Aus der Klinik und Poliklinik für Neurologie
(Direktor Univ.-Prof. Dr. Ch. Kessler)
der Medizinischen Fakultät der Ernst-Moritz-Arndt-Universität Greifswald

Temporal Dynamics of Degenerative and Regenerative Events Associated
with Cerebral Ischemia in Aged Rats

Inaugural-Dissertation
zur
Erlangung des akademischen Grades
Doktor der Naturwissenschaften in der Medizin
(Dr. rer. med.)
der
Medizinischen Fakultät
der
Ernst-Moritz-Arndt-Universität Greifswald

vorgelegt von:
Flori-Irina Badan
geboren am 17.01.71
in Daneti / Rumänien

Dekan:
1. Gutachter: PD Dr. Popa-Wagner, A., Greifswald
2. Gutachter: Prof. Walther, R, Greifswald
3. Gutachter: Prof. Schröder, H., Mainz
Ort, Raum: Hörsaal der Klinik für Neurologie,
Tag der Disputation: 24. Oktober 2003

CONTENTS
PAGE
I. INTRODUCTION

1

STATE OF THE ART / SCIENTIFIC BASIS
1.1 Aging and Gene Expression

1

1.2 Pathophysiology of stroke (Focal Brain Ischemia)

2

1.2.1 Neurotransmitter receptor expression and aging

5

1.2.2 Stress and glucocorticoids

6

1.2.3 Serine proteases and serpins

7

1.2.4 Inflammatory effectors

8

1.2.5. Delayed neuronal death

11

1.2.6 Selective Neuronal Vulnerability after Stroke

13

1.2.7 Cell Death: Apoptosis versus Necrosis

14

1.2.8 Apoptosis in the Nervous System

16

1.2.9 Characterization and Detection of Apoptosis and Necrosis

17

1.2.10 Astrocyte Reaction to Ischemic Brain Injury

17

1.2.10.1. Histopathology

18

1.2.11 Reactive Microglia and Ischemic Injury

20

1.2.12 Reactive Gliosis and Stroke. Role of Neurotoxic Microglia

24

1.2.13 Generation of new cells (neurogenesis)

24

II. OBJECTIVES

27

III. MATERIALS AND METHODS

28

3.1. Animal model for stroke

28

3.1.1 Animals

28

3.1.2 Behavioral tests

29

3.1.3 Neurological status (Bederson test)

29

3.1.4 Spontaneous activity

29

3.1.5 Body Proprioception

29

3.1.6 Symmetry in the Movement of Four Limbs

30

3.2 Surgery

30

3.3 Non-radioactive in situ hybridisation

32

3.4 Immunocytochemistry

34

3.4.1 Detection of BrdU-positive cells

35

3.5 Terminal deoxynucleotidyltransferase-mediated UTP nick end labelling

36

3.6 BrdU Labeling and Cellular Phenotyping

36

3.7 Cell Counting

37

3.8 Light microscopy

38

3.9 Quantitative analysis of tissue sections

38

3.10 Determination of Infarct Volume

39

3.11 Statistical analysis

39

IV. RESULTS AND DISCUSSION

40

4.1.

Aged rats are highly susceptible to cortical infarcts after an episode of mild
ischemia
4.1.1 Histology

40

4.1.2. Number of BrdU-positive cells is greatly increased in

40

aged rats after stroke
4.1.3. Quantification of BrdU-positive cells

41

4.1.4. Terminal deoxynucleotidyltransferase-mediated UTP

41

nick end labeling.

4.2.

4.1.5 Cellular phenotyping

42

Accelerated glial reactivity to stroke in aged rats correlates with
reduced functional recovery

47

4.2.1 Introduction

48

4.2.2. Materials and Methods

59

4.2.2.1. Immunohistochemistry

59

4.2.3. Results

51

4.2.3.1 Behavior

51

4.2.3.2. Histology

52

4.2.3.3. Time course of ED1 expression

53

4.2.3.4 Time course of GFAP expression

53

4.2.3.5. Time Course of RECA expression

54

4.2.3.6. Time course of chondroitin sulfate proteoglycan expression

55

4.2.4. Discussion

56

4.3.

MAP1B and ßAPP expression in the brain of aged rats following mild
cerebral ischemia

68

4.3.1 Introduction

69

4.3.2 Materials and Methods

71

4.3.2.1 Immunohistochemistry

71

4.3.2.2 Immunofluorescence

72

4.3.3. Results

72

4.3.3.1. Time course of βAPP-like immunoreactivity

72

4.3.3.2. Cellular phenotyping of ßAPP

73

4.3.3.3 C-Terminal ßAPP immunohistochemistry

74

4.3.3.4. Quantitation of the C-terminal βAPP load.

74

4.3.3.5. Phenotype of cells expressing C-Terminal βAPP

74

4.3.4. MAP1B mRNA expression in the cortex of young and aged rats

75

4.3.4.1. MAP1B mRNA Response to Stroke in Young and Aged Rats

75

4.3.4.2. MAP5 (Protein) Expression in the Cortex of Young and Aged Rats

75

4.3.5 Discussion

76

V. CONCLUDING REMARKS

87

VI. REFERENCES

88

VII. ACKNOWLEDGMENTS

107

ABBREVIATIONS
AMPA

α-Amino-3-hydroxy-5-methyl-4-isoxazolpropionat

ApoE

Apolipoprotein E

APP

β-Amyloid precursor protein

Aβ

β-Amyloid peptide

BCIP

5-Bromo-4-chloro-3-indolyl-phosphate

Bcl2

Transcription factor

BrdU

Bromodeoxyuridine

CA1

Field of the hippocampus

CD4, CD11b

Cell defending antigens

cDNA

Complementary DNA

CNS

Central nervous system

cRNA

Complementary RNA

DAB

3,3´-Diaminobenzidine

DIG

Digoxigenin

DNA

Deoxyribonucleic acid

ED-1

Microglial marker cytoplasmic determinant of brain macrophages

EDTA

Ethylendiaminotetraacetic acid

FITC

Fluorescein

GABA

Gamma amino butyric acid

GFAP

Glial fibrillary acidic protein

HPA

Hypothalamic-pituitary axis

i.p.

Intraperitoneal

IC

Immunohistochemistry

ICE

Interleukin-1ß converting enzyme

IGF

Insulin-like growth factor

IgG

Immunoglobulin

ISH

In situ hybridization

Kbp

Kilobase pairs

L-LTP

Late phase of the phenomenon of long term potentiation

MAP1B&MAP2

Microtubule-associated proteins 1B & 2

MCA

Middle cerebral artery

MHC

Major histocompatibility complex

MMP-2 & MMP-9

Matrix metalloproteinases-2 & -9

MOPS

3-[n-morpholino]propane-sulfonic acid

mRNA

Messenger RNA

NBT

Nitroblue tetrazolium chloride

NeuN

Neuronal nuclear antigen

NG2

Chondroitin sulfate proteoglycan,

NMDA

N-methyl–D-aspartate

PAI-1

Plasminogen activator inhibitor

PBS

Phosphat-buffer saline

PCD

Programmed cell death

PCR

Polymerase chain reaction

PFA

Paraformadehyde

RECA

Rat endothelial cell antigen

SEM

Scanning electron microscopy

SSC

Sodium Saline Citrate

SSPE

Sodium saline phosphate EDTA

TB

Toluidinbleu

TGF-ß

Transforming growth factor-beta

TNF

Tumor necrosis factor

TOTO-3

DNA binding dye

t-PA

Tissue type plasminogen activator

Tris

Tris(hydroxymethyl)aminomethan

TUNEL

Terminal deoxynucleotidyltransferase -mediated UTP nick end labeling

VAF

Vanadium-Acid-Fuchsin

i
Summary
Studies of stroke in experimental animals have demonstrated the neuroprotective efficacy
of a variety of interventions; however, most such strategies have failed to show clinical benefits
in aged humans. One possible explanation for this discrepancy between animal and clinical
studies may be the role that age plays in the recovery of the brain following insult. For example,
the poor functional recovery of aged rats after stroke may be caused by a decline in brain
plasticity. Although the incidence of ischemic stroke increases dramatically with advancing age,
relatively few studies have been conducted on aged animals, which would mimic most closely
the context in which stroke occurs in humans.
We have shown that, at one week following stroke, there was vigorous expression of
MAP1B and its mRNA, as well as MAP2 protein, in the border zone adjacent to the infarct of 3
month- and 20 month-old male Sprague Dawley rats.
Hypothesis: The decline in brain plasticity is caused by an age-related decline in the
upregulation of factors promoting brain plasticity (MAP1B, ßAPP) and an age-related increase in
astroglial scaring and in the expression of neurotoxins such as beta amyloid.
Methods: Focal cerebral ischemia was produced by reversible occlusion of the right middle
cerebral artery in 3- and 20-month-old male Sprague Dawley rats. The functional outcome was
assessed in neurobehavioral tests at 3, 7, 14, and 28 days post-stroke. At these time points, brains
were removed and analyzed for markers of (i) brain plasticity (microtubule-associated protein
1B, MAP1B, secreted forms of ß-amyloid precursor protein); (ii) neurogenesis (BrdU-positive
cells, doublecortin, nestin); (iii) neurotoxicity (ß-amyloid aggregates); (iv) inflammation
(microglia, astrocytes, oligodendrocytes, endothelial cells).
Results:
(1) There was a non-significant tendency for blood pressure to be higher in old than in young
rats. By post-stroke day 3 the infarct volume covered about 15% of the cortical neurons
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in young and 28% in aged rats. By day 7, infarct volumes were roughly equal in the two
age groups.
(2) Cell counting showed increases in the number of BrdU-positive cells in the infarcted area
of old rats at day 3 post-stroke. This increase became even more dramatic at day 7 poststroke in aged rats. There was no significant contribution of apoptosis to cell death.
(3) Behaviorally, young rats recovered gradually and reached a maximum of 90% of baseline
performance at day 14, post-stroke while the aged rats recovered only to a maximum of
70% of pre-surgery performance by week 2 post-stroke, and remained at that level.
(4) The temporal pattern of recovery correlated well with the expression of growthassociated phenotype of ßAPP as well as with MAP1B accumulation in varicosities along
axons (an indicator of growth) in cortical areas affected by stroke and was at maximum
between days 14 to 28 in young rats. In contrast, aged rats showed delayed (day 28) and
reduced axonal remodelling as well as a delayed (day 28) expression of growthassociated ßAPP. Instead, the neurotoxic carboxy-terminal form of ßAPP steadily
accumulated over time and reached a maximum at day 14 in aged rats as compared to
28d for the young rats. Nestin, a marker for immature neurons, overlapped with BrdUlabelled cells at day 7 post-stroke in corpus callosum and at the infarct border in both
young and aged rats, suggesting increased stroke-induced neurogenesis.
(5) In young rats there was a gradual activation of both microglia and astrocytes that peaked
by days 14 to 28 with the formation of a glial scar. In contrast, aged rats showed an
accelerated astrocytic and microglial reaction that peaked in week 1 post-stroke. We also
noted a strong activation of oligodendrocytes at early stages of infarct development in all
rats that persisted in aged rats. Evolution of astrocytic and microglial reactivity closely
paralled the time course of scar formation in both young and aged rats and coincided with
the stagnation in the recovery rate of aged rats.
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Conclusions: The time course of functional recovery in young rats correlated well with the
expression of plasticity proteins such as MAP1B and ßAPP while an early and persistent
expression of the neurotoxic fragment Aß in conjunction with a delayed expression of MAP1B
and ßAPP may impede functional recovery in aged rats. The results also suggest that a
temporally anomalous glial reaction to cerebral ischemia in aged rats leads to the premature
formation of scar tissue that impedes functional recovery to stroke.

I. INTRODUCTION
STATE OF THE ART / SCIENTIFIC BASIS
1.1 Aging and Gene Expression
Normal aging is associated with impairments in learning and memory and motor function
(Herndon et al. 1997; Peters et al. 1998; Lacreuse and Herndon 2003). While postmortem
examinations of the human brain suggest an overall loss in neurons (Pakkenberg and
Gundersen 1997), studies on nonhuman primates and rodents reveal no neuronal loss in cortex
or hippocampus (Morrison and Hof 1997; Peters et al. 1998; Peters 2002). Nevertheless, there
are declines in levels of multiple neurotransmitters (Wenk et al. 1989; Arnsten et al. 1994;
Voytko et al. 2001), as well as structural intracellular changes (Walker and Cork 1999). The
latter include the accumulation of lipofuscin (Tigges et al., 1990; 1992), the development of
paired helical filaments (Hof et al., 1996; Mrak et al., 1997), and the hyperphosphorylation of
the microtubule-associated protein tau (Vickers et al., 1996; Sjogren et al., 2000). In addition,
there is an accumulation of reactive astrocytes and microglia (Pocock et al., 2001), as well as
structural deformations of myelin-forming oligodendrocytes (Peters 2002).
One viable hypothesis is that these changes reflect an age-related decrease in brain
plasticity. If so, then age-related changes in expression of plasticity-related genes would also
be expected. Most studies of such genes have been conducted under steady-state conditions
and at a single time point. For example, the levels of glial fibrillary acidic protein (GFAP) and
its mRNA increase in the astrocytes of rats as a function of age (O'Callaghan and Miller,
1991; Goss and Morgan, 1995; Nichols et al., 1995). Similar increases have been reported for
type 1 insulin-like growth factor receptor messenger RNA in the rat hippocampus (Stenvers et
al., 1996), and for prolactin receptor gene expression (Chiu and Wise, 1996). On the other
hand, steady-state protein and mRNA levels of the Na+/Ca2+ exchanger do not change in
brains of aging male Fischer 344 rats (Colvin et al., 1996). Finally, age-related decreases in

neurofilament gene expression also have been reported (Parhad et al., 1995). Although these
findings demonstrate age-related effects, the most dramatic effects of age on brain function
become apparent only following

challenges such as food restriction (Heydari et al., 1993;

Dorner et al., 1996; Lee et al., 1999; 2000) or photic stimulation (Cai et al., 1977).
However, the extent to which aged animals retain the capacity to coordinate gene
expression fo r plasticity-associated proteins in response to acute challenges, such as stroke, is
not known. In a rat model of reversible ischemia we have shown that the regenerative
potential of the brain appears to be competent in older rats, at least with respect to MAP1B
and MAP2 expression up to 20 months of age. However, at the same time the presence of
ßAPP and Aß immunoreactivity in the infarct core and penumbra indicates that cerebral
ischemia promotes conditions that are favorable to the focal accumulation of neurotoxic
factors such as Aß, especially in the aged brain (Popa-Wagner et al., 1998; 1999).

1.2 PATHOPHYSIOLOGY OF STROKE
The restrictive definition of the word ischemia, i. e., the complete loss of blood flow , fails to
encompass the diverse nature of clinically relevant brain ischemia. Anatomically, cerebral
ischemia may be classified as either focal (the loss or reduction of blood flow to the specific
vascular territory) or global (loss or reduction of blood flow to the entire brain). This
anatomical classification of brain ischemia well defines the clinicians everyday experience
with stroke (focal ischemia) and cardiac arrest (global ischemia).

Focal Brain Ischemia
Clinically relevant focal brain ischemia is encountered usually as a thromboembolic or
atherothrombotic occlusion of an extracranial cerebral blood vessel. Such occlusions rarely if
ever produce a complete loss of blood flow to the involved vascular territory. Collateral blood
vessels lying in the periphery around the occluded vessel continue to provide blood to the

ischemic vascular bed. The rate of blood flow gradually decreases from a mild reduction in
areas proximal to the collateral channels (an area that includes the ”ischemic penumbra”) to
more marked reductions in regions distal to the collateral supply, i. e., the area located at the
center of the ischemic vascular bed.
Further complicating this graded blood flow loss is the variable of time, i.e., the
duration of blood vessel occlusion. Endogenous thrombolytic mechanisms or iatrogenic
pharmacotherapy with lytic drugs may relieve the occlusion and restore the circulation at any
time. Since the histopathological outcome is directly influenced by the combined degree and
duration of cerebral ischemia, the type and extent of histopathologic injury in focal brain
ischemia varies with time and location within the ischemic vascular bed. Focal brain ischemia
typically causes „infarction“ (defined below) in the central area of ischemia and this region is
surrounded by a thin rim of injury restricted to neurons. Injury to neurons in the rim
surrounding the infarct has been termed „general neuronal necrosis“ ( Pulsinelli, 1985).
Aging is associated with impairments in a variety of brain functions comprising an
ongoing decrease in cognitive flexibility and brain plasticity as well as a reduction in
sensorimotor function and control. This decrease of brain plasticity becomes even more
important if lesions are inflicted onto the brain as e.g. by stroke. This decrease is not uniform:
it is a common observation in man as well as in animals that there are “good performers” and
“bad performers”, those who stay in younger state for a longer time, and those who
prematurely become old. The determinants of this variability of the brain aging process are
not well understood. Ongoing research of many groups including ours have revealed that –
different from the common believe that the adult and especially old brain is not plastic any
more – the adult brain is able to adapt to many disturbances by plasticity and compensation,
indeed, even the old brain seems to be able to still generate some new neurons, albeit less than
in young age. This ability to adapt to the challenges imposed upon the brain by disturbances
and lesions is most probably one of the major determinant of healthy brain aging.

Several neurobiological and molecular mechanisms have been identified which govern the
process of brain plasticity.
These involve a variety of aspects such as:
•

neurotransmitter receptor expression and function,

•

stress and glucocorticoids,

•

serine proteases and serpins,

•

inflammatory effectors,

•

different, age-dependent abilities to engage genetic repair programs,

•

and the generation of new cells (neurogenesis).

Although this list is not comprehensive, and other factors might also be important for
plasticity of the aging brain. However, these aspects are very promising since it offers the
prospective of new treatment strategies which can be experimentally tested: pharmacological
intervention e.g. by antidepressants, or anti-inflammatory drugs and strategies to increase
brain plasticity and neurogenesis (e.g. by enriched environment, constrained induced forced
movement). In the following sections we will specify some more detailed aspects.

1.2.1 Neurotransmitter receptor expression and aging
The ability of the brain to undergo functional adaptive changes is dependent on
neurotransmitter receptor expression. The juvenile brain has a different pattern of GABA
receptor subunits allowing a higher brain plasticity than the adult brain (Hornung et al.,1996;
Qu et al.,1998; Neumann-Haefelin et al.,1998; Que et al.,1999; Neumann-Haefelin et
al.,1999; Redecker et al., 2000). Own preliminary data indicate that this pattern undergoes
further changes with the aging of the animal, with an expression of a typical “old”
pattern.Following a brain lesion e.g. by stroke, the brain dislays different reactions: both
protective effects, and cumulative deleterious effects can be observed.
Following such a lesion, the GABA neurotransmitter receptor pattern transiently (for weeks to
months) becomes younger”, i.e goes back to a more juvenile pattern, with an associated
increased brain plasticity (Issa et al., 1990; Witte, 1998; Bidmon et al., 1998; Witte and
Bruehl, 1999; Reinecke et al., 1999; Witte et al., 2000; Redecker et al., 2000; NeumannHaefelin and Witte, 2000). This opens a window for rehabilitative treatment. The brain
furthermore expresses protective proteins like superoxide dismutases which create a transient
tolerance to further lesions (Bidmon et al., 1998; Bidmon et al., 1998; Bidmon et al., 2000).
Unfortunately, lesions also change the AMPA receptor subunit composition in such a
way, that these receptors become more permeable to calcium (Bruehl et al., 2000) and the
brain is more in danger to be damaged by further lesions. How these protecting and disturbing
reactions to brain lesions are altered in the aged bain is as yet unknown.

1.2.2 Stress and glucocorticoids

Increased age is associated with cognitive dysfunction in about a third of aging rats
(Johansson et al., 2000). In contrast, one third of rats are cognitively intact. Age-related
cognitive dysfunction is associated with increasing glucocorticoid levels in rodents and is
linked to hippocampal dysfunction / atrophy (Andersen et al., 1994; Yau et al., 1999).
It could be shown that this decrement in brain plasticity in old age may be prevented by
lowering stress hormone (corticosterone in rats, cortisol in humans) levels by adrenalectomy
combined with low-dose corticosterone supplementation from mid-age onwards (Dahlqvist et
al., 1999; Johansson et al., 2000). Ligand activation of the glucocorticoid receptors in the
hippocampus have relatively minor influence on receptor expression. In contrast, it has been
shown that neurotransmitter modulation with serotonin and/or noradrenaline system acting
drugs (i.e., "antidepressants") can substantially increase glucocorticoid receptor expression in
the hippocampus, improving stress responsiveness and memory in young-middle aged rats
(Krystsek et al., 1981; Friedman et al., 1995).
After stroke, neuropsychiatric symptoms are common and are closely linked to
increased activity of the hypothalamic-pituitary (HPA) axis. As it has been shown, this HPA
axis activation is due to increased activity of several levels of this axis - including a major
decrease in negative feedback function- and related to cytokine hypersecretion (Sappino et al.,
1993; Buisson et al., 1998). Further it could be shown that hypercortisolism is associated with
cognitive dysfunction and persistent hypercortisolism in a subgroup of patients predicts lateonset depression (Baranes et al., 1998).
Major depression is associated with decreased recovery and increased mortality,
independent of other risk factors. Limited studies with low number of subjects suggest that
antidepressant therapy may improve depressive symptoms as well as functional outcome after
stroke (Vivien and Buisson, 2000; Nicole et al., 2001). The mechanisms behind this
improvement is not clear. Nor is it clear if pre-existing decreases in neuronal plasticity may
influence the rehabilitation potential including the responsiveness to antidepressant

therapy.Notably, focal ischemic brain lesions may have long-term effects on glucocorticoid
receptor expression in the hippocampus and the expression of these receptors and putative key
regulators of their expression, notably the egr transcription factor family, can be influenced by
e.g environmental changes in young rats (Benveniste et al., 1990; Chung and Benveniste,
1999).These dynamic changes in transcription factor expression in the hippocampus is closely
linked to functional outcome after ischemic brain damage (Chung and Benveniste, 1999).

1.2.3 Serine proteases and serpins
Serine proteases have been studied extensively in relation to coagulation. In addition to their
existence in the blood compartment, several of these proteases have been localized within the
CNS, such as the tissue type plasminogen activator (t-PA). During embryogenesis, increased
t-PA expression coincides with extensive cell migration, proliferation and tissue remodeling
within the CNS (Gasque et al., 1993; Shohami et al., 1999). In the mature brain, t-PA is
synthesized by neurons in most regions (Touzani et al., 1999). In a previous work it has been
shown that, in vitro, t-PA mRNAs are detected in both cultured cortical neurons and
astrocytes (Xia and Hyman, 1999). Interestingly, t-PA knock-out mice displayed a selective
reduction in the late phase of the phenomenon of long term potentiation (L-LTP) (Barnum,
1995). Similarly, the administration of inhibitors of t-PA proteolytic activty such as
endogenous plasminogen activator inhibitor, PAI-1, or a synthetic t-PA inhibitor, t-PA stop,
inhibit the L-LTP induced in the mossy fibers of the hippocampus ( Merrill, 1992).
Clinical and experimental evidences support a role for serine proteases and their
inhibitors in neuronal plasticity (Gasque et al., 1999). In particular, it was recently shown that
the

tissue

type

plasminogen

activator

(t-PA)

contributed

directly

to

glutamate

neurotransmission and that inhibition of its action may be useful therapeutic strategy for the
treatment of stroke and related disorders (Hesselgesser and Horuk, 1999).

1.2.4 Inflammatory effectors
Cellular inflammation in the brain as a result of ischemic injury is a hallmark feature of the
inflammatory response and is initiated within the cerebral microvasculature. MCA occlusion
results in a 24-hr succesion of events including (i) increases in permeability of the endothelial
cells lining the cerebral microvessels, (ii) adhesion and transendothelial leakage of PMN
leukocytes, a process that is dependent on the selectin family of adhesion molecules, to
endothelial cells, and (iii) dissolution of the microvascular basal lamina with the subsequent
loss of integrin-mediated attachments of endothelial cells and end-foot processes to the basal
lamina (reviewed in Kubes & Ward, 2000; del Zoppo et al., 2000) ( Fig.1) The sequence and
type of hematogenous cells entering the infarct area is very much dependent on the model
used (review Stoll et al., 1998).
Selective neuronal damage (that is, perilesional area) leads to (i) early, transient
microglial activation, and (ii) neuronal death-induced phagocytic microglia and astroglial
activation. In the infarct core neurons and microglia will be destroyed as well and an
exogenous inflammatory response ensues with infiltration of hematogenous PMN, especially
neutrophils, and monocytes (Kochanek et al., 1992; Garcia et al., 1994; Matsuo et al., 1994).
Neutrophils begin to infiltrate into ischemic area at 12 hr after ischemia, reach a peak at 1-3
days, and disappear by 7 days. At days 2-3 monocytes begin to accumulate to reach a
maximum at day 7. At this stage both neutrophils and monocytes express ED1, which is also
expressed by brain microglia, as well as CR3 and MHC class I and II antigens. T cells are also
entering the infarcted area togheter with monocytes but the later persists for longer time up to
14 days (Clark et al., 1993; Garcia et al.,.1994; Schroeter et al., 1994).

Fig.1 Ischemic damage to CNS elicits an inflammatory response which includes populations
of invading macrophages and reactive microglia (upper panel). These mononuclear cells, in
turn, release both cytokines and cytotoxins. The microglia- derived IL-1 promotes woud
healing by stimulating local astrogliosis and new vessel growth (lower panel)
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It is now well established that inflammatory effectors - cytokines (IL-1, IL-6, TNF and others)
(Barone and Feuerstein, 1999; Feuerstein et al., 1999; Van Beek et al., 2000), chemokines
(MIP1s, MCP, RANTES) (Yamagami et al., 1999; Van Beek et al.., 2000) and complement
(Ivacko et al., 1999) are produced by brain resident cells, microglia and astrocytes. The
precise function of these molecules in the physiopathology of brain disorders is not well
established and seems paradoxical. They often appear as a two-edged sword (Loddick et al.,
1999; Marz et al., 1999; Herx et al., 2000).
However we, and others, have shown that all of them are overexpressed after ischemia
(Yao et al., 1991; Lapchak et al., 1993; Campbell et al.,1993; Davies et al.,1995; Hull et al.,
1996; Sutherland et al.,1996; Heyser et al.,1997; Ye and Johnson,1999).
Cytokines and complement contribute to the destruction of damaged tissue in the
inflammation area by different mechanisms like apoptosis (TNF), cytotoxicity and
phagocytosis (complement), oxydative stress (IL-1), but some of them, like IL-6, could be
neurotrophic directly (Yager et al., 1996) or indirectly by inducing production of neurotrophic
factors like neurotrophins (Funahashi et al., 1994; Yager and Thornhil, 1997).There is few
data concerning the inflammation reaction in the elderly.
Although it is well known that the immune response is weakened during ageing,
curiously inflammatory cytokine levels seem to be elevated in aged subjects both in the
periphery and in the brain (Tamaru et al., 1991). In the brain, this upregulation of cytokine
expression parallels a greater activity of glial cells, mainly microglia. This hyperactivity of
microglia in the elderly seems to be correlated with an increased expression of chemokines.
This overexpression of cytokines does not result in an upregulation of neurotrophic factors but
rather impairs neurotrophin expression in damaged aged brains (Tamaru et al., 1991). Chronic
overexpression of cytokines seems to be deleterious for the nervous system since in a model
of IL6 transgenic mouse, the overexpression of IL6 induced severe brain disorders
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(Floyd, 1991;West, 1993) indicating that IL-6 upregulation during ageing could contribute to
the development of neurodegenerative diseases (Barnes, 1993). IL-6 also contributes to the
loss of cognitive functions (Schreiber et al., 1995). The mechanism by which the expression
of cytokines is deregulated in the elderly is not known, but seems to be correlated with the
decrease of substances that control the synthesis of these cytokines and the greater activity of
glial cells induced by the clearance of cell debris. So it seems of particular interest to follow
the activity of glial cells through the expression of inflammatory mediators (complement
components and receptors, cytokines, chemokines and neurotrophins) during ageing and with
brain plasticity and cognitive flexibility after ischemia and to correlate cytokine expression
profiles.

1.2.5. Delayed neuronal death
After an acute stroke a cellular compromised ischemic core surrounded by a much lager area
of tissue develops those fate will be determined by secondary changes and which are in turn
very much dependent on the severity of ischemia. However, it has been reported that very
delayed damage can occur after a mild episode of cerebral ischemia. While a small ischemic
core is irreversibbly compromised the damage in the perilesional tissue undegoes a slow
process to mature and that take between 2 and 7 days. Ultimately the final functional outcome
in this area will be determined by secondary which include cellular swelling and inflammation
infarction (Ito et al., 1975; review Kirino, 2000; Martin et al., 2000).
Intraneuronal recording from cortical neurons coupled with histological analysis have
revealed that a brief episoe of ischemia provoked by middle cerebral aretey occlusion in the
cat leads to scattered cell death in the cortex that has been attributed to selective vulnerability
of cortical neurons to oxygen depletion (Heiss & Rosner, 1983). Historically, a brief episode
of ischemia caused a selective neuronal death in the CA1 region of the hippocamus and
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Purkinje cells which sometimes occurs as late as 7 days after reperfusion. In contrast,
degenerating granule neurons were observed with a maxium at day 1. Further, degenerating
CA1 neurons were necrotic while degenerating granule cell neurons were apoptotic (Martin et
al., 2000; Tamagaki et al., 2000). Of the brain regions, cells in striatum of rats are more
susceptible to undego necrosis as compared with the cortex (Memezawa et al., 1992; Garcia et
al., 1997). Even within the same brain region, the are differences in neuronal vulnaerability, in
caudatoputamen the GABAergic neurons undergone necrosis while the adjacent cholinergic
neurons retained their structural integrity (Fracis & Pulsinelli, 1982). However, other studies
made evident that this selective vulnerability is only relative and other brain regions may
respond in a similar way as well and may also be influenced by species used (Martin et al.,
2000). For example a 60 min reversible occlusion of the MCA in rats leads to progressive but
at day 7 incomplete necrosis involving isolated cortical neurons (Garcia et al., 1995; Garcia et
al., 1996; Garcia et al., 1997). This kind of lesion which becomes manifest especially in the
fronto-parietal cortex is entirely different from the pannecrosis/cavitation that is typical for
acute stroke episode of prolonged duration (Garcia et al., 1997).
The vulnerability of the brain tissue to cerebral ischaemia rises with increasing age
(Hornung and Fritschy, 1996; Witte and Bruehl, 1999; Witte et al., 2000; Redecker et al.,
2000; Neumann-Haefelin and Witte, 2000). The ageing brain undergoes numerous
biochemical, morphological and electrophysiological changes (Witte, 1998; Que et al., 1998;
Redecker et al., 1998; Que et al., 1999; Reinecke et al., 1999; Schiene et al., 1999) that could
alter the responses to cerebral ischaemia. In aged laboratory animals, there is an elevated
production of free radicals following cerebral ischaemia (Neumann-Haefelin et al., 1998), and
the vulnerability of the tissue to oxidative stress also increases with age (Hagemann et al.,
1998). These data suggest that antioxidant defenses are compromized. Oxidative stress is a
potent trigger of brain injury, which induces DNA damage and thereby causes an activation of
secondary genes promoting apoptotic injury of CNS neurons (for review see ref. Bidmon et
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al., 2001). The post-ischemic gene response involves a complex pattern of genes, encoding
transcription factors, heat shock proteins, cell cycle proteins and pro- as well as anti-apoptotic
proteins (Issa et al., 1990; Bidmon et al., 1998; Bidmon et al., 1998; Neumann-Haefelin et al.,
1999; Bidmon et al., 2000; Bruehl et al., 2000). However, we have shown hat the regenerative
potential of the brain appears to be competent in older rats, at least with respect to the
plasticity-promoting proteins, microtubule-associated proteins MAP1B and MAP2 which are
expressed up to 20 months of age (Popa-Wagner et al., 1998; 1999). However, functional
recovery after injury takes longer, or may not occur at all, in the brains of older rats. This
implies that additional factors are required for full recovery of function after injury in aged
animals. This hypothesis is supported by the observation that the levels of some neurotrophic
factors in the brain tissue considerably decreases with increasing animal age (Landfield et al.,
1981; Lupien et al., 1998).

1.2.6 Selective Neuronal Vulnerability after Stroke
Selective ischemic necrosis is characterized by irreversible injury limited to specific
populations of brain neurons that have been empirically identified as vulnerable to hypoxia /
ischemia (Graham, 1992). Examples of such selectively vulnerable population include the
CA1 sector of the hippocampus, medium-sized striatal neurons, and cerebellar Purkinje cells.
The necessary insult for such injury is transient (minutes) but severe (depolarizing) ischemia
that is encountered clinically in patients succesfully resuscitated from cardiac arrest. Selective
ischemic necrosis may also develop in transient focal brain ischemia but such injury is
infrequently encountered clinically since there are no or few lasting neurologic sequelae.
The characteristics of selective ischemic necrosis have classically been defined as a
series of histologic changes encompassed by the term „ischemic cell change“.
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Ischemic cell change begins with the stage called „ microvacuolation“, and is followed in
order by the stage of „ischemic cell change“, „ischemic cell change with incrustations“ and
finally homogenizing cell change“ (Fujie et al., 1990). Fully developed ischemic cell change
as seen with light microscope includes shrunken neuronal bodies, acidophilic (eosinophilic)
staining of the neuronal cytoplasm, and dark staining, pycnotik nuclei. Ultrastructural studies
of cellular organelles reveal an early but reversible swelling of mitocondria that creates the
microvacuolated appearance of ischemic neurons. Later developing changes include a
dispersion of polyribosomes, a decrease in the amount of the endoplasmic reticulum, vesicular
formation in the Golgi apparatus, a decrease in Golgi cisterns, and condensation of the nuclear
chromatin. With the exception of mitochondrial vacuolation, which appears within minutes of
cerebral reperfusion and which is reversible (Petito et al., 1984), the remaining changes of
ischemic cell change develop over a period of a few hours. The stage of neuronal incrustation
follows that of ischemic cell change. Electron microscopy reveals that incrustations are dense
pockets of neuronal cytoplasm created by swollen astrocytic processes that impinge upon the
neuronal membrane. It is unclear whether „homogenizing cell change“ is an obligatory stage
that follows the stage with incrustations or whether it may develop in parallel. Regardless, it is
a later stage of irreversible neuronal injury and is characterized by a homogenous and
structureless appearing cytoplasm that is acidophilic and by granular fragmentation of the
nucleus and its membrane.

1.2.7 Cell Death: Apoptosis versus Necrosis
Necrosis usually causes an inflammatory responses. In contrast, apoptosis is not associated
with an inflammatory response.
Apoptosis and necrosis are two distinct forms of cell death, which have different
defining morphologic and molecular features and implications for the surrounding tissue.
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Apoptosis is an active process of cell destruction characterised by cell shrinkage and
chromatin aggregation while the integrity of the cell membrane and mitochondria is still
preserved. These histological features are very often associated with extensive genomic
fragmentation. In vivo, cells with phagocytic capability normally sequester antigenically
modified apoptotic cells before their content is spilled into the surrounding. Therefore
apoptotic cell death is usually inconspicuous and not associated with inflammation and
damage to the neighboring tissue. Necrosis is instead characterized by passive cell swelling,
intense mitochondrial damage with rapid energy loss, and generalized disruption of internal
homeostasis. This swiftly leads to membrane lysis and release of intracellular constituents that
evoke an inflammatory reaction with local cellular infiltration, vascular damage, edema, and
injury to the surrounding tissue. Necrotic cell death is not regulated process, but rather a
secondary consequence of a severe insult to the cell, which cannot be compensated. Such an
extreme disturbance of cellular homeostatis may be encountered during acute poisoning or
following prolonged and pronounced ischemia, such as in the focal regions of cerebral
infarcts.
Apoptosis plays an important role in both physiological and pathological conditions,
e.g., in the development of the embryo, overproduction of cell ultimately requires that surplus
elements die as part of the process that balances growth and differentiation with death. In the
central and peripheral nervous systems apoptosis occurs extensivelv in this phase. The
initiation of apoptosis and its fine tuning are regulated by the absence or presence of a variety
of external stimuli such as hormones, growth factors, and cytokines, and by a constitutively
expressed intracellular machinery. The latter may differ in the different cell types.
Disregulation of apoptosis may underlie the etiology of several diseases. For example,
suppression of apoptosis may be involved in the proliferation of preneoplastic or neoplastic
cells and in the development of autoimmune diseases. Increased apoptosis may instead be
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involved in neurodegenerative diseases and in cell death during cerebral ischemia (Wylli et
al., 1980; Savill et al., 1993; Thompson, 1995).
The differences between apoptosis and necrosis also suggest differential and new
pharmacological approaches. On the one hand, increased cell death may be desirable in
preneoplastic or neoplastic disorders. Then apoptosis, in contrast to necrosis, may be elicited
or enhanced, respectively, by specific signals such as hormonal stimulation or withdrawal,
i.e., processes allowing a high target specificity. On the other hand, a highly regulated
signaling pathway leading to apoptosis would offer the opportunity for site directed
therapeutic intervention in disorders where the rate of cell death should be decreased or
possibly prevented.

1.2.8 Apoptosis in the Nervous System
Cerebral ischemia causes neuronal death via necrosis or programmed cell death (PCD)
(apoptosis). Necrosis occurs first, predominantly in the ischemic core and has been attributed
to alterations in Ca and Na homeostasis. In contrast, neuronal damage in the region adjacent
to the infarct, sometimes called penumbra, develops with delay and is mainly due to
programmed cell death (PCD) or apoptosis and inflammation (Furlan M et al., 1996). While
being a normal developmental event with a cellular homeostasic role early in development,
uncontrolled induction of cell cycle events associated with PCD may have deleterious effects
by precipitating the onset of other disorders like atherogenesis (Dimmeler et al., 1997). In fact
aberrant activation of the cell cycle maschinery may be one factor contributing the apoptosis
(Katchanov, et al., 2001). Apoptosis is a mechanisms to remove afflicted cells in an orderly
fashion without inducing major inflammatory responses (reviewed by Banasiak, 2000).
Postmitotic adult neurons may die by apoptosis. This is, however, not a physiological process
but may occur in aging and in several pathological conditions. One pathological condition that
may be involved in a variety of neurological disorders is excitotoxicity. This term describes
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the supraphysiological stimulation of glutamate receptor subtypes such as the N-methyl – Daspartate (NMDA) receptor. This receptor acts as a ligand-gated calcium channel and due to
ist prolonged activation, intracellular free calcium is raised to concentrations that are
sufficient to trigger further downstrem processes finally resulting in cell death. A common
final pathway of different apoptotic stimuli has not yet been identified. There is, however,
evidence that a variety of proteases are involved and that an inhibitory effect of BCL2 related
proteins has to be bypassed (Vaux et al., 1994). The most important of the proteases may be
those structurally related to interleukin-1ß converting enzyme (ICE) or the ced-3 protein of C.
elegans, respectively. Overexpression of all members of this enzyme family has been shown
to induce apoptosis. Moreover, apoptosis elicited by external stimuli such as tumor necrosis
factor (TNF) or by growth factor withdrawal is inhibited by inhibition of such enzymes. The
proteins of the BCL2 family are related to the C. elegans gene product ced-9. Their
overexpression very potently inhibits neuronal apoptosis due to a variety of stimuli. While
several functions have been proposed for BCL2, it is still unclear whether the gene product
functions as a repressor of other effectors of apoptosis. For example, BCL2 may act as an
antiprotease by controlling the activity of proteolytic systems involved in apoptosis.

1.2.9 Characterization and Detection of Apoptosis and Necrosis
In most cases of apoptotic cell death, the cellular DNA is degraded prior to membrane lysis.
The degradation starts with the formation of 300- to 700-kilobase pairs (kbp). These can be
detected by pulsed – field gel electrophoresis. Subsequently the chromatin is degraded into
oligonucleosomal fragments (i.e., DNA molecules that have the length of multiples of 180
bp), which form a characteristic ladder pattern on conventional agarose gels. During necrosis
DNA is instead degraded because of a random process that does not lead to the accumulation
of specific bands on agarose gels.
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1.2.10 Astrocyte Reaction to Ischemic Brain Injury
The varied responses of astrocytes to global ischemic injury provide insight into the essential
roles of these cells in brain function. During the following normoglycemic global ischemia,
astrocytes survive exhibit dramatic changes in their size, morphology, intermediate filaments,
and ionic milieu. In regions where irreversible injury occurs to selectively vulnerable neurons,
astrocytes may in addition undergo cell division. These changes are associated with and in
part define the phenomenon of reactive astrogliosis. With elevation of brain carbohydrate
levels following preischemic hyperglycemia, astrocytes in contrast demonstrate marked
irreversible injury concomitant with widespread neuronal necrosis. The strong correlation
between irreversible astroglial injury and death of all neurons suggests that astroglial death
may be a critical step leading to infarction.

1.2.10.1. Histopathology
Early astroglial swelling is known to occur both during and after ischemia (Kimmerlberg et
al., 1989). Following transient global ischemia under normoglycemic conditions, light and
electron microscopy reveal markedly swollen astroglial perikarya and processes surrounding
both neurons and capillaries. Astroglial mitochondria appear enlarged and pleomorphic.
In regions demonstrating selective neuronal necrosis, these is in addition an increase in the
number of actively mitotic nuclei at 40 min postischemia. These nuclei were originally
thought to be astroglial, but astroglial hyperplasia now appears to occur 3 days postischemia
(Petito et al., 1990). The sourse of early mitotic nuclei is therefore likely to be microglia or
invading peripheral immune cells.

Fig. 2 Upper panel: Schematic representation of the cytological relationships existing between
intraparenchymal capillaries, astrocytes and the neuropil. Astrocyte processes surround capillaries
(endfeet) and ensheath synapses: in additions receptors and uptake sites for neurotransmitters are
present on astrocytes. These features make astrocytes ideally suited to sense synaptic activity (A)
and to couple it with uptake and metabolism of energy substrates originating from the circulation
( B).
Lower panel: Immunological staining of astrocytes at 28 days after stroke. Note the long endfeetlikeprocesses.
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Later histological changes in surviving astrocytes in postischemic brain have thus far been
most clearly defined by immunohistochemical analysis with glial fibrillary acidic protein
(GFAP), a selective marker for astrocytes (Petito et al., 1990). Two patterns of reactive
astrocytosis are evident (Fig. 2). The first is seen in areas with little neuronal necrosis.
Astrocytes become hyperthrophic and demonstrate an increase in GFAP staining within 2
days postischemia that resolves after 2 weeks. In regions with irreversible neuronal injury,
however, an increse in vimentin, an intermediate filament
associated with immature astrocytes, is observed 2 days postischemia in addition to astroglial
hypetrophy and increased GFAP staining. At 3 days, astroglial hyperplasia is also witnessed.
Reactive changes in astrocytes in regions of selective neuronal necrosis persists at least 5
weeks after ischemic injury.

1.2.11 Reactive Microglia and Ischemic Injury
Microglia are a class of mononuclear phagocytes intrinsic to the CNS. These cells are the
principal immune effector elements of the brain and are associated with diverse clinical
problems including cerebrovascular disease (Giulian, 1992). A delayed decline in neurologic
function that occurs days after an ischemic insult is often associated with progressive neuronal
death. One widely held view is that cytotoxic molecules are released by demaged neural tissue
which, in turn, account for further destruction of neurons and impairment of function. An
increasing amount of evidence now suggests that mononuclear phagocytes including
microglia are the source of such cytotoxic substances (Giulian, 1995). Although microglia do
not cause disease, they react to it and, ultimately, determine the pattern and degree of
recovery. Future treatment strategies for cerebrovascular disease will need to address the
consequences of microglia reactivity.
Rio-Hortega (1932) first defined the structure of microglia as argentophilic cell with two or
more „wavy, branched processes beset with spines“. Recent advances in the understanding of
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microglial function began in 1985 with the developement of tissue culture methods to isolate
and cultivate cells from newborn animals (Giulian et al., 1986).The ability to generate
homogeneous populations of microglia led to definitive studies on immunoregulatory events
and specific cell-cell interactions within the brain. Currently, the field of microglial biology
encompasses a range of issues including immune activation, neurotoxin production, cytokine
secretion, and membrane electrophysiology. In vitro observations have brought about new
insights concerning immunopathology of human diseases within the central nervous system.
Presently, most investigators agree that microglia arise during early embryonic development
from common stem cell populations which enter the neuroectoderm and later proliferate in
situ (Fig. 3). Microglia during the perinatal period are found in ameboid forms that eventually
develop long, thin projections reaching up to several hundred microns in length. These
differentiated, ramified cells are characteristic of normal mature CNS and contrast
macrophages (short, stubby processes if any) or marrow-derived progenitor cells (round or
oval). Virtually all microglia of the mature CNS are found as quiescent, ramified cells with no
recognized function. The inactive state of these cells is demonstrated by the lack of
proliferative, phagocytic, and secretory behaviors. During CNS injury, ramified microglia
retract processes, become more ameboid-like, and transform into a third form, the reactive
microglia (del Rio-Hortega, 1932). Ramified microglia, when reactivated, display an increase
in such surface membrane markers as the scavenger receptor, the CD4 antigen, and CD11b
receptor. Scanning electron microscopy (SEM) shows that the surface morphology, moreover,
persist despite prolonged periods in culture or exposure to various immunostimulants. Using
SEM , it is possible to monitor microglial and macrophagic invasion at sites of CNS damage.

Fig. 3 Although the origin of microglia remains uncertain, most investigators believe that these cells arise during embryogenesis
from precursors common to other classes of mononuclear phagocytes. Differentiation of ameboid microglia into quiescent, ramified
forms is completed by the postnatal period. The quiescent microglia are reactived by CNS injury like an ischemic event and show, as
illustrated for both young and aged rats, macrophagic properties (reactive phenotype).
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Lesions which create damage to the blood-brain barrier such as stroke or trauma contain about
30% macrophage population while injury without such breakdown, such as distal axotomy,
involve > 98% reactive microglia (Giulian et al., 1995). Several lines of evidence now
indicate that microglia behave differently than other classes of mononuclear phagocytes such
as peritoneal macrophages, splenic macrophages, blood monocytes, and bone marrow
progenitor cells. For example, microglia and macrophage are active phagocytes unlike
cultured marrow cells (Giulian et al., 1995). Kettenmann and co- workers (Kettenmann et
al., 1991) have shown that inward rectifying ion channels of microglia can be distinguished
from those in macrophages and blood monocytes. Spontaneous proliferation is noted for
microglia
in vitro but not for macrophages or monocytes. In contrast, bone marrow progenitor cells will
proliferate when grown in the presence of colony-stimulating factors. Patterns of
differentiation provide further evidence that microglia represent a unique population of
mononuclear cells. During coculture, contacts between microglia and astroglia stimulate
maturation of ameboid microglia to process-bearing cells typical of adult CNS.
These ramified microglia remain quiescent without apparent phagocytic or secretory activity
until driven into a reactive state. Importantly, this differentiation process does not occur
among monocytes or macrophages despite weeks of coculture with astroglia (Giulian et al.,
1995).
Overall, microglia show some properties common to tissue macrophages (expression of
surface markers; production of cytokines; release of cytotoxins) but display other features
associated with bone marrow progenitor cells (proliferative response to colony-stimulating
factors; presence of specific K+ channels). It appears that specific interactions between
astroglia and microglia hold immune cells of the brain function. That is, microglia adapt in
unique ways to the CNS environment (Giulian, 1992; Giulian et al., 1995).
1.2.12 Reactive Gliosis and Stroke. Role of Neurotoxic Microglia
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Rat neocortex damaged by occlusion of the middle cerebral artery shows well-defined regions
of cortical infarction identified both by gross examination and by the inability to reduce
tetrazolium. Significant numbers of reactive mononuclear phagocytes (both microglia and
invading macrophage) appear within the infarct and along neighboring marginal areas by 2
days postischemia (Giulian et al, 1993). This inflammatory cell population continues to
increse with a peak at about 7 days (Fig. 4); the contralateral control hemisphere remains free
of both ischemic damage and reactive mononuclear cells. Neurotoxic activity identified as
Ntox is released by tissues recovered from the infarct or is margins but not from regions distal
to the injury or from contralateral, intact hemisphere. In addition, tissues with viable astroglia
also contain neurotrophic factors. Such observations imply that during ischemic injury
reactive microglia and astroglia oppose one another through secretion of factors that support
or suppress the survival of nearby neurons (Fig. 4). Another animal model suggests that
neurotoxic microglia actually influence recovery of function after ischemic injury (Giulian et
al., 1990).

1.2.13 Generation of new cells (neurogenesis)
Previous work has shown that the production of hippocampal granule neurons continues
throughout adulthood (Seckl and Olsson, 1995). The rate of neurogenesis decreases with age
(Reul et al., 1993; Johansson et al., 1998). It has recently been proposed that reducing
corticosteroid levels in aged rats can restore the rate of cell proliferation, resulting in
increased numbers of new granule neurons in the adult dentate gyrus (Olsson et al., 1992;
Bjartmar et al.,2000). This result indicates that the neuronal precursor population in the
dentate gyrus remains stable into old age, but that neurogenesis is normally slowed by
increased levels of corticosteroids.
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Corticosteroid levels may therefore contribute to decreased neurogenesis and thus also
contribute to age-related memory deficits associated with high corticosteroids. It may also be
that these deficits may be reversible (Yau et al., 1995). In addition to molecular factors in the
brain, the environment in which post-ischaemic therapy is conducted plays a decisive role for
the degree of recovery. An enriched environment can significantly improve outcome after
cortical infarcts in the rat (Neumann-Haefelin et al., 1994; Papadopoulos et al., 1998; Evan
and Littlewood, 1998). Earlier studies on the combination of transplantation and enriched
environment suggest that a combination of trophic factor and enriched environment may have
additional beneficial effects (Gillardon et al., 1997; Fink et al., 1998). Recent studies by us
and others have shown that enriched environment induces increased neurogenesis in the adult
dentate gyrus (Endres et al., 1998; Popa-Wagner et al., unpublished).
The increased neurogenesis is primarily mediated through increased survival of "new born"
neurons. Furthermore, animals with increased number of "new born" neurons perform
significantly better in spatial memory tests as compared to controls. Recently it has been
shown that neurogenesis through stem cells continue well into the seventies in the human
dentate gyrus (Seckl and Olsson, 1995). Stem cells from the adult human CNS might thus be
of potential broad and general significance for future novel therapeutic strategies based on the
addition of new neurons to the adult central nervous system.
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II. OBJECTIVES

Cerebral stroke is a major cause of death and disability affecting the elderly population
in Europe. In order to achieve the aim of an effective recovery after injuries to the nervous
system, a better understanding of the significance and the potential role of physiological,
pharmacological and molecular interventions is required. The overall goal of the project is to
identify strategies allowing the aging human to longer and better sustain its normal function,
as well as therapeutic approaches to improve recovery from stroke.
By using a comparative molecular biological approach in rat model of stroke, the
current proposal aimed at:

(1) assesssing the role of (i) plasticity-promoting factors like microtubule-associated
protein 1B and ß amyloid precursor protein, (ii) neurite growth inhibitors like beta
amyloid aggregates, and (iii) inflammatory mediators (astroglia) for structural and
functional recovery after cerebral ischemia in young- and middle-aged rats.

(2) identifying key genetic events preventing neurogenesis and full recovery after cerebral
ischemia in the aged brain.

The results are expected to clarify the molecular mechanisms underlying neuronal plasticity in
the aged brain, and thereby to significantly widen the therapeutic window for treating stroke.

III. MATERIALS AND METHODS
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3.1. Animal model for stroke
The method, which we intend to use in this project, is the so-called intraluminar thread
occlusion model, which is suited to induce reversible ischaemia of the MCA territory. In our
experiments, laser Doppler flow will continuously be recorded above the MCA territory, and
physiological measures (rectal temperature, blood pressure, blood gases) will be controlled.
Animals will be killed at various reperfusion times after induction of ischaemia.The
experiments reported in this study were conducted in accordance with the statement regarding
the care and use of animalsand were approved by a federal animal care committee.

3.1.1 Animals
Young (3mo of age, n=80) and aged (20 mo, n=95) male Sprague-Dawley rats were
maintained on a 12-h light/dark cycle and allowed free access to food and water. Body
weights ranged from 290 to 360 g for the young rats and from 420 to 500 g for the middleaged rats. Young (age range, 3 to 4 mo, N=12 per age group and time point) and aged male
Sprague-Dawley rats (age range, 18 to 20 mo, N=15 per group and time point) were
behaviourally tested (see below). After that, their middle cerebral artery (MCA) was
occluded. Young and old groups were divided randomly into subgroups of equal number and
assigned survival times 3d, 7d, 14d, and 28d following surgery. These time points were
chosen on the basis of our previous work on this model (Popa-Wagner et al., 1998; 1999). For
the older rats, kept alive for 4 wks, the group was larger (N= 18) to compensate for the higher
post-ischemic mortality rate. Sham operations were also conducted by pulling back the hook
within 60 seconds (N= 8, per age group and time point).
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3.1.2 Behavioral tests
To evaluate various aspects of neurological function before surgery, the rats were tested for
their ability to traverse a rotating horizontal rod. Limb-placement while approaching the edge
of a table, and exploration of a novel environment were also examined. After surgery, the rats
were tested for sensory function. Each test was conducted twice by two different persons. All
sensorimotor testing was performed between 9-11 AM.

3.1.3 Neurological status (Bederson test)
Following surgery, rats were observed for circling behavior if pulled gently by the tail. Rats
circling toward the infarcted brain side were ranked as grade 3. Rats that circled freely (not
held by the tail) were graded as 2. Rats showing no reaction were graded as 1 (Bederson et al.,
1986).

3.1.4 Spontaneous activity
Each rat was placed in front of large cage with a small entryway. After entering the cage, the
number of crossings between two walls was counted within a 30 min test period (Garcia et al.,
1995).

3.1.5 Body Proprioception
The rat was touched lightly with a blunt stick on each side of the body, and the reaction to the
stimulus was observed. Scores indicate the following: 3 - rat reacted by turning head and was
equally startled by the stimulus on both sides; 2 - rat reacted slowly to stimulus on left side;
and 1 - rat did not respond to the stimulus placed on the left side.
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3.1.6 Symmetry in the Movement of Four Limbs

The scores in the symmetrical movement and body proprioception tests are known to relate to
the occurrence of cortical infarcts on the right side.To assess the symmetry of limb
movement, the rats were gently held in the air by their tails, and their limb movements were
scored as follows: 3 - all four limbs extended symmetrically; 2 - limbs on the left side
extended less or more slowly than those on the right; 1 - limbs on the left side showed
minimal movement; and 0 – forelimb on the left side did not move at all (Garcia et al., Stroke
1995).

3.2 Surgery
Blood flow through the middle cerebral artery was transiently interrupted for 70 min as
previously described (Popa-Wagner et al., 1998). Briefly, under a surgical microscope, the left
and right common carotid arteries were exposed and each was loosely encircled with a silicon
thread to facilitate the temporary closure of these vessels (below).
The animals then were placed in a prone position and the right lateral skull surface surgically
exposed. Using a micro-drill (Fine Science Tools), a small segment of the skull above the
middle cerebral artery was removed 2-3 mm rostral to the juncture of the zygomatic arch and
the pars squamosa of the temporal bone. The bone was thinned using a low drill-speed and
superfusion with physiological saline to minimize friction-induced warming. The bone flap
was carefully removed with forceps and the underlying dura opened with a fine needle. The
middle cerebral artery was then slowly lifted with a tungsten hook attached to a
micromanipulator (Maerzhaeuser Precision Micro-manipulator Systems, Fine Science Tools)
until blood flow through the artery was completely interrupted (see Fig. 1). The common
carotid arteries were then occluded by tightening the pre-positioned thread loops (above).

A
C

B
D

Fig. 1 (A,B) Lateral view of the superficial cerebral arteries of a rat brain
(C), Time-dependent evolution of core body temperature during surgery
(D), Time-dependent variation of systemic blood pressure during surgery
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The surgical field was kept warm and moist with artificial cerebrospinal fluid (LiquicheckTM,
Spinal FluidControl, BioRad) for the duration of the procedure. Throughout surgery,
anesthesia was maintained by spontaneous inhalation of 1-1.5% Halothane in a mixture of
75% nitrous oxide and 25% oxygen through a specially designed mask. Body temperature
was controlled at 37°C by a Homeothermic Blanket System (Harvard Apparatus).
The anesthetized animals were immobilized in a supine position and the tail artery
catheterized to enable the continuous measurement of blood pressure and the withdrawal of
blood samples for determination of pH and blood gasses (Blutgassystem IL 1620,
Instrumentation Laboratory), as well as arterial glucose levels (Omnican7 Balance, B. Braun,
Melsungen). The local changes in blood flow were monitored using a laser doppler device
(Perimed, Sweden).
After 70 min the middle cerebral artery and the common carotid arteries were reopened, allowing full reperfusion of the brain. The surgical wounds were sutured shut, and
following recovery from anesthesia the animals were returned to their cages. After survival
times of either 3-, 7-, 14-, or 28 days, the rats were deeply anesthetized with 2.5% Halothane
in 75% nitrous oxide and 25% oxygen, and perfused with buffered saline followed by
buffered, 4% freshly depolymerized paraformaldehyde. The brain was removed, post-fixed in
4% buffered paraformaldehyde for 24 hr, cryoprotected in 20% sucrose prepared in 10 mmol/l
phosphate buffered saline, flash-frozen in isopentane and stored at -70°C until sectioning.

3.3 Non-radioactive in situ hybridization
Sections (50 µm) were cut on a freezing microtome and processed for in situ hybridization
(ISH) as free-floating material.To obtain uniform staining of all tissue sections (about 360 per
experiment), we constructed a semi-automated device (PCT, Device assembly for preparing
and analyzing tissue for microscopic examinations, DE 199 45 621 A1 and WO 01/22052 A1,
2001) making it possible to process and stain all sections simultaneously under identical
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conditions. Prehybridization was performed in a buffer containing 50% formamide, 5x SSC,
1% blocking reagent and 500 µg/ml tRNA. Sections were hybridized in the same buffer
containing 50 ng/ml cRNA probe (MAP1B, PCR, T3/AS)

for 6 hrs at 65°C. After

hybridization, the sections were washed in 2x SSC at room temperature and then 68°C in 0.1x
SSC. Following high stringency washings, the sections were postfixed in 4% PFA in PBS for
30 min at room temperature. After posthybridization washes, slides were incubated for 2 h at
room temperature in a blocking buffer consisting of 0.1 M maleate (pH 7.5); 150 mM NaCl;
0.1% Tween 20; 0.2% Triton-X 100 and 1% blocking reagent (Boehringer Mannheim).
Alkaline phosphatase-conjugated sheep anti-digoxigenin-Fab fragment, diluted 1:1000 in
blocking buffer, was then applied. After 15 h of incubation at 4°C, unbound conjugate was
removed by three 15-min washes in blocking buffer, followed by one wash in alkaline
phophatase buffer (100 mM Tris, pH 9.5; 100 mM NaCl; 10 mM MgCl2) for 10 min. At this
step sections were removed from the machine and slides were incubated at 37°C in the dark
for 1 hour in a chromogen solution consisting of 330 µg/ml nitro-blue tetrazolium (NBT), 150
µg/ml of 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) and 250 µg/ml levamisole in alkaline
phosphatase buffer. The reaction was stopped with 10 mM Tris at pH 8.0, plus 1 mM EDTA.
Finally, the sections were mounted on slides, air-dried, and coverslipped with a xylol-based
mounting medium.
Controls: The specificity of the rat MAP1B antisense RNA probe was assessed by
Northern blot analysis. Selected tissue sections were hybridized with a hydrolized sense
probe.

Preparation of cRNA probes
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A full length rat cDNA clone for microtubule-associated protein 1B (MAP 1B) was
subcloned into a pBluesscript [pBSSK(I)+] vector. This plasmid allowed the synthesis of
non-radioactive antisense and sense RNA probes using digoxygenin-11-UTP. Finally, the
RNA probe was purified by gel filtration. A 1.5-kb digoxigenin-11-UTP-labeled antisense
RNA probe was synthesized with a kit (Boehringer Mannheim, Germany) according to the
manufacturer's specifications. cRNA quality and quantity were evaluated by detection of the
digoxigenin-labeled cRNA with anti-digoxigenin alkaline phophatase, Fab fragment
(Boehringer Mannheim) conjugate followed by color development using the nitro-blue
tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) system. A digoxigeninlabeled neurofilament-68 cRNA probe of known size and concentration was used as a
reference probe. Finally the riboprobe was hydrolyzed to an average size of 400 base pairs by
incubating it in 1M NaHCO3/Na2CO3 buffer for 40 min at 60°C.

3.4 Immunocytochemistry
Sections (25µm) were cut on a freezing microtome and first treated with 0.3% H2O2 in PBS to
destroy endogenous peroxidase activity and then processed for immunocytochemistry. To
obtain uniform staining of all tissue sections (about 120 per experiment), we constructed an
automated device (PCT, Device assembly for preparing and analyzing tissue for microscopic
examinations; patents: DE 199 45 621 A1 and WO 01/22052 A1, 2001) making it possible to
process and stain all sections simultaneously under identical conditions.
In the above-mentioned device, the immunohistochemistry was conducted as previously
described by Popa-Wagner et al. (1999). Briefly, after incubation with blocking solutions
containing 3% donkey serum / 10 mmol/l PBS / 0.3% Tween 20, tissue sections were exposed
overnight at 4°C to a mouse monoclonal antibodies recognizing the neuronal marker, NeuN
(1:500, Chemicon, CA) diluted in PBS containing 3% normal donkey serum and 0.3% Tween
20. After extensive washing in PBS containing 0.3% Tween, sections were incubated

35

overnight at 4°C with biotinylated donkey anti-mouse IgG (Jackson ImmunoResearch
Laboratories, West Grove, PA) diluted 1:400 in PBS containing 1% normal donkey serum and
0.3% Tween 20. After washing in PBS, sections were incubated for 2 hours at room
temperature in ABC Elite reagent (Vectastain Elite Kit, Vector) diluted 1:100 in PBS
containing 0.3% Tween 20. The antibody complex was then visualized with 0.025% 3',3'
diaminobenzidine and 0.005% hydrogen peroxide in 100 mmol/l Tris buffer (pH 7.5) for 5-10
min. Finally, the sections were mounted onto slides, air-dried, and coverslipped using a
xylene-based mounting medium.

3.4.1 Detection of BrdU-positive cells
The detection of BrdU-positive cells was done as described by Eriksson PS et al., 1998 with
the following modifications. Free floating sections were pre-treated with 50% formamide, 0.3
M NaCl, 10 mM sodium citrate at 65°C for 2 h, incubated in 2 M HCl at 37°C for 30 min, and
rinsed in 0.1 M boric acid (pH 8.5) at a room temperature for 10 min. After neutralization,
sections were incubated in blocking solution containing 10% goat serum, 0.3% Triton X-100,
0.2% gelatine in PBS) overnight at 4°C. Then mouse monoclonal anti-BrdU antibody (1:300,
Roche, Mannheim, Germany) at 4°C for 48 hr. Sections were washed with PBS, incubated
with biotinylated donkey anti-mouse secondary antibody (1:400; Jackson ImmunoResearch,
West

Grove,

PA)

followed

by

the

avidin–biotin

peroxidase

complex

(Vector

aboratoriessolution for 1 h. The horseradish peroxidase reaction was detected with 0.05%
diaminobenzidine (DAB) and 0.03% H2O2.
The specificity of the antibodies was verified on Western blots and by omission of the
primary antibodies in immunocytochemical experiments.
3.5 Terminal deoxynucleotidyltransferase-mediated UTP nick end labeling
One of the cellular events associated with cerebral ischemia is cell death by apoptosis
(Bredesen D., 1995). In order to estimate the number and phenotype of cells undergoing
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apoptosis, we adapted a recently-described procedure (Bondolfi et al., 2002) employing
terminal deoxynucleotidyltransferase -mediated UTP nick end labeling (TUNEL) on freefloating sections to the machine described above and the Apoptag In Situ cell death detection
kit (Intergene, Purchase, NY). Sections were incubated with equilibration buffer for 30 min at
room temperature followed by TdT-reaction solution diluted 1:1 with TUNEL dilution buffer
(Roche Diagnostics, Mannheim, Germany). After 1 hr at 37°C, the reaction was stopped by
the addition of Stop Buffer. After washing in PBS, sections were blocked in 3% donkey
serum and 0.3% Tween in PBS overnight at 4°C. For peroxidase detection, TUNEL-treated
sections were incubated with a sheep anti-digoxigenin-FITC antibody (1:1000; Roche
Diagnostics) in 3% donkey serum, 1xPBS, 0,3% Tween for 2 days at 4°C. TUNEL labelling
was visualized by incubation with biotinylated anti-sheep IgG (1:400; Jackson
ImmunoResearch, West Grove, PA) followed by the avidin–biotin peroxidase complex
(Vector Laboratories). The horseradish peroxidase reaction was detected with 0.05%
diaminobenzidine (DAB) and 0.03% H2O2. To determine non-specific labelling, some
sections were incubated without the Klenow fragment enzyme.

3.6 BrdU Labeling and Cellular Phenotyping
To label the newly generated cells, rats were given injections of bromodeoxyuridine (BrdU)
(50mg/gm body weight, i.p.; Sigma) twice a day, on either 2nd and 3rd, 6th and 7th, 13th and
14th or 27th and 28th days after ischemia. The rats, brains were perfused 8 hrs after the last
injection so that at each time BrdU-labelled cells range in age from 8 hr to 2 days.
Microglial phenotype: All secondary antibodies used in this study were from the Jackson
Laboratories. Sections were incubated overnight at 4°C with the monoclonal antibodies
recognizing a cytoplasmic determinant of brain macrophages (clone ED1-FITC, Serotec, UK).
After one day, sections were washed and donkey anti-mouse-FITC in 3% donkey serum was
added. After a short fixation step, sections were incubated with the rat anti-BrdU antibodies
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(1:500, Serotec, UK) in 10% donkey serum using conditions described above for the BrdU
detection. BrdU-positive cells were detected by incubating tissue sections with donkey antirat biotinylated secondary antibodies followed by avidin-rhodamine, 1:2000.
Neuronal phenotype: Sections were double-immunolabelled with the mouse nestin-specific
monoclonals (1:4000, Chemicon, PA) and rat BrdU-specific antisera (1:500; Serotec, UK).
These antibodies were visualized with donkey anti-mouse rhodamine-conjugated antibodies
(1:2000, Jackson ImmunoResearch, West Grove, PA) and anti-rat FITC-conjugated
antibodies (1:500, Jackson ImmunoResearch, West Grove, PA) respectively.
Fluorescence signals were detected using a Nikon E800 microscope at excitation/emission
wavelengths 490/508 nm (FITC, green), 570/590 nm (rhodamine, red), and 650/668 nm
(Cy5, blue). Results were recorded with a Visitron Systems (Munich, Germany) digital
camera.

3.7 Cell Counting
A quantitative estimate of the number of BrdU-immunopositive cells at the reperfusion time
of 3-, 7-, 14- and 28 day was obtained by counting cells on every twentieth section across the
entire hemisphere including the infarcted area of the right hemisphere of 3- and 18-mo-old
rats using the optical dissector technique (West and Gundersen, 1990) and the NIH software a
PC Image software for particle counting (NIH, Bethesda, MA). Diameter of the cell (particle)
was chosen in the range 5 to 25 µm to accomodate various histological geometries. Total
number of BrdU-positive cells was calculated was done by multiplying the number of counted
cells times the section thickness to yield the total number of cells in the infarcted volume.
Altuough this procedure does not exclude sources of potential error due to anatomical and
histological irregularities, a previous qualitative analysis has shown a clear difference in
number of BrdU-labeled cells among the two age groups. An estimation of the percent of cells
co-localizing with BrdU-positive immunolabeling was performed by randomnly placing a
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counting window measuring 50 x 50 µm at three different points across the infarcted region
and computing a mean value.

3.8 Light microscopy
Light microscopic images (768 x 1024 pixels) were captured electronically using a CCD
camera (Optronics) mounted on Nikon microscope. The digital images were arranged and
labelled using Adobe Photoshop and printed using a Kodak XLS 8000 digital printer. For
each group of micrographs, exposure, gain, and contrast enhancement were similar.

3.9 Quantitative analysis of tissue sections
Optical densities of digoxygenin-labeled neurons, taken randomly with a measuring box of
300 x 300 µm at five different locations over the whole CA3 and polymorphic regions of the
hippocampus, were collected at three different levels between bregma 3.86 and 7.34 for each
rat using NIH software PC Image (NIH, Bethesda, MA) and a mean value was computed. For
immunocytochemical experiments, the mean optical density taken randomly with a measuring
box of 50 x 50 µm at five different locations at three different regions of the dentate granule
cells and the molecular layer of the dentate gyrus were collected using the same NIH software
PC Image and at three different levels across the hippocampal formation as noted above. We
then computed a global mean value for each rat and proceeded with the statistical analysis.
This type of analysis was possible because all sections were stained at once and identical
camera settings were used during image capture.
3.10 Determination of Infarct Volume
To assess the size of the infarct induced by transient focal ischemia, every twentieth section
was stained with an immunological marker of neuronal viability (NeuN). Low power images
of the stained sections were taken with a video camera and the images were printed. Then the
infarcted areas were demarcated with a pencil and the images were scanned. Finally, the area
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and the partial volume of each of these sections were obtained using the NIH image analysis
program. Integration of the resulting partial volumes gave the volume of the ipsilateral
hemisphere along with the volume of the cortical infarct, which was then expressed as percent
of the total volume of the hemisphere (“Cavalieri method”, Howard CV and Reed MG, 3954,1998).

3.11 Statistical analysis
The effects of age, and time, as well as the interaction between the two were evaluated by a
two-way ANOVA followed by Tukey post-hoc analysis using SPSS software (SPSS Inc.,
Chicago, Illinois). The level of significance was set at p <= 0.05.
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IV. RESULTS AND DISCUSSION
4.1. Aged rats are highly susceptible to cortical infarcts after an episode of mild ischemia
4.1.1 Histology

The infarct core was visualized by immunohistochemistry for NeuN, a sensitive marker
for neuronal degeneration (Fig.1). By this criterion, the area most affected by stroke was the
parietal cortex, with the motor cortex being only slightly less affected. Importantly, a mild
episode of ischemia caused very different degeneration rates in the two groups of animals. In
young animals, on the 3rd post-stroke day we noted large groups of neurons still displaying
Neu-like immunoreactivity (Fig.1B, inset) albeit at low levels as compared to the sham
operated rats or the contralateral side (Fig.1A, inset). In contrast, the necrotic zone of aged
rats lacked Neu immunopositivity (Fig.1E, inset). The degeneration of neurons in the young
group continued and, at one week, the degree of degeneration was comparable in the two age
groups with NeuN immunoreactivity confined mainly to the nuclear periphery (Fig. 1C vs F,
insets).
The measurement of the infarct volume based on NeuN immunolabeling indicated that at
day 3, the infarcted area covered about 15% of the cortical neurons in young animals and 28%
in the aged rats. By day 7, the volumes of cortical infarcts were roughly equal in both age
groups, e.g. 37 % ± 5.1 % for the young rats and 41% ± 3.9 % for the aged rats (Fig. 1F).

4.1.2. Number of BrdU-positive cells is greatly increased in aged rats after stroke
There are numerous reports showing the incorporation of BrdU in newly dividing cells after
an episode of cerebral ischemia but very few studies addressed this issue in aged animals.
BrdU immunopositive cells, visualized by chemical staining with diaminobenzidine, were
present in modest numbers in the brain of young sham operated rats (not shown) and at 3 days
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post-stroke (Fig.2A). However, in the post-stroke animals, the number of BrdU
immunopositive cells increased to at day 7 (Fig. 2C), and then decreased between days 14 and
28 (Fig.2E). In the infarcted hemisphere of the aged rats, however, there was literally an
invasion of cells stained for BrdU at day 3 (Fig. 2B). The number of these cells reached the
maximun at 7 days post-stroke (Fig. 2D) and then abruptly declined by day 14 (Fig. 2F).
Since it is possible that some of

the BrdU cells in the cortex may come from the

periventricular region, we also counted the number of these cells in the ventricles and corpus
callosum. However, there was no significant differences between the numbers of BrdUpositive cells in this brain region of young and aged rats (Fig. 4A, B, C).

4.1.3. Quantification of BrdU-positive cells.
Cell counting yielded a highly significant 2.2-fold increase (p= 0.001) in the number of BrdUpositive cells in the infarcted area of old rats at 3 d post-stroke (Fig. 2G). This increase
became even more dramatic at 7 d post-stroke (4-fold increase, p =0.0001). The number of
BrdU-positive cells declined to normal levels by day 14 and remained low after 28 days (not
shown).

4.1.4. Terminal deoxynucleotidyltransferase-mediated UTP nick end labeling.
One of the cellular events associated with cerebral ischemia and delayed neuronal cell death is
apoptosis. The age-dependency of the time-course of the post-infarct apoptosis is shown in
Fig. 3. Based on the size and morphology, the cells undergoing apoptosis at 3d after the stroke
was mainly of astroglial phenotype both in young (Fig. 3A, arrow, inset) and aged rats
(Fig. 3C, arrowheads, inset) although a hematogenous origin in aged rats could not be
excluded. From day 7 on, the number of apoptotic cells fluctuated around the basal levels in
both age groups (Fig. 3B, D).
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4.1.5 Cellular phenotyping
Chemical staining of BrdU-positive cells revealed numerous cells in the periventricular zone
of both controls (Fig. 4C) and stroke rats aged 3 mo (Fig. 4A) and 20 mo (Fig. 4B). However,
in stroke rats we noted an increased number of BrdU-positive cells apparently migrating from
the periventricular zone into the corpus callosum in both young (Fig. 4A) and aged (Fig. 4B)
animals as compared to sham-operated animals (Fig.4C). The periventricular zone is well
known for its role in the genesis of new neurons in adult animals. Some of these cells colocalized with nestin, a well known marker for immature neurons (Fig.4, panel D) suggesting
that indeed the corpus callosum could be a source of new neurons after stroke. Interestingly,
we observed co-localization of nestin and BrdU only at the infarct border (Fig. 4, panel E) but
not in deeper cortical layers that were less affected by stroke (Fig. 4, panel F). In addition, the
marker of activated microglia, ED1, partially overlapped with BrdU-positive cells at day 3
post-stroke (Fig. 4, panel H) but not at later time points like 7d (Fig. 4, panel G).

Fig. 1 Visualization of the infarcted area by nuclear protein NeuN immunohistochemistry in the parietal cortex. A mild episode of
cerebral ischemia caused a mild neuronal degeneration at day 3 in young rats (B, inset) as compared to sham operated animals (A).
At the infarct margin the NeuN-like immunoreactivity circumscribed the nucleus (inset). At day 7 the infarcted area was devoid of
NeuN-like immunoreactivity (C). In contrast, aged rats showed a high degree of degeneration already at day 3(E) as compared to old,
sham-operated rats (D) with NeuN immunoreactivity confined mainly to the nuclear periphery (Fig. 1 C vs E, insets).
The infarcted area covered about 15% of the cortical neurons in young animals and 28% in the aged rats. By day 7, the volumes of
cortical infarcts were roughly equal in both age groups (F). Abbreviations: IC, infarct core. Bars, 50 µm.

Fig. 2 Time course of accumulation and quantitation of BrdU-positive cells in the
infarcted hemisphere after stroke in young and aged rats. BrdU-positive cells were
present in low numbers in the brain of young, sham operated rats (G) of young and
aged rats. In post-stroke young animals, the number of BrdU immunopositive cells
increased 5.7-fold at day 3 (A, G), 8-fold at day 7 (C, G) and then decreased between
days 14 (E, G) and to control levels by day 28 (not shown). In contrast, the infarcted
hemisphere showed much larger number of BrdU-positive cells at day 3 (25-fold, B,
G). The number of these cells reached the maximun at 7 days post-stroke (38-fold
over controls, D, G) and then abruptly declined by day 14 (F, G). Bar, 50 µm.

Fig.3 Tissue distribution and morphology of
Terminal deoxynucleotidyltransferase-mediated UTP Nick End Labelling
(TUNEL) cells. Based on the size and morphology, the cells undergoing
apoptosis at 3d after the stroke was mainly of astroglial phenotype both in
young (A, arrow, inset) and aged rats (C, arrowheads, inset) although a
hematogenous origin of cells detected in aged rats could not be excluded.
From day 7 on, the number of apoptotic cells fluctuated around the basal
levels in both age groups (B, D). Bar, 50 µm and 20 µm (insets).

Fig. 4 (A-C): Chemical staining of BrdU-positive cells in the periventricular zone and adjacent
corpus callosum at 7 d in young (A), aged (B) and aged controls (C). Note that in the
periventricular zone the number of BrdU-positive cells were roughly equal regardless of age or
treatment while in the corpus calosum the number of BrdU-positive cells was greater in stroke
animals. (D-F) Confocal double immunofluorescence of nestin, a marker for immature neurons
(red), and BrdU-labelled (green) cells at 7d post-stroke in corpus callosum (D), infarct border (E)
and in deeper cortical layers (F). Note co-localization of nestin and BrdU cells in corpus callosum
(D) and at the infarct border (E) but not in regions less affected by stroke (F). (G,H) Double
immunofluorescence of microglia (red) and BrdU (green) at 3d (H) and 7d (G). Note the partial colocalization of microglia and BrdU cells at day 3 post-stroke (H) but not at day 7 (G).
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4.2. Accelerated glial reactivity to stroke in aged rats correlates with reduced functional
recovery
Abstract
Background and Purpose: Senescence is both a risk factor for stroke and an impediment to
recovery. In the aftermath of cerebral ischemia, peri-lesional astrocytes and activated
microglia form a glial scar that hinders the genesis of new axons and blood vessels in the
infarcted region. Since glial reactivity is known to be augmented in the normal aging brain,
we hypothesized that post-ischemic gliosis would be temporally abnormal in aged rats
compared to young rats, and would correlate negatively with functional recovery from
ischemic stroke.
Methods: Focal cerebral ischemia was produced by reversible occlusion of the right middle
cerebral artery in 3 month- and 20 month-old male Sprague Dawley rats, and the functional
outcome was studied at 3-, 7-, 14- and 28 days after surgery using a variety of neurological
and behavioral tests. At each time point, brains were removed, sectioned and immunostained
for the microglial marker ED-1, the astrocytic marker glial fibrillary acidic protein (GFAP),
the endothelial cell marker rat endothelial cell antigen (RECA) and the oligodendrocytic
marker, chondroitin sulfate proteoglycan, (NG2)
Results On all neurobehavioral tests, aged rats were more severely impaired by stroke than
were young rats, and aged rats also showed a diminished capacity for functional recovery.
Histologically, in young rats there was a gradual activation of both microglia and astrocytes
that peaked by days 14-28 with the formation of a glial scar. In contrast, aged rats showed an
accelerated astrocytic and microglial reaction that peaked in the first week after stroke.
We also noted a strong activation of oligodendrocytes at early stages of infarct development
in all rats that persisted in aged rats. Evolution of astrocytic and microglial reactivity closely
paralled the time course of scar formation in both young and aged rats and coincided with the
stagnation in the recovery rate of aged rats.
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Conclusions: These results suggest that a temporally anomalous gliotic reaction to cerebral
ischemia in aged rats leads to the premature formation of scar tissue that impedes functional
recovery to stroke.

4.2.1 Introduction
Studies of stroke in experimental animals have demonstrated the neuroprotective efficacy of a
variety of interventions, but most of the strategies that have been clinically tested failed to
show benefit in aged humans. One possible explanation for this discrepancy between
experimental and clinical studies may be the role that age plays in the recovery of the brain
from insult. Most experimental studies of stroke have been performed on young animals, and
therefore may not fully replicate the effect of ischemia on neural tissue in aged subjects
[Futrell et al., 1991; Millikan, 1992; Wang et al., 1995; Davies et al., 1995; Sutherland et al.,
1996; Popa-Wagner et al., 1998; Yao et al., 1999]. A better understanding of the effects of
senescence on the response of the brain to stroke and other forms of injury is needed to
develop effective new treatment strategies.
Following ischemic stroke, microglia and astrocytes show both an increase in number as
well as a strongly reactive phenotype in the infarcted region (Stoll et al., 1998; Lehrmann et
al., 1997; Liu et al., 2001; Mabuchi et al., 2000), and oligodendrocytes proliferate in the outer
border of the infarct (Mandai et al., 1997). Glial cells thus may hold important clues to the
degree of neural and behavioral recovery from stroke. In the infarct border, hypertrophic and
hyperplastic reactive astrocytes extend their processes to encompass the developing infarct,
while rounded, activated microglia engulf cellular debris. These two cell types form the basis
of the glial scar (Clark et al., 1993; Garcia, et al., 1994; Gehrmann et al., 1992; Lehrmann,et
al., 1997; Ellison et al., 1998). In addition, oligodendrocyte lineage cells contribute a number
of molecules to the glial scar, particularly chondroitin sulfate proteoglycans (such as NG2,
phosphacan, brevican, versican and neurocan) that have been hypothesized to impede the
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regeneration of tissue (Le Roux and Reh, 1996; Fawcett & Asher, 1999; Chen et al., 2002;
Asher et al., 2000; Niederost et al., 1999; Davies et al., 1997; Asher et al., 2002 ; for review
see Morgenstern et al., 2002).
Because the brains of normal, aged subjects are characterized by increased astrocytic
and microglial reactivity (Vaughan and Peters, 1974; Jucker et al, 1994; Goss and Morgan,
1995; Nichols et al., 1995; Jalenques et al., 1995; Peters, 2002; Yu et al., 2002; Vogelgesang
et al., 2002), we hypothesized that these cells might respond abnormally to stroke in aged rats,
thereby contributing to age-related impairments in functional recovery. To test this
hypothesis, we studied the response of astrocytes, microglia and oligodendrocytes to middle
cerebral artery occlusion in young and aged rats. Our findings indicate that a glial scar
develops abnormally early in the infarcted region of aged rats, and may thereby impede the
functional recovery of surrounding nervous tissue.

4.2.2. Materials and Methods
The experiments reported in this study were conducted in accordance with the statement
regarding the care and use of animalsand were approved by a federal animal care committee.
Animals, behavioural testing and surgery were as described in Section III.

4.2.2.1. Immunohistochemistry
Sections (25 µm) were cut on a freezing microtome and processed for immunohistochemistry
as free-floating material. To obtain uniform staining of all tissue sections (about 120 per
experiment), we constructed a semi-automated device (PCT, Device assembly for preparing
and analyzing tissue for microscopic examinations, DE 199 45 621 A1 and WO 01/22052 A1,
2001) making it possible to process and stain all sections simultaneously under identical
conditions. Free-floating sections were processed for immunohistochemistry as previously
described. In short, after blocking in 3% donkey serum /10 mmol/l PBS / 0.3% Tween 20,
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sections were incubated overnight at 4°C with monoclonal antibodies recognizing either: (1) a
cytoplasmic determinant of brain macrophages (clone ED1, Serotec, UK); (2) the astrocytic
marker glial fibrillary acidic protein (GFAP) (Boehringer Mannheim, clone G-A-5.
Mannheim, Germany); (3) the rat endothelial cell antigen (RECA) (Serotec, clone HIS52.
UK) (Duijvestein et al., 1992) (4) the oligodendrocytic marker chondroitin sulfate
proteoglycan (NG2, Chemicon, CA) or (5) the neuronal marker, NeuN(Chemicon, CA)
diluted in PBS containing 3% normal donkey serum and 0.3% Tween 20. The primary
antibody was detected using the ABC system (Vectastain Elite Kit, Vector, Burlingame, CA).
After extensive washing in PBS containing 0.3% Tween, sections were incubated overnight at
4°C with biotinylated donkey anti-mouse IgG (Jackson ImmunoResearch Laboratories, West
Grove, PA) diluted 1:400 in PBS containing 1% normal donkey serum and 0.3% Tween 20.
After washing in PBS, sections were incubated for 2 hours at room temperature in ABC Elite
reagent diluted 1:100 in PBS containing 0.3% Tween 20. The antibody complex was then
visualized with 0.025% 3',3' diaminobenzidine and 0.005% hydrogen peroxide in 100 mmol/l
Tris buffer (pH 7.5) for 5-10 min. Finally, the sections were mounted onto slides, air-dried,
and coverslipped using a xylene-based mounting medium.
Double Immunolabeling. Sections were fixed with 4% paraformaldehyde in PBS for 1h at
room temperature, washed twice with PBS, and incubated with blocking solution (5% goat
normal serum) followed by primary antibodies (RECA, 1:250) at 4°C overnight and then with
goat anti-mouse IgG Alexa-488 (Molecular Probes, 1:500 dilution). After a short fixation
step, the next primary antibody (GFAP, Chemicon, rabbit, 1:2000) was applied followed by
goat anti-rabbit Alexa 647 (Molecular Probes, 1:500 dilution) in blocking solution at 4°C for
24h. Fluorescence signals were detected with a confocal Nikon E800 microscope at
excitation/emission wavelengths of 495/519 nm (green),and 650/668 nm (blue). For the
immunolabeling combination NG2/GFAP, we used the secondary antibody sheep anti-rabbitFITC to detect oligodendrocytes followed by sheep anti-mouse rhodamine to localize
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astrocytes. Finally, a third fluorochrome was added (TOTO-3) that binds to nuclear DNA and
hence stains nuclei blue. Fluorescence signals were detected with a confocal Nikon E800
microscope at excitation/emission wavelengths of 495/519 nm (green), 578/603 (red) and
650/668 nm (blue).

4.2.3. Results
4.2.3.1 Behavior
Twenty-four hours after surgery, the clinical status of the animals was assessed using
the Bederson test. At this timepoint, about 70% of animals that had undergone cerebral
ischemia showed obvious neurological deficits, including paresis of the contralateral
extremities, particularly the hindlegs, and rotation when lifted above the cage floor. Shamoperated animals showed no neurological deficits (Grade 0). In the first 24 hours after
surgery, the animals were somewhat listless, probably in part due to the aftereffects of the
anesthesia and surgical stress. This condition improved to some extent in the ensuing days,
although the animals tended to remain sensitive to external stimulation and noises. There was
no apparent difference in the clinical status of young and aged rats during the 28-day postsurgical survival time. Although hematologic parameters showed some age-associated
differences, notably blood pressure, the differences were not statistically significant (Table 1).
Before surgery, the only statistically significant difference in performance of the two age
groups was a 30% decrease in spontaneous activity of the aged rats relative to the young
animals (Fig. 1E). Following infarction, most infarcted animals showed disturbances of
sensorimotor function, with aged animals recovering more slowly, if at all, in some tests. As a
general observation, all rats had diminished performance on the first post-surgical day, part of
which was attributable to the surgery itself (as evidenced by impaired Rotarod performance in
sham-operated rats, Fig. 1B). The drop in performance on day 1 also depended on both age
and the difficulty of the testing. For instance, in the Rotarod test, aged rats showed a decline
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of about 50% on day 1 while the young rats showed a decline of about 30% (Fig. 1D). In
addition, young rats fully recovered after 3 to 14 days, depending on the type of test, while the
aged rats recovered only to about 70% of pre-surgery performance levels. The differences in
the degree of recovery between the two age groups was statistically significant except for the
tests of spontaneous activity and symmetry of limb movement, probably due to the high interanimal variability shown by aged rats on these tests. There were, however, two notable
exceptions regarding the age-related differences in the extent of recovery: first, the extent of
recovery in spontaneous activity was rather low for both young and aged animals (Fig. 1E);
second, after a brief period of improvement in the first three days of recovery, there was a
drop in performance of aged rats on the inclined plane test after day 3 that never returned to
control values. By comparison, the inclined plane task was easily mastered by the young rats
during the recovery period (Fig. 1F). Similarly, there was poor recovery of bodily
proprioception in aged rats (Fig. 1A). Note that the sham-operated rats showed recovery rates
that exceeded 100%, which could be attributable to a training effect (Fig. 1B).

4.2.3.2. Histology
Acid-vanadium-fuchsin staining, a marker of neuronal degeneration, revealed age-related
differences in the viability of cells in and around the infarct core. The intensity of staining for
necrotic nuclei at day 14 in the penumbra was greater in young animals (Fig. 2A) than in aged
animals (Fig. 2B)., Ihe infarct core was also visualized by immunohistochemistry for NeuN, a
sensitive marker of neuronal degeneration (Fig. 2C, D). Based on this stain, the areas most
affected by stroke were the parietal and, to a lesser extent, posterior frontal cortex.
Measurement of the infarct volume using NeuN immunohistochemistry revealed no
significant difference in the volume of cortical infarcts between young and aged rats (37 % ±
5.1 % for the young rats and 41 % ± 3.9 % for the aged rats).
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4.2.3.3. Time course of ED1 expression
Using a monoclonal antibody raised against the cytoplasmic determinant of brain
macrophages (clone ED1), we found in young rats that, at 3d post-surgery, immunostaining
was associated with a small number of cells at an incipient stage of activation (Fig. 3A and
the inset). The process of activation continued in the ensuing days so that by day 7 there were
many activated microglia-like cells that still displayed distinct processes (Fig. 3B, inset). The
microglial cells were fully activated at day 14 (Fig. 3C, inset) and remained highly activated
though day 28 (Fig. 3D).
The situation was quite different in aged animals. A great number of microglia-like cells
were fully activated at day 3 post-surgery (Fig. 3E) and the process reached a maximum at
day 7 (Fig. 3F). Thereafter the intensity of the microglial reaction diminished progressively
with time, but was still evident even at day 28 (Fig. 3G, H, insets).

4.2.3.4 Time course of GFAP expression
At 3 days following the ischemic event, clusters of GFAP-immunopositive cells were
occasionally observed in the ipsilateral cortex of young rats (Fig. 4A). The cells had
numerous filigreed processes resembling an early stage of the reactive phenotype (for
comparison, the astrocytic morphology in the contralateral region is shown in the insets of
Fig. 4). By day 7 the reactive phenotype became more prominent, with enlargement of the cell
bodies (Fig. 4B). This phenotye remained essentially unchanged by day 14 (Fig. 4C).
However, by day 28 two layers became apparent, one layer located very close to the infarct
core that contained long filamentous processes, and a peripheral layer containing typical
reactive astrocytic morphology (Fig. 4D).

A reactive astrocytic phenotype is normally

associated with advancing age and was consistently observed in the contralateral region of
aged animals (Fig. 4E). However, after an ischemic episode, there was an intense astrocytic
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reaction already at day 3 post-surgery, in sharp contrast with the mild reaction observed in the
damaged cortex of young animals at the same time point. At this early stage, the cells had
shorter and thicker processes than in young rats (Fig.4E), indicating a more advanced reactive
phenotype. Although the reactive astrocytic phenotype persisted at the remaining time points
(Fig. 4 F, G, H), on day 7 the pattern in aged rats resembled that seen on day 28 in young rats,
i.e. we could distinguish two layers around the core, an inner area populated with astrocytes
having long, thin processes, and an outer layer populated with astrocytes having a slightly less
reactive phenotype (Fig. 4 F)(see

below for more details). Interestingly, we noted an

intensification of GFAP staining in the contralateral hemisphere of aged, but not young, rats
(E, F, G, insets).

4.2.3.5. Time Course of RECA expression
We used double labeling to assess the relationship between rat endothelial cells, which form
the inner lining of mature blood vessels, and astrocytic phenotype at different time points after
MCA occlusion in the two age groups. Although RECA by itself does not specifically stain a
discrete cellular structure within the scar tissue, it does result in diffuse staining within the
scar region that helps to locate the scar.
3 mo-old rats: In control rats, the vascular tree in the parietal cortex that was most affected by
stroke was intermingled with astrocytes that were evenly distributed in layers 1-III (Fig.5AC). In the first week after the ischemic event, a disintegration of blood vessels concomitant
with an invasion of the infarct core by astrocytes was apparent (Fig. 5D-F). After 4 wks, a
thin, compact scar penetrated by numerous astrocytes having long processes had formed (Fig.
5G-I and the inset). Occasionally, beyond the scar newly formed blood vessels in tight
association with astrocytes were visible (Fig. 5G, H).
20-mo-old rats: In aged control rats, the cortical blood vessels were thinner and often had a
fragmented appearance (Fig. 6A-C). In aged, infarcted rats, a sequence of events similar to
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that observed in young rats also occurred, but at a much faster pace. Thus, at 3d post-stroke,
blood vessels were fragmented, and some RECA immunoreactivity co-localized with
astrocytes (Fig. 6D-F). By one week, a scar-like formation that was fully penetrated by
reactive astrocytes was already apparent (Fig. 6G-I and inset). By 14d post-stroke, the infarct
core was firmly demarcated by well-formed scar tissue. (Fig. 6K-M).

4.2.3.6. Time course of chondroitin sulfate proteoglycan expression.
At

three

days

post-stroke,

NG2-immunostaining

showed

strong

activation

of

oligodendrocytes, which otherwise are barely visible under our experimental conditions, both
in young and aged rats (Fig. 7A,B, green). In the infarct core at one week post-lesion,
scattered NG2 immunoreactivity (Fig. 7C) intermingled with moderately activated astrocytes
(Fig. 7C, red) as well as nuclei that were most likely of hematogenous origin (Fig. 7C, blue).
In aged rats, activated oligodendrocytes displaying NG2 immunoreactivity (Fig. 7D)
persisted in the outermost scar region at 1-2 wks. Highly activated astrocytes (red) penetrated
the outermost scar region (Fig. 7D, arrow). At 4 wks, the image from young rats was
reminiscent of that of aged rats (Fig. 7E) at 2 wks, while in aged rats we noted a decreased
astroglial reaction in the scar region on a chondroitin sulfate background (Fig. 7F).
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4.2.4. DISCUSSION
Aging is a major risk factor for stroke, but how aging affects the response of the brain to
insult is poorly understood. The influence of aging on functional recovery is complex
(Shapira et al., 2002); in this study, we tested the hypothesis that a temporally abnormal glial
reaction in the brains of aged rats may impair functional recovery after stroke. Our findings
show that astrocytic, microglial and oligodendrocytic reactivity peaks very early after
transient ischemic insult in aged rats, resulting in the premature formation of scar-like tissue
and correlating with diminished recovery.
Cerebral ischemia produces a necrotic core in which the blood brain barrier is disrupted.
At a cellular level, focal cerebral ischemia elicits a strong inflammatory reaction initiated by
the activation of astrocytes, resident microglia and perivascular macrophages. After transient
ischemia, activated microglia express numerous antigens, including CD4 and major
histocompatibility complex (MHC) class I and II antigens, as well as phagolysosomes
recognized by the monoclonal antibody ED1. In young animals, microglia in the periinfarct
area evolve after 3-7 days into a phagocytosing phenotype (Zhang et al., 1997; Kato et al.,
1996; Lehrmann et al., 1997). In this model, reactive astrogliosis takes 2-4 days to develop
and is associated with the induction of of many proteins with potent biological effects, such
as transforming growth factor (TGF)-beta, the β-amyloid precursor protein (APP),
apolipoprotein E (ApoE) and lipocortin (Liu et al., 2001; Clark et al., 1993; Norenberg,
1994). Thereafter the number of reactive astrocytes and microglia decreases in the lesion core
but persists up to 7 days at the boundary zone (Chen et al., 1993; Li et al. , 1995). Between
days 7 and 14 the number of ramified microglia and astrocytes greatly declines in the outer
boundary of the lesion (Bidmon et al., 1997). Our results emphasize that the time course of
glial activation is strongly age-dependent.
Aging effects. Histological staining consistently has shown that the extent of neuronal loss
and infarct size are comparable in young and aged rats following cerebral ischemia (Popa-
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Wagner et al., 1998; 1999; Shapira et al., 2002), suggesting that other cellular factors could be
important for functional recovery. There is reason to suspect that glial cells might respond
differently to ischemia in the aged brain, since earlier studies have shown that microglia and
astrocytes increase both in number and reactivity in normal older subjects. For example, the
levels of glial fibrillary acidic protein (GFAP) and its mRNA increase in the astrocytes of rats
as a function of age (Goss and Morgan, 1995; Nichols et al., 1995; Jalenques et al., 1995),
and microglial cells also display an age-associated augmentation of reactivity in a variety of
mammalian species (Vaughan and Peters, 1974; Jucker et al, 1994; Goss and Morgan, 1995;
Nichols et al., 1995; Jalenques et al., 1995; Peters, 2002; Yu et al., 2002; Vogelgesang et al.,
2002).
Generally there is an increased astrocytic reaction following injury to the aging CNS.
For example, nigrostriatal deafferentation causes a time-dependent induction of GFAP that is
larger and more persistent in aged rats than in young animals (Gordon et al., 1997).
Interestingly, the authors noted an intensification of GFAP staining in the contralateral
hemisphere of aged (but not young) rats, a phenomenon that was confirmed by our findings.
We also found that tissue morphology at one to two weeks after stroke in aged rats is similar
to that at 4 wks in young rats, i.e. in both instances we noted a scar-like formation, fully
penetrated by reactive astrocytes. Two weeks later in aged rats, the scar tissue is virtually
devoid of astrocytic processes. Hence, in aged rats astrocytic reactivity, much like microglial
reactivity, is short-lived following an early peak. We also noted a strong activation of
oligodendrocytes at early stages of infarct development in both young and aged rats that
persisted in older rats, suggesting the formation of an even stronger barrier to regenerationlike phenomena.
Intriguingly, we noted in aged rats shorty after the ischemic event a co-localization of
RECA-like immunoreactivity with with GFAP-like immunoreactivity. It is conceivable that
RECA-like immunostaining is due to angioblast-like circulating endothelial cell progenitors
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that are present in adult animals (Asahara et al., 1997; Rafii, 2000). Another possibility is that
circulating endothelial progenitor cells from bone marrow have leaked into the brain and
contribute to the RECA immunopositivity (Zheng et al., 2002). Still another possibility is that
activated astrocytes, which co-localize with cerebral blood vessels at 7 to 28 days after
ischemia, exhibit antigens specific for neuropilin-1 that are normally expressed by endothelial
cells (Zhang et al., 2001).
The early formation of the glial scar may impede functional recovery in aged rats. The
temporal correlation between an increase in glial activity after stroke in aged rats and the
decline in function lends support to this hypothesis. Interestingly, before surgery the aged rats
performed as well as young rats on most of the sensorimotor tests (except the spontaneous
activity test and, to a lesser extent the inclined plane test). In more dynamic tests like Rotarod,
the relatively good performance of aged rats could partly be attributable to the beneficial
effects of training prior to surgery. After the experimental ischemic episode however, young
animals generally recovered more rapidly and to a greater extent than did aged rats. A
peculiar finding was that there was a drop in performance of aged rats in the inclined plane
test after post-ischemia day 3 that never recovered to pre-stroke levels. Recent work indicates
that there are several possible strategies to diminish the extent of scar formation after cerebral
ischemia. For example, it has been shown that TGFβ is a potent reducer of the fibrotic scar by
reducing the levels of laminin, fibronectin and chondroitin sulphate proteoglycan (Logan et
al., 1999). Likewise, scar formation after injury could be reduced by the action of the matrix
metalloproteinases, MMP-2 and MMP-9 (Duchossoy et al., 2001), or by neutralizing the
action of the proteoglycan neurocan with anti-neurocan antibodies (Chen et al., 2002).
Recently it has been recognized that the control of the glial reaction is likely to be an
important therapeutic target (Moon et al., 2000). Thus, treatment with TGFβ1 and TGFβ2
resulted in a reduction of scar formation (Moon & Fawcett, 2001). Likewise, treatment with
2-propyloctanoic acid significantly reduced the expression of S-100beta and glial fibrillary
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acidic protein in activated astrocytes in the periinfarct area, concommitant with a significant
attenuation of neurologic deficits (Tateishi et al. 2002). Another therapeutic possibility would
be to diminish the astrocytic response to stroke in aged rats by blocking the L-type calcium
channels with verapamil (Klepper et al., 1995) or by using the immunosuppressant agent
cyclosporin (Wakita et al., 1995). Our finding that the glial reaction in the aged brain is
inappropriately accelerated supports the view that modulation of glial function might improve
the prognosis for recovery from stroke and other forms of brain injury in the elderly.

Table 1a. Serum arterial blood gas, glucose , blood pressures (BP)(1a) and temperature (1b) values *
pH
Groups
Age Condition before
7.356 ± 0.0306
3 mo Sham

PCO2 (mmHg)
during

before

7.295 ± 0.0350

Ischemia 7.377 ± 0.0109

PO2 (mmHg)

42.44 ±7.70

before
53.600±1.900 120.22±13.62

during
105.000±9.000

7.312 ± 0.0161

41.57 ± 1.62

54.489±3.307 135.11±9.23

7.374 ± 0.0131

7.336 ± 0.0141

49.66 ± 2.32

Ischemia 7.391 ± 0.0108

7.356 ± 0.0108

47.41 ± 1.89

20 mo Sham

during

Glucose (mg/dl)

BP (mmHg)
before

during

137.400±3.174

148.400±15.797 4.740±0.602

4.050±0.150

131.667±11.460 142.829±4,499

147.809±4.478

5.267±0.269

3.914±0.275

56.033±3.717 150.89±19.86

144.222±16.980 141.519±5.171

141.019±4.228

4.655±0.500

4.130±0.458

53.660±1.968 149.43±11.36

139.952±9,634

142.563±5.972

4.873±0.361

4.100±0.234

132.63±4.193

before

during

*Data are obtained 20 min before and 30 min after MCA occlusion

Table 1b.
Temperature
Before
During

3 – 5 Mo
Sham
35,500 ± 0,329
36,380 ± 0,206

20Mo
Ischaemie
35,470 ± 0,198
36,610 ± 0,132

Sham
35.377± 0.256
36.367 ± 0.217

Ischaemie
36.270 ± 0.229
37.048 ± 0.0978

4

A

120

% Recovery

Score

3

140

2

B

100
80
60

1
40

3 mo
18 mo

0

stroke
sham

20

0

1

2

3

4

0

2

Days after Surgery

4

6

8

10

12

14

16

Days after Surgery

4

110

C

100

D

90

Score

% Recovery

3

2

80
70
60
50

3 mo
18 mo

18 mo
3 mo

40

1

30
0

1

2

3

4

0

2

Days after Surgery

20
18

6

8

10

12

14

16

120

E

110

14

Relative angle

# Crossings

16

4

Days after Surgery

12
10
8
6
4

3 mo
18 mo

2
2

4

Days after Surgery

6

100
90
80
70
60

0
0

F

8

18 mo
3 mo

50
0

2

4

6

8

10

12

14

16

Days after Surgery

Fig. 1 Functional recovery (A, sensory; B, D rotarod; C, symmetry of movement of the
four limbs; E, spontaneous activity; F, inclined plane) of young and aged rats after
reversible cerebral ischemia. Note the age-related decline in spontaneous activity (E) and
the decline in performance on the inclined plane (F) before surgery. Generally, there was a
drop in performance in both age groups shortly after the operation, part of which could be
attributed to the surgical stress (B). Young rats fully recovered after 7-14 days in all tests
except spontaneous activity, Aged rats, on the contrary, showed reduced levels of recovery
in all tests, especially on the inclined plane (F).

Fig. 2 Histological staining of the infarcted tissue. Acid-vanadium-fuchsin staining
revealed that the intensity of degeneration of necrotic cells (arrows) in young animals (A)
greatly exceeded that of aged animals (B). The infarct core was also visualized by NeuN
immunostaining in young (C) and aged (D) rats; note that the core is mostly devoid of
immunostained cells. Bar, 50 µm. IC = infarct core.

Fig.3 Development of microglial activation after cerebral ischemia. Note the gradual activation of microglia in the infarcted area of young rats
at days 3 (A) and 7 (B), as well as the persistent expression of fully activated microglia at days 14 (C) and 28 (D). In aged rats, there was an
early, massive activation of microglia at days 3 (E) and 7 (F) followed by a decline in number and activated phenotype at days 14 (G) and 28
(H). Bar, 50 µm, inset, 20 µm.

Fig. 4 Development of astrocytic activation after cerebral ischemia. Note the gradual activation of astrocytes in the infarcted area of young rats
at days 3 (A), 7 (B) and 14 (C), as well as the demarcation of a scar-like formation at the periphery of the infarct core at day 28 (D, arrowheads).
In aged rats, the reactive astrocytic phenotype was already apparent at day 3 and rapidly evolved to a scar-like formation at day 7 (F) that
persisted through days 14 (G) and 28 (H), albeit in slightly different forms. Insets show the astrocytic phenotype in the contralateral hemisphere.
Note the intensification of GFAP staining in the contralateral hemisphere of aged but not young rats in the first 2 weeks post stroke (E, F, G).
Bar, 50 µm. IC = infarct core.

Fig. 5 Development of scar tissue after cerebral ischemia in young rats. Double
immunofluorescence for the endothelial cell marker, RECA (green) and the astrocytic
marker, GFAP (violet). In the contralateral hemisphere at day 7, note the close association
of astrocytes with blood vessels in cortical layers II-III (A-C). In the lesioned hemisphere at
day 7, the blood vessels had disintegrated, concomitant with the accumulation of reactive
astrocytes around the infarct core (D-F). After 4 wks, a dense, thin scar had formed (arrow),
penetrated by numerous astrocytes having long processes (G-I). The inset (H) shows a more
detailed view of astrocytes having very long processes across the scar. The frequency of the
illustrated staining patterns is shown in yellow boxes to the right. Red bar, 50 µm; yellow
bar, 30 µm.
CX, cortex; IC = infarct core. Arrowheads denote blood vessels.

Fig. 6 Development of scar tissue after cerebral ischemia in aged rats.
Double immunofluorescence for the endothelial cell marker, RECA (green) and the
astrocytic marker, GFAP (violet). Note the thin, short blood vessels intermingled with
astrocytes in layers II-III of aged (unlesioned) rats (A-C). At 3d post-stroke, blood
vessels were fragmented and co-localized with stellate-like cells (yellow arrow) that
were also GFAP-positive (D-F). A scar-like formation (red arrow), fully penetrated by
reactive astrocytes, is already visible at day 7 (G-I). A more detailed view of activated
astrocytes at this stage is shown in the inset (H). By day 14 the infarct core is firmly
demarcated by well formed scar tissue, with astrocytic processes lining, and to some
extent penetrating, the scar tissue (K-M). The frequency of the illustrated staining
patterns is shown in yellow boxes to the right.
Red bar, 50 µm; yellow bar, 30 µm. IC = infarct core. Arrowheads denote blood vessels.

Fig. 7 Development of oligodendrocytic activation after cerebral ischemia. Nuclei are
shown in blue; astrocytes in red and oligodendrocytes in green. Note the strong
oligodendrocytic reaction at day 3 after stroke in both young (A) and aged rats (B). At all
ensuing time points, oligodendrocytic (NG2) immunoreactivity in both young (left column)
and aged (right column) animals remained confined to the astroglial scar (C through F). Also
note the close association of NG2-immunoreactivity with blue-stained nuclei in the scar
region (D, red arrow). At 4 wks post-ischemia, the image from young rats (E) resembles that
of aged rats (D) at one week, while in aged rats we noted a decreased astroglial reaction in
the scar region on a chondroitin sulfate background (F).
Bar, 30 µm. IC = infarct core. Yellow arrows point to the scar region
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4.3. Early and persistent accumulation of beta-amyloid and delayed expression of the
plasticity-associated proteins MAP1B and ßAPP in the brain of aged rats following mild
cerebral ischemia

Abstract
Background and Purpose. The age-related decline in plasticity of the rodent brain may be
one underlying factor of poor functional recovery after stroke.In the present work we tested
the hypothesis that the decline in brain plasticity and could be the result of an age-related
decline in the upregulation of factors promoting brain plasticity (MAP1B, ßAPP) and an agerelated increase in the expression of factors acting neurotoxic (Abeta).
Methods: Focal cerebral ischemia was produced by reversible occlusion of the right middle
cerebral artery in 3 month- and 20 month-old male Sprague Dawley rats. The functional
outcome was assessed in neurobehavioral tests at 3-, 7-, 14- and 28 days after surgery. At the
indicated time points brains were removed and immunostained for Aß, as well as markers of
brain plasticity, ßAPP and microtubule-associated protein 1B.
Results: Behaviorally, young rats recovered gradually and reached a maximum of 90% of
baseline performance at day 14, post-stroke while the aged rats recovered only to a maximum
of 70% of pre-surgery performance by week 2 post-stroke, and remained at that level. The
temporal pattern of recovery correlated well with the expression of growth-associated
phenotype of ßAPP as well as with MAP1B accumulation in varicosities along axons (an
indicator of growth) in cortical areas affected by stroke and was at maximum between days 14
to 28 in young rats. In contrast, aged rats showed delayed (day 28) and reduced axonal
remodelling as well as a delayed (day 28) expression of growth-associated ßAPP. Instead, the
neurotoxic carboxy-terminal form of ßAPP steadily accumulated over time and reached a
maximum at day 14 in aged rats as compared to 28d for the young rats.
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4.3.1 Introduction
Although the incidence of ischemic stroke increases dramatically with advancing age
(Wolf et al.,1991), relatively few studies have been conducted on aged animals (Millikan,
1992; Wang et al., 1995; Davies et al., 1995; Sutherland et al., 1996; Popa-Wagner et al.,
1998; Yao et al., 1999), which would mimic most closely the context in which stroke occurs
in humans. Studies of stroke in experimental animals have demonstrated the neuroprotective
efficacy of a variety of interventions, but most of these strategies that have been clinically
tested failed to show benefit in aged humans. One possible explanation for this discrepancy
between preclinical and clinical studies may be the role that age plays in the recovery of the
brain from insult. A better understanding of the effects of senescence on the plastic response
of the brain to stroke is needed to develop effective new treatment strategies.
The age-related decline in plasticity of the rodent brain may be one factor underlying
the poor functional recovery after stroke that is associated with decreased expression of
plasticity-related genes, such as the microtubule-associated protein 1B and β-amyloid
precursor protein βAPP, but also with the accumulation of neurotoxic factors such as
aggregates of the β-amyloid peptide (Aβ). A vast literature indicates that MAP1B (also
referred to as MAP5) expression is strongly associated with neuritic outgrowth during
development (Riederer et al., 1985; Calvert et al., 1987; Schoenfeld et al., 1989) as well as
with growth and plasticity phenomena after injury in the nervous system. For instance,
MAP1B is particularly abundant in axons of the olfactory nerve and dendrites of mitral cells,
the areas most involved in adult olfactory plasticity (Schoenfeld et al., 1989; Viereck et al.,
1989). Likewise, partial regeneration of the optic nerve after lesioning (crush) is associated
with upregulation of MAP1b and the phosphorylated form of MAP1B (Vecino & Avila, 2001;
Dieterich et al., 2002). It seems that a phosphorylated isoform of MA1B is involved in
maintaining growth cone microtubules in a dynamically unstable state (Gonzalez-Billault et
al., 2002). In previous work we have shown that, at one week one week following stroke,
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there was vigorous expression of MAP1B and its mRNA, as well as MAP2 protein, in the
border zone adjacent to the infarct of 3 month- and 20 month-old male Sprague Dawley rats.
Although these results suggested that the regenerative potential of the aged rat brain appears
to be competent up to 20 months of age, it was not clear how sustained the response was, and
whether it interfered with the expression of neurotoxic factors such as Aβ. Work done in this
laboratory and elsewhere has shown that with aging the expression of plasticity-associated
proteins becomes blunted and deregulated in response to challenge, especially in old rats
(Popa-Wagner, et al., 1999a).
βAPP responds to cerebral insult like an acute-phase protein (Banati et al., 1994) and
therefore is likely to participate in the cellular response to brain insult. For example, head
injury in humans is associated with elevations of Aβ-42 (Emmerling et al., 2000) and an
increased number of βAPP-immunoreactive neurons (Gentleman et al., 1995; Blumbergs et
al., 1994) as are other chronic and acute disorders of the central nervous system, including
infarction. (Snowdon et al., 1997) Ischemic stress increases intra-axonal β-amyloid precursor
protein (βAPP) levels and promotes the deposition of Aβ) in the human brain (Kalaria et al.,
1993; Jendroska et al., 1995) In rodents, βAPP expression is increased in the brain following
cerebral ischemia (Kalaria et al., 1993; Pluta, et al.,1994; Banati et al., 1995) and there is
evidence for accumulation of Aß as well (Ishimaru, et al., 1996). We hypothesized that the
upregulation and/or persistence of amyloidogenic proteins would be greater in aged rats than
in young rats following cerebral ischemic stroke. To test this hypothesis, and to investigate the
cellular mechanisms by which brain injury promotes Aβ accumulation in the aged brain, we
examined the functional recovery and time-course of expression of MAP1B, βAPP and Aβ in
the infarcted region of young and aged rats following an episode of mild ischemia.

4.3.2 Materials and Methods
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The experiments reported in this study were conducted in accordance with the statement
regarding the care and use of animalsand were approved by a federal animal care committee.
Animals, behavioural testing and surgery were as described in Section III.

4.3.2.1 Immunohistochemistry
Free-floating sections were processed for immunocytochemistry as previously described.
In short, after blocking in 3% donkey serum / 10 mmol/l PBS / 0.3% Tween 20, sections were
incubated overnight at 4°C with monoclonal antibodies recognizing either: (1) the N-terminal
epitope of βAPP (clone 22C11, mouse, 1:500, Boehringer Mannheim, Mannheim, Germany);
(2) the cytoplasmic carboxyl fragment 643-695 of βAPP (mouse anti-AlzPP, 1:200,
Chemicon)(see Amyloid-Schema, pp.81); the astrocytic marker glial fibrillary acidic protein
(GFAP, mouse, Roche, Mannheim, Germany); (4) a cytoplasmic determinant of brain
macrophages (mouse, ED1, 1:100, Serotec, UK); (5) MAP5 (mouse, 1:2000, Sigma. Munich,
Germany); (6) NeuN (mouse, 1:1000, Chemicon) in PBS containing 3% normal donkey
serum and 0.3% Tween 20. The primary antibody was detected using the ABC system
(Vectastain Elite Kit, Vector, Burlingame, CA). After extensive washing in PBS containing
0.3% Tween, sections were incubated overnight at 4°C with biotinylated donkey anti-mouse
IgG (Jackson ImmunoResearch Laboratories, West Grove, PA) diluted 1:400 in PBS
containing 1% normal donkey serum and 0.3% Tween 20. After washing in PBS, sections
were incubated for 2 hours at room temperature in ABC Elite reagent diluted 1:100 in PBS
containing 0.3% Tween 20. The antibody complex was then visualized with 0.025% 3',3'
diaminobenzidine and 0.005% hydrogen peroxide in 100 mmol/l Tris buffer (pH 7.5) for 5-10
min. Finally, the sections were mounted onto slides, air-dried and coverslipped using a
xylene-based mounting medium.

4.3.2.2. Immunofluorescence
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Microglial phenotype: double-immunostained sections were incubated first with the antibody
to Aβ (mouse, 1:100) in 3% donkey serum. After one day, sections were washed and
isolectin B4 (Sigma, 1 µg/ml) in 2% bovine serum albumin (BSA) was added. Microglia were
detected with streptavidin-Alexa 488 (1:400, Molecular Probes) and the Aβ phenotype was
identified with goat anti-mouse IgG Alexa 568 using a confocal microscope.
Astrocytic phenotype: double-immunostained sections were incubated first with the βAPP
(1:250, mouse) followed by GFAP (rabbit, 1:2000) in 3% donkey serum. βAPPimmunopositive cells were identified with biotinylated donkey anti-mouse secondary
antibodies followed by avidin-rhodamine. (1:2000, shown in green color). GFAP-positive
cells were identified by adding donkey anti-rabbit IgG Alexa 647 (shown in red color)
The specificity of the antibodies was verified on Western blots and by omission of the
primary antibodies in immunocytochemical experiments. For Aβ immunochemistry,
specificity was further assessed by pre-incubation of the primary antibody with an excess of
the Aβ peptide (Sigma).

4.3.3. RESULTS
4.3.3.1 Time course of βAPP-like immunoreactivity
In both young and aged rats, N-terminal βAPP immunoreactivity was associated with cells
having an astrocytic morphology (Fig.3)(for details see below). However, we noted a clear
age-related time-course of βAPP expression in the form of two basic phenotypes, one
between 3-14d and a different one between 14-28d.
Young rats: There was no detectable βAPP-immunoreactivity in sham-operated rats or in the
contralateral, unlesioned hemisphere. At day 3, the lesioned hemisphere of young rats was
still almost devoid of βAPP-like immunoreactivity (Fig. 3A). The first noticeable staining
occurred at day 7, mostly in rod-like structures (arrowheads) often associated with blood
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vessels (arrows) (Fig. 3B, inset). With increasing time (14d) the βAPP-like immunoreactivity
evolved into a massive staining circumscribing the infarct core: in cortical layers I-II, the
processes have a morphology reminiscent of astrocytes with prominent end-feet (Fig. 3C,
arrowheads), and in deeper layers, rod-like cellular structures are evident that seem to
emanate from the corpus callosum (Fig. 3C arrows). Although these processes appear at low
magnification to be morphologically different, at higher magnification (insets), both types of
staining represent similar rod-like structures that are much more prominent in the superficial
cortical layers I-II. Despite advanced tissue necrotization, this staining pattern persisted
through day 28 (Fig. 3D) in young rats.
Aged rats: In cortical layers I-IV, aged rats showed considerable expression of βAPP in cells
having a reactiveastrocyte-like morphology much earlier than in young rats, i.e. at day 3 poststroke (Fig. 3E, inset). Despite progressive tissue necrotization and disintegration, this
staining pattern essentially persisted through days 7 (Fig. 3F) and 14 (Fig. 3G) to eventually
evolve into a morphologic pattern much like that in young animals at 28d (Fig. 3H).

4.3.3.2. Cellular phenotyping of ßAPP
By morphological criteria, βAPP immunoreactivity appeared to parallel closely the expression
of the astrocytic marker, GFAP. However, double labelling experiments using both neuronal
and astrocytic markers revealed a more complicated picture (Fig. 5). In both age groups,
GFAP and βAPP did colocalize in astrocyte-like cells in deeper cortical areas circumscribing
the infarcted area, but not in the outer region of the infarct near the cortical surface (Fig. 5A).
To our surprise, βAPP immunoreactivity in areas circumscribing the infarct core also colocalized with a marker for migrating neuroblasts (doublecortin; Fig. 5B). In regions more
remote from the infarct core, βAPP co-localized with the neuronal marker calbindin (Fig. 5C).
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4.3.3.3 C-Terminal ßAPP immunohistochemistry
Using a monoclonal antibody raised against the carboxy terminal amino acids 643-695 of
βAPP (see Diagramm 1), we found an early expression in cortical layers I-III at 3d poststroke in both young (Fig. 4A) and aged (Fig. 4E) rats that was associated with cells having
an irregular morphology ranging from ovoid to activated-like microglia structures. There
was no detectable immunoreactivity in sham-operated rats, or in the contralateral, unlesioned
hemisphere. Thereafter the C-terminal βAPP-positive cells increased both in number and
staining intensity, a process that was augmented in aged rats at 14d (Fig. 4F, G) as compared
to young rats (Fig. 4B, C) at the same time points. By 28d post-infarct, the intensity of
staining was nearly the same in the two age groups.

4.3.3.4. Quantitation of the C-terminal βAPP load.
The integrated density of the C-terminal βAPP load, as calculated from immunochemical
staining using the C-terminal βAPP antibody, revealed a steady increase of C-terminal βAPP
immunoreactivity in the infarct region of young rats that reached a maximum at day 28 poststroke (5.6-fold with reference to day 3, p=0.001)(Fig. 4H). In aged rats, there was a more
rapid increase in C-terminal βAPP staining, such that the maximum was achieved at day 14
(3.7-fold increase over day 3, p=0.001, and 2-fold greater than in young rats at day 14,
p=0.04). At 28d the C-terminal βAPP load was roughly the same for the two age groups.

4.3.3.5. Phenotype of cells expressing C-Terminal βAPP
Double-immunostaining for βAPP and isolectin B4 for microglia showed that, although the
two antigens had a similar tissue distribution, they do not overlap in young or aged rats
(Fig. 5D).
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4.3.4. MAP1B mRNA expression in the cortex of young and aged rats

MAP1B mRNA was robustly expressed in cortical layer V in the parietal cortex of 3-mo-old
control rats as shown in Fig.6A. At 20 mo of age there was an age-related decline in the levels
of MAP1B mRNA (Fig. 6F).

4.3.4.1. MAP1B mRNA Response to Stroke in Young and Aged Rats
At 3d following the cerebral infarct, MAP1B mRNA began to decline in the infarcted cortex
of the 3-mo-old rats (Fig. 6B) and was virtually absent in the infarct core (Fig. 6B). The
decline in MAP1B mRNA levels continued at 7d (Fig. 6C) and 14d ( not shown). Thereafter,
however we noted at 28d clear signs of recovery (95%, p = 0.03, Fig. 6E) at the level of
MAP1b (gene) transcription in cells with neuronal morphology along the interface between
the penumbra and infarct core (Fig. 6D, E), suggesting an increased synthesis of MAP1B
mRNA by healthy neurons very close to the infarct core.
The time course of MAP1B mRNA expression was very different in aged rats. After a
sharp decline in MAP1B levels in the affected cortical area, we noted some recovery by day 7
(Fig. 6H) that reached a maximum at day 14 (81%, Fig. 6I). Thereafter the levels remained
about the same (Fig. 6K, 28d), i.e. long-term recovery of MAP1B expression appeared to be
diminished in aged rats compared to young controls.

4.3.4.2. MAP5 (Protein) Expression in the Cortex of Young and Aged Rats
The time course of morphological and quantitative changes in MAP5 immunostaining in the
parietal cortex of 3-mo- and 20-mo-old rats is shown in Figure7. MAP5 immunostaining in
layers I to V of the sham-operated or contralateral (non-infarcted) cortex of the 20-mo-old rats
showed age-associated structural changes, with a reduction in the length of processes (Fig. 7A
vs. 7E) At 3d, cerebral ischemia resulted in a gradual reduction of MAP1B immunostaining
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in the infarct core of young rats with a concomitant increase in cell body staining (Fig.7B,
arrows) and a rapid, massive loss of neuronal somata in aged rats (Fig 7G). However, even at
this early stage MAP1B began to be upregulated in neuronal processes in the penumbra of
aged rats (Fig. 7G, arrowheads). A similar phenomenon occurred a few days later in the
cortex of young rats (Fig. 7C) and reached a maximum at 14d (Fig. 7D) and stayed at high
levels through day 28 (Fig. 7E). Most interestingly, however, at 14d we noted in 78% of
young animals an accumulation of MAP1B immunoreactivity in string-of-beads-like
structures (Fig.7D, inset), a process initiated by day 7 and that is indicative of axonal
formation (see Discussion). In aged rats the immunoreactivity both in fibers and cell bodies
reached a maximum at days 7-14 (4.4-fold, p = 0.01; Fig. 7K) and persisted at high levels
through day 28 (Fig. 7I). Small dots along fibers (string-of-beads), similar to those seen in
young rats, were visible at the edge of the infarct core of aged animals at 28d (Fig. 7D vs 7I).

4.3.5 DISCUSSION
Aging is a major risk factor for stroke and an impediment to brain plasticity, but how
aging affects the functional adaptability of the brain after injury is poorly understood. In this
study we found that an early and persistent expression of the neurotoxic fragment Aβ, in
conjunction with a delayed expression of plasticity proteins such as MAP1B and ßAPP, may
hinder functional recovery in aged rats.
Histological staining consistently has shown that the extent of neuronal loss and infarct
size are comparable in young and aged rats following cerebral ischemia (Popa-Wagner et al.,
1998; 1999; Shapira et al., 2002) suggesting that other cellular factors could be important for
functional recovery. It is conceivable that the degree of functional recuperation may reflect
the outcome of growth phenomena supported by brain plasticity-associated proteins such as
MAP1B and βAPP and degenerative processes including an inflammatory reaction as well as
release of neurotoxic factors such as the carboxyl fragment of βAPP.
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Our previous studies have shown that middle-aged rats are still capable of upregulating
plasticity proteins such as MAP1B in the perilesional cortex at 7d after an episode of severe
cortical infarction. At the same time, however, there was a massive accumulation of Aβ
aggregates in the same region (Popa-Wagner et al., 1998, 1999b). In the present study we
make a detailed analysis of the time course of MAP1B and Aβ expression after a mild episode
of cerebral ischemia. We have found that the age-difference in the cellular and molecular
response to mild ischemia is greater than for severe ischemia.
In infarcted areas of the brains of young rats subjected to an episode of mild ischemia,
the MAP1B mRNA dropped to a minimum at day 7 and almost fully recovered by day 28,
whereas in aged animals, after a rapid decline at 3d the recovery was slow and reached a
plateau representing about 80% of initial levels by day 14. This pattern of MAP1B mRNA
expression also was seen at the protein level, and temporally correlates with the recovery of
function that reached a plateau at day 14 for both age groups. The extent of recovery,
however, correlated with the amount of fibers showing a string-of-beads morphology. Similar
varicosities recently have been detected on axonal extensions in cultured dorsal root ganglion
neurons (Franzen et al., 2001), suggesting that MAP1B accumulation in varicosities is an
indicator of growth phenomena and can be a measure of cortical plasticity. Interestingly, we
have observed a similar string-of-beads morphology in the cortex of rats after seizure activity,
which is regarded as a model of synaptic plasticity (Popa-Wagner et al., 1997).

This

inference is further supported by data showing that MAP1B plays a role in neuronal
differentiation (Gordon-Weeks and Fischer, 2000) and axonal formation (Gonzalez-Billault et
al., 2001, Wu et al., 2001) whereby MAP1B acts as a surface receptor for myelin-associated
glycoprotein (MAG) (Tanner et al., 2000); Franzen et al., 2001). Although the exact
localization and function of MAP1B are not known with certainty, recent work indicates that
at least some MAP1B may be expressed as a neuronal plasma membrane glycoprotein
whereby MAP1B may modulate glia-axon interactions by binding to the myelin-associated
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glycoprotein, MAG (Franzen et al., 2001). This finding is further strengthened by a recent
reports showing that MAP1B, light chain (MAP1B-LC) binds to gigaxonin, an axonal protein
implicated in giant axonal neuropathy (Ding et al., 2002). Furthermore, mice carrying a
mutation in the MAP1B gene exhibit ataxic gait and spastic tremor of the hind limbs
(Nalbantoglu et al., 1997), and an abnormal brain structure including reduced axon caliber
and layer disorganization indicating that MAP1B expression is essential to the proper
functioning of certain brain regions in adult rodents (Takei et al., 1997; Meixner et al., 2000;
Gonzalez-Billault et al., 2002). In vitro work also implicates MAP1B more generally in
microtubule dynamics and especially in axon formation (Gonzelez-Billault et al., 2001).
Within this context, we noted maximal axonal myelination in cortical areas affected by stroke
at 14d in young animals and 28d in aged rats suggesting a delayed axonal remodelling in aged
rats. Along the same line, previous studies have described a decreased sprouting response and
a blunted up-regulation of growth-associated proteins in the hilus of aged animals after a
perforant path lesion or deafferentation of the dentate gyrus (Hoff et al., 1982; Woods et al.,
1998; Stone et al., 2000).
Substantial evidence suggests that βAPP also is involved in the regulation of neuronal
growth and survival. Alternative processing of βAPP can result in liberation of the secreted
forms of βAPP (βAPPs), which may influence neuronal plasticity and survival, or of Aβ,
which can be neurotoxic. Intrathecal administration of a 17-mer peptide of βAPP, 20 min
prior to ischemia and once daily for 3 days thereafter, has been shown to significantly reduce
neurological

damage.Furthermore,

postischemic

administration

of

these

βAPPs

intracerebroventricularly protects neurons in the CA1 region of rat hippocampus against
ischemic injury. Alternatively, it has been proposed that βAPP exerts its neurotrophic activity
by: (i) potentiating the neurotrophic activity of NGF (Wallace et al., 1997) or (ii) via
telomerase, an enzyme that is required for the long-term survival of early post-mitotic neurons

79

(Fu et al., 2002). The signal transduction pathway activated by neurotrophic APP involves
among others, phosphatidylinositol-3-kinase-Akt and p2/p44 mitogen activated protein
kinases (Cheng et al., 2002).
The peak of βAPP immunoreactivity occurs at 14d post-stroke in young animals, a time
point that again correlates with the maximum recovery of animals in more complex tests like
rotarod. Although in our model the aged rats are much more likely to express βAPP at an
early stage of infarction, the βAPP phenotype that seems to correlate with the degree of
functional recovery is expressed much later, i.e. at 28d, and was similar to the expression of
varicosities along MAP1B fibers. Although morphologically, βAPP is highly related to the
astrocytic morphology, and the two cell types overlap to a considerable extent, the plastic
βAPP phenotype also co-localized with doublecortin, a marker expressed after stroke by
neuroblasts that migrate from the subventricular zone into the damaged area (Arvidsson et al.,
2002).
Concurrently with expression of growth-supporting proteins such as MAP1B and
βAPP there is expression of potentially neurotoxic factors such as the carboxy-terminus of
βAPP.Recent evidence derived from mice expressing the 100-amino-acid carboxy terminal
fragment of βAPP indicates that the this fragment may promote synaptic degeneration and
neuronal death.(Oster-Granite et al., 1996). Notably, this process is accelerated with
increasing age (Oster-Granite et al., 1996). Likewise, a fivefold increase in Aβ has been
reported for aged transgenic mice overexpressing the 695-amino acid isoform of human
βAPP (Hsiao et al.,1996). Although its toxic action may be a result of increased
inflammatory response to Aβ secretion or deposition as has been shown in a transgenic
mouse model of Alzheimer’s disease (Gitter et al., 2000; Matsuoka et al., 2001), our results
show that Aβ does not actually overlap with microglia as stained with the isolectin B4 in
young or aged rats. Alternatively, the toxic action of Aβ could be due to annihilation of heme
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oxygenase, an enzyme whose product, bilirubin, is antioxidant and neuroprotective
(Takahashi et al., 2000). It seems that in general an overexpresison of βAPP695 in
postmitotic neurons results in neuronal degeneration due to intracellular accumulation of this
isoform (Nishimura et al., 1998).
In this study, the carboxy terminal form of βAPP steadily accumulated over time,
although the time course of Aβ expression was not as different between the two age groups as
was that of βAPP. However,by quantitative analysis the intensity of Aβ immunostaining in
aged rats reached a maximum earlier, i.e. at day 14 as compared to 28d for the young rats this
result that may explain, in part, the slower rate and stagnation of recovery in aged rats.
Within this context, the deregulation and reduction of the levels of the plasticityassociated proteins MAP1B and βAPP in conjunction with progressive accumulation of the
neurotoxic carboxyl fragment of βAPP provides further evidence for an impaired ability of
the aging brain to support plasticity-related phenomena.

Fig. 3 Immunohistochemical staining of N-terminal βAPP in the infarcted area of young rats at day 3 (A), 7 (B), 14 (C) and 28 (D). Note that
βAPP immunoreactivity was detectable as late as 7 days after mild cerebral ischemia in rod-like structures (arrowheads, insets) often
associated with blood vessels (arrows) (B, inset). Then βAPP-like immunoreactivity circumscribing the infarct core increased substantially
and persisted through day 28. In aged rats, note the early (3d) presence of numerous βAPP-positive cells displaying a reactive astrocyte-like
morphology in the infarct region of 20-mo-old rats (E). This phenotype persisted between days 7 (F) and 14 (G), and evolved into rod-like
structures at day 28 (H).

Fig.4 Immunohistochemical staining of C-terminal βAPP in the infarcted area of young rats at day 3 (A), 7 (B), 14 (C) and 28 (D). Note that
the C-terminal βAPP immunoreactivity was detectable as early as 3d post-stroke in both young and aged (E) rats in activated microglia-like
structures (insets). Thereafter the C-terminal βAPP-positive cells increased both in number and staining intensity, a process that was
augmented in aged rats at 14d (G and H, open circles) as compared to young rats (C and H, filled circles) at the same time-point. By 28d
post-infarct, the intensity of staining was nearly the same in the two age groups.
Abbreviations: N, number of animals; IC, infarct core. Bars: A-G = 50 µm; insets, 20 µm.

Fig. 5 Cellular phenotyping by double immunofluorescence and confocal microscopy. In
both age groups, GFAP (red) and βAPP (green) did colocalize in astrocyte-type cells in
deeper cortical areas circumscribing the infarcted area, but not in the outer region of the
infarct near the cortical surface (panel A). βAPP immunoreactivity in areas circumscribing
the infarct core also co-localized with a marker for neuronal migration, doublecortin (violet)
(panel B). In regions more remote from the infarct core, βAPP co-localized with the
neuronal marker Calbindin (red) (panel C). Although βAPP (green) was found in close
association with microglia (red) they do not, however, overlap (panel D). Bar, 50 µm.

Fig.6 Time course of MAP1B mRNA in the cortex of young and aged rats after cortical ischemia at 3-(B), 7-14(C), and 28d (D) following
MCA occlusion. Note that after a temporary reduction between days 3-14, the MAP1B mRNA levels recover up to 95% by day 28 (D). In
the aged rats, after a sharp decline in MAP1B levels in the affected cortical area at days 3 (G) and 7 (H), we noted some recovery that
reached a maximum at day 14 (I, K). Note the age-related decline in the levels of MAP1B mRNA in aged controls (sham operated) (F) vs.
young controls (A). A sense probe yielded no signal (not shown).
Abbreviations: CX, cortex; V, denotes cortical layer V. IC, infarct core. Bar, 50 µm.

Fig. 7 Time course of MAP5 (protein) in the cortex shown in young and aged rats after cortical ischemia at 3-(B), 7-14(C), and 28d (D) rats
following MCA occlusion. Note the age-related decline in the levels of MAP5 in aged controls (sham operated) (F) vs. young controls (A).
Cerebral ischemia resulted in a gradual reduction of MAP1B immunostaining in the infarct core of young rats with a concomitant increase in
cell body staining (B, arrows). Days later, however, MAP5 began to be upregulated in neuronal processes in the vicinity of the infarct (C) and
an accumulation of MAP1B imunoreactivity in string-of-beads-like structures became evident by day 14 (D, inset). Thereafter their number
declined by day 28 (E). In aged rats a rapid, massive loss of neurons in aged ratsoccurred by day 3 concomitantly with an upregulation of
MAP5 in neuronal processes at the infarct edge (G, arrowheads; H). Dots that were comparable to that of younger rats, became evident by
day 28 (I) .
Abbreviations: IC, infarct core; Bar, 50 µm.
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V. CONCLUDING REMARKS
Healthy aging is to a large portion determined by the ability to cope with adversaries. Lesioninduced brain plasticity is thus a major determinant of the aging process. Brain lesions e.g. by
stroke are indeed a major thread to elderly people. Although we have seen a great progress in
the characterization of adult brain plasticity in recent years, and have learned that – luckily –
adult brains are not as rigid as was thought for a long time, we lack information on the
specifics of the aging brain. Aging animals are expensive, difficult to obtain, and bigger and
more difficult to handle than the “young adult animals” which are usually used for
experiments. However, we are sure that it is extremely important to characterize brain
plasticity in the old animals, not only in the younger ones: indeed, one of the main reasons
why several protective strategies effective in animals did not work in the clinical world might
be the use of young instead of old animals. In a rat model of reversible ischemia we have
shown that the regenerative potential of the brain appears to be competent in older rats, albeit
at a slower pace, with respect to expression of plasticity proteins, MAP1B and ßAPP up to 20
months of age. We also found that the time course of functional recovery in young rats
correlated well with the expression plasticity proteins such as MAP1B and ßAPP while an
early and persistent expression of the neurotoxic fragment Abeta in conjunction with a
temporally anomalous gliotic reaction to cerebral ischemia in aged rats leads to the premature
formation of scar tissue that may impede functional recovery to stroke.
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