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There is nothing permanent, only changes.
At each moment a change is the truth.

ABSTRACT
The central nervous system is vulnerable to various insults and particularly to
ischemia. To mimic ischemia, a photochemical or compression lesion was induced
in the right sensory motor cortex of rat brains. We studied the time course of
ultrastructural changes in cortical neurones after lesioning, and the occurrence of
different types of neuronal death was examined with respect to a potential
therapeutic window. The lesion’s appearance was documented by magnetic
resonance imaging (MRI). At 0.5, 1, 3, 6, 12, 24, 48 and 72 hours post-lesion,
cortical neurones were examined by electron microscopy (EM). Following a
photochemical lesion, the neuropil in the lesioned area appeared disorganised at
0.5 h, while necrotic and apoptotic cells were identified as separate bodies. Three
hours later the tissue was disintegrated. On the contralateral side, ruptured
membranes were found at 3 h, which is a sign of irreversible cell death. Following a
compression lesion, apoptotic cell death was most frequent at 12 h in the lesioned
area, and signs of secondary delayed cell death, e.g. an enlarged endoplasmatic
reticulum, were found at 3 h.
Following a cortical photochemical lesion, neurogenesis was studied after beamwalking

and

fluoxetine

pre-treatment.

Dividing

cells,

confirmed

by

bromodeoxyuridine staining and EM, migrated to the border of the lesion, and their
number was enhanced after fluoxetine treatment.
Embryonic stem cells and bone marrow stromal cells, labelled with the iron-oxide
nanoparticle Endorem®, were implanted into rat brains following a cortical
photochemical lesion or a spinal cord compression lesion. Iron-containing cells,
confirmed by Prussian blue staining and EM, were injected either into the
contralateral hemisphere or intravenously into the femoral vein. The fate of
labelled cells was tracked in vivo using MRI, which at seven and 14 days postinjection showed labelled cells migrating to the injury site.
The time course of ultrastructural changes in spinal cord neurones following a
compression lesion was studied. EM showed at 0.5-6 h apoptotic and at 12-72 h
necrotic cell death in the vicinity of the lesion.
The studies demonstrate that the chosen models are useful when studying
ultrastructural changes in injured cells. As the morphology drastically changed at
3 h, the cellular alterations at this time point might represent a breakpoint at
which cells either progress towards cell death or recover. Fluoxetine enhances stem
cell migration towards a lesion. Endorem®-labelled stem cells remain viable and
migrate to a lesion site; thus, Endorem® can be used for MRI tracking of implanted
stem cells in animals and humans.
Key words: ischemia, cell death, repair, stem cells, neurogenesis, EM, MRI

LIST OF PUBLICATIONS
This thesis is based on the following publications, which are referred to by
their Roman numerals:
I.

Andersson B, Wu X, Bjelke B, Syková E.
Temporal profile of ultrastructural changes in cortical neurones after a
photochemical lesion.
Journal of Neuroscience Research. 77:901-912, 2004

II.

Andersson B, Bjelke B, Syková E.
Temporal profile of ultrastructural changes in cortical neurones after a
compression lesion.
Submitted.

III.

Šimonová Z, Andersson B, Námestková K, Lai LJ, Bjelke B, Syková E.
Neural stem cell proliferation and migration toward a photochemical
lesion enhanced by beam walking and fluoxetine pretreatment.
Submitted.

IV.

Jendelová P, Herynek V, DeCross J, Glogarová K, Andersson B, Hájek M,
Syková E.
Imaging the fate of implanted bone marrow stromal cells labelled with
superparamagnetic nanoparticles.
Magnetic Resonance in Medicine. 50:767-776, 2003

V.

Jendelová P, Herynek V, Urdzíková L, Glogarova K, Kroupová J,
Andersson B, Bryja V, Burian M, Hájek M, Syková E.
Magnetic resonance tracking of transplanted bone marrow and embryonic
stem cells labelled by iron-oxide nanoparticles in rat brain and spinal
cord.
Journal of Neuroscience Research. 76:232-234; 2004

VI.

Andersson B, Urdzíková L, Burian M, Syková E.
Temporal-spatial pattern of spinal cord balloon compression lesion
evaluated by electron microscopy and magnetic resonance imaging.
Manuscript.

LIST OF ABBREVIATIONS
ADCw
ATP
BrdU
BW
CNS
DNA
eGFP
ECC
EDN
EM
ER
ESCs
EWN
FOV
GFAP
GFP
i.p.
i.v.
ICC
IgG
IU
HCC
LM
MCAO
MION
MR
MRI
MSCs
NeuN
NMDA
NO
PBS
PD
RNA
SGZ
SPIO
SVZ
T
T2
TE
TEM
TR
TUNEL

apparent diffusion coefficient of water
adenosine tri-phosphate
bromodeoxyuridine
body weight
central nervous system
deoxyribonucleinacide
enhanced green fluorescent protein
oedematous cell changes
electron dense neurones
electron microscopy
endoplasmatic reticulum
embryonic stem cells
electron weak neurones
field of view
glial fibrillary acidic protein
green fluorescent protein
intra peritoneal
intra venous
ischemic cell changes
immunoglobulin
international unit
homogenising cell changes
light microscopy
middle cerebral artery occlusion
monocrystalline iron-oxide nanoparticle
magnetic resonance
magnetic resonance imaging
bone marrow stromal cells
neuronal nuclear antigen
n-methyl-D-aspartate
nitric oxygen
phosphate buffered saline
proton density
riboxynucleoacide
subgranular zone
superparamagnetic iron-oxide
subventricular zone
Tesla
relaxation time
echo time
transmission electron microscope
repetition time
terminal deoxynucleotidyl transferas nick end labelling

TABLE OF CONTENTS
TABLE OF CONTENTS....................................................................................................................... 8
INTRODUCTION................................................................................................................................ 10
GENERAL BACKGROUND .................................................................................................................... 10
CELL DEATH AND TISSUE REPAIR ....................................................................................................... 11
Stem cells...................................................................................................................................... 11
Cell death ..................................................................................Fel! Bokmärket är inte definierat.
THE PENUMBRA ZONE ......................................................................................................................... 14
BACKGROUND OF THE PRESENT WORK ............................................................................................... 15
Models of ischemia ....................................................................Fel! Bokmärket är inte definierat.
Beam-walking training and testing............................................Fel! Bokmärket är inte definierat.
In vivo evaluation of the lesion.................................................Fel! Bokmärket är inte definierat.
Superparamagnetic nanoparticles as contrast agents...............Fel! Bokmärket är inte definierat.
Electron microscopy ..................................................................Fel! Bokmärket är inte definierat.
AIMS ..................................................................................................................................................... 20
MATERIALS AND METHODS ........................................................................................................ 21
EXPERIMENTAL ANIMALS (PAPERS I-VI)............................................................................................ 21
LESION MODELS (PAPERS I-VI) .......................................................................................................... 21
Cortical photochemical lesion...................................................Fel! Bokmärket är inte definierat.
Cortical compression lesion ......................................................Fel! Bokmärket är inte definierat.
Spinal cord compression lesion .................................................Fel! Bokmärket är inte definierat.
BEAM-WALKING TEST (PAPERS I, III) ................................................................................................. 22
STEM CELL TRANSPLANTATION (PAPERS IV, V) ................................................................................. 23
Cell culture ................................................................................Fel! Bokmärket är inte definierat.
Iron-oxide and BrdU labelling .................................................Fel! Bokmärket är inte definierat.
Grafting of stem cells.................................................................Fel! Bokmärket är inte definierat.
MAGNETIC RESONANCE IMAGING (PAPERS I, IV, V, VI)..................................................................... 25
Imaging the brain ......................................................................Fel! Bokmärket är inte definierat.
Imaging the spinal cord.............................................................Fel! Bokmärket är inte definierat.
Imaging iron-oxide nanoparticles-containing cells...................Fel! Bokmärket är inte definierat.
HISTOLOGY (PAPERS I, III, IV, V) ...................................................................................................... 26
Morphological characterisation of the lesion ...........................Fel! Bokmärket är inte definierat.
Histochemistry...........................................................................Fel! Bokmärket är inte definierat.
Detection of iron-oxide nanoparticles containing cells............Fel! Bokmärket är inte definierat.
ELECTRON MICROSCOPY (PAPERS I-VI) ............................................................................................. 27
Tissue sampling .........................................................................Fel! Bokmärket är inte definierat.
Preparation for electron microscopy........................................Fel! Bokmärket är inte definierat.
Evaluation process ....................................................................Fel! Bokmärket är inte definierat.
RESULTS ............................................................................................................................................. 30
EVALUATION OF LESIONS (PAPERS I, VI)............................................................................................ 30
TIME COURSE OF ULTRASTRUCTURAL CHANGES IN CORTICAL NEURONES (PAPERS I, II) .................... 31
Cell densities .............................................................................Fel! Bokmärket är inte definierat.
Ultrastructure ............................................................................Fel! Bokmärket är inte definierat.
STEM CELL CONTRIBUTION TO LESION REPAIR (PAPERS III-V) ........................................................... 37
Endogenous stem cells after lesioning.......................................Fel! Bokmärket är inte definierat.
Implanted adult stem cells after lesioning .................................Fel! Bokmärket är inte definierat.
Implanted embryonic stem cells after lesioning ........................Fel! Bokmärket är inte definierat.
TIME COURSE OF ULTRASTRUCTURAL CHANGES IN SPINAL CORD NEURONES (PAPER VI).............. 43
Ultrastructure ............................................................................Fel! Bokmärket är inte definierat.
DISCUSSION ....................................................................................................................................... 44
THE MODELS ...................................................................................................................................... 45
Cortical photochemical lesion...................................................Fel! Bokmärket är inte definierat.

Cortical compression lesion ......................................................Fel! Bokmärket är inte definierat.
Spinal cord compression lesion .................................................Fel! Bokmärket är inte definierat.
CELL DEATH AND TISSUE DAMAGE FOLLOWING ISCHEMIA ................................................................. 46
Mechanisms of tissue damage ...................................................Fel! Bokmärket är inte definierat.
Mechanisms of cell death ..........................................................Fel! Bokmärket är inte definierat.
Cell changes on the contralateral sides.....................................Fel! Bokmärket är inte definierat.
Time windows in ischemia evoked damage ...............................Fel! Bokmärket är inte definierat.
STEM CELL CONTRIBUTION TO TISSUE REPAIR .................................................................................... 52
Neurogenesis .............................................................................Fel! Bokmärket är inte definierat.
Stem cell transplantation ...........................................................Fel! Bokmärket är inte definierat.
ELECTRON MICROSCOPY .................................................................................................................... 55
CONCLUDING REMARKS............................................................................................................... 56
ACKNOWLEDGEMENTS................................................................................................................. 58
REFERENCES..................................................................................................................................... 60

INTRODUCTION
General background
Injury in the central nervous system (CNS) causes cell damage or cell death.
Severe injuries include stroke and spinal cord injuries, which in our society are
two leading causes of death or adult disability. Following the initial damage from
stroke, all surviving patients recover to some limited extent. However, most
patients remain weak on one side, or hemi paretic: more than one-fifth are
dependent on others for assistance with the activities of daily living, and about
30% live in nursing homes (Carmichael 2003). Also, following spinal cord injury,
more than 88% of those who survive are forced to live in institutional residences
or with living assistance (Becker et al. 2003). The health care costs and the
estimated lifetime expenses are substantial. Furthermore, spinal cord injury
affects mostly young people during the most productive period of their lives, with
the average age at injury being 32 years. Stroke as well as spinal cord injury is
therefore a considerable problem in modern society.
The physiological background of stroke and spinal cord injury is ischemia. Either
a reduction in blood flow (hypoxia) or the total elimination of blood (anoxia) to
parts of the brain causes ischemic brain tissue or stroke. This primary insult
induces several toxic processes, including excitotoxicity, metabolic toxicity and
oxidative stress, which produce CNS degeneration. The acute insult of spinal cord
injury is usually compression or distraction, which is followed by progressive
ischemia and degeneration in the surrounding tissues. Ischemia produces cell
death and disability but also leads to a process of recovery and repair.
The most important clinical manifestation of the two disorders is functional
impairment. Previous clinical studies demonstrated that recovery generally
begins early after the insult, with the fastest improvement occurring during the
first or two weeks (Nhan et al. 2004) (Bernhardt et al. 2004). However, most
patients receive their first treatment many hours after symptom onset.
Furthermore, in clinical trials no drug has been proven effective as an acute
treatment. It is therefore of great importance to find time windows in which
therapeutic interventions are relevant.
Recovery mechanisms and tissue repair following ischemia are not yet
satisfactorily understood (Carmichael 2003). Advancements in stem cell research
offer new possibilities for studying these processes. For a long time it was

believed that the mammalian CNS was incapable of self-repair and regeneration
after injury (Björklund and Lindvall 2000). However, the situation has changed
in the last decade. Neuronal stem cells with the ability to produce new neurones
and glial cells remain in adulthood in some parts of the brain (Temple 2001), and
stem cells have been successfully transplanted into animal models of ischemia or
injury (Björklund et al. 2003) (Isacson 2003) (Silani and Leigh 2003). This opens
up new strategies for recovery and repair.

Cell death and tissue repair
Cell birth and death are joined together. Cell death is important in tissue
development, cell homeostasis and injury response. These processes, which also
include cell proliferation, are widespread in most mammalian tissues, and we know
today that they are also present in the nervous system. During early development,
excess neurones and glial cells are produced, some of which later die leaving the
required number of cells in the tissue. Stem cells in some specific areas in the
mature nervous system constantly divide and then either differentiate or die.
Following tissue damage, extensive neuronal and glial cell death is present, and
today there is evidence showing that lost cell populations are replaced by new cells
differentiated from stem cells.

STEM CELLS

Until recently, interest in stem cells was limited within neurobiology to studies of
neuronal development. From single embryonic stem cells (ESCs), the nervous
system develops by a process of division, differentiation and migration along
complex lineages. Some of the early cells, or precursors, in the developmental
lineage are stem cells. Stem cells are self-renewing; they divide to form copies of
themselves, and they are pluripotent; they have the capacity to differentiate in
response to different signals down a variety of lineages. Other precursors are
progenitor cells; they are committed to a particular lineage and divide into new
cells along the lineage and differentiate into a specific cell type. It has been the
prevailing view that neuronal differentiation was completed during early
development (Johansson 2003) (Gage 2000). However, the concept of the birth of
new neurones in adulthood in the mammalian CNS (adult neurogenesis) is
accepted today (Frisen et al. 1998) (Gage 2002). In the adult mammalian brain,
new neurones are generated in mainly two regions. In the subventricular zone

(SVZ) lining the lateral ventricles, and in the subgranular zone (SGZ) of the
hippocampal dentate gyrus, groups of astrocyte-like cells have been identified as
neuronal stem cells, which not only differentiate into glial cells but also into
neurones (Alvarez-Buylla et al. 2002) (Pleasure et al. 2000).
If we understand cell birth lineages during normal development, we might also be
able to manipulate and control neural precursor cells in vitro, thus allowing
expansion and controlled differentiation of neuronal stem cells, both in vitro and in
vivo. Useful methods have been developed for culturing different types of stem cells
and transplanting them into animal models of injury (Björklund and Lindvall
2000) (Björklund et al. 2003) (Isacson 2003). It has been shown that neuronal stem
cells persist throughout life in many mammals, including humans (Temple 2001),
and that progenitor cells can differentiate into neural tissue in the adult brain
(Gage 2002) (Taupin and Gage 2002) (van Praag et al. 2002). After brain ischemia
in animals, hippocampal pyramidal neurones have been shown to be recruited from
endogenous neural progenitors (Nakatomi et al. 2002). Also, ischemia-induced
neurogenesis in animals is thought to contribute to functional improvement (Abo et
al. 2001). Electrical stimulation of previously paretic hind limbs activates new
brain regions, contributing to recovery. This could be explained by enhanced
neurogenesis. Furthermore, it was shown that antidepressant treatments increase
the number of precursor cells in the dentate gyrus in adult rats (Malberg et al.
2000) and that learning enhances adult neurogenesis in the hippocampus (van
Praag et al. 1999).

CELL DEATH

To study cell death, cell death has to be recognised. However, there is no welldefined point at which a cell dies (Lipton 1999). The most satisfactory definition of
cell death is the point at which the cell becomes unable to recover its normal
morphology and function: the point of no return. Today, we do not know enough of
the death process to identify the point at which the cell biochemically and
metabolically loses its function (Lipton 1999) (Carmichael 2003). Therefore, the
best definition of cell death is the morphological one, i.e. ultimately the elimination
of the cell from the tissue either by cell disintegration or phagocytosis (Lipton
1999).
Cell death is conventionally classified into two forms of death, namely necrosis and
apoptosis (Kerr et al. 1972). Necrosis is always an abnormal event and results

entirely from outside influences. It involves a failure of cell homeostasis following
injury, which is of such extent that it overwhelms the normal cellular mechanisms
in the cell (Fawcett et al. 2001). The simplest necrotic pathways are events such as
mechanical damage, causing a disruption of the cell membranes, or anoxia leading
to a failure of ion membrane pumps and cellular swelling. However, damage that
does not kill the cell immediately but initiates specific intra- and extracellular
mechanisms may also lead to necrotic cell death. This can be seen in the nervous
system following ischemia. Three types of ischemic cell death are described at the
ultrastructural level: swollen “pale” neurones with oedematous cell changes (ECC),
condensed “dark” neurones with ischemic cell changes (ICC) and disrupted “ghost”
neurones with homogenising cell changes (HCC) (Lipton 1999).
Apoptosis has relatively recently been accepted as a cell death process in the
vertebrate nervous system, although apoptotic cell death in the development of the
nervous tissue of invertebrates has been well established for a long time (Fawcett
et al. 2001). Apoptosis is an active process that involves an inherent cellular
program leading to cell death and therefore is also called programmed cell death.
The process requires energy and protein synthesis. Apoptosis, as it is seen in
developmental tissue, differs morphologically and biochemically from necrosis. The
main criteria are chromatin condensation with nuclear pycnosis, DNA
fragmentation, membrane “blebbing” and cytoplasm shrinkage (Studzinski 1999).
However, in the adult nervous system apoptosis following damage may appear
with features similar to the features of necrosis. Still, apoptotic cell death is
considered to be present in nervous tissue following injury, and the morphological
features are subdivided into three different types of apoptosis (Fawcett et al. 2001).
The first type has the classical star-shaped appearance with dense pycnotic nuclei
and membrane “blebbing”. Finally, apoptotic bodies are detached from the cell
body. The second type is characterised by the formation of autophagic vacuoles and
sometimes the dilation of mitochondria and the endoplasmic reticulum (ER). Some
pycnotic nuclei and membrane “blebbing” might be seen. In type three neither
pycnotic nuclei nor membrane “blebbing” is present, but rather a marked
disintegration of the mitochondria, Golgi complex and ER. This type of apoptosis is
morphologically similar to necrosis.
In order to distinguish whether necrosis or apoptosis is present, different
approaches are used. DNA fragmentation, which is a hallmark of apoptosis, is
detected by biochemical techniques such as TUNEL staining on tissue sections or
DNA laddering in agarose gels. Prevention of cell death by inhibiting protein

synthesis, thus blocking apoptosis, is also a method to identify apoptosis. Another
most reliable method is to observe structural changes under the microscope and
ultimately to define the point at which the changes are irreversible and cell
morphology cannot be recovered. The criteria of irreversible neuronal death are
defined at the ultrastructural level. The two main criteria are dense flocculent
mitochondria and cell membrane ruptures (Auer et al. 1985a) (Auer et al. 1985b)
(Kalimo et al. 1977).

The penumbra zone
The region surrounding tissue with immediate cell death in the ischemic brain is
the penumbra area. The penumbra zone is defined by different criteria; most
straightforwardly, the penumbra is referred to as the area around the core of
infarction where neurones do not communicate but are viable. Defined in static
terms the zone is a cellular interface between the ischemic cells at the core of the
infarction, which are committed to die, and unaffected cells in areas with normal
blood flow (Hakim 1998). Defined as a zone of incomplete cerebral ischemia,
where neurones are functionally inactive but still viable, the area is explained in
biochemical terms (De Keyser et al. 1999). The literal translation: ”half shadow”
of the Latin word penumbra perhaps best describes the area.
Within the penumbra zone cells do not die immediately but rather after a delay of
some days. The cell death is not due to a rapid primary necrosis but to a cascade
of secondary changes induced by the ischemic event. This “delayed cell death” has
been shown to be mostly apoptotic (Fawcett et al. 2001). However, secondary
delayed cell death per se is defined as a separate type of cell death. Secondary
delayed cell death occurs following a brief trauma, not directly within a short
time, but after a substantial time delay (Kermer et al. 1999) of some hours up to
several days. The ultrastructural criteria are increasing stacks of ER, small
dense bodies and the formation of large vacuoles (Lipton 1999), which differ from
the criteria of apoptotic cell death. However, the affected neurones within the
penumbra zone could, due to the time delay preceding cell death, be targets for
neuroprotection (Kermer et al. 1999).

Background of the present work
Although neuronal death has been studied in experimental models of cerebral
ischemia, the time course of ultrastructural changes in ischemic neurones has not
been extensively studied. As an ischemic lesion progresses not only over time but
also over an area, it is of importance, when examining the time course of changes,
to determine a precise location for evaluating the tissue. It is therefore essential to
use lesion models that are well-defined in location and size. Instead of using only
one experimental model, different phases in the progression of ischemia can be
studied separately in different models, and the results of the models, taken
together, might give a better understanding of the progression of ischemia. Since
most cells within the penumbra zone are viable, they have the capacity to restore
their normal function and are therefore targets for therapeutic intervention.
However, the cells are viable only for a limited period, and the time course of cell
death in the penumbra zone is not yet known. Also, we know that new brain
regions are activated after lesioning, and therefore ultrastructural changes, not
only in the lesioned area but also on the corresponding contralateral side, are of
interest for study. The time course of ultrastructural changes, correlated with
behavioural tests and an in vivo evaluation of the lesion, gives the possibility to
define time windows in which therapeutic interventions could be possible.
Processes of regeneration and tissue repair are activated by the ischemia itself,
and we sought to study the contribution of endogenous and implanted stem cells
to these processes. As cell death is complete in experimental models mimicking
infarction, the best possibility to study tissue repair following ischemia might be
to study it in such experimental models. We aimed to study whether the
contribution of stem cells was enhanced after training, and therefore a unilateral
lesion, induced in the locus for hind limb and forelimb functions, was useful.
Different techniques to detect stem cells, endogenous as well as implanted, were
used. In addition to conventional histology for optical microscopy to study the
contribution of histochemically stained stem cells in the tissue, a new technique
for labelling cells with superparamagnetic nanoparticles was developed (Wang et
al. 2001) (Frank et al. 2003) (Bulte et al. 1999b). Nanoparticle-labelled cells can
be visualised in the brain or spinal cord in vivo using MRI, and in tissue, at the
ultrastructural level, using EM. By labelling stem cells with nanoparticles and by
using histological techniques together with MRI and EM, we have the better
possibility of tracking the fate of labelled cells.

MODELS OF ISCHEMIA

Different lesion models designed to mimic ischemia in animal brains or spinal
cords have been established. We aimed to study ischemia of varying severity. To
avoid a mixed pattern of morphological features when studying the time course of
these features in ischemic brains, two models, well-defined in location and size,
were used: a model of permanent cerebral ischemia mimicking the infarction and a
model of temporary ischemia mimicking the penumbra zone. Rats were used in the
experiments, and since the study included the evaluation of motor performance,
ischemia was induced in the area of the sensory motor cortex in the rat brains. A
spinal cord lesion model, which resembles a clinical spinal cord injury followed by
ischemia, was chosen to study the contribution of stem cells to tissue repair in the
spinal cord.
By using a photochemical lesion (Watson et al. 1985), a permanent cerebral
ischemia can be induced in the brain. The photosensitive dye Rose Bengal, injected
into rats, produces free radicals in the brain tissue when struck by white light.
This photochemical reaction induces thrombosis, which leads to necrosis. The
insult results in a lesion with sharp borders with healthy tissue; that is, the lesion
lacks a penumbra zone.
A compression lesion in the brain produces temporary cerebral ischemia
(Kundrotiené et al. 2002). Slow compression of the cortex causes a reduction in
blood flow, thus resulting in moderate ischemia manifested as functional
impairment. Since changes in the duration of the compression correlate well with
the severity of ischemia, the model is well controlled and suitable for studying a
penumbra zone where only a moderate reduction of blood flow is needed.
It is believed that in most experimental models of spinal cord injury, the primary
pathogenesis is caused by the mechanical insult without the involvement of
vascular factors. Thus, ischemic tissue due to primary insult is not present.
However, the balloon-compression technique has proven to be a feasible method
to produce a well-controlled spinal cord lesion in rats (Vanicky et al. 2001)
followed by ischemia, mimicking well the clinical situation.

BEAM-WALKING TRAINING AND TESTING

Since functional outcome rather than infarction size determines the quality of life
of stroke survivors, behavioural tests are as important as tissue analysis when
studying ischemia, and different tests are used. As the natural tendency of a rat is
to traverse a beam, a beam-walking test for motor performance is simple and
natural. Standardised test protocols for a rat traversing a narrow elevated beam
have been developed (Feeney et al. 1981), and the beam-walking test has been used
to monitor motor function after a unilateral lesion in the sensory motor cortex
(Boyeson et al. 1991).
The beam-walking test can be used as a model either for testing motor
performance after lesioning or as a model for training and learning. To test motor
function following a lesion, the animals are trained two days before the insult
and thereafter tested each day. When studying the effects of training, the
training period before the insult is usually longer and after lesioning the animals
are tested each day.

IN VIVO EVALUATION OF THE LESION

MRI offers possibilities for the evaluation of ischemic tissue. The MRI method is
based on imaging the proton or hydrogen nucleus. In biological tissue, the proton
exists as hydrogen in free water molecules and water is present in different
concentrations, therefore different tissues show varying signal intensities on
magnetic resonance (MR) images. MRI is also sensitive to alterations in tissue
water content. Not only the free movement of water molecules, e.g. Brownian
motion, but also the water flow across the cell membrane during cell activity
affects MR images.
Ischemia leads to alterations in tissue water content, and ischemic tissue can
therefore be detected by MRI (Moseley et al. 1990). The degree of abnormal water
movement can be determined from maps of the apparent diffusion coefficient of
water (ADCW) (Provenzale and Sorensen 1999) thus providing information about
tissue water homeostasis. The T2 relaxation time is measured as the relaxation
time of protons that are out of phase in their internal magnetic fields. T2 maps
give information about proton motion and are affected by the inhomogeneities in
the local magnetic field within the tissue. Damaged tissue, where hindering
protein structures are disrupted, provides greater freedom for proton motion and

thus increased T2 values (van Bruggen et al. 1992) (van der Toorn et al. 1996).
Consequently, changes in T2 values will indicate changes in the protein structure
of a tissue. Proton density (PD) maps show the total number of protons in the
tissue, i.e. the water content. The PD values are increased with greater water
content, either due to leaking capillaries or a disrupted blood brain barrier, or
because of changes in protein structure followed by water liberation.

SUPERPARAMAGNETIC NANOPARTICLES AS CONTRAST AGENTS

It has been shown that MRI can be used for the dynamic tracking of transplanted
stem cells in animals (Yeh et al. 1995). Labelling the cells with contrast agents and
then using MRI provides a non-invasive method for studying the fate of
transplanted cells in vivo (Bulte et al. 1999a) (Bulte et al. 2001).
Superparamagnetic iron-oxide nanoparticles can be used as contrast agents, and
before transplantation, stem cells are labelled with the nanoparticles during
incubation in cell culture.
In superparamagnetic nanoparticles, crystals of iron (Fe2O3FeO) are used as
magnetic cores and a macromolecular shell formed of dextran, starch, polyol
derivates or other polymers covers the crystals. (Wang et al. 2001) (Weissleder et
al. 1997) (Yeh et al. 1993) (Yeh et al. 1993). The size of different types of
nanoparticles can vary over a range of 4–150 nm (Brock 1989) (Bonnemain 1996).
Specific antibodies can be attached to the shell, and thus the nanoparticles can
bind specifically to cells (Bulte and Bryant 2001). The use of superparamagnetic
nanoparticles as contrast agents in MRI leads to a shortening of T2 relaxation
times compared to those seen with standard paramagnetic contrast agents. Thus,
it is possible to observe contrast changes on a cellular level.

ELECTRON MICROSCOPY

EM has been used as a standard tool in basic research since the first commercial
electron microscopes were made available. Electron microscopes were developed
due to the limitations of light microscopes and the desire to study fine details. The
physics of light limits a light microscope to magnifications of 500x–1000x and a
resolution of 0.2 μm. For studying details of cell ultrastructure, 100,000 x
magnifications are needed. The transmission electron microscope (TEM) was the
first type of electron microscope developed. The basic principles are the same as for

light microscopes except that a focused beam of electrons is used instead of light. A
stream of electrons is formed by an electron gun, i.e. cathode, and accelerated in a
vacuum column towards the specimen by using a positive electrical potential.
Electromagnetic lenses focus the stream into a thin monochromatic beam, which
strikes the specimen. Some of the electrons in the beam attach to heavy metals
located in the cell membranes in the specimen and others are transmitted. The
transmitted portion of the electrons is focused by objective lenses into an image on
a phosphorous screen. In the images, details of nanometre size can be observed,
since the optimal point resolution in TEM is 3 nm. The electron microscope is
therefore a useful tool, not only when examining cell structure, but also when
studying nanoparticle-labelled cells.

AIMS
In this thesis I focused on the following aims:
•

To test which lesion models are useful when studying ischemic neurones at the
ultrastructural level.

•

To study the time course of ultrastructural changes in neurones following
ischemia.

•

To identify therapeutic time windows by correlating neuronal ultrastructure
with functional recovery and lesion size.

•

To study the contribution of endogenous and implanted adult and embryonic
stem cells to lesion repair.

•

To follow the differentiation of endogenous and implanted stem cells into
neurones and glial cells by using cell specific markers.

•

To follow the fate of implanted stem cells in vivo using superparamagnetic
nanoparticle-labelled cells and magnetic resonance imaging.

•

To use electron microscopy to follow the fate and differentiation of endogenous
and implanted stem cells in vitro.

MATERIALS AND METHODS
Experimental animals (papers I-VI)
Male Sprague-Dawley and Wistar rats, six to eight weeks old, were used in the
experiments. The rats were housed under standardised conditions regarding
day/night cycle, temperature and humidity, with free access to water and food.
Anaesthesia was induced by a mixture of 2-3% isoflurane/air and maintained
during surgical procedures and MRI recordings at 1.5%. During surgery the body
temperature was kept at 37- 38° C and constant cardiac and respiratory frequency
was maintained.
The experiments were carried out in accordance with the European Communities
Council Directive of 24th November 1986 (86/609/EEC). The experiments in
papers I-III were approved by the local ethical committee, Stockholms norra
djurförsöksetiska nämnd, Södra Roslags Tingsrätt, Stockholm, Sweden; project
number N3/00 and the experiments in papers IV–VI by the local ethical
committee of Institute of Experimental Medicine, Academy of Sciences, Prague,
Czech Republic; project number: UEM 2003/2.

Lesion models (papers I-VI)
CORTICAL PHOTOCHEMICAL LESION

A photochemical lesion (papers I, III, IV, V) was induced in the right sensory
motor cortex; the centre of the lesion was set to bregma –1.0 mm, 2.0 mm lateral
to the midline according to the brain atlas of Paxinos and Watson (Paxinos and
Watson 1986). Ten or 80 mg/kg BW of the photosensitive dye Rose Bengal was
injected i.v. (60 μl/min) into the femoral vein. The dye was equilibrated in the
blood pool for 90 s. The area of the lesion was exposed to the light from a halogen
lamp for 10 or 15 min, while the rest of the skull was shielded with aluminium
foil. A circular light beam, 8 mm in diameter, was focused at the lesion centre,
and a homogeneous exposure was obtained by a slow 360° rotation of the beam
during exposure. During illumination Rose Bengal is excited and generates
molecular oxygen. Thus, the dye has the ability to induce a photoperoxidative
reaction leading to thrombosis and infarction.

CORTICAL COMPRESSION LESION

To induce a compression lesion (paper II), a rat’s head was fixed in a stereotaxic
frame with the tooth bar at –3.3 to +1.5 mm. The maseter muscle was detached
from the skull bone, and the centre of the lesion was outlined on the skull to
bregma –1.0 mm, 3.5 mm lateral to the midline according to the brain atlas of
Paxinos and Watson (Paxinos and Watson 1986). The skull bone over the lesion
centre was removed from the dura mater and placed into sterile saline.
Subsequently, a compressor piston was gently placed at the brain surface. The
piston, made of Teflon, had a diameter of 8 mm with the medial part shortened
by 2 mm, resulting in a medial-lateral distance of 6 mm. The edges of the piston
were smoothed in order to avoid tissue damage of the brain surface. Angled 20°
from the horizontal plane the piston was slowly lowered 2.8 mm towards the
centre of the brain, and the compression was maintained for 30 min.

SPINAL CORD COMPRESSION LESION

A compression lesion was induced in the spinal cord by balloon inflation (papers V,
VI). A 2 cm midline incision was cut over the L1-T10 spinous processes. Soft tissue
and spinous processes of vertebrae T10-T11 were removed and the thoracic spinal
column was fixed using haemostatic forceps held in a sterotactic frame, A hole with
a diameter of 1.5 mm was drilled in vertebral arch of T10, using a dental drill. A 2French Fogarty catheter was inserted into the dorsal epidural space through the
hole and a spinal cord lesion was made at the T8-T9 spinal level by balloon
inflation with a volume of 15 µl of saline for 5 min. Thereafter the catheter was
deflated and removed. Inflation for 5 min produced paraplegia and was followed by
gradual recovery.

Beam-walking test (papers I, III)
To measure motor function after lesioning, rats were subjected to beam-walking,
including training and testing. For two days the rats were trained to traverse a
narrow elevated beam. Starting at 24 h after lesioning, the rats were tested every
day in traversing the beam. The test distance was 122 cm. Two persons
independently rated motor function in a test with a 7 point rating scale. The
rating was based on the number of foot slips of the hind limp (Table 1.). The test
session started when the rat stayed balanced on the beam without assistance.
The session ended when the contralateral hind limb passed the end point of the

beam, when 90 s were elapsed or when the rat fell off the beam. Training and
testing sessions were conducted during the morning hours in a quiet room with
dim lightning.

Table 1. Rating scale of motor function
—————————————————————————————————————————

7. Traverse the beam with no more than two foot slips.
6. Traverse the beam using the hind limb for more than 50% of the distance.
5. Traverse the beam using the hind limb for less than 50% of the distance.
4. Put the affected limb on the beam but cannot push off without slipping.
3. Traverse the test distance without using the affected limb.
2. Stay balanced on the beam but cannot traverse the test distance within 90s.
1. Fall off the beam.
—————————————————————————————————————————

Stem cell transplantation (papers IV, V)
Marrow stromal cells (MSCs) and ESCs were labelled with superparamagnetic
iron-oxide nanoparticles and visualised, as described below, using phantoms and
MRI, Thereafter stem cells were grafted into rats that were subjected to either a
cortical or a spinal cord lesion.

CELL CULTURE

For the isolation of rat MSCs (papers IV, V), femurs were dissected from fourweek-old rats, the bones were cut and the marrow extruded using a needle and a
syringe. Bone marrow cells were plated in tissue culture flasks containing Eagle
medium (DMEM; Gibco, Paisley, Scotland) added with 100 U/ml penicillin and
100 U/ml streptomycin. The cells were detached from the flasks by incubation
with 0.25% trypsin, and after six to ten passages the cells in suspensions were
implanted into rats.
D3 ESCs (paper V), a commercially available cell line (Doetchman et al. 1985)
were transfected using the electroporation method with the pEGFP-C1 vector.
Transfected cells were selected, cloned and termed eGFP ESCs. Thereafter, the

cells were grown in Eagle medium supplemented with 20% foetal calf serum
(PAA Laboratories GmbH, Linz, Austria), 0.1 mM 2-mecraptoethanol (Sigma, St.
Louis, MO), 1% nonessential amino acid stock (Gibco), 100 U/ml penicillin and
100 U/ml streptomycin and 1,000 U/ml recombinant mouse leukaemia inhibitory
factor (LIF; Chemicon International Temecula, CA). Neuronal differentiation was
induced by culturing, eGFP ESCs in serum containing Eagle medium without
LIF for two days and then transferring the cells into serum-free medium
supplemented with insulin, transferrin, selenium and fibronectin. On the eighth
day of differentiation the eGFP ESCs were transplanted into rats.

IRON-OXIDE AND BrdU LABELLING

Before transplantation, superparamagnetic iron-oxide nanoparticles were added
to the cell cultures. Endorem®, (Guerbet, France), which was chosen for
labelling, is a commercially available contrast agent based on dextran-coated
iron-oxide nanoparticles. It is available as an aqueous colloid and has been
approved for human use. Five days before transplantation, Endorem® was added
to a culture of MSCs (10 µl/ml culture medium) (papers IV, V). After 72 h the
contrast agent was washed out. At 24 h before transplantation, the MSCs were
co-labelled with 5 µM bromodeoxyuridine (BrdU) (papers IV, V). The eGFP ESCs
were labelled with 112.4 mg/ml Endorem® added to the culture medium in three
passages (paper V).

GRAFTING OF STEM CELLS

Nanoparticle-labelled MSCs or eGFP ESCs were, after lesioning, grafted into the
rats either directly into the brains or injected into the femoral vein. For direct
injection into the brain, following a cortical lesion, a burr hole (1 mm) was made
to expose the dura on the contralateral side. MSCs, 3 x 105 in 3 µl phosphate
buffered saline (PBS) or 2 x 105 in 5 µl PBS, were injected at post-lesion times 24
h (paper IV) or seven days (paper V), respectively. The injection was done slowly
over a ten-minute period into the contralateral hemisphere. eGFP ESCs induced
into neuronal differentiation were injected in the same way at seven days postlesion (paper V). Thereafter, the opening was closed by bone wax and the skin
sutured.

For intravenous injection after a cortical or spinal cord lesion, (papers IV, V),
approximately 2 x 106 undifferentiated MSCs or eGFP ESCs in 0.5 ml PBS were
injected into the femoral vein.

Magnetic resonance imaging (papers I, IV, V, VI)
MR recordings were made using a 4.7 T, Biospec Avance Bruker Spectrometer
47/40 (Stockholm) and Biospec Avance Bruker Spectrometer 47/20 (Prague),
equipped with either a 12 cm self-shielded gradient coil, a home-made surface coil
or a whole-body resonator. Images were obtained from a standard set of maps,
namely ADCW-, T2- and PD maps. ADCW maps provided information about
changes in extra- and intracellular water homeostasis. In T2 maps the proton
relaxation times were measured, which indicate the local molecular motion. To
determine the number of water molecules, PD maps were calculated from the T2
maps.

IMAGING THE BRAIN

When imaging rat brains, the magnet was equipped with a birdcage coil. Incisors
and ear bars fixed the animal’s head during the procedure, and coronal MR
images were recorded with the following data sequences. ADCW maps (paper I)
were spin echo images along the read-out gradient direction with the sequence
parameters: repetition time (TR) = 2300 ms, echo time (TE) = 29.5 ms,
acquisition matrix = 256 x 128 and reconstruction matrix = 256 x 256. T2 maps
(paper I) were obtained by multiecho sequences with the following parameters:
TR = 2655 ms, TE = 40 or 120 ms, Field of view (FOV) = 4 cm, matrix = 256 x
256, slice thickness = 1 mm. T2-weighted transversal images (papers IV, V) were
measured by turbo spin echo sequences. Sequence parameters were TR = 2000
ms, TE = 42.5 ms, turbo factor = 4, number of acquisitions = 16, FOV = 3.5 cm,
matrix = 256 x 256 and slice thickness = 0.5 mm.

IMAGING THE SPINAL CORD

MR images of the spinal cord (papers V, VI) were obtained using a whole-body
resonator. The spine segments, fixed ex vivo in paraformaldehyde, were placed in
a 50 ml polypropylene test tube and then centred within the magnet. A 3D-

gradient echo sequence was used for data acquisition. Sequence parameters were
TR = 25 ms, TE = 5.1 ms and number of acquisitions = 128. 3D images were
obtained with the dimensions: FOV = 6 x 3 x 2.4 cm, matrix = 256 x 128 x 96.

IMAGING IEON-OXIDE NANOPARTICLE-CONTAINING CELLS

To visualise iron-oxide in stem cells (papers IV, V), phantoms containing labelled
cells were used for MR recordings. MR images were obtained with the same data
sequences as used for the spinal cord measurements only with different
geometry: FOV = 6 cm, matrix = 256 x 256, slice thickness = 1 mm.

Histology (papers I, III, IV, V)
The rats were transcardically perfused at a pressure of 0.3 bars, initially with 50
ml 0.1 M PBS with 500 IU heparin added at pH 7.4 and thereafter with 500 ml
4% paraformaldehyde in 0.1 M PBS at pH 7.4. The brains were rapidly removed
from the skulls and stored at +4°C in fixative solution with 30% sucrose added.
Coronal sections (40 μm) were cut on a Microm HM 400 low temperature
microtome.

MORPHOLOGICAL CHARACTERISATION OF THE LESION

For morphological characterisation of the lesion (papers I, III), sections were cut
throughout the area of the lesion (bregma –0.8 mm to 1.2 mm) and every fourth
section was processed for cresyl violet (Nissl) staining. At each evaluation time
point, 40-50 tissue sections were examined by light microscopy.

HISTOCHEMISTRY

To detect proliferating cells (papers III, IV, V); brain sections were incubated
with antibodies against the proliferation marker BrdU. A monoclonal primary
antibody was used combined with goat anti-mouse IgG and rabbit anti-mouse
IgG as secondary antibodies.

To study differentiation into neurones or glial cells, the cell-type-specific markers
neuronal nuclear antigen (NeuN) and glial fibrillary acidic protein (GFAP) were
used. eGFP ESCs induced into neuronal differentiation was detected by GFP
fluorescence. Double staining was employed to visualise in the same cell the
possible co-localisation of cell-type-specific markers and BrdU or GFP.

DETECTION OF IRON_OXIDE NANOPARTICLES CONTAINING CELLS

Iron-oxide labelled MSCs and eGFP ESCs (papers IV, V) were detected in tissue
sections by staining for iron to produce ferric Ferro cyanide (Prussian blue). Also,
MRI and EM confirmed the presence of iron-oxide inside cultured cells.
Transplanted iron-oxide labelled cells were detected in vivo by MRI.

Electron microscopy (papers I-VI)
For electron microscopy the rats were transcardically perfused at a pressure of
0.3 bars, initially with 50 ml 0.1 M PBS with 500 IU heparin added at pH 7.4 and
thereafter with 500 ml 3.0% glutaraldehyde in 0.1 M PBS at pH 7.4 as a fixative
solution. Immediately after the perfusion the brains (papers I, II) and the spinal
cords (paper VI) were dissected and stored over night at +4°C in the fixative.
Glutaraldehyde fixation was followed by post-fixation in 1% osmium tetroxide in
PBS for two hours.
Cultured stem cells and vibratome sections from lesioned brains (papers III, IV,
V) were fixed at +4°C in 2.5% glutaraldehyde in 0.1 M PBS at pH 7.4, followed by
post-fixation for two hours in 1% osmium tetroxide in PBS.

TISSUE SAMPLING

Tissue samples (papers I, II, VI); were taken at 0.5, 1, 3, 6, 12, 24, 48 and 72 h
post-lesion according to standardised procedures. In papers I and II, the brains
were cut, supported by a fixture (Fig. 1), in two parts close to the lesion centre at
bregma –0.5 mm, and the caudal cutting face was placed tightly against the
fixture wall (Fig. 1b). Coronal slices (∼ 1 mm thick at bregma -0.5 mm to -1.5 mm)

were placed on the fixture plate (Fig. 1a) with the brain midline aligned to the
central mark. Tissue samples were selected bilaterally, according to the fixture
marks, between 2 and 3 mm lateral to the midline, and subsequently these two
samples were further cut into three specimens, which represented the cortical
layers I-II, III-IV and V-IV, respectively. Unbiased sampling was obtained by
randomised sample orientation during further EM preparation.

Fig. 1. A fixture made of polystyrene for
standardised sample collection. On the
bottom of the plate (a) a supporting wall
(b, block arrow) is inclined 90°. A central
mark (thin arrow) is outlined on the bottom
plate at a 90° angel to the supporting wall.
Bilateral help lines (arrowhead) are marked on
the bottom plate in order to find the sensory
motor cortex at a distance of 2 and 3 mm
from the central mark.

In paper IV, the lesion centre in the spinal cord was macroscopically defined as
the place where the spinal cord was thin and possible to fold. Bilaterally to the
lesion centre, five 1 mm thick transversal sections were taken according to the
following procedure. The first sample (C) was cut in lesion centre, as defined
above; two rostral samples (A, B) were cut 0.5 and 1 cm from the lesion centre,
respectively; two caudal samples (D, E) were cut 0.5 and 1 cm from the lesion
centre. Thereafter the samples were prepared for EM examination.

PREPARATION FOR ELECTRON MICROSCOPY

After fixation the samples were dehydrated in increasing concentrations of
ethanol, embedded in resin Agar 100 or Epon 812 and polymerised in blocks at
60°C. Semithin sections (1 μm) (papers I, II, III, VI) were cut from the tissue
samples and stained with toloudin blue. Areas of interest were selected using
light microscopy (LM). Ultrathin sections (∼ 60 nm) were cut from the selected
areas, while the stem cell samples (papers IV, V) were cut directly from the
blocks into thin sections. All cutting was done on an LKB V or Reicherts Ultracut

S ultramicrotome. The ultrathin sections were stained with the heavy metals
uranyl acetate and lead citrate to obtain contrast for transmission electron
microscopy.

EVALUATION PROCESS

To obtain a semi-quantitative estimation (papers I, II, VI), we developed
standardised evaluation protocols considering both quantitative and qualitative
parameters. The evaluation was based on the following structural parameters:
nuclear condensation, chromatin clumping or margination, cytoplasm
condensation and vacuolisation, organelle changes and nuclear and plasma
membrane “blebbing” and rupture as well as honeycomb vesicles and disperse
lamellae in myelinated axons. The evaluation also included the counting of
different cells. The section areas were measured and the cell densities per mm2
were calculated (papers I, II). Pyramid cells, interneurones, astrocytes and
oligodendrocytes, affected as well as unaffected, were separately counted.
Furthermore, the status of the neuropil, considering the profile of dendrites and
axons, was qualitatively evaluated.
All samples were examined using Zeiss CEM 900 and Philips Morgagni 268D
transmission electron microscopes. Electron micrographs were made of areas of
interest, and the final evaluation was made from these micrographs.

RESULTS
For a detailed description of the results, see appended publications and
manuscripts. Here, the results are summarised as follows:

Evaluation of lesions (papers I, VI)
The animals had the expected functional impairment at 24 h post-lesion (paper
I), scoring 1 or 2 in the beam-walking test, thus indicating an adequate lesion. At
48 h and 72 h the beam walking score was 3 or 4, which indicated functional
improvement.
Following the cortical photochemical lesion (paper I), MRI showed reduced ADCW
values in the lesion area at 0.5–6 h, (Fig. 2a-b) while T2 maps showed increased
relaxation times (Fig. 2e-h). The corpus callosum and the external capsule were
found as bright areas in ADCW and T2 maps, starting at 6 h (Fig. 2c, g) and
becoming more pronounced at 24 h (Fig. 2d, h). A brain midline shift towards the
contralateral hemisphere was observed at 3 h in ADCW maps (Fig. 2b) as well as
in PD maps (Fig. 2k) and at 6 h in T2 maps (Fig. 2g). No changes were observed
by MRI in the contralateral hemisphere.
Fig. 2. MR images (ADCW,
T2 and PD maps) showing
coronal sections of lesioned
brains, and Nissl stained
brain sections from the
contralateral and lesioned
cortex at 0.5, 3, 6 and 24 h
postlesion,
following
a
cortical
photo-chemical
lesion. In ADCW maps,
reduced values are seen as
dark areas in the lesion (a–
d), and in T2 increased
values are seen as hyper intense areas (e–h). At 6 h and 24 h, the corpus callosum was observed
as hyper intense areas in ADCW maps (c–d) and T2 maps (g–h). In PD maps midline shifts are
observed in (k–l). In Nissl sections, tissue in the lesioned area can be seen to gradually
disintegrate between 0.5–24 h (n–q).

Following the spinal cord compression lesion (paper VI) hypo intense areas were
found at the sites of injury. The hypo intense signal was mainly caused by
haemorrhages, which is the consequence of the grey and white matter
disintegration. Hyper intense regions surrounded hypo intense areas, and this
gave us the possible to evaluate the lesion appearance. The lesion extent in the
longitudinal spine axis was at its maximum at 0.5 h post-lesion and was
thereafter diminished within 6 hours. At 48 h some hypo intense signals were
observed.

Time course of ultrastructural changes in cortical neurones
(papers I, II)
Electron microscopy showed in control tissue a normal profile of myelinated
axons, axon terminals and dendrites (Fig. 3a). Homogeneously distributed
nuclear chromatin, distinct mitochondria cristae and distinctly double-lined
nuclear and plasma membranes (Fig. 3b) were present as previously described
(Cragg 1976). After evaluating all of the experimental samples, ultrastructural
features were used to define three categories of damaged neurones, as follows:
•

•

•

”Electron dense neurones” (EDN): highly electron dense nerve cells with
condensed nuclei. Nuclear chromatin appeared clumped or marginated. In the
vacuolated cytoplasm, dense organelles were occasionally visible, and the
nuclear and plasma membranes were intact (Fig. 3c).
”Electron weak neurones” (EWN): nerve cells with enlarged round nuclei. The
diluted cytoplasm showed peripheral clearing. Expanded or normal organelles
were clustered around the nuclei. Nuclear chromatin appeared flocculent with
some margination, and the nuclear as well as plasma membranes were intact
(Fig. 3d).
Apoptotic cells with clumped chromatin and highly vacuolated cytoplasm (Fig.
3e-f).
We characterised these cells, counted them and calculated the cell densities on
the ipsilateral and contralateral sides in both lesion models at each post-lesion
time point.

Fig. 3. Electron micrographs showing control tissue and different cell types in lesioned tissue. In
control tissue the neuropil (a) showed a normal profile of myelinated axons (block arrow),
dendrites (arrowhead) and axon terminals (thin arrow). Cells contained oval-shaped nuclei with
homogeneously distributed chromatin (asterisk), distinct organelles (thin arrow) and intact
membranes (arrowheads), as shown in b. EDN cells (c) contained clumped chromatin (thin
arrows) and cytoplasm vacuoles (block arrow) and intact membranes (arrowhead). EWN cells (d)
with large round nuclei contained slightly disorganised chromatin (asterisk). Peripheral
cytoplasm clearing (block arrow) and clustered organelles (thin arrow) around the nucleus are
visible. The membranes are intact (arrowheads). In e and f, apoptotic cells with clumped
chromatin (arrowheads) and cytoplasm vacuoles (block arrows) are shown. Membrane “blebbing”
(thin arrow) is prominent in f.

CELL DENSITIES

EDN and EWN cells were found in both hemispheres after a photochemical
lesion, while apoptotic cells were most prominent following compression
lesioning. There was no marked difference between the cell densities in layers IV
and V, therefore only the densities in layer V are presented.

Cortical photochemical lesion
The cell density in the lesioned area (Fig. 4A) was 11.93, 10.56, and 18.36
cells/mm2, at 0.5, 1, and 3 h post-lesion, respectively. At 6 h the tissue was
disintegrated and therefore was not evaluated. Compared with 218.92
cells/mm2 in control tissue, the cell density on the contralateral side (Fig. 4B)
decreased from 218.82 cells/mm2 at 0.5 h to 177.36 cells/mm2 at 6 h. At 12, 24,
48, and 72 h, the cell density was 120.99, 131.78, 82.29 and 118.27 cells/mm2.
EWN cell density in total decreased from 173.03 cells/mm2 at 0.5 h to 10.43
cells/mm2 at 6 h, while EDN cell density increased from 10.18 cells/mm2 to
36.52 cells/mm2 at the same time points. At 12–72 h a mixed cell population
was present.

Cortical compression lesion
The cell densities following compression lesion showed no marked differences
between the lesioned area (Fig. 4C) and the contralateral side. (Fig. 4D).
Compared with 212.50 cells/mm2 in control tissue, total cell density in the
lesioned area (Fig. 4C) decreased from 135.20 cells/mm2 at 0.5 h to 105.32
cells/mm2 at 12 h. At the same time points, the density of apoptotic cells
increased from 5.00 cells/mm2 to 49.88 cells/mm2. At 12 h, apoptotic cells were
found most frequently: being 47.3% of total cell number. On the contralateral
side (Fig. 4D) the total cell density decreased from 134.46 cells/mm2 at 0.5 h to
104.56 cells/mm2 at 12 h, while the density of apoptotic cells increased from
4.98 cells/mm2 at 0.5 h to the highest density of 21.48 cells/mm2 at 24 h.

2D Graph 13

cel ls/ mm2

A

C

250

250

200

200

150

150

100

100

50

50

0

0

contr.

0.5h

1h

control
c ontr.

3h

0,5h
0.5h

1h
1h

time after e
l s ion
ED N
EWN
oth er

3h
3h

apoptosis
Col 2
Col 3r
othe

cells/mm2

B
250

200

200

150

150

100

100

50

50

0

0

0.5h

1h

3h

6h

1 2h

tim e after les ion
ED N
EWN
oth er

12h
12h

24h
24h

48h
48h

72h
72 h

24h 4 8h

72h

D

250

con tr.

66hh

X Data
time after
lesion

24h

4 8h

72 h

contr. 0.5h
apop tos is
other

1h

3h

6h

12h

time a fter lesion

Fig. 4. Stacked column graphs, in which are shown cell densities of EDN, EWN and apoptotic
cells plus the densities of remaining cells in the tissue. In Fig. 4A, showing cell densities
following a cortical photochemical lesion, a mixed cell population was found in control tissue.
Compared with control tissue, highly decreased cell densities were found at 0.5, 1 and 3 h postlesion. In Fig. 4B shows cell densities on the contralateral side are shown. At 0.5 h, the EWN
cell is the dominant cell type. EWN cells decrease in number at 1-3 h but remain a frequent
cell type throughout all recorded time points. Following a cortical compression lesion (Fig. 4C)
no apoptosis was found in control tissue. Compared with control tissue, total cell densities in
the lesioned area were decreased at 0.5-12 h. At 12 h, approximately half of the total cell
number was apoptotic cells. In Fig. 4D, cell densities on the contralateral side are shown with
decreased numbers of total cell densities at 0.5–12 h.

ULTRASTRUCTURE

Electron microscopy showed that a cortical photochemical lesion resulted in a
permanent infarction and a cortical compression lesion in a penumbra zone.
Cortical photochemical lesion
Already at 0.5 h, the ultrastructure in the lesioned area appeared disorganised
(Fig. 5a). Although the neuropil was severely affected with swollen dendrites and
large extracellular vacuoles (Fig. 5b), individual cell bodies were easily identified
as separate entities (Fig 5c-d). Most cells showed varying degrees of cytoplasm
condensation and chromatin margination, and cells with signs of apoptotic (Fig.
5c) as well as necrotic (Fig. 5d) cell death were found.

Fig. 5. Electron micrographs, in which cortical
layers IV and V in the lesioned hemisphere are
shown at 0.5 h post-lesion following a cortical
photo-chemical lesion. Some cells with an
apoptotic appearance were found already at 0.5
h, as shown in a. Within the highly
disintegrated cells, a separate body, probably
an apoptotic body, with clumped chromatin was
present
(asterisk).
Marked
chromatin
marginations and large chromatin clumps (thin
arrows) dominated the nucleus. The neuropil
(b) is dis-organised with large vacuoles (thin
arrow) and swollen dendrites (block arrow).
Some cells appeared with distinct nuclei (c).
The chromatin is marginated (thin arrow) to
the
double-lined
nuclear
membrane
(arrowhead) and organelles (block arrow) are
possible to identify within the disorganised
cytoplasm. In some cells the nucleus is
identifiable as a separate unit (d) and the cell body can be outlined (thin arrow). The
chromatin is electron dense and clumped (asterisk), and the nuclear envelope is in some parts
observed as double-lined and in some parts ruptured (arrowhead).

In the contralateral hemisphere the ultrastructure of the neuropil was well
organised at all post-lesion times. However, EDN and EWN cells were found at
all time points. At each time point, additional cells with varying morphology were
present. Compared to controls, most cells showed at 3 h a changed ultrastructure:
marked chromatin clumping and margination were seen as well as reduced cell
size (Fig. 6a, b). This gave the cells an electron dense appearance. In some of the
cells ruptured nuclear membranes were found, which is one of the criteria for
irreversible cell death. Diluted cytoplasm with expanded organelles and
membrane “blebbings” were also seen in these cells. At 6 h the nuclear chromatin
in most cells, though heterogeneously distributed, showed only slight clumping
and margination, which gave the cells a less electron dense appearance (Fig. 6c,
d). All membranes were intact at this time point. At 12–72 h, cells with varying
ultrastructure were found together with EDN and EWN cells. Within some cells
at 48 h the nuclei contained dispersed nucleoli.
Fig. 6. Electron micro-graphs
showing at 3-6 h post lesion
cortical layers IV and V on the
contra-lateral side following a
cortical photochemical lesion. As
shown in a and b, most cells at 3 h
were small in size with a
condensed appearance with nuclei
containing highly clumped and
marginated
chromatin
(thin
arrows). The double-lined nuclear
envelope had some “blebbings”
and ruptures (a, arrowhead), and
the cytoplasm appeared diluted (b,
block arrow). At 6 h, most cells (c,
d) appeared diluted with slightly
disorganised
and
clumped
chromatin (asterisk). The folded
nuclear membrane in some cells
was distinctly double-lined (c,
arrowhead) and large cytoplasm
vacuoles and swollen organelles (c, block arrow) were observed. Other cells had membranes with
some “blebbings” (d, arrowhead) and the plasma compartment appeared diluted (d, block arrow)
without distinct organelles.

Cortical compression lesion
Following a compression lesion, the neuropil in the lesioned area already
appeared expanded at 0.5 h. Also, slightly affected cells with shrunken nuclei,
cytoplasm vacuoles and expanded ER were found at 0.5 h. At 48 h marked
chromatin clumps (Fig. 7a), were observed. This indicates an early stage of
apoptotic cell changes. At 72 h apoptotic bodies (Fig. 7b) were found.
On the contralateral side, the neuropil was well-organised at all time points. A
slightly enlarged ER was already noticed at 0.5 h and the enlargement was more
pronounced at 1 h. At 3 h large stacks of ER (Fig. 7c) dominated the cytoplasm
compartment in most cells, which is a sign of secondary delayed cell death.

Fig. 7. Electron micrographs of apoptotic cell changes in the lesioned area, and secondary delayed
cell death on the contralateral side, following a cortical compression lesion. At 48 h, marked
chromatin marginations (a, arrowheads) and cytoplasm vacuoles (block arrow) were found in the
lesioned area. Apoptotic bodies with large chromatin aggregations (b, arrowheads) were present
at 72 h. In cells on the contralateral side, we found stacks of enlarged endoplasmatic reticulum (c,
arrowheads), which is a sign of secondary cell death.

Stem cell contribution to lesion repair (papers III-V)
Following a lesion, endogenous stem cells and implanted nanoparticle-labelled
stem cells migrated to the lesion site. Histochemistry detected iron-containing or
dividing cells, electron microscopy confirmed nanoparticles inside the cells, and
magnetic resonance imaging tracked the cell migration.

ENDOGENOUS STEM CELLS AFTER LESIONING

When studying the contribution of endogenous stem cells to tissue repair, rats
were subjected to beam-walking training and fluoxetine treatment, either

separately or in combination, before lesioning. Fluoxetine is known to enhance
the number of granular cell progenitors in adult rats, and after 14 days of
pretreatment, cell migration to the lesion site was substantially enhanced in all
rat groups.
Cortical photochemical lesion
A photochemical lesion itself induced the migration of dividing cells in the cortex
and subcortical white matter surrounding the lesioned area. Five days after
lesioning, the density of BrdU-positive cells was increased at the lesion site. (Fig.
8a) This was confirmed by EM, which showed some cells with two nucleoli, thus
indicating dividing cells (Fig. 8b). Double staining with cell-specific neuronal and
glial markers showed that 46% of BrdU-positive cells differentiated into neurones
or glial cells. In pre-treated rats, the number of dividing cells was increased in all
groups and in particular after fluoxetine treatment, when the number of dividing
cells was increased approximately eight folds. 78-55% of the dividing cells were
differentiated into neurones or glial cells.

Fig. 8. A photomicrograph and an electron micrograph showing BrdU positive dividing cells at 3
h post-lesion, following a cortical photochemical lesion. The number of dividing cells (a, thin
arrows) was enhanced at the lesion boarder. In the marked area (a), electron microscopy showed
cells with two nucleoli (b, arrowheads), indicating eventual cell division.

IMPLANTED ADULT STEM CELLS AFTER LESIONING

Stem cells containing iron-oxide nanoparticles were visible in culture by LM,
either with phase contrast or stained for iron, i.e. Prussian blue (Fig. 9a, b). EM
showed clusters of iron particles inside the cells, which were incubated with
nanoparticles for 48–72 h (Fig 9c, d). The clusters were surrounded by cell

membranes, which indicated endocytotic iron uptake into the cytoplasm. MSCs
stained with BrdU to detect dividing cells were co-labelled with Prussian blue
(Fig. 9a); BrdU-Prussian blue-positive MSCs were viable iron containing cells.
The MSCs stayed viable for 10 passages.

Fig. 9. Photomicrographs and electron micrographs of iron-oxide nanoparticle-labelled stem cells in culture.
Prussian blue positive iron-oxide labelled cells are seen in a and b (thin arrows); MSCs in a and eGFP ESCs
in b. Electron microscopy (c, d) showed clusters of nanoparticles (arrowheads), some of which were
surrounded by distinct cell membranes (c, thin arrow).

Cortical photochemical lesion
Following a photochemical lesion, nanoparticle/BrdU-labelled MSCs migrated to
the border zone of the lesion. Regardless of the administration route, direct
injection into the contralateral brain hemisphere or intravenous injection into the
femoral vein, the cell migration was substantial. Cell implants, which were
grafted directly into the contralateral brain hemisphere, were immediately
visible in MR images as a hypo intense signal at the injection site.

During the first days after MSC implantation into the brain, no recognisable
hypo intense MR signal was detected in the lesion. Eight days after grafting, a
hypo intense signal was observed in the lesioned area (Fig. 10a), which
intensified during the second and third weeks. Histology confirmed that a large
number of Prussian blue/BrdU-positive cells were present at the lesion border,
and the intensity of the MR signal corresponded to the number of Prussian bluepositive cells. Similar MR signals were observed after the intravenous injection of
MSCs (Fig.10b). The signals persisted for seven weeks.

Fig. 10. MR images showing a cortical photochemical lesion and iron-containing cells. After
lesioning, MSCs were implanted into the contralateral hemisphere or injected into the femoral
vein. Eight days after grafting into the contalateral hemisphere a hypo intense signal (a, black
arrow) at the injection site and a hyper intense signal (a, white arrow) in the lesioned area were
visible. Six days following intravenous injection a hypo intense signal (b, white arrow) was
observed in the lesion.

Spinal cord compression lesion
Following a balloon-compression lesion, nanoparticle labelled-MSCs were injected
intravenously into the femoral vein. MRI, performed ex vivo four weeks after
implantation, showed the lesion as a dark hypo intense area. Histology confirmed
a large number of Prussian blue-positive cells in the lesioned area. The lesioned
area in grafted animals appeared smaller in size in MR images, compared to
controls. Since MSCs populated the lesioned area, the decreased lesion size might
suggest a positive effect of MSCs on lesion repair.

IMPLANTED EMBRYONIC STEM CELLS AFTER LESIONING

Nanoparticle labelled-eGFP ESCs were co-labelled with Prussian blue and, by
using LM iron was confirmed inside the cells. Counts of Prussian blue-positive
ESCs revealed that the number of labelled cells increased until the third passage;
thereafter, not the number of cells but the amount of iron particles inside a given
individual cell increased. EM showed nanoparticle-containing eGFP ESCs in
culture.
Cortical photochemical lesion
Following a photochemical lesion, the lesioned area was observed in MR images
as a hyper intense area with hypo intense borders (Fig. 11a). Two weeks after
direct injection of nanoparticle labelled-eGFP ESCs into the brain contralaterally
to the lesion, a hypo intense signal was observed at the injection site, in the
corpus callosum and in the lesion (Fig. 11b). After the intravenous injection of
eGFP ESCs, a hypo intense MR signal was found only in the lesioned area and
the first signal was observed one week after injection. The signal reached a
maximum at two weeks and persisted for the next two weeks (Fig. 11c). At the
same evaluation time points, Prussian blue/GFP-positive cells were detected in
the corpus callosum as well as at the lesion border (Fig. 11d–f).

Fig. 11. MR images of a cortical photochemical lesion and iron-containing cells. Following the
lesion, iron-oxide nanoparticles-labelled eGFP ESCs were implanted. Two weeks after lesioning,
the lesioned area is visible as a hyper intense area with sharp hypo intense borders (a, inset). Two
weeks after direct injection to the contalateral hemisphere, the cell implant (b, block arrow), the
lesioned area (b, inset) and the corpus callosum (b, thin arrow) are seen as hypo intense regions.
Two weeks after intravenous injection, the lesion is visible as a hypo intense signal (c, inset).
After lesioning, without cell transplantation, only few Prussian blue positive, iron-containing cells
were found (d). Four weeks after grafting dense Prussian blue staining was observed at the
injection site, in corpus callosum and at the lesion border (e, marked areas). Four weeks after
intravenous injection, a high number of Prussian blue positive cells were found at the lesion site
(f).

EM showed iron-oxide nanoparticles in brain tissue samples from lesioned rats
transplanted with eGFP ESCs. In lesioned brain tissue, injected with eGFP ESCs
contralaterally to the lesion, dense clusters of nanoparticles were observed in cell
cytoplasm. In rats injected intravenously with labelled eGFP ESCs, nanoparticles
were found mostly in cells at the lesion border.

Time course of ultrastructural changes in spinal cord
neurones (paper VI)
Electron microscopy showed in control tissue homogenously distributed nuclear
chromatin, distinctly double-lined membranes and distinct organelles as well as
well-structured axon sheaths with distinct myelin lamellae as previously
described (Cragg 1976).

ULTRASTRUCTURE

In tissues taken 0.5 cm from the lesion epicentre, apoptosis of different
advancements were found at 0.5-6 h post-lesion. The chromatin was highly
clumped but no apoptotic bodies were seen at these time points. At 12-72 h cells
with necrotic appearance were found. Periaxonal spaces were seen in axons at 0.5
h and at all evaluation time points axons with disintegrated structure were
present.

DISCUSSION
Any form of injury in the central nervous system will, if it continues long enough,
cause cell disruption or cell death, and focal lesions result in necrotic areas with
rapidly dying cells. Since cells in this area cannot be rescued, no potential
therapy other than preventing the primary injurious insult is available. There is
always a gradient of hypoxia, starting from the core of the insult to the more
peripheral parts of the lesion, which leads to a penumbra zone surrounding the
area of immediate cell death. In this area cell death takes time to develop and is,
consequently, possible to prevent. Ischemic tissue reveals a mixture of
morphological features developing over time. However, using models that are
well-defined in location and time, the time course of morphological changes can
be studied with respect to a potential therapeutic window.
To study morphological changes of ischemia in the CNS, several different models
have been developed in experimental animals. Global ischemia is achieved by
interrupting the blood supply to the brain for a period of a few minutes, and
thereby rapid cellular changes associated with the total loss of blood perfusion
can be studied. To study the long term dynamics of injury and recovery, a variety
of models are available. In these models, rodents are most commonly used as
experimental animals, and focal lesions, mimicking either a permanent or
reversible ischemic episode in one or both hemispheres, can be studied in brain
tissues of the rodents. One of our aims was to study the time course of
morphological changes in ischemia. To avoid a mixture of features, when
studying cortical morphological changes, different severities of ischemia were
studied separately in two models, namely the cortical photochemical lesion
mimicking a permanent infarction and the cortical compression lesion mimicking
a temporal ischemia. Since the balloon-induced compression lesion model is
useful when studying secondary processes, e.g. ischemia, following spinal cord
injury, we used this model to study the time course of morphological changes in
spinal cord tissue.

The models
CORTICAL PHOTOCHEMICAL LESION

A cortical photochemical lesion was chosen as a model of severe cerebral
ischemia. This model is different from currently used occlusion techniques, e.g.
middle cerebral artery occlusion (MCAO) model, in which arteries are
permanently or temporarily occluded (Moseley et al. 1990) (Garcia et al. 1993)
(Garcia et al. 1995). The photochemical lesion results in an intravascular
coagulation in the tissue. The light beam is focused and calibrated to a certain
diameter, and only blood vessels directly hit by the light are damaged;
consequently, no collateral blood circulation is present. The lesion is therefore
well defined in location and size and has sharp borders between intact and
lesioned tissue; that is, no penumbra zone is present. However, this is included in
the criticisms of the lesion model. The apparent absence of a penumbra zone, i.e.
a rescuable region, is regarded as a disadvantage. Also, the prominent vascular
injury, which results in the early opening of the blood brain barrier and early
vasogenic oedema, is also criticised. In this study, a photochemical lesion resulted
in a permanent infarction within 3 h after lesioning, at which time point the
tissue started to disintegrate and cell death, examined at the ultrastrucural level,
was mostly of necrotic origin. Since a photochemical lesion is also highly
reproducible, the model is useful when studying ultrastructural changes in
ischemic infarction.

CORTICAL COMPRESSION LESION

A cortical compression lesion was employed to mimic short-term ischemia,
resembling mild brain trauma. The lesion is assumed to mimic the penumbra
zone around the core lesion in stroke. The MCAO technique has also been used to
produce moderate ischemic brain injury. However, the MCAO lesion model,
though used with only a temporary artery occlusion, results in relatively severe
tissue damage, which, also due to the lack of refinement, complicates the
examination of delayed cell death in the lesion. The advantage of an extradural
cortical compression lesion is that the severity and duration of ischemia, and
thereby also the morphological and neurological consequences, can be
manipulated (Kundrotiené et al. 2002). It is known that a reduction in blood flow
to 20-40% of normal levels results in delayed cell death in the brain, while a
reduction to levels below 20% results in necrotic cell death (Ginsberg and
Pulsinelli 1994) (Kuroda and Siesjo 1997). A cortical compression lesion, obtained

by using a 2.8 mm piston compression for 30 min, has been shown to reduce blood
flow in the centre of the lesion to ~20% of normal levels during the first five
minutes and thereafter to approximately 60% of normal levels (Chen 2001). At
the ultrastructural level, most of the affected cells within the lesioned area
showed signs of apoptosis and at 12 h after lesioning the number of apoptotic
cells was 47% of the total cell number. Thus, the cortical compression lesion
resulted in morphological changes characteristic for a penumbra zone and
delayed cell death can be studied.

SPINAL CORD COMPRESSION LESION

Balloon-induced compression is a simple method to produce a lesion in the spinal
cord, and the lesion model requires minimal surgical preparation. Since the
balloon used for the lesioning is inserted several segments below lesion and can
be inflated to a defined volume, the duration of cord compression can be
regulated. Also, the precise location can be maintained manually through the
catheter and therefore the model results in a well-controlled lesion. The duration
of the compression was set to 5 min, which is below the threshold of sensitivity of
spinal cord tissue to ischemia (Taira and Marsala 1996), thus leading to a
pathogenesis in which both mechanical and vascular factors are involved, and
secondary processes following injurious insults can be studied.

Cell death and tissue damage following ischemia
The biology of events following lesioning in experimental models differs from one
model to another. Anoxia or ischemia does not predominantly involve unique
mechanisms of cell death, but combines elements of different mechanisms such
as exitotoxicity, calcium damage, metabolic disturbance, and free radical
production. In particular, increasing levels of intracellular calcium is a shared
property among many mechanisms. Increased intracellular calcium
concentrations trigger processes leading to neuronal cell death, both apoptotic
and necrotic. Also, ischemia may lead to a withdrawal of trophic factors, which
subsequently may lead to apoptotic cell death.

MECHANISMS OF TISSUE DAMAGE

Damaged tissue becomes oedematous, and the oedema is both intracellular and
extracellular. Intracellular oedema occurs when sodium/potassium exchange
pumps are diminished in function and sodium, followed by water, enters the cell.
Extracellular oedema arises when vascular permeability is increased. Using
diffusion-weighted MRI, ADCW maps show changes in water homeostasis in the
intra- and extracellular spaces. Already at 0.5–24 h following a photochemical
lesion, the lesioned area was observed as a hypo intense area in ADCW maps.
Oedema is present and subsequently, the architecture of the extracellular space
is changed (Nicholson and Syková 1998) (Syková 2004). In T2 maps hypo intense
areas at the lesion were observed, which indicate changes in protein structure.
Following a cortical photochemical lesion, the neuropil in the lesioned area lost
its integrity already in 30 min. The early tissue disorganisation can be explained
by a greatly increased amount of metabolites, such as lactate, and electrolytes,
released into the extracellular space (Ginsberg 1990). Glial cells, also damaged
early in the lesion, have been proposed to have disturbed metabolism following
injury (Kraig and Chesler 1990). Therefore, their endocytotic functions are
diminished, resulting in an increase of metabolites in the extracellular space.
This excess of metabolites leads to a more acid extracellular pH, the functional
loss of membrane ion pumps (Chesler 1990) and cellular swelling (Syková 1997)
(Syková and Chvatal 2000). As a consequence, cell homeostasis will be greatly
changed followed by metabolic disturbances, e.g. decreased protein synthesis, and
therefore, the cell structure loses its integrity at a later time point. This was also
confirmed by EM, since cells were easily identified as separates entities in the
lesioned area, while the neuropil lost its integrity. The severe structural changes
in the neuropil were observed only at the ultrastructural level.

MECHANISMS OF CELL DEATH

In ischemic nervous tissue, exicitotoxocity contributes significantly, within some
hours, to neuronal cell death (Choi 1992). The process has been described as an
“osmotic explosion” (Rothman and Olney 1987). The excitotoxic cascade starts
when glutamate is released from damaged astrocytes. Under normal conditions
glutamate uptake by astrocytes from the extracellular space requires energy. As
the ATP levels are low in ischemic tissue, the functioning of ion exchange pumps
is slowed, the transmembrane sodium/potassium concentration gradient reduced

and the membrane potential diminished. All this leads to intracellular
acidification and reduced glutamate uptake (Judd et al. 1996). The increased
extracellular glutamate levels depolarise neurones to the extent that they fire
action potentials, which lead to more glutamate release (Lee et al. 1999). Because
of the extracellular glutamate excess, NMDA channels stay open, thus increasing
the intracellular calcium concentration. Also, sodium and water enter the cell
and cells swell. The increased calcium levels activate degradative enzymes, which
contribute to the degeneration of intracellular organelles and pycnosis of cell
nuclei. These events lead to cell necrosis. The excitotoxic cascade has also been
shown to contribute to signalling pathways for apoptotic cell death (Fawcett et al.
2001). Following a cortical photochemical lesion, the rapid necrotic as well as
apoptotic cell death in the lesioned area might be due to excitotoxicity.
As the excitotoxic cascade induces rapid cell damage within 30 min, signs of
apoptotic cell death found at later time points might be induced by other
mechanisms. Cells with apoptotic changes were found most frequently at 12 h, in
the lesioned area, following a cortical compression lesion. Apoptosis can be
initiated by a large number of different stimuli, and many conditions during
ischemia offer such stimuli; free radical generation, NO production, reduced
mitochondrial membrane potential, increased intracellular calcium levels,
activation of calpain and increased expression of the protein p53 (Sugawara and
Chan 2003) (Duchen 2000) (Yang and Xue 2004). Also, the withdrawal of trophic
factors, e.g. neurotrophins, has been proposed to cause apoptosis, not only during
development but also during injury (Campenot and MacInnis 2004) (Chen et al.
2002). Since the presence of appropriate trophic factors much improves the
ability of a cell to survive a stressful situation, the withdrawal of neurotrophins
could cause cell damage and subsequently cell death. The morphological features
of apoptotic cells following a cortical compression lesion did not fully fit into any
of the three types of apoptosis described earlier, following injury in the nervous
system. The nuclear changes, with chromatin aggregations, were strongly
associated with apoptosis, but the nucleus was not pycnotic. The cytoplasm was
highly vacuolated, but no dilation of the mitochondria or endoplasmatic
reticulum was found. The cell changes in the present studies resemble those seen
in type two apoptosis. It is widely accepted that large autophagic vacuoles within
the cytoplasm are present in apoptotic cell death during ischemia (Lipton 1999)
(Fawcett et al. 2001). Furthermore, autophagocytotic cell death, with a condensed
cytoplasm containing large vacuoles and autophagocytomes, is described as a
separate type of cell death in ischemia (Marzella and Glaumann 1981). This cell

death is similar to type two apoptotic cell death. The damaged cells following a
cortical compression lesion, with irregularly clumped chromatin and cytoplasm
vacuoles in the lesioned area, were therefore considered to be apoptotic.
Importantly, there are similarities in the ultrastructural criteria of necrosis and
apoptosis. Cell membrane “blebbing”, swollen mitochondria and cytoplasm
condensation combined with vacuolisation occur in both forms of cell death
(Studzinski 1999), which complicates the characterisation of cell death. Although
the nuclear morphology of apoptosis in ischemia is well described, the
morphological changes in the cytoplasm have not yet been completely
investigated.

CELL CHANGES ON THE CONTRALATERAL SIDES

Following a cortical photochemical lesion, EM revealed that the most frequent
cells in the contralateral hemisphere at 3 h showed membrane ruptures, which is
a sign of irreversible cell death. Subsequently, the changes could represent the
ultimate stage in a fast death process starting already at 0.5 h. Although slightly
electron dense, the cells showed neither a condensed morphology nor
mitochondria with flocculent densities, which are the main criteria of irreversible
cell death (Garcia et al. 1978) (Ghadially 1975). Therefore, the most frequent cells
at 3 h were not considered as dying cells but as highly affected but still viable
cells.
At 6 h no cells showed signs of irreversible cell death. Since the EDN cells,
defined as condensed but not dying cells, were increased in number at 6 h, some
electron dense cells at 3 h might have changed in structure and been identified as
EDN cells at 6 h. The cells at 3 h, with irregularly clumped chromatin and
condensed cytoplasm, were similar to ICC neurones. The characteristics of ICC
neurones, which are pycnosis and cytoplasm shrinkage, fit into the definition of
EDN cells in the present study. In earlier studies of ischemia, ICC neurones, in
spite of their triangular condensed appearance, were not associated with cell
death (Brown and Brierly 1972) (Brown 1977) (Petito and Pulsinelli 1984).
Furthermore, in hypoglycaemic brain damage, “dark” neurones are compatible
with cell survival (Auer et al. 1985a) (Auer et al. 1985b). Therefore, some electron
dense cells at 3 h might survive as EDN cells at 6 h. The most frequent cells at 6
h, with irregular nuclei and a diluted cytoplasm, were similar to EWN cells,
although smaller in size. As EWN cells probably are metabolically active cells,
the dominant cell type at 6 h was considered to be an active viable cell. Thus,

most cells at 6 h seemed to be viable, although the most frequent cells at 3 h were
highly affected. These findings indicate a breakpoint for death versus survival.
Following a cortical compression lesion, massive ER stacks was found in cells at 3
h on the contralateral side. These changes are known to occur after transient
global ischemia (Kirino and Sano 1984) and are hallmarks for secondary delayed
cell death. After three days there was less enlargement of the ER and the
formation of large vacuoles and autophagocytomes. The large vacuoles may arise
from the expanded ER, while autophagocytomes, with increased lysosomal
protease activity, are fusion products of lysosomes (Nitatori et al. 1995). The
presence of these elements, involved in protein break-down, indicates
autophagocytosis, which leads the cell to self-destruct. This type of cell death is
seen in developmental tissue, and there is also evidence for autophagocytosis
after ischemia (Marzella and Glaumann 1981). Following a cortical compression
lesion, only an expanded ER was found at 3 h on the contralateral side, and no
indication of the formation of vacuoles was seen. However, the present study was
not designed to examine longer survival times than three days.
The injury response on the contralateral sides might be due to a failure in
synaptic as well as extra synaptic “volume” transmission, i.e. the movement of
neuroactive substances through the volume of the extracellular space (Nicholson
and Syková 1998) (Syková 1997). This information processing (Fuxe and Agnati
1991) is probably damaged at 12-24 h (Mazel et al. 2002) resulting in injured
cells. Following a cortical photochemical lesion, the total cell densities on the
contralateral side at 12-72 h (Fig. 4) were reduced, suggesting an increased
extracellular space, which has also been confirmed by MRI (Vorisek et al. 2002).
Starting at 6 h, the corpus callosum and external capsulae were observed as
hyper intense areas on ADCW and T2 maps, thus showing increased water
movement between both hemispheres. However, MRI did not detect structural
changes on the contralateral side (Vorisek et al. 2002), due to relatively small
MRI resolution while electron microscopy showed distinct morphological changes.

TIME WINDOWS IN ISCHEMIA EVOKED DAMAGE

After lesioning, EM showed that necrosis was complete in the core of the
infarction at 3 h, followed by total tissue disintegration. Therefore, tissue
samples were not possible to evaluate after 3 h. Signs of irreversible cell death
were found on the contralateral sides also at 3 h, and at 6 h the cells showed no

structural changes associated with cell death. Contralateral to the penumbra
zone, the ultrastructural criteria for secondary cell death were observed only at
one time point after lesioning, namely at 3 h. However, at this time point
apoptotic cells were present in the contralateral hemisphere as they also were in
the penumbra zone. Given our findings of complete cell death in the infarction
and the ultrastructural criteria of irreversible or secondary delayed cell death on
the contralateral side at 3 h after lesioning, we suggest 3 h to be a breakpoint at
which cells either progress towards lethal changes or recover.
The threshold at which some cells undergo lethal changes and others recover
depends on the individual cell’s metabolic status at each time point (Collins
1989). The ATP levels within some of the cells are probably restored at 6 h after
lesioning. ATP-dependent membrane pumps, such as the sodium/potassium and
calcium/hydrogen exchange pumps function optimally when supplied with
enough ATP. Subsequently, the membrane potential and cell homeostasis is
maintained and the cell survives. Therefore, there is a possibility for neuronal
reorganisation after 6 h.
The apoptotic cell death found in the penumbra zone in the present study was
most frequent at 12 h (47.3% of total cell density) following a cortical compression
lesion. Previous studies of the temporal profiles of apoptotic-like changes have
shown that apoptotic cells were greatest in number 24 h following a controlled
cortical impact injury in the rat cortex (Newcomb et al. 1999). It has been
speculated that the biomechanical features of different compression lesion models
may influence the frequency and regional distribution of apoptotic cell death
(Bonfoco et al. 1995) (Choi 1996), and the compression of the cortex in the earlier
studies was less than in the present study. Other differences between the
previous time course studies of apoptosis and the present one are that only cell
number, not cell density, was reported and that the evaluation was done by
histochemistry and not by EM, with which the ultrastuctural criteria for
apoptosis can be identified. However, regardless of the compression models, it is
clear that there is a time delay in cell death in the penumbra zone compared to
the core of the infarction and that the cell death is mostly apoptotic. Apoptosis
occurred at low frequency already at 0.5 h, peaked at 12–24 h and continued for
48–72 h. This time delay in cell death opens the possibility for therapeutic
interventions. As the apoptotic cascade is regulated by genes and associated
proteins known as caspases (MacManus and Linnik 1997), caspase inhibitors
would be a potential anti-apoptotic treatment. It has also been shown that

caspase inhibitors protect against apoptotic cell death in a number of in vivo
models of neurological diseases and also against the slow neuronal death induced
by ischemia (Himi et al. 1998).

Stem cell contribution to tissue repair
In most tissues a continuous turnover of cells by death and replacement is the
norm rather than the exception. Cell replacement and tissue repair can be
achieved in two ways. Following damage, the division of adjacent healthy cells
can replace the damaged cells; that is, a mature cell divides to produce two
similar copies, one of which dies through apoptosis. A second possibility occurs
when a resting population of stem cells divides and some of the progenitor cells
differentiate to mature cells and replace damaged cells. Different from this
endogenous cell generation, the transplantation of stem cells into the tissue
would be a third possibility. In the present work, the contribution of stem cells to
tissue repair was studied in regard to the generation of endogenous stem cells as
well as the transplantation of embryonic stem cells and bone marrow stromal
cells.
Embryonic stem cells are considered to be pluripotent as they can develop into
any of the tissues in the body. The discovery that embryonic stem cells can be
isolated and cultured with the potential to develop into any tissue was a major
medical breakthrough. As long as they are cultured under specific conditions, the
cells stay undifferentiated, but they differentiate spontaneously without certain
controls. Therefore, through the reliable control of differentiation specific types of
cells could be achieved grown in culture, and these cells may become the basis of
therapies for many serious diseases, among them neurological disorders.
Endogenous stem cells, e.g. adult or somatic stem cells, have been found in more
tissues than once was believed, among others in the brain and the spinal cord.
Adult stem cells are undifferentiated cells found among differentiated cells in
tissues and have the ability to renew themselves. Their primary role is to repair
tissue and maintain cell homeostasis within the tissue in which they are found.
Certain adult stem cells seem to have the capability to differentiate into a
number of different cells types, given the right conditions. In the bone marrow,
haematopoietic stem cells form all types of blood cells, and bone marrow stromal
cells generate bone, cartilage, fat and fibrous connective tissue. Also, in the brain,
regions with dividing cells that become neurones are present. The SVZ lining the
lateral ventricles and the SGZ of dentate gyrus are such areas. If isolated and

cultured under controlled conditions, these stem cells might also serve as a basis
for cell therapy. Endogenous stem cells may also provide an alternative to
transplantation. Stimulating resident stem cells to replace dying cells could help
to overcome the limitations of transplantation.

NEUROGENESIS

Following a cortical photochemical lesion, dividing cells were found in the border
of the lesion. Persistent neurogenesis in the adult brain has originally been
thought to occur in only a few restricted areas. The subventricular zone lining the
lateral ventricles and the subgranular zone of the dentate gyrus are regarded as
the main regions for stem cell generation, but other areas such as the olfactory
bulb and ganglionic eminences (Pleasure et al. 2000) have also been suggested to
produce precursors. The precursor cells in these zones migrate and end up in new
regions as new neurones or glial cells. Furthermore, recent studies have
demonstrated that the production of new neurones occurs in many different parts
of the adult brain, although at a low frequency (Rietze et al. 2000) (Pencea et al.
2001) (Gould and Gross 2002). In the present study, after lesioning, the density of
dividing cells was substantially increased at the lesion border in the subcortical
white mater, which is situated in the vicinity of the lateral ventricle. This might
indicate a progenitor migration from the SVZ to the lesion site. Following
fluoxetine pre-treatment, an increased density of dividing cells was found in the
lateral cortex. As fluoxetine is known to increase the concentration of serotonin
by blocking its uptake, we suggest that fluoxetine acts as a paracrine secretory
molecule and provokes the proliferation and migration of stem cells to the cortex
from the ganglionic eminence. Beam-walking pre-treatment also enhanced the
number of dividing cells in the vicinity of the lesion. Following the same model of
a cortical photochemical lesion, functional recovery has been demonstrated in
rats (Abo et al. 2001), and thus the functional improvement, as demonstrated by
beam-walking ability, could be explained by tissue repair, including the
generation and migration of new cells to the lesion. Also, EM, which showed some
cells with dispersed nucleoli, might confirm the migration of new cells to the
lesion border. In the interphase of stem cells and dividing cells, increased DNA
transcription within the nucleoli is associated with an altered distribution of the
heterochromatin and changed ultrastructure. This is manifested at the
ultrastructural level as changes in the size and number of nucleoli (Leitch 2000).
Thus, the EM findings might indicate cell division and reorganisation (Alberts
1989).

STEM CELL TRANSPLANTATION

Embryonic stem cells and bone marrow stromal cells have been successfully used
in cell therapies in animal models, and ESCs and MSCs were transplanted into
rats in the present studies.
Large numbers of ESCs can be easily cultured and transplanted into animals,
and the differentiation of ESCs has been studied with some promising results.
Glial precursors derived from mouse ESCs and transplanted into rats with
myelin disease produce myelin in the brain and spinal cord (Brustle et al. 1999).
Retionic acid-treated embryoid bodies from mouse ESCs, transplanted into the
spinal cord after lesioning, differentiated into astrocytes, oligodendrocytes and
neurones thus promoting recovery (McDonald et al. 1999) (Björklund et al. 2002).
However, there is a lack of information about the behaviour of transplanted
embryonic stem cells in the host organism, and transplantation from a donor
could result in the rejection of the transplant.
Bone marrow cells may have some advantages over the use of other stem cells.
They are relatively easy to isolate and culture and they have already been
approved as cell therapy treatment in haematopoietic diseases. MSCs have also
been shown to migrate to a photochemical lesion (Lu et al. 2001) and the
transplanted animals showed an improved neurological outcome in behavioural
tests (Hofstetter et al. 2002) (Li et al. 2000) (Lu et al. 2001). The usefulness of
stem cells’ contribution to tissue repair does not necessarily rest on the
replacement of lost cell populations. Bone marrow cells secret interleukins and
other regulatory molecules (Eaves et al. 1991) (Maysinger et al. 1996) that are
growth factors in the CNS. MSCs implanted into the CNS could therefore
stimulate tissue regeneration and improve neurological outcome by other
mechanisms than direct neuronal replacement (Hofstetter et al. 2002) (Li et al.
2000) (Lu et al. 2001).
To study the fate of implanted stem cells in the host organisms, it would be of
benefit to find a suitable marker approved for human use. This would open new
possibilities for using and studying stem cells in human medicine. Several groups
have reported that by using MRI it is possible to visualise magnetically labelled
cells in the brain after transplantation. Rat foetal brain cells labelled with
superparamagnetic iron-oxide (SPIO) were injected into intact brains (Hawrylak

et al. 1993) (Norman et al. 1992). In these studies MRI showed that the contrast
agent remained primarily localised at the injection site. Oligodendrocyte
progenitor cells labelled with MION-461-OX-26 and injected into the spinal cord
after lesioning were shown to migrate in the spinal cord (Bulte et al. 1999b)
(Bulte et al. 1998). Endorem®, which was used in the present studies, is clinically
approved as a blood pool agent and does not require any facilitation of iron
uptake or cell modification. The stem cells used for transplantation, MSCs and
eGFP ESCs, fully retain their ability to divide in culture when labelled with
Endorem®. Regardless of the administration route, nanoparticle-labelled cells
were found to migrate to the lesion site, and the cells were detected by MRI.
Thus, Endorem® can be used as a stem cell marker, and through non-invasive in
vivo tracking using MRI, the fate of labelled cells can be studied following
transplantation.

Electron microscopy
There are many ways to characterise cells. Using LM, their phenotypes can be
examined with the help of histochemical staining and cell-specific markers. By
using molecular biological techniques and in situ hybridisation, it is possible to
quantify RNA expressions or to define DNA sequences. To solely rely on cell
phenotype expression in affected tissue is risky, as in that case the assumption
would be that the phenotype of an affected cell is exactly the same as that of a
healthy cell. This is not necessarily true (Orenstein 2000). Furthermore, TUNEL
staining used for detecting apoptosis can be transiently positive for cells
undergoing necrosis, and BrdU staining for detecting dividing cells can stain
damaged cells. To study the structural appearance of a cell is as important as to
study the cell’s phenotype, which usually is visualised only as a spot of a certain
colour in optical microscopes or as a dark strip in a gel, without any distinct
correlation to cell morphology. Using electron microscopes, subtle morphological
changes can be studied, and employed in parallel with other research techniques,
EM is a useful tool.
However, EM is a time consuming and expensive technique. The samples have to
be carefully prepared through many steps to give proper details. The final
ultrathin sections have to be viewed in a vacuum, as air would scatter the
electrons, and therefore tissues cannot be studied in vivo. Due to the small
sample size and the high magnification, EM images represent very selective
events in time and location (Lloreta-Trull 2000) and sampling is therefore crucial.

For unbiased sample selection of the tissue, in the present studies standardised
sampling procedures were developed. Since the sample orientation was
randomised, the final ultrathin sections were considered to be representative of
the lesion. Usually many sections have to be examined to get a true picture of the
cell ultrastructure, and in many cases EM is used as a technique to confirm
results obtained by other methods. Conventional histology, MRI and EM were
used in parallel to examine the tissues in the present studies. MRI can reveal
dynamic changes in the tissue water balance in vivo that are not detected by
histology or EM. Also, for in vivo tracking of the fate of superparamagnetic
nanoparticle-labelled cells, MRI is a useful technique. However, EM shows subtle
morphological changes and cellular dynamics that cannot be detected by any
other method. In particular, EM is a suitable tool when studying iron-oxide
nanoparticle-labelled cells, since no further labelling is needed to visualise the
particles at the ultrastructural level, as iron-oxide itself is a heavy metal, thus
providing contrast in EM images.

CONCLUDING REMARKS
The lesion models used in the present studies are useful models for studying
injured cells. Using electron microscopy, subtle morphological changes can be
studied and the criteria of different cell death pathways detected. At 3 h
following a cortical photochemical lesion, complete cell death was found in the
core of infarction and also the ultrastructural criteria of irreversible cell death
contralateral to the lesion site. At 3 h following a cortical compression lesion,
secondary delayed cell death was found contralateral to the penumbra zone.
Therefore, we suggest 3 h after lesioning to be a time breakpoint, at which cells
either progress towards lethal changes or recover. Thereafter, neuronal
reorganisation could be possible since metabolically active cells are still present
in both hemispheres. Since the cell death, characterised as apoptosis, was
delayed in time, the cells in the penumbra zone are also targets for therapy
during the first hours after lesioning.
Historically, when investigating apoptosis, the major focus has been to examine
classical apoptosis or programmed cell death during development. With the
recognition that pathological cell death may share cellular features with

programmed cell death during development, there are further possibilities for
therapeutic intervention. Therefore, a growing understanding of the structural
and biochemical components of the cell death pathway following CNS injury may
reveal new potential strategies for the treatment of neurodegenerative disorders
and neuronal loss after CNS trauma. Such therapies could include anti-apoptotic
treatment by caspase inhibition using different pharmacological agents or
neuroprotection by viral vectors for expressing neurotrophic factors.
The use of stem cells to replace lost neurones following injury is a promising
therapeutic strategy. The present studies demonstrate that fluoxetine enhances
neurogenesis and stem cell migration towards an ischemic lesion. Also, following
implantation, embryonic stem cells and bone marrow stromal cells labelled with
iron-oxide nanoparticles migrated to an injured site. Labelled with Endorem®,
the stem cells stayed viable and MRI tracked their migration. However, when
grafting stem cells, it is essential to study not only the signs of development,
differentiation and migration, but also the functional repair of CNS damage.
Studies of functional repair still remain limited. The first reports of the
functional effects of the implantation of stem cells have been in rodent models of
ischemia, in which rats showed dramatic improvements in spatial learning
following stem cell transplantation. The present work showed that beam-walking
training enhanced neurogenesis following ischemia and that fluoxetine and
beam-walking enhanced functional recovery. However, further studies of
functional repair after stem cell transplantation following lesioning and during
neurogenesis have to be performed.
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