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ABSTRACT

Cerebral ischemia causes severe functional deficits leaving majority of patients with
permanent disabilities. Physical rehabilitation remains the only widely accessible therapy that
facilitates functional recovery. Stem cells are suggested to possess the ability to replace lost cells
and tissue and thus may enhance functional recovery after stroke. Indeed, according to previous
studies stem cells moderately facilitated recovery in animal models of stroke.

We used rat models of focal cerebral ischemia and intracerebral transplantation of stem
cells. Cells were injected into close proximity of the injured brain tissue one week after the
stroke. The animals were tested in sensorimotor tests in various timepoints to quantify functional
recovery. We transplanted neurospheres isolated from subventricular zone (SVZ) of mice or
human neuronal progenitor cells (hNPC) derived from human embryonic stem cells (hESC).
Survival, migration and differentiation of stem cells were examined using immunohistochemistry,
immunofluorescence techniques, stereology and confocal microscopy. In addition, the effects of
enriched environment (EE) rehabilitation and running exercise combined with stem cell therapy
were examined. Animals received immunosuppressive drug to minimize rejection of the
transplants.

Results show that the combination therapy of rehabilitation and SVZ stem cell
transplantation resulted into enhanced migration of stem cells and better functional outcome
within first weeks after the ischemic insult. Longterm studies of SVZ cells revealed that the
majority of transplanted cells disappeared after the first month and the remaining cells
differentiated into glial cells within two and three months after the transplantation.
Transplantation of hESC-derived hNPCs resulted into modest functional recovery. Again the
survival of cells was minimal. Majority of hNPCs expressed precursor marker nestin, however
some of the cells had neuronal phenotypes two months after the transplantation. In longterm
studies the EE rehabilitation had no effect on the transplanted SVZ/hNPC cells. We found
sustained activation of immune cells in the brains that had received cell transplantation.

In conclusion, stem cell therapy supports endogenous brain repair mechanisms during the
first weeks after transplantation, and EE rehabilitation supports the beneficial effects of stem
cells. However, the cells fail to survive for protracted time periods after intracerebral
transplantation. It is crucial to identify the factors restricting stem cell survival and migration in
stroke injured cerebral microenvironment before the true effects of transplantation therapy can be
measured.

National Library of Medicine Classification: WL 355; WL 354; QU 325; QU 328; QY 58; QY
60.R6

Medical Subject Headings: Brain; Brain Ischemia; Stroke; Stem Cells; Embryonic Stem Cells;
Rehabilitation; Running; Recovery of Function; Disease Models, Animal; Rats; Mice,
Transgenic; Cell Transplantation; Stem Cell Transplantation; Cell Survival; Cell Movement; Cell
Differentiation; Cell Death; Graft Rejection; Cerebral Ventricles; Green Fluorescent Proteins;
Nerve Tissue Proteins; Immunohistochemistry; Fluorescent Antibody Technique; Microscopy,
Confocal
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1. INTRODUCTION

During ischemia lack of blood flow, oxygen and nutrients, and accumulation of
toxic metabolites in brain tissue lead acutely to brain odoema, and cellular stress and
eventually to cell death and tissue loss. Cerebral ischemia can be caused by a blood
vessel occlusion or by an eruption of blood vessel (hemorrhagic stroke) in brain. In this
study we focus on focal occlusion of middle cerebral artery (MCA), which is the most
common form of stroke, and has been successfully mimicked in animal models.

Unfortunately, there is no cure for stroke after the incident, despite extensive
research to discover compounds to prevent cell loss. Tissue-plasminogen activator can be
administered to some patients within three-hour time window after the onset of stroke
symptoms (Hoyte and Kaur, 2004; Meairs et al., 2006). Physical therapy remains the only
widely accessible therapy that promotes functional recovery in stroke patients.

In search of therapies for stroke, stem cells have been proposed to be able to
restore function by replacing lost cells and tissue (Gage, 2000; Emsley et al., 2005; Haas
et al., 2005; Steindler, 2007). Indeed, according to some studies stem cells do provide
moderate functional benefits after cerebral ischemia (Haas et al., 2005; Chang et al.,
2007). Specifically, bone derived mesenchymal stem (MSC) cells (Chen et al., 2001;
Zhao et al., 2002; Shen et al., 2007), human neural precursor (hNPC) cells (Borlongan et
al., 1998; Bliss et al., 2006; Daadi et al., 2008) and human umbilical cord blood (HUCB)
cells (Chen et al., 2001; Borlongan et al., 2004; Vendrame et al., 2004) have been shown
to improve simple sensorimotor functions after cerebral ischemia in rats. It is still
questionable whether or not stem cells can replace lost cells since increasing amount of
experimental data suggest that transplanted cells actually support the endogenous
neuroplasticity mechanisms, such as angiogenesis and local trophic factor release (Chen
et al., 2005), promotion of endogenous precursor cells (Chang et al., 2007) and
neuroprotection by suppressed immune response (Vendrame et al., 2005).

Brain self-repair has garned a great deal of interest in experimental stroke
research. These so called neuroplastic repair mechanisms in brain contribute to functional
recovery and can be enhanced by enriched environment (EE) and rehabilitation

(Biernaskie and Corbett, 2001; Johansson and Belichenko, 2002). Enriched environment
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produces several beneficial effects among others increased dendritic arborisation
(Biernaskie and Corbett, 2001) and increased levels of growth factors in the injured brain
(Dahlqvist et al., 1999; Ickes et al., 2000; Gobbo and O’Mara, 2004). When EE is
combined with rehabilitation of stroke affected limb (Biernaskie and Corbett, 2001;
Ploughman et al., 2007a) or with running exercise (Ploughman et al., 2005), it is possible
to achieve more pronounced functional recovery in rats. In future it may be possible that
stroke patients will receive a combination of intensive rehabilitative therapies and task-
specific rehabilitation with administration of for instance stem cells and trophic factors
known to induce neuroplasticity. Thus, the current study focuses on the combination of
stem cell transplantation and rehabilitation in experimental stroke models. We aimed to
reveal whether or not transplanted cells survive, migrate and differentiate in the rat brain
after cerebral ischemia and if EE can enhance cell therapy success. Furthermore, behavior
tests were performed to study the possible effects on functional recovery of the stroke-

affected forelimb.
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2. REVIEW OF THE LITERATURE

2.1 Functional recovery after stroke

Stroke affects multiple brain areas causing several dysfunctions such as motor
deficits of the limbs, muscle weakness, speech problems and somatosensory and
cognitive deficits. The recovery of each system function is different and responses to
rehabilitation vary depending on the location of the lesions in the brain (Cramer and
Riley, 2008). The brain infarct may include parts of the thalamus, hippocampus and
different cortical areas. All cell types are lost by ischemic insult; i.e., neurons, astrocytes,
oligodendrocytes and endothelial cells (Savitz et al., 2004). Thus, it is not surprising that
the recovery seen within weeks and months after stroke is incomplete. So far in clinical
settings physical therapy for improvement of gait by treadmill walking (Peurala et al.,
2008) and constraint-induced therapy of the affected hand (Ploughman and Corbett,
2004) have been proved beneficial for the recovery of function. In experimental settings
various forms of rehabilitation, such as EE and running exercise (Biernaskie and Corbett,
2001; Ploughman et al., 2005), intensive motor rehabilitation (Jones et al., 1999) and
molecular therapies such as administration of erythropoietin and epidermal growth factor

(Kolb et al., 2007) have been shown to enhance functional recovery and brain self-repair.

2.2 Enriched environment and running exercise after stroke

Effects of the experimental rehabilitation paradigm, EE, have been widely studied
(Johansson and Belichenko, 2002, Mohammed et al., 2002). Beneficial effects include
among others upregulation of endogenous plasticity related growth factors, synaptic
plasticity, increased dendritic branching and enhanced neurogenesis (Falkenberg et al.,
1992; Torasdotter et al., 1998; Dahlqvist et al., 1999; Pham et al., 1999; Ickes et al.,
2000; Biernaskie and Corbett, 2001; Briones et al., 2004; Dobrossy et al., 2004; Gobbo
and O’Mara, 2004; Komitova et al., 2005a). Importantly, enriched environment has
positive effects on endogenous stem cells (Komitova et al., 2005a) which resulted in

enhanced functional recovery. In addition, neural grafting resulted in better functional
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outcome in ischemic rats housed in EE (Mattsson et al., 1997). Recently neurogenesis has
been reported to occur in ischemic human brain (Jin et al., 2006; Curtis et al., 2007),
which is encouraging for clinical stroke rehabilitation and might create more interest in
rehabilitation that induces neurogenesis.

Rehabilitation of the stroke impaired forelimb by reaching rehabilitation in rat,
alone (Ramanathan et al., 2006) or combined either with EE (Biernaskie and Corbett,
2001) or running exercise (Ploughman et al., 2007a) leads to even more effective
recovery and enhanced brain plasticity. Reaching rehabilitation combined with running
exercise leads to elevated levels of plasticity related growth factors, and better functional
recovery (Ploughman et al., 2007a,b). Voluntary exercise is also used in rehabilitation
after cerebral ischemia and has been shown to have several beneficial effects, such as
increased levels of growth factors and increased neurogenesis (Neeper et al., 1996; van
Praag et al., 1999; Vaynman et al., 2003; Griesbach et al., 2004; Ploughman et al., 2005;
Ying et al., 2005). Interestingly, running exercise increases cerebral blood flow and
neurogenesis in hippocampus both in mice and in humans (Pereira et al., 2007). In
addition intensive rehabilitation of motor skills (acrobatic learning) appears to result in
enhanced synaptogenesis and forelimb use after forelimb cortex damage (Jones et al.,
1999; Chu and Jones, 2000).

These encouraging results of positive changes in the microenvironment of the
brain due to rehabilitation and regeneration of tissue due to growth factors (Kolb et al.,
2007) might benefit stroke patient in future especially when combined with stem cell
therapy.

2. 3 Stem cells

Stem cells possess two unique properties compared to other cells; firstly, they can
proliferate indefinitely and secondly, they can give rise to progenitor cells that
differentiate into specialized cells performing specific functions. Two main types of stem
cells used in research are embryonic stem cells (ESC) and adult stem cells. Embryonic
stem cells in a blastocyst are pluripotent; they give rise to all cell types in developing

tissues, ectoderm, mesoderm and endoderm (Fig. 1). These specialized tissues have then
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their own population of stem cells, the multipotent adult stem cells that can be used for
repair and replacement, such as neural stem cells found in brain (Bethesda, 2006). Neural
stem cells (Fig. 2) can give rise to neuronal (progenitors producing only neurons) or glial
progenitors (producing astrocytes or oligodendrocytes). Importantly, ESCs and adult
stem cells can be grown in culture, manipulated and then transplanted in injured tissue in

hope of finding cure for several diseases (Gage, 2000; Lindvall, 2004; Bethesda, 2006).

Self-renewal

v G Secondary
Gastrula n

Progenitor
cell

S N

Ncuror\alprogem‘toccll Glial progenitor cell
Ectoderm Mesoderm Endoderm Mature neurons Astrocytes  Oligodendracytes
Skin epidermis cells Musele cells Lung cells Germ Cells -Cholinergic
Figment cells Rl blood cells Pancreatic cells -Glutamatergic
Neurons TH
Figurel. Differentiation of embryonic Figure 2. Differentiation of neural stem
stem cells in a developing fetus. cells after isolation from stem cell

containing tissue (e.g. embryonic tissue,

brain ventricle walls).

2.3.1. Subventricular zone stem cells

There is a continuous production of stem cells in adult mammal brain in two
neurogenic regions, the subgranular zone of the hippocampus and the subventricular zone
(SVZ) surrounding the lateral ventricles (Altman, 1962; Doetsch et al., 1997; Reynolds
and Weiss, 1992; Curtis et al., 2007). These stem cells and their progeny migrate long
distances in an intact brain via rostral migratory stream (Fig. 3) to the olfactory bulbs

where they differentiate into functional granule or periglomerular neurons (Lois and
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Alvarez-Buylla, 1994). However, after a brain insult the direction of migration of SVZ
stem cells changes and they migrate towards damaged brain areas (Arvidsson et al., 2002;
Parent et al., 2002; Goings et al., 2004; Collin et al., 2005; Yamashita et al., 20006).
Proliferating cells originating from SVZ were reported to be able to differentiate into
striatal spiny neurons and interneurons after excitoxic lesion in rat striatum (Collin et al.,
2005) six weeks after the injury. In addition, three months after middle cerebral artery
occlusion (MCAO) in mice SVZ originated cells had differentiated into neurons that
formed synapses with neighboring striatal cells (Yamashita et al., 2006). In animal
models of stroke increased levels of SVZ neurogenesis are reported after infusion of
epidermal growth factor (EGF) (Kolb et al.,, 2007), and after housing in enriched
environment (Komitova et al., 2005a). Importantly, SVZ neurospheres can be isolated
from brain, cultured and manipulated in vitro (Reynolds and Weiss, 1992; Palmer et al.,
1999; Shimazaki et al., 2001; Zhang et al., 2003; Zhang et al., 2005; Zhang et al., 2006).
When these cells are injected into the striatum, cortex or olfactory bulb, only poor
survival is reported with or without excitotoxic lesion (Herrera et al., 1999). Also poor
migration of transplanted SVZ cells was reported in the intact rodent brain (Soares and
Sotello, 2004), but after incubation in basic fibroblast growth factor (bFGF) migration
and neuronal differentiation of SVZ cells were observed after transplantation into the
intact rat striatum (Zhang et al., 2003). Interestingly, brain injuries such as stroke (Zhang
et al., 2005; Liu et al., 2006; Zhang et al., 2006) induce molecular changes in SVZ cells
that differ from SVZ cells in the intact brain. SVZ cells response to injury by recapturing
embryonic molecular signals (Liu et al., 2006). This might explain why endogenous
replacement might be more efficacious than the transplantation of SVZ cells. Human
neurogenesis has been reported recently in a normal brain (Curtis et al., 2007a; Curtis et
al., 2007b), and after stroke (Jin et al., 2006). Conduction of neurogenesis studies in
humans is challenging and it remains to be shown whether or not endogenous neuronal

replacement takes place after brain insults leading to functional recovery.
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Figure 3. SVZ stem cells and their progeny migrate long distances in an intact brain via

OB

rostral migratory stream (RMS) to the olfactory bulbs (OB) where they differentiate into
functional granule or periglomerular neurons (Reprinted with permission from Sage

Publication, Lledo et al., 2004)

2.3.2 Embryonic stem cell derived neural precursor cells

Embryonic stem (ESC) cell lines can be derived from the inner cell mass of
human blastocysts (Thomson et al., 1998; Reubinoff et al., 2000). These ESCs are
pluripotent and can differentiate into any type of cells in the body (Evans and Kaufman,
1981; Martin, 1981). Cell lines of human ESCs (hESC) have been maintained as long as
one year without losing the ability to divide indefinitely and to differentiate into
mesodermal, ectodermal or endodermal cells (Amit et al., 2000; Itskovitz-Eldor et al.,
2000) in the presence of growth factors. If ESCs aggregate into embryoid bodies they can
start differentiation process into progenitor cells automatically. Cell progenitors of
interest can be identified by markers, expression of reporter genes, and characteristic

morphology and in case of neural precursors can be cultured as neurospheres. The
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progenitor cells in neurospheres can be enriched into progenitor types (Fig. 2) and further
cultured to more mature cell types (Trounson, 2006).

Neural precursor cells (NPC) have been derived from hESC lines that express
both immature and mature neuronal proteins (Schuldiner et al., 2001) and contain
voltage-dependent channels that can be triggered to fire action potentials (Carpenter et
al., 2001). These in vitro differentiated NPCs survive, migrate and express neuronal,
astrocytic and oligodendrocytic proteins when transplanted into lateral ventricles of
neonatal mouse brain (Reubinoff et al., 2001; Zhang et al, 2001) or into the ventricles of

neonatal immune-deficient mice (Guillaume et al., 2006).

2.4 Stem cell studies in animal models of stroke

2.4.1 Endogenous stem cells

Cerebral ischemia causes endogenous stem cells to proliferate and migrate
towards injured brain tissue (Garcia-Verdugo et al., 1998; Arvidsson et al., 2002; Goings
et al., 2004; Emsley et al., 2005; Hagg, 2005; Zhang et al., 2005; Yamashita et al., 2006).
In addition, stem cells from brain can be isolated, differentiated in vitro, and transplanted
into ischemic brain (Gage, 2000; Zhang et al., 2003; Emsley et al., 2005; Haas et al.,
2005). Stem cells respond to molecular cues and growth factors in the cerebral
microenvironment (Imitola et al., 2004; Hagg, 2005; Komitova et al., 2005a; Wang et al.,
2006) and in vitro (Aarum et al., 2003; Hagg, 2005; Zhang et al., 2006). During brain
development specific genes and proteins are turned on to encourage cell genesis,
proliferation, cell survival, migration and finally differentiation in the target area in the
brain (Gage, 2000; Hagg, 2005; Komitova et al., 2006b). Some of these proteins, such as
nestin, brain derived neurotrophic factor (BDNF) and vascular endothelial growth factor
(VEGF) are expressed adjacent to injured tissue (Carmichael, 2005a) after cerebral
ischemia. It has been suggested that these proteins also play a role in repair mechanisms,
such as neurogenesis (Cramer and Chopp, 2000) and might promote survival of
transplanted cells. Despite upregulation of several molecules supportive of survival and

migration there are also restricting factors such as strong astroglial response that limits
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stem cell survival. Repulsive molecular cues in peri-lesional areas (Garcia-Verdugo et al.,
1998; Nguyen-ba-Charvet et al., 2004; Schwab et al., 2005), such as Ephrins, slits and
Nogo-A also can restrict stem cell/transplant survival and migration of stem cells. So far
only minimal survival and neuronal differentiation have been reported following
endogenous and exogenous stem cell therapies after cerebral ischemia. This creates
urgency for more supportive combination therapies where stem cell survival and
differentiation are encouraged by growth factors and other supportive molecules in the
cerebral microenvironment.

The mechanisms underlying stem cell induced brain plasticity might include
angiogenesis (Chen et al., 2005; Wang et al., 2006), local elevation of growth factors
(Zhang et al., 2005; Komitova et al., 2006b; Zhang et al., 2006) and synergy between
immune cells and stem cells (Aarum et al., 2003; Imitola et al., 2004). Interestingly, brain
microglial cells have been shown to promote migration and differentiation of stem cells
in vitro (Aarum et al., 2003). Taken together, factors that might underlie beneficial
effects seen after stem cell therapy are complicated and more studies are needed to

unravel these mechanisms.

2.4.2 Transplanted stem cells

Several studies have used stem cells to treat cerebral ischemia in animal models
(Chen et al., 2001; Englund et al., 2002; Zhao et al., 2002; Kelly et al., 2004; Kurozumi
et al., 2004; Vendrame et al., 2004; Haas et al., 2005; Kurozumi et al., 2005; Bliss et al.,
2006; Daadi et al., 2008). Eventhough a great number of studies have been published in
recent years most of them do not report behavioral outcome after stem cell therapy. Only
few studies show modest improvements in sensorimotor functions. For instance,
intravenous injection of MSCs 24 hours after transient MCAO in rats resulted in
improved sensorimotor function (Chen et al., 2001; Shen et al., 2007) in tape removal
test, neurological severity score (NSS) and rotarod test, which all measure simple
sensorimotor functions. Stem cells isolated from HUCB were introduced to rats
intravenously (i.v.) 24 hours (Chen et al., 2001; Borlongan et al., 2004; Vendrame et al.,

2004) after transient MCAO. Improved behavioral recovery was seen in spontaneous
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activity, elevated body swing, step tests, passive avoidance, rotarod and NSS tests.
Intracerebral transplantation of neuronal stem cells derived from human teratocarcinoma
cell line were shown to improve motor functions in a beam walking test, but not in three
other behavioral tests one month after permanent MCAO in rat (Bliss et al., 2006).
Transplanted human NPC cells derived from hESCs improved function in a cylinder test
after MCAO in rats (Daadi et al., 2008) but showed no benefits in another study when
combined with running exercise (Kim et al., 2007).

It is also important to consider the route of administration of stem cells after
cerebral ischemia. The most common routes to introduce cells are i.v. and intracerebral
administration. Mainly HUCBs and MSCs have been systematically administered and
moderate benefits are reported after cerebral ischemia in rodents (Chen et al., 2001; Zhao
et al., 2002; Kurozumi et al., 2004; Vendrame et al., 2004; Kurozumi et al., 2005). This
method of delivery is the most feasible and most likely to be used in clinical settings
eventhough contradicting results exist. The cells can either be trapped in inner organs
(Lappalainen et al., 2008) or reach the target areas in brain in very small quantities and
provide no benefits in demanding tests of functional recovery (Mékinen et al., 2006). It is
known that only a fraction of HUCB cells introduced i.v. reaches brain parenchyma
(Borlongan et al., 2004, Mékinen et al., 2006). Instead of replacement of cells the
mechanisms that lead to better functional outcome via i.v. administration might include
cytokines and chemokines produced by HUCB cells that might produce anti-
inflammatory effects leading to neuroprotection (Vendrame et al., 2005; Mékinen et al.,
2006).

Intracerebral transplantation of neural precursor cells by several groups (Englund
et al., 2002; Kelly et al., 2004; Bliss et al., 2006; Darsalia et al., 2007; Kim et al., 2007,
Daadi et al., 2008) also report contradicting outcomes. Functional benefits have been
mostly modest after cerebral ischemia, and the survival of cells varies from study to study
(3%-40%). Overall, the studies have used various stem cell types, differ in behavioral
measures, and report contradicting post-mortem analysis of the cells. The variability

between the studies makes comparison of the results challenging.
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2.5 Clinical studies and prospects to future

The task of treating stroke with stem cell transplantation is clearly challenging
and we are only at the starting-point of understanding the true potential of stem cells.
Brain function is severely impaired after cerebral ischemia, and replacement of different
cell types, supporting tissue, brain structures and functional circuitry only by stem cells
might be unrealistic. Thus more effort is needed not only in stem cell biology, but also in
animal models of brain injury to combine knowledge to discover the next generation of
stem cell treatments taking advantage of intrinsic repair mechanisms of the brain and
additional treatments. These mechanisms aiming to better survival of transplanted cells
might include creating immune-privileged cell lines, administration of growth factors and
immune-restricting agents. Also standardized behavioral outcome and histological
measurements of cell survival between laboratories would facilitate comparison of
results. In addition, cells should be tested in both genders, at different ages and in
multiple species. Other important factors (Table 1) that demand studying are: the best
delivery route, the timepoint for transplantation after stroke (i.e. acute versus chronic

state) and what cell type to use (e.g. neurons versus neural precursors).

Timing of the transplantation Cell types
- Acute- tissue salvage, - Endogenous cell activation
advantages of endogenous - Embryonic stem cells
repair mechanisms, - Precursor cells
rehabilitation - Differentiated cells
- Chronic- cell replacement, - Genetic modification
rehabilitation - Growth factor administration
Site of the transplant Cell origin
- Ipsilateral - Allogenic
- Contralateral - Autogenic
- Intravenous - Xenografting
- Intra-arterial - Tissue type (bone marrow,
- Intraventricle skin, brain)
- Multiple sites vs one Others
transplant - Additional medication
- Immunosuppression

Table 1. Factors that can affect the success of transplantation and cell therapy after

cerebral ischemia.
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The goal is that all these factors have to be feasible in clinical settings, and that
the cell lines are accepted by authorities such as Food and Drug Administration (FDA) to

be used for treating stroke patients.
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3. AIMS OF THE STUDY

This study was conducted to examine intracerebral transplantation of stem cells after
cerebral ischemia in rats. We wanted to find out if stem cell transplantation can improve
recovery of function after stroke. In addition, enriched housing rehabilitation and running
exercise were combined with stem cell transplantation to examine the effects of this
combination therapy. Both short-term and long-term studies, and an extensive literature

review were conducted to answer the following questions:

1. Do transplanted SVZ cells survive, migrate and differentiate in a rat model of

transient MCAO (I, IT)?

2. Do transplanted hNPC cells survive, migrate and differentiate in a rat model of

permanent MCAO (IIT)?

3. Does enriched housing rehabilitation have an effect on transplanted stem cell

survival, migration and differentiation (I, II, IIT)?

4. Do cell-based therapies with or without enriched housing enhance functional recovery

after cerebral ischemia (I, II, II1, IV)?
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4. MATERIAL AND METHODS

4.1 Subjects

SVZ stem cells short survival study (1). Eighty-two, male, Sprague-Dawley rats
(Charles River, Montreal, QC, Canada) weighing 300-350 g (~3 months old) at the time
of middle cerebral artery occlusion (MCAQ) were used in this study.

SVZ protracted survival study (11). We used 113 male Sprague-Dawley rats
(Charles River, Montreal, QC, Canada) weighing 320-350 g at the time of MCAO. Rats
were maintained on a reverse 12-h light-dark cycle (I-II).

Human neural precursor cells (111). Sixty-five male Wistar rats (National
Laboratory Animal Centre, Kuopio, Finland) were used in the study weighing 275-300 g
at the time of permanent distal MCAO (Chen et al., 1986).

Animals received food and water ad libitum, except when food-deprived for
behavior training and testing (16 g per day). The rats were housed in single cages or in
environmental enrichment cages.

All procedures were in accordance with the guidelines by the European
Community Council directives 86/609/EEC and were approved by the Ethics Committee
of Kuopio University, Provincial Government of Kuopio, Canadian Council on Animal

Care and Memorial University Animal Care Committee.

4.2 Study designs

The rats were tested in behavior tasks before stroke, 5-6 days after stroke i.e 1 day
before stem cell transplantation and at different survival time points. Cerebral ischemia
was conducted and within one week rats received intracerebral transplantation of stem
cells or vehicle injection. Training for skilled reaching in the staircase test started three
weeks before AIMCAO surgery (III). At the end of each study the animals were sacrificed
to evaluate the infarct volumes and survival, migration and differentiation of the

transplanted stem cells.
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4.2.1 Assignment of animals into treatment groups

Behavioral scoring was conducted as follows to ensure that experimental groups
exhibited similar deficits after ischemia.

Studies 1-11. The behavior in a cylinder test after stroke was scored one day before
the transplantation procedure and the score was used to ensure all groups had equal
deficits. Animals were randomly divided into the following groups: 1) MCAO + stem cell
(SC) + enriched environment (EE); 2) MCAO + SC + standard housing (ST); 3) MCAO
+ vehicle + EE; 4) MCAO + vehicle + ST; 5) Sham + SC + EE and 6) Sham + SC + ST.
Each of the MCAO groups was further divided into 7, 14, 30 days and 2 and 3 months
(n=6-8 per group) post-transplant survival time. Sham animals (n=24) survived 30 days
or 3 months post-transplant. Rats were also tested at 7, 14 days or 1, 2, or 3 months
following cell transplant or vehicle injection, depending on group assignment.

Study 111. Animals were tested in post-MCAO limb-placement test and cylinder
test (see below). A limb-placement task (Rissanen et al., 2006) was performed to
distribute animals with low scores (significantly impaired score 4-6 of maximum 14
points) equally to all treatment groups on days 1 and 6 after stroke. Animals were
randomly divided into five treatment groups (n=10-11 per group) 1 day before neural
precursor cell transplantation as follows: 1) dAMCAO + neural precursor cell transplant
(NPC) + EE, 2) dMCAO + NPC + standard housing (ST), 3) dMCAO + vehicle injection
(Veh) + EE, 4) dMCAO + Veh + ST, and 5) Sham operated + NPC + EE or ST.

4.3 Enriched rehabilitation

Studies 1-11. Starting the day after transplantation of stem cells rats were housed,
6 rats per cage, in large wire mesh cages containing a variety of objects (Fig. 4) to
stimulate exploratory behavior (e.g. toys, tubes, beams, shelves, rope, ladder) that were
changed and rearranged once a week. In addition, the rats were given free access to
individual running wheels attached to a cage for 6 h once per week. Food and water were

freely available. The number of revolutions run per session were recorded by a
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computerized monitoring system. After 6 h rats were returned to the enrichment cages.
The rats in standard cages were housed in pairs of two.

Study 111. Enriched environment consisted of two large metal cages (61 x 46 x 46
cm) that were connected by a tunnel. The cages (n=8-9 animals per cage) contained
objects that encourage sensorimotor activity (toys, ladders, wooden tubes, tunnels,
shelves etc) that were changed once a week. The animals in the standard housing group

were housed individually in standard cages (53 x 32.5 x 20 cm).

Figure 4. Enriched environment (EE) cage.

4.4 Cerebral ischemia models

4.4.1 Transient middle cerebral artery occlusion (I-IT)

Surgical procedures were performed using aseptic technique. Rats were

anesthetized with isoflurane (4% induction; 1.5-2.0% maintenance in 30% O, and 70%
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N20) and placed in a stereotaxic frame. Following a midline scalp incision, a hole was
drilled at AP: + 0.9 mm, ML: —5.2 mm, and DV: —8.7 mm relative to Bregma. The
vasoconstrictive peptide endothelin-1 (ET-1, 1200 pmol in 3 pl sterile H,O, Calbiochem,
La Jolla, CA, USA) was injected adjacent to the right middle cerebral artery over 10
minutes (Windle et al., 2006). Body temperature was maintained between 36.5 and
37.5°C throughout surgery using a rectal probe and self-regulating heating blanket
(Harvard Apparatus, Holliston, MA, USA). Sham surgery included a burr hole but no

injection.

4.4.2 Permanent middle cerebral artery occlusion (I1I)

Focal cerebral ischemia was induced by permanent occlusion of distal middle
cerebral artery (AMCAO) and temporary occlusion (60 min) of both common carotid
arteries (Chen et al., 1986). In brief, anaesthesia was induced using 4% isofluorane and
maintained in 1.5-2.0% in 30% O, and 70% N,O. An incision was made between the left
ear and eye and the distal portion of the MCA was exposed through a small burr hole and
cauterized just above the rhinal fissure. Another incision was made on the neck and both
common carotid arteries were occluded for the period of 60 min. Rectal temperature was
monitored and maintained between 36.5-37.5°C using a self-regulating heating blanket
(Harvard Apparatus, Holliston, MA, USA) for the duration of the surgery. Sham-operated

animals received the same surgery except the MCA was not cauterized.

4.5 Stem cell preparation, differentiation and characterization

4.5.1 Subventricular zone stem cells (I-IT)

Stem cells were harvested from the SVZ of adult actin-green fluorescent protein
(GFP) transgenic mice as described (Enwere et al., 2004). Briefly, brains were removed
from mice after cervical dislocation and the SVZ tissue was dissected free in PBS. The
SVZ tissue was taken from the region surrounding the lateral ventricles, extending from

the rostral tip to the crossing point of both ventricles, taking care to avoid any cortex or
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hippocampus. After incubation for 20 min at 37°C in a defined media-hormone mix
containing 1.33 mg/ml trypsin, 0.67mg/ml hyaluronidase and 0.2 mg/ml kynureneic acid
(all from Sigma, St. Louis MO, USA), the tissue was then triturated (about 20X),
incubated for an additional 15 min at 37°C and triturated again (about 60X) until no small
pieces of tissue were left. An equal volume of trypsin inhibitor (Sigma, St. Louis MO,
USA) was added and triturated again (about 40X), and then the suspension was spun
down at 600 rpm for 5 min. The cells were resuspended and plated in six-well plates at a
density of 1000-2000 cells/ml in media-hormone mix containing 20 ng/ml EGF, 20 ng/ml
fibroblast growth factor (FGF) and 2 pg/ml Heparan sulphate (Sigma, St. Louis MO,
USA). The multipotent neurospheres consisted of ~60% astrocytes, ~10% neurons, ~10%
oligodendrocytes, and remaining undifferentiated cells (Shimazaki et al., 2001). Cultures
were left to grow for 9 days then harvested and sent to Memorial University by overnight
courier from the University of Calgary. Upon arrival the SVZ cells were placed in a 37°C

incubator overnight, and then concentrated for transplant the following morning.

4.5.2. Human embryonic derived neural precursor cells (IIT)

hESC line used in this study was HS181, passage 59. HS181 has been derived at
the Fertility Unit of Karolinska University Hospital Huddinge, Karolinska Institutet,
Sweden (Hovatta et al., 2003). Regea, Institute for Regenerative Medicine, University of
Tampere and Tampere University Hospital, Finland has the approval of the Ethical
Committee of Pirkanmaa Hospital District to culture hESC lines derived at Karolinska
Institutet. hESCs were cultured in Knockout Dulbecco’s modified eagle medium
(DMEM, Invitrogen, Carlsbad, CA, USA) with 20% serum replacement (SR, Invitrogen),
2 mM GlutaMax (Invitrogen), 1% non-essential amino acids (Cambrex Bio Science, New
Jersey, NJ, USA), 50 U/ml penicillin/streptomycin (Cambrex Bio Science), 0.1 mM 2-
mercaptoethanol (Invitrogen), and 8 ng/ml basic fibroblast growth factor (bFGF, R&D
Systems, Minneapolis, MN, USA) in top of human feeder cell layer (CRL-2429, ATCC,
Manassas, CA, USA). The undifferentiated stage of hESCs was confirmed daily by
morphological analysis and occasionally by immunocytochemistry with ESC-markers

Nanog, Oct-4, SSEA-4, and Tra-1-60. The karyotype of HS181 was normal, 46XX, as
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analyzed in passages 44 and 77. The cultures were mycoplasma free throughout the
experiment.

For neural differentiation, the hESC colonies were dissected mechanically into
small clusters containing approximately 3000 cells. These clusters were then cultured as
floating aggregates for six weeks in 1:1 DMEM/F-12 / Neurobasal media
(Gibeco/Invitrogen) supplemented with 1xB27 and 1xN2 (Gibco/Invitrogen), 50 U
penicillin/ml-50 pg streptomycin/ml (Cambrex Bio Science), 2 mM GlutaMax
(Invitrogen), and 20 ng/ml bFGF (R&D systems) in low attachment 12-well plates (Nunc,
Thermo Fisher Scientific, Rochester, NY, USA). Throughout the differentiation period of
six weeks, the growing neurospheres were dissected once a week and medium was
changed three times a week.

Characterization of hESC-derived neural precursor cells prior to transplantation.
A subpopulation of hESC-derived cells was characterized prior to transplantation to
ensure their neural phenotype.

Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) analysis. After six
weeks of neural differentiation, cell clusters were collected into lysis buffer for RT-PCR
analysis, and total RNA was isolated according to the manufacturer’s instructions using
RNeasy*Micro kit (Qiagen, Hilden, Germany). Then 50 ng of total RNA was reverse-
transcribed (1 h at 37°C) into first-strand cDNA using oligo-dT primers in reaction
volume of 20 pl with Sensiscript Reverse Transcriptase (Qiagen). An aliquot of cDNA (1
ul) was used in polymerase chain reaction (PCR) containing 0.2 mM both forward and
reverse primers, 1xPCR buffer (-MgCl, +KCl), 1.5 mM MgCl,, 0.1 mM dNTP mix, and
Taq DNA polymerase (Qiagen). The cDNA was amplified using 35 PCR cycles with
initializing step of 3 min at 95°C, DNA denaturation at 95°C for 30 sec, annealing at
55°C for 30 sec, and elongation at 72°C for 1 min. RT-PCR samples were then separated
electrophoretically on 1.5% agarose gel containing ethidium bromide and visualized
under UV-light. The primers used for the RT-PCR were: for undifferentiated hESCs Oct-
4; for endodermal phenotypes a-fetoprotein, for mesodermal phenotypes brachyury/T,
and for neuroectodermal phenotypes Mash-1, Musashi, Nestin, and Pax-6.

Automated monitoring of in vitro differentiating neuronal cells. After 6 weeks of

neural differentiation, some hNPC clusters were in vitro differentiated by withdrawal of
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bFGF in human laminin (10 pg/ml, Sigma-Aldrich, Steinheim, Germany) coated wells.
The in vitro neuronal differentiation was continuously monitored in Cell-IQ® cell
culturing platform (Cell IQ, Chip-man Technologies Ltd, Tampere, Finland) as described
earlier (Narkilahti et al., 2007; Nat et al., 2007) one day later for the next 48 h. After
monitoring, cells were fixed with 4% paraformaldehyde (PFA) at room temperature (RT)
for immunocytochemical analysis.

Immunocytochemical characterization of in vitro differentiated neuronal cells.
Antibodies used were: polyclonal goat anti-doublecortin (DCX, 1:200, SantaCruz
Biotechnologies, Santa Cruz, CA, USA), polyclonal sheep anti-glial fibrillary protein
(GFAP, 1:600, R&D Systems), and polyclonal rabbit anti-microtubule associated protein
(MAP-2, 1:400, Chemicon, Temecula, CA, USA). Briefly, after fixation cells were
blocked with 10% normal donkey serum (NDS) in phosphate buffered saline (PBS) with
0.1% Triton X-100 and 1% bovine serum albumin (BSA) for 45 min, and washed once
with 1% NDS, 0.1% Triton X-100, and 1% BSA in PBS. Cells were incubated in the
same solution overnight at +4°C with primary antibodies. The next day cells were
washed with 1% BSA in PBS and incubated in the same solution with secondary
antibodies AlexaFluor-488 or AlexaFluor-568 (1:400, Molecular Probes, Eugene, OR,
USA) conjugated to goat, rabbit, or sheep antibodies. Finally, cells were washed with
PBS and PB, mounted with Vectashield with 4’6-diamidino-2-phenylindole (DAPI,
Vector Laboratories, Peterborough, UK) and cover slipped. For double labeling, two
primary antibodies and two secondary antibodies were applied to the same cells. For
control cells, primary antibodies were omitted from the staining protocol, and that
resulted in disappearance of all positive labeling. The imaging of cells was performed
with Olympus microscope (10 x magnification, Olympus, IX51S8F-2) equipped with a
fluorescence unit and camera (Olympus, DP71). The fluorescent images were processed
with Adobe Photoshop CS2 (Abode Systems Incorporated, San Jose, CA, USA). The
possible background noise was reduced and the objects were sharpened and brightened
by changing the input levels of the particular RGB channels. No other digital

manipulation was performed.
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4.6 Stem cell transplantation

Studies 1-11. The SVZ cells were gently pelleted, resuspended in 0.25% Trypsin-
EDTA for 10 min, washed with DMEM and then resuspended at a concentration of 200
000 cells/ul in DMEM containing 0.5 mg DNase/ml. Using a glass cannula attached to a
30 gauge 5.0 pl Hamilton syringe, 4 X 1.0 pl deposits of this cell suspension were placed
in the ipsilateral sensory-motor cortex and striatum immediately above and below the
corpus callosum 7 days after stroke (4 deposits = 800 000 cells/rat) at each of the
following coordinates relative to bregma: 1) AP +0.7 mm, ML —2.0 mm, DV -2.5 mm
and -3.5 mm; 2) AP -0.9 mm, ML -2.5 mm, DV -2.5 mm and -3.5 mm. These
placements were selected so as to facilitate migration along the corpus callosum. Vehicle
animals received identical injections of DMEM only. All rats received daily
intraperitoneal injections (i.p) of the immunosuppressant cyclosporine (SandImmune, 10
mg/kg, Novartis) starting one day prior to the transplant and continuing to the end of the
study.

Study 111. Prior to transplantation, hESC-derived neural precursor cell clusters
were trypsinized (Cambrex) for 5 minutes to produce a single cell suspension. Trypsin
was inactivated with 5 % human serum (Sigma-Aldrich) in PBS and the cells were then
washed once with PBS before resuspending them into a volume of 20 pl PBS containing
200 000 cells/pl.

Briefly, using a glass cannula attached to a Hamilton syringe, 4 x 1.0 ul deposits
of cell suspension were injected in the ipsilateral sensorimotor cortex (the intact
sensorimotor cortex on lesion side) 7 days after stroke (4 deposits = 800 000 cells/rat) at
each of the following coordinates relative to bregma: 1) AP +0.5 mm, ML +1.0 mm, DV
—2.0 mm, and -2.5 mm; 2) AP +1.2 mm, ML +1.0 mm, DV -2.0 mm, and —2.5 mm.
Vehicle animals received identical injections of PBS. All rats received one intraperitoneal
(i.p.) injection of the immunosuppressant cyclosporine A (Sandlmmune, 5 mg/kg,
Novartis) one day prior to the transplant. Osmotic minipumps (Model 2ML4, Alzet,
Cupertino, CA, USA) filled with cyclosporine (LC Laboratories, Woburn, MA, USA) in
polyethyleneglycol-400 (PEG-400; Sigma-Aldrich, Steinheim, Germany) were inserted

under the skin during the transplantation surgery. The concentration of cyclosporine in
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each pump was calculated so that the release of the drug was 5 mg/kg/24 hours. Vehicle
animals without transplants received PEG-400 only in osmotic pumps placed under the
skin. Body weight was monitored throughout the study. To control that the drug was
delivered the remaining liquid was drawn out of the pump at the end of the delivery

period.

4.7 Behavioral tests

4.7.1 Forelimb asymmetry

The rats were placed in a plexiglas cylinder (& 20 cm) to assess forepaw use for
postural support (Schallert and Woodlee, 2005). Animals were in the cylinder for at least
4 min or until a minimum of 20 rears was observed. Sessions were video-recorded from
below to determine ipsilateral, contralateral and bilateral limb contacts. Asymmetry score
was calculated as: [contralateral contacts + 1/2 bilateral contacts] / [total contacts] X

100% (Woodlee et al., 2005).

4.7.2 Reaching task

Animals were food-deprived 24 hours before initiation of first training or testing
session. After that animals received 16 g of food per day when trained or tested, and they
maintained about 85% of their pre-testing body weight (pre-operative weight). The
staircase apparatus has 21 food pellets (45 mg, BioServ, Frenchtown, NJ, USA) on each
of two staircases, divided on seven descending stairs, three pellets on each step. The
apparatus (Montoya et al., 1991) is designed so that the pellets on each staircase are
accessible to only the ipsilateral forepaw and dropped pellets cannot be retrieved.
Animals were trained in a once daily 10 min trial for 16-21 days prior to dAMCAO
surgery. Pre-surgery criteria required that animals retrieve a minimum of 15 pellets per
side on the last eight trials, with a standard deviation of less than +2 pellets. Baseline
score for skilled reaching was calculated as mean score of the last four sessions. Similarly

post-surgery performance was based on four trials performed during two consecutive
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testing days. After the training and testing periods animals were given free access to food
(Windle et al., 2005).

4.7.3 Limb-placement test

The limb-placing test (De Ryck et al., 1989) was used for assigning ischemic animals
to groups. This test had seven limb-placing tasks to assess the integration of forelimb and
hindlimb responses to tactile and proprioceptive stimulation that are described in detail
elsewhere (Rissanen et al., 2006). Briefly, the rat was placed on the edge of a table and its
fore- and hindlimbs were pushed over the edge to measure how quickly the rat was able
to retrieve his limbs. These tasks were performed from the side and in front of the rat,
with and without the help of stimuli provided by whiskers (head lifted in an angle). In
addition, forepaw retraction was evaluated when the rat was lifted in the air from its tail,
and the forepaw resistance when pushed on the table surface. The tasks were scored as
follows: 2 = the rat performed normally; 1 = the rat performed with a delay of more than
2 s; and 0 = the rat did not perform normally. The final score was derived as a sum of all
the subtests, a sham-operated animal would reach a maximum of 14 points. Both sides of

the body were tested to assess forelimb and hindlimb function.

4.8 Histology and immunohistochemistry

4.8.1 Infarct volumes

Studies 1-11. At 7, 14, 30 days or 2 and 3 months following stem cell transplant or
vehicle injection, rats were deeply anesthetized and transcardially perfused with ice-cold
heparinized saline followed by 4% paraformaldehyde (PFA). Brains were extracted, fixed
in PFA for 90 minutes, and then immersed in 20% sucrose in phosphate buffered saline
(PBS) for 3 days. Brains were frozen and 40 pm (I) or 30 pm (II) coronal sections were
taken with a cryostat every 360 um and stained with Cresyl Violet. Additional

consecutive sections were taken and stored in cryoprotectant at -20°C until
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immunohistochemistry was performed (see below). The volume of tissue lost was
assessed using Imagel software (Scion Corporation, Frederick, MN):

Tissue loss = Volume of tissue remaining in contralateral hemisphere — volume of
tissue remaining in injured hemisphere.

Volume of hemisphere = average area of remaining tissue in hemisphere x section
interval x number of sections.

Study 11l. Animals were deeply anesthetized with a mixture of sodium
pentobarbital (9.72 mg/ml) and chloral hydrate (10 mg/ml) administered by an
intraperitoneal injection (2 ml/kg) two months after the transplant or vehicle injection and
transcardially perfused with saline followed by 4% PFA. The brains were post-fixed in
PFA for 90 minutes and then kept in 20% sucrose in PBS for 3 days, frozen with dry ice
and 30 pm tissue sections were cut with a cryostat (CM 3050 S, Leica, Germany). Every
eighth section was collected for Nissl staining (thionine) and the remaining sections were
stored in a cryoprotectant at -20°C for immunohistochemistry. Every second Nissl stained
section (i.e. every sixteenth section) was analyzed with ImageJ (Rasband, W.S., ImageJ,
U. S. National Institutes of Health) and the total infarction volume was calculated by
subtracting the area of the remaining cortex in the ischemic hemisphere from the area of
the intact contralateral cortex of each section. The mean area of tissue damage between
sequential two sections was multiplied with the distance of the two sections (480 pm),
and these values (mm?) between all sections were summed and multiplied with the total

distance between the first and last section for the final infarct volume (mm3).

4.8.2 Staining for cell counts

Every eighth (I, III) or 12 (ID) brain section of all animals that received
transplants was stained for anti-GFP (II) or anti-human nuclei (IIT) and were used for
quantification of cell survival. The sections were washed in 3% H,0,, washed in PBS and
blocked in normal goat serum, and then incubated with primary antibody at 4°C with PBS
and Triton-X overnight. The following day the sections were washed in PBS, incubated

with the secondary antibody for 1 hour at RT, washed in PBS, incubated with 10 pg/ml



38

Extravadin (Sigma, St Louis, MO, USA) for 1 hour at RT and washed in PBS. Finally,
sections were stained with diaminobenzidine (DAB) for 3 min, washed in PBS, mounted
and coverslipped. Negative controls were processed for every animal in the same way,
except the primary antibody was omitted. For light microscopy, DAB staining was used
to label GFP (anti-GFP, 1:1000, Chemicon, Temecula, CA, USA) positive cells (II), ED-
1 (anti-CD68 for microglia; 1:500, Serotec, Oxford, UK) positive microglia (ILIIT) and
human nuclei (anti-HuNu, 1:1000, Chemicon) positive cells (III).

4.8.3 Fluorescence immunohistochemistry

Phenotypic characterization of cells was done using immunofluorescence. For
immunofluorescence analysis with confocal microscopy the sections were washed in PBS
at RT, then blocked in 5% normal goat or rabbit serum for 1 hour (Jackson
ImmunoResearch, West Grove, PA, USA) in PBS with Triton-X at RT, and incubated
overnight with primary antibodies at 4°C with PBS and Triton-X. The next day the
sections were washed in PBS and stained with secondary fluorescence antibodies for 2
hours at RT in the dark, and then washed in PBS, mounted on slides and coverslipped.
Coronal sections (from 3-5 rats per group at each survival time) were incubated in the
following primary antibodies: chicken anti-green fluorescent protein (GFP, 1:1000,
Chemicon, Temecula, CA, USA) for GFP-expressing cells, mouse anti-human nuclei
(HuNu, 1:1000, Chemicon), rabbit anti-neurofilament 200 (NF-200 , 1:100, Chemicon),
rabbit astrocytic marker anti- S100 (S100, 1:50, Sigma), mouse anti-human nestin (1:200,
Chemicon), rabbit anti-microtubule associated protein-2 (MAP-2, 1:200, Chemicon), the
astrocytic marker rabbit anti-glial fibrillary acidic protein (GFAP, 1:500,
DakoCytomation, Glostrup, Denmark), the neuronal marker mouse anti-neuronal-specific
nuclear protein (NeuN, 1:200, Chemicon), the glial progenitor marker NG-2 (NG-2,
1:150, Chemicon), and the neuroblast marker goat anti-doublecortin (DCX, 1:200 Santa
Cruz Biotechnology, Santa Cruz, CA, USA). The antibodies against GFP, HuNu, NF-
200, nestin, S-100, MAP-2, GFAP, NeuN, NG-2 and DCX were detected with secondary
antibodies goat anti-chicken/mouse IgG conjugated with Alexa 488, goat anti-rabbit IgG
Alexa 633, goat anti-mouse IgG Alexa 633, and rabbit anti-goat IgG Alexa 633,
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respectively (all 1:500, Molecular Probes, Eugene, OR, USA). Negative control staining

was performed for each animal by omitting the primary antibody.
4.9 Microscopic analysis
4.9.1 Stereological cell counts and cell migration

Studies 1-11. Quantification of stem cell survival and migration was performed on
all animals included in the study. Survival of GFP-labeled SVZ cells was measured with
the optical fractionator method using Stereo Investigator® (MBF Bioscience, Williston
VT, USA). Briefly, the number of GFP-expressing cells in every eighth (I) or 12™ (1)
section was calculated using a fluorescence/light microscope (Leica DMRXE) with
randomly generated boxes superimposed on the areas of interest where surviving cells
were located.

For stem cell migration, the distance from the transplant site (still visible) to the
cell cluster nearest the ischemic area was considered to reflect the migratory distance.
The maximal distance (um) that SVZ cells migrated from each transplant site toward the
ischemic areas was measured and the mean value calculated. Migration towards the
midline of the brain (i.e. away from the injury, other than injury related migration) was
considered migration away from the transplantation site.

Study (111). Quantification of transplanted cell survival (HuNu positive) was

performed on all animals as described above.
4.9.2 Optical densities

Study 1. Doublecortin stained tissue from transplanted animals was examined with
fluorescence microscopy. Counting boxes (410 X 260 pum) were randomly superimposed
on the two regions of interest (AP + 0.7 mm and AP - 0.9 mm from bregma) in
sensorimotor cortex and from homotopic cortical regions from the contralateral
hemisphere at 20X magnification. Since DCX stained cells were so numerous in the SVZ

the DCX fluorescence was semi-quantitatively determined (i.e. using relative optical
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density) using Stereo Investigator from two sections (AP +0.7 mm and AP -0.9 mm from
bregma) from both hemispheres. The value for each DCX sample was expressed as a
percentage of background fluorescence intensity measured in the corpus callosum.

Study 11. ED-1 positive cells in two coronal sections corresponding to the stem
cell transplant sites (AP: +0.7 mm and -0.9 mm relative to Bregma). Six boxes (400 um x
400 um) were superimposed onto the following areas of interest: 1) transplant site above
the corpus callosum, 2) transplant site below the corpus callosum 3) corpus callosum
between the transplant site and ischemic injury, 4) cortex bordering ischemic injury, 5)
striatum bordering ischemic injury, and 6) contralateral corpus callosum. Optical density
(OD; using ImageJ) was determined in each region of interest in all animals that had
received stem cell transplants and expressed relative to optical density in the contralateral
corpus callosum. Mean values for each region of interest were calculated from the two

coronal sections assessed.

4.9.3 Confocal microscopy

A laser scanning confocal microscope (Olympus BX6DWI) was used to identify
the phenotypes of the transplanted human nuclei/GFP-expressing cells. Two randomized
areas (20X magnification) within the sensorimotor cortex that had GFP (I-II) or HuNu
(IID) positive cells were chosen, and at least 50 human/GFP positive cells were analyzed
per area. The co-localization of the fluorescent dyes (excitation wavelengths of 488 and
633 nm) was confirmed by z-axis analysis in a series of stacks of 1 um thick sections
using Fluoview FV300 software. The percentage of cells exhibiting co-localization was

calculated.
4.10 Statistical Analyses
Studies 1, III. All values are mean =+ standard error of the mean (SEM).

Behavioral data were analyzed by ANOVA followed by Fisher’s or Scheffe’s post-hoc

tests to compare differences between treatment groups. Unpaired t-tests were used to
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analyze survival, migration and phenotype data of transplanted stem cells as well as
endogenous neuroblast density. Differences at the P<0.05 were considered significant

Study 1l. Analyses were performed by experimenters blind to group identity. Data
were analyzed with SPSS (v. 14.0) and values are presented as mean = SEM. Infarct
volume was analyzed using a 3-factor (transplant, housing, time) ANOVA. Survival,
migration and differentiation of SVZ cells, as well as microglia activity were analyzed
with 2-factor (housing, time) ANOVA. Behavioral data were analyzed by one-way
ANOVA.
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5. RESULTS

5.1 Mortality and exclusions

Animals with minimal injury were excluded if they exhibited a forelimb
asymmetry score of more than 40% reliance on the affected forelimb on day 6 after
stroke (I-IIT) and score of more than 10 points in limb-placement test (III), and no visible
infarct in cresyl violet staining (I-IT). Accordingly, 17 (I), 11 (IT) and 9 (III) rats were
excluded. Mortality rate was three (I), six (II) and six (III) rats during two days after
MCAO. The final number of animals used in the data analysis were n=62 (I), n=96 (II)
and n=51 (11I).

5.2 Characterization of human neural precursor cells in vitro

RT-PCR analysis revealed that after six weeks of differentiation in vitro, Oct-4, a
marker for hESCs, was absent in hNPCs used for transplantation. In addition, there was
no expression of endodermal or mesodermal markers. Instead, the cells expressed
Musashi, Nestin, and Pax-6, markers typically associated with neural precursor cells.

The Cell-IQ video showed in vitro neuronal differentiation of attached hNPC
clusters. Differentiating cells were highly viable and migrated efficiently.

Immunocytochemical analysis showed that the vast majority of the in vitro
differentiated hNPCs expressed neuronal protein MAP-2 and none or very few cells
expressed glial protein GFAP. The MAP-2 positive cells that had migrated out of the

attached cell clusters expressed doublecortin in the tips of the neurites.

5.3 Infarct volumes

5.3.1 Transient middle cerebral artery occlusion

Endothelin-1 caused significant cortical and striatal damage. Typically the

sensory-motor cortex dorsal and ventral to the rhinal fissure and the dorsolateral striatum
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were infarcted. Except in the most severely injured rats, forelimb motor cortex was
largely spared, as was the medial striatum. For the most part, the transplant sites were
localized to areas of intact tissue or minimal injury in cortex and dorsal striatum. There
was no difference in infarct volumes over time (i.e. 7, 14, 30 days, 2 and 3 months).
There were no significant main effects of cell, housing, or time, and no interactions,

indicating that infarct volume did not significantly differ among groups.

5.3.2 Permanent middle cerebral artery occlusion

The permanent dMCAOQO resulted in cortical infarction in all animals and
typically included most of the parietal sensorimotor cortex. There were no significant
differences in the infarct volumes between the experimental dIMCAO groups, thus no
preservation or replacement of tissue was observed due to stem cells transplantation or

housing conditions.

5.4 Behavioral deficits and recovery

5.4.1 Forelimb asymmetry

SVZ short survival (1). Prior to stroke all groups performed similarly showing no
limb preference (p>0.05) in the cylinder test. On day 6 after the stroke (i.e. 1 day before
transplant) all ischemic groups (SC+EE, SC+ST, Veh+EE, Veh+ST) showed a marked
reduction (F(3 58=16.79, p<0.0001) in use of the contralateral limb compared to the Sham
animals. Since the two ischemic vehicle and the Sham stem cell groups did not differ
significantly from one another they were combined into single vehicle and Sham groups.
There was a significant group effect (Fs, s3=4.07, p=0.01) 7 days after stem cell
transplantation. Fisher’s post-hoc tests revealed that the Veh group (p=0.006) continued
to show significant reductions in contralateral limb use 7 days after transplantation. In
contrast, by day 7 the SC+EE group exhibited marked recovery compared to the Veh
group (p=0.006) and did not differ from the Sham group. The SC+ST group showed

much more limited recovery but did not differ from Sham animals. On subsequent test
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days, the SC+ST and Veh groups continued to show decreased reliance on the
contralateral limb relative to Sham and SC+EE animals but these differences were not

significant.

SVZ protracted survival study (I1). All groups performed similarly prior to stroke
and used their forelimbs equally while exploring in the cylinder task (overall mean =
49.7+0.7 %; p=0.883). As expected, all ischemic groups were significantly impaired (i.e.,
relied less on the affected limb, 30.7+1.7% use of affected limb; p=0.001) relative to
Sham animals when tested 6 days after stroke (1 day before stem cell transplant or
vehicle injection). There were no significant differences among groups at any time after
SVZ cell transplantation or vehicle injection, indicating that all ischemic groups had
recovered to Sham performance levels, and that enriched housing did not improve
functional recovery at 1 month (overall mean = 43.3+2.6%; p=0.180) 2 months (overall

mean = 45.842.3; p=0.281) or 3 months (46.812.6%; p=0.942).

Human NPC cell study (I11). Repeated measures ANOVA revealed that in the
cylinder task there was an overall group effect (F346=6.2, p<0.0001) in the use of the
contralateral forepaw. ANOVA and post-hoc tests revealed that all ischemic groups were
impaired compared to the Sham group six days after AIMCAO (p<0.001, i.e. one day prior
to hNPC transplantation or vehicle injection). There were no differences between the
groups before induction of AIMCAO (p>0.05). One month after transplantation or vehicle
operation both the Veh+EE (p=0.004) and Veh+ST (p=0.02) groups remained
significantly impaired compared to the Sham group. Both neural precursor cell
transplantation groups (hNPCs+EE, hNPCs+ST) exhibited recovery of function, and
were not significantly different from the Sham group (p>0.05). Two months after the
treatment Veh+ST remained significantly impaired compared to the Sham group
(p=0.03), whereas the hNPC transplantation groups and the Veh+EE group did not differ
significantly from the Sham group (p>0.05).
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5.4.2 Reaching task

Human NPC cell study (111). In the staircase test all groups were significantly
impaired before the transplantation or vehicle operation compared to the Sham group
(F346=6.2, p<0.0001), and maintained similar levels of reaching impairment at one month
(p<0.01) and two months (p<0.001) after the hNPC transplantation or vehicle injection.
There were no correlations found between the behavioral data and cell survival

rate/differentiation.

5.5 Immunohistochemistry

5.5.1 Cell count and cell migration

SVZ short survival (I). Cell survival. There was a trend for greater survival of
GFP-expressing transplanted cells in the EE groups than in ST groups at all time-points.
There were also more animals in the EE group that displayed greater than 20000 cells
surviving than the standard housed animals. There were no statistical differences between
the groups with respect to survival time so they were pooled over the time-points (i.e. 7,
14 and 30 days).

SVZ short survival (1). Cell migration. The transplanted cells in the EE groups
showed a tendency to migrate closer towards the ischemic areas compared to ST groups.
At 30 days post-transplant the cells in EE groups reached the infarct site whereas cells in
the ST-reared animals migrated much shorter distances. Migration of SVZ cells in the EE
pooled group (1682.7+399.2 um) was significantly greater (tu4) =2.48, p<0.05) than the
ST-pooled group (398.6+470.1 um), showing that the EE housing induced migration of

the transplanted stem cells.

SVZ protracted survival study (Il). Cell survival. Enriched housing did not
enhance SVZ cell survival compared to rats in the standard housing condition (2-factor
ANOVA, main effect of housing, p=0.906). However, there was a significant main effect

of survival time (p=0.021). Housing conditions were therefore combined for further
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analyses, which revealed that a greater number of transplanted SVZ cells survived at 1
month (1517543401 cells) compared with 2 months (525043401 cells) or 3 months
(167143301 cells; p=0.036), which were not significantly different (2 vs. 3 months,
p>0.05). A trend for a significant housing x survival time interaction suggested that cell
survival was enhanced by EE at 1 month. However, this did not reach statistical
significance (p=0.086).

SVZ protracted survival study (Il). Cell migration. A two-factor (housing,
survival time) ANOVA was used to analyze SVZ cell migration towards the ischemic
area. There was no significant effect of housing, indicating that enriched housing (overall
mean = 427.7+£158.5 um) did not enhance the distance cells migrated towards the infarct
compared with standard housing (overall mean = 415.1+£174.9 pum; p=0.958). Similarly,
there was no main effect of survival time (p=0.798) and no housing x survival time
interaction (p=0.163). Analysis of the distance SVZ cells migrated towards the midline
(i.e., away from the ischemic area) revealed no significant effect of housing (p=0.223).
While it was not significant, a trend (p=0.054) for an effect of survival time suggested
that SVZ cells migrated the greatest distance within the first month (overall mean =
557.2£135.7 pm), whereas there was little migration at 2 months (overall mean =
178.7£135.7 um) or 3 months (overall mean = 111.3+131.7 um). The housing x survival

time interaction was not significant (p=0.606).

Human NPC cell study (I11). Cell survival. Altogether, HuNu positive cells were
found in 15 out of 31 animals that received cell transplants, that is, in 5/10 animals in
hNPCs+EE, 5/10 in hNPCs+ST, and 5/11 in Sham + hNPCs groups. There were no
significant differences in the number of surviving cells between hNPCs+EE
(8343+7470), hNPCs+ST (2617+1920) or Sham+hNPC (4587+2566) groups. Survival
rate was approximately 1% of the transplanted cells.

Human NPC cell study (I11). Cell migration. Human nuclei stained cells were
located in the sensorimotor cortex, and did not show significant migration away from the

transplantation sites.
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5.5.2 Optical densities

Doublecortin stained endogenous cells (1). Enriched rehabilitation resulted in a
significant increase (t(4=2.48, p<0.05) in DCX-expressing endogenous progenitor cells

in the ipsilateral SVZ compared to ST housed animals.

Microglial activation (111). Relative optical density measurements revealed ED-1
positive cells (i.e., activated microglia) around the stem cell deposit (OD: 1.43 £ 0.07),
the ipsilateral corpus callosum (OD: 1.40 £ 0.08), ipsilateral cortex (OD: 1.15 + 0.07),
and ipsilateral striatum (OD: 1.26 £ 0.08). There were no significant effects of housing or
survival time in any of the regions sampled. When all animals were included (e.g.,
collapsed across housing and survival condition), we found significant negative
correlations between transplanted cell survival and activated microglia in the stem cell
deposit (R=-0.424, p=0.019) and corpus callosum (R= -0.364, p=0.048), but not in the
tissue bordering the ischemic cortex (R= -0.215, p=0.250) or striatum (R= -0.162,
p=0.393).

5.5.3 Confocal analyses

SVZ cells (1). During the first month immunofluorescent staining for GFAP
revealed similar numbers of co-labeled cells between the EE and ST groups indicating
that some of the transplanted cells had an astrocytic phenotype (EE = 10%=+1.0, ST =
9.1%=+1.0) regardless of treatment. GFAP positive transplanted cells were found in all
areas studied, including the transplant site, along migrating cells in corpus callosum and
in the cortical areas surrounding the infarct. The migrating cells seemed to be intertwined
with the processes of GFAP positive host cells in the corpus callosum. MAP-2 labeled
cells were evident but only rarely co-localized with GFP. Transplanted SVZ cells
migrating in the corpus callosum and in the region close to the infarct from the EE group

showed enhanced staining (t(14=5.15, p=0.0001) for DCX relative to the ST group.
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SVZ cells (I1). Still after two and three months many (overall mean of
28.8£3.1%) GFP-positive cells were co-localized with GFAP, indicating that a large
proportion of the transplanted cells had differentiated into astrocytes, mostly located in
corpus callosum. There was no effect of housing (p=0.262), but a significant main effect
of time (p=0.013) indicated that there were more GFAP cells at 2 and 3 months compared
to the one month survival time. A smaller proportion of cells (10.5+1.9%) expressed NG-
2, a marker for progenitor glial cells that were mainly located in areas close to infarct
border. Neuronal markers for neuroblasts (DCX) and neurons (NeuN) were expressed in
very few cells (overall mean of 1.7+0.6% and 0.7+0.3%, respectively). The proportion of
DCX, NeuN and NG2 cells did not depend on housing condition (p > 0.292) or survival
(p 2 0.074). The phenotype of the remaining ~58% of GFP cells was not determined.

Human NPC cells (I11). Confocal analysis of transplanted cells showed that a
portion of cells differentiated into neuronal cells in the ischemic and sham-operated rat
brain. There was no effect of housing on cell differentiation and the ischemic and sham-
operated groups were pooled for the final differentiation analysis. Majority of the cells
were human-nestin positive. 10.4% of transplanted HuNu positive cells expressed MAP-2
that mainly localized into dendrites. Interestingly, the deposit sites were enriched with
neurofilaments compared to the surrounding cortical areas. Even though no significant
migration of cells was observed, 10.8 % of HuNu cells expressed DCX. Only few HuNu
cells (less than 2%) co-localized either with GFAP, S-100, or NG2. Hence, there was no
significant differentiation into glial cells. Moreover, there were no correlations found

between the behavioral data and cell survival rate/differentiation.

Human NPC cells (I11). Host tissue responses. Cortical tissue surrounding
cell transplants stained strongly for GFAP-positive endogenous astrocytes. In addition,
ED-1 expressing microglial cells were surrounding the deposit site, corpus callosum and
the cortical infarct areas (data not shown), but were absent in corresponding areas on the

other side of the brain.
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6. DISCUSSION

6.1 Methodological considerations

6.1.1 Injury models and recovery measurements

We used two different models of middle cerebral artery occlusion, transient
occlusion caused by vasoconstriction, and permanent occlusion caused by cauterization
of the distal branch of MCAO. These models cause injury either to both the striatum and
cortex (ET-1 MCAO) or to the cortex (AMCAO). These injury models result into severe
deficits in forelimb function that were measured by cylinder test (I-IIT) and reaching task
(TII).

Reaching task is a task specific test of forelimb reaching ability and the animal
cannot compensate for the deficit in the reaching apparatus. Thus this test is a reliable
measure of true recovery of function of forelimb. In the cylinder test the animal can use
compensatory mechanisms for body support, and thus the true recovery may be masked,
especially in later time points after ischemia. This might have been the case in study II
where no differences were found between treatment groups in later time points. We found
modest recovery in the cylinder test using ET-1 model of MCAO only during the first
week (I) after the cell transplantation, and using dMCAO still one month after
transplantation (IIT). After tMCAO the animals in all treatment groups were equal in the
cylinder test after one month (I-IT). Eventhough tMCAO causes larger infarcts animals
did show more spontaneous recovery than after AMCAO in the cylinder test. This might
be explained by the variability of the injury size and location in ET-1 induced MCAO
model. Cortical infarct caused by dAMCAO was consistent in all animals, which enhanced
the power of the data. There were no correlations between the amount of cell survival and
any of the behavioral test results, thus the recovery of function was most likely not

hidden by inter-animal variability of cell survival.



50

6.1.2 Transplantation sites

We used cortical and striatal (I-II) or cortical injections (III) of stem cells.
According to recent studies both cortical and/or striatal injections have good survival
rates, or poor survival rates, and migration has been shown to occur from both sites
(Kelly et al., 2004; Kim et al., 2007; Darsalia et al., 2007; Daadi et al., 2008). In studies
I-II we chose transplantation sites above and below corpus callosum to facilitate
migration of the cells. In the study III since dMCAO causes strictly cortical injury we

chose to transplant cells in the cortex to study cortical regeneration.

6.2 Transplanted cells

6.2.1 Survival of SVZ cells

During the first week after cell transplant ischemic animals exposed to an
enriched environment and running exercise showed a tendency for greater survival of
SVZ cell transplants (I). Unfortunately, transplanted SVZ cells did not survive for
protracted periods (II). Indeed, less than 1% of transplanted cells survived for 3 months
after transplantation. Human neural precursors also showed minimal survival (1 %) after
two months in the rat brain (III).

The trend for increased survival of stem cells seen in the EE group may have been
a result of the rehabilitation experience inducing several factors known to promote cell
survival and plasticity. Enriched environment increases dendritic branching and spine
numbers, neuron size, and induce neurogenesis, synaptogenesis, and up-regulate several
growth factors associated with plasticity such as neurotrophin-3, nerve growth factor
(NGF) (and its receptors), and BDNF in the hippocampus, basal forebrain and the cortex
(Falkenberg et al., 1992; Torasdotter et al., 1998; Dahlqvist et al., 1999; Pham et al.,
1999; Ickes et al., 2000; Biernaskie and Corbett, 2001; Briones et al., 2004; Dobrossy et
al., 2004; Gobbo and O’Mara, 2004; Komitova et al., 2005a). Specifically, EE has been
shown to restore levels of endogenous SVZ cell populations following MCAO

(Komitova et al., 2005a) and to increase proliferation in the contralateral SVZ after
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cortical infarction in the adult rat (Komitova et al., 2005b). The effects of voluntary
exercise on cell survival are less clear with conflicting data (Komitova et al., 2005b;
Redila and Christie, 2006), but a recent review suggests that EE and exercise both benefit
neurogenesis by different mechanisms; EE through cell survival and exercise through
increased cell proliferation (Olson et al., 2006). Voluntary exercise has also been shown
to increase NGF and BDNF (Neeper et al., 1996; Griesbach et al., 2004; Ploughman et
al., 2005). This evidence suggests that factors, which are increased by EE and voluntary
running, may play an important role in stem cell survival.

Some EE rats exhibited 3-5 times the number of surviving SVZ transplanted cells
compared to similarly transplanted rats not exposed to enrichment; however, most of the
EE housed rats showed comparable levels of SVZ stem cell survival as standard housed
animals. The reasons for the marked variability in stem cell survival in the EE housed
animals are presently unclear. One possibility is that the MCAO severity was too great
and the resulting inflammatory response was detrimental to stem cell survival. In support
of this notion, are results showing that the survival of transplanted stem cells is dependent
on the severity of TBI (Shindo et al., 2006). Embryonic mouse stem cells survive
transplantation in adult mice following mild traumatic brain injury (TBI) but not after
severe TBI (Shindo et al., 2006) and interestingly, mRNA levels of NGF and BDNF are
only increased following mild TBI (Shindo et al., 2006). Also, there is a negative
correlation between survival of transplanted stem cells and the magnitude of the
inflammatory response (Kelly et al., 2004) following focal ischemia in the rat. Thus if the
transplant sites in some of the EE animals were more distal to the area of infarction than
in other EE animals this could account for the increased stem cell survival. Variation in
the number of transplanted cells and the precise location of each deposit site relative to
the corpus callosum (the preferred conduit for migration) also likely contribute to the
observed variability. Nevertheless, in striking contrast to the EE rats, none of the standard
housed rats had transplanted stem cell survival numbers in excess of 25000 cells.

Despite the use of enriched housing and exercise, we confirmed that
approximately 3% of transplanted SVZ cells survived for one month, but less than 1% of
SVZ cells were present at two and three months. Substantial variability in stem cell

survival lasted over protracted time periods, especially in rats exposed to enriched
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housing and exercise. We hypothesized that variability in lesion size impacted stem cell
placement within the brain and may have contributed to variable cell survival. For
example, cells deposited more distal to the injury may have survived. However, in the
study II we produced a relatively smaller volume of injury (possibly due to variations in
batches of endothelin-1 or different surgeons), and therefore the SVZ cells were placed
more distal to the injury compared to the previous study. Despite this, transplanted stem
cell survival was again variable and not improved. Alternatively, it is possible that the
ischemic injury produced an immune response detrimental to stem cell survival (Ekdahl
et al., 2003). Indeed, others have reported decreased survival of transplanted cells with
increased injury (Kelly et al., 2004). Furthermore, poor survival of mouse ESCs after
fluid-percussion injury may be related to the observation that reactive astrocytes,
microglia and macrophages surrounded the cells, even when they were transplanted into
the undamaged hemisphere (Molcanyi et al., 2007). Thus, we measured activated
microglia in the brain at one, two and three months to determine whether a sustained
immune response related to poor cell survival. Relative optical density of activated
microglia was elevated in all areas of the brain evaluated and persisted for three months.
Also survival rate negatively correlated with the optical density of activated microglia in
transplantation site and in corpus callosum. Future studies are needed to clarify the role
of the immune/inflammatory response on stem cell survival and migration.

Inflammation and immune response after cerebral ischemia act for both good and
bad in relation to the damaged tissue in the brain. Brain normally lacks the ability to
reject foreign tissue, as it is isolated from the systemic inflammatory system by the
blood-brain barrier (BBB). Also the antigen-presenting microglia is thought to lack the
ability to travel to lymph nodes to activate the adaptive immune response against foreign
material, even though microglia cells are activated after a brain injury to cause a local
immune response (Nimmerjahn et al., 2005; McCombe and Read, 2008). The BBB leaks
after stroke, and this leads to activation of adaptive immune response, leukocytes from
the systemic circuit travel to the brain and produce antibodies against brain antigens, such
as myelin basic protein (Bornstein et al., 2001; McCombe and Read, 2008; Becker,
2009). This response is found one day after the stroke onset, and the amount of

leukocytes and macrophages peak seven days after stroke (Schroeter et al., 1994). In
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addition, increased inflammation appears after stroke due to anti-inflammatory cytokines
that are activated by ischemic stroke (Chamorro et al., 2006; McCombe and Read, 2008).

However, the increased levels of these anti-inflammatory cytokines can lead to a better
outcome after stroke (Schroeter and Jander, 2005). Interestingly, activated microglia and
astrocytes can have protective role after brain injury, firstly by aiding by phagocytosis of
the debris material, and secondly by secreting supportive molecules to the nervous tissue,
such as excitatory amino acid transporters (Beschorner et al., 2007). Importantly, it has
been shown that some T-cell types deliver protective cytokines and growth factors to the
injury site (Schwartz and Kipnis, 2001; Hendrix and Nitsch, 2007, McCombe and Read,
2008). Thus inflammation may also promote neural repair. Ischemic tissue also releases
chemokines that mobilize mesenchymal stem cells (MSC), transplanted stem cells,
(Paczkowska et al., 2005; Ziv et al., 2006) and T-cells have been shown to promote
endogenous stem cell proliferation in the brain (Imitola et al., 2004).

In this study most likely at the time of the transplantation there was a major
immune response in the brain, which was at least partly blocked by the cyclosporine
treatment. Thus the survival of the transplanted cells might have been compromised by
the inflammation/immune response in the post-ischemic brain tissue. In addition, it is
known that the acute rejection of foreign tissue takes place during the first week after the
transplantation, which might have taken place in our studies, since the beneficial effect
was detected only during the first weeks. As shown in study II there might have been a
chronic rejection response as well, seen in increased levels of microglia in later time
points. Interestingly, endothelins (ET-1, ET-2, ET-3) activate glial cells to produce
inflammatory mediators, such as prostaglandins and nitric oxide synthase, in the brain
parenchyma (Filipovich et al., 2008). We used ET-1 to induce vasoconstriction, and this
might have also led to increased inflammation response. Further studies are needed to
specify when it is safe to transplant cells after stroke.

The findings of the studies IT and ITI highlight the importance of using protracted
survival times in stem cell studies as has been recommended by the STAIR report (Stroke
Therapy Academic Industry Roundtable, 1999) for evaluating neuroprotective agents.

Indeed, whereas short-term (e.g. < 1 month) studies may report good stem cell survival, it
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is not known whether cells would go on to die or continue to survive at longer study

endpoints.

6.2.2 Survival of hNPCs

The survival of the stem cells grafted after cerebral ischemia has, for the most
part, been rather minimal. Kim and co-workers reported a variable graft survival without
detailed quantification 3 weeks after hNPC transplantation into basal ganglia after
MCAQO in rats (Kim et al., 2007). Bithnemann and colleagues reported poor survival of
mouse neural stem cells transplanted into the lesion cavity after 3 months in MCAO rats
(Biihnemann et al., 2006). It is common not to report quantification of the graft survival,
which makes comparison of the studies difficult. Some studies however, show that neural
stem/progenitor cells transplanted in striatum or cortex in MCAO models can reach
nearly 40% survival rates (Kelly et al., 2004; Bliss et al., 2006; Darsalia et al., 2007,
Daadi et al., 2008). Here, we showed that only about 1% of the transplanted hNPC cells
survived two months after the transplantation, and that half of the transplanted animals
had surviving human cells. The trypsination of hNPC neurospheres used in the present
study may have impaired the capacity of the cells to integrate into the tissue, even though
they continued to grow normally after replating in vitro (data not shown). Indeed, our
study is the first one to report detailed stereological quantification of the cell survival
after transplantation of human cells into rodent brain combined with detailed behavioral

testing.

6.2.3 Migration of transplanted cells

Importantly, EE increased the distance transplanted SVZ cells migrated towards
the infarct during the first week (I). This is consistent with previous findings showing
that EE increases migration of endogenous SVZ cells towards a stroke injury (Komitova
et al., 2005a), likely due to peri-infarct up-regulation of factors that direct migration.
Atorvastatin treatment following MCAO in adult mice increases, among other

neurotrophic factors, BDNF expression in the ischemic border, and also increases SVZ
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cell migration towards the injury (Chen et al., 2005). Blocking BDNF with antibody
treatment significantly attenuates the atorvastatin-induced migration suggesting that
BDNEF plays a role in stem cell migration (Chen et al., 2005). Immunological factors also
modulate stem cell migration. Stromal cell-derived factor 1o enhances proliferation of
neural stem cells and migration toward injury whereas blocking the CXC chemokine
receptor 4 prevents migration (Imitola et al., 2004). Cytokine treatment following
permanent MCAO in the mouse increases SVZ cell migration as well as bone marrow
derived stem cell migration, thus improving functional outcome (Kawada et al., 2006).
While chemoattractants were not examined in the present study, it is known that both
environmental enrichment and exercise can alter immunological factors (Marashi et al.,
2003; Ding et al., 2005) suggesting that this may be one way that EE was able to
facilitate cell migration. It was also the case that some of the transplanted stem cells
migrated medially, away from the infarct, towards the cingulate cortex. It may be that
these cells contributed to neuroplasticity and recovery in the present study because the
cingulate cortex, among other areas, has been implicated in recovery after stroke
(Stroemer et al., 1995; Kolb et al., 2007).

The greatest stem cell migration occurred during the first month (I) after
transplantation, and relatively little migration occurred at two and three months (II).
There were non-significant trends for EE to increase migration and survival one month
after transplantation in the study I. Interestingly, we found relatively greater migration
distances within the first month after SVZ cell transplantation in the first (I) study (~1700
vs 700 pum in the EE groups) than in II study. The natural tendency of SVZ cells to
migrate to the olfactory bulb along the rostral migratory stream changes in response to
injury such that cells migrate towards the damaged area (Arvidsson et al., 2002; Goings
et al.,, 2004). It is possible that the size of the injury is important in regulating cell
migration, as it is for stem cell survival (Kelly et al., 2004). Therefore, we hypothesize
that the larger injury produced, and thus possibly greater amounts of inflammatory
chemokines encouraging migration (Kelly et al., 2004) in the previous study is at least
partially responsible for the greater distance cells migrated towards the injury. This may
be due to increased release of molecules such as growth factors and adhesion molecules

that regulate stem cell migration, although this hypothesis has yet to be tested. It is also
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possible that greatest migration occurred at the earlier time points (7 and 14 days)
included in the pooled data in our study I, which were not assessed in study II. Finally,
although it is possible that we lacked sufficient statistical power to detect significant
effects, this is unlikely to be the case as we used larger group sizes compared to our
previous work.

The human NPCs did not migrate from the transplantation sites. It is possible that
the repulsive signals secreted by the ischemic tissue (Schwab et al., 2005) altered the
properties and the survival of the transplanted cells. Moreover, the migration could have
been prevented by a glial scar, which has been reported to form around the transplant site
in ischemic brain (Kim et al., 2007; Molcanyi et al., 2007) and was also evident in our

study.

6.2.4 Differentiation

6.2.4.1 Phenotype of transplanted cells prior to transplantation

SVZ cells (1-11). In this study the SVZ cells were not analyzed but it is known
from previous studies that the multipotent neurospheres consisted of ~60% astrocytes,
~10% neurons, ~10% oligodendrocytes, and remaining undifferentiated cells (Shimazaki
etal., 2001).

hNPC cells (111). The source and quality of stem cells to be grafted is considered
a notable challenge when designing transplantation protocols (Kondziolka et al., 2002).
We used hESC derived NPCs (IIT) that were characterized using three different methods.
The results from RT-PCR, continuous time-lapse imaging, and immunocytochemistry
verified that the cell population had been differentiated into neuroectodermal lineage, and
the cells were neurons rather than astrocytes. Importantly, cell grafts did not contain any
undifferentiated hESCs as confirmed with absence of gene expression in RT-PCR. To our
knowledge, this is the first study where the transplanted cells were pre-characterized

thoroughly before intracerebral transplantation in an animal model of stroke.
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6.2.4.2 Differentiation in vivo

SVZ cells (1-11). Ultimately the goal of stem cell therapy is to replace cells and
circuitry destroyed by injury. GFAP expressing stem cells in the SVZ have been
suggested to be the main source of endogenous neuroblasts (Garcia et al., 2004) and these
cells appear to migrate in the post-ischemic striatum to form mature neurons by day 90
post-ischemia in mice (Yamashita et al., 2006). In our study the transplanted SVZ cells
expressed GFAP and very few neuronal phenotypes, but most cells were of an unknown
phenotype. Other short term survival studies using the thymidine analogue 5’-bromo-2’-
deoxy-uridine to label mitotic cells after MCAO have identified various types of
progenitor cells (e.g. glial-like progenitors), but also do not report significant neuronal
replacement (Komitova et al., 2005a; Komitova et al., 2006a). In the present study
migrating neuroblasts, positive for DCX, were observed in the corpus callosum radiating
towards the peri-infarct region in the cortex. Again, EE (compared to ST housing)
increased the number of transplanted SVZ cells expressing DCX (I). This was also the
case among endogenous progenitor cells in the ipsilateral SVZ which showed increased
DCX staining as a result of EE (I). Because the adult mammalian SVZ has different sub-
types of cells (Zhang et al., 2005) this may explain why the population of transplanted
SVZ cells behaves so differently. We observed different types of cells that remained
around the deposit site; some formed a type of chain migration in the corpus callosum
whereas others formed clusters of cells close to the injury as well as individual cells that
resided in the cortex and in the striatum. Overall, animals in the EE group exhibited more
migrating cells, individual cells and clusters of cells close to the injury and there were
only a few cells that remained in the area of the deposit. In accordance with other studies
evaluating cell transplantation or the endogenous stem cell response to injury (e.g.,
Komitova et al., 2006a; Yamashita et al., 2006), we found very little evidence of neuronal
differentiation of SVZ cells. This is despite the fact that transplanted cell phenotype was
assessed out to three months, which may be necessary to allow undifferentiated cells to
acquire a neuronal phenotype. Instead, a large majority of surviving cells expressed glial
proteins such as GFAP or NG-2, and this proportion increased over time. When

comparing the proportions of the cell phenotypes in post-mortem analysis to in vitro
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characterization (~60% astrocytes, ~10% neurons, ~10% oligodendrocytes, and
remaining undifferentiated cells; Shimazaki et al., 2001) it can be noted that only glial
and undefined stem cells survived. Other studies have similarly found that SVZ
progenitor cells express GFAP (Garcia et al., 2004) and differentiate into both non-
myelinating NG-2 positive glial precursors and myelinating oligodendrocytes (Menn et
al., 2006). The phenotype of a large proportion (~58%) of transplanted SVZ cells remains
unknown in this study, and it is possible that these cells are undifferentiated stem cells
(Cicchetti et al., 2007).

Human NPCs (111). Majority of the transplanted hNPC cells had maintained the
undifferentiated neural precursor phenotype seen as nestin expression. The deposit had
numerous neurofilaments, and some of them overlapped with HuNu stained nuclei.
Approximately 10% of the surviving cells expressed neuronal marker MAP-2 two
months after the transplantation whereas only a minority of cells expressed the astrocytic
markers GFAP, S100 or oligodendrocyte precursor NG-2. Our study confirms however,
that after sufficient differentiation hESC derived neural cells maintain their neuronal
characteristics both in vitro and in vivo. A substantial number of the surviving cells
expressed doublecortin, a marker for migrating neural cells. So far, only minimal survival
and neuronal differentiation have been reported following endogenous and exogenous
stem cell therapies after cerebral ischemia (Lindvall et al., 2004; Kozlowska et al., 2007),
which suggests that it is imperative to study in detail the factors that hinder transplant

survival and stem cell migration.

6.3 Functional recovery

6.3.1 Enriched environment

We wanted to examine the effects of enriched housing rehabilitation on
transplanted cells, and the effects of the combination therapy on functional recovery after
MCAQO in rats. Interestingly, EE has been proven to upregulate endogenous plasticity
related functions such as growth factors in brain, increased dendritic branching and

enhanced neurogenesis (Dahlqvist et al., 1999; Biernaskie and Corbett, 2001; Komitova
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et al., 2005a). Importantly, enriched environment has also positive effects on endogenous
(Komitova et al., 2005a) SVZ stem cells. However, in our study, housing animals in EE
had no effect on cell survival, migration, or differentiation and functional recovery in
long term (IT). The combination of SVZ cell and EE resulted in better functional recovery
only during the first few weeks (I). Interestingly though, the vehicle group housed in EE
showed a delayed modest recovery in forelimb asymmetry (III) during the second month
but not during the first month, which suggests that hANPCs might have facilitated recovery

during the first month.

6.3.2 Partial functional recovery in the cylinder test

We found that the combination of SVZ cell transplantation and EE combined with
voluntary wheel running facilitated recovery of the impaired forelimb in the cylinder
task. The greatest benefit was seen 7 days post transplantation and therefore was unlikely
due to integration of new cells. Similarly, EE has been shown to increase endogenous
SVZ cell migration towards an ischemic injury and facilitate rotarod function at an early
time point (Komitova et al., 2005a). Although the majority of transplanted SVZ stem
cells examined in the present study didn’t differentiate into mature neurons, these
undifferentiated cells may have contributed to brain plasticity and better functional
outcome by secreting growth factors or by enhancing angiogenesis in the region of the
infarct. For example, culture medium taken from embryonic mouse stem cells contains
several cell growth and survival factors that can stimulate the growth and proliferation of
other stem cells (Zhang et al., 2006). Following injury, areas surrounding the lesion often
form new connections with other cortical regions as an attempt to restore function
(Carmichael et al., 2001; Dancause et al., 2005). The higher number of stem cells found
in this region in the EE animals could explain the improved performance in the cylinder
task if these cells are supporting the plasticity process although further investigation is
required to confirm this. The improved forelimb use in the EE animals was not due to
differences in infarct volume since infarct volumes were comparable among the ischemic
groups. While the recovery noted here was rather modest it is likely due to the

considerable variation in stem cell survival. In order to achieve more complete restoration
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of function it will be necessary to attain greater stem cell survival and migration perhaps
through augmentation with exogenous growth factors or other chemicals, such as
erythropoietin (Tsai et al., 2006; Wang et al., 2006). Indeed, this approach has been
successful in increasing mobilization of endogenous SVZ cells to the injury zone and
partially restoring sensory-motor function after motor cortex injury (Kolb et al., 2007).
According to Kolb et al., the combination of EGF and erythropoietin resulted in
regeneration of cortical tissue in the infarcted area and subsequent removal of this newly
formed tissue reinstated behavioral deficits. Also, more complete behavioral recovery
may require that more cells differentiate into mature neurons to repopulate the injury
zone. The most important clinical endpoint for any therapy is improved recovery of
function. Thus, it is important that stem cell transplantation studies demonstrate
behavioral improvement prior to clinical testing of therapies. Several studies, including
present work (LII), report modest reduced behavioral deficits following stem cell
infusion either into the brain or into the blood stream (Chen et al., 2001; Zhao et al.,
2002; Haas et al., 2005; Bliss et al. 2006). In our review paper (IV) we show that even
though majority of studies conducted that use cell-based therapy combined with behavior
testing do report improvement in functional recovery, the positive results arise from fairly
simple sensorimotor tests. In addition, minority of the studies lasted longer than one
month, so it is unclear whether or not the positive effects were long-lasting. We found
significant improvement in forelimb use asymmetry in the cylinder one week after stem
cell transplantation (I), but not at later times (IT). We did not detect differences among
groups in the cylinder task at 1, 2 or 3 months following transplantation. The most likely
explanation is that complete spontaneous recovery and compensation had occurred by
one month regardless of treatment condition, and we were therefore unable to detect
deficits or treatment effects. Thus, the use of alternate or additional tests more sensitive to
long-term deficits in this model, such as the staircase reaching task (Biernaskie and
Corbett, 2001) would have been more useful. It is also possible that our treatments
provided early or transient benefit that we did not detect at longer survival times. Our
findings highlight the importance of choosing tests sensitive to injury as well as treatment

effects in a particular model of brain injury.
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Neural cell transplanted animals exhibited (III) limited recovery in the forelimb
asymmetry task, but no recovery was observed in reaching ability measured in the
staircase task. Forelimb asymmetry test measures the ability to use the impaired forepaw
for postural support during vertical exploration (Schallert et al., 2000). This behavior
tends to involve a wider range of motor circuits compared to reaching abilities. Postural
support includes a variety of cortico-striatal and corticospinal pathways (Kandell et al.,
2000a). Neuronal plasticity can involve wider cortical areas (Kandell et al., 2000b) from
these pathways, thus it may be possible that instead of structural recovery some other
compensatory mechanisms are responsible for functional recovery seen here. Forelimb
reaching ability is strictly orchestrated by specific cortical motor representations in brain
(Ramanathan et al., 2006), and fine motor manipulation in the distal limb like grasping
and opening of the paw (Biernaskie et al., 2005; Clarke et al., 2007).

The transplanted hNPC cells might have had an impact on local cortical
microenvironment during post-ischemic cortical re-organization (Carmichael et al.,
2005a; Carmichael, 2006) that takes place within first few weeks when the brain is
“wired” to gain the most benefits of the rehabilitation experiences (Biernaskie et al.,
2004) after stroke. Neural cells might have contributed to faster recovery by increasing
growth factors in areas adjacent to transplant sites. Even though the levels of growth
factors were not measured in our study, it is known that embryonic mouse stem cells
secrete several cell growth and survival factors that can stimulate the growth and
proliferation of other stem cells (Zhang et al., 2006). In addition, neural stem cells
(NSCs) support, when transplanted in the cerebellum of mouse with Purkinje cell deficits,
mitochondrial function, dendritic growth, and synaptogenesis leading to the rescue of
host cells and restoration of motor coordination (Li et al., 2006). Also secretory products
from NSCs can correct a prototypical genetic metabolic defect in neurons and glia in
vitro (Flax et al., 1998). Interestingly, when human NSCs are transplanted in
Parkinsonian monkey brain, they support host neurons not by replacement but by
promoting homeostatic adjustment of host dopamine neurons, such as normalizing
neuron size (Redmond et al., 2007). It remains to be elucidated in future studies if such
supportive mechanisms are responsible for benefits seen after NPC transplantation in

animal models of stroke.
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The recovery was restricted to only the cylinder task (ILIII) and not to the
staircase reaching task. In previous studies recovery of forelimb reaching required task-
specific rehabilitation after cerebral ischemia (Biernaskie and Corbett, 2001) and after
motor cortex injury (Ramanathan et al., 2006) and that was not provided to animals in our
study. Future studies will confirm if stem cell transplantation combined with task-specific

rehabilitation may result in improved reaching abilities.

6.4 Future aspects for stem cell studies in experimental stroke research

In order to be effective, stem cell therapies for neurological disease must be
optimized such that transplanted cells survive for long periods, integrate into the host
circuitry, and promote behavioral recovery. The results in the review paper (IV) show
that half of the published studies using cell-based therapies and behavioral outcomes after
MCAO did not report cell survival quantification. Unfortunately, the studies reporting
cell survival clearly show that the vast majority of transplanted stem cells die soon after
transplantation and cell survival is variable (Kelly et al., 2004; Lindvall et al., 2004; Bliss
et al., 2006; Kozlowska et al., 2007; Molcanyi et al., 2007). For instance, we found that
only about 3% of SVZ cells survived for one month after transplantation into ischemic
brain tissue (I). Furthermore, there was considerable variability in the survival rate
among animals. Clearly, more work is needed to identify factors responsible for
regulating stem cell migration, survival, and differentiation. In addition, EE must be
further optimized in order to significantly and consistently promote stem cell survival and
migration. Accordingly, it appears that functional benefit obtained in stem cell studies,
including our own (I, III), generally cannot be attributed to neuronal replacement.
Alternatively, behavioral recovery may be due in part to release of growth factors (e.g.,
by glial cells). It is clear that further research is needed to provide a better understanding
of the role of glial cells in promoting recovery, and how this can be improved such that
long-term functional benefit is achieved.

The post-ischemic brain represents a hostile environment for transplanted cells
with massive cell death triggering a pronounced and persistent inflammatory response. In

order to increase the therapeutic potential of transplanted or endogenous stem cells it will
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be necessary to develop strategies to create a climate more supportive of stem cell
survival. Our results suggest that environmental factors such as rehabilitation are one way
to render the cerebral microenvironment more conducive to cell transplant survival and
migration.

The sustained immune response in the brain activated both by the transplant and
the existing brain injury hinder transplant survival. Mouse NPCs survived better when
transplanted in the brain of immune deficient mice than in immune competent mice (Kim
et al., 2006). After fluid-percussion injury intracerebrally transplanted murine ESCs were
surrounded by reactive astrocytes, microglia and macrophages, and only few stem cells
survived seven weeks after transplantation even when transplanted into the contralateral
hemisphere (Molcanyi et al., 2007). Also very poor survival was reported one month after
transplantation of HUCB derived stem cells after cortical stroke (Kozlowska et al., 2007)
most likely due to severe host reaction. Commonly used immunosuppressant
cyclosporine A restricts the immune response and facilitates transplant survival, even
though it seems that a shorter immunosuppression seems to be as effective as prolonged
administration (Wennersten et al., 2006) suggesting that transplanted cells are rejected in
the longterm studies despite the administration of cyclosporine. The limited graft survival
creates urgency for more supportive combination therapies combined possibly with
immune response restricting agents.

According to Bithnemann and colleagues rodent embryonic neural progenitor
cells transplanted into the lesional cavity survive to some degree, differentiate and also
fire action potentials (Biihnemann et al., 2006) after MCAO in rats. This study is very
promising however more detailed studies should be conducted with behavioral testing by
groups reporting such encouraging results. In addition, long-term behavioral testing
should be conducted in groups that report good survival and migration of transplanted
neural cells (Darsalia et al., 2007) as suggested by STAIR report (Stroke Therapy
Academic Industry Roundtable (STAIR), 1999) and STEPS initiative (Borlongan et al.,
2008; STEPS, 2009).



64

7. SUMMARY AND CONCLUSIONS

These studies were conducted to reveal the effects of intracerebral transplantation of stem
cells, and in general the effects of cell-based therapies, on functional recovery in animal
models of cerebral ischemia. Behavioral measurements were used to quantify functional
recovery after cerebral ischemia and stem cell transplantation. In addition, the effects of
rehabilitation on survival, migration and differentiation of transplanted stem cells were

studied.

The main conclusions are:

1. Longterm studies showed that only minimal amount of transplanted SVZ stem cells

survive and that they differentiate into glial cells (I-IT).

2. Transplanted human neural precursor cells derived from embryonic stem cells had
only minimal effect on functional recovery after cortical stroke. The transplanted cells
had poor survival two months after transplantation, but some of the remaining cells
expressed neuronal proteins. Majority of the cells had remained undifferentiated

neural precursor cells (I1I).

3. Enriched environment rehabilitation combined with running exercise enhances
transplanted SVZ stem cell migration and functional recovery during the first few
weeks after cerebral ischemia (I). Enriched environment had no significant effect on
survival, migration, differentiation of transplanted cells, or on functional recovery

after the first month (II, IIT).

4. Cell-based therapies lead to a modest improvement of function in animal models of
cerebral ischemia (I, III, IV). It appears that there are several factors that work in
concert in the post-ischemic brain to attract and support progenitor/stem cell survival
and migration. Our data indicate that one important factor that can augment the

restorative effects of stem cell transplants may be the activation of endogenous
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neuroplasticity mechanisms induced by rehabilitation-like experience such as

enriched environment (I).

Taken together, this study and several others according to the recent literature (IV) show
that transplanted stem cells support endogenous brain repair mechanisms during the first
weeks after the ischemic insult and lead to modest improvement of function. However, a
novel finding in this study was that enriched environment rehabilitation has an effect on
stem cell migration that leads to a better functional outcome during the first weeks after
cerebral ischemia. Unfortunately, the cells are rejected in longterm studies after
intracerebral transplantation even with continuous immunosuppressant drug
administration, and this seems to be related to microglia expression at the site of the
transplants. It is recommended that studies using measures of functional recovery after
cell-based therapies in animal models of cerebral ischemia should use protracted survival

times and multiple appropriate behavioral tests.



66

8. REFERENCES

Aarum J, Sandberg K, Haeberlein SL, Persson MA. Migration and differentiation of
neural precursor cells can be directed by microglia. PNAS 2003;100:15983-15988.

Altman J. Are new neurons formed in the brains of adult mammals? Science 1962;
135:1127-1128.

Amit M, Carpenter MK, Inokuma MS, Chiu CP, Harris CP, Waknitz MA, Itskovitz-Eldor
J, Thomson JA. Clonally derived human embryonic stem cell lines maintain pluripotency
and proliferative potential for prolonged periods in culture. Dev Bio 2000;227:271-278.

Arvidsson A, Collin T, Kirik D, Kokaia Z, Lindvall O. Neuronal replacement from
endogenous precursors in the adult brain after stroke. Nat Med 2002;8:963-970.

Becker KJ. Review: Sensitization and tolerization to brain antigens in stroke.
Neuroscience 2009;158:1090-1097.

Beschorner R, Simon P, Schauer N Mittelbronn M, Schluesener HJ, Trautmann K, Dietz
K, Meyermann R. Reactive astrocytes and activated microglial cells express EAATI, but
not EAAT?2, reflecting a neuroprotective potential following ischaemia. Histopathology
2007;50:897-910.

Bethesda MD. Stem Cell Information (World Wide Web site). 2006, National Institutes
of Health, U.S. Department of Health and Human Services. Http//stemcells.nih.gov/info.

Biernaskie J, Corbett D. Enriched rehabilitative training promotes improved forelimb
motor function and enhanced dendritic growth after focal ischemic injury. J Neurosci
2001;21:5272-5280.

Biernaskie J, Chernenko G, Corbett D. Efficacy of rehabilitative experience declines with
time after focal ischemic injury. J Neurosci 2004;24:1245-1254.

Biernaskie J, Szymanska A, Windle V, Corbett D. Bi-hemispheric contribution to
functional motor recovery of the affected forelimb following focal brain injury in rats.
Eur J Neurosci 2005;21:989-999.

Bliss TM, Kelly S, Shah AK, Foo WC, Kohli P, Stokes C, Sun GH, Ma M, Masel J,
Kleppner SR, Schallert T, Palmer T, Steinberg GK. Transplantation of hNT neurons into
the ischemic cortex: cell survival and effect on sensorimotor behavior. J Neurosci Res
2006;83:1004-1014.

Bornstein NM, Aronovich B, Korczyn AD, Shavit S, Michaelson DM, Chapman J.
Antibodies to brain antigens following stroke. Neurology 2001;56:529-530.



67

Borlongan CV, Saporta S, Poulos SG, Othberg A, Sanberg PR. Viability and survival of
hNT neurons determine degree of functional recovery in grafted ischemic brain.
NeuroReport 1998;9:2837-2842.

Borlongan CV, Hadman M, Sanberg CD, Sanberg PR. Central nervous system entry of
peripherally injected umbilical cord blood cells is not required for neuroprotection in
stroke. Stroke 2004;35:2385-2389.

Borlongan CV, Chopp M, Steinberg GK, Bliss TM, Li Y, Lu M, Hess DC, Kondziolka
D. Potential of stem/progenitor cells in treating stroke: the missing steps in translating
cell therapy from laboratory to clinic. Regen Med 2008;3:249-250.

Briones TL, Klintsova AY, Greenough WT. Stability of synaptic plasticity in the adult rat
visual cortex induced by complex environment exposure. Brain Res 2004;1018:130-135.

Bithnemann C, Scholz A, Bernreuther C, Malik CY, Braun H, Schachner M, Reymann
KG, Dihne M. Neuronal differentiation of transplanted embryonic stem cell-derived
precursors in stroke lesions of adult rats. Brain 2006;129:3238-3248.

Carmichael ST, Wei L, Rovainen CM, Woolsey TA. New patterns of intracortical
projections after focal cortical stroke. Neurobiol of Disease 2001;8:910-922.

Carmichael ST, Archibeque I, Luke L, Nolan T, Momiy J, Li S. Growth-associated gene
expression after stroke: Evidence for a growth-promoting region in peri-infarct cortex.
Exp Neurol 2005a;193:291-311.

Carmichael ST. Rodent models of focal stroke: size, mechanism, and purpose. NeuroRx
2005b;2:396-409.

Carmichael ST. Cellular and molecular mechanisms of neural repair after stroke: Making
waves. Annuals Neurol 2006;59:735-742.

Carpenter MK, Inokuma MS, Denham J, Mujtaba T, Chiu CP, Rao MS. Enrichment of
neurons and neural precursors from human embryonic stem cells. Exp Neurol
2001;172:383-397.

Chamorro A, Amaro S, Vargas M, Obach V, Cervera A, Torres F, Planas AM.
Interleukin 10, monocytes and increased risk of early infection in ischaemic stroke. J
Neurol Neurosurg Psychiatry 2006;77:1279-1281.

Chang YC, Shyu WC, Lin SZ, Li H. Regenerative therapy for stroke. Cell Transplant
2007;16:171-181.

Chen ST, Hsu CY, Hogan EL, Maricq H, Balentine JD. A model of focal ischemic stroke
in the rat: reproducible extensive cortical infarction. Stroke 1986;17:738-743.



68

Chen J, Li Y, Wang L, Zhang Z, Lu D, Lu M, Chopp M. Therapeutic benefits of
intravenous administration of bone marrow stromal cells after cerebral ischemia in rats.
Stroke 2001;32:1005-1011.

Chen J, Zhang C, Jiang H, Li Y, Zhang L, Robin A, Katakowski M, Lu M, Chopp M.
Atorvastatin induction of VEGF and BDNF promotes brain plasticity afte stroke in mice.
J Cereb Blood Flow and Metab 2005;25:281-290.

Chu CJ, Jones TA. Experience-dependent structural plasticity in cortex heterotrophic to
focal sensorimotor cortical damage. Exp Neurol 2000;166:403-414.

Cicchetti F, Gross RE, Bulte JWM, Owen M, Chen I, Saint-Pierre M, Wang X, Yu M,
Brownell AL. Dual-modality in vivo monitoring of subventricular zone stem cell
migration and metabolism, Contrast Media & Mol Imag 2007;3:130-138.

Clarke J, Ploughman M, Corbett D. A qualitative and quantitative analysis of skilled
forelimb reaching impairment following intracerebral hemorrhage in rats. Brain Res
2007;1145:204-212.

Collin T, Arvidsson A, Kokaia Z, Lindvall O. Quantitative analysis of the generation of
different striatal neuronal subtypes in the adult brain following excitotoxic injury. Exp
Neurol 2005;195:71-80.

Cramer SC and Chopp M. Recovery recapitulates ontogeny. Trends Neurosci 2000;
23:265-271.

Cramer SC and Riley JD. Neuroplasticity and brain repair after stroke. Curr. Opin.
Neurol. 2008;21:76-82.

Curtis MA, Eriksson PS, Faull RLM. Progenitor cells and adult neurogenesis in
neurodegenerative diseases and injuries of the basal ganglia. Clinical and Exp Pharm
Physiol 2007;34:528-532.

Curtis MA, Kam M, Nannmark U, Anderson MF, Zetterstrom Axell M, Wikkelso C,
Holtas S, van Roon-Mom WMC, Bjork-Eriksson T, Nordborg C, Frisen J, Dragunow M,
Faull RLM, Eriksson PS. Human neuroblasts migrate to the olfactory bulb via a lateral
ventricular extension. Science 2007;315:1243-1249.

Daadi MM, Maag AL, Steinberg G.K. Adherent self-renewable human embryonic stem
cell-derived neural stem cell line: functional engraftment in experimental stroke model.
PLoS ONE 2008;3:¢1644.

Dahlqvist P, Zhao L, Johansson IM, Mattsson B, Johansson BB, Seckl JR, Olsson T.
Environmental enrichment alters nerve growth factor-induced gene A and glucocorticoid
receptor messenger RNA expression after middle cerebral artery occlusion in rats.
Neurosci 1999;93:527-535.



69

Dancause N, Barbay S, Frost SB, Plautz EJ, Chen D, Zoubina EV, Stowe AM, Nudo RJ.
Extensive cortical rewiring after brain injury, J. Neurosci. 2005;25:10167-10179.

Darsalia V, Kallur T, Kokaia Z. Survival, migration and neuronal differentiation of
human fetal striatal and cortical neural stem cells grafted in stroke-damaged rat striatum.
Eur J Neurosci 2007;26:605-614.

De Ryck M, Van Reempts J, Borgers M, Wauquier A, Janssen PA. Photochemical stroke
model: flunarizine prevents sensorimotor deficits after neocortical infarcts in rats. Stroke
1989;20:1383-1390.

Ding YH, Young CN, Luan X, Li J, Rafols JA, Clark JC, McAllister JP 2nd, Ding Y.
Exercise preconditioning ameliorates inflammatory injury in ischemic rats during
reperfusion. Acta Neuropathol (Berl) 2005;109:237-246.

Dobrossy MD, Dunnett SB. Environmental enrichment affects striatal graft morphology
and functional recovery. Eur J Neurosci 2004;19:159-168

Doetsch F, Garcia-Verdugo JM, Alvarez-Buylla A. Cellular composition and three
dimensional organization of the subventricular germinal zone in the adult mammalian
brain. J Neurosci 1997;17:5046-5061.

Ekdahl CT, Claasen JH, Bonde S, Kokaia Z, Lindvall O. Inflammation is detrimental for
neurogenesis in adult brain. PNAS 2003;100:13632-13637.

Emsley JG, Mitchell BD, Kempermann G, Macklis JD. Adult neurogenesis and repair of
the adult CNS with neural progenitors, precursors, and stem cells. Prog Neurobiol
2005;75:321-341.

Englund U, Bjorklund A, Wictorin K, Lindvall O, Kokaia M. Grafted neural stem cells
develop into functional pyramidal neurons and integrate into host cortical circuitry.
PNAS 2002;99:17089-17094.

Enwere E, Shingo T, Gregg C, Fujikawa H, Ohta S, Weiss S. Aging results in reduced
epidermal growth factor receptor signaling, diminished olfactory neurogenesis, and
deficits in fine olfactory discrimination. J Neurosci 2004;24:8354-8365.

Evans MJ, Kaufman MH. Establishment in culture of pluripotential stem cells from
mouse embryos. Nature 1981; 292:154-156

Falkenberg T, Mohammed AK, Henriksson B, Persson H, Winblad B, Lindefors N.
Increased expression of brain-derived neurotrophic factor mRNA in rat hippocampus is
associated with improved spatial memory and enriched environment. Neurosci Lett
1992;138:153-156.



70

Filipovich T, Fleischer-Berkovich S. Regulation of glial inflammatory mediators
synthesis: possible role of endothelins. Peptides 2008;29(12):2250-2256

Flax JD, Aurora S, Yang C, Simonin C, Wills AM, Billinghurst LL, Jendoubi M, Sidman
RL, Wolfe JH, Kim SU, Snyder EY. Engraftable human neural stem cells respond to
developmental cues, replace neurons, and express foreign genes. Nat Biotechnol
1998;16:1033-1039.

Gage FH. Mammalian neural stem cells. Science 2000;287:1433-1438.

Garcia AD, Doan NB, Imura T, Bush TG, Sofroniew MW. GFAP-expressing progenitors
are the principal source of constitutive neurogenesis in adult mouse forebrain. Nat
Neurosci 2004;7:1233-1241.

Garcia-Verdugo JM, Doetsch F, Wichterle H, Lim DA, Alvarez-Buylla A. Architecture
and cell types of the adult subventricular zone: In search of the stem cells. J Neurobiol
1998;36:234-248.

Gobbo OL, O’Mara SM. Impact of enriched-environment housing on brain-derived
neurotrophic factor and on cognitive performance after a transient global ischemia.
Behav. Brain Res 2004;152: 231-241.

Goings GE, Sahni V, Szele FG. Migration patterns of subventricular zone cells in adult
mice change after cerebral cortex injury. Brain Res 2004;996:213-226.

Griesbach GS, Hovda DA, Molteni R, Wu A, Gomez-Pinilla F. Voluntary exercise
following traumatic brain injury: Brain-derived neurotrophic factor upregulation and
recovery of function. Neurosci 2004;125:129-139.

Guillaume DJ, Johnson MA, Li XJ, Zhang SC. Human embryonic stem cell-derived
neural precursors develop into neurons and integrate into host brain. J Neurosci Res
2006;84:1165-1176.

Haas S, Weidner N, Winkler J. Adult stem cell therapy in stroke. Curr Opin Neurol
2005;18:59-64.

Hagg T. Molecular regulation of adult CNS neurogenesis: an integrated view. Trends
Neurosci 2005;28:589-595.

Hendrix S, Nitch R. The role of T helper cells in neuroprotection and regeneration. J
Neuroimmunol 2007;184:100-112.

Herrera DG, Garcia-Verdugo JM, Alvarez-Buylla A. Adult-derived neural precursors
transplanted into multiple regions in the adult brain. Ann Neurol 1999;46:867-877.

Hovatta O, Mikkola M, Gertow K, Stromberg AM, Inzunza J, Hreinsson J, Rozell B,
Blennow E, Andang M, Ahrlund-Richter L. A culture system using human foreskin



71

fibroblasts as feeder cells allows production of human embryonic stem cells. Hum
Reprod 2003;18:1404-1409.

Hoyte L, Kaur J, Buchan AM. Lost in translation: taking neuroprotection from animal
models to clinical trials. Exp Neurol 2004;188:200-204.

Ickes BR, Pham TM, Sanders LA, Albeck DS, Mohammed AH, Granholm AC. Long-
term environmental enrichment leads to regional increases in neurotrophin levels in rat
brain. Exp Neurol 2000;164:45-52.

Imitola J, Raddassi K, Park KI, Mueller FJ, Nieto M, Teng YD, Frenkel D, Li J, Sidman
RL, Walsh CA, Snyder ES, Khoury SJ. Directed migration of neural stem cells to sites of
CNS injury by the stromal cell-derived factor 10/CXC chemokine receptor 4 pathway.
PNAS 2004;101:18117-18122.

Itskovitz-Eldor J, Schuldiner M, Karsenti D, Eden A, Yanuka O, Amit M, Soreq H,
Benvenisty N. Differentiation of human embryonic stem cells into embryoid bodies
compromising the three embryonic germ layers. Mol Med 2000;6:88-95.

Jin K, Wang X, Xie L, Mao XO, Zhu W, Wang Y, Shen J, Mao Y, Banwait S, Greenberg
DA. Evidence for stroke-induced neurogenesis in the human brain. PNAS
2006;103:13198-13202.

Johansson B, Belichenko PV. Neuronal plasticity and dendritic spines: Effects of
environmental enrichement on intact and postischemic rat brain. J Cereb Blood Flow
Metab 2002;22:89-96.

Jones TA, Chu CJ, Grande LA, Gregory AD. Motor skills training enhances lesion-
induced structural plasticity in the motor cortex of adult rats. ] Neurosci 1999;19: 10153-
10163.

Kandel ER, Schwartz JH, Jessell TM. Movement: Posture. In: Principles of Neural
Science, McGraw-Hill, USA, 2000a;pp 816-831.

Kandel ER, Schwartz JH, Jessell TM. Movement: The organization of movement. In:
Principles of Neural Science, McGraw-Hill, USA, 2000b;pp 667-673.

Kawada H, Takizawa S, Takanashi T, Morita Y, Fujita J, Fukuda K,Takagi S, Okano H,
Ando K, Hotta T. Administration of hematopoietic cytokines in the subacute phase after
cerebral infarction is effective for functional recovery facilitating proliferation of intrinsic
neural stem/progenitor cells and transition of bone marrow-derived neuronal cells.
Circulation 2006;113:701-710.

Kelly S, Bliss TM, Shah AK, Sun GH, Ma M, Foo WC, Masel J, Yenari MA, Weissman
IL, Uchida N, Palmer T, Steinberg GK. Transplanted human fetal neural stem cells



72

survive, migrate, and differentiate in ischemic rat cerebral cortex. PNAS
2004;101:11839-11844.

Kim DE, Tsuji K, Kim YR, Mueller FJ, Eom HS, Snyder EY, Lo EH, Weissleder R,
Schellingerhout D. Neural stem cell transplant survival in brains of mice: Assessing the
effect of immunity and ischemia by using Real-Time bioluminescent imaging. Radiology
2006;241:822-830.

Kim DY, Park SH, Lee SU, Choi DH, Park HW, Paek SH, Shin HY, Kim EY, Park SP,
Lim JH. Effect of human embryonic stem cell-derived neuronal precursor cell
transplantation into the cerebral infarct model of rat with exercise. Neurosci Res
2007;58:164-175.

Kolb B, Morshead C, Gonzalez C, Kim M, Gregg C, Shingo T, Weiss S. Growth factor-
stimulated generation of new cortical tissue and functional recovery after stroke damage
to the motor cortex of rats. J Cereb Blood Flow Metab 2007;27:983-997.

Komitova M, Mattsson B, Johansson BB, Eriksson PS. Enriched environment increases
neural stem/progenitor cell proliferation and neurogenesis in the subventricular zone of
stroke-lesioned adult rats. Stroke 20052a;36:1278-1282.

Komitova M, Zhao LR, Gid6 G, Johansson BB, Eriksson P. Postischemic exercise
attenuates whereas enriched environment has certain enhancing effects on lesion-induced
subventricular zone activation in the adult rat. Eur J Neurosci 2005b;21:2397-2405.

Komitova M, Perfilieva E, Mattsson B, Eriksson PS, Johansson BB. Enriched
environment after focal cortical ischemia enhances the generation of astroglia and NG2
positive polydendrocytes in adult rat neocortex. Exp Neurol 2006a;199:113-121.

Komitova M, Johansson BB, Eriksson PS. On neural plasticity, new neurons and the
postischemic milieu: an integrated view on experimental rehabilitation. Exp Neurol
2006b;199:42-55.

Kondziolka D, Wechsler L, Achim C. Neural transplantation for stroke. J Clin Neurosci
2002;9:225-230.

Kozlowska H, Jablonka J, Janowski M, Jurga M, Kossut M, Domanska-Janik K.
Transplantation of a novel human cord blood-derived neural-like stem cell line in a rat
model of cortical infarct. Stem Cells Dev 2007;16:481-488.

Kurozumi K, Nakamura K, Tamiya T, Kawano Y, Kobune M, Hirai S, Uchida H, Sasaki
K, Ito Y, Kato K, Honmou O, Houkin K, Date I, Hamada H. BDNF gene-modified
mesenchymal stem cells promote functional recovery and reduce infarct size in the rat
middle cerebral artery occlusion model. Mol Ther 2004;9:189-197.



73

Kurozumi K, Nakamura K, Tamiya T, Kawano Y, Ishii K, Kobune M, Hirai S, Uchida H,
Sasaki K, Ito Y, Kato K, Honmou O, Houkin K, Date I, Hamada H. Mesenchymal stem
cells that produce neurotrophic factors reduce ischemic damage in the rat middle cerebral
artery occlusion model. Mol Ther 2005;11:96-104.

Li J, Imitola J, Snyder EY, Sidman RL. Neural stem cells rescue nervous purkinje
neurons by restoring molecular homeostasis of tissue plasminogen activator and
downstream targets. J Neurosci 2006;26:7839-7848.

Lindvall O, Kokaia Z, Martinez-Serrano A. Stem cell therapy for human
neurodegenerative disorders-how to make it work. Nat Med 2004;10:42-50.

Liu XS, Zhang ZG, Zhang RL, Gregg S, Morris DC, Wang Y, Chopp M. Stroke induces
gene profile changes associated with neurogenesis and angiogenesis in adult
subventricular zone progenitor cells. J Cereb Blood Flow Metab 2007;27:564-574.

Lledo PM, Saghatelyan A, Lemansson M. Inhibitory interneurons in the olfactory bulb:
from development to function. Neuroscientist 2004;10:292-303.

Lois C, Alvarez-Buylla A. Long-distance neuronal migration in the adult mammalian
brain. Science 1994;264:1145-1148.

Marashi V, Barnekow A, Ossendorf E, Sacher N. Effects of different forms of
environmental enrichment on behavioral, endocrinological, and immunological
parameters in male mice. Horm Behav 2003;43:281-292.

Martin GR. Isolation of a pluripotent cell line from early mouse embryos cultured in
medium conditioned by teratocarcinoma stem cells. PNAS 1981;78:7634-7638.

Mattsson B, Sorensen JC, Zimmer J, Johansson BB. Neural grafting to experimental
neocortical infarcts improves behavioral outcome and reduces thalamic atrophy in rats
housed in enriched but not in standard environments. Stroke 1997;28:1225-1232.

McCombe PA, Read SJ. Immune and inflammatory responses to stroke: good or bad? Int
J Stroke 2008;3:254-265.

Meairs S, Wahlgren N, Dirnagl U, Lindvall O, Rothwell P, Baron JC, Hossmann K,
Engelhardt B, Ferro J, McCulloch J, Kaste M, Endres M, Koistinaho J, Planas A, Vivien
D, Dijkhuizen R, Czlonkowska A, Hagen A, Evan A, De Libero G, Nagy Z, Rastenyte D,
Reess J, Davalos A, Lenzi GL, Amarenco P, Hennerici M. Stroke research priorities for
the next decade- A representative view of the European scientific community.
Cerebrovasc Dis 2006;22:75-82.

Menn B, Garcia-Verdugo JM, Yaschine C, Gonzalez-Perez O, Rowitch D, Alvarez-
Buylla A. Origin of oligodendrocytes in the subventricular zone of the adult brain. J
Neurosci 2006;26:7907-7918.



74

Mohammed AH, Zhu SW, Darmopil S, Hjerling-Leffler J, Ernfors P, Winblad B,
Diamond MC, Eriksson PS, Bogdanovic N. Environmental enrichment and the brain.
Prog Brain Res 2002;138:109-133

Molcanyi M, Riess P, Bentz K, Maegele M, Hescheler J, Schifke B, Trapp T,
Neugebauer E, Klug N, Schifer U. Trauma-associated inflammatory response impairs
embryonic stem cell survival and integration after implantation into injured rat brain.
J Neurotrauma 2007;24:625-637.

Montoya CP, Campbell-Hope LJ, Pemberton KD, Dunnett SB. The "staircase test": a
measure of independent forelimb reaching and grasping abilities in rats. J Neurosci
Methods 1991;36:219-228.

Narkilahti S, Rajala K, Pihlajamaki H, Suuronen R, Hovatta O, Skottman H. Monitoring
and analysis of dynamic growth of human embryonic stem cells: comparison of
automated instrumentation and conventional culturing methods. Biomed Eng Online
2007 Apr 12;6:11.

Nat R, Nilbratt M, Narkilahti S, Winblad B, Hovatta O, Nordberg A. Neurogenic
neuroepithelial and radial glial cells generated from six human embryonic stem cell lines
in serum-free suspension and adherent cultures. Glia 2007;55:385-99.

Neeper SA, Gomez-Pinilla F, Choi J, Cotman CW. Physical activity increases mRNA for
brain-derived neurotrophic factor and nerve growth factor in rat brain. Brain Res
1996;726:49-56.

Nguyen-Ba-Charvet KT, Picard-Riera N, Tessier-Lavigne M, Baron-Van Evercooren A,
Sotelo C, Chédotal A. Multiple roles of slits in the control of cell migration in the rostral
migratory stream. J Neurosci. 2004;24:1497-1506.

Nimmerjahn A, Kirchhoff F, Helmchen F. Resting microglia cells are highly dynamic
surveillants of brain parenchyma in vivo. Science 2005;308:1314-1318.

Olson AK, Eadie BD, Ernst C, Christie BR. Environmental enrichment and voluntary
exercise massively increase neurogenesis in the adult hippocampus via dissociable
pathways. Hippocampus 2006;16:250-260.

Paczkowska E, Larysz B, Rzeuski R, Karbicka A, Jatowinski R, Kornacewicz-Jach Z,
Ratajczak MZ, Machalinski B. Human hematopoietic stem/progenitor-enriched CD34+
cells are mobilized into peripheral blood during stress related to ischemic stroke or acute
myocardial infarction. Eur J] Haematol 2005;75:461-467.

Parent JM, Vexler ZS, Gong C, Derugin N, Ferriero DM. Rat forebrain neurogenesis and
striatal neuron replacement after focal stroke. Ann Neurol 2002;52:802-813.



75

Pereira AC, Huddleston DE, Brickman AM, Sosunov AA, Hen R, McKhann GM, Sloan
R, Gage FH, Brown TR, Small SA. An in vivo correlate of exercise-induced
neurogenesis in the adult dentate gyrus. PNAS 2007;104:5638-5643.

Peurala SH, Tarkka IM, Juhakoski M, Kononen M, Karhu J, Jakala P, Vanninen R,
Sivenius J. Restoration of normal cortical excitability and gait ability in acute stroke
after intensive rehabilitation. Cerebrovasc Dis 2008; 26:208-209.

Pham TM, Ickes B, Albeck D, Soderstrom S, Granholm AC, Mohammed AH. Changes
in brain nerve growth factor levels and nerve growth factor receptors in rats exposed to
environmental enrichment for one year. Neuroscience 1999;94:279-286.

Ploughman M, Corbett D. Can forced-use therapy be clinically applied after stroke-An
exploratory randomized controlled trial. Arch Phys Med Rehabil 2004;84:1417-1423.

Ploughman M, Granter-Button S, Chernenko G, Tucker BA, Mearow KM, Corbett D.
Endurance exercise regimens induce differential effects on brain-derived neurotrophic
factor, synapsin-I and insulin-like growth factor I after focal ischemia. Neurosci
2005;136:991-1001.

Ploughman M, Attwood Z, White N, Dore JJ, Corbett D. Endurance exercise facilitates
relearning of forelimb motor skill after focal ischemia. Eur J Neurosci 2007a;25:3453-
3460.

Ploughman M, Granter-Button S, Chernenko G, Attwood Z, TuckerBA, Mearow KM,
Corbett D. Exercise intensity influences the temporal profile of growth factors involved
in neuronal plasticity following focal ischemia. Brain Res 2007b;1150:207-216.

Ramanathan D, Conner JM, Tuszynski MH. A form of motor cortical plasticity that
correlates with recovery of function after brain injury. PNAS 2006;103:11370-11375.

Rasband WS, ImagelJ, U. S. National Institutes of Health, Bethesda,
Maryland, USA, http://rsb.info.nih.gov/ij/, 1997-2006.

Redila VA, Christie BR. Exercise-induced changes in dendritic structure and complexity
in the adult hippocampal dentate gyrus. Neurosci 2006;137:1299-1307.

Redmond DE Jr, Bjugstad KB, Teng YD, Ourednik V, Ourednik J, Wakeman DR,
Parsons XH, Gonzalez R, Blanchard BC, Kim SU, Gu Z, Lipton SA, Markakis EA, Roth
RH, Elsworth JD, Sladek JR Jr, Sidman RL, Snyder EY. Behavioral improvement in a
primate Parkinson’s model is associated with multiple homeostatic effects of human
neural stem cells. PNAS 2007;29:12175-12180.

Reubinoff BE, Itsykson P, Turetsky T, Pera MF, Reinhartz E, Itzik A, Ben-Hur T. Neural
progenitors from human embryonic stem cells. Nat Biotechnol 2001;19:1134-1140.



76

Reynolds BA, Weiss S. Generation of neurons and astrocytes from isolated cells of the
adult mammalian central nervous system. Science 1992;255:1707-1710.

Rissanen A, Sivenius J, Jolkkonen J. Prolonged bihemispheric alterations in unfolded
protein response related gene expression after experimental stroke. Brain Res
2006;1087:60-66.

Savitz SI, Dinsmore JH, Wechsler LR, Rosenbaum DM, Caplan LR. Cell therapy for
stroke. NeuroRx 2004;1:406-414.

Schallert T, Woodlee MT, Fleming SM. CNS plasticity and assessment of forelimb
sensorimotor outcome in unilateral rat models of stroke, cortical ablation, parkinsonism
and spinal cord injury. Neuropharm 2000;39:777-787.

Schallert T and Woodlee MT. Orienting and placing. In The Behavior of the Laboratory
Rat. A Handbook with Tests. 1.Q.Whishaw and B. Kolb, eds. 2005 (New York: Oxford
University Press). pp. 129 —140.

Schroeter M, Jander S, Witte OW, Stoll G. Local immune responses in the rat cerebral
cortex after middle cerebral artery occlusion. J Neuroimmunol 1994;55:195-203.

Schroeter M and Jander S. T-cell cytokines in injury-induced neural damage and repair.
Neuromol Med 2005;7:183-195.

Schwab JM, Monnier PP, Schluesener HJ, Conrad S, Beschorner R, Chen L, Meyermann
R, Mueller BK. Central nervous system injury-induced repulsive guidance molecule
expression in the adult human brain. Arc Neurol 2005;62:1561-1568.

Schwartz M, Kipnis J. Protective autoimmunity; Regulation and prospects for vaccination
after brain and spinal cord injuries. Trends Mol Med 2001:7:252-258.

Shimazaki T, Shingo T, Weiss S. The ciliary neurotrophic factor/leukemia inhibitory
factor/gp130 receptor complex operates in the maintenance of mammalian forebrain
neural stem cells. J Neurosci 2001;21:7642-7653.

Shindo T, Matsumoto Y, Wang Q, Kawai N, Tamiya T, Nagao S. Differences in the
neuronal stem cells survival, neuronal differentiation and neurological improvement after
transplantation of neural stem cells between mild and severe experimental traumatic brain
injury. J Med Invest 2006;53:42-51.

Schuldiner M, Eiges R, Eden A, Yanuka O, Itskovitz-Eldor J, Goldstein RS, Benvenisty
N. Induced neuronal differentiation of human embryonic stem cells. Brain Research
2001;913:201-205.



77

Shen, L. H., Li, Y., Chen, J., Cui, Y., Zhang, C., Kapke, A., Lu, M., Savant-Bhonsale, S.
and Chopp, M., One-year follow-up after bone marrow stromal cell treatment in middle-
aged female rats with stroke. Stroke 2007;38:2150-2156.

Soares S, Sotelo S. Adult neural stem cells from the mouse subventricular zone are
limited in migratory ability compared to progenitor cells of similar origin. Neurosci
2004;128:807-817.

Stroke Therapy Academic Industry Roundtable (STAIR). Recommendations for
standards regarding preclinical neuroprotective and restorative drug development. Stroke
1999;30:2752-2758.

Steindler DA. Stem cells, regenerative medicine, and animal models of disease. ILAR
2007;48:323-338.

Stem Cell Therapies as an Emerging Paradigm in Stroke Participants. Stem Cell
Therapies as an Emerging Paradigm in Stroke (STEPS): bridging basic and clinical
science for cellular and neurogenic factor therapy in treating stroke. Stroke 2009:40:510-
515.

Stroemer RP, Kent TA, Hulsebosch CE. Neocortical neural sprouting, synaptogenesis,
and behavioral recovery after neocortical infarction in rats. Stroke 1995;26:2135-2144.

Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall VS,
Jones JM. Embryonic stem cell lines derived from human blastocysts. Science
1998;282:1145-1147.

Torasdotter M, Metsis M, Henriksson BG, Winblad B, Mohammed AH. Environmental
enrichment results in higher levels of nerve growth factor mRNA in the rat visual cortex
and hippocampus. Behav Brain Res 1998;93:83-90.

Trounson A. The Production and Directed Differentiation of Human Embryonic Stem
Cells. Endocrine Reviews 2006;27:208-219.

Tsai PT, Ohab JJ, Kertesz N, Groszer M, Matter C, Gao J, Liu X, Wu H, Carmichael ST.
A critical role of erythropoietin receptor in neurogenesis and post-stroke recovery.
J Neurosci 2006;26:1269-1274.

van Praag H, Christie BR, Sejnowski TJ, Gage FH. Running enhances neurogenesis,
learning, and long-term potentiation in mice. PNAS 1999;96:13427-13431.

Vaynman S, Ying Z, Gomez-Pinilla F. Interplay between brain-derived neurotrophic
factor and signal transduction modulators in the regulation of the effects of exercise on
synaptic-plasticity. Neurosci 2003;122:647-657.



78

Vendrame M, Cassady J, Newcomb J, Butler T, Pennypacker KR, Zigova T, Sanberg
CD, Sanberg PR, Willing AE. Infusion of human umbilical cord blood cells in a rat
model of stroke dose-dependently rescues behavioral deficits and reduces infarct volume.
Stroke 2004;35:2390-2395.

Vendrame M, Gemma C, de Mesquita D, Collier L, Bickford PC, Sanberg PR,
Pennypacker KR, Willing AE. Anti-inflammatory effects of human cord blood cells in a
rat model of stroke. Stem Cells Dev 2005;14:595-604.

Wang L, Zhang ZG, Zhang RL, Gregg SR, Hozeska-Solgot A, LeTourneau Y, Wang Y,
Chopp M. Matrix metalloproteinase 2 (MMP2) and MMP9 secreted by erythropoietin-
activated endothelial cells promote neural progenitor cell migration. J Neurosci
2006;26:5996-6003.

Wennersten A, Holmin S, Al Nimer F, Meijer X, Wahlberg LU, Mathiesen T. Sustained
survival of xenografted human neural stem/progenitor cells in experimental brain trauma
despite discontinuation of immunosuppression. Exp Neurol 2006;199:339-347.

Windle V, Corbett D. Fluoxetine and recovery of motor function after focal ischemia in
rats. Brain Res 2005;1044:25-32.

Windle V, Szymanska A, Granter-Button S, White C, Buist R, Peeling J, Corbett D. An
analysis of four different methods of producing focal cerebral ischemia with endothelin-1
in the rat. Exp Neurol 2006;201:324-334.

Woodlee MT, Asseo-Garcia AM, Zhao X, Liu SJ, Jones TA, Schallert T. Testing
forelimb placing "across the midline" reveals distinct, lesion-dependent patterns of
recovery in rats. Exp Neurol 2005;191:310-317.

Yamashita T, Ninomiya M, Hernandez Acosta P, Garcia-Verdugo JM, Sunabori T,
Sakaguchi M, Adachi K, Kojima T, Hirota Y, Kawase T, Araki N, Abe K, Okano H,
Sawamoto K. Subventricular zone-derived neuroblasts migrate and differentiate into
mature neurons in the post-stroke adult striatum. J Neurosci 2006;26:6627-6636.

Ying Z, Roy RR, Edgerton VR, Gomez-Pinilla F. Exercise restores levels of
neurotrophins and synaptic plasticity following spinal cord injury. Exp Neurol
2005;193:411-419.

Zhang SC, Wernig M, Duncan ID, Briistle O, Thomson JA. In vitro differentiation of
transplantable neural precursors from human embryonic stem cells. Nat Biotechnol
2001;19:1129-1133.

Zhang RL, Zhang L, Zhang ZG, Morris D, Jiang Q, Wang L, Zhang LJ, Chopp M.
Migration and differentiation of adult rat subventricular zone progenitor cells
transplanted into the adult rat striatum. Neuroscience 2003;116:373-382.



79

Zhang RL, Zhang ZG, Chopp M. Neurogenesis in the adult ischemic brain: Generation,
migration, survival, and restorative therapy. Neuroscientist 2005;11:408-416.

Zhang JQ, Yu XB, Ma BF, Yu WH, Zhang AX, Huang G, Mao FF, Zhang XM, Wang
ZC, Li SN, Lahn BT, Xiang AP. Neural differentiation of embryonic stem cells induced
by conditioned medium from neural stem cell. Neuroreport 2006;17:981-986.

Zhao LR, Duan WM, Reyes M, Keene CD, Verfaillie CM, Low XC. Human bone
marrow stem cells exhibit neural phenotypes and ameliorate neurological deficits after
grafting into the ischemic brain of rats. Exp Neurol 2002;174:11-20.

Ziv Y, Ron N, Butovsky O, Landa G, Sudai E, Greenberg N, Cohen H, Kipnis J,
Schwartz M. Immune cells contribute to the maintenance of neurogenesis and spatial
learning abilities in adulthood. Nat Neurosci 2006;9:268-275.



ORIGINAL PUBLICATIONS I-1V



Enriched environment enhances SVZ stem cell survival, migration and functional

recovery after stroke

Hicks AU, Hewlett K, Windle V, Chernenko G, Ploughman M, Jolkkonen J, Weiss S,

Corbett D.

Neuroscience 2007;146:31-40.

Reprinted with permission from Elsevier



11

Long-term assessment of enriched housing and subventricular zone cell

transplantation after focal ischemia in rats

Hicks AU, MacLellan CL, Chernenko GA, Corbett DR.

Brain Research 2008;1231:103-112.

Reprinted with permission from Elsevier



I

Transplantation of human embryonic stem cell-derived neural precursor cells and
enriched environment after cortical stroke in rats: cell survival and functional

recovery

Hicks AU, Lappalainen R, Narkilahti S, Suuronen R, Corbett D, Sivenius J, Hovatta O,
Jolkkonen J.

European Journal of Neuroscience 2009;29:562-574.

Reprinted with permission from Wiley



1A%

Cell based therapies in animal models of stroke - Focus on functional recovery

Hicks AU, Schallert T, Jolkkonen J.

Submitted



PUBLICATIONS
SERIES OF REPORTS, DEPARTMENT OF NEUROLOGY

1.

w

- \O OO ]
==

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

Juhani Partanen (1978): Time-locked phenomena of human motor unit potentials. An
electromyographic study of satellites and doubles.

Eeva Leino (1981): Clinical and biochemical studies on progressive myoclonus epilepsy.
Hilkka Soininen (1981): Senile dementia. A clinical, neurochemical and etiological study.

Rolf Danner (1982): Adverse effects of anticonvulsive treatment on peripheral nerve conduction
and posterior dominant EEG rhythm.

Markku Saksa (1982): The autonomic nervous system in experimental allergic neuritis. A
functional, morphological and biochemical study.

Juhani Sivenius (1982): Studies on the rehabilitation, epidemiology and clinical features of
stroke in East Central Finland.

Asla Pitkéinen (1987): Somatostatin in epilepsy. An experimental and clinical study.

Esa Mervaala (1987): Evoked potential in human epilepsy. A neurophysiological study.

Kari Reinikainen (1988): Neurotransmitters in Alzheimer’s disease.

Tapani Kerénen (1988): Epilepsy in adults. An epidemiologic study in Eastern Finland.

Jukka Jolkkonen (1988): Vasopressin in the central nervous system. A study based on
cerebrospinal fluid measurements.

Jouni Sirvio (1989): The cholinergic system in ageing and dementia. With special reference to
acetylcholinesterase.

Hannu Koponen (1989): Delirium in the elderly. A clinical, neurochemical, neuropsychological
and neuroradiological study.

Asla Pitkinen (1989): Somatostatin in experimental and human epilepsy.

Eeva-Liisa Helkala (1990): Memory in patients with Alzheimer’s disease and demented
patients with Parkinson’s disease.

Paavo Riekkinen Jr (1990): Animal models of age-related degeneration of subcortical
regulatory systems. With special reference to cholinergic, noradrenergic and serotonergic
systems.

Toivo Halonen (1990): Neurotransmitter amino acids in epileptic convulsions and during
vigabatrin treatment.

Ulla Lepola (1990): Panic disorder. A clinical, neurochemical, neuropsychological, and
neuroradiological study.

Kari Murros (1991): Stress reactions of brain infarction. A prospective study on 105 patients
with acute ischemic brain infarction of internal carotid artery territory.

Aarne Ylinen (1991): Hippocampal reactions and their pharmacotherapy in experimental
epilepsy.

Antti Valjakka (1992): The subcortical deafferentation of the hippocampus and noradrenergic
lesions as experimental models of dementia. Hippocampal electrophysiology.

Aimo Rissanen (1992): Cerebrovascular disease in the Jyviskyld region, Central Finland.
Reetta Kilvidinen (1992): Newly diagnosed epileptic seizure disorder in adults. A prospective
follow-up study on 100 patients.

Maria Mazurkiewicz (1992): The effects of the enhanced GABAergic transmission on
cognitive functions: An experimental study.

Pekka Jidkald (1992): Modulation of attention and working memory by noradrenergic,
serotonergic and cholinergic systems. An experimental neuropsychopharmacological study.

Kari Alhainen (1992): Anticholinesterase drug, tacrine (THA), in Alzheimer’s disease.
Discrimination of responders and nonresponders.

Riitta Miettinen (1993): Inhibitory circuits and subcortical innervation of the rat hippocampus:
Implications for normal function and pathophysiological processes.

Hannele Lahtinen (1993): Hippocampus in experimental models of temporal lobe epilepsy.
Amino acid-mediated neurotransmission and nerve cell injury following the transection of
fimbria-fornix and the electrical stimulation of perforant pathway in rat.

Piivi Hartikainen (1994): Normal ageing. A neurochemical, neurophysiological and



31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

neuropsychological study with special reference to Alzheimer’s disease, Parkinson’s disease and
amyotrophic lateral sclerosis.

Outi Heinonen (1994): Neuropathologic and peripheral markers of Alzheimer’s disease with
special emphasis on -amyloid accumulation.

Minna Riekkinen (1994): The interactions between cholinergic and serotonergic systems in the
modulation of spatial navigation and passive avoidance behavior. An experimental
neuropsychopharmacological study.

Keijo Koivisto (1995): Population-based dementia screening program in the city of Kuopio,
Eastern Finland: Evaluation of screening methods, prevalence of dementia and dementia
subtypes.

Arja Tuunainen (1995): Evaluation of epileptic patients for temporal lobe surgery and
postoperative follow-up. An electrophysiological study with neuropsychological, psychiatric and
clinical correlates.

Mervi Pitkidnen (1995): The role and pharmacological modulation of the NMDA
receptor/channel on hippocampal synaptic transmission and behavior.

Olli Kosunen (1996): A neuropathologic study on Alzheimer’s disease with a special emphasis
on diagnostic accuracy.

Mikko Laakso (1996): MRI of hippocampus in incipient Alzheimer’s disease.

Maarit Lehtovirta (1996): Familial Alzheimer’s disease. A clinical and molecular genetic
study.

Tuomo Hinninen (1996): Age-associated memory impairment. A neuropsychological and
epidemiological study.

Vesa Savander (1997): Organization of intrinsic connections in the rat amygdaloid complex
with special emphasis on the lateral, basal and accessory basal nuclei.

Heikki Sorvari (1997): Neurons containing calcium-binding proteins in the human amygdaloid
complex.

Tiina Kotti (1997): Excitotoxicity-induced neuropathological changes in the rodent
hippocampus. Possible functional consequences and drug treatments.

Sirja Ruotsalainen (1997): Serotonergic system and its interactions with cholinergic receptor
mediated mechanisms in the modulation of working memory. An experimental study.

Seppo Helisalmi (1998): Molecular genetics of Alzheimer’s disease with special emphasis on
presenilin, amyloid beta precursor protein and apolipoprotein E genes.

Merja Hallikainen (1998): Age-associated memory impairment, and apolipoprotein E. A
population-based clinical, neuropsychological, neurophysiological and neuroimaging study.
Matti Vanhanen (1998): Cognitive function in glucose intolerance in the elderly: the role of
hyperinsulinemia.

Kirsi Juottonen (1998): MRI-volumes of the entorhinal, perirhinal and temporopolar cortices in
normal aging and in Alzheimer’s disease.

Raimo Pussinen (1999): An experimental study on the role of |-adrenoceptors and putrescine in
the modulation of hippocampal plasticity and memory encoding - interactions with NMDA
receptors.

Tarja Puumala (1999): Monoamines in the modulation of attention and response inhibition:
development of a new animal model of attention deficit and impulsivity.

Mia Mikkonen (1999): The human entorhinal cortex. Anatomic organization and its alteration
in Alzheimer's disease and temporal lobe epilepsy.

Jukka Puolivili (2000): An experimental study on the cholinergic modulation of cortical
arousal and cognitive functions. With special emphasis on apolipoprotein E.

Kauko Pitkinen (2000): Stroke rehabilitation in the elderly. A controlled study of the
effectiveness and costs of a multidimensional intervention.

Mikko Hiltunen (2000): A molecular genetic study of factors involved in Alzheimer's disease.
Sami Ikonen (2001): The role of the septohippocampal cholinergic system in cognitive
functions.

Tuuli Salmenperé (2001): Damage in the hippocampus, amygdala, entorhinal and perirhinal
cortex of adults with partial epilepsy.

Zinayida Bezvenyuk (2001): Multiple pathways of DNA disintegration during neuronal
apoptosis.



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

82.

83.

84.

85.

86.

Tero Tapiola (2001): Biological markers for Alzheimer's disease. With special emphasis on
cerebrospinal fluid 3-amyloid and tau.

Kirsi Puurunen (2001): The effects of pharmacotherapy and training on functional recovery
after global and focal cerebral ischemia in rats.

Maaria Ikonen (2001): Apoptosis-associated changes in neuronal gene expression. With special
emphasis on the insulin-like growth factor system.

Inga Kadish (2002): Plasticity in the entorhinal-hippocampal pathway. Influences of gene
mutations and hormones.

Pauliina Korhonen (2002): Gene regulation in neuronal degeneration - Role of mSin3 and YY1
factors.

Miia Kivipelto (2002): Vascular risk factors in Alzheimer's disease and mild cognitive
impairment. A longitudinal, population-based study.

Margit Overmyer (2002): Gliosis in relation to Alzheimer's hallmark lesions in aging and
Alzheimer's disease. A postmortem immunohistochemical study.

Marja Aikii (2002): Verbal memory in newly diagnosed partial epilepsy. A neuropsychological
study.

Li Liu (2003): Cholinergic neurotransmission, amyloid- peptide and the pathogenesis of
Alzheimer’s Disease. A study in the APP and PS1 double transgenic mouse model.

Jun Wang (2003): The role of A-peptide on spatial memory, EEG, auditory evoked potentials
and nicotinic cholinergic receptors in A/P transgenic mice.

Juhana Aura (2003): Interaction of muscarinic acetylcholine and N-methyl-D-aspartate —type
glutamate receptors in the regulation of spatial learning and memory.

Johanna Kuhmonen (2003): Neuroprotection in experimental acute cerebral ischaemia: 2-
adrenoreceptor agonism, MAO-B inhibition, and enhancement of GABAergic neurotransmission
as neuroprotective strategies.

Jaana Autere (2003): Genetics of Parkinson’s Disease in the Finnish Population.

Erkki Kuusisto (2004): Role of the p62 protein in the formation of neuropathological
cytoplasmic inclusions.

Maija Pihlajaméki (2004): Functional MRI studies on human declarative memory.
Chuan-sheng Zhao (2005): Psychotropic medication and functional recovery following cortical
stroke in aged rats.

Dimitrije Jakovljevi¢ (2005): The roles of chronobiological and socioeconomic factors in the
occurrence of cerebrovascular diseases.

Sinikka Peurala (2005): Rehabilitation of gait in chronic stroke patients.

Laura Parkkinen (2005): Impact of a-synuclein pathology on aging.

Iain Wilson (2005): Hippocampal place cells as a window into cognitive aging.

Susan Iivonen (2005): Genetic and expressional studies of Alzheimer's disease candidate genes.
Emphasis on CYP19, seladin-1 and HSPG2 genes.

Jouni Thalainen (2005): Regulation of dopamine release in the forebrain by alpha2-
adrenoceptors and NMDA glutamate receptors - a microdialysis study.

Giedrius Kalesnykas (2005): Cholinergic neurons of the rodent basal forebrain and their
content of estrogen receptor alpha.

Marina Boccardi (2006): MRI studies in frontotemporal dementia.

Anne Koivisto (2006): Genetic components of late-onset Alzheimer's disease with special
emphasis on ApoE, IL-6, CYP46, SERPINA3 and PPAR.

Taneli Heikkinen (2006): Cognitive effects of estrogen in ovariectomized, aged and transgenic
mice modeling Alzheimer's disease.

Minna Korolainen (2006): Proteomic analysis of post-translationally modified proteins in
Alzheimer's disease.

Petri Kerokoski (2006): Regulation of cyclin-dependent kinase 5 (Cdk5) with special emphasis
on changes occurring during neuronal cell death.

Corina Pennanen (2006): Brain atrophy in mild cognitive impairment: MRI volumetric and
voxel-based method study.

Jari Huuskonen (2007): Microglial response to inflammatory stimuli-impact of protein
acetylation and phosphorylation.



87.

88.

89.

90.

91.

Katriina Viinikainen (2007): Epilepsy, female reproductive health and neurodevelopment of
the offspring.

Sanna-Kaisa Herukka (2007): Usefulness of cerebrospinal fluid biomarkers in diagnosis of
early Alzheimer's disease.

Heli Karhunen (2007): Long-term studies on the epileptogenesis after focal cerebral ischemia
in rats.

Saila Vepsildinen (2007): A molecular genetic study and expression-based analysis of risk
factors of Alzheimer's disease. Emphasis on amyloid beta degrading enzymes, IDE and NEP.
Anne Jauhiainen (2008): Functional and structural magnetic resonance imaging studies in mild
cognitive impairment and Alzheimer's disease.



	Front Page

	ABSTRACT
	ACKNOWLEDGEMENTS
	ABBREVIATIONS
	LIST OF ORIGINAL PUBLICATIONS
	TABLE OF CONTENTS
	1. INTRODUCTION
	2. REVIEW OF THE LITERATURE
	2.1 Functional recovery after stroke
	2. 2 Enriched environment and running exercise after stroke
	2. 3 Stem cells
	2.3.1. Subventricular zone stem cells
	2.3.2 Embryonic stem cell derived neural precursor cells

	2.4 Stem cell studies in animal models of stroke
	2.4.1 Endogenous stem cells
	2.4.2 Transplanted stem cells

	2.5 Clinical studies and prospects to future

	3. AIMS OF THE STUDY
	4. MATERIAL AND METHODS
	4.1 Subjects
	4.2 Study designs
	4.2.1 Assignment of animals into treatment groups

	4.3 Enriched rehabilitation
	4.4 Cerebral ischemia models
	4.4.1 Transient middle cerebral artery occlusion (I-II)
	4.4.2 Permanent middle cerebral artery occlusion (III)

	4.5 Stem cell preparation, differentiation and characterization
	4.5.1 Subventricular zone stem cells (I-II)
	4.5.2. Human embryonic derived neural precursor cells (III)

	4.6 Stem cell transplantation
	4.7 Behavioral tests
	4.7.1 Forelimb asymmetry
	4.7.2 Reaching task
	4.7.3 Limb-placement test

	4.8 Histology and immunohistochemistry
	4.8.1 Infarct volumes
	4.8.2 Staining for cell counts
	4.8.3 Fluorescence immunohistochemistry

	4.9 Microscopic analysis
	4.9.1 Stereological cell counts and cell migration
	4.9.2 Optical densities
	4.9.3 Confocal microscopy

	4.10 Statistical Analyses

	5. RESULTS
	5.1 Mortality and exclusions
	5.2 Characterization of human neural precursor cells in vitro
	5.3 Infarct volumes
	5.3.1 Transient middle cerebral artery occlusion
	5.3.2 Permanent middle cerebral artery occlusion

	5.4 Behavioral deficits and recovery
	5.4.1 Forelimb asymmetry
	5.4.2 Reaching task

	5.5 Immunohistochemistry
	5.5.1 Cell count and cell migration
	5.5.2 Optical densities
	5.5.3 Confocal analyses


	6. DISCUSSION
	6.1 Methodological considerations
	6.1.1 Injury models and recovery measurements
	6.1.2 Transplantation sites

	6.2 Transplanted cells
	6.2.1 Survival of SVZ cells
	6.2.2 Survival of hNPCs
	6.2.3 Migration of transplanted cells
	6.2.4 Differentiation
	6.2.4.1 Phenotype of transplanted cells prior to transplantation
	6.2.4.2 Differentiation in vivo


	6.3 Functional recovery
	6.3.1 Enriched environment
	6.3.2 Partial functional recovery in the cylinder test

	6.4 Future aspects for stem cell studies in experimental stroke research

	7. SUMMARY AND CONCLUSIONS
	8. REFERENCES
	ORIGINAL PUBLICATIONS I-IV
	FIGURES 
	Figure1. Differentiation of embryonicstem cells in a developing fetus.
	Figure 2. Differentiation of neural stemcells after isolation from stem cellcontaining tissue (e.g. embryonic tissue,brain ventricle walls).
	Figure 3. SVZ stem cells and their progeny migrate long distances in an intact brain viarostral migratory stream (RMS) to the olfactory bulbs (OB) where they differentiate intofunctional granule or periglomerular neurons
	Figure 4. Enriched environment (EE) cage.

	TABLES
	Table 1. Factors that can affect the success of transplantation and cell therapy aftercerebral ischemia.

	PUBLICATIONS SERIES OF REPORTS, DEPARTMENT OF NEUROLOGY



