered into animal after stroke induction to label DNA
duplication. CBF, CPS and adenosine triphosphate (ATP) were measured by laser-Doppler
flowmetry (LDF), [14C]–Iodoantipyrine and [3H]-Leucine double tracer autoradiography,
and bioluminescence, respectively. Immunocytochemistry / immunofluoresence were
performed to detect different proteins. The cell marker colocalization was analyzed by
three-dimension (3-D) confocal. The cell counting was performed with a stereological
counting system.
Results: The PRS model was established in adult mice by irradiating the exposed skull
with a 514.5 nm argon laser ring beam (3 mm diameter, 0.21 mm thick) at an intensity of
0.65 W/cm2 for 60s, with concurrent erythrosin B (4.25 mg/kg) intravenous infusion for
15s. The central cortical region within the ring locus was progressively encroached by an
annular ring-shaped perfusion deficit, where lCBF-LDF declined promptly to 43% of the
baseline value at 30 min post irradiation. The lCBF-IAP amounted to 46-17-58
ml/100g/min, where CPS varied from 57-38-112% at 4h-48h-7days post ischemia. ATP
declined at 4h, achieved its maximum level at 48h and was markedly reduced at 7 days
postischemia. Morphologically, at 4h some neurons in the region-at-risk appeared swollen,
at 48h the majority were severely swollen, eosinophilic and pyknotic. Tissue morphology
became partly restored at 7 days post stroke, when numerous cortical cells were
immunolabeled by BrdU or the mitosis-specific marker phosphorylated histone H3 (PhosH3). Some of these cells were even doubly immunopositive to the neuron-specific marker
Neu N and the astrocyte marker GFAP, as analyzed by 3-D confocal. In adult rats exposed
to MCAO, widespread BrdU-immunolabeled cells appeared in the cortex, ipsilateral
striatum and dentate gyrus of the hippocampus. Some of which were doubleimmunolabeled by the neuron specific markers Map-2, β-tubulin III and Neu N as
analyzed by 3-D confocal. As early as 24h postischemia, BrdU-immunopositive
endothelial cells were aligned as microvessels, some of which exhibited distinguishable
lumens in the ischemic boundary zone, where VEGF-A, B, C proteins and their receptors
flt-1, fik-1, flt-4 were overexpressed at 72h after MCAO.
Conclusion: PRS model in adult mice elicits a dynamic deterioration and then restoration
of local CBF, CPS, ATP and tissue morphology in the spontaneously reperfused cerebral
cortex at 7d after stroke, where cortical neurogenesis and gliosis occurred. In adult rats
with MCAO, neurogenesis occurred at 30 and 60d in the penumbral cortex and striatum.
Angiogenesis occurred as early as 24h, which contributed to the spontaneous reperfusion
frequently observed in this setting of acute ischemic stroke.
Key words: neurogenesis, angiogenesis, gliosis, BrdU, CBF, protein synthesis, ATP,
penumbra, reperfusion, VEGF, 3-D confocal, photothrombosis, MCAO, rats, mice.
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INTRODUCTION
1 The Brain
The brain consists of neurons, glia and cells associated with blood vessels.
Neurons are the basic functional units of brains, through which feeling,
thinking, communication and control of body movements are facilitated.
The density of neurons in the brain varies among animal species. A human
brain is estimated to contain up to 1011 neurons. An adult brain loses its
neurons with aging, which are not in general replaced by new neurons. Glia
are classified into astrocytes, oligodendrocytes and microglia. Astrocytes
constitute the dominant cell population in the CNS, accounting for onethird of the cortical volume. Astrocytic foot processes form tight junctions
on microvessels and thus contribute to building the blood brain barrier
(BBB) which segregates neurons from the external environment.
Astrocytes also help to control the local chemical environment, and provide
a favorable substrate for neuronal survival and differentiation (Giulian et
al. 1993). Oligodendrocytes form myelin around axons, which insulates
electrical signal transmission along the axons from the surrounding media.
Microglia accounts for 10-20% of the total glial population in the central
nervous system, and form a network of antigen-presenting cells which
participate in immune surveillance processes.
2 Stroke
Stroke is defined as an abrupt onset of focal or global neurological
symptoms caused by ischemia or hemorrhage that lasts more than 24 hours.
Stroke ranks as the third major cause for clinical mortality in humans.
About 4.7 million people in the world suffer from stroke each year. In
Sweden, about 30,000 persons per year experience a stroke. Most of the
survivors are handicapped. About 85% of stroke cases are ischemic, while
10% are due to intracerebral hemorrhage and 5% to SAH (subarachnoid
10

hemorrhage). In addition, transient ischemic attack (TIA) with focal
neurological symptoms with duration less than 24 h is also included in
cerebrovascular diseases. Owing to fundamental ethical objections which
make it impossible to intentionally induce stroke in humans, experimental
animal stroke models are warranted and necessary.
3 Experimental Focal Cerebral Ischemia (Stroke Models)
3.1 Middle Cerebral Artery Occlusion
3.1.1 Proximal and Distal MCAO
Because of its intended resemblance to clinical thromboembolic stroke in
middle cerebral artery (MCA) in humans, experimental MCA occlusion in
rodents has been widely used in stroke research. The occlusion was initially
introduced in rats at a proximal site of the MCA (Tamura et al. 1981), and
was subsequently modified (Bederson et al. 1986) to cause ischemic
infarction of both the cortex and the caudate putamen. Alternatively, the
occlusion was performed at a distal MCA location above the rhinal fissure,
in combination with permanent ipsilateral and temporary contralateral
common carotid artery occlusion (Chen et al. 1986), or with permanent
ipsilateral common carotid artery occlusion (Brint et al. 1988).
3.1.2 Permanent and Transient Intraluminal Suture MCAO
The monofilament suture MCA occlusion model in rodents is currently one
of the most widely used stroke (actually, cerebral ischemia) models (Fig 1).
To induce this stroke model, a monofilament fitting suture is inserted into
the internal carotid artery and advanced cranially so that the suture tip
passes beyond the origin of the MCA. This occludes the MCA and stops
the collateral flow from the anterior communicating artery. Permanent
placement or alternatively, withdrawal of the suture at various times after
stroke induction renders permanent or temporary MCA occlusion (Belayev
11

et al. 1996; Longa et al. 1989; Memezawa et al. 1992; Nagasawa and
Kogure 1989). Coating of the suture with poly-L-lysine makes the suture
more adherent to the surrounding endothelium (Belayev et al. 1996), and
reduces the variability of this stroke model arising from blood leakage.
Fig 1:

3.2 Blood Clot Embolization
Homologous blood clot fragments are injected into the common carotid
artery to produce embolic stroke (Hill et al. 1955) in the ipsilateral cortex,
hippocampus and deep gray matter (Kudo et al. 1982). This model is
especially preferred for evaluating the efficacy of thrombolysis with
recombinant tissue-plasminogen activator (rt-PA) (Overgaard et al. 1993;
Overgaard et al. 1992). Human blood clots have been used to produce
MCA embolism in rats so that the thrombolytic efficacy of human rt-PA
could be assessed (Papadopoulos et al. 1987).
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3.3 Photothrombotic Cortical Stroke
3.3.1 Photochemical cortical thrombosis
Photochemical cortical thrombosis provides an alternative way to induce
focal cerebral ischemia. Initially, the Type II photosensitizer dye, rose
Bengal, was injected intravenously into adult rats at a dose of 10 mg/kg,
and the intact, translucent skull surface was exposed to 560 nm light from a
filtered arc lamp (intensity 640 mW/cm2). The concomitant photochemical
reaction produces singlet molecular oxygen, which peroxidizes amino acids
and lipids in endothelium. This stimulates formation of fibrin-poor,
platelet-rich thrombi in microvessels of the irradiated cortical region. Such
thrombi resemble the products emitted from a rupturing plaque in clinical
stroke (Ginsberg 1998; Watson et al. 1985), resulting in photochemically
induced cortical stroke (Watson 1998; Watson et al. 1985). In this model,
propagating vasogenic edema rapidly recruits the cortex beyond the
irradiated area into pan-necrosis, which compromises the development of
an observable penumbra (Dietrich et al. 1987; Ginsberg 1998; Watson et al.
1985).
Fig 2:
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3.3.2 Photothrombotic ring stroke without spontaneous reperfusion
To set up a photothrombotic cortical stroke model with a large observable
but transient penumbra, a 514.5 nm argon-ion laser ring beam (5.0 mm in
diameter, 0.5 mm thick) with a beam intensity of 0.92 W/cm2 (laser power
of 65 mW) was used to irradiate the exposed rat skull for 2 min with
simultaneous intravenous infusion of the photosensitizer dye erythrosin B
(17 mg/kg). Accordingly, a ring-shaped perfusion deficit was induced on
the cortical surface by the same microvascular occlusion mechanism
explained above, except that the encircled region of the cortex remained
perfused by large vessels penetrating across the ring-shaped lesion.
However, this encircled cortical region became gradually encroached by
the inward expansion of the ring-shaped perfusion deficit and developed
inevitably into a pan-infarct within 24h after ischemia (Watson 1998;
Wester et al. 1995). The main conceptual feature of this model of stroke-inevolution is that the penumbra evolves reproducibly inside the (ring) locus
of initially damaged tissue, possibly localizing factors which contribute to
penumbral development more effectively than could be observed in a
standard penumbra, thus making them more susceptible to detection and
study (Ginsberg 1998; Watson 1998).
3.3.3 Photothrombotic ring stroke with late spontaneous reperfusion
To achieve spontaneous reperfusion in the photothrombotic ring stroke
model, a thinner argon laser ring beam (5.0 mm in diameter, 0.35 mm in
thickness) with a power of 46 mW (beam intensity 0.89 W/cm2) was used to
irradiate the exposed rat skull for 2 min with intravenous infusion of the
photosensitizer dye erythrosin B (17 mg/kg) within the first 30 seconds. The
central region-at-risk became progressively underperfused at 24-48 hours
after stroke with the local CBFLDF down to 26-33% of the baseline value,
and then reperfused at 72 hours and later with local CBFLDF up to 56-87%
of the baseline at 72-96 hours after stroke induction (Gu et al. 1999c).
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Critical tissue damage was associated with the progressive hypoperfusion in
the “region-at-risk” (penumbra), whereas remarkable tissue repair was
issued after the spontaneous reperfusion in the same cortical region (Gu et
al. 1999a; Gu et al. 1999b; Hossmann 1998).
4 Thresholds of Ischemic Injury
4.1 Ischemic Thresholds
The evolution and final outcome of an ischemic stroke depend largely on
the degree and the duration of the ischemic insult. Ischemic stroke leads to
acute local CBF decline and thus corresponding development of
neurological deficits (Fig 3). In normal adult brains of mice, rats and
humans, the CBF is about 120 ml/100g/min, 98 ml/100g/min and 50
ml/100g/min, respectively. In humans, electrical activity becomes affected
when the CBF declines to 20 ml/100g/min. Further CBF decline to 15
ml/100g/min or below leads to complete electrical failure (Astrup et al.
1981).
In baboons, the amplitude of evoked potential and spontaneous EEG
activity begin to collapse (electrical failure) at flow values below 15
ml/100g/min or 30% of the control, whereas extracellular potassium
activity remains undisturbed. Further decline of the blood flow to 10
ml/100g/min or less than 20% of the control results in disturbance of
potassium activity (membrane failure) (Astrup et al. 1977; Symon et al.
1977). In monkeys, reversible hemiplegia occurs with a flow rate of 23
ml/100g/min, and irreversible hemiplegia follows with a flow rate below
17-18 ml/100g/min (Jones et al. 1981).

15

Fig 3:

4.2 Ischemic Penumbra
The term ´´ ischemic penumbra´´ was introduced to define a rim of brain
tissue with its blood supply restrained between two critical thresholds, i.e.,
the threshold of electrical failure and the threshold of membrane failure
(Astrup et al. 1981). Thus the penumbra was supposed to be functionally
suppressed but structurally intact. This ´´sleeping beauty´´ was capable of
being `kissed awake´ by proper reperfusion (Hossmann 1998). However,
even early reperfusion could not be seen to save the ischemic penumbra in
many experimental stroke models, when histology was evaluated on a
long-term basis.
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4.3 Cerebral Protein Synthesis
Cerebral protein synthesis (CPS) can be measured by amino acid
incorporation into brain proteins. Free amino acids, but not tRNA bound
ones, can be transported across the BBB from arterial plasma to brain
tissue (Mies 1998).

The failure of protein biosynthesis has been

hypothesized as a mechanism involved in post ischemic neuronal injury. In
rats the CPS already begins to decline when the local CBF falls to 35-55
ml/100g/min, during which selective genes start to be expressed
(Hossmann 1998) (Fig 3). With CBF between 25-35 ml/100g/min, CPS
continues to decline while mRNA synthesis becomes suppressed (Kamiya
et al. 1995). Within these CBF ranges, CPS is not normalized within 24 h
of reperfusion after ischemia, during which interval some biochemical
features of delayed neuronal death are manifested (Bodsch et al. 1986;
Bodsch and Hossmann 1983; Bodsch et al. 1985; Dienel et al. 1980; Mies
et al. 1993; Thilmann et al. 1986; Widmann et al. 1991). Therefore,
irreversible inhibition of CPS selectively in vulnerable brain regions after
transient cerebral ischemia, despite the rapid restoration of energy
metabolism,

may represent a general pathogenetic mechanism of cell

injury (Hossmann et al. 1985; Widmann et al. 1991).
4.4 Ischemic Energy Failure
Brain function and viability require continuous utilization of metabolic
energy in form of ATP, which is derived from the metabolism of glucose
and oxygen delivered via the arterial circulation (Fig 3). The tissue ATP
begins to decline when CBF is below 26 ml/100mg/min (Obrenovitch et al.
1988; Paschen et al. 1992) and leads to pronounced acidosis (Allen et al.
1993). Local tissue ATP is depleted at a CBF below 13-14 ml/100mg/min,
which causes cell death (complete ischemia). The penumbral zone of a
focal ischemic lesion often suffers such borderline ischemia, with cells
being `at risk´. Energy failure is generally reversible so long as blood flow
17

is restored without an extended delay (Siesjo and Zwetnow 1970).
Adequate resumption of CBF restores cerebral energy metabolism, the
interruption of which depletes energy metabolites and abolishes brain
function (Ginsberg et al. 1978; Hallenbeck 1977; Hossmann et al. 1973).
5 Ischemic Brain Edema
An ischemic episode leads to BBB breakdown, membrane Na-K-ATPase
inactivation, release of excitatory amino acids, and over production of
cytokines and free radicals. All these events cumulatively result in
vasogenic and then cytotoxic brain edema, which in turn worsens the tissue
ischemia and triggers a vicious cycle. Massive brain edema elevates
intracranial pressure and may lead to brain herniation, which is a major
cause of early mortality after stroke.
6 Ischemic Brain Injury
Sustained tissue ischemia below the critical CBF threshold (ca. 5-10% of
normal) leads to cell death through two different pathways - necrosis and
apoptosis.
Necrosis ---- a mechanism of cell death in which cells rapidly become
unable to maintain homeostasis. Cells dying of necrosis undergo organelle
swelling, dilation of the endoplasmic reticulum, and alteration of the
mitochondria until rupture of the plasma membrane. Necrotic cell death
occurs shortly after ischemic insult (Garcia and Anderson.ML 1997).
Apoptosis --- a mechanism of programmed cell death that was initially
observed in the developing embryo, where excessive proliferated
embryonic cells, owing to shortage of various trophic factors, die with cell
shrinkage, nuclear pyknosis and chromatin fragmentation (Kerr et al.
1972). Apoptotic cells are commonly detected in situ by TUNEL labeling.
18

Reperfusion--- Recirculation of the ischemic territory helps to restore
aerobic energy metabolism (Hilger et al. 2004; Pulsinelli and Duffy 1983),
protein synthesis (Hilger et al. 2004; Widmann et al. 1991), neuronal
electrical activity (Urban et al. 1989), and mitigate tissue damage (Gu et al.
1999c; Karpiak et al. 1989; Siesjo 1992). However, sudden reperfusion into
the brain tissue after hypoxia causes oxygen overloading, which may lead
to secondary oxidative tissue injury (Fig 4). Secondary tissue injury may
be caused by the following mechanisms: 1) perturbed membrane handling
of calcium, which leads to a slow, gradual increase in the free cytosolic
calcium concentration (Ca2+), with subsequent calcium overload in the
mitochondria, 2) a sustained reduction of protein synthesis which, in the
long run, leads to depletion of cell enzymes or trophic factors essential for
cell survival, 3) initiation of programmed cell death.
Fig 4:

7 Post - Stroke Brain Recovery
In most clinical stroke cases, progressive improvement of focal
neurological deficits occurs in various degrees, which usually begins days
after stroke and lasts up to 6 months. The mechanism of this natural
tendency to spontaneously improve is not fully understood. Spontaneous
recanalization, neuronal plasticity, and duplication of function by the
contralateral counterpart may be among the contributing factors.
Morphological and functional recovery is associated with the survival of
19

most neuronal and glial cells even after prolonged cerebral ischemia (Pluta
1987; Schmidt-Kastner et al. 1986). A dramatic increase of the number of
synapses per neuron between days 18 to 30 post-injury has been observed,
which could be beneficial for post-stroke neurological improvements
(Jones et al. 1996).
8 Cell Division
Cells can be divided into daughter cells via cyclic processes. A cell cycle
starts with the S-phase to duplicate DNA, and ends with the M-phase
during which the mother cell is divided through mitosis to give rise to twin
daughter cells. The G2-phase between the S- phase and M-phase serves to
ensure that DNA replication is completed before the onset of the M-phase
of cell division (Alberts et al. 1994a).
8.1 Cell Cycling Control System
The cell cycling control system consists of a set of interacting proteins that
induce and coordinate essential downstream processes during the cell cycle
(Fig 5). This system is regulated by brakes that can stop the cycle at
specific checkpoints. Two important checkpoints are regulated by signals
from the environment: 1) The G1 checkpoint, which triggers a process that
initiates the S-phase, 2) The G2 checkpoint, which triggers a process that
initiates the M-phase (Alberts et al. 1994a).
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Fig 5:

8.2 Mitosis (M-phase)
When a cell enters mitosis, the nuclear envelope breaks down, the DNA
condenses into visible chromosomes, and the microtubules reorganize to
form the mitotic spindle that separates the chromosomes (Fig 6). The cell
pauses briefly in the metaphase, and the duplicated chromosomes align on
the mitotic spindle and become poised for segregation. Cell mitosis ends
with cytokinesis during which the mother cell divides into twin daughter
cells (Alberts et al. 1994a).
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Fig 6:

9 Post - Stroke Regeneration
9.1 Gliosis
Astrocyte changes are among the earliest and most dramatic responses of
brain to ischemic injury. It has long been well-known that ischemic stroke
induces hyperplasia (proliferation) and hypertrophy (enlargement of the
cell body and its ramifications) of astrocytes in the vicinity of the infarct
cavity, a process termed gliosis. In experimental stroke, gliosis begins at
72 hours post-stroke or later (Du Bois et al. 1985).
9.2 Neurogenesis
Neurogenesis refers to the generation of neurons through the proliferation
and differentiation of neural stem cells or progenitor cells either in
embryos, adults, in tissue culture or in cell culture. Under physiological
conditions, neurons in most regions of adult brain cannot be regenerated.
However, there are two exceptions: (1) new neurons are constantly
generated throughout the lifespan in the dentate gyrus of the hippocampus
through the proliferation and migration of neural progenitor cells from the
subgranular layer (Altman 1969; Altman and Das 1965)); and (2) the
olfactory bulbs from the subventricular zone of the lateral ventricle
((Kaplan and Hinds 1977; Reynolds and Weiss 1992). Newly generated
22

neurons are functionally recruited into the dentate gyrus circuitry and form
appropriate synapses with pre-existing neurons (Paton and Nottebohm
1984; van Praag et al. 2002). In experimental stroke, neurogenesis is
enhanced in the dentate gyrus of the hippocampus in rats after focal brain
ischemia (Jin et al. 2001; Kee et al. 2001; Kempermann et al. 2004;
Kempermann et al. 1997; Kuhn et al. 1996). Some data indicate that the
adult brain may resume its capacity to generate new neurons in the
ischemic penumbra after focal cerebral ischemia (Arvidsson et al. 2001; Gu
et al. 2000; Sun et al. 2003).
9.3 Angiogenesis
Angiogenesis--- Blood vessels are a prerequisite for normal development,
tissue growth and repair as the blood supply provides nutrients, removes
waste products and transports cells to distant sites. Blood vessels form
through: 1) vasculogenesis, where the blood vessel develops de novo via
the assembly of endothelial cell precursors (angioblasts), or 2)
angiogenesis, where blood vessels arise from sprouting of existing ones.
In the normal adult brain, no active vasculogenesis or angiogenesis occurs.
However, revascularization in the peri-infarct brain tissue weeks within
stroke onset has been well documented. More recently, newly formed
microvessels are identified in the ischemic penumbral region at 5 days or
later post-stroke in human brains (Barber et al. 1998; Krupinski et al.
1994). In experimental stroke, angiogenesis has been found to be an early
occurrence in the ischemic penumbra after stroke (Gu et al. 2001b; Zhang
and Chopp 2002). Long-term survival of newly formed microvessels helps
to improve collateral circulation into the ischemic penumbra after cerebral
ischemia (Chen et al. 2005; Sun et al. 2003).
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VEGF family--- VEGF is considered to be one of the most important
mitogens for both vasculogenesis in embryos and post-stroke angiogenesis
in adults. In normal brains, VEGF does not induce BBB leakage. However,
it contributes to post-stroke BBB disruption. In addition, VEGF is
mitogenic for astrocytes and it also promotes neuronal survival (Silverman
et al. 1999). Several subtypes of VEGF including VEGF-A, VEGF-B,
VEGF-C, and VEGF-D, as well as their corresponding VEGF receptors fit1, flt-4 and fik-1 have been identified. VEGF receptors are expressed on
vascular smooth muscle cells (Ishida et al. 2001), osteoblasts (Deckers et
al. 2000), myofibroblasts (Chintalgattu et al. 2003), neurons (Carmeliet and
Storkebaum 2002), and various tumor cells (Xie et al. 2004). VEGF-A and
C stimulate endothelial cell proliferation through activating flk-1 and flt-4
(Joukov et al. 1996), whereas VEGF-A and VEGF-B limit excessive
proliferation of endothelial cells by binding to their receptor flt-1 (Olofsson
et al. 1998). After experimental stroke, VEGF-A protein and the receptors
flt-1 and flk-1 become quickly upregulated in the ischemic penumbra
(Cobbs et al. 1998; Gu et al. 2001b; Hayashi et al. 1998; Kovacs et al.
1996; Lennmyr et al. 1998; Plate et al. 1999). Expression of VEGF and flk1 in the ischemic boundary zone is associated with endothelial cell
proliferation and angiogenesis (Chen et al. 2005; Gu et al. 2001b). VEGFA thereby stimulates angiogenesis through activation of the receptors flt-1
and flk-1 and flt-4 (Gu et al. 2001b; Yancopoulos et al. 1998).

24

AIMS OF THE THESIS
The aim of this thesis is to enable the study of key features related to cell
death and morphological recovery and to detect and characterize the factors
related to morphological regeneration in the adult brain after stroke. More
specifically:
I. To establish a photothrombotic ring stroke model in adult mice with
late

spontaneous

reperfusion,

characterized

by

quantitative

measurements of cerebral blood flow and cerebral protein synthesis.
This may open a wide range of applications in small animals and be of
particular interest for mouse mutants that are intended for the study of
the mechanisms of ischemic injury.
II. To explore the possible occurrence of newly generated cells with
special focus on neurogenesis and relate this to the tissue metabolism
in the ischemic penumbra in adult mice after PRS model.
III. To explore the possible occurrence of newly generated cells with
special focus on neurogenesis in the ischemic boundary zone in adult
rats after MCAO with reperfusion.
IV. To explore the timing of postischemic angiogenesis in relation to
expression of VEGF proteins and their receptors in adult rats after
MCA occlusion.
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MATERIALS AND METHODS
The animal care and all experimental procedures were carried out in
accordance

with

the

European

Communities

Council

Directive

(86/609/EEC); and the experimental protocol was approved by the Ethics
Committee for Animal Research at University of Umeå, All the animals
were from B&K Sollentuna Universal Lab, Sweden.
1. Inducing PRS model in adult mice
The adult male C57/BL mice were anesthetized in a chamber circulated
with 3% halothane and a mixture of 30% oxygen (O2) and 70% nitrous
oxide (N2O) for 3 min, and then maintained with 2% halothane delivered
via face mask during operation. Body temperature was controlled at 37 °C
by means of a rectal thermometer connected to a heating pad system (CMA
150, CMA/ Microanalysis, Sweden). The head temperature was kept at
37.0 ± 0.5°C with a needle thermometer probe in the temporal muscle
connected to a heating lamp system (Omega 6000, Stamford, CN, USA).
Polyethylene PE10 catheters were inserted into a femoral artery and vein
for monitoring arterial blood gases, glucose, arterial blood pressure and
intravenous erythrosine B infusion. The physiological data were measured
by sampling 100µl of arterial blood from the femoral artery and then
supplemented with 100µl saline at 2 min before and 25 min after
irradiation in the separate group (Belayev et al. 1999). Mice were mounted
on a stereotaxic frame (David Kopf, Tujunga, CA, USA) maintaining 1%
halothane with a 30/70 mixture of O2 / N2O via face mask. After exposure
of the skull bone, an argon ion laser prism (Innova 70-4, Coherent, Palo
Alto, CA, USA) tuned to the 514.5-nm transition was used as previously
described to produce a photothrombotic ring-shaped cortical lesion with a
centrally located cortical region-at-risk (Gu et al. 1999a; Wester et al.
1995). Briefly, the output of the laser beam was focused with a plano26

convex glass lens (focal length=30 mm) into a 400 µm optical fiber
(ST400E-FVwith SL sleeves, Mitsubishi Cable America, Inc., New York,
USA) at an input angle of 29° to the fiber axis, resulting in a ring beam
output. To induce a progressive perfusion deficit followed by spontaneous
reperfusion in the nonirradiated central cortical region, stepwise titrations
of the laser beam intensity and the dose of erythrosin B were performed (n
= 54). The exposed skull bone was irradiated by the laser ring beam with
concurrent intravenous infusion of the photosensitizing dye erythrosine B
(Sigma) by an infusion pump (KDS 100, Steoelting, III, USA). The mice
were kept on the stereotaxic frame for 30 min after irradiation and then
moved to a chamber with circulating fresh air for recovery from
anaesthesia.
2. Transient intraluminal suture of middle cerebral artery occlusion
The adult male Wistar rats were anesthetized in a chamber circulated with
3% halothane and a mixture of 30% oxygen (O2) and 70% nitrous oxide
(N2O) for 5 minutes, then maintained with 2% halothane delivered via face
mask during operation,. Body temperature was controlled at 37 °C by
means of a rectal thermometer connected to a heating pad system (CMA
150, CMA/ Microanalysis, Sweden). The head temperature was kept at
37.0 ± 0.5°C with a needle thermometer probe in the temporal muscle
connected to a heating lamp system (Omega 6000, Stamford, CN, USA).
The tip of 3.0 monofilament was polished on sand paper (p 1200) then
immersion in 10% poly-lysine for 10 sec and then heated in a 60°C oven
for 60 min (Jiang et al. 2001). The suture was inserted from right external
carotid artery through common carotid artery into internal carotid artery to
occlude the middle cerebral artery (Longa et al. 1989) with minor
modification (Belayev et al. 1996). The operation had to be finished within
30 min in order to keep the blood gas within the normal range. The rats
were moved to a chamber with circulating fresh air for waking up. The
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ischemic neurological score was tested at 30 min after MCA occlusion. The
reperfusion was induced by withdrawing the suture at 2h after MCA-O.
3. BrdU (5-Bromodeoxyuridine) Delivery
In order to label the proliferating cells, the DNA duplication marker 5bromodeoxyuridine (BrdU) was delivered to the post stroke or sham
operated animals immediately after the operation. The BrdU (Sigma,
Sweden) was dissolved in saline and injected intraperitoneally at a timely
dose of 10mg/kg (Aberg et al. 2000; Gu et al. 2001a). In sham-operated
rats (n=3 in each group), BrdU was injected in the same way as the
corresponding rats subjected to ischemia (Gu et al. 2001a). Normal rats
without BrdU delivery were used as BrdU negative controls (n=3). The
animals were transcardially perfused with warm Histochoice tissue fixative
(Amresco, Solon, USA). Brain were either immediately frozen and stored
at -80ºC or immersed in the same tissue fixative at 4ºC for at least 24h
before being processed.
BrdU delivery in adult rats--- in the 30 days group, (n=5), BrdU injections
were started at 24h after stroke onset and were continued twice daily during
the first second weeks and once a day during the third and fourth weeks,
ending on day 28. In the 60 days group (n=5), BrdU was injected as
described above, but delivery was reduced to 2 times per week during the
fifth to eighth weeks and ended on day 56. In a seprate experiment, a
shorter delivery protocol was used to study whether the newborn cortical
cells could survive for a longer interval after BrdU had been incorporated.
In those rats, BrdU injection was injected as described above, but delivery
was ended on day 14; the rats were killed on dag 30 (n=4) or day 60 (n=4)
after stroke induction.
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BrdU delivery in adult mice--- BrdU injection was started immediately
after photothrombotic ring stroke, continued twice daily and ended at 48h
and 7days after stroke induction.
4. Neurological Status after MCAO
The neurological status was tested at 30min after MCAO.

The

neurological findings were scored on a five-point scale: a score of 0
indicated no neurological deficit, a score of 1 (failure to extend left paw
fully) a mild focal neurological deficit, a score of 2 (circling to the left) a
moderate neurological deficit, and a score of 3 (falling to the left) a severe
neurological deficit; rats with a score of 4 did not walk spontaneously and
had a depressed level of consciousness (Longa et al. 1989).
5. Carbon Black Perfusion
To search the optimal experimental conditions, the mice were
transcardially perfused with carbon black at various times after stroke
induction. The mice were deeply anesthetized and thoracotomized. The
descending aorta was clipped. A PE50 catheter was inserted into the left
ventricle through the apex and the right atrium was incised. An infusion
pump (Becton Dickinson) was connected through a pressure transducer
(Ohmeda AB, Helsingborg, Sweden) to a blood pressure monitor (78353A
Hewlett Packard) and a pulsation device (Medicinsk Teknik Umeå,
Sweden). Ten ml 0.9% saline was infused at 5ml/min to wash out the blood
and was followed with the infusion of 2 ml filtered carbon black at
3ml/min (Design Higgins, no 4418, Faber-Castell, Lewisburg, Tenn.,
USA). The brain was taken out from the skull and photographed under a
microscope.
6. Local Cerebral Blood Flow Measurement (lCBFLDF) - Laser-Doppler
flowmetry
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To semi-quantify the lCBF changes immediately after stroke induction,
laser-Doppler flowmetry (LDF) method was used (Gu et al. 1999c). The
skull was exposed, an Ø = 1 mm burr hole was drilled at the center of nonirradiated region with a very thin layer of skull bone left intact. The hole
was cleaned with 37.0 °C saline so that the vessels on the brain surface
could easily be identified under a Zeiss operating microscope. The LDF
probe was held by a stereotaxic micromanipulator (David Kopf) and was
lowered onto the bottom of the burr hole. The lCBF was recorded for 20
min to get the baseline values. Then the probe was thereafter switched
away and the skull was irradiated as described (Jiang et al 2005).
Immediately after inducing the photothrombotic ring stroke, the LDF probe
was switched back to its original stereotaxic co-ordinates as during the
lCBF baseline recordings. The lCBF was continuously recorded for another
30 min after irradiation. In the sham-operated group (n=4), the mice were
treated identically as the ischemic group, but no erythrosin B was
administered.
7. Local Cerebral Blood Flow (lCBFIAP) - [14C] - Iodoantipyrine
autoradiography
Local CBF was further quantified by using the [14C]-idoantipyrine
autoradiography method (Kennedy et al. 1972). This method requires the
determination of tissue [14C]-radioactivity at the end of the experiment
(Reivich et al. 1969; Sakurada et al. 1978) where the [14C] -radioactivity in
various regions of the brain can be measured three-dimensionally at high
resolution by quantitative autoradiography (Hosokawa et al. 1977;
Kennedy et al. 1972; Reivich et al. 1969; Sakurada et al. 1978). This
method has been modified and validated to measure local CBF with [14C]IAP in mice (Hata et al. 2000). In brief, 150 µCi [14C]-idoantipyrine
(specific activity: 5.5mCi/mmol, concentration: 0.1mCi/ml) was injected
intraperitoneally at 2 min before sacrifice. The mice were in-situ frozen in
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liquid nitrogen (Mies et al. 1991). The blood sample from the heart was
melted at ambient temperature on a filter paper and the [14C]-radioactivity
was measured by a liquid scintillation system (Hata et al. 2000). Cryostat
coronal brain sections (20 µm thick) from the center of the non-irradiated
region were mounted on object glasses to expose the pre-labeled [14C]idoantipyrine directly to a film (Hyperfilm-β max 18x24cm, high
performance, Amersham, Sweden) with a standard high performance micro
scale (RPA511V Amersham, Sweden) for 7 days. The films were scanned
by a black & white camera (Sony 388, Sweden) with a Northern Light
illuminator (Imaging Inc, Canada). The data were calibrated by comparison
with the standard microscale and then further calculated by the [14C]radioactivity from the heart blood sample, by using the NIH Imaging MG
program as previously described (Hata et al. 2000).
8. Cerebral Protein Synthesis (CPS) - [3H] - Leucine Autoradiography
Amino acid autoradiography was used to semi-quantify cerebral protein
synthesis (CPS) (Hossmann et al. 1985; Swanson et al. 1990). Briefly, 300
µCi

[3H]-leucine

(specific

activity:

171Ci/mmol,

concentration:

5.0mCi/ml) was injected intraperitoneally at 45 min before killing the mice.
The mice were in-situ frozen and coronal slices were prepared as described
above. The free-labeled leucine and metabolites other than proteins were
removed by 0.6M PCA (perchloric acid 70%) & 2M EGTA [ethylene
Glycol-bis (ß-Aminoethy1ether)-N.N.N-1.N-1-tetraacetic acid] (Hossmann
et al. 1985; Mies 1997). The sections were then exposed to a sensitive film
(BioMax MS 18*24cm Kodak, Sigma, Sweden) for 28 days with a
standard high performance micro-scale (RPA 506, Amersham, Sweden) for
autoradiographic analysis of [3H]-labeled proteins (Mies et al. 1991). The
films were scanned by a black & white camera (Sony 388, Sweden) with a
Northern Light illuminator (Imaging Inc, Canada). The data were
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calculated with standard microscale by using the NIH Imaging MG
program (Mies 1997).
9. Adenosine Tri-Phosphate (ATP) - Bioluminescence
The bioluminescence imaging method was used to detect energy failure.
The slices were prepared as described above. The frontal brain tissue was
sampled for ATP analysis. The brain section was mounted on cover glasses
(side 45*60, Tramro, Sweden). The frozen slices was through drying and
heating fixation, then coated with a layer by 60µm enzyme reaction mixes
(Polyvinylpyrrolidone 100mg + Glycerin 100mg + Gelantin 200mg add
10ml 0.2M Hepes-0.1M Arsenate-Buffer mix with 250mg FFT and 20ul
1M Magnisium sulfate) for substrate- specific bioluminescence of ATP
(Kogure and Alonso, 1978) and exposed under a CCD black-white imaging
SensiCam® camera (SONY, PCO CCD IMAGING). The cortical frontal
tissue sample was dissolved in the 0.1M HCl methonal for 20-30 min and
0.6M PCA+1mM EGTA solution was then added. The sample was
sonificatted and centrifuged to get the supernatant. The procedure was
repeated three times. The total supernatant was adjusted to pH 6-8 with 3M
KOH + 0.5M KCl2 for measurement of ATP concentration. The ATP
concentration was determined by conventional enzymatic tissue analyses
(Lowry and Passoneau, 1972) under a Fluorescence Spectophotometer (FT
2000, Becmen,). The data was calculated by using the NIH Imaging MG
program (Mies 1997).
10. Immunohistochemistry
Single Labelling --- brains transcardially perfused with FAM (36%
formaldehyde, glacial acetic acid, Methanol ratio1:1:8) or Histochoice
tissue fixative (Amresco, Solon, USA) were paraffin embedded. Ten µm
thick coronal sections through the lesion part were processed for
immunohistochemistry (Gu et al. 2001a). The brain sections were
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deparaffinized in xylene and dehydrated through a graded ethanol series.
Endogenous peroxidase activity was quenched by 30 min incubation in a
freshly prepared solution of 3% H2O2 in methanol. The brain sections were
boiled in 0.1M citrate buffer (pH 6.0) in microwave oven 3x7 min duration
and 5 min cooling intervals. The sections were blocked with 20% normal
horse serum or 5% normal goat serum for 30 minutes. The sections were
incubated with primary antibody over night, followed by incubation with
secondary antibody and subsequent incubation with the avidin-biotin
complex (ABC-peroxidase kit) for 60 min and developed with DAB
substrate kit (Vector).
Functional Status of angiogenesis --- to exam the functional status of the
blood vessels, the post stroke animals were decapitated at 24h, 48h, 72h
after MCAO. Brain sections were first immunolabeled with BrdU and then
counterstained with hematoxyline to visualize the blood elements inside the
vessels.
Double Labelling --- The first primary antibody was detected by Vector
ABC-AP (Vector, Sweden) and stained with Vector®-red (Vector,
Sweden). After rinse in PBS, the sections were incubated with a second
primary antibody overnight, and incubated with the corresponding
secondary antibody in room temperature for 30min, and detected by
Vectastain ABC-peroxides and stained with Vector®-DAB or SG (Vector,
Sweden).
11. Immunofluorescence and Confocal Analysis
Immunoflourescence--- Immunofluorescent labeling was performed on the
10 µm thick frozen brain sections. The brain sections were first fixed in 4%
paraformaldehyde PBS solution for 30 min and then washed twice for 3
min each time in 0.01M PBS. For the BrdU immunolabeling, the sections
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were pretreated with 2 M HCl for 30 minutes to denature the DNA. The
slides were immersed in 1% Triton X-100-PBS for 30 min, washed twice
for 3 min each time in 0.01M PBS, and blocked with 5% normal goat
serum for 30 min. After an overnight incubation with the first primary
antibodies diluted in 0.1% BSA in PBS, the sections were washed in 0.01M
PBS three times, 3-min each time. After a 20 min blocking period in 5%
normal goat serum in PBS, the brain sections were incubated for 2 hours
with the corresponding secondary antibody conjugated with Alexa Fluor TM
546 (Molecular probes, Eugene, Oregon, U.S.A.) and then rinsed in 0.01 M
PBS. When double immunofluorescence labeling was performed, the first
primary antibody was detected as mentioned above. The second primary
antibodies, which were raised in animal species different from the first
primary antibodies, were stained in the same procedure as the first primary
antibodies but detected with their corresponding secondary antibodies
conjugated with Alexa Fluor

TM

488 (Molecular probes, Eugene, Oregon,

U.S.A.). After a short rinse in PBS, the sections were counterstained with
DAPI and the mounted in Vectashield medium (Vector Laboratories,
Burlingame, CA, U.S.A.).
Confocal microscopy analysis--- The samples were analyzed by a laser
scanning confocal microscope (Leica SP2) equipped with an argon laser
(488 nm excitation) HeNe laser (543 nm excitation). Data were collected
with sequential laser excitation in each optical plane to eliminate bleedthrough and with confocal parameters (e.g. pinhole sizes) to minimize the
thickness of the optical sections. The acquired sets of images were
processed using the Huygens System 2 deconvolution algorithm (Scientific
Volume Imaging b.v, The Netherlands) and the volume rendered using the
Imaris (Bitplane) software.
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12. Tissue Morphology and Ischemic Volume
Ten µm thick coronal brain sections were cut at 300 µm intervals
throughout the ischemic lesion and stained with hematoxylin and eosin.
The ischemic area was quantified by an Olympus BX50 microscope
equipped with a U-DA camera lucida attachment projecting the image onto
a digitizing table (Summa Sketch III Series, Summagraphics Corporation,
Connecticut, USA) connected to a PC with morphometric software
(morfometri-PC Version 2.0. J-O Dahlberg. Skellefteå, Sweden) as
described previously (Gu et al. 1999b). The ischemic area was defined as a
region in which most neurons exhibited ischemic morphological change
(Garcia and Anderson.ML 1997; Kalimo et al. 1997), with at least one of
the following alterations: cytoplasmatic microvacuolation, cytoplasmatic
eosinophilia, cell body shrinkage, nuclear pyknosis, or hyperchromasia.
The ischemic volume was calculated by summing the ischemic areas of the
systematic sequential coronal sections multiplied by the 300µm interval
between the sections. The ischemic volume was calculated as percentage of
the ipsilateral hemispheric volume as previously described (Longa et al.
1989).
13. Western Blot Analysis
The rats were decapitated at 24h and 72h after MCA-O. The cortical
penumbra tissues was dissected out on ice and stored at -80°C. The deep
frozen samples were grounded into fine power, and the lysis buffer was
added. The samples were stored at 4°C for two hours before sonification
and then centrifuged (BACKMAN AVENTI-TM-J25) at 22500 rpm for
5minutes and the supernatants were extracted. The samples were
normalized for total protein using the BCA Protein Acid Regents A (Boule
Nordic

AB,

Sweden)

and

electrophoresed

through

12%

SDS

electrophoresis gel for VEGF-A, VEGF-B with prestained low-molecular
weight markers (Bio-Red), whereas electrophoresed through 7.5% SDS
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electrophoresis gel for VEGFC and FIK-1 with prestained high-molecular
weight markers (Bio-Red). The proteins were then transferred to the
Immobilon-P transfer Membrane with Semi-Dry Electrophoretic Blotting
Systems (C.B.S Scientific Company, INC). The membranes were blocked
with 5% dry milk, and incubated with one of the following corresponding
primary antibodies: 1:2400 rabbit-α-VEGF A and 1:1000 goat-α-VEGF B
at room temperature overnight; 1:1000 goat-α-VEGF C and 1:1800 rabbitα-flk-1 for 4 hours at room temperature. The membranes were incubated
with corresponding secondary antibodies for 60 minutes: VEGF-A and Flk1 rabbit-α- IgG-HRP; VEGF-B and VEGF-C goat-α- IgG-HRP (SC-2020,
Santa Cruz Biotechnology). Detection was carried out using the ECL-Plus
Western blotting detecting reagents (Amersham, Sweden AB) and then
exposure to the HyperfilmTMMP (Amersham, pharmacia biotech).
14. Primary and Secondary Antibodies
1:50 mouse-α-BrdU (Becton Dickinson, CA, U.S.A) and rat-α-BrdU
(Accurate Chemical & Scientific Corporation), 1:300 rabbit-α-Phos H3
(Upstate, U.S.A), 1:200 mouse-α-Map-2 (Boehringer Mannheim, Sweden),
1: 800 mouse-α-Neu N (Chemicon, U.S.A), 1: 1000 rabbit-α-GFAP
(DACO, Sweden), 1:3000 mouse-α-γ-tubulin (Accurate Chemical &
Scientific Corporation). 1:50 rabbit-α-VEGF-A (A-20), goat-α-VEGF-B
(P-1), goat-α-VEGF-C (C-20), rabbit-α-flt-1 (C-17), rabbit-α-flk-1 (C-20),
rabbit-α-flt-4 (M-20), (Santa Cruz, CA, U.S.A), biotinylated horse-α-goat
IgG, biotinylated horse-α-rabbit IgG,

biotinylated horse-α-mouse IgG

(Vector, U.S.A), and biotinylated goat-α-rabbit IgG, biotinylated goat-αmouse IgG (Vector, U.S.A). 1:300 goat-α-rat IgG F (ab’)2 fragment
conjugate Alexa 488 (Molecular Probes), goat-α-rabbit IgG F (ab’)2
fragment conjugate Alexa 488 (Molecular Probes), goat-α-mouse IgG F
(ab’)2 fragment conjugate Alexa 488 (Molecular Probes), 1:300 goat-α-rat
IgG F (ab’)2 fragment conjugate Alexa 546 (Molecular Probes), goat-α36

rabbit IgG F (ab’)2 fragment conjugate Alexa 546 (Molecular Probes),
goat-α-mouse IgG F (ab’)2 fragment conjugate Alexa 546 (Molecular
Probes). 1:400 strepto-avidin Alexa 488 (Molecular Probes) and 1:300
strepto-avidin Alexa 546 (Molecular Probes).
15. Stereological Cell Counting System
Three brains sections from each brain were randomly chosen, and the
ischemic boundary zone was counted under a CAST-Grid system
(Olympus, Albertslund, Denmark). To estimate the density of the BrdU
immunopositive endothelia cells and corresponding newly formed
microvessels in the ischemic boundary zone, the optical dissectors (80 µm
× 45 µm × 10 µm) was randomly sampled under a 20x-lens microscope.
The number of the total BrdU positive cells and neurons in the ischemic
penumbra were randomly sampled under a 60x- lens microscope with
optical dissectors (40 µm x 24 µm x 20 µm). The data were calculated
through dividing the total number of the cells/vessels by the total volume of
the optical dissectors counted and expressed as the total number per cubic
millimeter and presented as means ± SD within the investigated region. In
the sham-operated animals, the numbers of BrdU immunopositive cells
were too few to be sampled accurately by the CAST-Grid system so they
were directly counted.
16. Data Analysis
For group comparisons, analysis of variance (ANOVA) and post-hoc
effects were performed by use of the system for statistics (SYSTAT;
Wilkinson 1989, version 10) where a P-value of less than 0.05 was
regarded as significant.
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RESULTS
Establish a photothrombotic `Ring´ stroke model in adult mice with
late spontaneous reperfusion: Quantitative measurements of cerebral
blood flow and cerebral protein synthesis (paper I)
1. Inducing PRS model
The optimal experimental condition, that is, a gradually progressing
hypoperfusion followed by late spontaneous reperfusion in the central
nonirradiated region, was achieved when the exposed mouse skull was
irradiated with a 3.0-mm diameter laser ring-beam (514nm, 0.21mm thick,
0.65 W/cm2) for 60s with concurrent erythrosine B (4.25mg/kg)
intravenous infusion for 15s. With this experimental setting, carbon black
perfusion at 4 h after stroke induction revealed a ring shaped perfusion
deficit (paleness) of the cortical surface corresponding to the ring-shaped
irradiation beam (ring lesion), whereas staining of the non-irradiated
central cortical region (region-at-risk) was only slightly reduced. At 10 and
24 h after irradiation, the region-at-risk was progressively encroached by
the inward expansion of the annular ring lesion, reflecting the progressive
deterioration of the region-at-risk. At 48 h post ischemia, the whole regionat-risk appeared pale. However, at 72 h and up to 7 days post ischemia, the
vessels in the region-at-risk refilled with carbon black. In sham-operated
mice, the cortical surface was homogeneously perfused.
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Fig 7:

2. Local cerebral blood flow (lCBF)
At 30 min after induction of photothrombosis, the lCBFLDF declined in the
center of the nonirradiated region to 43% ± 4% of the baseline value (n =
6). In the sham-operated control group, lCBFLDF did not change (n = 4).
The lCBFIAP did not differ between the contralateral cortex (88 ± 46
ml/100 g/ min) and the ipsilateral cortex (90 ± 47 ml/100 g/ min) in the
sham-operated control group (n = 3). The lCBFIAP in the ring lesion and the
region-at-risk were decreased from 4 h postischemia at 23 ± 10 and 46 ± 11
ml/100 g/min (mean ± SD) to 48 h postischemia reaching its minimum
values at 5 ± 2 and 17 ± 3 ml/100 g/min, and these values recovered at 7
days postischemia to 37 ± 19 and 57 ± 25 ml/100 g/min respectively in the
ischemic animals (n = 4 in each group).
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Fig 8:

3. Cerebral Protein Synthesis (CPS)
In sham-operated animals (n = 3), the CPS was not different between the
two hemispheres. After photothrombosis, CPS in the non-irradiated central
region decreased to 56.8 ± 22.8% (mean ± SD of contralateral side) at 4h
and further to 38.1± 13.9% at 48 h, followed by an overshot to 115 ±
27.6% at 7 days post-ischemia. In the ring lesion CPS dropped to 18.3 ±
6.1% and 11.9 ± 4.7% at 4h and 48h, and partly recovered to 51.4%±16.8
at 7 days post-lesion.
Fig 9:
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4. Tissue morphology and Ischemic volume
Histopathology--- Two wedge-shaped cortical lesions corresponding to the
ring-shaped laser irradiating beam (ring lesion region) were observed in the
H&E stained coronal brain sections at 4h post-ischemia. The centrally
located non-irradiated region was relatively spared at this time point. Some
neurons appeared slightly swollen in this region at this time. At 48h after
photothrombosis, the ring lesion expanded inward resulting in a
progressive encroachment into the region-at-risk, where most cells were
swollen and the majority of neuronal cells exhibited eosinophilic cytoplasm
and pyknotic nuclei. At 7 days the ring lesion had transformed into a well
demarcated necrosis, whereas the region-at-risk was only partially
compromised where some neurones were slightly swollen, and a few were
pyknotic but most of them exhibited a normal appearance.
Ischemic volume--- The volume 3.1± 0.9 % of the ipsilateral hemispheric
volume at 4 hours post ischemia (mean ± SD). With ongoing ischemia the
lesion volume steadily increased and reached its maximum of 8.2 ± 1.2 % at
48h after photothrombosis. At 72 hours post ischemia, the lesion volume
began to decline until, after 7 days post ischemia, it returned to 3.3 ± 1.0 %.
The diameter of the ring lesion region increased gradually from 2.0 ± 0.2
(mean ± SD) mm at 4 h to its maximum of 3.3 ± 0.2 mm at 24 h after
irradiation. These values remained increased at 48 h (3.2 ± 0.3mm) and 72 h
(3.2 ± 0.2mm) and then partially returned at 7 days to 2.2 ± 0.5mm.
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Fig 10:

Characterization of cortical neurogenesis and tissue metabolism in
adult mice after photothrombotic `ring´ stroke (paper II)
1. BrdU single / double immunolabeling
In the sham operated mice, a few BrdU immunopositive cells were
randomly scattered in the whole brain sections. At 4 h post stroke, BrdU
immunopositive cells appeared in a similar pattern as in the sham operated
mice. At 48 h post ischemia, widespread BrdU single immunolabeled cells
appeared in the post ischemic cortical region-at-risk and its surrounding
cortex (penumbra), and lesser in the ring lesion region (ischemic core).
These cells were distributed randomly in all the cortical layers, a few in the
ipsilateral corpus callosum and dentate gyrus of the hippocampus. At 7
days

post

ischemia,

numerous

cortical

cells

containing

BrdU

immunopositive nuclei (Vector-Red) were double immunolabeled by
GFAP (Vector–SG) in the cytoplasm. However, some cortical cells
containing BrdU immunopositive nuclei (Vector-Red) were further double
labeled by neuron specific marker Neu N (Vector-SG). Under 3-D confocal
42

analysis, the BrdU immunolabeled nucleus was colocalized with Neu N in
the same neuron. Similarly, BrdU was colocalized with GFAP in the same
astrocyte.
Fig 11:

2. Phos H3 single / double cell labeling
Very few Phos H3 single positive cells were observed in the cortex in the
sham operated mice and the mice at 4 h post ischemia. At 48 h post
ischemia, Phos H3 immunopositive cells appeared in the penumbral cortex.
These cells were randomly distributed in cortical layer I-VI in the regionat-risk and the cortex surrounding the ring lesion. A few Phos H3
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immunopositive cells were also observed in the corpus callosum and
dentate gyrus of hippocampus. At 7days post stroke, Phos H3 single
positive cells were still observed in the cortex. Some cells containing Phos
H3 immunopositive nuclei (Vector Red) in the penumbral cortex were
double labeled with GFAP (Vector DAB) in the cytoplasm. A few Phos H3
immunopositive nuclei (Vector Red) were double immunopositive to the
neuron specific marker Neu N. Under 3-D confocal microscopy, the Phos
H3 immunopositive nucleus was shown to be colocalized with Neu N or
GFAP in the same cells at 7 days post ischemia.
Fig 12:

3. Adenosine Tri-Phosphate and Cerebral Protein Synthesis
The ATP and CPS were declined at 4 h post ischemia in the region at risk,
to the minimum at 48h after ischemia, and partly recovered at 7 days after
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ischemia. The widespread BrdU immunopositive cells were seen in the
region-at-risk and its surrounding area, where CPS was recovered and ATP
was partly restored, at 7 days after stroke.
Fig 13:

4 Steriological Cell Counting
At 48 h post ischemia, the number of BrdU immunopositive cells were
5200 ± 1400 cells/mm3, of which 340 ± 110 cells/mm3 were BrdU and Neu
N double immunopositive. At 7 days post stroke, the number of BrdU
immunopositive cells were 37800 ± 9700 cells/mm3, of which 1620 ± 4200
cells/mm3 were BrdU and Neu N double immunopositive. The data was
expressed as mean ± SD.
Cortical neurogenesis in adult rats after middle cerebral artery
occlusion (paper III)
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1 BrdU immunohistochemistry/immunofluorescence
In sham-operated rats, very few BrdU immunopositive cells were seen in
the cortex and striatum, none of which was Map-2, ß-tubulin III, or Neu N
double immunopositive.
Widespread BrdU single-immunopositive cells were observed in post
ischemic cerebral cortex, striatum, corpus callosum, and dentate gyrus of
the hippocampus ipsilateral to the infarct at 30 d and 60 d after MCAO. In
the cortex, these cells were distributed randomly through cortical layers I–
VI, at higher density in the peri-infarct than remote cortical regions.
Numerous cells showing BrdU immunolabeled nuclei were GFAP double
immunopositive in the cytoplasm, representing newly generated astrocytes.
However, some cells containing BrdU-immunolabeled nuclei were double
immunopositive to the neuron specific markers Map-2, ß-tubulin III and
Neu N, suggesting that they were newborn neurons. The BrdU and Map-2,
ß-tubulin III, or Neu N double labeled cells were also found in the striatum
close to the ischemic lesion. Under 3-D confocal microscopy, the BrdU
immunolabeled nucleus was colocalized with Neu N in the same cortical
cell at 30 days and 60 days after MCAO.
Fig 14:
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2. Stereological cell counting
In the 30-day group, the density of BrdU-immunopositive cells was
77.100±8500 cells/mm3 (mean ± SD), of which a density of 4900±800
neurons/mm3 and 72.200±8.400 nonneurons/mm3 was found. In the 60-day
group, the density of BrdU-immunopositive cells was 54.600±8.100
cells/mm3 (mean ± SD), of which a density of 4900±700 neurons/mm3 and
49.700±7.800 nonneurons/mm3 were observed. In sham-operated control
brains, only a few BrdU-positive cells in the whole cortex were seen. None
of these cells was Map-2 and BrdU double positive.
Early occurrence of angiogenesis in adult rats after middle cerebral
artery occlusion (paper IV)
1 Angiogenesis in cerebral cortex after MCA-Occlusion
In sham-operated animals and in the contralateral non-ischemic hemisphere
of animals subjected to MCA-O, very few BrdU positive cells were
observed. BrdU single immunolabeled cells were frequently observed in
the ischemic penumbral cortex at 24 hours after MCA-O. Some of the
BrdU positive cells aligned lined up as microvessels. A few of the
microvessels had clear lumen encircled by BrdU immunopositive
endothelial cells. No red and white cells were seen inside the lumen at this
time. At 48 hours after MCA-O, microvessels built with single layered
BrdU immunolabeled endothelial cells were frequently observed in the
ischemic boundary zone. Lumens were easily identified in these vessels but
blood cells were generally still absent inside the lumens. At 72 hours after
MCA-O, microvessels built with single layered BrdU immunolabeled cells
were frequently observed in the ischemic border region with easily
identified lumens that often contained erythrocytes and leukocytes. The
BrdU immunolabeled microvessels were further stained by VEGF-A at 72
hours

after

MCA-O.

Under

3-D
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confocal

microscopy,

BrdU

immunolabeled cell nuclei were generally surrounded by γ-tubulin
immunolabeled microtubules in the microvessels at 48 hours after stroke.
In the contralateral cortex, neither BrdU nor γ-tubulin single labeled
microvessels was observed.
Fig 15:

2. BrdU immunopositive cells and microvessels counting
At 24h after MCA-O with 2h reperfusion, the density of the BrdU
immunopositive cells and the corresponding microvessels were 2806 ± 933
cells /mm3 and 1562 ± 382 vessels/mm3 (means ± SD) within the
investigated region. At 72h after MCA-O, they were 6813 ± 1960 cells
/mm3 and 2580 ± 905 vessels/mm3. In the sham-operated animals, there
were too few to be sampled accurately by the CAST-Grid system.
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3. VEGF proteins and receptors after stroke
In the sham-operated rats, VEGF-A, VEGF-B, or VEGF-C and flt-1, flk-1
or flt-4 was only detectable at background level by immunohistochemistry.
At 24 hours after MCA-O, widespread VEGF-A, VEGF-B and VEGF-C
single immuno-labeled cells with a pyramidal shape were observed in the
ischemic border region. Many microvessels were also immunostained by
VEGF-A in the ischemic border cortex. At 72 hours after MCA-O, VEGFA, VEGF-B and VEGF-C immunopositive cells were still seen in the
ischemic boundary zone. Double labeling of the brain sections with VEGFA and the neuron specific marker Map-2ab or the glial cell specific marker
GFAP revealed that most of the VEGF-A immunolabeled cells were Map2ab double labeled at 24 h after stroke. At 72 hours after MCA-O, glial
cells and macrophages were the dominating cells to express VEGF-A,
VEGF-B and VEGF-C proteins, whereas staining of these VEGF-A,
VEGF-B and VEGF-C proteins in the endothelial cells were also seen.
In the ischemic penumbral region at 24 hours after MCA-O, many flt-1,
Flk-1 and Flt-4 immunolabeled cells were observed. The majority of these
cells appeared in pyramidal shape. At 72 hours after MCA-O, flt-1
immunolabeled cells were seen in the ischemic border region; whereas
astrocytes and endothelial cells were the dominating cells that were flt-1
immunopositive. In contrast, pyramidal cells and endothelial cells were the
dominating cells that were flk-1 and flt-4 immunopositive at this time.
Upregulation of flt-1, flk-1 and flt-4 occurred also in the endothelial cells
of the microvessels in the ischemic border region.
4. Western blot analysis
No band could be detected when the primary antibody (VEGF-A, VEGF-B
or VEGF-C) was replaced by normal serum. Analysis of the ischemic
cortex at 72 hours after MCA-O revealed two distinct bands for VEGF-A
protein, corresponding to molecular weight 45 kDa and 68 kDa.
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Meanwhile, a single band was detected for VEGF-B protein at the
molecular weight 45 kDa and double bands was observed for VEGF-C
protein at the molecular weight at ca: 71 kDa and 170 kDa.
Fig 16:
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DISCUSSION
Photothrombotic ring Stroke
The PRS model with late spontaneous reperfusion could be established in
adult mice with similar characteristics as those previously observed in adult
rats (Gu et al. 1999a; Gu et al. 1999b). By establishing the PRS model in
mice, a convenient and technically simple method of transient focal
ischemia has become available that can be used for a wide range of
applications in transgenic animals. The previously documented stimulation
of angiogenesis (Gu et al. 2001b) and neurogenesis (Gu et al. 2000) as well
as the differential neuronal injury pathways leading to apoptosis (Hu et al.
2002) and necrosis in rat PRS model provide the opportunity to explore the
occurrence and interplay of fundamental factors (Johansson et al. 2000) of
ischemic cell death or survival in great detail. This model in mice opens a
wide range of applications in small animals and may be of particular
interest for mouse mutants that are suited for the study of the mechanisms
of ischemic injury.
The advantages of the PRS model in mice are: (1) the high reproducibility
of the lesion size, independent of any variations in the genetic background
of the brain vasculature; (2) induction of the infarct at any desired cortical
location; (3) lesion size and depth can be modulated by varying the
intensity of the irradiating beam, the duration of irradiation, and the dose of
erythrosine B intravenous infusion; (4) production of a highly reproducible
(inverted) ischemic penumbra;

(5) spontaneous reperfusion that has a

closer resemblance to the clinical spontaneous recanalization (Hossmann
1997b). The disadvantages are: (1) the ischemic lesion is limited to the
cortex; (2) the equipment may be expensive (at least for rats); and (3) the
alignment of the optical fiber and positioning of the laser ring beam
requires care.
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Middle Cerebral Artery Occlusion
MCA occlusion is a common form of the clinical ischemic stroke in
humans. This makes the MCA-O one of the most commonly used focal
cerebral ischemia model in rodents. The intraluminal monofilament suture
occlusion is currently previously the most commonly used method to
induce the MCA-O. The reperfusion is achieved mechanically by simply
withdrawal of the occluding suture.
Different suture preparations give various stroke outcomes. Longa et al
heated the 4.0 nylon suture tip with flame, which gave approximately 56%
infarct rate (Longa et al. 1989). Koizumi et al coated the 4.0 nylon suture
with silicon by whith significant CBF reduction down to 10.7 ml/100g/min
(15% of control) was achieved in 92% of the animals. Memezawa et al
polished the tip of 3.0 silk sutures on sandpaper. With 120 and 180 min
MCA occlusion, all the animals showed infarct in caudoputamen and the
ipsilateral cortex (Memezawa et al. 1992). Belayev et al coated the suture
with poly-L-lysine so that the suture became adherent to the surrounding
endothelium. With coated suture, all rats exhibited infarct with 60 minute
MCA-O, and highly consistent infarct volume was produced in 120 minute
MCAO (Belayev et al. 1996).
In this thesis --- two suture preparations were tested when establishing the
MCA-O model: (1) the 3.0 monofilment suture was heated at the tip with
flame and then coated with poly-L-lysine (suture 1); and (2) the 3.0
monofilment suture tip was polished on the sandpaper and then coated with
poly-L-lysine (suture 2). With suture 1, only approximately 30% of the
post MCA-O rats survived after reperfusion at 2h post stroke. With suture
2, about 95% of MCA-O rats survived after reperfusion at 2h post stroke.
The reperfusion time was tested stepwise at 2h, 10h, 24h and 72h
(permanent) after MCA-O with suture 2 and the experiments were ended at
72h post ischemia. In the 10h and 24 h reperfusion group, about half of the
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MCA-O rats died after suture withdrawal. With 2 h reperfusion time, about
95% of MCAO rats survived. The ischemia volume was measured in all
group and expressed as percentage of the ipsilateral hemisphere and
indirect volume. The two ischemic volume measurements showed similar
tendency in the different time groups. The ischemic volume accounted for
up to 35-52% of the ipsilateral hemispheric volume in different groups.
With 2 h reperfusion, the ischemic volume (indirect volume) was 15%33% smaller then other groups. Therefore the suture 2 preparation was
chosen in the thesis (paper III, IV).
The advantages of this model are: (1) common and classic model, which
are mostly used for stroke study; (2) highly approximation to the ischemic
hemispheric infarction as it occurs in human thromboembolic stroke. (3)
ischemic lesion in both the cortex and the ipsilateral striatum; (4) cheap.
The disadvantages are: (1) large variation of ischemic volume and location;
(2) smaller salvageable ischemic penumbra; (3) mechamical than
spontaneous reperfusion (Hossmann 1997b).
Cerebral Blood Flow
In PRS model (paper I) --- Laser-Doppler flowmetry allows a continuous
follow-up in vivo of local CBF (lCBFLDF) in post-stroke animals. In
contrast, [14C]-iodoantipyrine autoradiography (lCBFIAP) provides an
absolute CBF measurement at the end of the experiment. Both methods
were employed to characterize the hemodynamic changes in mice exposed
to PRS model. lCBFLDF declined to 43 ± 4.3% of the baseline values in the
region-at-risk, which falls into the flow range of the ischemic penumbra
(Gu et al. 1999a; Hossmann 1998). The CBF-IAP dropped to critical
penumbral level at 48h post stroke and followed by spontaneous restoration
above the penumbral level at 7d post ischemia.
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Laser dopplar flowmetry method --- advantages: (1) a common method; (2)
easy and cheap to use; (3) real time, continuous lCBF recording.
Disadvantages: (1) semi-quantitative; (2) very local measurement; (3) large
influence by blood gas and temperature.
[14C]-iodoantipyrine method --- advantages: (1) absolute lCBF values; (2)
lCBF values at any anatomical locations; (3) data easy to be compared
Disadvantages: (1) expensive; (2) safety restriction due to the use of
radioactive tracer (3) not applicable in humans.
Cerebral protein synthesis
In PRS model (paper I) --- 3H-Luicine autoradiography (conducted at the
last stage of the experiment) facilitates three dimensional analysis in-situ of
cerebral

protein

synthesis

(CPS).

Through

the

double

tracer

autoradiography, the CPS reflects a synchronized functional impact of
lCBFIAP changes in the ´´region-at-risk´´ after PRS model in mice. The
functional impact on this “region-at-risk” was confirmed by the
measurement of CPS which declined during the phase of hypoperfusion
and recovered when blood flow improved, exhibiting a reversal of CPS
suppression by reperfusion (Hata et al. 2000; Kokubo et al. 2002).
[3H]-leucine autoradiograph method --- advantages: (1) in situ threedimension analysis of CPS; (2) absolute protein synthesis quantification; (3)
good indicator for post stroke tissue repair; Disadvantages: (1) expensive;
(2) safety restriction due to the use of radioactive tracer; (3) not applicable
in humans.
Western blot method --- a semi-quantification of a specific protein in the
tissue homogenates, which is shown as one or several specific proteins
bands by immunodetection.
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Immunohistochemistry and immunoflourescence --- two techniques are
often combined together to study certain protein expression in specific cell
groups and anatomical locations in the brain. Both techniques have also
wide clinical applications. The detecting sensitivity may largely be
improved by adjusting antibody titration, buffer components and
concentration, blocking serum concentration, incubation temperature,
microwave treatment and the secondary antibody detecting system.
Disadvantages: (1) only applicable in vitro; (2) non absolute quantification.
Ischemic volume
Ischemic volume is often measured on either hematoxyline and eosin
(H&E) stained (Brint et al. 1988) or thriphenyltetrazolium chloride (TTC)
stained brain sections (Liszczak et al. 1984) and sometimes calculated as
measured on the volume of surviving normal gray matter (Swanson et al.
1990). The ischemic volume could be expressed as:
1) direct ischemic volume
2) indirect ischemic volume (%) = 100 * (contralateral hemisphere
volume - undamaged ipsilateral hemisphere volume) / contalateral
hemisphere volume) (Swanson et al. 1990)
3) percentage of the ipsilateral hemisphere (%) = 100* direct ischemic
volume / ipsilateral hemisphere volume (Longa et al. 1989).
PRS model --- Since the direct ischemic volume is largely influenced by
ischemic edema, indirect ischemic volume or the percentage of the
hemisphere volume is more commonly used. Indirect ischemic volume was
found to be inappropriate to use in the PRS model in mice. This is because
in this stroke model the direct ischemic volume accounts for a relative
small portion of the ipsilateral hemisphere volume. The undamaged
hemisphere volume tends to be enlarged with the development of the
ischemic edema in the undamaged cortex at early time points, whereas
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minimized with the emission of ischemic edema and secondary atrophy in
the same region at late time points, which might lead to a misinterpretation
of the data. Therefore, the ischemic volume was expressed as percentage of
the ipsilateral hemispheric volume in the setting of the PRS model in mice.
Cell Regeneration
Neurological improvement of certain degree occurs as a natural process in
most of the post stroke patients. However, the pathophysiological
mechanism is largely unknown. Cell regeneration in the post stroke adult
brain may be one of the important contributing factors. After cerebral
ischemia, cells are pushed into cell cycles to proliferate. When a cell starts
to proliferate, it enters first into S phase to duplicate its DNA (Fig 17).
After DNA duplication, the cell enters the M-phase to commit cell mitosis
during which the single mother cell divides into two daughter cells through
cytokinesis. The total duration of a cell cycle is about 16 hours, of which
the S-phase accounts for about 8 hours (Nowakowski et al. 1989) and the
M-phase about 60-90min (Alberts et al. 1994a).
Fig 17:
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S-phase cell markers
BrdU --- BrdU (5-bromodeoxyuriding) is currently the most common by
used DNA duplication marker, which becomes incorporated into
proliferating cell nuclei during S-phase (Gratzner 1982; Kempermann et al.
1997; Nowakowski et al. 1989; Takahashi et al. 1992). BrdU is delivered
via drinking water or intraperitoneal injection. The life time of the newborn
cells is the time interval between the BrdU delivery and the termination of
the experiment. Double labeling of BrdU with the apoptosis cell marker
caspase-3 and TUNEL failed to detect any colocalization, which argues
against the assumption that the BrdU nuclear incorporation represents post
injury DNA cell death in the brain (Cooper-Kuhn and Kuhn 2002). In
agreement, the BrdU immunolabeled neurons survived up to 60 days after
MCAO in our study, which speaks also against DNA damage in these cells.
PCNA --- is a cofactor of DNA polymerase delta in the cell nucleus. PCNA
is most abundant during the S-phase and declined during the M-phase
(Kurki et al. 1988). Therefore, PCNA labels S-phase cells. However, the
half-life of PCNA exceeds 20 hours, thus it may detect the protein in noncycling cells (Kurki et al. 1988). In response to DNA damage, PCNA is
ubiquitinated and is involved in the RAD6 dependent DNA repair pathway
(Kelman and Hurwitz 1998). Therefore, a single application of PCNA to
detect cell proliferation in the setting of cerebral ischemia is not
recommended. Instead, PCNA and BrdU double cell labeling provides
additional evidence that the BrdU incorporation represents DNA
duplication. In our study, PCNA was colocalized with BrdU in the
ischemic cortical penumbra in mice, suggesting cell proliferation in the
mice brain after PRS model.
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M-phase cell markers
Phos H3 --- In proliferating cells, large-scale phosphorylation of the nuclear
protein histone H3 occurs as a prerequisite to initiate cell mitosis (Hans and
Dimitrov 2001; Hendzel et al. 1997). Site-specific phosphorylation of
histone H3 initiates bulk phosphorylation during prophase, becomes
maximal during metaphase, diminishes during anaphase and becomes lost
during telephase (Gurley et al. 1978; Paulson and Taylor 1982). The Phos
H3 immunolabeled chromatin appears condensed, but it is not apoptotic
(Handzel et al. 1998). In our study, the Phos H3 positive cells appeared in
the ischemic penumbra, where the CPS and ATP were restored after
reperfusion. They were colocalized with BrdU at 7 days after PRS model,
which suggests cell proliferation.
Gamma – tubuli ---- Before cell mitosis, the proliferating cell duplicates its
centrosome, which works as microtubule organizing center from which the
polar spindle microtubules extend. As a basic centrosome component, γtubulin is localized in the spindle pole bodies in prophase (Alberts et al.
1994b). As the spindle extends, γ-tubulin is colocalized with alpha-tubulin
in the same spindles in metaphase, where about 15-25% of the total
fluorescence was localized at the spindle poles, while 75-85% of the
fluorescence was distributed over the rest of the spindle, then decreases in
telophase (Lajoie-Mazenc et al. 1994). In our study, we have observed a γtubulin-specific staining of the mitotic spindle in several animal cells. The
BrdU positive neucler was surrounded by γ-tubulin in the same microvessel
wall was analyzed by 3-D cofocal at 48 hours and later after MCAO,
suggests that these vessels are indeed newly built. Thus, the colocalization
of γ-tubulin and BrdU in the same microvessels of MCA-O rat brains
suggest angiogenesis.
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Post Stroke Neurogenesis
One of the most interesting findings in this thesis is the identification of
neurogenesis in the cortical penumbra and striatum in adult rats after
MCA-O (paper III). This finding is suggested by the appearance of the
cells exhibiting nuclear incorporation of the DNA duplication marker BrdU
and simultaneous expression of the classical neuron specific markers Map2ab, beta-tubulin III and Neu N as analyzed by 3-D confocal microscopy at
30 days and 60 days after MCA-O. The detection of the cells showing
BrdU nuclear incorporation and expression of the astrocyte specific marker
GFAP indicates a concurrent proliferation of the astrocytes, i.e., gliosis in
the same post stroke rat brains. Accumulating data suggest that
neurogenesis does occur in the cerebral cortex (Gu et al. 2000; Jiang et al.
2001; Jin et al. 2005) and striatum (Arvidsson et al. 2001; Darsalia et al.
2005; Dayer et al. 2005; Jiang et al. 2001; Lichtenwalner and Parent 2006)
in adult rats after focal cerebral ischemia.
Cortical neurogenesis was further studied in the adult mice in the setting of
the PRS model with spontaneous reperfusion (paper II). BrdU or Phos H3
are colocalized with Neu N in the same cortical cells in the reperfused
cerebral cortex at 7 days after stroke, suggesting stroke induced cortical
neurogenesis in PRS model. Meanwhile the BrdU or Phos H3 was
colocalized with GFAP in the same cortical cells, indicating gliosis. The
neurogenesis in the ischemic penumbra concurs with neurogenesis in the
dentate gyrus of the hippocampus in the same brain, which provides
additional evidence that the nuclear BrdU incorporation in the reperfused
ischemic penumbra indicates cell proliferation. The critical decline and
then restoration of local CPS and ATP in the same brains indicate a
functional recovery of the ischemic penumbra. That conceivably may be
related to neurogenesis.
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Angiogenesis
In the clinical studies, post stroke recanalization is associated with
favorable neurological outcomes, even if the reperfusion occurs late
(Barber et al. 1998; Krupinski et al. 1994). In the experimental stroke,
angiogenesis were identified in the ischemic penumbral region from 48h or
later after stroke in adult rodents (Gu et al. 2001b; Gurley et al. 1978; Wei
et al. 2001; Zhang et al. 2002). Random proliferating endothelial cell was
observed on the microvessel walls at 24h after global cerebral ischemia in
adult animals (Beck et al. 2000; Marti et al. 2000). In comparison, newly
formed microvessels i.e., the vessels that were encircled by the BrdU
immnolabeled endothelial cells on the vessel walls, were observed
appeared in the ischemic boundary zoon as early as 24h after MCAO in
adult rats in the present study. The appearance of blood elements inside the
vessels from 48h and later indicates their potential contribution to the
lateral circulation in the ischemic border region early after stroke. The
colocalization of the BrdU (Gratzner 1982) and γ-tubulin (Lajoie-Mazenc
et al. 1994) in the same vessel wall suggests that these vessels are indeed
newly built. Therefore, both clinical and experimental studies suggest that
early angiogenesis is a beneficial natural process in the post stroke adult
brains (Chen et al. 2005; Gurley et al. 1978; Krupinski et al. 1994;
Krupinski et al. 1996; Wei et al. 2001; Zhang et al. 2002).
VEGF in Stroke
After cerebral ischemia, overexpression of VEGF-A protein in the ischemic
penumbra was associated with upregulation of receptors flt-1 and flk-1
(Cobbs et al. 1998; Croll and Wiegand 2001; Hayashi et al. 1998; Kovacs
et al. 1996; Lennmyr et al. 1998; Plate 1999). In the PRS model in the rat
VEGF-C protein overexpression concurred with flt-4 upregulation (Gu et
al. 2001c; Yancopoulos et al. 1998). In the present study, upregulated
expression of VEGF-A, VEGF-B and VEGF-C proteins and their receptors
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flt-1, flk-1 and flt-4 occurred concomitantly in the cortical ischemic region
where angiogenesis proceeded. Neurons and endothelial cells were the
major

cell

phenotypes

immunoreactivity

in

to

express

microvessels

VEGF-A.
was

Increased

associated

with

VEGF
BrdU-

immunolabeled endothelial proliferation. Therefore, it is conceivable that
in post-stroke rat brains, VEGF-C cooperated with VEGF-A to stimulate
endothelial proliferation by activating the receptors flk-1 and flt-4 (Joukov
et al. 1996), while VEGF-B coordinated with VEGF-A to limit excessive
over-proliferation and thus to reorganize the newly formed microvessels by
stimulating the receptor flt-1 (Olofsson et al. 1998).
Age in stroke
Advancing age is associated with abnormalities in glycolytic, flux, lactate,
production ,oxidation, and energy production (Hoyer 1987). However, the
spatial pattern of the ischemic lesion, i.e., striatal and cortical distribution,
is similar in young and age rats and the ischemic volumes do not differ
either (Darsalia et al. 2005). In experimental stroke, aged animals differ
from young animals in physiological, neurochemical, behavioral and
pathophysiological features (Andersen et al. 1999; Davis et al. 1995; Hoyer
1987). More active neurogenesis was observed in the dentate gyrus of the
hippocampus in young rodents than in the aged post-stroke, whereas no
difference was shown in striatum (Cameron and McKay 1999; Darsalia et
al. 2005). Neurogenesis in the hippocampus and olfactory bulb in the aged
animal were enhanced by interventions (Heine et al. 2004; Jin et al. 2003;
Kempermann et al. 2002). As most other experimental stroke studies, 2.5-3
month old male rodents have been used in our study. This is because the
life span of a rodent is about 2 years. The puberty comes at around 2.5
months. This age corresponds to approximately about 20-25 years old in
humans. This is unusual that men have their stroke at this age.
Nevertheless, stroke in young men still occurs. Perhaps both young and old
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rodents should be used in experiments stroke study, although the aged
rodents are more expansive than the young.
Gender in stroke
On the whole stroke incidence is higher in men than in women (Stegmayr
et al. 1997). Age-specific mortality for ischemic stroke is lower in women
than in men under age 64 (Wolf 1990), but it is higher among women over
age 65 (Ayala et al. 2002). In experimental studies, estrogen protects
specifically cortical and hippocampal neurons from ischemic injury and
neurodegeneration (Merchenthaler et al. 2003). In order to avoid such a
potential neuroprotection by estrogen, the male adult rats were used in our
study.
Strains in stroke
The incidence of clinical stroke varies among different populations because
of different genetic background and living habits. In experimental stroke,
susceptibility to ischemic stroke differs among various strains of the same
species. This may result from differences in vascular anatomy and
responsiveness to excitotoxins and vasodilatory stimuli (Maeda et al. 1999).
Wistar rats have been widely used in experimental stroke. This is because
Wistar rats have better collateral circulation of the blood vessels in the brain
as compared with other normotensive strains (Hossmann 1988). The PRS
was previously set up in Wistar rats. In agreement, the same strain was used
for MCAO (paper III, IV). In experimental stroke research, mutant mice are
increasingly used to dissect the complex molecular interaction contributing
to the manifestation of ischemic injury. However, inherent genetic
differences in stroke susceptibility of different mouse strains may mask the
effects of targeted gene mutation (Choi 1997). Since C57BL mice are
widely used for the production of transgenic mutants in molecular stroke
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research (Maeda et al. 1998), the same strain was used for setting up of the
PRS model in mice (paper I, II).
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CONCLUSION
1.

The photothrombotic ´´ring´´ stroke model with late spontaneous

reperfusion was successfully established in C57BL adult mice. With this
setting, the lCBF, CPS and tissue morphology in the centrally located nonirradiated cortex (region-at-risk) underwent progressive deterioration to
critical ischemic penumbral levels at 48 h post ischemia and then a
spontaneous reperfusion with a gradual recovery of these parameters.
2. In the cortical penumbra, numerous cells exhibited cellular incorporation
of the DNA duplication marker BrdU or expression of the mitosis specific
marker Phos H3 in the nuclei at 48 h post ischemia, which became more
pronounced at 7 days PRS model. Under 3-D confocal microscopy, BrdU or
Phos H3 was colocalized with the neuron specific marker Neu N or
astrocyte marker GFAP in the same cells, suggesting an induction of
cortical neurogenesis/gliosis in the ischemic penumbral cortex in the adult
mice where gradual restoration of CPS and ATP concurs after PRS model
with the reperfusion.
3. Neurogenesis is found to occur in the post ischemic cerebral cortex and
striatum in the adult rats, some of which newborn neurons were survived up
to 60 days after MCAO.
4. Angiogenesis occurs in the ischemic penumbral cortex as early as 24
hours after MCAO in the adult rats, where VEGF proteins and their
receptors were quickly upregulated. Post stroke angiogenesis may work as
an important pathophysiological pathway to promote collateral circulation
and thereby spontaneous reperfusion in the ischemic penumbra early after
stroke.
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5. Neurogenesis and early angiogenesis in the ischemic penumbra might be
two important factors related to morphological recovery and conceivably to
neurological improvements after acute ischemic stroke.
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