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AAAAbstractbstractbstractbstract    
Traumatic brain injury (TBI) is the leading cause of death and disability in young adults in 
the industrialized world. Human neural stem/progenitor cells (hNSCs) can be expanded in 
culture and have the ability to differentiate into the major cell types of the adult brain. 
These properties make them candidates for therapeutic transplantation in cases of 
neurological injuries and diseases that involve cell loss. The project was initiated to expand 
the knowledge on, and refine the techniques used in, hNSC xenografting to the traumatised 
brain. 

The weight-drop cortical contusion model was evaluated with focus on the delayed 
cell death. Neurons were found to be the cell type predominantly affected by the delayed 
cell death in this experimental model of TBI. Furthermore, an increase and redistribution 
of the pro-apoptotic protein Bax was evident at 6 days post injury indicating a wide 
window for potential therapeutic intervention. The model simulates aspects of the clinical 
histopathology and the subsequent xenograft investigations were carried out in this 
experimental model for TBI. 

Cryo-preserved hNSCs were xenografted to the medial limit of the lesion and the 
ipsilateral hippocampus immediately after injury in immunosuppressed rats. The human 
cells survived and increased in number between 2 and 6 weeks post surgery indicating 
that the xenografted cells proliferated. This was corroborated by the expression of the 
proliferation antigen Ki-67. A low proportion of the hNSC-derived cells differentiated to 
astrocytes and neurons. An increase in the proportion of human cells that expressed the 
neuronal marker NeuN was observed between 2 and 6 weeks in the hippocampus. 

A marker for degenerating neurons, Fluoro-Jade, was used to investigate if there was 
any difference in host neuroprotection between viable and non-viable hNSCs xenografted 
to the lesion. The results indicated that non-viable hNSCs increase neurodegeneration 
while viable hNSCs exerted some neuroprotection at 6 days post surgery. 

Immunosuppressive treatment has several serious side effects. To determine if 
immunosuppression can be shortened two immunosuppression regimes were compared; 
one group was given immunosuppression throughout the whole 6 weeks of the 
experiment while the other group was taken of immunosuppressant at 3 weeks post 
surgery. There were no differences in number of hNSC-derived cells, proliferation, 
migration or differentiation. In addition, 5/8 animals in a pilot group that was allowed to 
survive for six months after 3 weeks of immunosuppression still had surviving grafts. 

The ability to control grafted hNSCs in the environment of the traumatized brain is 
desirable. Polymer rods with slow-release kinetics was manufactured and implanted in 
the center of the lesion to investigate if administration of trophic factors could affect the 
xenografted hNSCs. The animals were immunosuppressed during the first 3 weeks and 
were allowed to survive 3 and 6 months. The pooled values from the 3 and 6 month 
groups were used for comparisons. Release of basic fibroblast growth factor (bFGF) and 
epidermal growth factor (EGF) did not increase the survival of xenografted hNSCs 
significantly. However, grafts receiving rods with rat serum albumin displayed increased 
survival compared to grafts receiving rods without any factor. Moreover, retinoic acid 
decreased the proportion of nestin-positive human cells. 

In conclusion, hNSCs xenografted to a clinically relevant model of TBI survive, 
differentiate and have effects on host neuroprotection. Decreased immunosuppression can 
be achieved without short-term effects on the xenografted hNSCs and both long-term 
survival and differentiation of hNSCs can be modulated by short-term release of bioactive 
molecules in vivo. 
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1111    INTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTION    

1.11.11.11.1    TRAUMATIC BRAIN INJUTRAUMATIC BRAIN INJUTRAUMATIC BRAIN INJUTRAUMATIC BRAIN INJURY (TBI)RY (TBI)RY (TBI)RY (TBI)    
Traumatic brain injury (TBI) affects people of all ages. The incidence is highest in 
young adults and it causes enormous costs both for the individual and the society. Still 
there is a lack of neuroprotective therapies for neurotrauma in humans (for review see 
e.g. Dutton and McCunn, 2003; Gunnarsson and Fehlings, 2003). The pathophysiology 
and outcome following TBI is very heterogeneous (Rosomoff et al., 1996). This is 
probably an important reason why no universal treatment for TBI exists. 

Blunt head trauma produces shear forces that result in primary membrane 
damage to neuronal cells, white matter structures and vascular beds (Bramlett and 
Dietrich, 2004). The initial insult, or primary injury, triggers downstream processes 
collectively referred to as the secondary injury processes. Extensive progress has 
been made in understanding the development of secondary injury after TBI. 
Neurointensive care today focuses on ameliorating the effects of the secondary injury 
processes and avoiding secondary insults (Dutton and McCunn, 2003). As a result, 
there are improvements of the patients’ functional outcome and decreases in 
mortality (Elf et al., 2002). 

The severity of the initial injury is traditionally considered to be a biological 
barrier that determines the degree of cell death and ultimately the outcome for the 
patient. However, research during the last decade shows that cells transplanted to 
the traumatically injured central nervous system (CNS) can restore function (Sinson 
et al., 1996; McDonald et al., 1999). 

1.21.21.21.2    SECONDARY INJURY AFTSECONDARY INJURY AFTSECONDARY INJURY AFTSECONDARY INJURY AFTER TBIER TBIER TBIER TBI    

TBI can be conceptually divided into a primary and a secondary injury phase. The 
primary phase is the mechanical disruption of the brain tissue, whereas the secondary 
injury processes that follows include inflammation, disturbed calcium homeostasis, 
excitotoxicity and formation of reactive oxygen species (ROS) (Holmin et al., 1995; for 
review see e.g. McIntosh et al., 1998; Holmin and Mathiesen, 1999; Lewen et al., 2000; 
Marklund et al., 2001). Post-traumatically, these mechanisms have deleterious effects 
on the brain parenchyma and delayed cell death has been observed up to a year after 
the initial insult (Smith et al., 1997). Moreover, Colicos et al. demonstrated that the 
secondary injury processes in the hippocampus might be linked to functional deficits 
(Colicos et al., 1996). 

1.2.11.2.11.2.11.2.1    InflammationInflammationInflammationInflammation    
Complex inflammatory processes ensue following TBI (Holmin and Mathiesen, 1999; 
for review see e.g. Morganti-Kossmann et al., 2002). Disruption of the blood brain 
barrier (BBB) leads to infiltration of lymphocytes from the circulation. These 
lymphocytes contribute to removing cell debris from the injured area. However, 
activated lymphocytes also release several cytokines such as interleukin 1 (IL-1), 
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interleukin 6 (IL-6), transforming growth factor-beta (TGF-β) and tumour necrosis 
factor-alpha (TNF-∼), all of which exert diverse effects in response to injury (Holmin 
and Mathiesen, 2000; Penkowa et al., 2000; for review see e.g. Allan and Rothwell, 
2001; Winter et al., 2003). While IL-1 can promote cell death, IL-6 and TGF-β seem 
instead to be primarily neuroprotective. The role of TNF-∼ is of dual nature since it can 
be both neuroprotective and promote cell death. 

In addition, resident quiescent microglial cells are activated to clear debris of 
dead cells from the parenchyma (Schwartz, 2003a). In the weight-drop cortical 
contusion model, the inflammatory response peaks together with the induction of the 
major histocompatibility complex-I (MHC-I) and MHC-II at 5-6 days post injury and 
persists for up to three months (Holmin et al., 1995; Holmin and Mathiesen, 1999). 
Susceptibility to autoimmune diseases may further diminish the neuronal survival 
after CNS injury (Kipnis et al., 2001). 

1.2.21.2.21.2.21.2.2    CalciumCalciumCalciumCalcium    
It has been shown that the distribution of calcium changes after experimental TBI 
(Shapira et al., 1989; Nilsson et al., 1993; McIntosh et al., 1998; for review see e.g. 
Raghupathi, 2004). When cytosolic calcium levels increase, calcium-dependent 
enzymes like calpain are activated (Kampfl et al., 1996). Activation of calpain leads to 
proteolysis of specific intracellular proteins including cytoskeletal proteins. The 
disruption of calcium homeostasis in the CNS may also lead to alterations in gene 
expression (Bading et al., 1993; Morrison et al., 2000). Notably, blocking the N-methyl-
D-aspartate (NMDA) or alpha-amino-3-hydroxy- 5-methyl-4-isoxazole (AMPA) 
receptor does not abolish the acute calcium flux indicating a limited role of receptor 
mediated calcium movement in experimental brain trauma (Nilsson et al., 1996). 

1.2.31.2.31.2.31.2.3    Excitotoxic amino acidsExcitotoxic amino acidsExcitotoxic amino acidsExcitotoxic amino acids    

Injury to the CNS is associated with neuronal depolarization and the excessive release 
of excitatory amino acids, among these glutamate is particularilly harmful (Faden et 
al., 1989; Palmer et al., 1993; for review see e.g. McIntosh et al., 1998). An excessive 
release of glutamate leads to the over-activation of receptor-associated ion channels 
such as the NMDA receptor, thereby causing increased influx of cations and water into 
the cell potentially resulting in cytotoxic edema. Although the use of NMDA receptor 
antagonists has been demonstrated to be effective in experimental TBI, this approach 
has not been equally successful in clinical trials (Bullock and Fujisawa, 1992; discussed 
in e.g. Ikonomidou and Turski, 2002). Glutamate signalling is primarily inactivated 
through energy-dependent transmitter reuptake by glia and neurons (Zigmond et al., 
1999). 

1.2.41.2.41.2.41.2.4    Reactive oxygen species (ROS)Reactive oxygen species (ROS)Reactive oxygen species (ROS)Reactive oxygen species (ROS)    
The formation of an excessive amount of reactive oxygen species (ROS) is one 
prominent feature of secondary injury mechanisms (Lewen and Hillered, 1998; Fink et 
al., 1999; Clausen, 2004; Clausen et al., 2004). The increased production of ROS may 
deplete antioxidants and exhaust the pool of endogenous free-radical scavenger 
enzymes (for review see e.g. Banati et al., 1993; Fiskum, 2000; Lewen et al., 2000). If the 
cellular defense is weakened, the free radicals can oxidize proteins, nucleic acids and 
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lipids, which may lead to critical changes in cellular function (Clausen et al., 2004). 
Following TBI, an elevation of ROS may occur as a result of increased levels of 
intracellular calcium, mitochondria dysfunction, phospholipid degradation and 
activation of enzymes such as nitric oxide synthase. ROS scavengers have been 
demonstrated to improve the outcome after experimental TBI (Marklund et al., 2001). 

1.2.51.2.51.2.51.2.5    The glial reactionThe glial reactionThe glial reactionThe glial reaction    
The astrocytes are the most abundant cell type in the CNS. In the uninjured brain these 
cells provide structural, metabolic and trophic support thus maintaining homeostasis 
in the parenchyma. Astrocytes also participate in the recovery after TBI (for review see 
e.g. Chen and Swanson, 2003). In response to injury in the CNS, astrocytes in the 
affected region proliferate and become hypertrophic. Within the activated astrocyte, 
structural proteins such as nestin, vimentin and glial fibrillary acidic protein (GFAP) 
are upregulated. The activated astrocytes play a dual role following TBI. On the one 
hand, they sustain homeostasis of the injured brain. On the other hand, astrocytes are 
also an integral part of a glial barrier, known as the glial scar, which encloses the 
injured area. This sealing probably represents a defense mechanism preserving 
unaffected tissue distal to the lesion site. However, the glial scar restrains the regrowth 
of axons and, thus, inhibiting restoration of a functional environment (Rudge and 
Silver, 1990; for review see e.g. Fawcett and Asher, 1999; Silver and Miller, 2004). 

In response to injury, microglial cells are activated and migrate to the lesion site 
where they can express MHC and act as antigen-presenting and phagocytotic cells 
(briefly discussed in section 1.7, Poltorak and Freed, 1989). Activated microglia also 
have the capacity to produce and release ROS and nitric oxide, a potent reactive 
radical (for review see e.g. Banati et al., 1993; Piehl and Lidman, 2001). Moreover, the 
inflammatory response may be further aggravated by the production and release of 
chemoattractants from activated microglia, which in turn cause infiltration of 
lymphocytes from the circulatory system. In a recent study by Aarum (2003), it was 
observed that microglial-released factors may direct the migration of neural 
stem/progenitor cells (NSCs) in vitro (Aarum et al., 2003). Furthermore, it was 
suggested that microglia may influence cell differentiation of both embryonic and 
adult NSCs to promote a neuronal phenotype. In contrast, it has been demonstrated 
that lipopolysaccharide-induced inflammation impairs the normally occurring and 
seizure-induced neurogenesis in the hippocampus (Ekdahl et al., 2003). The 
neurogenesis could be restored by minocyclin - a selective inhibitor of microglia 
activation. Microglia also have the potential to express several growth factors like 
platelet derived growth factor (PDGF), epidermal growth factor (EGF) and bFGF 
(Rappolee et al., 1989; Shimojo et al., 1991; Elkabes et al., 1996). Although some 
effects of microglia activation are harmful to the brain most data indicate that an 
essentially reparative program is initiated upon injury (for review see e.g. Polazzi 
and Contestabile, 2002; Schwartz, 2003a).
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Figure 1. Schematic representation of the 
morphological differences between apoptotic and 
necrotic cell death. 

1.31.31.31.3    CELL DEATHCELL DEATHCELL DEATHCELL DEATH    
Both neurons and glial cells die as a result of TBI (Newcomb et al., 1999; Smith et al., 
2000; Williams et al., 2001; Bramlett and Dietrich, 2002). The cell death that ensues can 
be either necrotic or apoptotic depending on the severity of the insult and the energy 
status of the damaged CNS (Jurgensmeier et al., 1998; Narita et al., 1998; Putcha et al., 
1999; Ott et al., 2002; for review see e.g. Raghupathi, 2004). Necrosis is a passive form 
of cell death that occurs when the cell is severely damaged and membrane integrity 
cannot be maintained. The cell and its organelles swell and burst as a consequence of 
water influx and, thus, necrotic cell death is not energy dependent. 

The term apoptosis was coined in the early 1970s (Kerr et al., 1972). Originally it 
was described as ultrastructural changes in cells undergoing a controlled suicide 
program. The classic morphological changes include: cell shrinkage, nuclear 
chromatin condensation and marginalization, plasma and nuclear membrane 

blebbing and the formation membrane 
enclosed vesicles containing cellular 
components, so-called apoptotic bodies 
(figure 1). The apoptotic bodies are 
subsequently engulfed and digested by 
phagocytes. Hence, apoptotic cell death 
is energy dependent and allows the 
organism to rid itself of superfluous and 
damaged cells without eliciting an 
inflammatory reaction. Programmed cell 
death (PCD) is occasionally used as a 
synonym to apoptosis. However, PCD is 
the term used when referring to the 
physiological cell death that occurs 
during embryogenesis, morphogenesis 
and regulation of tissue homeostasis 
(Köhler, 2001). A common example is 
the PCD that occurs during embryonal 
development of digits during which 
tissue is removed to allow separation of 
the digits (for a historical review see e.g. 
Rich et al., 1999). 

Although originally defined by 
morphological criteria the biochemical 
and cellular mechanisms underlying 

apoptotic cell death have now been studied in detail and several pathways have been 
described. Research has focused mainly on two essentially different modes of 
activation for inducing apoptosis; the intrinsic pathway caused by cellular stress and 
the extrinsic pathway mediated through ligand-receptor binding (for review see e.g. 
Green, 1998; Nicholson, 2000). In the intrinsic pathway, different forms of cellular 
stress lead to a release of cytochrome c from the mitochondria, mediated by pro-
apoptotic members of the B-cell lymphoma-2 (Bcl-2) family of proteins (e.g. Bax) 
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(Wolter et al., 1997; Putcha et al., 1999). The released cytochrome c binds to apoptotic 
protease-activating factor-1 (Apaf-1). Apaf-1 then self-associates and binds 
procaspase-9, forming the apoptosome. The bound procaspase-9 is transactivated 
through proteolytic cleavage resulting in the activation of caspase-9, which in turn 
triggers various downstream caspases. As a consequence, a proteolytic cascade is 
initiated and, finally, apoptotic cell death is induced. The extrinsic pathway relies on 
the activation of so-called death receptors (e.g. Fas) following binding of their 
respective ligands (e.g. Fas ligand). Upon ligand binding, adaptor proteins and 
procaspase-8 are recruited to the complex. Procaspase-8 is transactivated, in a similar 
fashion as procaspase-9 in the intrinsic pathway, leading to the activation of 
downstream caspases and, ultimately, dismantling of the cell. 

Although originally identified as a proto-oncogene involved in follicular B-cell 
lymphoma, Bcl-2 was one of the first genes shown to be important for regulating 
apoptosis (Tsujimoto et al., 1985). The Bcl-2 family consists of at least 25 mammalian 
proteins, where 10 have anti-apoptotic effects and the remaining 15 have pro-
apoptotic effects (for review see e.g. Gross et al., 1999). The anti-apoptotic members 
(e.g. Bcl-2 and Bcl-XL) contain a C-terminal transmembrane segment anchoring the 
protein to membranes (Nguyen et al., 1993). In addition to the mitochondrial 
membrane, these proteins are present in the endoplasmic reticulum and in the 
nuclear envelope (Krajewski et al., 1993; Akao et al., 1994). The balance between anti- 
and pro-apoptotic Bcl-2 family members is an important death-survival determinant 
in cells exposed to apoptosis inducing stimuli (Vander Heiden and Thompson, 1999; 
Tsujimoto and Shimizu, 2000). Bcl-2 family members appear to regulate the release of 
pro-apoptotic factors (in particular cytochrome c) from the mitochondria (Wolter et 
al., 1997; Yang et al., 1997; Jurgensmeier et al., 1998). Even though the exact 
mechanism of this release is not fully elucidated, Bax and Bcl-2 have been shown to 
associate with components of the mitochondrial permeability transition (MPT) pore, 
thereby promoting or inhibiting pore opening and, accordingly, the release of 
cytochrome c (Jurgensmeier et al., 1998; Narita et al., 1998; reviewed in e.g. Gross et 
al., 1999; Putcha et al., 1999; Ott et al., 2002). This hypothesis is further corroborated 
by the finding that the MPT pore inhibitor cyclosporin A can prevent Bax-induced 
release of cytochrome c from isolated mitochondria (Jurgensmeier et al., 1998; Narita 
et al., 1998). Adding to the conundrum of Bcl-2 regulation of apoptosis, studies have 
indicated that Bcl-2 and Bcl-XL (another anti-apoptotic member of the protein family) 
may inhibit apoptosis downstream of the mitochondria (Rosse et al., 1998; 
Zhivotovsky et al., 1998). 

Today, it is generally considered that apoptosis plays a significant role in cell 
death following TBI (Rink et al., 1995; Conti et al., 1998; Graham et al., 2000; for 
review see e.g. Raghupathi, 2004). Both the intrinsic and extrinsic pathway of 
apoptosis induction have been observed in TBI (Clark et al., 1999; Beer et al., 2000; 
Ng et al., 2000; Smith et al., 2000; Raghupathi et al., 2003). There are reports 
suggesting that apoptotic cell death in the hippocampus may contribute to memory 
deficits that can be observed after TBI (Colicos and Dash, 1996; Colicos et al., 1996). 
Furthermore, continuous apoptotic cell death may persist over a year after the initial 
insult (Williams et al., 2001). Although treatment strategies that target the apoptotic 
machinery could be useful, several factors have to be considered for trial design. For 
example, using a weight-drop cortical contusion model in infant rats, Pohl and 
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colleagues demonstrated that the initial injury mechanisms were mainly excitotoxic 
(Pohl et al., 1999). These were followed by apoptotic cell death of increased severity 
affecting structures distal to the lesion site. Surprisingly, blocking excitotoxic 
mechanisms by an NMDA receptor antagonist exacerbated the secondary apoptotic 
cell death. Moreover, administration of a radical scavenger did not affect the 
excitotoxic damage, but mitigated apoptotic damage.  

Interestingly, clinical data have suggested that the long-term consequences are 
more severe and that the mortality rate is higher after traumatic or ischemic brain 
injury in infants when compared to adults (Brink et al., 1970; Levin et al., 1982; 
Adelson and Kochanek, 1998). An age-dependent difference in apoptotic cell death 
dynamics has been implicated to be an important factor in this context (Bittigau et al., 
1999). In line with this, progressive downregulation of Apaf-1 and caspase-3 gene 
expression has been indicated as a key mechanism causing decreased apoptotic cell 
death in older animals (Yakovlev et al., 2001) 

1.41.41.41.4    NEURAL STEM/PROGENITNEURAL STEM/PROGENITNEURAL STEM/PROGENITNEURAL STEM/PROGENITOR CELLS (NSCOR CELLS (NSCOR CELLS (NSCOR CELLS (NSCssss))))    
Stem cells are defined as uncommitted cells that have the unique potential of a) self-
renewal throughout the lifespan and b) forming lineage-committed cells. The 
canonical stem cell is the fertilized egg. It is totipotent, meaning that it can generate all 
cells of the adult organism as well as the uterine placenta. During the course of 
embryonic development, the organs are formed from progressively more lineage-
restricted stem- and progenitor cells, illustrated in figure 2 (for review see e.g. 
Weissman, 2000). Notably, these stem- and progenitor cells are also present in various 
types of tissue in the adult organism. These somatic cells are needed to maintain 
homeostasis by replacing cells lost either through normal physiological processes or as 
a result of injury. In the current thesis the term “neural stem/progenitor cells” (NSCs) 
refers to cells that a) are derived from the nervous system, b) have the capacity for self-
renewal, and c) can give rise to more differentiated cells (for review see e.g. Gage, 
2000). Since there are currently no cell type-specific markers for stem- and progenitor 
cells, only their differentiated progeny can be characterized. Consequently, the traits of 
NSCs can, at present, only be inferred retrospectively and the true identity of these 
cells cannot be unequivocally asserted.  

Until recently, the postnatal brain’s lack of ability to regenerate lost tissue has 
been regarded as an indication that the adult brain is devoid of NSCs (for review see 
e.g. Gross, 2000). However, already in the mid 1960s, proliferation and neurogenesis 
in the brain of the adult rat, suggestive of a resident stem/progenitor cell population, 
was demonstrated (Altman and Das, 1965). More recent investigations show that 
NSCs resides in the subventricular zone and the dentate gyrus subgranular zone of 
adult rodents (Lois and Alvarez-Buylla, 1994; Lim et al., 1997; Palmer et al., 1997). It 
is now established that NSCs exist in the adult mammalian, including human, brain 
and that neurogenesis occurs (Eriksson et al., 1998; Johansson et al., 1999a; 
Arsenijevic et al., 2001). However, there is still some controversy regarding the 
identity and localization of these cells (for review see e.g. Momma et al., 2000; 
Morshead and van der Kooy, 2001). 
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Figure 2. A schematic illustration of the generation of progressively more lineage restricted cells. 
The fertilized egg, zygot, is totipotent but lacks the ability to self-renew. As development 
progress the progeny of the stem or progenitor cells become more and more specialized. Finally, 
fully mature cells of a particular organ are generated, exemplified in the figure by the generation 
of functional neurons and glia from their respective progenitor. The hNSC used in the current 
thesis were derived from the embryonal differentiation level, as indicated in the figure. Circular 
arrows indicate self-renewing capacity (Adapted from Gage, 2000). 
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Whereas some investigators claim that NSCs are represented by subependymal cells, 
others conclude that they are the ependymal cells lining the ventricles (Chiasson et 
al., 1999; Doetsch et al., 1999; Johansson et al., 1999b). Generation of functionally 
integrating neurons has been demonstrated in the adult avian and mammalian brain 
(Paton and Nottebohm, 1984; Carlen et al., 2002;  reviewed in e.g. Kempermann et al., 
2004). Interestingly, NSCs residing in the rodent brain responds with proliferation 
and neurogenesis to external stimuli like exercise, mental challenges as well as to 
injury (Gould et al., 1999; van Praag et al., 1999; Magavi et al., 2000; Dash et al., 2001). 
Using a model for ischemic brain injury, Nakatomi et al. demonstrated that 
progenitors proliferated in response to ischemia and subsequently migrated into the 
hippocampus to regenerate new neurons (Nakatomi et al., 2002). It remains to be 
shown to what extent the endogenous neurogenesis contributes to functional 
recovery after TBI. So far the newly formed cells found in the neocortex after TBI 
have mainly been astrocytes contributing to the glial scar, which impedes axonal 
regrowth (see section 1.2.5, Holmin et al., 1997a; Kernie et al., 2001; Salman et al., 
2004). A potential solution would be to stimulate the residing NSCs to produce the 
mixture of CNS cells required to reconstitute the injured area and restore 
connectivity (for review see e.g. Picard-Riera et al., 2004). 

1.4.11.4.11.4.11.4.1    Human neural stem/progenitor cells (hNSCs)Human neural stem/progenitor cells (hNSCs)Human neural stem/progenitor cells (hNSCs)Human neural stem/progenitor cells (hNSCs)    
Neural stem/progenitor cells from the embryonic human brain (hNSCs) can be 
propagated in an undifferentiated state for an extended period of time (Carpenter et 
al., 1999; Vescovi et al., 1999b). For a prolonged expansion of hNSCs in culture, it is 
necessary to add certain growth factors, such as bFGF, EGF and leukemia inhibitory 
factor (LIF) to the medium (Carpenter et al., 1999). Specifically, the addition of LIF to 
the culture medium can delay the telomere erosion and senescence of hNSC and thus 
extend the potential for expansion (Carpenter et al., 1999; Ostenfeld et al., 2000). 

The discovery that large amounts of hNSCs can be generated from a limited 
starting material, gained much interest and great expectations that neural disorders 
and injuries could be treated by transplantation (Vescovi et al., 1999a; for review see 
e.g. Ginis and Rao, 2003). 

1.51.51.51.5    REGULATION OF NSCREGULATION OF NSCREGULATION OF NSCREGULATION OF NSCssss    

The proliferation, differentiation and migration of neural cells during brain 
development occur in response to a precise temporal and spatial distribution of 
cell-cell interactions, cell-extracellular matrix interactions, and release and 
concentration gradients of various diffusible factors (Burrows et al., 1999; Frost et al., 
1999; Dutton and Bartlett, 2000; Tsai and McKay, 2000;  for review see e.g. Arsenijevic, 
2003). 

Several soluble factors have been reported to have profound effects on NSCs. For 
example, mitogens like bFGF and EGF have been shown to induce proliferation of 
NSCs both in vitro and in vivo (Reynolds et al., 1992; Gage, 2000). Furthermore, 
subcutaneous infusion of IGF-I increases neurogenesis in the hippocampus (Åberg et 
al., 2000). In vitro cell-cell contact and administration of the neurotrophins-3 and -4 
(NT3, NT4) and PDGF can increase the generation of neurons from hNSCs 
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substantially (Caldwell et al., 2001) These results are, however, contradictory since 
other investigators have reported that PDGF added to the culture media of hNSCs 
instead decreases the proportion of generated neurons (Galli et al., 2000). In the 
following sections, the focus will be on the regulatory effects of bFGF, EGF and RA. 

1.5.11.5.11.5.11.5.1    Basic fibroblast growth factor (bFGF)Basic fibroblast growth factor (bFGF)Basic fibroblast growth factor (bFGF)Basic fibroblast growth factor (bFGF)    
Basic fibroblast growth factor (bFGF), also referred to as FGF-2, is the most extensively 
studied member of a large family of structurally related polypeptides (for review see 
e.g. Bikfalvi et al., 1997). In mammals, there are at least 22 members of the FGF family 
that act through four different tyrosine kinase receptors (for review see e.g. Ford-
Perriss et al., 2001; Ornitz and Itoh, 2001). Different FGFs (in conjunction with other 
factors) may be involved in the regional specification of stem-cell progeny during 
development (for review see e.g. Vaccarino et al., 2001). Hence, elucidating the effects 
of different FGFs could provide techniques to direct NSCs to differentiate into specific 
cell types , such as dopaminergic neurons. 

In vitro, bFGF is a potent mitogen for NSCs derived both from the developing 
and adult CNS (Palmer et al., 1999). Specifically, bFGF together with EGF induces 
proliferation of hNSCs (Carpenter et al., 1999; Vescovi et al., 1999b). The activity of 
bFGF is influenced by several agents, e.g. heparan sulfate proteoglycans, cystatin C 
and potentially chondroitin sulfate proteoglycans (Ornitz et al., 1992; Caldwell and 
Svendsen, 1998; Goretzki et al., 1999; Taupin et al., 2000; Caldwell et al., 2004). 
Notably, heparin is required for the binding of bFGF to its high affinity receptor 
(Ornitz et al., 1992). 

In vivo, bFGF is essential for normal neurogenesis. Null mutant mice lacking 
bFGF display a reduction in progenitor cell number before the onset of neurogenesis 
and a subsequent decrease in cortical glutaminergic pyramidal neurons (Raballo et 
al., 2000; Korada et al., 2002). Absence of bFGF also leads to a reduced expression of 
GFAP in the cortex and striatum (Reuss et al., 2003). Nonetheless, when bFGF was 
injected into the ventricles of rat embryos, both the number of neurons and the brain 
volume increased (Vaccarino et al., 1999). In adult animals, administration of bFGF 
induces proliferation of endogenous NSCs (Kuhn et al., 1997). Moreover, 
hippocampal neurogenesis is substantially increased after combined administration 
of bFGF and EGF in a model of ischemia (Nakatomi et al., 2002). Subcutaneous 
injections of bFGF increase proliferation in neonatal and postnatal rats (Tao et al., 
1996; Wagner et al., 1999).  

The release mechanism for bFGF has not yet been established. Since bFGF lacks a 
classical signal sequence, it has been speculated that the release of bFGF is mediated 
through a passive process such as cell death, wounding, or chemical injury. 
Alternatively, it is possible that some yet unknown mechanism is responsible for the 
release of intracellular bFGF (reviewed in e.g. Bikfalvi et al., 1997). 

1.5.21.5.21.5.21.5.2    Epidermal growth factor (EGFEpidermal growth factor (EGFEpidermal growth factor (EGFEpidermal growth factor (EGF))))    

Epidermal growth factor (EGF) is a 53 amino-acid polypeptide synthesized as a 
precursor consisting of 1217 residues (for review see e.g. Yamada et al., 1997). The 
precursor is a transmembrane protein and has been implicated to have a role in cell-
cell interactions in vivo. The activity of EGF is mediated by binding to the EGF receptor 
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Figure 3. The naturally 
occurring retinoids are 
important differentiation factors 
for several tissues. 

(EGFR), which belongs to the tyrosine kinase receptor family (Ushiro and Cohen, 
1980). Other structurally related members of the EGF family include the transforming 
growth factor-alpha (TGF-∼) (Groenen et al., 1994). 

EGF is an important factor for modulating proliferation, survival and migration 
of subependymal NSCs in the adult mouse brain (Craig et al., 1996). Furthermore, the 
EGFR is necessary for brain maturation and EGFR null mutant mice display 
dysfunctional neuronal migration (Di Fiore et al., 1990; Sibilia and Wagner, 1995). 
Although EGFRs are present in cerebral cortical neurons of adult rats, astrocytic 
EGFRs appear to be downregulated around postnatal day 30 (Gomez-Pinilla et al., 
1988). Interestingly, the concentration of EGF is higher in synaptosomal fractions in 
comparison to homogenates of the whole brain or cerebral cortex in mice, suggesting 
a neuromodulatory role of EGF (Lakshmanan et al., 1986). Administration of EGF 
increases differentiation, maturation and survival of a variety of neurons (reviewed 
in e.g. Plata-Salaman, 1991). Importantly, the effects of EGF on neurons are not only a 
result of direct action through the EGFR, but also a consequence of secondary effects 
mediated through glial cells (reviewed in e.g. Yamada et al., 1997). 

Constitutive EGFR activation or infusion of EGF, stimulates migration and 
proliferation of rodent NSCs transplanted to the uninjured adult rat brain (Fricker-
Gates et al., 2000; Boockvar et al., 2003). Moreover, both EGF and bFGF are needed 
for the propagation of hNSCs in culture (Carpenter et al., 1999; Vescovi et al., 1999b). 

1.5.31.5.31.5.31.5.3    Retinoic acid (RA)Retinoic acid (RA)Retinoic acid (RA)Retinoic acid (RA)    
Retinoic acid (RA) is a broad differentiation factor 
essential for different types of tissue during both 
embryonic development and adulthood (figure 3, for 
review see e.g. Ross et al., 2000). RA is synthesized from 
vitamin A through a series of oxidations and belongs to a 
group of structurally related compounds known as the 
retinoids (for review see e.g. Napoli, 1996; Gottesman et 
al., 2001). Even though there are more than ten known 
naturally occurring retinoids, in most cases RA is the 
active metabolite working as a gene regulator. The 
activity of RA is mediated via a family of nuclear 
transcription factors known as RA receptors (RAR) and 
retinoid X receptors (RXR) which belong to the steroid 
and thyroid hormone receptor superfamily (Giguere et 

al., 1987; Petkovich et al., 1987; Mangelsdorf et al., 1990). Both the all-trans RA and 9-
cis RA isomers can activate the RAR, while the RXR can be activated only by the 9-cis 
RA isomer (Heyman et al., 1992; Levin et al., 1992). 

RA can promote differentiation of a number of cell lines like Ntera-2 and PC12 
cells, as well as primary cultures of rat NSCs and human embryonic stem cells 
(hESCs) (Andrews, 1984; Takahashi et al., 1999;  reviewed in e.g. McCaffery and 
Drager, 2000; Schuldiner et al., 2001). RA is also a well-known teratogen, i.e. it 
interferes with embryonal development. Excessive exposure to vitamin A, the 
precursor of RA, leads to abnormal development of the embryonal nervous system 
affecting the neural crest, the hindbrain and the cerebellum (reviewed in e.g. Geelen, 
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1979). The teratogenic effect of RA-containing drugs, used in the treatment of severe 
acne during early pregnancy, has tragically resulted in severe fetal malformations or 
even death (Lammer et al., 1985). 

Activation of heterodimers of the orphan nuclear receptor, Nurr1, and RXR 
increases the number of surviving dopaminergic cells and other neurons (Perlmann 
and Jansson, 1995; Wallen-Mackenzie et al., 2003). Since RA, and members of both 
the RAR and RXR family, are present in postnatal brain, a regulatory role of retinoids 
also in the mature brain is suggested (Zetterstrom et al., 1999). 

1.61.61.61.6    RATIONALE FOR TRANSPRATIONALE FOR TRANSPRATIONALE FOR TRANSPRATIONALE FOR TRANSPLANTATION TO THE INJLANTATION TO THE INJLANTATION TO THE INJLANTATION TO THE INJURED CNSURED CNSURED CNSURED CNS    
Transplantation of fetal dopamine-producing neurons to patients suffering from 
Parkinson’s disease was the first application of transplantation surgery in the clinic 
(Freed et al., 1990; Lindvall et al., 1990a; Lindvall et al., 1990b; Freed et al., 2001; for 
review see e.g. Bjorklund et al., 2003). Further attempts have been made with 
transplantation of primary fetal tissue to patients with Huntington’s disease or 
traumatic spinal cord injuries (Falci et al., 1997; Kopyov et al., 1998). Parkinson’s and 
Huntington’s diseases are of focal nature in the sense that there is a selective loss of 
dopamine and gamma-aminobutyric acid (GABA) signalling in the striatum, 
respectively. Consequently, the transplantation strategy is to introduce (fetal) neural 
cells that produce the respective factor in the striatum. This has been taken as evidence 
for the relative safety and efficacy of CNS transplantation. However, when considering 
transplantation strategies for TBI, additional issues need to be addressed. First, the 
secondary injury phase after TBI entails an inflammatory component that may be 
deleterious for grafted cells. Second, both neurons and glia generally die following TBI 
(as discussed in section 1.3) and restoration would thus have to include re-introduction 
of several different cell types. 

Theoretically, NSCs transplanted to the injured brain could produce all the cell 
types needed for restoration of function. However, for integration to occur, the brain 
of the recipient must have the ability to regulate the appropriate differentiation and 
integration of the NSCs. There are several investigations indicating that the adult 
brain actually retains the capacity to direct the fate of both transplanted rodent NSCs 
and hNSCs (Shihabuddin et al., 1995; Fricker et al., 1999; Englund et al., 2002b). For 
example, when hNSCs are xenotransplanted to the subventricular zone of the 
uninjured  rat, they migrate along the rostral migratory stream and differentiate into 
neurons in the olfactory bulb (Fricker et al., 1999). hNSCs introduced into the 
subgranular layer of the dentate gyrus also appear to exhibit a site-specific migration 
and differentiation – results indicating that these cells can respond to fate-directing 
cues present in the adult rodent brain (Fricker et al., 1999). Furthermore, the injured 
brain seems to revert to an earlier state of development in response to injury. This 
has been interpreted as the brain’s attempt to facilitate recovery by evoking plasticity 
mechanisms characteristic of the immature CNS, although it could also facilitate 
introduction of transplanted cells into an existing circuitry (Mattson and Scheff, 
1994). 

The cortex and hippocampus (together with the dentate gyrus) are areas that 
display differences in plasticity. Whereas the cortex is less prone to produce and 
integrate new cells, the hippocampus is considered to be more plastic, possibly as an 
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evolutionary consequence of its involvement in e.g. memory formation (for review 
see e.g. Gross, 2000). 

Several lines of investigations indicate that xenografting of hNSC can ameliorate 
a host of different functional deficits. In a recent study by McBride et al., it was 
shown that hNSCs transplanted to the striatum of quinolinic acid-lesioned rats, a 
model of Huntington’s disease, improved the motor function (McBride et al., 2004). 
In addition, immortalized hNSCs have been demonstrated to promote functional 
recovery after experimental intracerebral haemorrhage (Jeong et al., 2003). 
Furthermore, hNSCs have the intrinsic capability to differentiate into cholinergic, 
glutamatergic and GABAergic neurons when transplanted to the uninjured adult rat 
(Wu et al., 2002). 

In the first study of transplantation following TBI, it was shown that the optimal 
time for transplantation of primary fetal tissue was within the first two weeks after a 
fluid-percussion injury (Soares and McIntosh, 1991). Subsequently, the same research 
group reported that hippocampal neurons could be provided neuroprotection by 
fetal hippocampal transplants (Soares et al., 1995). Moreover, it has been 
demonstrated that a combination of transplantation of primary fetal tissue and nerve 
growth factor infusion improves cognitive and motor function in rats subjected to a 
fluid-percussion brain injury (Sinson et al., 1996). Although these results were 
promising, the availability and ethicalconcerns of using fresh fetal tissue have made 
researchers look for alternative sources for cells. Generation of conditionally 
immortalized rodent cell lines, e.g. HiB5, C17.2 and MHP36, have provided one 
source of perpetuated NSCs that has been successfully applied in transplantation 
paradigms (Ryder et al., 1990; Renfranz et al., 1991; Sinden et al., 1997). For example, 
non-immunosuppressed rats transplanted with cells of the HiB5 cell line showed 
significant improvements in functional recovery and spatial learning after 
experimental TBI, indicating that these cells may contribute to functional recovery 
(Philips et al., 2001). A human teratocarcinoma cell line, NT2, that differentiates into 
a neuronal phenotype by RA has been shown to improve functional deficits after a 
spinal cord contusion in rat (Trojanowski et al., 1993; Saporta et al., 1999). In a safety 
and feasibility phase I study of human neuronal transplantation to patients with 
basal ganglia stroke, more than half of the patients demonstrated improvements on a 
stroke scoring scale and graft survival was observed for up to 2 years after 
transplantation (Kondziolka et al., 2000; Nelson et al., 2002). These and several other 
studies have provided arguments for potential benefits of transplantation following 
TBI (Schouten et al., 2004). The use of NSCs in transplantation paradigms may 
eventually allow for a partial reconstitution of all cell types originally present in an 
injured area. However, whether the original function of these cells can be replaced 
remains to be demonstrated. 

1.6.11.6.11.6.11.6.1    Xenografting hNSCsXenografting hNSCsXenografting hNSCsXenografting hNSCs    
Xenografting (i.e. when cells or tissue are transplanted from one species to another) 
require particular considerations. First, the biological barrier between species causes 
activation of immune processes which, in turn, result in rejection of the transplants 
(further discussed in section 1.7). Second, ligand-receptor systems may have diverged 
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during evolution making any interpretation on behavior of the grafts due to host 
influence demanding. 

Neurons from hNSCs develop more slowly than their rodent counterparts and 
may need considerably longer time to fully mature in vitro (Chalmers-Redman et al., 
1997; Piper et al., 2000; Piper et al., 2001). Nevertheless, non-transformed hNSCs 
differentiate into neurons as well as astrocytes upon xenotransplantation to the 
uninjured adult rat brain (Fricker et al., 1999; Vescovi et al., 1999a; Englund et al., 
2002a; Englund et al., 2002b). The potential of these cells was demonstrated when 
hNSCs, immortalized by a retroviral vector, were transplanted to various regions of 
newborn mice (Flax et al., 1998). The neonatally introduced hNSCs were observed to 
emulate the behavior of the host NSCs, generating both neurons and glia in an 
apparently site-specific manner. This capacity to differentiate may not be applicable 
when xenografting to the adult rat. In a series of experiments, Englund et al. 
observed that a large portion of long-term cultured hNSCs xenografted to the 
uninjured rat remained in an undifferentiated state (Englund et al., 2002a).  

1.71.71.71.7    IMMUNOLOGICAL CONSIDIMMUNOLOGICAL CONSIDIMMUNOLOGICAL CONSIDIMMUNOLOGICAL CONSIDERATIONS IN CNS XENOERATIONS IN CNS XENOERATIONS IN CNS XENOERATIONS IN CNS XENOGRAFTINGGRAFTINGGRAFTINGGRAFTING    
The CNS has traditionally been regarded as an immune-privileged organ due to the 
ability of the BBB to protect the CNS from infiltration of immune cells, the limited 
number of antigen-presenting cells and low lymphatic drainage. However, the 
privilege is no longer believed to be absolute since activated T-cells are capable of 
crossing the BBB and CNS antigens can be transported in the opposite direction (for 
review see e.g. Piehl and Lidman, 2001). 

Although the mechanisms of graft rejection are not fully understood, it is well-
established that activated T-cells play a pivotal role. The immune system recognizes 
foreign antigens by two principal pathways, the direct and indirect. The direct 
pathway involves the expression of MHC-I on cells that belong to the same organism 
(self). Immune cells can discriminate between self- and non-self MHC-I molecules. 
Cells expressing incompatible non-self MHC-I will elicit an immune response. In the 
indirect pathway, phagocytosed and digested material is presented on the surface of 
antigen-presenting cells as a foreign (i.e. non-self) molecule in association with 
another class of MCHs, the MHC-II. Subsequently, T-cells that are capable of 
specifically recognizing that foreign molecule in association with MHC-II will start a 
cascade that ultimately results in an inflammatory response and potentially rejection 
of the foreign tissue. The indirect pathway of antigen recognition by MHC-II 
presentation and CD-4 positive T-cells plays a critical role in the rejection of neural 
xenografts (for review see e.g. Larsson and Widner, 2000; Duan et al., 2002). As 
mentioned, microglia is the primary antigen-presenting cell in the brain (Poltorak 
and Freed, 1989). However, when CNS injury occurs, infiltrating lymphocytes also 
function as antigen-presenting cells. 

1.7.11.7.11.7.11.7.1    Immunosuppression by cyclosporin AImmunosuppression by cyclosporin AImmunosuppression by cyclosporin AImmunosuppression by cyclosporin A    

Cyclosporin A is a short polypeptide mainly used as immunosuppressant for 
transplantation (for review see e.g. Akhlaghi and Trull, 2002). Cyclosporin A binds to a 
cytosolic protein, cyclophilin, and this complex competitively binds to and inhibits the 
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phosphatase activity of calcineurin (Handschumacher et al., 1984; Liu et al., 1991). This 
prevents the calcineurin-dependent dephosphorylation of the NFAT (nuclear factor of 
activated T-cells) transcription factor which is crucial for the activation of T-cells 
(Clipstone and Crabtree, 1992; Liu et al., 1992; O'Keefe et al., 1992). 

In the injured CNS, cyclosporin A has neuroprotective effects (Buki et al., 1999; 
Scheff and Sullivan, 1999; Sullivan et al., 2000a; reviewed in e.g. Kaminska et al., 
2004). For example, cyclosporin A was neuroprotective both when administered 
before and after the injury in experimental TBI (Okonkwo and Povlishock, 1999; 
Buchet et al., 2002). The neuroprotective effect may be due to several mechanisms. As 
previously mentioned, the opening of the MPT pore is blocked by cyclosporin A 
(discussed in section 1.3), thus protecting neuronal cells from mitochondria-
dependent cell death following injury (Szabo and Zoratti, 1991; Brustovetsky and 
Dubinsky, 2000). Furthermore, activation of calcineurin has been demonstrated to 
induce apoptosis via dephosphorylation of Bad, one of the pro-apoptotic members of 
the Bcl-2 family, and thereby induce apoptotic cell death (Shibasaki and McKeon, 
1995; Wang et al., 1999). Since cyclosporin A suppresses calcineurin, Bad activation is 
inhibited. Finally, in a model of global ischemia, brain derived neurotrophic factor 
(BDNF) and its receptor were induced, potentially through calcineurin-modulated 
gene transcription, by administration of cyclosporin A (Miyata et al., 2001). The 
investigators concluded that this growth factor-pathway may be involved in the 
neuroprotective effects of cyclosporin A. Thus, the neuroprotective actions of 
cyclosporin A may not necessarily be limited to a single protective pathway but one 
key molecule (i.e. calcineurin) may be the common denominator. Interestingly, the 
levels of calcineurin have been reported to be 3-10 times higher in the brain 
compared to most other studied tissues suggestive of a salient role for calcineurin in 
the CNS (Su et al., 1995). 
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2222    AIMS OF THE THESISAIMS OF THE THESISAIMS OF THE THESISAIMS OF THE THESIS    
 
The general aims of the current thesis were to study hNSCs xenografted to a 
traumatically injured brain and to develop and refine strategies that may have 
implications for the clinical use of hNSCs. 
 
The specific aims were: 
 

= To investigate delayed cell death following experimental brain contusion 
(paper I). 

 
= To investigate if cryo-preserved hNSCs have the capability to survive, 

proliferate and differentiate when xenografted to immunosuppressed rats 
subjected to experimental TBI (paper II). 

 
= To investigate if viable hNSC xenografts have neuroprotective effects following 

experimental TBI (paper III). 
 

= To investigate the effect of shortening the immunosuppression on survival and 
differentiation of xenografted hNSCs following experimental TBI (paper IV) 

 
= To investigate if the survival and differentiation of hNSCs xenografted to an 

experimental TBI could be manipulated in vivo by local administration of bFGF 
and EGF or retinoic acid (paper V). 
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weight 24 gr
height 6-7cm
maximum depth 3 mm
piston diameter 1.8 mm
 Table 1. The parameters used to produce the 
experimental contusion. 

Figure 4. Schematic illustration of the contusion 
device showing the weight suspended in the 
guidance tube (transparent for clarity), positioned 
over the exposed skull of a rodent (A).The marked 
area in A is shown magnified (transparent for 
clarity) in B. The piston (i) is pushed up in the 
sleeve (ii) by the exposed dura mater and the force of 
the falling weight is subsequently transferred to the 
neocortex by the piston. Finally, the cuff (iii) of the 
sleeve stops the downward movement of the piston.

3333    MATERIALS AND METHODMATERIALS AND METHODMATERIALS AND METHODMATERIALS AND METHODSSSS    
The methods applied in this thesis are presented below. The methodology is also 
described in detail in paper I-V. 

3.13.13.13.1    THE CONTUSION MODELTHE CONTUSION MODELTHE CONTUSION MODELTHE CONTUSION MODEL    

The weight-drop cortical contusion model used in the present thesis (paper I-V) was 
originally described by Feeney and co-workers (Feeney et al., 1981). The contusion 
device consists of a tube with airholes along the sides to avoid compression of air, a 
weight and a piston.  

A craniotomy is performed and the assembled device is stereotactically 
positioned vertically with the piston in 
contact to the exposed dura (figure 4). The 
device is then lowered according to the 
maximum depth parameter. The piston is 
moving freely in the guidance tube and is 
consequently pushed back by the exposed 
dura. The weight is suspended at the chosen 
height and dropped onto the piston. The 
piston is then pushed down and is stopped 
by the cuff of the contusion device. The 

contusion parameters used throughout the current thesis are listed in table 1. The 
weight-drop model produces a highly reproducible lesion reminiscent of a brain 
contusion. 

Adult Sprague-Dawley rats were used in all studies in the present thesis. The 
experimental protocols were examined and approved by regional ethical committees 
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for animal research. All efforts were made to minimize animal suffering and to 
reduce the number of animals used. 

3.23.23.23.2    TUNELTUNELTUNELTUNEL    
The terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) 
assay was used in paper I to detect cell death. During apoptotic cell death the genomic 
deoxyribonucleic acid (DNA) is fragmented. The products of this fragmentation 
process can be identified by labeling the free 3’-OH groups of the DNA. Fluorescent 
nucleotides may be linked to the free 3’-OH groups by the enzyme terminal 
deoxynucleotidyl transferase (TdT) and thus visualize cells with DNA breaks. It 
should be noted that extensive DNA fragmentation also occurs in late stages of 
necrosis. Thus only TUNEL-positive cells that displayed blebbing of the nuclei or 
formation of apoptotic bodies were defined as apoptotic cells. 

The sections were fixed in 4% buffered formaldehyde for 30 min at room 
temperature. After washing in phosphate buffered saline (PBS) the sections were 
permeabilized for 5 min in a 2:1 mixture of ethanol and acetic acid at –20°C. The 
TUNEL reaction was carried out with the “In situ cell death detection kit, 
fluorescein” (Boehringer Mannheim, Bromma, Sweden) at 37°C for 30 min. The slides 
were washed in PBS and mounted with a mixture of PBS and glycerol 1:1. 

3.33.33.33.3    FLUOROFLUOROFLUOROFLUORO----JADEJADEJADEJADE    

Fluoro-Jade is a fluorescent dye that specifically labels degenerating neurons. In paper 
III, Fluoro-Jade staining was performed on tissue sections. The sections were air-dried 
for 1h, fixed in 4% formalin for 10 min, washed in PBS and distilled water, and then 
incubated with 0.00002% Fluoro-Jade solution for 30 min under agitation (Histochem, 
Jefferson, AR). The sections were subsequently washed in distilled water, dehydrated 
and mounted with DPX mounting medium. 

3.43.43.43.4    IN SITU HYBRIDIZATIOIN SITU HYBRIDIZATIOIN SITU HYBRIDIZATIOIN SITU HYBRIDIZATIONNNN    
The expression of Bax and Bcl-2 mRNA was analyzed by in situ hybridization in 
paper I. The complementary DNA sequences for rat Bax and Bcl-2 were obtained from 
the EMBL database. Oligonucleotide probes were constructed from the sequences and 
re-tested for homology against the database prior to synthesis. The sequences of the 
oligonucleotide probes are listed in table 2. 
 
Table 2. Oligonucleotide sequences for the Bax and Bcl-2 probes that were used for in situ 
hybridization (paper I). 
 5’ ------------------------------------------------------------> 3’ 
Bax-∼ (probe #2) c ctctctgctc gatcctggat gaaaccctgt aacaaaaagg cccc 
Bax-∼ (probe #4) gcac cagtttgcta gcaaagtaga agagggcaac cacgcggccc c 
Bcl-2 (probe #2) ctt ccggggaaag aagctgcagg taccaatagc acttcgcgtc cc 
Bcl-2 (probe #5) Cccaccgaac tcaaagaagg ccacaatcct cccccagttc acccc 
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The oligonucleotides were synthesized by MedProbe AS (Oslo, Norway). The probes 
were labeled at the 3’ end with [35S]dATP (Du Medical, Scandinavia AB, Sollentuna, 
Sweden) using terminal deoxynucleotidyl transferase (Amersham, Buckinghamshire, 
England). Slides were air-dried for 1 h and after that incubated with hybridization 
cocktail [50% formamide; 4x saline sodium citrate buffer (SSC); 1x Denhardt’s solution; 
1% sarcosyl; 10% 0.2 M sodium phosphate buffer, pH 7.0; and dextran sulfate (MW 500 
000)], sheared salmon sperm DNA (Sigma), 5M dithiothreitol (DTT) and the two 
labeled probes for Bax and Bcl-2, respectively, for 16 h at 42°C in a chamber humidified 
with 4x SSC and 50% formamide.  

Sections were exposed on beta-max X-ray film (Kodak) for 1-2 weeks followed by 
dipping in Kodak NTB-2 photo emulsion. Dipped slides were exposed for 5 weeks at 
4°C, developed in Kodak D19, counterstained with haematoxylin and mounted in 
DPX. 

3.53.53.53.5    IMMUNOHISTOCHEMISTRYIMMUNOHISTOCHEMISTRYIMMUNOHISTOCHEMISTRYIMMUNOHISTOCHEMISTRY    
Immunohistochemical techniques were employed in all studies of the current 

thesis. The antibodies that were used are listed in table 3. 
In paper I, fluorescent immunohistochemistry was performed. The sections were 

thawed at room temperature and fixed in 4% buffered formalin. After washing with 
PBS, the sections were incubated for 30 min at room temperature with PBS 
containing 1% bovine serum albumin, 0.3% Triton X-100 and 0.1% sodium azide. 
This solution was used for all subsequent antibody dilutions. The sections were 
incubated with primary antibodies over night at 4°C. The primary antibodies were 
visualized with Cy3 (indocarbocyanine) and fluorescein isothiocyanate (FITC)-
conjugated goat F(ab’)2 fragments with appropriate specificity (Jackson 
Immunoresearch, West Grove, PA). After incubation and repeated washing in PBS, 
the slides were mounted with a 1:1 mixture of PBS and glycerol. When 
immunohistochemistry was combined with TUNEL, a slightly modified protocol was 
used. After the TUNEL was performed, normal goat serum was applied to the 
sections for 30 min at room temperature to prevent non-specific conjugate binding. 
The primary antibodies were visualized with Cy3 or FITC-conjugated goat anti-
mouse F(ab’)2 fragments (Jackson Immunoresearch). 

Due to autofluorescence of the hNSCs, immunofluorescent techniques could not be 
applied in the analysis of differentiation. Consequently, a two-step protocol for 
enzymatic immunohistochemical double labeling by the avidin-biotin complex (ABC) 
method was used. After thawing at room temperature, the sections were fixed in 
formaldehyde. Endogenous peroxidase was quenched for 30 minutes in 0.5% 
hydrogen peroxide diluted in PBS. The sections were incubated at room temperature 
for 1 hour with PBS containing 1% bovine serum albumin, 0.3% Triton X-100, 0.1% 
sodium azide and avidin block solution (Vector Laboratories Inc., Burlingame, CA, 
USA). This solution, without the avidin, was used for all antibody dilutions. The 
sections were incubated with the first primary antibody over night at 4°C. Biotin 
block solution (Vector Laboratories Inc., Burlingame, CA, USA) was added to the 
primary antibody dilution prior to application. For negative controls the same 
solution without primary antibody was used. In addition, the cases receiving dead 
hNSCs were used as negative histological controls. For detection of the primary 
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antibody, a biotin-conjugated secondary antibody made in horse against the 
appropriate species was applied. The avidin-biotin-enzyme complex (ABC) 
technique was used and the bound peroxidase was visualized by incubation for 3 
minutes with a diaminobenzidine substrate kit (Vector Laboratories, Burlingame, 
CA). Single stained sections were counterstained with haematoxylin, dehydrated, 
and mounted with DPX. For double labeling with a second primary antibody the 
sections were run through the same procedure again with the second primary 
antibody. This time the bound peroxidase was visualized with the Novared substrate 
kit (Vector Laboratories, Burlingame, CA). Great care was taken to expose the 
sections to the chromogenes for the same duration of time. The sections were dried 
on a hotplate and mounted with DPX. 
 
Name/Antigen Species Source Dilution Study 
bromo deoxyuridine 
(BrdU) 

mouse Amersham 
Pharmacia Biotech 

Ready to 
use 

II 

Bax rabbit Pharmingen 1:200 I 
Bcl-2 rabbit Pharmingen 1:200 I 
ED-1 mouse Serotec 1:4000 I 
GFAP rabbit DAKO 1:500 I, II 
GFAP/glial fibrillary 
acidic protein 

mouse kindly provided by 
Dr V.P. Collins 

1:500 I 

human nestin mouse Chemicon 1:1000 IV, V 
human nuclei (huN) Mouse Chemicon 1:200 II, III, IV, V 
Ki-67 Rabbit DAKO 1:200 II, IV 
NeuN/neuronal 
nuclei 

Mouse Chemicon 1:500 I, II, III, IV, V 

NG2/ chondroitin 
sulfate proteoglycan 

Rabbit Chemicon 1:1000 II 

Transferrin Rabbit Nordic, Netherlands 1:1000 I 
Table 3. The primary antibodies that were used in the current thesis. 

3.63.63.63.6    hhhhNSC CULTURENSC CULTURENSC CULTURENSC CULTURE    

The hNSCs used in this thesis (paper II-V) were recovered from elective abortions. The 
collection of residual tissue was approved by the Human Ethics Committee of the 
Huddinge University Hospital, Karolinska Institutet, and was in accordance with the 
guidelines of the Swedish Society of Medicine including an informed consent from the 
pregnant women seeking abortions. 

The preparation of the tissue and subsequent culturing was carried out according 
to previously published protocols (Carpenter et al., 1999). Briefly, the collected tissue 
(10 week old forebrain for paper II and 7 week old forebrain for papers III-V) was 
micro-dissected in sterile saline and transferred to N2 medium (Life Technologies). 
The tissue was triturated in DMEM/F12 medium (Life Technologies) using a 
glass/Teflon Potter-Elvehjelm homogenizer. The cells were grown in the N2 medium 
supplemented with recombinant human EGF (20ng/ml, R&D Systems), recombinant 
human bFGF (20ng/ml, R&D Systems), and LIF (10ng/ml, R&D Systems; paper II 
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Figure 5. A coronal section of the rat brain at 3 mm posterior to 
the bregma. The sites of the xenografts are indicated for paper II 
(i and iii) and papers III- V (i and ii). The shaded area shows the 
location of the lesion (paper I-IV) and the polymer rods (paper 
V). 

and V) or CNTF (10 µg/ml, R&D Systems; paper III and IV). The cells were cultured 
as free-floating clusters (neurospheres). 

The nomenclature of stem cell biology is in a state of flux because of the lack of a 
proper phenotypic marker of stem- and progenitor cells (Vescovi and Snyder, 1999; 
Seaberg and van der Kooy, 2003). In the current thesis, the term human neural 
stem/progenitor cells, abbreviated hNSCs (HNPC in paper II), is used when 
referring to cells that were derived from the human embryonic/fetal forebrain and 
cultured as neurospheres. 

3.73.73.73.7    TRANSPLANTATIONTRANSPLANTATIONTRANSPLANTATIONTRANSPLANTATION    

Cultured hNSCs were transplanted into the medial margin of the contusion (3 mm 
posterior and 1.1 mm lateral to the bregma; figure 5). The cell suspensions contained 
100 000 cells/µl and two transplantations were performed in each animal. One 
microliter of cell suspension was transplanted at a depth of 4 mm (paper II) or 3.5 mm 
(papers III-V) and 1.1 µl was transplanted at a depth of 2 mm (paper II-V) from the 
cortical surface. 

3.83.83.83.8    IMMUNOSUPPRESSIONIMMUNOSUPPRESSIONIMMUNOSUPPRESSIONIMMUNOSUPPRESSION    

In paper II, IV and V, the animals were treated with subcutaneous injections of 
Sandimmun (Cyclosporin A; Novartis Sverige AB, Stockholm, Sweden) for 
immunosuppression, and with Borgal Vet (Intervet AB, Stockholm, Sweden; 
trimethoprim and sulfadoxine, 0.3 ml in 500 ml drinking water) for infection 
prophylaxis. The animals received injections of Sandimmun every Monday and 
Wednesday (20 mg/kg in paper II and 4 mg/kg in paper IV-V) as well as every Friday 
(40 mg/kg in paper II and 8 mg/kg in paper IV-V). Furthermore, for paper IV and V, 
immunosuppression was started one day prior to surgery. Note that no 
immunosuppression was carried out in paper III. 

3.93.93.93.9    IDENTIFICATION OF TRIDENTIFICATION OF TRIDENTIFICATION OF TRIDENTIFICATION OF TRANSPLANTED CELLSANSPLANTED CELLSANSPLANTED CELLSANSPLANTED CELLS    
The anti-human nuclei (huN) antibody was used as a reliable marker for surviving 
transplanted cells (paper II-V). huN does not cross-react with rat cells (Vescovi et al., 
1999b). In paper II, the thymidine analogue BrdU was used as a complement to 
visualize xenografted hNSCs in the rat. BrdU administered in the media of 
proliferating cells incorporates into the DNA of cells that undergo mitosis. 
Subsequently, these cells can be visualized by immunohistochemical techniques with 
antibodies specific for BrdU. It is noteworthy that BrdU positive cells were present in 
animals that had received non-viable hNSCs (data not shown). However, the 
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observation that these animals did not express any huN-positive cells suggests that 
BrdU is an unreliable marker in this experimental setup. 

3.103.103.103.10    MANUFACTURING OF SLOMANUFACTURING OF SLOMANUFACTURING OF SLOMANUFACTURING OF SLOWWWW----RELEASE POLYMER RORELEASE POLYMER RORELEASE POLYMER RORELEASE POLYMER RODSDSDSDS    
The technique for producing the polymer rods used in the present thesis (paper V) has 
been described previously (Wahlberg, 1997; Tornqvist et al., 2000). Briefly, rat serum 
albumin (RSA; Merck Calbiochem) was dissolved in distilled water and sterile-filtered 
(0.2-0.4 µm). Fractions of the RSA solution were used to prepare the solutions with 
factors to a ratio of 1:1000 for each of human recombinant bFGF and EGF (R&D 
Systems) and 1:300 for retinoic acid (RA; Sigma). The solute was removed from the 
solutions of pure RSA, RSA with bFGF/EGF or RSA with RA by lyophilization. The 
lyophilized factor mixtures were finely dispersed by agitation on a MiniBeadBeater 
(Biospec Products, Bartlesville, OK) using 1.5 mm steel balls. Washed ethylene-vinyl 
acetate copolymer (EVAc, DuPont, Inc., Wilmington, DE) was dissolved in 
dichloromethane (5% weight/volume) and sterile-filtered. The dissolved and filtered 
EVAc was added to the lyophilized and finely dispersed factor mixtures to achieve a 
final proportion of 25% (w/w) factor content after the removal of dichloromethane. A 
fine suspension was created by agitation of the solutions on a MiniBeadBeater using 
1.5 mm steel balls. After removing the steel balls, the solutions were rapidly frozen and 
the dichloromethane was removed by vacuum drying. The polymer-factor matrix was 
extruded through a nozzle heated to 60°C creating long strings. The polymer-factor 
strings were then cut to a length of 3 mm under sterile conditions before implantation. 

The slow-release from the polymer rod relies on the homogenous mixture of 
crystalline factors and the co-polymer, thus creating a communicating matrix of 
crystals in the polymer. When exposed to an aqueous environment, the crystals are 
dissolved and diffuse away, subsequently the water can reach crystals further within 
the matrix creating a slow-release kinetic. The technique used in the current thesis 
produces polymer-rods with an initial burst of released factors, followed by a more 
linear release-kinetic. 

3.113.113.113.11    QUANTIFICATION OF TUQUANTIFICATION OF TUQUANTIFICATION OF TUQUANTIFICATION OF TUNELNELNELNEL    

In paper I, the number of TUNEL-positive cells was counted by analyzing a series of 
non-overlapping photomicrographs with a software package (NIH). The area covered 
by the pictures reached from the cortical midline, included the lesion and the lateral 
perilesional zone. To evaluate the ratio of apoptotic cells, representative cases were 
chosen for evaluation of nuclear morphology. Only TUNEL-positive cells displaying 
blebbing of the nuclei or formation of apoptotic bodies were defined as apoptotic cells. 

3.123.123.123.12    QUANTIFICATION OF QUANTIFICATION OF QUANTIFICATION OF QUANTIFICATION OF hhhhUNUNUNUN----POSITIVE CELLSPOSITIVE CELLSPOSITIVE CELLSPOSITIVE CELLS    
Coronal sections were examined for human nuclei (huN)-positive cells by light 
microscopy (paper II, IV and V). The total number of huN-labeled cells was manually 
counted in cryosections spaced 400 µm apart. A sampling space of 1200 µm 
(corresponding to four sequential sections spaced 400 µm apart) in paper II and IV and 
800 µm (corresponding to three sequential sections spaced 400 µm apart) in paper V, 
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was chosen. To provide a correct representation of the number of human cells present 
in this area, the transplantation core was selected as the center of the sampling space. 

3.133.133.133.13    QUANTIFICATION OF CEQUANTIFICATION OF CEQUANTIFICATION OF CEQUANTIFICATION OF CELL DIFFERENTIATIONLL DIFFERENTIATIONLL DIFFERENTIATIONLL DIFFERENTIATION    
To analyze the differentiation of grafted cells (paper II, IV and V), sections were 
stained by enzymatic immunohistochemical double labeling, using the ABC method, 
for huN and phenotypic markers and the proportion huN-positive cells that co-labeled 
with marker were counted. The analysis was performed in sections within the 
previously selected sampling space of huN-positive cells. It should, however, be noted 
that the high degree of huN reactivity in the bolus of the transplant masked the 
expression of other markers in study V. Thus, in this study the proportion of huN-
positive cells co-expressing the cellular markers were counted outside the 
transplantation bolus. huN-positive cells were counted using light microscopy and the 
proportion of cells positive for various cellular markers were evaluated. 
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4444    RESULTS AND DISCUSSIRESULTS AND DISCUSSIRESULTS AND DISCUSSIRESULTS AND DISCUSSIONONONON    

4.14.14.14.1    THE POSTTHE POSTTHE POSTTHE POST----TRAUMATIC ETRAUMATIC ETRAUMATIC ETRAUMATIC ENVIRONMENT (PAPER I)NVIRONMENT (PAPER I)NVIRONMENT (PAPER I)NVIRONMENT (PAPER I)    
The secondary injury mechanisms, causing cell death for a prolonged period of time 
following TBI, are not yet fully understood. This project was initiated to provide an 
increased understanding of cell death dynamics following a weight-drop cortical 
contusion injury. Animals subjected to experimental TBI were analyzed by TUNEL, 
fluorescence immunohistochemistry and in situ hybridization for Bax and Bcl-2 at 1, 2, 
4, 6, and 10 days after injury. 

The experimental injury used in the present thesis typically produced a lesion in 
the neocortex that extended from the cortical surface to the corpus callosum in the 
dorso-ventral axis. The majority of cells displayed necrotic morphology in the 
perilesional zone but apoptotic cells were also present. The average number of 
TUNEL-positive cells was at its highest level at 1 day post injury and declined 
gradually, although positive cells were still present at 10 days post injury. Double 
labeling with cellular markers revealed numerous neurons, fewer mononuclear 
phagocytes and even less astrocytes that were TUNEL-positive at 1 and 2 days post 
injury. At later time points, fewer TUNEL-positive cells displayed co-localization 
with cellular markers. All these cells were, however, positive for the neuronal marker 
NeuN. Moreover, no cells with necrotic morphology were found in the 
hippocampus. 

To further evaluate the involvement of apoptotic mechanisms in delayed cell 
death, immunohistochemistry and in situ hybridization for Bax and Bcl-2 expression 
was performed. We found that the pro-apoptotic protein Bax was upregulated and 
redistributed from the cytosol to a granular pattern after injury (paper I, figure 2F 
and G). This granular staining closely resembled the redistribution of Bax from the 
cytosol to the mitochondria that has been observed in vitro (Wolter et al., 1997). The 
number of cells with redistributed Bax peaked at day 6 and had declined at day 10 
(paper I, figure 3A). This increase in Bax protein was associated with an elevation in 
Bax mRNA ipsilateral to the lesion, although this was not statistically significant 
(paper I, figure 3B). Where double labeling was distinguishable, Bax was co-localized 
with NeuN-positive cells (paper I, figure 2G). Even though, no changes in Bcl-2 
protein levels were seen, increased levels of Bcl-2 mRNA were detected at 10 days 
post injury when compared to uninjured animals (paper I, figure 3C). 

Our results suggest that neurons are the cell type most vulnerable to secondary 
injury mechanisms leading to delayed cell death, and that Bax may play an 
important role at later time points in the current model of TBI. Consequently, for 
Bax-mediated cell death, there appears to be a wide treatment window following 
TBI. The prevailing hypothesis is that apoptotic cell death depends on the balance 
between pro- and anti-apoptotic proteins of the Bcl-2 family. Our finding of a late 
increase of Bcl-2 mRNA may represent an activation of endogenous defense 
mechanisms. 
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4.24.24.24.2    XENOGRAFTED XENOGRAFTED XENOGRAFTED XENOGRAFTED hhhhNSCNSCNSCNSCssss IN EXPERIMENTAL TBI IN EXPERIMENTAL TBI IN EXPERIMENTAL TBI IN EXPERIMENTAL TBI (PAPER II) (PAPER II) (PAPER II) (PAPER II)    
The discovery that hNSCs can be propagated for a long period of time, without losing 
their capacity to differentiate, gained much interest and initiated intense research 
efforts to find therapeutic applications (Carpenter et al., 1999; Vescovi et al., 1999b). As 
part of these efforts, the potential of introducing hNSCs into the traumatically injured 
rat brain was investigated. Long-term cultured and cryo-preserved hNSCs were 
xenotransplanted to the hippocampus and the medial limit of the contusion injury in 
cyclosporin A-immunosuppressed rats. The animals were analyzed for xenograft 
survival, proliferation, migration and differentiation by immunohistochemistry at 2 
and 6 weeks post surgery. 

In animals analyzed at 2 weeks, the lesion morphology was characterized by a 
central necrotic area with edema, surrounded by reactive astrocytes. At 6 weeks, a 
cavity surrounded by a distinct glial scar had formed. At both time points, 
xenografted human cells were found in the perilesional zone, hippocampus, corpus 
callosum and ipsilateral subependymal zone. The number of huN-positive cells 
increased between 2 and 6 weeks both in the cortex and the corpus callosum, but not 
the hippocampus (paper II, figure 2). Human cells that were positive for the 
proliferation marker Ki-67, were present both at 2 weeks (paper II, figure 4) and to a 
lesser extent at 6 weeks after transplantation. In the ipsilateral cortex, the proportion 
of huN-positive cells that expressed markers for neuronal or astrocytic differentiation 
did not change between 2 and 6 weeks (paper II, table 1). However, in the 
hippocampus, the proportion of huN-positive cells expressing NeuN increased 
between 2 and 6 weeks (paper II, table 1). No huN-positive cells expressing the 
oligodendrocytic marker, NG2, were detected. huN-positive cells were found in the 
contralateral corpus callosum and cortex after 6 weeks but not after 2 weeks 
(paper II, figure 6). 

The present results demonstrate that long-term cultured and cryo-preserved 
hNSCs can survive, differentiate, proliferate and migrate when xenografted to the 
site of an experimental brain contusion in immunosuppressed rats. The relative 
increase in huN/NeuN-positive cells between 2 and 6 weeks indicate that the 
hippocampus is more permissive for differentiation than the neocortex. This could 
potentially reflect the more plastic nature of the hippocampus and would thus 
corroborate the earlier finding that hNSCs may respond to environmental cues 
present in the adult rat brain (Fricker et al., 1999). With the concomitant 
advancement of cell culturing techniques hNSCs could potentially be developed for 
transplantation strategies in TBI. 

4.34.34.34.3    NEUROPROTECTION BY XNEUROPROTECTION BY XNEUROPROTECTION BY XNEUROPROTECTION BY XENOGRAFTED ENOGRAFTED ENOGRAFTED ENOGRAFTED hhhhNSCNSCNSCNSCssss (PAPER III) (PAPER III) (PAPER III) (PAPER III)    

Functional improvements following transplantation to the CNS have nourished the 
hope that CNS tissue can be reconstituted and that transplanted cells may be 
functionally integrated. Since perpetuated NSCs transplanted to the CNS survive and 
have been shown to improve the outcome following ischemic or excitotoxic injury, it is 
possible that this reflects functional integration of the transplants (Renfranz et al., 1991; 
Lundberg et al., 1996; Shihabuddin et al., 1996; Sinden et al., 1997; Philips et al., 1999; 
Gray et al., 2000). However, it is also possible that the transplanted tissues exert other 
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effects. Cells with a lesser degree of terminal differentiation can be expected to 
produce growth factors and differentiation factors that may influence host cells 
beneficially (Lu et al., 2003). One possibility is thus that transplanted cells may protect 
the injured host brain from further secondary injuries. In contrast, a potential difficulty 
in xenotransplantation is host- vs. graft-reaction with a secondary destruction of 
“innocent bystander” cells.  

In the present thesis, the hypotheses mentioned above were tested in a short-term 
experiment with non-immunosuppressed rats. The amount of Fluoro-Jade-positive 
degenerating neurons was evaluated day 6 following an experimental TBI and 
subsequent xenografting of hNSCs. First, the hypothesis that xenotransplanted cells 
may increase neuronal degeneration, presumably by eliciting an inflammatory 
reaction, was tested. We theorized that the quantity of degenerating cells would be 
similar in rats receiving medium or non-viable hNSCs, assuming that no “innocent 
bystander” effect was present. The quantity of surviving cells was, however, 
different in these two groups (median: 117.5; range 44-262 in rats receiving medium 
vs. 175.0; range: 97-339 in rats receiving non-viable hNSCs (p<0.05, Mann-whitney 
U-test)). Therefore, the bystander effect appeared to be the best way to explain these 
findings and a reaction to the transplanted material was a likely cause. 
Differentiation between a specific host- vs. graft-reaction and a non-specific was not 
assessed in this experiment; we concluded that although both could be present an 
influence of a specific reaction was probable. Second, the hypothesis that viable 
hNSCs might exert a neuroprotective effect was tested by comparing the viable and 
non-viable hNSC groups. Again, the outcomes differed and the number of 
degenerating neurons was significantly lower in rats receiving live hSNCs (median: 
58.0; range: 33-88 for hNSCs vs. median: 175.0; range: 97-339 for non-viable hNSCs 
(p<0.01, Mann-Whitney U-test)). We interpreted the results to reflect a 
neuroprotective effect by the transplanted hNSCs. The finding was corroborated by 
the fact that the number of degenerating neurons appeared to be higher also in 
animals receiving only medium than in those receiving hNSCs.  

This study is based on limited data and aims only to test two hypotheses: (1) 
functional integration is not necessary for achieving beneficial effects following CNS-
transplantation with the corollary that functional improvement may reflect host 
neuroprotection rather than functional restitution and (2) harmful reactions to 
foreign tissue are probable in this model. The analysis relies on the demonstration of 
degenerating neurons at day 6 and does not exclude degeneration at other 
time points. The simplest explanation would be that fewer Fluro-Jade-positive 
neurons at day 6 actually reflect an improved survival. In agreement, experiments of 
post-traumatic neuroprotection with tirilazad or colchicine show a correlation 
between early decrease of Fluoro-Jade-positive neurons and increased neuronal 
populations at day 14 (Gahm et al., 2004). Taken together, the data of this experiment 
indicated that the transplanted cells provided support and protection to injured host 
cells.
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4.44.44.44.4    IMMUNOSUPPRESSION INIMMUNOSUPPRESSION INIMMUNOSUPPRESSION INIMMUNOSUPPRESSION IN XENOGRAFTING (PAPER XENOGRAFTING (PAPER XENOGRAFTING (PAPER XENOGRAFTING (PAPER IV) IV) IV) IV)    
The CNS is no longer considered an immuneprivileged site and therefore most 
experimental protocols for xenotransplantation of neural tissue involve prolonged 
immunosuppression therapy in order to increase the number of surviving cells 
(usually throughout the study period). The most widely used drug for 
immunosuppression is cyclosporin A, which is directed against the T-cell-dependent 
immune mechanisms (for review see e.g. Brevig et al., 2000; Kaminska et al., 2004). 
However, there are several benefits of reducing the time of immunosuppression 
treatment: a) reduced toxicity to the host, since cyclosporin A is known to be nephro- 
and hepatotoxic following long-term treatment, b) reduced risk for infections and c) 
lower cost. Consequently, long-term experiments may be facilitated and functional 
testing would become more reliable if prolonged treatment could be avoided. In the 
current study, we analyzed general morphology, number of huN-positive cells, 
number of proliferating cells labeled by Ki-67 and differentiation of hNSCs 
xenotransplanted o an experimental TBI in two separate groups. One group was 
subjected to immunosuppression for 3 weeks and the other group for 6 weeks. No 
differences between the two study groups with respect to any of these parameters 
could be detected (paper IV, figures 3, 4 and 6). In addition, a pilot group of 8 animals, 
receiving immunosuppression for 3 weeks, were analyzed at 6 months after the 
transplantation. In 5 of these animals, huN-positive cells were found both in the 
perilesional zone and in the hippocampus (paper IV, figure 2). Taken together, these 
results suggest that a shortened period of cyclosporin A-treatment affects neither 
survival nor differentiation of the transplant at 6 weeks. In a recent study, however, we 
demonstrated that a shortened period of cyclosporin A-treatment influences the 
immunological status of the host; a 3 week-cyclosporin A-treatment time resulted in 
significantly higher numbers of host MHC-II-positive cells surrounding the transplant 
(Al Nimer et al., 2004). Although this could indicate the onset of a more pronounced 
host- vs. graft-reaction at later time points, the fact that transplant survived in the 
majority of animals at 6 months suggests that this is not the case. A factor contributing 
to long-term transplant survival in this model is that the transplantation antigens and 
maybe also the immunogenicity of the graft decrease with time (Al Nimer et al., 2004). 
Accordingly, immunosuppression is probably important during the initial phase after 
the transplantation. In general, xenografting without any immunosuppression does 
not allow graft survival (Pakzaban and Isacson, 1994; for review see e.g. Brevig et al., 
2000; Larsson and Widner, 2000). Other possible mechanisms that could explain the 
absence of rejection despite a short period of immunosuppression as observed in our 
study is a) induction of peripheral tolerance, which can be achieved by interfering with 
T-cell activation with cyclosporin A, or b) that the BBB heals some time after the 
trauma, which limits the access of the systemic immune system to the CNS (for review 
see e.g. Brevig et al., 2000; Schwartz, 2003b). 

In addition to optimizing graft survival, it is important to reduce cell death in the 
perilesional zone surrounding a contusion injury. A host- vs. graft-reaction would 
probably induce adverse inflammatory bystander effects around the transplantation 
core. Our previous results (paper III) showing that transplantation of non-viable 
hNSCs increases neuronal degeneration in the host, is in agreement with this 
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thought. Cyclosporin A has well-known neuroprotective properties and treatment 
during the early phase after TBI and hNSC transplantation, could thus be beneficial 
both for reducing inflammatory reactions around the transplant and for protection 
against post-traumatic secondary brain injury (Uchino et al., 1998; Buki et al., 1999; 
Scheff and Sullivan, 1999; Li et al., 2000; Sullivan et al., 2000b). Prolonged cyclosporin 
A-neuroprotective treatment would probably not affect neurological outcome, since 
the number of degenerating neurons declines rapidly (within a few weeks to months 
after injury) (paper I, Conti et al., 1998). 

Taken together, our data indicate that immunosuppression with cyclosporin A 
can be shortened to 3 weeks without affecting survival, proliferation or 
differentiation of the transplant. This regimen has several beneficial implications for 
neuronal xenotransplantation strategies. 

4.54.54.54.5    IN VIVO MODULATION OIN VIVO MODULATION OIN VIVO MODULATION OIN VIVO MODULATION OF F F F hhhhNSCNSCNSCNSCssss (PAPER V) (PAPER V) (PAPER V) (PAPER V)    
In study V, we investigated the possibility of directing the fate of hNSCs xenografted 
to an experimental TBI by the administration of factors using implanted slow-release 
polymer rods. The rods contained either rat serum albumin (RSA), RSA+bFGF+EGF or 
RSA+RA. After induction of TBI the hNSCs were xenotransplanted to the perilesional 
cortex and the hippocampus. Immediately following transplantation, the polymer rods 
were inserted into the center of the lesion. The rats were immunosuppressed by 
cyclosporin A during the first 3 weeks after surgery. The animals were euthanased at 3 
and 6 months and the ipsilateral cortex, corpus callosum, hippocampus and 
contralateral hemisphere was analyzed, respectively. Due to poor graft survival in the 
group receiving pure polymer rods and the group receiving RA the data from the early 
and late time points were pooled. 

Two different hypotheses were tested. First, the hypothesis that local release of 
EGF and bFGF the two growth factors used to propagate hNSCs in culture would 
increase the number of graft derived cells was tested. The controls in this set of 
experiments consisted of rats that received pure polymer rods without any factor or 
polymer rods containing RSA. Unexpectedly, animals that received RSA displayed 
significantly higher numbers of human cells in the cortex, corpus callosum and 
contralateral hemisphere than the pure polymer controls (paper V, figure 2). 
However, RSA in combination with bFGF and EGF did not significantly increase the 
number of graft-derived cells (paper V, figure 2). 

Although the observation that RSA increased the survival of xenografted hNSCs 
was unexpected, several properties of serum albumin could explain this effect. An 
early protective effect of RSA may be mediated by scavenging of oxygen free radicals 
and inhibition of the formation of hydroxyl radicals (Holt et al., 1984; Halliwell and 
Gutteridge, 1990). Moreover, serum albumin induces astrocytic proliferation and 
may thus contribute to a faster reformation of the BBB (Nadal et al., 1995). 

For full activation of the FGF-receptors by bFGF co-molecules present in the extra 
cellular matrix are required. The inability of bFGF to increase graft survival could 
therefore be related to the destruction of the extra cellular matrix following TBI. A 
heparin oligosaccharide with as few as eight sugar residues has been demonstrated 
sufficient to support the biologic activity of bFGF (Ornitz et al., 1992). It would be 
instructive to test whether rods supplemented either with heparin or the eight-sugar 
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oligosaccharide could potentiate the mitogenic effect of bFGF. Furthermore, bFGF 
could have been inactivated when producing the rods. However, other investigations 
have demonstrated that the biological activity of bFGF is retained through the 
manufacturing procedure (Tornqvist et al., 2000). 

Second, the hypothesis that local release of RA would increase the differentiation 
of the xenografted hNSCs was tested. The animals that received polymer rods 
containing RSA were used as controls in this set of experiments. The group receiving 
rods releasing RA displayed significantly lower proportion of huN-positive cells co-
expressing nestin in the cortex (paper V, figure 3A). However, there was no 
significant increase in huN-positive cells co-expressing the mature neuronal marker 
NeuN. 

RA is a broad differentiation factor and the decrease in proportion of nestin 
positive human cells indicated that differentiation had occurred. The poor hNSC 
survival observed in the group receiving RA may be explained by cytotoxic effects. A 
more careful titration of the amount of administered RA may be a way to improve 
survival. An alternative explanation is that the hNSCs differentiated before the first 
investigated time point. Neuronal differentiation would lead to alterations in the 
need for trophic support and if these requirements were not met, the differentiated 
progeny of the hNSCs may have succumbed. 

The present data indicate that serum albumin may have beneficial effects that 
could have implications for xenotransplantation experiments. These results also 
provide proof-of-concept that hNSCs can be manipulated in vivo by providing an 
input during the initial phase after transplantation.
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5555    GENERAL DISCUSSIONGENERAL DISCUSSIONGENERAL DISCUSSIONGENERAL DISCUSSION    
In traumatic brain injury (TBI), the initial and instant mechanical disruption of tissue is 
followed by a secondary phase. Experimental and clinical studies have shown that cell 
death persists for extended periods of time after injury (Rink et al., 1995; Smith et al., 
1997; Conti et al., 1998; Ng et al., 2000; Smith et al., 2000). This cell death is both 
necrotic and apoptotic. Different apoptotic mechanisms have been implicated at 
different time points. In study I, we detected an increase in the pro-apoptotic protein 
Bax at 6 days post injury. Interestingly, this coincides with a peak in inflammatory 
reactions following TBI (Holmin et al., 1995). Although TBI always results in a loss of 
cells in the brain, their mode of dying is extremely heterogeneous. As a consequence, 
pre-clinical data have been difficult to apply clinically. Even though all types of cells in 
the brain have been shown to die after TBI, neurons seem to be most vulnerable (paper 
I, Raghupathi et al., 2000). The distribution of cell types that are lost as a result of 
secondary mechanisms appears to be related to the severity of the injury. In the 
weight-drop model, more non-neuronal than neuronal cells die with increased 
impact– an observation that implicates the need for supporting different populations 
of cells depending on the force of the initial injury (Lindh et al., manuscript). 
Furthermore, using the microarray technique, Li et al. recently reported that the 
relative gene expression pattern was influenced by the severity of the TBI (Li et al., 
2004). Taken together, these results indicate that the severity of the injury is an 
important determinant of which treatment strategy should be used.  

Despite early therapeutic intervention, cells will be lost as a result of TBI and the 
only way of replacing these would be to rebuild the parenchyma with new cells. This 
could be achieved either by stimulating endogenous NSCs or introducing 
exogenously-derived cells. In the current thesis, the latter strategy was employed and 
several aspects of transplantation were investigated by xenografting cultured hNSCs 
to the traumatically injured rat brain. More specifically, these included analyzing 
hNSCs in the potentially hostile post-traumatic environment, the need of permanent 
immunosuppressive treatment, whether or not hNSCs have a beneficial influence on 
host cells and if the xenografted cells could be manipulated in vivo after 
transplantation (papers II-V). 

The concept of replacing cells in the CNS appears appealing and simple, but is 
both technically and conceptually problematic since it implies functional restitution 
by de novo differentiated cells. Although functional improvements have been 
observed following transplantation of grafts to the mature CNS, it is difficult to 
evaluate if reformation of neuronal function or tissues really does occur (Widner et 
al., 1992; Sinden et al., 1997; McDonald et al., 1999; Philips et al., 2001). An improved 
function may reflect the activation of protective rather than restorative mechanisms 
(Ourednik et al., 2002). This is supported by our study indicating that hNSCs provide 
neuro-protection (paper III). It is likely that transplants of non-terminally 
differentiated cells produce factors with protective effects (Lu et al., 2003). This is 
potentially a mechanism that protects cells in other similar paradigms, and also a 
possible mechanism to improve plasticity. Functional improvement is thus not 
sufficient to demonstrate functional integration. This point is further illustrated by 
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the finding that astrocytic but not neuronal grafts improved functional outcome after 
a chemical lesion (Bradbury et al., 1995). In addition, a paracrine effect of transplants 
may be beneficial even if functional integration of neurons does not occur. The 
demonstration of neuronal integration into functional circuits in vivo is technically 
difficult. Carlen et al. used a virus-based trans-synaptic neuronal tracing approach to 
demonstrate that neurons, generated in the adult, are able to functionally integrate 
into the synaptic circuitry of the brain (Carlen et al., 2002). Such approaches could be 
used in transplantation paradigms as well. However, functional restoration would 
entail not only the restoration of neuronal cytoarchitecture, but also of glia and 
vasculature. 

 Although many problems remain to be solved, results so far have offered hope 
that NSC-therapy may become clinically useful in CNS applications also for 
traumatic injuries (McDonald et al., 1999; Muir et al., 1999; Philips et al., 2001; Teng et 
al., 2002; Hoane et al., 2004). NSCs from early developmental stages should have a 
good prospect for long-term survival, many additional cell divisions and a good 
potential for differentiation. These are also appealing for practical reasons, as they 
can be stored and expanded. Human cells are obviously of utmost interest, since 
these would probably be the first choice in clinical applications of NSC 
transplantation. On these grounds, we studied hNSCs following transplantation to 
traumatized brains. 

A natural first step was to determine whether transplanted hNSC would survive. 
Study II showed that xenografted hNSCs survive and even increase in number 
during the initial weeks after TBI. Previous knowledge of xenotransplantation to the 
CNS indicates that for long-term graft survival immunosuppressant is required (for 
review see e.g.Pakzaban and Isacson, 1994). However, severe side-effects, such as a 
decreased host defense against infections, nephro- and neurotoxicity, are associated 
with the use of the immunosuppressant cyclosporin A (for review see e.g. Akhlaghi 
and Trull, 2002). In the experimental situation, where stress is induced by repeated 
drug administration, the interpretation of functional tests may be obscured. Thus, in 
paper IV we tested whether immunosuppression could possibly be terminated after a 
limited post-transplantation period without graft rejection. Indeed, xenografted cells 
survived up to 6 months although immunosuppressant was administered for no 
more than 3 weeks (paper IV). 

How can xenografted hNSCs survive for prolonged periods of time without 
being rejected? Several mechanisms may be responsible for this effect. Cultured cells 
may have inherently lower immunogenicity and the conditions in vitro could 
potentially be changed to further decrease it. We have conducted a study that shows 
down-regulation of transplantation antigens after transplantation (Wright et al., 2003; 
Al Nimer et al., 2004). In conjunction to the reformation of the BBB this decreases the 
risk of detection from the immune system. Furthermore, T-cell anergy may possibly 
explain how the cells survived (for review see e.g. Schwartz, 2003b). If this was the 
mechanism by which grafted cells escaped rejection  it could prove problematic since 
the anergic state of the T-cells may be broken if they are exposed to antigen from 
foreign tissue at a later time point. Consequently, if the recipient of grafts were to be 
subjected to for instance a brain trauma, antigens from the graft may be re-exposed 
to the immune system and subsequently evoke a rejection. The immunological 
mechanisms can be further investigated in vivo with systemic antigen challenge and 
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in vitro with antigen stimulation tests. Regardless of the mechanism, the finding 
improves experimental conditions and provides an incentive for exploring the 
duration of immunosuppression in clinical applications as well. 

In our studies the xenografts survived and proliferated (paper II, IV and V). Our 
approach also seemed safe since uncontrolled growth or tumor formation was not 
seen, which is in agreement with other studies (Vescovi et al., 1999b; Englund et al., 
2002b). Prevention of rejection is one important strategy to support graft survival, 
but there is a need to improve survival by additional means. For instance, this could 
be achieved by genetic manipulation of the hNSCs (Rubio et al., 2000). Experiments 
with NSC genetically modified to synthesize for example growth factors have been 
successful (Philips et al., 2001). Such approaches may, however, increase the risk of 
tumor growth and require an extensive evaluation of safety. Thus a limited 
administration growth factors in a controlled fashion is safer and more reliable. 

The rationale for using bFGF and EGF in the polymer rods, as described in paper 
V, was that the xenografted hNSCs would be kept in a proliferative and 
undifferentiated state during the initial period following TBI. The growth factor 
release would then gradually diminish and when the acute effects of the TBI had 
subsided the rat brain would have a pool of uncommitted hNSCs that could, alone or 
together with the endogenous NSCs, provide the brain with new neural tissue. 
However, we found no increase of hNSC-derived cells following bFGF and EGF 
stimulation. Although this observation was disappointing, several potential 
explanations exist. After TBI, the extracellular matrix is partially destroyed and, thus, 
the co-factors required for full bFGF activity may be depleted (Ornitz et al., 1992; 
Caldwell and Svendsen, 1998; Goretzki et al., 1999; Caldwell et al., 2004). This can be 
tested by providing the co-factors in situ by polymer rods or other modes of delivery. 

Serum albumin, which was used for technical reasons in the growth-factor 
releasing rods, surprisingly enhanced graft survival. The antioxidant properties of 
serum albumin could offer a potential explanation for this beneficial effect (Soriani et 
al., 1994). The principle that in situ release of biochemical factors could improve graft 
survival was thus demonstrated, albeit the effects of EGF and bFGF in vivo need 
further analyses by titration of doses, timing and possible addition of co-factors. 
Future challenges therefore also include exploring if partial reconstitution of the 
extra cellular matrix or administration of key substrates can further increase the 
effect of released factors and to examine if there is a functional benefit. 

If neuronal tissue is to be restored by hNSCs, their differentiation into neurons 
and glia is a fundamental issue. A defining characteristic of a pluripotent cell is that it 
can respond to environmental cues and generate a more differentiated progeny. It 
has been demonstrated that hNSCs can differentiate into regionally correct cell types, 
including neurons, when introduced into the brain of newborn rats and mice (Flax et 
al., 1998; Englund et al., 2002b). Moreover, hNSCs xenografted to the uninjured adult 
brain generate progeny with neuronal characteristics (Fricker et al., 1999; Englund et 
al., 2002a). In our studies II, IV and V no more than 4% of the cells expressed the 
neuronal marker NeuN. Phenotypic markers indicating neuronal differentiation are 
expressed to a higher degree in non-injury hNSC xenograft models (Fricker et al., 
1999; Englund et al., 2002a). Whether this reflects a difference in potential of the 
hNSCs per se or is specific to the animal models requires further experiments. A 
technical concern is that when investigating the differentiation of xenografted hNSCs 
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in vivo, immunohistochemical double labeling is often used. The limitation with 
double labelling is that it makes it difficult to test for more than one or two cellular 
markers, together with the marker for the human cells. It is conceivable that the 
progeny of the hNSCs may be confounded in the xenogeneic, and sometimes 
damaged, environment and as a consequence, several seemingly incompatible 
differentiation markers may be expressed. 

The post-traumatic environment itself may also be unpermissive for 
differentiation. The inflammatory reaction that occurs following TBI is characterized 
by e.g. IL-1 and TNF-∼, but not IFN-gamma, expression (Holmin et al., 1997b). IFN-γ 
increases neuronal differentiation in cultures of adult murine NSCs, while TNF-∼ 
was toxic under proliferative conditions (Wong et al., 2004). Whether this 
phenomenon can be transferred to hNSCs remains to be demonstrated; 
transplantation experiments with concomitant modulation of the immune system are 
warranted. 

It could also be argued that the non-differentiated state is default for xenografted 
hNSCs in our model since only a limited fraction of these cells enter the process of 
differentiation. If so, normalizing the host environment may not be sufficient; 
additional manipulations would appear necessary to induce a higher proportion of 
differentiated cells. Priming or pre-differentiation of hNSCs prior to transplantation 
could potentially be beneficial for disorders of the CNS. (Wu et al., 2002). The 
presence of both LIF and CNTF has been demonstrated to enhance the formation of 
neurons from hNSCs cultures (Galli et al., 2000). Our approach with local delivery 
appeared promising, as we could identify signs of differentiation in grafts treated 
with RA (paper V). A decrease in nestin expression was detected in the human cells 
although markers of differentiated cells were not upregulated. A more precisely 
orchestrated release of RA, coupled with a second wave of trophic factors to support 
newly formed neuronal cells, may prove to be successful. 

Transplanted cells migrate from their original sites. Two migration patterns were 
conserved throughout our studies: diffuse migration from the graft core and migration 
along the white matter tracts (paper II, IV and V). However, whether these patterns 
reflect any degree of host signaling or if they are just random phenomena are unclear.  
Studies have shown that transplanted neuronal cells migrate towards areas of targeted 
cell death or pathology in the adult brain (Snyder et al., 1997; Aboody et al., 2000). 
Notably, Staflin et al. demonstrated that NSCs could inhibit the growth of gliomas in 
rat (Staflin et al., 2004). Even though the mechanisms behind NSC migration are not 
yet known, research has indicated that microglia-derived factors are involved 
(Aarum et al., 2003). Recently, it was reported that injured neurons expressing stem 
cell factor (SCF) could direct the migration of endogenous NSCs (Sun et al., 2004). 
The migration properties of hNSCs in xenograft paradigms have been documented 
but not extensively analyzed (Fricker et al., 1999; Englund et al., 2002a; Englund et 
al., 2002b). 

Although hNSCs have received relatively little attention in the TBI field 
(Schouten et al., 2004), our experiments provide several findings that may be useful 
for further investigations of hNSC transplantation for ameliorating the effects of CNS 
trauma. The data presented in the current thesis will hopefully inspire more work on 
clarifying the mechanisms in trauma and the potential offered by introducing hNSC. 
There seem to be a broad window for treatment regarding apoptotic cell death. In the 
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present thesis, it is demonstrated that xenografted hNSCs survive, proliferate, 
migrate and differentiate in a weight-drop model of TBI. Furthermore, these hNSCs 
can be manipulated even in the distorted environment of the damaged brain. Future 
experiments will include further studies of how different trophic factors, e.g. BDNF, 
PDGF, NT-3 and different levels of RA may affect grafted hNSCs. In addition, 
elucidating the functional significance of hNSCs xenografts to experimental TBI is a 
challenging and compelling task. 

If restoration of CNS short distance connections can be convincingly 
demonstrated there are still several intriguing questions remaining. Central problems 
would be whether long distance connections could be achieved, whether complex 
networks are possible and how new neurons could mimic previously acquired 
specializations. Philosophically, the idea of restoring function by introducing new 
neurons is intriguing: can a previous memory be replaced? 
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6666    CONCLUSIONSCONCLUSIONSCONCLUSIONSCONCLUSIONS    
From the data presented in the current thesis it can be concluded that: 
 

= Bax is upregulated and redistributed in neurons 6 days after an experimental 
TBI indicating that the intrinsic apoptotic pathway is involved in the delayed 
cell death after experimental TBI (Paper I). 

 
= Cryo-preserved hNSCs survive in the lesion environment when xenografted to 

immunosuppressed rats subjected to experimental TBI (paper II). 
 

= hNSCs xenografted to the rat brain following experimental TBI proliferate and 
differentiate (paper II). 

 
= In contrast to non-viable hNSCs, viable hNSCs may have neuroprotective 

properties when xenografted to the rat brain following experimental TBI (paper 
III). 

  
= Immunosuppression can be shortened from 6 to 3 weeks without affecting 

neither survival nor differentiation of xenografted hNSCs at 6 weeks following 
experimental TBI in the rat (paper IV). 

 
= Survival of xenografted hNSCs can be increased by release of serum albumin by 

slow-release polymer rods in vivo in an experimental model of TBI (paper V). 
 

= Differentiation of xenografted hNSCs can be modulated by release of retinoic 
acid following experimental TBI in the rat using slow-release polymer rods in 
vivo (paper V). 
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LOVORD TILL ATT HA ELOVORD TILL ATT HA ELOVORD TILL ATT HA ELOVORD TILL ATT HA EN LÅG N LÅG N LÅG N LÅG UPPFATTNINGUPPFATTNINGUPPFATTNINGUPPFATTNING    
OM SIG SJÄLVOM SIG SJÄLVOM SIG SJÄLVOM SIG SJÄLV    

 
Ormvråken har ingenting att förebrå sig. 
Skrupler är den svarta pantern främmande. 
Pirayan tvekar inte om riktigheten i sitt handlande. 
Skallerormen godkänner sig själv utan invändning. 
 
En självkritisk sjakal existerar inte. 
Gräshoppan, krokodilen, trikinen och bromsen 
lever som de lever och är nöjda med det. 
 
Hundra kilo väger späckhuggarens hjärta 
men ur en annan synpunkt är det lätt. 
 
Ingenting är mer djuriskt 
än rent samvete 
på Solens tredje planet. 
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LOVSÅNG TILL LÅGA TALOVSÅNG TILL LÅGA TALOVSÅNG TILL LÅGA TALOVSÅNG TILL LÅGA TANKAR OM MIG SJÄLVNKAR OM MIG SJÄLVNKAR OM MIG SJÄLVNKAR OM MIG SJÄLV    
 

En duvhök känner aldrig ruelse. 
Och pantern ångrar inget rov. 
Pirayor mättar sig utan grämelse. 
Skallerormen fyller sitt behov. 
 
En självkritisk schakal finnes icke. 
Gräshoppa, alligator, trikin och styng 
lever som de gör och tycker de gör rätt. 
 
Hundra kilo tungt är späckhuggarns hjärta, 
fast på alla andra sätt så lätt. 
 
Ingenting är mera djuriskt 
än bristen på samvetskval 
på tredje planeten från Solen. 
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