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ABSTRACT 

Neurological disorders affect more than 14% of the population worldwide and together 
with traumatic brain and spinal cord injuries represent major health, public and economic 
burden of the society. Incidence of inherited and idiopathic neurodegenerative disorders and 
acute CNS injuries is growing globally while neuroscience society is being challenged by 
numerous unanswered questions. Therefore, research of the CNS disorders is essential. Since 
animal models of the CNS diseases and injuries represent the key step in the conversion of the 
basic research to the clinics, we focused our work on generation of new animal models and on 
their use in pre-clinical research. We generated and characterized transgenic minipig model of 
Huntington’s disease (HD) which represents the only successful establishment of a transgenic 
model of HD in minipig which should be valuable for testing of long term safety of HD 
therapeutics. Next, we crossed the well characterized R6/2 mouse HD model with the gad 
mouse model which lacks the expression of UCHL1 which led to results that support the 
theory of “protective” role of mutant huntingtin aggregates and suggest that UCHL1 
function(s) may be affected in HD disturbing certain branches of Ubiquitin Proteasome 
System. Traumatic spinal cord injury and Amyotrophic Lateral Sclerosis (ALS) are the two 
most severe and common disorders of the spinal cord in humans. Thus, the two animal models 
we used in our human neural stem cells (HSSC) grafting experiments were: i) mutant 
SOD1G93A transgenic rat model of ALS (SOD1 rat) and ii) the rat model of acute lumbar (L3) 
compression injury developed in our lab. Intraspinal grafting of clinical grade HSSC used in 
our experiments led to local protection of α-motoneurons residing in the close proximity of the 
grafted cells in immunosuppressed SOD1 rats and demonstrated progressive and significant 
improvement in motor and sensory function in immunosuppressed rats with previous L3 
contusion injury. Our numerous xenogeneic grafting experiments led us to the development of 
new immunosuppressive tacrolimus-loaded pellets which are now commercially available and 
provide steady drug release for up to 3 months, making delivery labor efficient, minimally 
invasive, and producing stabilized blood concentration levels. Our work resulted in generation 
of one of the first large animal models of Huntington’s disease, revealed the possible role of 
UCHL1 in HD and demonstrated the therapeutic potential of neural stem cell therapy in spinal 
cord disorders. These results were already successfully applied in experimental and human 
clinical settings and we believe that will further stimulate and accelerate translational research 
of CNS disorders. 
 
 

 

 

 

 

 



ABSTRAKT 

Neurologické poruchy postihují více než 14 % světové populace a společně s 
traumatickým poškozením mozku a míchy představují významnou zdravotní a 
socioekonomickou zátěž. Výskyt dědičných a idiopatických neurodegenerativních poruch a 
akutních poškození CNS navíc zaznamenává globální nárůst a neurovědecká komunita je 
proto stavěna před množství nezodpovězených otázek. To je důvodem, proč lze pokládat 
výzkum poruch CNS za klíčový. Vzhledem k tomu, že zvířecí modely nemocí a 
traumatických poškození CNS mají nepostradatelnou úlohu v projekci výsledků základního 
výzkumu do klinické praxe, tato práce je zaměřena na vytvoření nových zvířecích modelů a 
jejich využití v preklinickém výzkumu. Vytvořili a charakterizovali jsme transgenní model 
miniaturního prasete pro Huntingtonovu chorobu, jenž je doposud jediným prasečím modelem 
a představuje velice hodnotný subjekt pro dlouhodobé testování bezpečnosti léčby. Dále jsme 
zkřížili již charakterizovaný myší model Huntingtonovy choroby s myším modelem gad 
postrádajícím expresi UCHL1 s výsledky, které potvrzují teorii o “ochranné” funkci agregátů 
mutovaného huntingtinu a vedou k předpokladu, že funkce UCHL1 v ubiquitin 
proteazomového systému mohou být v Huntingtonově chorobě narušené. Traumatické 
poškození a amyotrofická laterální skleróza (ALS) jsou dvěma nejzávažnějšími a 
nejčastějšími poruchami míchy u lidí. K experimentům s transplantací lidských nervových 
kmenových buněk byly využity dva potkaní modely, transgenní model s ALS (SOD1G93A) a 
model akutního poškození míchy způsobeného kompresí. Intraspinální transplantace u 
imunosuprimovaných SOD1 ALS transgenních potkanů vedla k lokální ochraně α-
motoneuronů a dále k výraznému zlepšení motorických a senzorických funkcí 
imunosuprimovaných potkanů s akutním poškozením míchy. Početné xenogenní 
transplantační experimenty vedly k vývoji nových pelet s imunosupresivy, které jsou nyní již 
komerčně dostupné a zajišťují řízené uvolňování léčiva až po dobu tří měsíců, přičemž způsob 
podaní je velice efektivní, minimálně invazivní a umožňuje udržení stabilní hladiny v krvi. 
Naše práce vedla ke vzniku jednoho z prvních velkých zvířecích modelů Huntingtonovy 
choroby, odhalila u tohoto onemocnění úlohu UCHL1 a rovněž terapeutický potenciál 
nervových kmenových buněk v léčbě poruch a poškození míchy. Výsledky této práce již byly 
úspěšně aplikovány v experimentálních podmínkách a též v klinické praxi. Pevně věříme, že 
naše práce bude dále stimulovat translační výzkum poruch CNS. 
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1.1. HUNTINGTON’S DISEASE 

Huntington's disease (HD) is fatal autosomal dominant hereditary neurodegenerative 
disorder clinically characterized by progressive motor dysfunction, cognitive decline, and 
psychiatric disturbance (Ross and Tabrizi 2011). Causative mutation of HD is an expansion of 
the polyglutamine (CAG) repeat sequence in the coding region of exon 1 of the huntingtin 
gene localized on chromosome 4 (HTT; IT-15) leading to expression of mutant huntingtin 
protein with expanded poly-glutamine (polyQ) tract (1993) which induces progressive and 
devastating neurodegenerative changes in the whole brain with striatum, cerebral cortex 
(Vonsattel and DiFiglia 1998) and white matter (Dumas et al. 2012; Tabrizi et al. 2012) being 
the most affected regions.   

Prevalence of the mutation/disease is about 4–10 per 100 000 in populations of Western 
European and North American descent, with many more at risk of the disease (having 
inherited the mutant gene) (Vonsattel and DiFiglia 1998; Tabrizi et al. 2011). Prevalence is 
much lower in Asian (Pringsheim et al. 2012) and African (Sturrock and Leavitt 2010) 
populations. CAG repeats longer than 40 are associated with nearly full penetrance by age 65 
years (Langbehn et al. 2004; Ross and Tabrizi 2011). Longer CAG repeats predict earlier 
onset of the disease (Langbehn et al. 2004) (Fig. 1) accounting for up to 50–70% of variance 
in age of onset (Ross and Tabrizi 2011), with the remaining variance most likely to be 
attributed to modifying genes (40% of remainder) and the environment (60% of remainder) 
(Wexler and Res 2004). Individuals with less than 35 CAG repeats will not develop HD, those 
with 36 to 39 may or may not develop HD, and those with 40 or more will develop the disease 
(Vonsattel and DiFiglia 1998; Langbehn et al. 2004). An intermediate CAG repeat length 
between 29 and 35 does not cause the disease but may expand into the pathogenic range in 
future generations (Novak and Tabrizi 2010).  

Most HD patients have expansions ranging from 40—55 CAG repeats (Vonsattel and 
DiFiglia 1998; Langbehn et al. 2004) leading to the onset of the disease symptoms in the 
middle age (40 years in average) while juvenile onset (under the age of 20) is associated with 
CAG repeats 60 or longer (Langbehn et al. 2004). Disease progresses over 15-20 years from 
onset and culminates in death (Novak and Tabrizi 2010). Diagnosis of Huntington’s disease is 
formally made on the extrapyramidal motor signs of chorea, dystonia, bradykinesia, or 
incoordination in an individual at risk. However, many patients have substantial cognitive or 
behavioural disturbances before onset of diagnostic motor signs (Ross and Tabrizi 2011). The 
motor phenotype can be assessed in manifest HD patients using the motor component of the 
Unified Huntington Disease Rating Scale (UHDRS). The UHDRS is a widely used clinical 
and research tool developed by the Huntington Study Group (HSG) (1996) for the 
measurement of the motor, cognitive, psychiatric, and functional performance in HD (Sturrock 
and Leavitt 2010).  

HD gene was cloned 20 years ago and important advances have been made in the clinical, 
genetic, pathological, and biochemical understanding of this disease yet there is no effective 
treatment for Huntington’s disease available. Most drugs currently used in HD are designed to 
attenuate the symptoms of the disease and improve quality of life including psychiatric agents 
for the control of behavioral symptoms, motor sedatives, cognitive enhancers, and 
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neuroprotective agents (Frank and Jankovic 2010; Novak and Tabrizi 2010; Zuccato et al. 
2010). Nonetheless, promising disease modifying and/or delaying treatments are currently 
being tested in animal models (Zuccato et al. 2010) with huntingtin lowering approaches being 
the most promising ones (Johnson and Davidson 2010; Sah and Aronin 2011; Kordasiewicz et 
al. 2012; Southwell et al. 2012). Moreover, recent research revealed broad spectra of potential 
biomarkers which could be used in future clinical trials to better assess their potential (Hersch 
and Rosas 2011; Weir et al. 2011).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1.1.1. History 

Huntington’s disease is also known as Huntington’s chorea. It was first described as an 
epidemic of dancing mania in 1374 and it was Paracelsus who first used the term chorea 
suggesting its origin in central nervous system (CNS). In 17th century, English colonists used 
the name “that disorder” or “San Vitus” dance to refer to HD. In those days, people with 
chorea, because of the involuntary muscle jerks and twitches characteristic of HD, were often 
thought to be possessed by the devil (Zuccato et al. 2010). The first accurate description of the 
disease was written by young American doctor George Huntington in 1872 after whom was 
this disorder originally named Huntington’s chorea. The name has later changed to 

Fig. Population estimates of the mean age of onset of HD for CAG repeat lengths 36–60.  
The ● symbols and solid line indicate the range of data that was used to fit the exponential curves. 
The ○ symbols and long dashed lines indicate CAG lengths for which the model’s predictions were 
extrapolated. Small dashed lines indicate 95% confidence intervals, larger spaces between dashes 
indicate the region where the model’s predictions were extrapolated. (Taken from Langbehn et al. 
2004). 
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Huntington’s disease to reflect the fact that chorea is not the only important manifestation of 
the disease (Novak and Tabrizi 2010).  

After the rediscovery of Gregor Mendel’s theory in 1900, the British geneticist William 
Bateson established definitively (in 1909) that Huntington’s chorea was inherited as a 
Mendelian autosomal dominant disease (Wexler 2010). Then in an era when eugenics 
attracted scientists, physicians, and intellectuals of all political stripes a Connecticut 
psychiatrist Percy R Vessie introduced prejudice and misunderstanding that characterized 
families affected by HD in early 20th century. Vessie portrayed HD individuals more as 
villains than as victims and later called for their “rigid sterilization” (Wexler 2010).  

Fortunately, later in the 1950s, Dr. Amerigo Negrette diagnosed HD in a large community 
of people living around Lake Maracaibo in Venezuela which 20 years later became the center 
of discovery of the HD gene, made possible thanks to the remarkable efforts of Nancy Wexler 
(Zuccato et al. 2010). The gene responsible for HD was mapped to the short arm of 
chromosome 4 in 1983 (Gusella et al. 1983) and 10 years later, IT15 gene comprised of 67 
exons and containing expanded CAG trinucleotide repeat was located on 4p16.3 (1993). 

 
1.1.2. Clinical presentation of Huntington’s disease 

Characteristic symptoms of HD are often described as adult-onset triad of motor, cognitive 
and psychiatric changes (Novak and Tabrizi 2010). The onset of the disease is currently 
defined as the point at which characteristic motor signs develop as assessed by the motor 
component of the Unified Huntington Disease Rating Scale (UHDRS) (1996) which was 
updated and expanded in 1999 (UHDRS '99) enhancing all of the components of the UHDRS 
(group 1999). This is when the patient is diagnosed as having “manifest” HD. However, most 
patients develop “soft”  motor, cognitive or psychiatric symptoms during the prodromal (“pre-
manifest”) period, often many years before any motor signs are seen (Novak and Tabrizi 2010; 
Sturrock and Leavitt 2010).  

Typical age of adult onset of HD is between 35 and 50 years (Zuccato et al. 2010).  HD 
can be characterized as a movement, cognitive, psychiatric and metabolic disorder (for review 
see (Novak and Tabrizi 2010; Sturrock and Leavitt 2010). Early stages of HD are associated 
with progressive movement, psychiatric and cognitive disturbances. Motor impairments in HD 
can be typically divided into two categories: involuntary movements such as chorea (rapid, 
random and uncontrollable movements), and impaired voluntary movements, which cause 
limb incoordination and impaired hand function (Novak and Tabrizi 2010). Motor symptoms 
change over the course of the disease progression with declining chorea being replaced by 
dystonia (involuntary muscle contractions that cause slow repetitive movements or abnormal 
postures), rigidity and bradykinesia (decrease of movement speed) (Ross and Tabrizi 2011). 
Typical cognitive deficits including subtle personality changes, slow speed of cognitive 
processing, olfaction, and memory recall can be detected some 15 years prior the motor 
symptoms are diagnosed (Paulsen 2011). Depression, irritability, anxiety, apathy are the most 
frequent psychiatric signs in HD (Duff et al. 2007). Obsessive compulsive and aggressive 
behaviors, psychotic symptoms occur less often (van Duijn et al. 2007) and alterations in 
sexual behavior are also common (Rosenblatt 2007). Early occurring sleep disturbances, 
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catabolic weight loss are also present and together with alternation is sexual behavior can be 
partially explained by hypothalamic dysfunction (Politis et al. 2008). Subtle psychiatric 
symptoms can be observed as early as 10 years before the first motor changes (Duff et al. 
2007).  

Two CAG-length depended variant forms of HD exist. Juvenile HD, which is 
characterized by early disease onset (within the first two decades) and which accounts to about 
5-10% of all HD. Juvenile HD is associated with 60 or more CAG repeats (Sturrock and 
Leavitt 2010) and is generally inherited from the father as the instability of CAG repeat tracts 
during male gametogenesis is much greater than in females (Ranen et al. 1995). In addition to 
early onset, juvenile HD is more severe and rapidly progressing (mean survival of between 8 
and 9.3 years). Senile chorea or more precisely late-onset HD represents 25% of all HD cases. 
Patients present their initial symptoms after age 50 and onset at age 80 or above may occur 
(Sturrock and Leavitt 2010). The clinical features of late-onset HD resemble those of mid-life 
HD, but the illness progresses more slowly and is usually less functionally disabling than 
adult-onset disorder (Britton et al. 1995). 

Because of progressive motor dysfunction, dementia and psychiatric disturbances, HD 
patients become unable to walk, perform daily tasks including planning and organization, have 
dietary problems and eventually will become unable to take care of themselves and will 
require long-term 24 hour institutional care (Zuccato et al. 2010). Emergencies in HD 
generally involve life threatening complications which may results from injuries related to 
falls (trauma), pneumonia and chocking, nutritional deficiency, infection or sepsis. 15-20 
years after the disease onset most HD patients eventually decease due to aspiration pneumonia 
and poor nutrition because of swallowing difficulties (Lanska et al. 1988; Sorensen and 
Fenger 1992). 

 
1.1.3. Neuropathology 

Despite the ubiquitous mutant huntingtin (mHTT) expression HD pathology is remarkably 
brain specific with the most prominent neuronal cell loss and brain atrophy in the striatum and 
cerebral cortex (Vonsattel and DiFiglia 1998) and severe loss of white matter as recently 
discovered using new imaging techniques (Dumas et al. 2012; Tabrizi et al. 2012). Total brain 
weight can be reduced by 200 – 300g (see Fig. 3 for comparison of HD and normal brain) 
(Vonsattel et al. 1985). The first and most commonly used grading system for 
neuropathological classification of HD was developed by Jean Paul Vonsattel in 1985 
(Vonsattel et al. 1985). This grating system was developed through examination of 238 post-
mortem half-brain HD specimens and is based on the severity and pattern of striatal (mainly 
caudate nucleus) degeneration. Vonsattel and colleagues distinguished 5 grades of 
neuropathological severity in HD (0-4). Grade 0: Gross examination shows features appears 
indistinguishable from normal brains after gross examination (Vonsattel et al. 1985) but 30-
40% neuronal loss can be detected in the head of caudate nucleus without reactive astrogliosis 
(Vonsattel and DiFiglia 1998). Grade 1 shows atrophy, neuronal loss and astrogliosis of the 
tail, head and in some cases body of the caudate nucleus. Cell counts show 50% or greater 
neuronal loss in the head of caudate nucleus. Gross striatal atrophy is mild to moderate in 

   8 
 



Grade 2 and severe in Grade 3. The microscopical changes are more severe than in Grade 1. In 
Grade 4, striatum is severely atrophic showing 95% or higher neuronal loss (Vonsattel and 
DiFiglia 1998) (see Fig. 2 for gross anatomy pictures of Vonsattel grades).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Further histological examination of the HD brains revealed that striatal neuronal 
degeneration is relatively selective for GABAergic medium size spiny neurons (MSNs) which 
represent up to 90% neurons of the striatum and which represent the output neurons of the 
striatum projecting to substantia nigra pars reticulata and to globus pallidus (Shoulson and 
Young 2011).  On the contrary, interneurons expressing Somatostatin/neuropeptideY/NADPH 
diaphorase/NO synthetase (Ferrante et al. 1985) and large aspiny cholinergic neurons (AChE 
and ChAT+) are relatively spared (Ferrante et al. 1987) and without the presence of mHTT 
aggregates (Davies et al. 1997).  First neurons which degenerate in early and middle stages of 
HD are those MSNs expressing GABA/encephalin and projecting to the external globus 
pallidus (these are more vulnerable than GABA/Substance P+ MSNs projecting to internal 
pallidal segment) (Reiner et al. 1988; Albin et al. 1992). The loss of these neurons most likely 
leads to development of chorea (Reiner et al. 1988; Shoulson and Young 2011). MSNs 
expressing GABA/substance P and projecting to substantia nigra pars reticulata die later and 
are more vulnerable than MSNs expressing GABA/substance P and projecting to substantia 
nigra pars compacta (Reiner et al. 1988). Loss of GABA/Substance P (direct pathway) MSNs 
then causes motor incoordination (Shoulson and Young 2011). In addition to the striatum 
cerebral cortex (mainly layers III, V and VI), globus pallidus, thalamus, subthalamic nucleus, 
substantia nigra, cerebellum and white matter are affected (Vonsattel and DiFiglia 1998).  

Development of imaging techniques revealed that the hypothalamus is also atrophied in 
HD (Politis et al. 2008). Recent results of the TRACK-HD MRI study showed that whole 
brain atrophy, ventricular expansion, caudate, putamen, and overall white and grey matter 
atrophy had statistically significantly greater mean annual change in early HD patients 

Fig. 2  Vonsattel HD grades. Luxol fast-blue hematoxylin and eosin stain. A) Control, and grades 0 
and 1. No abnormality on gross examination. B) Grade 2. The caudate nucleus is atrophic, but 
maintains its convex medial outline. C) Grade 3. The striatal atrophy is moderate to severe and the 
medial outline of the caudate nucleus is no flat, forming a nearly straight line. The cross-section 
outline of the anterior limb of the internal capsule has likewise lost its medial convexity. The 
putamen is atrophic. D. Grade 4. Very severe atrophy of the caudate nucleus and putamen, with 
markedly concave medial outline of both caudate nucleus and internal capsule. Taken and modified 
from Vonsattel et al. 1985. 
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(including pre-manifest individuals) and thus brain imaging could potentially serve as 
biomarker in HD (Tabrizi et al. 2011; Tabrizi et al. 2012). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
1.2. Huntingtin protein 

1.2.1. Wild-type huntingtin 

Wild-type (WT) huntingtin is a 3144 amino acids, 348-kDa large soluble protein  (see Fig. 
4 for schematic diagram) with no sequence homology with other proteins which is 
ubiquitously expressed in human and rodents (Cattaneo et al. 2005), with highest expression 
levels the CNS neurons and the testes (Van Raamsdonk et al. 2006; Van Raamsdonk et al. 
2007). Huntingtin is particularly enriched in cortical pyramidal neurons in layers III and V that 
project to the striatal neurons (Fusco et al. 1999). Subcellularly, mammalian huntingtin is 
associated with most of the organelles including the nucleus (Kegel et al. 2002), endoplasmic 
reticulum, Golgi complex (Hilditch-Maguire et al. 2000) and the mitochondrion (Rockabrand 
et al. 2007; Orr et al. 2008). Huntingtin is also localized within synaptic vesicles (DiFiglia et 
al. 1995) and associated with microtubules (Hoffner et al. 2002). Because of its large size 
(348-kDa), huntingtin crystallization is hampered and thus, there are no clear data on the 
structure of the protein (Zuccato et al. 2010). Recently, crystals of both wilt-type (Kim et al. 
2009) and mutant N-terminal fragments (Kim 2013) were analyzed confirming the previous 
predictions that the expanded mHTT polyQ region adopts a β-sheet structure (Kim 2013).  

Huntingtin contain multiple important sites including its polyQ site which begins at the 
18th amino acid. Huntingtin orthologs multialignment revealed that the polyQ is an ancient 
acquisition of huntingtin and it has been postulated that at the base of protostome-
deuterostome divergence, the huntingtin ancestor possesses a huntingtin protein with a single 
Q or no Q in the corresponding position. The polyQ has then expanded gradually in mammals 
to become the longest and most polymorphic polyQ in humans with rodents show a shorter 
polyQ (7 and 8 Q in mouse and rat, respectively) inverting the evolutionary trend (Tartari et 
al. 2008; Zuccato et al. 2010). Recent findings suggest that anti-apoptosis may have been one 
of huntingtin ancestral function(s), and that in deuterostomes, huntingtin evolved to acquire a 

Fig. 3 Comparison of normal brain (right) to a 
brain of a late stage Huntington's Disease 
patients (left). Atrophy of the HD brain is visible 
in all brain areas with the most severe atrophy 
apparent in the striatum. Photo courtesy of the 
Harvard Brain Tissue Resource Center. 
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unique regulatory activity for controlling interactions between neuroepithelial cells by 
regulating a critical cell-cell adhesion pathway involving ADAM10 and Ncadherin activities, 
with implications for brain evolution and development (Lo Sardo et al. 2012).  

Downstream to the polyQ, huntingtin contains 36 HEAT domains organized in 3 main 
clusters (Takano and Gusella 2002; MacDonald 2003). HEAT domain consist of a series of 
three amino acids which are repeated ~10 times along a 37-47 amino acid stretch and are 
involved in protein-protein interactions (Neuwald and Hirano 2000). C-terminus of huntingtin 
contains nuclear export signal (NES) sequence and a less active nuclear localization signal 
(NLS) which might indicate that huntingtin (or a part of it) is involved in transporting 
molecules from the nucleus to the cytoplasm (Xia et al. 2003).  

Huntingtin contains multiple cleavage sites for caspases, calpain, and aspartyl proteases 
generating a wide range of fragments (Goldberg et al. 1996; Wellington et al. 1998; 
Wellington et al. 2000; Gafni and Ellerby 2002; Wellington et al. 2002; Gafni et al. 2004) but 
the exact contribution of huntingtin proteolysis to cell functioning is unclear. Huntingtin is 
modified by numerous posttranslational modifications including ubiquitination of N-terminal 
lysines K6, K9 and K15 which target huntingtin to the proteasome and which is affected when 
polyQ is expanded (Kalchman et al. 1996; DiFiglia et al. 1997). Huntingtin is phospohorylated 
on multiple serine residues and phospohorylation on S536 inhibited calpain-mediated cleavage 
and reduced toxicity of mutant huntingtin (Schilling et al. 2006). Furthermore, IkappaB kinase 
(IKK) complex phospohorylates huntingtin on S13 and may activate S16 phospohorylation 
which promotes modification of the adjacent lysine residues and target wild-type huntingtin 
clearance by the proteosome and the lysome (Thompson et al. 2009). When S13 and S16 were 
mutated to aspartate in full length BACHD mice, disease pathogenesis was abolished (Gu et 
al. 2009). Sumolyation of the first 17 amino acids modulates its subcellular localization, 
activity, and stability (Steffan et al. 2004) and palmitoyalation at cysteine 214 is consistent 
with huntingtin role in regulation of vesicular trafficking and is decreased by expanded polyQ 
in mutant huntingtin which contributes to formation of neuronal inclusions and toxicity 
(Huang et al. 2004; Yanai et al. 2006). Lysine residue 444 is acetylated and is required to 
target huntingtin to macroautophagy pathway (Jeong et al. 2009). Huntingtin interacts with 
many proteins and most of the interactions are associated with its N-terminal domain and 
some interactions were proven to be affected by polyQ expansion in mutant huntingtin. 

1.2.2. Huntingtin functions 

Wilt-type huntingtin has numerous functions which are important for normal embryonic 
development and neurogenesis (Cattaneo et al. 2005; Lo Sardo et al. 2012). It was shown that 
huntingtin has anti-apoptotic functions and that this function is contained within the 548 N-
terminal amino acids (Rigamonti et al. 2000; Leavitt et al. 2006).  

Brain derived neurotrophic factor (BDNF) which in adult brain, is mainly produced by the 
cerebral cortex and thus is particularly important for the survival of striatal neurons and the 
activity of cortico-striatal synapses (Cattaneo et al. 2005). It has been demonstrated that wild-
type but not mutant huntingtin stimulates the expression of BDNF by regulation of BDNF 
promoter (Zuccato et al. 2001; Zuccato et al. 2003) and in addition, wild-type huntingtin 
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specifically enhances the vesicular transport of BDNF along microtubules (Gauthier et al. 
2004) suggesting that the striatal support of BDNF is mostly dependent on wilt-type 
huntingtin function. Further research revealed that bdnf transcription is regulated by Repressor 
element 1 (RE1; also known as the neuronrestrictive silencer element, NRSE) which is 
recognized by the RE1-silencing transcription factor (REST; also known as neuronal 
restrictive silencing factor, NRSF) transcriptional regulator and which acts as a transcriptional 
silencer of large number of neuronal gene containing RE1/NRSE sequences (Zuccato et al. 
2003). Wild-type huntingtin sequesters the available REST/NRSF in the cytoplasm preventing 
it from forming the nuclear co-repressor complex at the RE1/NRSE nuclear site and allowing 
gene transcription of bdnf and other genes (Zuccato et al. 2003). It was therefore hypothesized 
that huntingtin might act in the nervous system as a general facilitator of neuronal gene 
transcription (Zuccato et al. 2003; Cattaneo et al. 2005).  

Reduction of wilt-type huntingtin also cause mitochondria immobilization and disrupts 
axonal transport (Trushina et al. 2004). Wild-type huntingtin directly binds on of the key 
molecules in synaptic transmission, e.g. on the postsynaptic density protein 95 (PSD95) that 
binds the NMDA and kainate receptors at the postsynaptic density (Smith et al. 2005). A 
decreased interaction of mutant huntingtin with PSD95 has been described in HD, suggesting 
that more PSD95 is released in HD, thus affecting the activity of NMDA receptors, and 
possibly leading to their overactivation/sensitization and to excitotoxicity (Sun et al. 2001). 

 

1.2.3. Loss of function and gain of function 

Despite the fact that huntingtin is essential for life and development, it is clear that just a 
simple loss of its function(s) cannot lead to HD. Nevertheless, the CAG expansion in the HD 
gene is responsible for changes in huntingtin posttranslational modifications and most likely 
for changes in its structure leading to its altered protein-protein interactions which ultimately 
cause impairment of biological mechanisms where wild-type huntingtin plays crucial role 
(because WT huntingtin lost its function). But based on genetic experiments using mouse 
models of HD (Duyao et al. 1995; Zeitlin et al. 1995; Mangiarini et al. 1996; Reddy et al. 
1998; Hodgson et al. 1999; Hurlbert et al. 1999; Shelbourne et al. 1999; Graham et al. 2006) 
and non-specific huntingtin silencing experiments (Harper et al. 2005; Wang et al. 2005b; 
Machida et al. 2006; DiFiglia et al. 2007), it is evident that mutant huntingtin retains some of 
its “wild-type” functions and that mutant huntingtin is required to evoke HD pathology and 
symptoms.  

Moreover, it has been previously demonstrated that the most toxic fragment of mutant 
huntingtin is the exon 1 containing an expanded polyQ tract (E1mHTT) (Miller et al. 2011). 
Recent discovery of the critical role of CAG repeat length–dependent aberrant splicing of 
mutant huntingtin gene which results in E1mHTT expression suggests that the pathology in all 
knock-in HD mouse models as well as in human HD could be driven by that very same exon 1 
fragment of mutant huntingtin (Sathasivam et al. 2013). This breakthrough finding could 
represent the primary cause of huntingtin pathology in HD.  
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1.3. Molecular mechanisms of mutant huntingtin neuropathology 

As we already described earlier, wilt-type huntingtin has a lot of crucial functions which, 
when huntingtin is mutated, are lost and which lead to severe impairment of the systems 
involved but which are not the source of HD pathology. We therefore further describe just the 
mutant huntingtin associated pathology (see Fig. 5 for schematic illustration). 

1.3.1. Excitoxicity 

Excitoxicity was the first identified pathogenic mechanism in HD and results in 
dysfunction in corticostriatal synapses (Zuccato et al. 2010). Early data showed that in HD, 
glutamate receptors are lost and that there is a significant decrease of NMDA receptor 

Fig. 4 Schematic diagram of the huntingtin amino acid sequence. (Q)n indicates the polyglutamine 
tract, which is followed by the polyproline sequence (P)n; the red emptied rectangles indicate the three 
main groups of HEAT repeats (HEAT group 1, 2, 3). The small green rectangles indicate the caspase 
cleavage sites and their amino acid position (513, 552, 586), while the small pink triangles indicate the 
calpain cleavage sites and their amino acid positions (469, 536). Boxes in yellow: B, regions cleaved 
preferentially in the cerebral cortex; C, regions of the protein cleaved mainly in the striatum; A, 
regions cleaved in both. Posttranslational modifications: ubiquitination (UBI) and/or sumoylation 
(SUMO) sites (green); palmitoylation site (orange); phosphorylation at serines 13, 16, 421, and 434 
(blue); acetylation at lysine 444 (yellow). NES is the nuclear export signal while NLS is the nuclear 
localization signal. The nuclear pore protein translocated promoter region (TPR, azure) is necessary 
for nuclear export. Htt, huntingtin. ER, endoplasmic reticulum. (Taken from Zuccato C et al. 2010). 
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(NMDAR) binding at pre- and early symptomatic stages in the human HD (London et al. 
1981; Young et al. 1988; DiFiglia 1990; Dure et al. 1991). Glial cells may play a role in HD as 
GLT1 (EAAT2), the Na+ dependent glial transporter of glutamate is downregulated in some 
mouse HD models and in human postmortem HD brains evidenced by impaired clearance of 
glutamate (Lievens et al. 2001; Behrens et al. 2002; Estrada-Sanchez et al. 2009). Enhanced 
NMDAR sensitivity to NMDA and increased NMDA evoked currents leading to impaired 
synaptic plasticity were detected in striatal neurons from HD mouse (Fan and Raymond 2007). 
It has also been shown that NR2B subunit of NMDAR was reduced in the HD striatum (Zeron 
et al. 2002). As mentioned before, mutation of huntingtin causes loss of its interaction with 
PSD95 which then oversensitize NMDA receptors (Sun et al. 2001).  

 
1.3.2. Mitochondrial dysfunctions 

It has been shown that huntingtin binds directly to mitochondria (Choo et al. 2004) altering 
their metabolic activity and motility within the cells (Trushina et al. 2004; Orr et al. 2008). 
Increased mtDNA mutations and deletions have also been detected in neurons of the cerebral 
cortex of HD patients (Horton et al. 1995; Cantuti-Castelvetri et al. 2005). Using the 1H-
magnetic resonance spectroscopy (1H-MRS), decrease of N-acetylaspartate in basal ganglia 
and thalamus (Jenkins et al. 1993; Moffett et al. 2007) and increase of production of lactate in 
the cerebral cortex and basal ganglia (Jenkins et al. 1993; Koroshetz et al. 1997) of HD 
patients has been demonstrated. Biochemical studies of brain and peripheral tissues from HD 
patients and HD animal models revealed decreased activity of several enzymes involved in 
oxidative phosphorylation such as complex I, II, III, and IV (Gu et al. 1996; Arenas et al. 
1998; Sawa et al. 1999; Tabrizi et al. 1999; Saft et al. 2005; Benchoua et al. 2006; Benchoua 
et al. 2008; Jeong et al. 2009). Impaired calcium handling has been found in the mitochondria 
isolated from HD patients (Panov et al. 2002) and when NMDA receptors were transiently 
activated in primary striatal neurons from YAC128 transgenic mice, these cells failed to 
reestablish calcium homeostasis in higher proportion compared with neurons from wild-type 
littermates (Oliveira et al. 2006). Mutant huntingtin was found to bind p53 and increase p53 
levels and transcriptional activity, leading to the upregulation of two proapoptotic downstream 
players, Bcl2-associated X protein (BAX) and p53-upregulated modulator of apoptosis 
(PUMA) (Bae et al. 2005). Mutant huntingtin also represses transcription of PGC-1α, a gene 
encoding for a transcriptional coactivator that regulates expression of genes involved in 
mitochondrial biogenesis and respiration (Cui et al. 2006). The expression of these genes is 
severely impaired in the disease (Cui et al. 2006). 
 
1.3.3. Transcriptional dysregulation 

DNA microarrays showed a large number of gene expression changes in cellular and 
mouse models of HD (Chan et al. 2002; Fossale et al. 2002; Luthi-Carter et al. 2002a; Luthi-
Carter et al. 2002b; Sipione et al. 2002; Cha 2007). They indicate also that gene dysregulation 
occurs before the onset of symptoms, suggesting that transcriptional dysregulation is an 
important causative factor in the disease (Cha 2007). A large set of data also indicates that 
there is no single transcriptional regulator in HD and rather demonstrates the involvement of 
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multiple transcription factors and DNA target sequences and some critical pathways in HD, 
such as the GC-box/Sp1-mediated, the CRE/CREB regulation systems, and the REST/NRSF 
(Cha 2007; Johnson and Buckley 2009) (Fig. 4).  

Mutant huntingtin reduces the transcription of many genes involved in the cholesterol 
biosynthesis pathway (Sipione et al. 2002). Subsequent in vivo studies validated these results 
with the observation of reduced expression of some key cholesterogenic genes in brain tissues 
from HD mice and human samples (Sipione et al. 2002). Expanded polyQ has been found to 
directly bind the acetyltransferase domain of CBP and p300/CBP associated factor (P/CAF), 
blocking their acetyltransferase activity (Steffan et al. 2001). This causes a condensed 
chromatin state and reduced gene transcription (Steffan et al. 2001). Furthermore, 
hypoacetylation of histone H3 in HD associates with downregulated genes (Sadri-Vakili et al. 
2007). 

 
1.3.4. Proteolysis 

As mentioned above, huntingtin contains multiple cleavage sites for caspases, calpain, and 
aspartyl proteases generating a wide range of fragments fragments (Goldberg et al. 1996; 
Wellington et al. 1998; Wellington et al. 2000; Gafni and Ellerby 2002; Wellington et al. 
2002; Gafni et al. 2004), but the exact contribution of huntingtin proteolysis to cell 
functioning and pathology is still not completely understood. Caspase fragments of huntingtin 
were observed in HD mice and in post mortem brain tissue from HD patients (Kim et al. 2001; 
Wellington et al. 2002). Moreover, it has been proposed that a crucial proteolytic cleavage 
event in HD is mediated by caspase-6 (Graham et al. 2006). More recent findings, however, 
suggest that mutant huntingtin cleavage by caspase-6 is not necessary for the production of N-
terminal toxic fragments (Gafni et al. 2012; Landles et al. 2012). 

 
 

1.3.5. UPS dysfunction in HD 

Early studies of the UPS impairment in HD suggested that polyQ aggregates could directly 
inhibit the function of 26S proteasome (Bence et al. 2001), that the degradation of polyQ 
proteins is inefficient (Holmberg et al. 2004) and that the eukaryotic proteasome is not able to 
digest polyQ sequences of polyQ-containing proteins (Venkatraman et al. 2004). In more 
recent studies, conflicting results showed that the proteasome is fully capable to degrade the 
expanded polyQ proteins (Michalik and Van Broeckhoven 2004), that the UPS impairment is 
not caused by direct choking of purified proteasomes but revealed that the UPS impairment is 
most likely global (Bennett et al. 2005).  

Bennett et al (Bennett et al. 2007) supported the idea of global UPS impairment in in vivo 
studies by observation of elevated levels of polyUb chains in R6/2 and HdhQ150/Q150 mouse 
models and human post-mortem HD brains (Bennett et al. 2007). In early studies of UPS 
activity in HD, artificial reporters of UPS activity based on destabilized GFP were 
successfully applied in in vitro cellular HD models (Bence et al. 2001; Bennett et al. 2005) but 
when translated into in vivo studies using R6/2 mouse model, these reporters failed to 
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accumulate and thus failed to confirm global UPS impairment in vivo (Bett et al. 2009; 
Maynard et al. 2009).  

However, when the UPS GFPu reporters were fused to either postsynaptic PSD95 or 
presynaptic SNAP25 proteins, increased levels of GFPu reporters were observed in the 
synapses of R6/2 and HdhQ150 HD mouse models (Wang et al. 2008). These observations 
suggest that the malfunction of UPS in HD could be region-specific rather than global. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Postulated intracellular pathogenesis of Huntington’s disease. Mutant HTT (shown as a blue 
helical structure) with an expanded polyglutamine repeat (shown in red) undergoes a conformational 
change and interferes with cellular trafficking, especially of BDNF. Mutant HTT is cleaved at several 
points to generate toxic fragments with abnormal compact β conformation. Pathogenic species can be 
monomeric or, more likely (and as shown), form small oligomers. Toxic effects in the cytoplasm include 
inhibition of chaperones, proteasomes, and autophagy, which can cause accumulation of abnormally 
folded proteins and other cellular constituents. There may be direct interactions between mutant HTT 
and mitochondria. Other interactions between mutant HTT and cellular proteins in the cytoplasm are still 
poorly understood. Pathognomonic inclusion bodies are found in the nucleus (and small inclusions are 
also found in cytoplasmic regions). However, inclusions are not the primary pathogenic species. A major 
action of mutant HTT is interference with gene transcription, in part via PGC1α, leading to decreased 
transcription of BDNF and nuclear-encoded mitochondrial proteins. ROS=reactive oxygen species. 
Taken from Ross and Tabrizi 2011). 
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1.3.6. Autophagy in HD 

Increase of autophagosome-like structures has been shown in the brains of HD patients 
(Sapp et al. 1997; Kegel et al. 2000; Petersen et al. 2001). Recent studies revealed that mTOR, 
the negative regulator of the autophagic pathway, is sequestered into polyQ huntingtin 
aggregates in HD cell models, transgenic mice, and HD patient brain (Ravikumar et al. 2004). 
This ultimately leads to the induction of autophagy and clearance of mutant huntingtin 
fragments, which protects cells from death (Ravikumar et al. 2004). In addition, 
administration of chemical activators of autophagy or overexpression of genes implicated in 
autophagy enhance the clearance of mutant huntingtin, reduce aggregate formation, and 
improve the behavioral phenotype in HD mice (Ho et al. 2001; Ravikumar et al. 2002; 
Ravikumar et al. 2004; Yamamoto et al. 2006; Sarkar and Rubinsztein 2008). Recent findings 
suggest that huntingtin clearance by the lysosome depends on LAMP-2A, the 
integralmembrane receptor protein that can directly import proteins across the lysosomal 
membrane (Thompson et al. 2009). It has also been shown that acetylation of lysine residue 
444 is required to target huntingtin to macroautophagy pathway (Jeong et al. 2009). Recently, 
Li et al (2010) suggested that the clearance of soluble N-terminal mutant huntingtin is more 
dependent on the function of the UPS and that autophagy could function as a backup system to 
clear mutant huntingtin or is more efficient to remove aggregated forms of huntingtin (Li et al. 
2010). 

 
1.3.7. Misfolding and aggregation 

HD onset and severity is polyQ-length-depended and is characterized histopathologicaly 
by the presence of mutant huntigntin protein aggregates and inclusion bodies (IBs) found in 
affected neurons as it was first detected in HD mouse (Mangiarini et al. 1996) and human HD 
patiens (DiFiglia et al. 1997) (see Fig. 6 for mHTT aggregates). Intensive research revealed 
that many factors influence the incidence of aggregated mutant huntingtin including levels of 
mutant protein expression, polyglutamine length, the length of the mutant huntingtin fragment, 
and age of the animal (Hackam et al. 1998; Li and Li 1998; Chen et al. 2002). Indeed, the 
frequency of aggregates formation is higher in the presence of short N-terminal mutant 
huntingtin fragments (Hackam et al. 1998). Biochemical analyses of nuclear and cytoplasmic 
inclusions showed that nuclear aggregates are composed mostly by the N-terminal fragments 
(Cooper et al. 1998; Hackam et al. 1998; Martindale et al. 1998). 

Long polyglutamine repeats can adopt a polar zipper conformation that is stabilized by 
hydrogen bonds between the amides (Perutz et al. 1994). The newly formed polar zipper 
conformation results in a cylindrical, parallel ß-sheet structure with one helical turn requiring 
20 glutamines while a helix containing 40 or more glutamines displays two successive turns 
which enable hydrogen bond formation between the two turns leading to greatly enhanced 
overall stability (Perutz et al. 2002). This polyQ-depended aggregation displays kinetics of 
nucleated-growth polymerization with a prolonged lag phase required for forming an 
aggregation nucleus, followed by a fast extension phase during which additional 
polyglutamine monomers rapidly join the growing aggregate (Wanker 2000; Bates 2003).  
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Another mutant huntingtin aggregation pathway depends on the first 17 N-terminal amino 

acids. First observed are the oligomers having the first 17 amino acids of the protein in its core 
and polyQ sequences exposed on the surface. As the polyQ increases, the structure 
decompacts and oligomers and/or protofibrils rearrange into amyloid-like structures capable of 
rapidly propagating via monomer addition (Thakur et al. 2009) (see Fig. 7 for schematic 
drawings of mHTT aggregation pathways).  

It has also been demonstrated that the initial aggregation of mutant huntingtin is 
independent of its ubiquitination and that ubiquitination of mutant huntingtin aggregates 
represents their secondary growth phase (Gong et al. 2012; Skibinski and Boyd 2012). 

It has been shown that that full length mutant huntingtin has to be cleaved in order to 
undergo the aggregation steps (Scherzinger et al. 1997; Cooper et al. 1998; Lunkes et al. 2002; 
Graham et al. 2006) as it is hypothesized that uncleaved mutant huntingtin is prevented from 
fibrillar polymerization because of steric interference resulting from the size of the full length 
protein. Therefore, cleavage of mutant huntingtin appears to be the rate limiting step in 

Fig. 6 Mutant huntingtin aggregates in mouse and human brain. 
First demonstration of mHTT aggregates in human cortex (A, C) and striatum (B) and in striatum of 
the first HD transgenic mouse model R6/2 as evidenced by staining with the AB1 antibody (D). E) 
Represents coronal section at the level of anterior commissure (one hemisphere) of R6/2 brain 
mouse stained with mHTT aggregate-specific mEM48 antibody showing mHTT aggregate formation 
in virtually every single neuron. A, B and C taken from DiFiglia et al. 1997, D from Davies et al. 
1997 and E is author’s original work.  
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aggregate formation (Woodman et al. 2007). However, recent discovery of a critical role of 
CAG Repeat Length–Dependent aberrant splicing of mutant huntingtin gene which results in 
exon 1 mHTT protein expression suggests that the pathology in all knock-in HD mouse 
models and human HD could be driven by the expression of the same exon 1 mHTT which is 
expressed in R6/2 mouse (Sathasivam et al. 2013). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
While the aggregation of mutant huntingtin is often described as a pathological hallmark 

of HD, recent data show that even though the pathological aggregation of mutant huntingtin is 
associated with certain pathological mechanisms in HD (reviewed in (Zuccato et al. 2010), the 
formation of aggregates could represent a cell disease-coping response to the most toxic 
fragments of mutant huntingtin (Arrasate et al. 2004; Miller et al. 2011). These new data 
demonstrate that: i) that the presence of soluble monomeric E1mhtt strongly predicts neuronal 
death (Miller et al. 2011), ii) that neurons which develop IBs show improved survival and 
decreased levels of diffuse forms of mHTT (Arrasate et al. 2004), iii) the already mentioned 

Fig. 7 The process of aggregate formation. Two major aggregation pathways are in competition 
with each other and explain how the polyQ expansion can facilitate aggregation. A) in the first 
pathway, mutant huntingtin undergoes covalent modifications (posttranslational modification or 
cleavage), determining the conversion of the protein to an abnormal conformation. The mutant protein 
forms oligomer intermediates that then give rise to globular intermediates from which protofibrils are 
generated. Protofibril intermediates associate to produce amyloid like structures, resulting in 
aggregates or inclusions. B) in the second pathway, oligomers having the first 17 amino acids of the 
protein in its core and polyQ sequences exposed on the surface are formed. As the polyQ increases, 
the structure decompacts and oligomers or protofibrils rearrange into amyloid-like structures capable 
of rapidly propagating via monomer addition and producing aggregates. Taken from Zuccato et al. 
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critical role of CAG Repeat Length–Dependent aberrant splicing of mutant HTT gene which 
results in E1mHTT protein expression (Sathasivam et al. 2013) and that iv) downregulation of 
the E1mHTT expression by antisense oligonucleotide infusion in the R6/2 mouse led to 
prevention of brain atrophy, improved neuronal survival and suppression of new mhtt 
synthesis, however it did not significantly alter mhtt aggregation, suggesting that disease 
progression is probably independent of mhtt aggregate formation (Kordasiewicz et al. 2012). 
Clearly, the aggregation of mutant huntingtin has implications in normal protein turnover by 
UPS and autophagy (Sarkar and Rubinsztein 2008; Wang et al. 2008; Li et al. 2010) 
(discussed above). 

 
1.4. Current treatments 

Regrettably, there is no cure for HD (Novak and Tabrizi 2010). Currently, there are several 
potential therapeutic agents (memantine, tetrabenazine, minocycline, treaholose, C2–8, 
creatine, coenzyme Q10, ethyl- EPA, cysteamine, HDAC inhibitors, mitramicycin) mostly 
acting on the downstream targets that have shown improvement of motor and/or cognitive 
dysfunction mostly in the R6/2 and N171–82Q mouse lines. Seven compounds have been 
systematically tested in HD patients at different stages of the disease (Zuccato et al. 2010).  
Unfortunately, only a few drugs have been tested in HD patients with some benefits. Only one 
is now available in several countries (tetrabenazine) (Frank and Jankovic 2010). Tetrabenazine 
has the best evidence of efficacy in Huntington’s disease and has been shown to reduce chorea 
(Novak and Tabrizi 2010). 

One possible explanation why the drugs successfully tested in mice models of HD failed in 
humans can be found in the discrepancies existing between mouse HD models and human 
disease (Zuccato et al. 2010; Morton and Howland 2013). These discrepancies highlight the 
difficulty in predicting the efficacy of new drugs in humans based on animal models of HD 
(Zuccato et al. 2010) and demonstrate the need of large animal model of HD which will better 
simulate the human HD (Morton and Howland 2013). Given the multiple pathogenic 
mechanisms involved in HD, it is expected that a compound targeting one pathological 
mechanism may not be effective alone. Combinations of therapeutic agents that target 
different pathogenic mechanisms should have greater efficacy. Thus, recent discovery work 
for therapeutics have been expanded to include potential therapies which influence the 
misfolding, clearance or lowering of mutant huntingtin expression modifying the upstream 
events leading to HD (Yamamoto et al. 2006; Perrin et al. 2007; Kordasiewicz et al. 2012). 
Huntingtin lowering approaches are the most promising ones employing antisense 
oligonucleotides and siRNA strategies targeting either both alleles or just the mutant one 
(Johnson and Davidson 2010; Sah and Aronin 2011; Kordasiewicz et al. 2012; Southwell et al. 
2012). Moreover, recent research revealed broad spectra of potential biomarkers which could 
be used in future clinical trials to better assess potential of the therapeutics (Hersch and Rosas 
2011; Weir et al. 2011).  

Cell replacement therapies in HD patients led to somehow mixed results, but with little 
evidence to date that it produces long-term benefits in the majority of patients. This, coupled 
to the emerging post-mortem data in some of these patients, suggests that this approach may 
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not be the optimal therapeutic strategy for treating HD. However, until clear evidence emerges 
of disease modifying therapies for HD, it remains one possible strategy and could even be 
used in conjunction with such treatments as a way of repairing and retarding the disease 
(reviewed in (Wijeyekoon and Barker 2011)). The potential of the cell replacement therapies 
in HD, however, was demonstrated in several animal models where neural stem/progenitor 
cells could survive and differentiated into replacement striatal neurons following 
transplantation into the brain resulting in an improvement of motor and cognitive functions 
(reviewed in (Maucksch et al. 2013). 

Currently, the aim of treatment is to manage symptoms and improve quality of life. No 
current treatments can slow disease progression (Handley et al. 2006; Imarisio et al. 2008; 
Novak and Tabrizi 2010). There are many effective options for symptomatic management, 
both drug and non-drug based (Phillips et al. 2008; Mestre et al. 2009). 

 
1.5. Transgenic animal models of HD 

A wide array of transgenic animals have been produced following the identification of the 
HD gene mutation in 1993 (1993) (see Table 1 for the list of most commonly used mouse HD 
models). Commonly used is the R6/2 mouse expressing exon 1, with 144 CAG repeats, of the 
human htt gene under the control of the human huntingtin promoter (Mangiarini et al. 1996). 
Neuropathologic analyses show progressive reduction in neostriatal volume, brain weight, and 
striatal neuron number with the presence of mHTT aggregates that increase in size and number 
over the lifespan of the animal (Stack et al. 2005). R6/1 strain mice were produced soon after 
with the intent of producing a milder HD phenotype employing the same exon 1 mHTT 
fragment with 116 CAG repeats. Relative expression levels of the human mHTT transgene to 
the 2 endogenous mouse HTT genes was decreased in comparison to the R6/2 line at 31% and 
75% of endogenous, respectively. Hallmark intracellular inclusions are formed in a similar 
pattern as seen in R6/2 mice. Dopamine and cyclic adenosine monophosphate-regulated 
phosphoprotein (DARPP32) immunostaining, a marker for striatal GABAergic neuronal 
pools, is decreased (van Dellen et al. 2000), though striatal neuron number has not been shown 
to decrease over the lifespan of the animal (Naver et al. 2003). Yeast artificial chromosome 
(YAC) and prion promoter driven human HTT N171-82Q transgenic animals are also 
commonly employed models. YAC mice carry the full length human HTT gene under the 
control of the human HTT promoter including either 72 or 128 CAG repeats (Hodgson et al. 
1999). Striatal neurons have been shown to be reduced in number by as much as 18% in this 
model (Slow et al. 2003). N171-82Q transgenic animals develop HTT intranuclear inclusions 
and neuritic aggregates (Schilling et al. 1999) in striatal, cortical and hippocampal brain areas 
and exhibit neuronal loss by as much as 25% (McBride et al. 2006).  

Two HD transgenic rat models have been produced in recent years by the Olaf Riess’ 
group at the University of Tübingen. Von Horsten et al. used a human derived 51 CAG 
sequence inserted into a 1962 bp rat HTT fragment under the control of the endogenous rat 
promoter (von Horsten et al. 2003) and more recently, Yu et al. generated BACHD transgenic 
rats which express full-length mutant human huntingtin with 97CAA/CAG repeats under 
control of the human huntingtin promoter and all regulatory elements (Yu et al. 2011). tgHD 
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rat model exhibit adult-onset neurological phenotypes with reduced anxiety, cognitive 
impairments, and slowly progressive motor dysfunction as well as typical histopathological 
alterations in the form of neuronal nuclear inclusions in the brain (von Horsten et al. 2003). 
On the other hand, BACHD rat model exhibited an obvious delay in reversal learning during 
Skinner box tests as early as at 3 months of age and immunohistological staining with anti-
DARPP32 revealed neurodegeneration and neuronal atrophy in the lateral striatum at 12 
months of age (Yu et al. 2011). 

Despite the fact that transgenic animals generated invaluable data and revealed many 
molecular mechanisms underlying Huntington’s disease pathology, this technology suffers by 
specific limitations which are attributed to the nature of how the transgene is incorporated into 
the genome. In classical transgenesis, the exogenous huntingtin gene is inserted randomly and 
therefore could affect the activity of other HD-non-related genes. In many cases, the 
expression of the transgenic huntingtin is driven by artificial promoters leading to non-
physiological protein expression (Zuccato et al. 2010). To overcome these limitations, a 
variety of knock-in mouse HD models was generated providing the HD research community 
with genetically precise replicas of HD. Knock-in mouse HD models were generated in two 
different ways: i) first being the introduction of the pathogenic CAG repeats into the 
endogenous mouse huntingtin gene (Shelbourne et al. 1999; Lin et al. 2001), ii) replacing 
mouse exon 1 with human exon 1 carrying expanded CAG repeats (CAG range from 48 to 
200) while keeping the mouse Hdh promoter (Wheeler et al. 1999; Ishiguro et al. 2001; 
Menalled et al. 2003; Heng et al. 2010). Knock-in models with shorter polyCAG repeats 
exhibited just modest neurodegenerative changes (Zuccato et al. 2010; Bowles et al. 2011) 
while models carrying ~100 and more CAG repeats (namely HdhQ92, HdhQ94, HdhQ 111, 
HdhQ140, HdhQ150 and HdhQ200) showed mHTT inclusion formation, neuronal 
dysfunctions, striatal gliosis and progressive motor deficits in a CAG length-dependent 
fashion (Wheeler et al. 2000; Lin et al. 2001; Menalled et al. 2002; Menalled et al. 2003; Heng 
et al. 2008; Hickey et al. 2008; Heng et al. 2010; Zuccato et al. 2010; Bowles et al. 2011). The 
homozygous KI models exhibited an even more pronounced HD phenotype (Heng et al. 2007; 
Woodman et al. 2007; Heng et al. 2008; Moffitt et al. 2009; Heng et al. 2010). The HdhQ140 
knock-in model showed striatal atrophy and neuronal loss at 2 years of age (Hickey et al. 
2008). At about the same age (100 weeks), HdhQ150 KI mice demonstrated approximately 
50% loss of neurons in heterozygous and homozygous mice, though only the homozygous 
HdhQ150 mice exhibited loss of striatal volume (Heng et al. 2007; Heng et al. 2008). 

A transgenic non-human primate model (Yang et al. 2008) was generated using a lentiviral 
construct expressing exon 1 of the human HTT gene with 84 CAG repeats. Five HD 
transgenic macaques were generated exhibiting HD neuropathology with rapid onset of an HD 
like phenotype, though only 2/5 animals survived past 6 months. Two other large animal 
models were generated in the past years – HD transgenic sheep carrying full-length human 
HTT with 73 polyglutamine repeats under the control of the human HTT promoter (Jacobsen 
et al. 2010) and HD transgenic minipig expressing the 548aa N-terminal fragment of human 
htt with a 124 polyQ repeats generated by our group (Baxa et al. 2013). This transgenic 
minipig is described in greater details in the results and discussion sections. Another cloned 
transgenic HD minipigs bearing N-terminal mutant HTT (208 amino acids and 105 Q) have 
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been generated via somatic cell nuclear transfer technology (Yang et al. 2010), but the extreme 
high expression levels of the transgene led to premature (3 days old) death of three of the 5 
born piglets, fourth lived for only 25 days and the fifth founder was still viable at the 
beginning of 2013 (Morton and Howland 2013).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Strain 
Name 

Transgenic 
or Knockin 

Gene Characteristics Promoter 
Repeat 
Length 

Motor 
Symptom 
Onset 

Lifespan 
Background 
Strain(s) 

References 

R6/2 Transgenic 
fragment 

Exon 1 of human 
HTT gene 

1 kb of 
Human 

 

~150 6 weeks 10-13 
wks 

C57BL/6xCBA (Mangiarini 
et al. 1996) 

R6/1 
Transgenic 
fragment 

Exon 1 of human 
HTT gene 

1 kb of 
Human 

 

116 18 weeks 
32-40 
wks 

C57BL/6xCBA or 
C57BL/6 

(Mangiarini 
et al. 1996) 

N171-
82Q 

Transgenic 
fragment 

First 171 AA of 
human HTT (exons 

     

Prnp 82 3 months 
16-22 
wks 

C57BL/6xC3H/He 
(Schilling et 
al. 1999) 

Tg100 
Transgenic 
fragment 

First ~3 kb of human 
HTT cDNA 

Rat NSE 100 
3 months 
(nonspecific) 

Normal C57BL/6xSJL 
(Laforet et 
al. 2001) 

HD94 
Transgenic 
fragment 

Chimeric 
human/mouse HTT 

  

TetO + 
tTA 

94 
4-8 weeks 
(clasping) 

Normal C57BL/6xCBA 
(Yamamoto 
et al. 2000) 

YAC72 
Transgenic 
full-length 

Full length human 
HTT gene 

Human 
HTT 

72 16 months Normal FVB/N 
(Hodgson et 
al. 1999) 

YAC128 
Transgenic 
full-length 

Full length human 
HTT gene 

Human 
HTT 

120 6 months Normal FVB/N 
(Slow et al. 
2003) 

BACHD 
Transgenic 
full-length 

Full length human 
HTT gene (floxed 

  

Human 
HTT 

97 
(mixed) 

2 months Normal FVB/N 
(Gray et al. 
2008) 

HdhQ72, 
Q80 

Knockin 
Endogenous murine 
Htt gene, expanded 

  

Mouse 
Htt 

72, 80 12 months Normal 
Mixed 129Sv, 
C57BL/6 

(Shelbourne 
et al. 1999) 

HdhQ111 Knockin 
Endogenous murine 
Htt gene, chimeric 

  
 

Mouse 
Htt 

109 
24 months 
(gait) 

Normal 
Mixed 129Sv, 
CD1 

(Wheeler et 
al. 1999) 

HdhQ94 Knockin 
Endogenous murine 
Htt gene, chimeric 

  
 

Mouse 
Htt 

94 
2 months 
(rearing) 

Normal 
Mixed 129Sv, 
C57BL/6 

(Levine et 
al. 1999) 

HdhQ140 Knockin 
Endogenous murine 
Htt gene, chimeric 

  
 

Mouse 
Htt 

140 4 months Normal 
Mixed 129Sv, 
C57BL/6 

(Menalled 
et al. 2003) 

HdhQ150 Knockin 
Endogenous murine 
Htt gene, expanded 

  

Mouse 
Htt 

150 100 weeks Normal 
Mixed 129Ola, 
C57BL/6 

(Lin et al. 
2001) 

Table 1. Commonly Used Mouse Models of HD. Taken and modified from Crook and Housman 2011. 
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CHAPTER 2 
(Neural) Stem cell therapy in spinal cord disorders and injury 

ALS 

(Neural) Stem cell therapy in spinal cord injury 

Immunosuppression in stem cell transplantation  
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2.1. (NEURAL) STEM CELL THERAPY IN SPINAL CORD 

Most tissues are composed of a variety of differentiated cells of different lineages and it is 
still poorly understood how their numbers are maintained in adult tissues during homeostasis 
and in response to injury. The adult central nervous system has always been considered to be a 
relatively static tissue with little cell turnover (Barnabe-Heider et al. 2010). However, 
discoveries throughout the past two decades demonstrated that there is more plasticity than 
previously believed and that new neurons are produced continuously from stem cells in the 
subventricular zone of the lateral ventricles and the dentate gyrus of the hippocampus (Zhao et 
al. 2008). In most parts of the central nervous system, however, neurons are not added in 
adulthood and there is limited cell turnover (Barnabe-Heider et al. 2010).  

The spinal cord does not possess a clear neurogenic niche (Kim et al. 2007; Sahni and 
Kessler 2010) and/or is not favorable for neural differentiation of ependymal-derived 
endogenous progenitors (Sabelstrom et al. 2013) as the spinal cord ependymal cell and 
astrocyte proliferation is restricted to self-duplication to maintain their populations in the 
uninjured spinal cord, whereas oligodendrocyte progenitors self-renew and give rise to an 
increasing number of mature oligodendrocytes (Barnabe-Heider et al. 2010). Nonetheless, it 
has been recently showed that the cell turnover after spinal cord injury significantly 
accelerates the delivery of new glial cells derived from ependymal cells (39%), followed by 
astrocytes (by duplication) (34%) and oligodendrocytes (by self-renewal of oligodendrocyte 
progenitors) (27%) (Barnabe-Heider et al. 2010) (see Fig. 8 D-F for schematic drawings).  

It has been therefore postulated that the presence of resident cells in the adult spinal cord 
capable to promote functional recovery after injury could be used to develop pharmacological 
strategies to modulate endogenous spinal cord stem cells in situ (Barnabe-Heider et al. 2010; 
Sabelstrom et al. 2013). While these ideas remain to be challenged by numerous experiments, 
the already available data from multiple laboratories suggests that the transplantation of 
neuronal stem cells into the injured cord represent potential therapeutic intervention leading to 
improvement of both sensory and motor functions (Cummings et al. 2005; Faulkner and 
Keirstead 2005; Iwanami et al. 2005; Keirstead et al. 2005; Cloutier et al. 2006; Cizkova et al. 
2007; Erceg et al. 2010; Salazar et al. 2010; Sharp et al. 2010; Usvald et al. 2010; Davies et al. 
2011; All et al. 2012; Lu et al. 2012) (van Gorp et al. 2013).  

Uninjured spinal cord disturbed by wide spread disease pathology which is affecting vast 
majority of its cell types, like in ALS, represent another challenge which can be addressed by 
stem cell therapy either by replacing diseased cell populations directly or by introducing a cell 
population (like astrocytes) that can be supportive to the motor neurons affected by the disease 
process (Clement et al. 2003; Vargas and Johnson 2010; Lunn et al. 2011). It is now well 
established that the astrocyte actively and/or passively promote α-motoneuronal degeneration 
in ALS (Nagai et al. 2007; Vargas and Johnson 2010; Ince et al. 2011) and because in cell 
replacement therapies, the intrinsic complications of replacing highly specialized cells, such as 
motor neurons, make astrocytes an ideal target (Vargas and Johnson 2010). Human spinal 
cord-derived stem cells (HSSCs) are neural progenitor cells isolated from the cervico-thoracic 
spinal cord of an 8-week gestation fetus (Guo et al. 2010). In our experiments, these cells have 
shown therapeutic benefit when grafted into the ventral horn of spinal cord of the rat 
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SOD1G93A model of ALS (Hefferan et al. 2012), in a rat model of ischemic spinal cord injury 
(Cizkova et al. 2007), or in the rat with lumbar contusion injury (van Gorp et al. 2013). 
Histological analyses showed that vast majority of the transplanted cells differentiated into 
neurons and that the astrocyte and oligodendrocyte differentiation was limited (Cizkova et al. 
2007; Hefferan et al. 2012), (van Gorp et al. 2013 in press).  

Since a large number of previous experiments from different laboratories demonstrated the 
promising potential of human neural stem therapy in spinal cord disorders and injuries and 
also showed the proliferative potential of spinal cord stem cells, the future research will most 
likely include transplantation of more specific neural progenitors together with modulation of 
the plasticity of the cells residing in the adult spinal cord which will come together with 
specific trophic support of both the endogenous and transplanted cells and which could be 
further combined and thus supported by specific gene (silencing) therapy. 
 

2.2. AMYOTROPHIC LATERAL SCLEROSIS  

Amyotrophic lateral sclerosis (ALS; also known as Lou Gehrig’s disease (USA) and motor 
neuron disease (UK)) is a late onset, progressive and fatal neurodegenerative disease 
characterized by loss of upper motor neurons in the motor cortex and lower motor neurons in 
the brain stem and spinal cord. Loss of the motor neurons leads to muscle atrophy, weakness, 
fasciculation and spasticity later followed by paralysis and ultimately results in death due to 
respiratory failure.  

First described in 1869 by Jean-Martin Charcot (therefore initially known as a Charcot’s 
disease), ALS was named based on his observations of distinct loss of axons in the lateral 
aspect of the spinal cord (Boillee et al. 2006a). Typical onset of the disease is usually in 
midlife (45-60 years) with a relentlessly progressive disease course of 3 to 5 years but the 
variability is very high (Robberecht and Philips 2013). Worldwide incidence and prevalence 
of ALS are 1–2 and 4–6 per 100,000 each year, respectively, with a lifetime ALS risk of 1/350 
to 1/1000 (Pasinelli and Brown 2006; Kiernan et al. 2011) and incidence peak (10–
15/100,000/year) between ages 60 and 79 (Logroscino et al. 2005). 

Approximately 90% of all cases are classified as sporadic (SALS), defined as having no 
family history of the disease. The remaining cases are inherited in a dominant fashion i.e. 
familial (FALS) of which 20% are associated with mutations within copper/zinc superoxide 
dismutase 1 (SOD1) (Haidet-Phillips et al. 2011). Mutations in at least 15 genes can cause 
FALS, and the genetic basis of many FALS cases remains to be found (Ferraiuolo et al. 2011). 
ALS causing SOD1 mutations were discovered in 1993 (Rosen et al. 1993) and for a long 
time, most of the research of ALS pathogenesis has been focused on SOD1 (Lagier-Tourenne 
and Cleveland 2009). Recent identification of 43 kDa TAR DNA-binding protein (TDP-43; 
(Arai et al. 2006; Neumann et al. 2006) and FUS/TLS (Kwiatkowski et al. 2009; Vance et al. 
2009) causative mutations which are both involved in pre-mRNA splicing, RNA transport and 
RNA translation, led to the idea that aberrant RNA metabolism contributes to ALS 
pathogenesis (Lagier-Tourenne et al. 2010; Polymenidou et al. 2012; Robberecht and Philips 
2013). More recent finding of the chromosome 9 open reading frame 72 (C9ORF72) mutation 
(DeJesus-Hernandez et al. 2011; Renton et al. 2011) let to confirmation that ALS and 
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Frontotemporal lobe degeneration (FTLD) are two ends of the spectrum of one disease 
(Robberecht and Philips 2013) what was previously  suggested by clinical (Lillo and Hodges 
2009) and pathological observations (Burrell et al. 2011) (see Fig. 9 for detailed graphical 
demonstration). 

Despite the intensive research and growing scientific and clinical interest, no cure for ALS 
exists. Current clinical therapy is limited to symptomatic treatment such as respiratory and 
nutritional management (Ikeda 2013) and to riluzole, the only FDA-approved drug that has 
been shown to have a modest effect on prolonging survival in ALS patients for ALS 
(Bensimon et al. 1994; Lacomblez et al. 1996b). Just very recently, 1st phase of ALS clinical 
trial with neural stem cells was successfully completed (Glass et al. 2012) and at the time of 
writing of this thesis, positive results of the first antisense oligonucleotide (ASO) ALS clinical 
trial where the ASOs against SOD1 were delivered intrathecally in patients with SOD1 FALS 
were published (Miller et al. 2013). These promising results are, however, just preliminary and 
therefore it is very important to further accelerate the research of ALS.  

 
2.2.1. Clinical presentation of ALS 

The clinical features of ALS are a direct consequence of the progressive loss of upper 
(UMN) and lower motor neurons (LMN), with secondary denervation and subsequent 
reinnervation of muscles. This causes that even with the disease already ongoing, the clinical 
symptoms are not detectable (Nefussy and Drory 2010). As the disease progresses, this 
compensatory mechanism fails and only at this stage of axonal degeneration and dysfunction 
the neuronal body becomes abnormal and die (Robberecht and Philips 2013) and as their 
number begins to decrease, one of the earliest symptoms of ALS may be increased fatigue. As 
the number of motor units innervating a muscle decreases further, permanent weakness 
develops and the affected muscles gradually undergo atrophy (Nefussy and Drory 2010).  

ALS has multiple presentations and these are indicative of the loss of neurons across the 
whole motor system (Mitchell and Borasio 2007). Identification of the specific phenotypes is 
very important for prognosis and survival of the patient (Kiernan et al. 2011) as  large 
differences in survival and age at disease onset exist even between individuals from one 
family, even if ALS is caused by exactly the same mutation (Robberecht and Philips 2013). 

The main presentations of ALS include: 1) limb-onset ALS (about 70%). This include: i) 
Cervical-onset with upper-limb symptoms, either bilateral or unilateral. Upper limb signs 
might be upper motor neuron (involving the limbs leads to spasticity, weakness, and brisk 
deep tendon reflexes), lower motor neuron (fasciculations, wasting, and weakness), or both. ii) 
Lumbar onset which indicates degeneration of the ventral horn α-motoneurons (αMN) of the 
lumbar enlargement and is associated with lower motor neuron symptoms (fasciculations, 
wasting, and weakness) and signs in the legs; 2) bulbar onset ALS (25%) with speech 
(dysarthria) and swallowing difficulties (dysphagia), and with limb features developing later 
in the course of the disease; 3) primary lateral sclerosis with pure UMN involvement which is 
less common; and 4) progressive muscular atrophy with pure LMN involvement (Mitchell and 
Borasio 2007; Kiernan et al. 2011). 
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The overall population-based lifetime risk of ALS is 1:400 for women and 1:350 for men. 
Peak age at onset is 58–63 years for sporadic disease and 47–52 years for familial disease 
(Kiernan et al. 2011). Because of the variety of ALS forms/presentations reflexing differential 
involvement of motor centers, the prognosis is highly related to the symptoms observed. 
Reduced survival is associated with older age at onset, early respiratory problems and bulbar-
onset of the disease. Younger age at onset and limb-onset of the disease predict longer 
survival. Nonetheless, ALS is uncompromisingly progressive and 50% of patients die within 
30 months of symptom onset and about 20% patient survive between 5-10 years after the onset 
(Talbot 2009).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

Fig. 9. ALS-FTLD genes plotted to show phenotype, year of discovery and importance gauged 
by research outputs. 
The X axis is a score representing the involvement of each gene in ALS or FTLD (-4 being FTLD, 0 
being ALS-FTLD, and +4 ALS/MND based on evidence from the ALSoD database 
(http://alsod.iop.kcl.ac.uk), PubMed, peer-reviewed publications and case studies. The Y axis 
represents year of mutation identification. The circle size represents the level of research on each gene 
scaled by the logarithm of the number of articles from PubMed retrieved by the search command 
(((\GENE[[Title/Abstract]) AND amyotrophic lateral sclerosis[ Title/Abstract]) AND frontotemporal 
dementia[Title/ Abstract]) AND genetics[MeSH Subheading]. Taken and modified from Al-Chalabi et 
al. 2012 and further modified according to Robberecht and Philips 2013.  

FTLD  FTLD-MND  ALS-FTLD    ALS-Ci/Bi          ALS 
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15% ALS patients have also frontotemporal dementia (FTD; behavioral variant of 
frontotemporal lobe degeneration (FTLD)) (Ringholz et al. 2005; Lillo and Hodges 2009) with 
TDP-43 positive inclusions in cortical neurons (Neumann et al. 2006; Davidson et al. 2007; 
Mackenzie et al. 2007) (whereas at least 50% ALS patients have evidence for more subtle 
cognitive and/or behavioral dysfunction (Ringholz et al. 2005)) and 15% of the patients with 
FTLD have also ALS and many more FTLD patient have evidence of lower motor neuron 
involvement (Lomen-Hoerth et al. 2002; Burrell et al. 2011). This suggests that ALS and 
FTLD are two ends of the spectrum of one disease (Kiernan et al. 2011; Robberecht and 
Philips 2013). FUS-positive inclusions have been recently identified in FTLD patients with 
ubiquitin-positive, TDP43-negative FTLD and in patients with FALS caused by mutations in 
FUS (Neumann et al. 2009a) further emphasizing the pathological overlap between ALS and 
FTD. Finally, the identification of a common cause for ALS and FTLD — the chromosome 9 
open reading frame 72 (C9ORF72) mutation (DeJesus-Hernandez et al. 2011; Renton et al. 
2011) — confirmed this clinical and pathological concept. Patients for which there is clinical 
evidence for both disorders are said to have ALS-FTLD. Many patients with ALS show some 
cognitive or behavioural changes but do not meet the criteria for FTLD: they are said to have 
ALS‑Ci/Bi (ALS with cognitive or behavioral impairment). Patients with FTLD can similarly 
show evidence of mild motor neuron involvement (clinically or on electromyographs) without 
developing ALS: they are said to have FTLD-MND. Some patients have pure ALS or FTLD 
(Robberecht and Philips 2013) (Fig. 9). 

 
2.2.2. Neuropathology in ALS  

The pathophysiological mechanisms underlying the development of ALS seem to be 
multifactorial with evidence of a complex interaction between genetic and molecular pathways 
(Kiernan et al. 2011) but the causes of most cases of ALS remain undefined (Pasinelli and 
Brown 2006). The pathological hallmark of ALS is the degeneration of upper and lower motor 
neurons. As it was first depicted by Jean-Martin Charcot involvement of the upper motor 
neurons results in axonal degeneration and secondary loss of myelin in the lateral spinal cord  
(=Amyotrophic lateral sclerosis). However, not all motor neurons are affected. Oculomotor 
neurons and neurons in Onuf’s nucleus (sacral motor neurons innervating sphincter muscles of 
the anus and urethra in humans) are unaffected in ALS (Kanning et al. 2010). It has also been 
noted that large motor neurons are more vulnerable than smaller ones (Frey et al. 2000). These 
large motor neurons with fast type axons/synapses/motor units (FF; fast-fatiguable) have large 
fields of innervation and limited sprouting capacity. On the other hand, small slow-fatiguable 
(SF or S) tonic motor neurons innervating small neuromuscular fields with notable sprouting 
capacity are most resistant in ALS and survive until end-stage in the mutant SOD1G93A mouse 
(Pun et al. 2006). 

Degenerating neurons in ALS were found to contain various inclusion bodies and/or 
protein aggregates: i) ubiquitinated Lewy body-like or Skein-like inclusions (Leigh et al. 
1991) are generally considered as a hallmark of pathology in ALS (Al-Chalabi et al. 2012); ii) 
Bunina bodies (cystatin C-containing inclusion) (Okamoto et al. 2008), and iii) accumulation 
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of phosphorylated neurofilaments (Pasinelli and Brown 2006). New discovered mutations in 
the genes coding TDP-43 and FUS/TLS lead to more or less ubiquitin positive cytoplasmic 
inclusions which are SOD1 negative (Arai et al. 2006; Neumann et al. 2006; Igaz et al. 2008; 
Kwiatkowski et al. 2009; Munoz et al. 2009; Neumann et al. 2009a; Vance et al. 2009; 
Tateishi et al. 2010). Interestingly, FUS/TLS are not TDP43 positive (Vance et al. 2009; 
Tateishi et al. 2010) (see Fig. 10 for aggregation in ALS). Another apparent pathological 
feature of ALS is fragmentation of Golgi apparatus (Okamoto et al. 2010).  

In addition, it is now well established that reactive astrogliosios (Vargas and Johnson 
2010) and microgliois (Boillee et al. 2006b) and impaired functions of glial cells in general 
(Neusch et al. 2007), as well as active secretion of yet unknown toxic agents from astrocytes 
contributes to ALS pathology (Nagai et al. 2007; Haidet-Phillips et al. 2011). Schwann cells 
were also shown to be involved (Lobsiger et al. 2009) and recent data about oligodendrocyte 
dysfunction in ALS (Kang et al. 2013; Philips et al. 2013) just underlined that the ALS is 
complex and systemic disease affecting every single cell type in the CNS and beyond. 
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Fig. 10 Aggregation in ALS. (A, B) Ubiquitin staining of spinal motor neurons from a case of SOD1 
FALS due to the G85R mutation. The lesions resemble skein-type neuronal cytoplasmic inclusions 
rather than neurofilament conglomerates and were negative for neurofilament staining (bar 50 μm). (C, 
D) ALS patient with C9orf72 repeat expansion showing D) the CA4 region of the hippocampus with 
numerous p62 positive (TDP-43 negative) star-like neuronal cytoplasmic inclusions and an 
intranuclear inclusion (inset); C) Numerous p62 positive (TDP-43 negative) neuronal cytoplasmic 
inclusions are seen in the granular layer of the cerebellum (anti-p62) (scale bar (D) 40μm). (E, F) FUS 
immunostaining of spinal ventral horn showing normal nuclear staining (E) and a cell containing 
cytoplasmic accumulation of FUS (F) (bar 50 μm). (G, H) SOD1 pathology. Anterior horn neuron in 
the spinal cord of a woman with SOD-1 mutation showing cytoplasmic immunopositivity for p62 (G) 
and immunonegativity for TDP-43 (H) in the same neuron (anti-p62 and TDP-43) (scale bar 40 μm). I) 
‘‘Lewy-like hyaline inclusion’’ body in a spinal motor neuron. Despite the superficial resemblance to 
a Lewy body such lesions are immunoreactive to TDP-43 and not to a-synuclein. (bar 50 μm). J) 
Spinal ventral horn in ALS/MND p62 staining of a skein type inclusion (bar 50 μm). Taken and 
modified from Ince et al. 2011; and from Al-Chalabi et al. 2012. 
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2.2.3. SALS vs FALS 

Based on the genetic background of the disease, ALS can be classified into two categories: 
familial ALS (FALS) and sporadic ALS (SALS) which are clinically very similar (Rothstein 
2009). Most of the ALS cases (classic adult-onset) occur as SALS and only about 10% of 
patients are diagnosed as having FALS (Rothstein 2009; Nefussy and Drory 2010; Haidet-
Phillips et al. 2011) which is probably overestimation as it was revealed by a recent meta-
analysis which showed that FALS represent approx. 5% of the case (Byrne et al. 2011). SALS 
is defined as having no family history of the disease (Robberecht and Philips 2013). ALS is 
considered to be familiar if one or more relatives are diagnosed by ALS (Sabatelli et al. 2013), 
but no consensus exists on standard definition criteria for FALS (Byrne et al. 2012).  

FALS is mostly hereditary (Table 2) and almost always autosomal dominant with rare 
occurrence of X‑linked or recessive disease (Ince et al. 2011). The most common mutations 
causing FALS are found in the genes coding i) copper/zinc superoxide dismutase 1 (SOD1) 
which represents approx. 20% of FALS cases, ii) TAR DNA-binding protein 43 (TDP-43) 
responsible for ~1-5%, iii) FUS (fused in sarcoma) or TLS (translocation in liposarcoma) 
(FUS/TLS) for ~1-5% and the mutation in iv) Chromosome 9 open reading frame 72 
(C9ORF72) is the cause of FALS in about 40-50% cases (Robberecht and Philips 2013). All 
these four mutations are, to some extent, also known to be responsible for SALS (McGoldrick 
et al. 2013). Incomplete family history, de novo mutations and incomplete penetrance are 
some of the common reasons for misclassification between SALS and FALS but as all genes 
mutated in FALS have also been found mutated in patients without a family history, it is worth 
considering if the classification of sporadic versus familial disease is biologically justified 
(Nefussy 2013). 
 
2.2.4. Animal models of ALS 

Taking into account the historical sequence of the discovery of major FALS causing 
mutations, SOD1 animal models are the most commonly used models in ALS research and 
drug discovery (Turner and Talbot 2008; McGoldrick et al. 2013). The subsequent 
identification of mutations in TDP-43 and FUS/TLS genes led to recent generation of a great 
battery of novel ALS rodent models (McGoldrick et al. 2013), however, the validity of these 
models for ALS research remains to be demonstrated (Robberecht and Philips 2013). Because 
our work was primarily focused on stem cell-based therapy in SOD1G93A rat, just short 
description of mouse models is provided with the greatest emphasis on SOD1G93A animal 
models. Detailed description of ALS animal models can be found elsewhere (Turner and 
Talbot 2008; Kanning et al. 2010; McGoldrick et al. 2013). 

 
2.2.4.1. SOD1 models of ALS 

Soon after the discovery of SOD1 mutations (chromosome 21q22.11) in FALS (Rosen et 
al. 1993) first transgenic animal (mouse) model of ALS (SOD1G93A) was generated (Gurney et 
al. 1994). This mouse expresses human SOD1 promoter driven SOD1G93A (approx. 20-24 
copies) (Gurney et al. 1994). About 21 SOD1 rodent models were developed to date 
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(McGoldrick et al. 2013). Despite vast differences in transgene copy number, steady-state 
transcript and protein levels, dismutase activity and neuropathology, the introduced mutations 
induce fatal-ALS like symptoms with different disease latencies and progression rates (Turner 
and Talbot 2008). Transgenic SOD1G93A mice (see Fig. 11 for detailed course of the disease) 
are the most frequently used mouse ALS models followed by SOD1G37R, SOD1G85R and 
SOD1G86R  mice (see Table 2 for list of the SOD1 ALS mouse models). Similarly, SOD1G93A 
rats are the most employed rat ALS models (Turner and Talbot 2008). SOD1WT mouse models 
and SOD1 KO&null models were also generated and these models showed that i) 
overexpression of wild-type SOD1 leads to axonal loss and motor neuron degeneration in 
spinal cord of aged animals (Jaarsma et al. 2000; Jonsson et al. 2006) and that ii) KO of wild-
type SOD1 in SOD1 null mice causes striking age-depended denervation of hind limb muscles 
(Fischer and Glass 2007) and skeletal muscle atrophy (Muller et al. 2006).   

SOD1 transgenic rat models were generated relatively recently and provide obvious 
advantage of the body and mainly CNS size. Two different human SOD1 mutations 
(SOD1G93A and SOD1H46R) induced ALS-like phenotypes (Nagai et al. 2001; Howland et al. 
2002). Transgenic rat were generated by two different groups of Yasuto Itoyama at Tohoku 
University in Japan (Nagai et al. 2001) and Don W. Cleveland at UCSD (Howland et al. 
2002). Rats from these two groups express different levels of mutant SOD1 protein and 
therefore display different phenotypes.  

ALS-like phenotype of the Cleveland’s SOD1G93A (L26H) ALS transgenic rat can be 
shortly described as follows: i) in presymptomatic stage, no overt motor neuron loss is 
evident; ii) the appearance of vacuoles in lumbar motor neurons as well as gliosis precede both 
motor neuron loss and clinical signs of disease in rats (Howland et al. 2002); iii) our group 
recently discovered that the appearance of first muscle fibrillations (indicator of muscle 
denervation) in electromyography measurements (EMG) of gastrocnemius muscle precedes 
the 10% body weight loss time point (commonly used as a disease onset point in studies using 
this ALS rat model) by approx. 14 days and provide a highly sensitive and early index of 
disease onset and is defined by the presence of both spinally mediated hyper-reflexia and 
muscle denervation and corresponds with a significant loss of spinal interneurons and α-
motoneurons (10% loss) (Hruska-Plochan et al. manuscript in prep); iv) ongoing rapid 
decrease of α-motoneuron numbers which at 10% body weight loss reach 70% and which is 
accompanied by axon degeneration, myelin ovoids, macrophage infiltration, ubiquitin and 
mSOD1 aggregates, aberrant accumulation of neurofilaments and loss of EAAT2 in ventral 
horn gray matter astrocytes (Howland et al. 2002); v) rapid decline and muscle atrophy 
leading to hindlimb (later also forelimb) paralysis, respiration difficulties and death (Howland 
et al. 2002). This rapid progression and severity of the disease phenotype is in contrast to the 
slower progression of disease and higher levels of mutant SOD1 protein observed in 
SOD1G93A transgenic mice (G1H and G1L) where disease duration approached 60–70 days 
(Gurney et al. 1994; Dal Canto and Gurney 1995; Dal Canto and Gurney 1997). Thus, the 
rapid progression of disease in the SOD1G93A transgenic rats seems not to be just a simple 
function of expression levels but rather may be characteristic of a species difference in the 
presentation of clinical phenotype (Howland et al. 2002). 
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SOD1 mutant SOD1 activity 
(fold) 

Disease onset 
(months) 

Disease 
duration 

 

Reference 

SOD1A4Va nd 8 3 (Deng et al. 2006) 
SOD1G37R 14.5 4-6 nd (Wong et al. 1995) 
SOD1H46R nd 5 1 (Chang-Hong et al. 

 SOD1H46R/H48Q 0 4-6 nd (Wang et al. 2002) 
SOD1H46R/H48Q/H63G/H120G 0 8-12 nd (Wang et al. 2003) 
SOD1L84V nd 5-6 1 (Tobisawa et al. 2003) 
SOD1G85R 0 8-14 0.5 (Bruijn et al. 1997b) 
SOD1G86Rb 0 3-4 1 (Ripps et al. 1995) 
SOD1D90A 6-8 12 2 (Jonsson et al. 2006) 
SOD1G93A 11 3-4 1-2 (Gurney et al. 1994) 
SOD1I113T nd 12 2 (Kikugawa 2000) 
SOD1L126X nd 7-9 nd (Wang et al. 2005a) 

nd 11 0.75 (Deng et al. 2006) 
SOD1L126delTT 0 15 1 (Watanabe et al. 2005) 
SOD1G127X 0 8 0.25 (Jonsson et al. 2004) 
Table 2. Transgenic mutant SOD mouse models. Taken and modified from Turner and Talbot 2008 
nd: not described; a Double transgenic for SOD1WT. b Murine transgene. 
  

However, even after 20 years of intensive research using the great spectrum of SOD1 
rodent models, understanding of how SOD1 mutations lead to selective premature death of 
motor neurons remains vague (Lagier-Tourenne and Cleveland 2009; McGoldrick et al. 2013).  

Because of the large number of mutations responsible for FALS and in some instances 
SALS, we had primarily focused on the description of pathology which is associated with 
mutant SOD1 as i) the SOD1 mutations were the first identified cause of FALS and thus the 
majority of ALS research was done in SOD1 animal models and ii) ALS research in our lab is 
mainly performed on SOD1G93A transgenic rats. We also describe some other mutations with 
major contributions to FALS and SALS. 

 
2.2.5. SOD1 mutations 

11 missense mutations in the Cu+2/Zn+2 superoxide dismutase 1 (SOD1) gene were first 
described in 1993 (Rosen et al. 1993). Mutations in this antioxidant gene are associated with 
about 20% of FALS (Boillee et al. 2006a). SOD1 is an enzyme composed of 153 amino acids, 
encoded by 5 exons and is involved in free radical scavenging, in which more than 150 
different mutations (almost all dominant) have been reported to be pathogenic (Robberecht 
and Philips 2013). The mutations encompass all coding regions of the gene affecting over 70 
positions with preponderance for exons 4 and 5. One zinc and two copper binding residues are 
targeted by the mutations, in addition to all four cysteines. Interestingly, glycine-93 appears 
particularly vulnerable, since it is point mutated to all six possible residues in FALS (Turner 
and Talbot 2008). Most are missense mutations, but a few truncation mutations at the very C‑
terminal part of the protein have been reported, suggesting that most of the molecule must be 
present for it to have its pathogenic effect (Robberecht and Philips 2013).  
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SOD1-linked FALS is clinically heterogeneous both within and between affected families, 
hampering efforts to correlate disease onset and severity with mutation. However, the most 
severe and prevalent mutation in America, A4V, reliably predicts short survival (Cudkowicz 
et al. 1997), while D90A, the most common SOD1 mutation worldwide and in the sporadic 
population, correlates with non-penetrant, recessive or slowly progressive disease (Andersen 
et al. 1995; Hand et al. 2001). Some SOD1 mutations do not cause ALS and carriers can 
remain asymptomatic throughout life, suggesting that not all SOD1 mutations cause ALS and 
some are rather polymorphisms (Turner and Talbot 2008). 

 
2.2.5.1. SOD1 pathology 

SOD1 is an ubiquitous homodimer which becomes misfolded when mutated and is 
primarily found in motor neurons and glial cells of the spinal cord (Pasinelli and Brown 2006; 
Nagai et al. 2007; Al-Chalabi et al. 2012). Its main physiological function is to protect cells 
from oxidative damage by metabolizing superoxide radicals (Gurney et al. 1994) but it also 
has additional enzymatic functions including peroxidation, nitration, copper buffering, 
phosphatase activation, zinc homeostasis, thioloxidation and immunomodulation (reviewed in 
(Turner and Talbot 2008).  

Wild-type SOD1 that is oxidized also misfolds, it is aggregation-prone (Rakhit et al. 2002) 
and toxic to motor neurons (Ezzi et al. 2007) which suggest a role for wild-type SOD1 in 
SALS, possibly after secondary (oxidative) modification (Robberecht and Philips 2013). 

Mutant SOD1 misfolds and is targeted for degradation through ubiquitination and seems to 
have toxic effects on the cell proteostasis machinery, impairing its two major components: the 
UPS and autophagy (Bendotti et al. 2012; Chen et al. 2012). Increase in autophagosomes has 
been detected in motor neurons in the spinal cord of patients with ALS and of rodent models 
(Morimoto et al. 2007; Sasaki 2011). Mutant SOD1 accumulates as oligomers and later as 
aggregates which are ubiquitinated, which lead to a stress response (Robberecht and Philips 
2013) in both SALS and FALS (Rothstein 2009). Intracellular aggregates may mediate motor 
neuron degeneration through several mechanisms, including sequestration of essential cellular 
components (Bruijn et al. 1998), reduced chaperone activity (Bruening et al. 1999) and 
impaired capacity of the UPS (Niwa et al. 2002) (see Fig. 12 for SOD1 ALS pathogenesis). 
Furthermore, recent findings suggest that mutant misfolded SOD1 may trigger prion-like 
aggregation of normal wilt-type SOD1 (Polymenidou and Cleveland 2011).  

 

2.2.6. TDP-43 mutations 

In 2006, 43 kDa TAR DNA-binding protein (TDP-43) was identified as a major 
component of ubiquitinated protein aggregates found in the in the cytoplasm and nucleus of 
both neurons and glial cells in many patients with sporadic ALS and/or FTLD (Arai et al. 
2006; Neumann et al. 2006). Identification of dominant mutations in the TDP-43 coding gene 
TARDBP as a primary cause of ALS provided evidence that aberrant TDP-43 can directly 
cause neurodegeneration (Kabashi et al. 2008; Rutherford et al. 2008; Sreedharan et al. 2008; 
Van Deerlin et al. 2008; Yokoseki et al. 2008). All the mutations are dominant missense  
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changes with the exception of a truncating mutation at the extreme C-terminal of the protein 
(Y374X) (Daoud et al. 2009). Abnormal accumulation of hyperphosphorylated, ubiquitinated 
and N-terminally truncated TDP-43 missing their nuclear targeting domain is the pathological 
hallmark in most familial and sporadic forms of ALS and FTLD-U (Neumann et al. 2009a).  

As under normal conditions, TDP-32 is mainly localized within the nucleus, partial 
clearance of TDP-43 from the nuclei of neurons containing cytoplasmic aggregates suggest 
that the pathogenesis could be a result of loss of function of TDP43 (Lagier-Tourenne et al. 
2010). TDP-43 inclusions are not restricted to motor neurons but can be widespread in brain in 
ALS patients with or without dementia (Geser et al. 2008; Van Deerlin et al. 2008; Yokoseki 

Fig. 11 Time course of neurodegeneration in the SOD1G93A mouse model of amyotrophic lateral 
sclerosis (ALS). The diagram provides an overview of the complex ballet of cellular and molecular 
mechanisms that lead over six months to the death of this severe model of ALS. Many changes occur 
before muscle strength is reduced by half, including initial alterations in electrophysiology and 
behavior followed by ubiquitination and ER stress in susceptible FF motor neurons leading to axonal 
dieback and microgliosis and astrogliosis in the spinal cord. These are accompanied by subcellular 
changes such as Golgi fragmentation and mitochondrial swelling. During the following months, these 
changes become exacerbated and generalized to other motor units, leading to extensive motor neuron 
loss and muscle paralysis. Indicated stages (scale in days) represent those in the G93A high-expressor 
line. Some parameters have not been studied at earlier stages, so the indicated dates represent the 
latest possible onset. The overall layout progresses from systemic and behavioral changes on the left 
toward molecular and cellular changes in motor units on the right. Taken from Kanning et al. 2010. 
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et al. 2008) and interestingly, the composition of TDP-43 inclusions seems to differ between 
cortical brain and spinal cord in ALS patients (Igaz et al. 2008; Neumann et al. 2009a). 

 
2.2.7. FUS/TLS mutations 

Mutations in another RNA/DNA binding protein, FUS/TLS (fused in sarcoma/translocated 
in liposarcoma), were discovered 3 years later and were identified as a primary cause of 
familial ALS (Kwiatkowski et al. 2009; Vance et al. 2009). Most are missense mutations with 
a few exceptions (Belzil et al. 2009; Kwiatkowski et al. 2009; DeJesus-Hernandez et al. 2010). 
The inheritance pattern is dominant except for one recessive mutation (H517Q) (Kwiatkowski 
et al. 2009). The site and age of disease onset are variable within families and incomplete 
penetrance of several FUS/TLS mutations (Kwiatkowski et al. 2009; Blair et al. 2010; Groen 
et al. 2010; Hewitt et al. 2010) may help to explain the absence of family history in sporadic 
patients  (Belzil et al. 2009; Corrado et al. 2010; Lai et al. 2011; Sproviero et al. 2012) as well 
as de novo mutations (Zou et al. 2013).  

Similar to TDP43, FUS/TLS is mainly nuclear, with lower levels of cytoplasmic 
accumulation detected in most cell types (Andersson et al. 2008). Brains and spinal cord from 
patients with FUS/TLS mutations revealed abnormal FUS/TLS cytoplasmic inclusions in 
neurons and glial cells (Kwiatkowski et al. 2009; Vance et al. 2009; Tateishi et al. 2010) 
which are immunoreactive for FUS/TLS and ubiquitin but strikingly not for TDP-43 (Vance et 
al. 2009; Tateishi et al. 2010). FUS/TLS and ubiquitin positive and TDP-43 negative 
inclusions were later identified in different in FTLD and ALS patients (Munoz et al. 2009; 
Neumann et al. 2009b; Woulfe et al. 2010). FUS/TLS nuclear staining was occasionally 
reduced in neurons bearing cytoplasmic inclusions, but this pattern was less obvious than in 
TDP-43 proteinopathies (Vance et al. 2009; Tateishi et al. 2010). 

TDP-43 and FUS/TLS mislocalizations and/or aggregations have now been observed in a 
large number of disorders, leading to a new nomenclature for such diseases: TDP-43 and 
FUS/TLS proteinopathies (Lagier-Tourenne et al. 2010). They are both structurally close to 
the family of heterogeneous ribonucleoproteins (hnRNPs) and have been involved in multiple 
levels of RNA processing including transcription, splicing, transport and translation (Lagier-
Tourenne et al. 2010; Robberecht and Philips 2013). 

 
2.2.8. C9ORF72 mutations 

ALS-causing nucleotide repeat expansion mutations of the chromosome 9 open reading 
frame 72 (C9ORF72) were recently identified (DeJesus-Hernandez et al. 2011; Renton et al. 
2011). C9ORF72 contains a GGGGCC hexanucleotide (G4C2) sequence that is located 
between two transcription initiation sites. In most normal individuals, the G4C2 sequence is 
repeated mostly two-to-five times. An abnormal expansion of this sequence is found in about 
40% of families with ALS and in about 7% of patients with supposed SALS (Majounie et al. 
2012; Mok et al. 2012). The length of the expanded repeat is still uncertain but may consist of 
several hundreds or even thousands of repeats. This expansion is also found in patients with 
FTLD without ALS (DeJesus-Hernandez et al. 2011; Renton et al. 2011; Majounie et al. 
2012). The penetrance of the mutation is probably 50% around the age of 60 years and nearly 
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100% above the age of 80 years (Majounie et al. 2012). The normal function of the 
presumably cytoplasmic protein C9ORF72 is unknown (Robberecht and Philips 2013). 

 
2.2.9. Pathological mechanisms in ALS 

The pathogenic mechanisms in ALS are multifactorial and still not fully determined. As 
vast majority of the research conducted over the past 20 years was predominantly performed 
on the models expressing mutant SOD1, this short overview is accordingly focused on disease 
caused by mutant SOD1 (Fig. 12). Detailed time course of neurodegeneration in the SOD1G93A 
mouse model is shown in Fig. 11. 

 
2.2.9.1. Oxidative stress 

Oxidative stress causes structural damage and changes in redox-sensitive signaling. It’s 
caused by an imbalance between the generation and removal of reactive oxygen species 
(ROS), and/or by a reduction in the ability of the biological system to remove or repair ROS-
induced damage. It was proposed that the mutant SOD1 toxicity is mediated by oxidative 
damage as mutation-induced structural changes in the mutant SOD1 protein could expose the 
active copper site to aberrant substrates (Beckman et al. 1993). The peroxidase hypothesis 
suggested that mutations in SOD1 catalyzed copper-mediated conversion of hydrogen 
peroxide to reactive hydroxyl radicals, promoting further oxidative damage (Wiedau-Pazos et 
al. 1996).  Peroxynitrite was also supposed to be a substrate candidate for mutant SOD1 as 
increased levels of 3-nitrotyrosine, a marker for peroxynitrite-mediated oxidative damage, 
have been reported in SOD1 mice and in ALS patients (Beal et al. 1997; Bruijn et al. 1997a; 
Ferrante et al. 1997). Moreover, elevated levels of oxidative damage to proteins, lipids and 
DNA (Shaw et al. 1995; Fitzmaurice et al. 1996; Shibata et al. 2001) have been found in 
postmortem tissue from SALS and SOD1 FALS cases. Mutant SOD1 in microglia increases 
NADPH oxidase (NOX)-mediated superoxide resulting in prolongation of ROS production 
(Harraz et al. 2008). NOX2 expression is increased in mutant SOD1 mice and in the CNS of 
patients with ALS, and survival of SOD1G93A mice is extended by knockout of Nox1 or Nox2 
(Wu et al. 2006; Marden et al. 2007; Carter et al. 2009). 

 
2.2.9.2. Mitochondrial dysfunction 

Mitochondria have a central role in intracellular energy production, calcium homeostasis 
and control of apoptosis. Defective respiratory chain function associated with oxidative 
damage to mitochondrial proteins and lipids has been found in tissue from patients with ALS 
and in mutant SOD1 models (Mattiazzi et al. 2002; Wiedemann et al. 2002). In SOD1 mice, 
the mutant protein aggregates in vacuoles in the mitochondrial intermembrane space (Wong et 
al. 1995) and it has been shown that calcium buffering is impaired in mitochondria purified 
from the CNS (Damiano et al. 2006). Furthermore, mutant SOD1 mitochondrial morphology 
has been observed in skeletal muscle and spinal motor neurons from patients with ALS 
(Sasaki and Iwata 2007). Axonal transport of mitochondria is impaired in experimental models 
of ALS which most likely leads to dying back axonopathy in ALS (De Vos et al. 2008). As 

   38 
 



creatine in SOD1G93A mice delayed the onset of motor deficits and increased survival of motor 
neurons (Klivenyi et al. 1999), dysregulated energy metabolism is likely to contribute to motor 
neuron dysfunction in ALS. Involvement of mitochondria in apoptotic pathway is described 
below. 

 
2.2.9.3. Apoptosis 

It has been shown that the programmed cell death in mutant SOD1 ALS mouse models is 
executed via the intrinsic (mitochondrial) apoptotic pathway (Mu et al. 1996; Ekegren et al. 
1999; Martin 1999; Vukosavic et al. 1999; Guegan et al. 2001). The extrinsic pathway is also 
involved as it crosstalk with the intrinsic pathway through the proteolysis of the BID (BH-3 
only protein BCL-2 family protein) and this proteolysis is initially mediated by caspase-1 and 
not by caspase-8 (Guegan et al. 2002). The FADD/caspase-8 pathway is indeed involved in 
Fas-triggered motoneuron death, since cell death can be prevented by the caspase-8 inhibitor 
peptide IETD and considerably reduced by overexpression of a dominant-negative form of 
FADD (Raoul et al. 2002). Moreover, another novel Fas/Daxx/Ask/p38/nNOS pathway, 
which probably plays important role in the SOD1 ALS apoptotic induced death of α-
motoneurons, was discovered (Raoul et al. 2002; Wengenack et al. 2004). mSOD1 astrocytes 
from the mouse ALS models and astrocytes from familial and sporadic ALS patients are toxic 
to motoneurons (Nagai et al. 2007; Haidet-Phillips et al. 2011) and this effect is in part 
mediated by soluble toxic factor(s) through a BAX-dependent mechanism (Nagai et al. 2007).  

Genetic experiments demonstrated that i) overexpression of the Bcl-2 (BCL-2 family 
protein) showed therapeutic effect in mouse mSOD1 ALS models by delaying the onset of the 
disease and prolonging the lifespan (Kostic et al. 1997; Vukosavic et al. 2000); ii) deletion of 
PUMA (BH-3 only BCL-2 family protein) delayed motoneuron degeneration and disease 
progression in a mouse SOD1 ALS model (Kieran et al. 2007); iii) deletion of the BAX alone 
in the mouse SOD1 ALS model prolongs animal survival, blocks α-motoneuron degeneration 
and reactive gliosis and delays neuromuscular denervation (Gould et al. 2006) and that iv) 
combined BAX and BAK deletion halts neuronal loss, prevents axonal degeneration, symptom 
onset, weight loss, and paralysis and extends survival by approximately 21% in the mouse 
SOD1 ALS model (Reyes et al. 2010). Therefore, proteins upstream to caspases represent 
potential therapeutic targets. 

 
2.2.9.4. Glutamate excitotoxicity 

Glutamate is the main excitatory neurotransmitter in the CNS. Excitotoxicity, the neuronal 
injury resulting from excessive activation of glutamate receptors, may be caused by increased 
synaptic levels of glutamate, or by increased sensitivity of the postsynaptic neuron to 
glutamate, resulting from alterations in neuronal energy homeostasis or glutamate receptor 
expression (Van Damme et al. 2005). Disruption of intracellular calcium homeostasis, with 
secondary activation of proteolytic and ROS-generating enzyme systems, perturbation of 
mitochondrial function and ATP production are the key components of excitotoxicity 
(Arundine and Tymianski 2003). Several other findings in the mSOD1 model also point 
towards a role for excitotoxicity in ALS pathology, including altered electrophysiological 
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properties and increased sensitivity of motor neurons to excitotoxicity (Meehan et al. 2010), 
altered AMPA receptor subunit expression, reduced expression and activity of EAAT2 
(Howland et al. 2002; Boston-Howes et al. 2006) and increased glutamate efflux from spinal 
cord nerve terminals (Milanese et al. 2011). Ameliorating excitotoxicity by the drug riluzole, 
which has several effects including inhibition of presynaptic glutamate release, is the only 
strategy that has so far slowed disease progression in ALS (Bensimon et al. 1994; Lacomblez 
et al. 1996a; Lacomblez et al. 1996b; Cheah et al. 2010). 

 
2.2.9.5. Protein aggregation 

As we have described before, mutations in several genes in ASL (mainly in SOD1, TDP-
43 and FUS coding genes) lead to expression of misfolded proteins which aggregate and are 
most of the times polyubiquitinated and thus form distinctive inclusions in the ALS brain and 
spinal cord. Proteins found in aggregates in ALS provide several important clues about the 
disease pathogenesis. Loss of nuclear TDP-43 and/or aggregation of the protein in cytoplasmic 
inclusions may be key pathogenic processes in both SALS and FALS (Robberecht and Philips 
2013). The neurofilamentous pathology suggests that neurofilament dysfunction is important 
in some forms of ALS. The increase in phosphorylated neurofilament epitopes in motor 
neuron perikarya may contribute to the observed slowing of axonal neurofilament transport 
(Ackerley et al. 2003). 

 
2.2.9.6. Neuroinflammation 

Activated microglia and infiltrating lymphocytes indicate an inflammatory component in 
the CNS pathology of ALS (Henkel et al. 2004). Proinflammatory mediators including mono-
cyte chemoattractant protein 1 and IL-8126 are present in the CSF of patients with ALS, and 
biochemical indicators of immune-response activation are present in the blood (Mantovani et 
al. 2009). In ALS there is a complex interplay between microglia and T cells that modify the 
rate of disease progression in a way that is not seen in other neurodegenerative disorders 
(Lewis et al. 2012; Gentleman 2013). Reduced counts of CD4+CD25+ regulatory T (TREG) 
cells and monocytes (CD14+ cells) are detected early in ALS, suggesting recruitment of these 
cells to the CNS early in the neurodegenerative process. TREG cells interact with microglia, 
attenuating neuroinflammation by stimulating secretion of anti-inflammatory cytokines 
(Kipnis et al. 2004). Correspondingly, microglia isolated from the mutant SOD1 mouse had a 
neuroprotective phenotype at disease onset whereas those isolated from end-stage disease 
animals had a classical neuroinflammatory phenotype (Liao et al. 2012). Astrocyte activation 
plays a central part in inflammation, and mutant SOD1 astrocytes secrete inflammatory 
mediators, including prostaglandin E2, leukotriene B4, and nitric oxide under both basal and 
activated conditions (Hensley et al. 2006). 

 
2.2.9.7. Endoplasmic reticulum stress 

It is believed that some misfolded proteins, such as mutant SOD1, are sent to the 
endoplasmic reticulum (ER), even though they lack the proper signal peptide for the 
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translocation. The excess of misfolded proteins in the ER may cause an ER-associated protein 
degradation response, which leads to ER-stress. This stress, in turn, may activate ER stress-
related cell death signaling pathways, including apoptosis (Kikuchi et al., 2006). Consistent 
with these findings, an up-regulation of ER stress-related genes in vulnerable motor neurons 
of presymptomatic transgenic mutant SOD1 mice has been found (Saxena et al., 2009). 

 
2.2.9.8. Impaired axonal transport 

Neurofilaments are the most abundant cytoskeletal proteins in motor neurons and play a 
key role in stimulating axonal growth and in determining axonal diameter (Rothstein 2009). 
Aberrant accumulation of neurofilaments in the cell body and proximal axons of motor 
neurons is described as a hallmark of ALS (Xu et al. 1993). Importantly, neurofilament 
accumulation was increased in motor neuron cell bodies and decreased in axons. Thus, 
perikaryal accumulation of neurofilaments may counterbalance mutant SOD1 toxicity by 
buffering against damaging intracellular events, such as excessive calcium levels (Couillard-
Despres et al. 1998) or hyperphosphorylation of neuronal substrates by cyclin-dependent 
kinase 5 (Nguyen et al. 2001). 

 
2.2.9.9. Glial Cell Pathology 

Growing number of studies support the hypothesis that selective degeneration of motor 
neurons in ALS is not a cell-autonomous process (Di Giorgio et al. 2007; Nagai et al. 2007; Di 
Giorgio et al. 2008; Marchetto et al. 2008; Ferraiuolo et al. 2011; Robberecht and Philips 
2013). First, defects in astroglia-specific glutamate transporters were identified in a large 
percentage of sporadic ALS patients (Rothstein et al. 1995) and later in all SOD1 rodent 
models (Howland et al. 2002). Astrocytic inclusions are early indicators of SOD1 mutant 
toxicity, preceding symptom onset and increasing with disease progression (Bruijn et al. 
1997b). Mutant SOD1 astrocytes from the mouse ALS models and astrocytes from familial 
and sporadic ALS patients are toxic to motoneurons (Nagai et al. 2007; Haidet-Phillips et al. 
2011) and removal of mutant SOD1 protein from astrocytes markedly delayed disease 
progression (Yamanaka et al. 2008a), indicating that non-neuronal cells are major contributors 
to disease progression (Rothstein 2009).  

Damage within more than one cell type appears to be required, because restricted 
expression of mutant SOD1 in astrocytes (Gong et al. 2000) or motor neurons (Pramatarova et 
al. 2001) alone failed to induce motor deficits in SOD1 mice. Interestingly, when the 
expression of mutant SOD1 was active in all neurons, the ALS symptoms developed in the 
neuron specific SOD1 mouse (Jaarsma et al. 2008). The involvement of multiple cell types in 
ALS pathogenesis is supported by analysis of chimeric mice made of mixtures of wild-type 
and SOD1 mutant expressing cells (Boillee et al. 2006b; Julien 2007; Yamanaka et al. 2008a; 
Yamanaka et al. 2008b). In addition, Schwann cells were also shown to be involved (Lobsiger 
et al. 2009) and recent data about oligodendrocyte dysfunction in ALS (Kang et al. 2013; 
Philips et al. 2013) just underlined that the ALS is complex and systemic disease affecting 
every single cell type in the CNS and beyond. 
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2.2.9.10. Dysregulated transcription and RNA processing 

TDP-43 and FUS/TLS are genes that encode RNA processing proteins (Lagier-Tourenne 
and Cleveland 2009; Vance et al. 2009; Lagier-Tourenne et al. 2010). Patients with the 
FUS/TLS mutations have cytoplasmic inclusions containing FUS/TLS but not TDP-43 
(Robberecht and Philips 2013). Although TDP-43 inclusions are not observed in FUS mutant 
cases, FUS is an RNA-binding protein that is found in complexes together with TDP-43, and 
ALS-associated TARDBP mutations promote the interaction between TDP43 and FUS (Ling 
et al. 2010). TDP-43 and FUS/TLS have striking structural and functional similarities, 
implicating alterations in processing of RNA and microRNA a as a key event in ALS 
pathogenesis, although the underlying functional mechanisms remain unknown (Lagier-
Tourenne et al. 2010; Nefussy 2013). It has been recently shown that abundance of only 45 
RNAs is reduced after depletion of either TDP-43 or FUS/TLS from mouse brain, but that 
among these are mRNAs that were transcribed from genes with exceptionally long introns and 
that encode proteins that are essential for neuronal integrity. Expression levels of a subset of 
these were lowered after TDP-43 or FUS/TLS depletion in stem cell-derived human neurons 
and in TDP-43 aggregate-containing motor neurons in sporadic ALS, supporting a common 
loss-of-function pathway as one component underlying motor neuron death from 
misregulation of TDP-43 or FUS/TLS (Lagier-Tourenne et al. 2012). Furthermore, another 
ALS causing mutation, the hexanucleotide repeat expansion of the gene C9ORF72, leads to 
the loss of one alternatively spliced C9ORF72 transcript and to the formation of nuclear RNA 
foci (DeJesus-Hernandez et al. 2011). 

 
2.2.10. Therapies in ALS 

The current management of ALS is based on the recognition of the importance of 
multidisciplinary care (Nefussy 2013). Regrettably, even after more than a century of ALS 
research and a great number of experimental therapies tested on rodent models (Turner and 
Talbot 2008; McGoldrick et al. 2013), there is no cure for the disease (Nefussy 2013; 
Robberecht and Philips 2013). However, many of the symptoms that develop during the 
course of the disease are treatable and the improvement in symptomatic care of the patients 
during the last decade led to an improved rate of survival (Qureshi et al. 2009). Symptomatical 
treatment is mainly focused on respiratory management by either invasive or noninvasive 
ventilator support (Bourke et al. 2006; Heffernan et al. 2006) or by diaphragm pacing in ALS 
patients who still have some preservation of diaphragm muscle fibers (Onders et al. 2009). 
Nutritional management is also very important in management of ALS and early initiation of 
enternal tube feeding stabilizes body weight and can improve survival (Miller et al. 2009). 
Recognition of the role of glutamate excitotoxicity in sporadic disease and in animal models 
led to the development of riluzole, the only treatment to date that has been shown to 
ameliorate the course of sporadic ALS (Bensimon et al. 1994; Lacomblez et al. 1996a; 
Lacomblez et al. 1996b). 
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2.2.10.1. Neural Stem cell therapy in ALS 

 As mentioned earlier, there is good evidence that the ALS motoneuron pathology could be 
triggered by a non-cell autonomous process. Problems with glutamate excitotoxicity and 
astrocyte mediated toxicity together with obviously challenging replacement of host neurons, 
neural stem cells, particularly astrocytes precursors, appear to be the ideal source for cell-
replacement therapies in ALS.  

Accordingly, recent in vivo spinal cell grafting data provided evidence that local segmental 
enrichment with wild-type neural or astrocyte precursors leads to a certain degree of 
neuroprotection. Focal enrichment of normal astrocytes, by transplantation of fetal rat spinal 
cord-derived lineage-restricted astrocyte precursors, produced significant benefit in a rat 
SOD1G93A ALS model (Lepore et al. 2008). It was hypothesized that neuroprotection was 
mediated in part by the primary astrocyte glutamate transporter EAAT2 (GLT1 in rodents) 
which was over-expressed in grafted cells (Lepore et al. 2008). Using lumbar spinal grafting 
of human spinal neural stem cells (HSSCs), Xu et al. (2006) previously reported significantly 
higher number of persisting lumbar α-motoneurons found in treated animals (Xu et al. 2006). 
More recently, Xu et al. (2011) reported a lifespan extension of SOD1G93A rats by 17 days 
after dual cervical (C4–C5) and lumbar (L4–L5) transplantation of HSSCs (Xu et al. 2009) 
and finally, our own HSSCs cell replacement studies in the same ALS rat model confirmed the 
therapeutic potential of this approach (Hefferan et al. 2012). Just very recently, 1st phase of 
ALS clinical trial with the same neural stem cells used in previous pre-clinical studies (Xu et 
al. 2009; Hefferan et al. 2012), was successfully completed (Glass et al. 2012).  
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Fig. 12 The main current concepts in the pathogenesis of amyotrophic lateral sclerosis (SOD1 
related). The main pathogenic mechanisms occur in the motor neurons, at the neuromuscular junction, 
and in surrounding cells. Themes include glutamate-mediated excitotoxicity through upstream 
neuronal stimulation, possibly modulated by neighbouring astrocytes. In addition, there is evidence of 
protein misaggregation and mitochondrial dysfunction within the motor neuron cell body. Downstream 
axonal transport might be primarily impaired, ultimately leading to a loss of neuromuscular 
connectivity and muscle atrophy. External neuroinfl amatory (microglial) processes can be secondary, 
in response to motor neuron injury, or can have a primary pathogenic role. EAAT=excitatory amino 
acid transporter. SOD1=superoxide dismutase. VGCC=voltage-gated calcium channel. Taken from 
(Turner et al. 2009). 
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2.3. (NEURAL) STEM CELL THERAPY IN SPINAL CORD INJURY 
 
2.3.1. Spinal cord injury 

Spinal cord injury (SCI) and the consequent disabilities represent a great burden to the 
affected patients, their family, medical system and to society as whole. Neurological deficits 
after the injury are often life-long and are associated with severe disabilities. 

Reported worldwide traumatic SCI annual incidence rates are between 8 to 59 cases per 
million, with motor vehicle collisions (MVC), falls, violence and sports activities as a leading 
causes (Lin and Bono 2010; Sahni and Kessler 2010; van den Berg et al. 2010; Devivo 2012). 
The most recent report estimate that in 2007, the world-wide incidence was about 23 traumatic 
SCI cases per million (Lee et al. 2013). These data, however, substantially underestimate the 
prevalence and societal impact of SCI as a 2004 study sponsored by the Christopher and Dana 
reeve Foundation revealed that 1,275,000 people in the US have some form of SCI with costs 
to the health system estimated to be US$40.5 billion annually (Sahni and Kessler 2010). The 
notably higher incidence in the USA (25-59 cases depending on the sate) compared to Europe 
can be explained by very high rate of injuries caused by the act of violence in the USA (total 
24.1% of SCI in the USA) while in other counties injuries caused by violence are rare (Lin 
and Bono 2010). The age distribution in traumatic SCI is bimodal with a first peak for young 
adults attributable to MVC, and a second peak in elderly people aged 65 and older that can be 
mainly credited to falls (Lin and Bono 2010; van den Berg et al. 2010; Devivo 2012). 
According to the 2002 report of WHO, number of SCI caused by MVC is progressively rising 
and the cost of head and spinal cord injury is by far the largest (medical cost including post 
injury care), exceeding the combined cost per unit of all other injuries, including fatalities 
(WHO 2002). 

Clinical and experimental data on SCI show that the damage to the spinal cord which 
results in clinically defined loss of neurological function can be in general divided into two 
categories. Pathology and corresponding functional loss directly caused by the mechanical 
injury of axons and neurons at the site of injury fall into the first category, whereas the other 
category represents secondary changes induced by the injury (local edema, hematoma, 
ischemia, excitotoxicity, inflammation, demyelation and secondary axonal degeneration and 
dieback) which can develop over hours to weeks after the initial damage of the cord (for 
detailed review see (Hagg and Oudega 2006). 

Direct traumatic impact to the spinal cord causes immediate death of cells in the vicinity of 
the injury site and includes neurons, astrocytes, oligodendrocytes and endothelial cells. 
Stretching of axons can cause membrane damage and may later contribute to progressive axon 
degeneration followed by dieback of the neurons (Shi and Pryor 2002).  Soon after the injury, 
damage to local blood vessels results in hemorrhage and within few hours, injury site is 
massively infiltrated by neutrophils which together with hemorrhage lead to edema (Maier and 
Schwab 2006; Yoon and Tuszynski 2012). Cells at the injury site continue to die and increase 
level of glutamate which contributes to excitoxicity (Park et al. 2004) as well as the increase 
of free radicals (Hagg and Oudega 2006). Local and distal microglia becomes activated 
(Emery et al. 1998; Nakamura et al. 2003; Hagg and Oudega 2006; Yoon and Tuszynski 2012) 
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and oligodentrocytes further die in apoptosis (Crowe et al. 1997; Casha et al. 2001). During 
the first week, monocytes, macrophages, and T-lymphocytes start to invade the damaged area 
and their accumulation worsens necrotic events (Popovich et al. 1997; Popovich 2000; 
Bareyre and Schwab 2003).  

Scar consisting of type A pericytes-derived stromal cells (fibroblasts) (Goritz et al. 2011), 
surviving proliferating astrocytes as wells as new ependymal-derived astrocytes (Meletis et al. 
2008; Barnabe-Heider et al. 2010) is formed at the injury/impact site (Goritz et al. 2011) and 
the progressive loss of the tissue leads to formation of fluid-filled cysts (syringomyelia) (Fitch 
et al. 1999; Hagg and Oudega 2006; Yoon and Tuszynski 2012) (see Fig. 8). Wide spread 
secondary damage to the spinal cord further continue for months or even years (Hagg and 
Oudega 2006) and include apoptotic death of the cells close and distant to injury (Emery et al. 
1998), including oligodentrocytes (Crowe et al. 1997; Casha et al. 2001), which leads to 
demyelination resulting in axonal degeneration and dieback of the neurons (Kim et al. 2007; 
Meletis et al. 2008; Barnabe-Heider et al. 2010) which then ultimately leads to progressive 
atrophy of the spinal cord and formation of new and expansion of fluid-filled cysts (Hagg and 
Oudega 2006). Scar at the impact site remains present and its residing reactive astrocytes 
express extracellular axonal growth-inhibitory proteoglycans which limits potential plasticity 
(Morgenstern et al. 2002; Rhodes and Fawcett 2004; Maier and Schwab 2006; Meletis et al. 
2008). However, astrocytes shield the intact tissue from further damage and limit the 
infiltration of inflammatory cells and further demyelination (Faulkner et al. 2004). Thus, the 
large number of astrocytes at the injury site appears important to limit and restrain the 
inflammatory response, but this may be at the expense of axonal regrowth (Barnabe-Heider et 
al. 2010) (see Fig. 8). Neurological function later spontaneously recovers as a result of 
plasticity (Rosenzweig et al. 2010) and proliferation of ependymal-derived oligodendrocytes 
leading to remyelination (Meletis et al. 2008; Sabelstrom et al. 2013) to a level that depends 
on the severity of the injury. 
 
2.3.2. SCI therapy 

Based on the current knowledge of the neuropathological mechanisms behind the 
neurological dysfunction in SCI patients, the current experimental and clinical treatment 
strategies are focused on: i) improvement of local metabolism and blood flow (e.g., through 
decompression therapy and hypothermia (both regional and systemic) (Batchelor et al. 2010; 
Cappuccino et al. 2010; Dietrich et al. 2011a; Dietrich et al. 2011b; Dietrich 2012; Jones et al. 
2012; Oudega 2012), and ii) modulation of local inflammatory response (e.g., with 
methylprednisolone) (Fleming et al. 2006; Ankeny and Popovich 2009; Cappuccino et al. 
2010; David and Kroner 2011; Bracken 2012). These two strategies are commonly used in the 
clinics and showed more or less positive results (Hawryluk et al. 2008; Dietrich et al. 2011b). 

The other two therapeutic strategies are still mostly experimental with several clinical 
trials already performed and are aimed at improving the local neurotropic activity at and 
around the injury epicenter with the primary goal of increasing the survival of partially injured 
axons and/or neurons (Kim et al. 2007; Sahni and Kessler 2010; Yoon and Tuszynski 2012). 
These treatment strategies include iii) therapy based on the use of locally delivered trophic 
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factors (such as BDNF-, GDNF-, and FGF-peptides or growth factors-gene-encoding vectors) 
which can be combined or comes together with iv) fetal or embryonic stem cell-derived 
neuronal and/or glial precursors (Llado et al. 2004; Cao et al. 2005; Lu and Tuszynski 2008; 
Sahni and Kessler 2010; Yoon and Tuszynski 2012).  

 
2.3.2.1. (Neural) Stem cell therapy in SCI 

Therapeutic strategies involving transplantation of stem cells after SCI focus on the 
replacement of lost or damaged cells (mainly neurons and oligodendrocytes), provision of 
trophic support for neurons, or manipulation of the environment within the damaged spinal 
cord (trophic factors, prevention of scar and cyst formation) to facilitate axon regeneration. It 
is clear that this task is extremely challenging but, especially in the case of spinal cord, is of 
extreme importance as unlike other regions in the adult mammalian nervous system, the spinal 
cord does not possess a neurogenic niche (Kim et al. 2007; Sahni and Kessler 2010) and/or is 
not favorable for neural differentiation of ependymal-derived endogenous progenitors 
(Sabelstrom et al. 2013). 

In addition, the use of neuronal precursors for spinal grafting which leads to development 
of functional synapses between grafted neurons and the neurons of the host can serve to create 
a functional “relay” system throughout the injured spinal cord region as it has been 
demonstrated that acute grafting of fetal rat spinal cord-derived neuronal and glial-restricted 
precursors into a site of cervical dorsal column lesion leads to formation of functional 
ascending spinal relays in vivo (White et al. 2010; Bonner et al. 2011). Consistent with 
histologically and electrophysiologically validated maturation and functional incorporation of 
grafted neural cells in previously trauma-injured or chemically-lesioned spinal cord, a 
beneficial behavioral effect was also noted in several experimental studies. Acute spinal 
grafting of mouse neural precursors into the epicenter of L2 spinal cord compression injury 
improved hind-limb motor and sensory function in mice (Boido et al. 2011).  

Similarly, acutely grafted human embryonic stem cell-derived oligodendrocyte (hES-
OPCs) progenitors and/or motoneuron progenitors into a complete thoracic transection model 
resulted in partial restoration of hind-limb locomotor function and motor evoked potentials in 
rats (Erceg et al. 2010). hES-OPCs were successfully used in numerous studies of contusion 
injured rats (Faulkner and Keirstead 2005; Keirstead et al. 2005; Cloutier et al. 2006; Sharp et 
al. 2010; All et al. 2012). Acutely (2 hours) (All et al. 2012) or early after SCI (7days) 
(Faulkner and Keirstead 2005; Keirstead et al. 2005; Cloutier et al. 2006; Sharp et al. 2010) 
transplanted hES-OPCs survived, extensively migrated and led to robust remyelination 
(Cloutier et al. 2006) of surviving axons which resulted in significant improvement in 
locomotor function (Faulkner and Keirstead 2005; Keirstead et al. 2005; Sharp et al. 2010; All 
et al. 2012) whereas if transplanted 10 months after the injury, hES-OPCs survived and 
integrated into the host tissue but the cells failed to remyelinate spared axons and accordingly 
did not show any locomotor improvement (Faulkner and Keirstead 2005) suggesting that early 
cell grafting after the SCI is crucial. Another study demonstrated the potential of human 
astrocytes in a rat model of unilateral transections of the right-side dorso-lateral funiculus 
where transplanted human astrocytes (generated from human fetal glial precursor cells) 
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provided extensive benefit, including robust protection of spinal cord neurons, increased 
support of axon growth and locomotor recovery and also demonstrated the importance of 
astrocyte subpopulations (Davies et al. 2011). 

Human neural stem cells isolated from fetal brains grown as a neurospheres (hCNS-SCns) 
(Cummings et al. 2005; Salazar et al. 2010) were transplanted into the injury site of contusion 
injured mice 7 days (Cummings et al. 2005) or 30 days post SCI (Salazar et al. 2010) and 
exhibited long-term engraftment, migration, limited proliferation, and differentiation 
predominantly to oligodendrocytes and neurons and provided remyelation and locomotor 
recovery in both cases (Cummings et al. 2005; Salazar et al. 2010). Non-humane primates 
with contusive SCI grafted with human fetal spinal cord-derived neural stem/progenitor cells 
(NSPCs) cultured as neurospheres survived in the host and differentiated into neurons, 
astrocytes, and oligodendrocytes, and partially filled cavities. Moreover, the bar grip power 
and the spontaneous motor activity of the transplanted animals were significantly higher than 
those of sham-operated control animals (Iwanami et al. 2005). 

In our transplantational studies in SCI, we have extensively characterized the in vivo 
therapeutic effect after spinal grafting of cGMP-grade human fetal spinal cord-derived stem 
cells grown in monolayer (NSI-566RSCs line) using a rat spinal ischemia model and rat L3 
compression injury model. We have shown that: i) grafting of NSI-566RSCs into lumbar 
spinal cord of adult Sprague-Dawley (SD) rats with previous spinal ischemic injury is 
associated with a progressive improvement of ambulatory function which correlates with long-
term grafted cell survival and extensive neuronal differentiation (Cizkova et al. 2007) and ii) 
grafting of the same human GMP-grade fetal spinal stem cells (NSI-566RSCs) in 
immunosuppressed SD rats with L3 compression injury provided functionally-defined 
treatment effect. This treatment effect was expressed as a significant improvement in motor 
and sensory function (gait/paw placement, stretch-induced spinal hyperreflexia, and, 
mechanical and thermal sensitivity). In addition, an effective filling of trauma-induced spinal 
cavity with grafted cells was seen in HSSC-treated animals at 2 months after grafting (van 
Gorp et al. 2013 in press) (Fig. 8 B, C and Fig. 17). Using the same cell line, we have also 
demonstrated the optimal dosing protocol and safety after grafting into the lumbar spinal cord 
of immunosuppressed minipigs (Usvald et al. 2010). The dosing design defined in this pre-
clinical minipig study was then subsequently used in a recently completed Phase I human 
clinical trial in ALS patients receiving lumbar and cervical grafts of NSI-566RSCs (Glass et 
al. 2012). In a recent study using an immunodeficient rat model of complete spinal cord Th3 
transection, it was shown that NSI-566RSCs or rat embryonic neural precursor cells, 
embedded in a fibrin matrix with trophic factors and grafted one week after injury, were able 
to form functional relays. The formation of functional relays was validated behaviorally (BBB 
locomotor score), electrophysiologically (spinal cord evoked potentials), and histologically 
(host on graft and graft on host synapses) (Lu et al. 2012). Together, these data demonstrate 
that the use of this clinical grade NSI-566RSC cell line with already established favorable 
clinical safety profile represent a potential cell candidate for cell replacement therapy in 
patients with previous SCI. Furthermore, based on these results (Cizkova et al. 2007; Usvald 
et al. 2010; Lu et al. 2012) (van Gorp et al. 2013 in press), FDA recently approved clinical 
trial where NSI-566RSC cell line will be tested in chronic SCI (NIH 2013). 
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Fig. 8 Spinal cord injury, endogenous stem cell proliferation, scar and cyst formation. A) 
Syringomyelia in human patient as seen by MRI (arrow) (Fellner et al. 2010). B) 3D MRI 
reconstruction of the HSSCs grafted rat spinal cord with previous L3 contusion injury and (C) control 
SCI rat injected with media only clearly demonstrate the potential of the grafted neural stem cells in 
filling up the cavity and preventing the scar formation. (D–F) Distribution of the injury-induced 
generation of progeny from ependymal cells (green), astrocytes (red), oligodendrocyte progenitors 
(blue), type A pericytes (orange), and their progeny 4 months after a dorsal funiculus insicion (A).  B) 
Origin of new astrocytes (A), oligodendrocytes (O) and stromal cells (SC) 4 months after injury. 
Colors of the bars indicate cell fate according to the color scheme in (C).  C) Schematic depiction 
showing the fate of ependymal cells, astrocytes, oligodendrocyte progenitors, and type A pericytes in 
the injured spinal cord. A) Taken from Fellner et al. 2010, B and C is Fig. 4 A-B from author’s 
publication Amelioration of motor/sensory dysfunction and spasticity in a rat model of acute lumbar 
spinal cord injury by human neural stem cell transplantation. (D-F) Taken from Sabelström et al. 
2013. 
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2.4. IMMUNOSUPPRESSION IN SPINAL CORD STEM CELL 
TRANSPLANTATION EXPERIMENTS 

As we have stated before, transplantation of neural stem cells into the injured and/or 
diseased spinal cord may lead to the replacement of lost or damaged cells (mainly neurons and 
oligodendrocytes), provision of trophic support for neurons, or manipulation of the 
environment within the damaged spinal cord to facilitate axon regeneration, which, in the case 
of spinal cord, is extremely important as the spinal cord does not possess a neurogenic niche 
(Kim et al. 2007; Sahni and Kessler 2010) and/or is not favorable for neural differentiation of 
ependymal-derived endogenous progenitors (Sabelstrom et al. 2013). However, in order to 
achieve sufficient differentiation and demonstrate promising therapeutic potential, extended 
graft survival (4-6+ weeks) is necessary (Kakinohana et al. 2012b). Numerous previous 
experimental animal and clinical data showed that xenogeneic neural grafts are rapidly 
rejected (via lymphocyte infiltration of the graft) in non-immunosuppressed animals and/or 
human patients (Deacon et al. 1997; Barker et al. 2000; Brevig et al. 2000) which clearly 
demonstrated that the immunosuppression in xenogeneic neural grafts is essential.  

Extended graft survival involves the use of immunosuppressants to effectively block the 
host’s acquired immune response to allogeneic or xenogeneic cell grafts. Existing clinical and 
experimental immunosuppression protocols normally use single or combination of 
immunosuppressants delivered orally (especially in humans), intraperitoneally, intravenously 
or subcutaneously in a single or multiple daily doses (reviewed in (MacGregor and Bradley 
1995; Halloran 1996; Wente et al. 2006; Barraclough et al. 2011). 

Clinical grade immunosuppressants used in transplantation experiments include 
cycylosporines, mycophenolate mofetil (MFF), rapamycin or prednisolone, TAC (tacrolimus, 
FK-506, fujimycin, Prograf) (Lama et al. 2003; Su et al. 2011). TAC is often used in 
experimental settings as a solo therapy or in combination with other immunosuppressive drugs 
(i.e., MFF) with doses ranging from 0.05-3 mg/kg/24 hrs (Reis et al. 1998; Xu et al. 2010; 
Hefferan et al. 2011b), because is particularly effective due to its mechanism of action: TAC 
couples with immunophilins (FK-506 binding proteins; FKBPs) (Siekierka et al. 1989; Liu et 
al. 1991; Thomson et al. 1995). The resulting formation of a pentameric complex of TAC, 
FKBPs, calcineurins A and B and calmodulin results in the inhibition of the phosphatase 
activity of calcineurin (McKeon 1991; Halloran 1996) thus inhibiting activity of transcription 
factors requiring dephosphorylation for transport to the nucleus which leads to suppression of 
T-cell proliferation and function (i.e. IL-2 transcription) (Liu et al. 1991; Thomson et al. 1995; 
Minguillon et al. 2005). MFF is used to inhibit inosine monophosphate dehydrogenase, an 
enzyme needed for the proliferation of B and T lymphocytes (Fulton and Markham 1996). The 
importance of T-lymphocytes in rejection of neural grafts is demonstrated by the long-term 
survival of transplanted human spinal cord-derived neural stem cells in athymic rats (Yan et 
al. 2007) (van Gorp et al. 2013 in press). 

However, despite the use of such aggressive immunosuppressive protocols, experimental 
xenograft studies are frequently hampered by inconsistent graft survival particularly seen in 
long-term survival studies or when used in disease animal models (Klein et al. 2005; Suzuki et 
al. 2007). It is believed that the oscillation in plasma drug concentrations and/or insufficient 
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target plasma levels may in part account for inconsistent graft survival (Hefferan et al. 2011b). 
Even though we successfully used combinatory immunosuppression protocol which included 
Prograf (FK506; Astellas Pharma) in combination with Cellcept (mycophenolate mofetil 
(MFF); Roche Pharmaceuticals) in all our previous xenografting studies (Cizkova et al. 2007; 
Usvald et al. 2010; Hefferan et al. 2011b; Hefferan et al. 2012; Kakinohana et al. 2012b) (van 
Gorp et al. 2013 in press), the requirements of BID injections in order to achieve satisfactory 
TAC levels and to minimize toxicity make this approach i) labor intensive, ii) frequently 
associated with side effects resulting from repetitive animal injections (such as local 
inflammatory changes and infection), and iii) associated with systemic side effects such as 
nephrotoxicity and hepatotoxicity (reviewed in (Finn 1999; Gijsen et al. 2012). 

Therefore we have sought for an optimized immunosuppression protocol which will 
provide long-term effective and stable delivery of immunosuppressant without the need of 
daily injection.  
To extend the half-life of administered drugs in general, long-releasing formulations were 
previously developed. i) TAC-loaded liposomes that have been shown to provide moderate 
prolongation of the TAC half-life in the whole blood of naïve rats in comparison with 
conventional i.v. injections of TAC diluted in saline (Ko et al. 1994; Dutta et al. 1998; 
McAlister 1998). ii) Biodegradable microspheres were shown to provide a relatively stable 
level of TAC in whole blood for up to 10-21 days after single s.c. administration (Miyamoto et 
al. 2004; Wang et al. 2004). As the use of implantable biodegradable pellets has been 
successfully used to deliver a variety of synthetic drugs or hormones in human patients and in 
animal experimental models and showed up to 3-6 months of stable drug release after a single 
pellet implantation (Studd and Magos 1987; Packard 1992; Jockenhovel et al. 1996; 
Srinivasan et al. 2002), we decided to prepare TAC-loaded pellets for the use in experimental 
allo- and xenografting in rodents or minipig. To our knowledge, no immunosuppressive pellet 
formulation has been reported to be successfully used in rodent or other animal models of 
xenogeneic neural precursor transplantation (Sevc et al, 2013 in revision). TAC pellets are 
now commercially available and provide steady drug release for up to 3 months, making 
delivery labor efficient, minimally invasive, and producing stabilized blood concentration 
levels (Sevc et al, 2013 in revision). 
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3. AIMS OF THE THESIS  
 
The main goal of our studies was to generate and characterize new large animal model of 
Huntington’s disease which will contribute to the development of new disease modifying 
therapies and to resolve the question of mutant huntingtin aggregation and disturbed 
protein homeostasis in Huntington’s disease. We aimed at: 
• Generation and characterization of transgenic minipig of Huntington’s disease. 
• Study of the potential role of UCHL1 in ubiquitin proteasome system impairment in 

Huntington’s disease. 
 
The next specific aim of our studies was to test the therapeutic potential of neural stem cell 
transplantation in spinal cord disorders and injury. We mainly focused our effort on: 
• Test of the potential therapeutic effect of the spinal grafted human neural stem cells on the 

disease progression in the SOD1G93A ALS rat model. 
• Amelioration of motor and/or sensory dysfunction and spasticity in a rat model of acute 

lumbar spinal cord injury by human neural stem cell transplantation. 
• Development of more reliable and less labor intensive immunosuppression protocol for 

xenogeneic neural stem cell transplantation experiments in rat. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   52 
 



4. MATERIALS AND METHODS 

In order to proceed with our complex in vivo studies, involvement of large scale of 
methods beginning with molecular biology through in vitro experiments and biochemical 
methods to animal surgery and the use of sophisticated clinical instruments was prerequisite. 
Majority of the work was conducted at the Institute of Animal Physiology and Genetics, AS 
CR, Libechov, Czech Republic and/or at the Neuroregeneration laboratory at UCSD, CA, 
USA. Multiple other laboratories from Czech Republic, Slovakia, Italy, Switzerland and USA 
also participated in the studies. The complete materials and methods used in our experiments 
can be found in the author’s publications which are included in the results section of this Ph.D. 
thesis. We list and describe here just those methods which ultimately led to development of 
the new animal models and those which were used in their characterization and in evaluation 
of therapeutic intervention. 

 
4.1. Animals and surgery 

To pursue our studies, we have used three different species of laboratory animals. In order 
to generate Huntington’s disease transgenic minipigs, wild-type Libechov minipigs (Vodicka 
et al. 2005) were used. In our UCHL1 studies, we have used the R6/2 HD mouse (Mangiarini 
et al. 1996) (B6CBA-Tg(HDexon1)62Gpb/1J ovary transplanted females which are essentially 
wild-type mice with the ovaries of the R6/2 mice) obtained from The Jackson Laboratory and 
the gad mutant mouse (Saigoh et al. 1999) was obtained and used with permission from Dr. 
Keiji Wada, National Institute of Neuroscience, Tokyo, Japan. For our transplantation and 
immunosuppression studies, we have used (L26H) SOD1G93A transgenic ALS rats from Dr. 
Don W Cleveland colony at UCSD, San Diego, USA (Howland et al. 2002) and Sprague-
Dawley albino rats (Velaz Praha, Czech Republic and Harlan Industries, Indianapolis, USA). 
All components of our studies were carried out in accordance with the Institutional Animal 
Care and Use Committee of Institute of Animal Physiology and Genetics, v.v.i. and conducted 
according to current Czech regulations and guidelines for animal welfare and with approval by 
the State Veterinary Administration of the Czech Republic and/or were approved by the 
University of California, San Diego Institutional Animal Care and Use Committee. 

Minipigs. In our study, as is standard practice, the gilts (sexually mature, regularly estrous 
cycling minipig females) and weaned sows were housed in groups of 3 – 4 minipigs, and boars 
were kept individually. The regular estrous cycle (20 days) facilitated reproductive 
experiments. The ample body size of the minipigs made feasible all surgical and laparoscopic 
approaches and their execution in a timely way. General anesthesia of minipigs was induced 
by TKX mixture (Tiletaminum 250 mg, Zolazepamum 250 mg, Ketamine 10 % 3 ml, 
Xylazine 2 % 3 ml) in a dose of 1 ml per 10 kg of body weight for experimental procedures 
including embryo transfer and oocyte collection. All surgery was conducted under sterile 
conditions in a standard surgical room. Postoperative care included treatment with analgesics 
and antibiotics. Animals were housed separately during recovery from anesthesia and then 
returned to the animal colony. Profound barbiturate anesthesia (Thiopental Valeant, 1 g, i.v.) 
was used for transcardial perfusions.  
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Mouse. In order to generate genetic cross-breed for our UCHL1 studies, heterozygous gad 
males were crossed with R6/2 OT females to generate progeny of three genotypes used in this 
study: wild type (WT), R6/2 and R6/2xgad. All mice were weighted at the day of perfusion (at 
6 or 10 weeks). The mice were anesthetized by mixture of ketamine (Narketan 10) and 
xylazine (Rometar 2%) and transcardially perfused with either just ice-cold PBS or the PBS 
perfusion was followed by perfusion with 4% PFA. 

Rats. Compression model: Twelve-week-old Female Sprague-Dawley rats were 
anesthetized with isoflurane (5% induction, 1.5-2% maintenance; in room air) and placed into 
a Lab Standard Stereotaxic frame (Stoelting, Cat# 51600, Wood Dale, IL, USA). Wide Th13 
laminectomy was performed using an air-powered dental drill and binocular microscope 
(exposing the dorsal surface of spinal segment L3). An acrylic rod (Ø 2.9 mm, length 15 cm; 
35 g) was then slowly lowered on the exposed L3 segment until it slightly touched the spinal 
cord but without inducing any compression. The rod was kept in place for 15 min, while both 
temperatures (systemic and the temperature of the exposed cord) were maintained at 37 ± 
0.3°C. After spinal compression, the rod and mineral oil was removed and the wound sutured 
in anatomical layers.  

ALS model: (L26H) SOD1G93A transgenic rats (Howland et al. 2002) were randomly 
divided into 3 experimental groups – no treatment (untreated SOD1G93A), media-treated 
SOD1G93A, and cell-grafted SOD1G93A; non-transgenic littermates were used as control 
animals and received no treatment. Both rat models were also used in our TAC-pellet study. 

 
4.2. Construction and production of the HIV1-HD-548aaHTT-145Q vector and 
verification of vectors in vitro 

The lentiviral vector for the generation of tgHD minipig was constructed at UCSD and 
subsequently tested and used in transgenesis at IAPG. N-terminal truncated form of human 
huntingtin was created from the plasmid pFLmixQ145 comprising human full-length HTT 
cDNA with 145 CAG/CAA repeats (obtained from Coriell Cell Repositories, Camden, NJ). 
The first 548aa of huntingtin (ending with residues AVPSDPAM) and including 145 Q was 
ligated with the HD promoter and inserted into the backbone plasmid pHIV7, which contained 
cPPT and WPRE cis-enhancing elements. Lentiviral vectors were produced by transient co-
transfection of HEK293T cells. HIV1-CMV-EGFP vector (1x109 IU/ml) was used as the 
standard. Transgene expression was tested on porcine differentiated neural stem cells. 
Subsequently, transduction potential of lentiviral vectors was evaluated using porcine zygotes. 
Matured porcine oocytes were laparoscopically aspirated from pre-ovulatory follicles. After 
IVF, embryos at pronuclear stage were microinjected with 10 – 20 pl of HIV1-CMV-EGFP 
construct into the perivitelline space and cultured into the blastocyst. 

 
4.3. Transgenesis 

 In order to collect necessary oocytes for transgenesis, adult female minipigs were 
synchronized by Regumate (Jenssen Pharmaceuticals) (5 donors and 3 recipients per 
experiment). Donor females were superovulated by administration of pregnant mare’s serum 
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gonadotropin (PMSG) (Intervet International B.V.) and ovulation was inducted by gnRH 
(Intervet International B.V.). After mating with the boars, pronuclear stage embryos were 
flushed from oviducts and microinjected into the perivitelline space with HIV1-HD-
548aaHTT-145Q lentiviral vector (50 – 100 viral particles per zygote). The injected embryos 
were laparoscopically transferred into the fallopian tubes of recipients.  

In order to confirm the presence of the transgene in the minipig genome, we have used the 
following techniques. Genotyping: Biopsies of porcine skin were used to obtain DNA which 
was purified using DNeasy Blood & Tissue kit (Qiagen). The presence of the transgene was 
determined by PCR amplification of the region containing the WPRE coding sequence within 
the transgene (254 bp amplicon). SELK gene (360 bp amplicon) was used as an endogenous 
control. Fluorescent in situ hybridization and karyotyping: The localization of transgenes 
within the porcine genome was detected by Fluorescence in situ hybridization (FISH) analysis 
(Trask 1991). Mutant HTT sequence from the recombinant plasmid (HIV1-HD-548aaHTT-
145Q) was labeled with biotin-16-dUTP (Roche Diagnostics GmbH) using a nick transcription 
kit (Abbott). The resulting probe did not detect the endogenous porcine HTT gene. 
Immunodetection and amplification were performed using avidin-FITC and anti-avidin-biotin. 
Chromosomes were counterstained with propidium iodide and DAPI. Karyotyping was 
determined using image analysis of reverse DAPI banding. 

 

4.4. Cell derivation and preparation 

The cells, named “NSI-566RSC”, were produced by Neuralstem Inc. (Rockville, MD, 
USA), as described before (Johe et al. 1996; Hefferan et al. 2011b). Briefly, human spinal 
cord neural precursors (HSSCs) were prepared from the cervical-upper thoracic region 
obtained from a single eight week fetus. Meninges and dorsal root ganglia were removed and 
dissociated into a single cell suspension by mechanical trituration in serum-free, modified N2 
media (human plasma apo-transferrin, recombinant human insulin, glucose, progesterone, 
putrescine, and sodium selenite in DMEM/F12). For growth of the HSSCs, 10 ng/ml basic 
fibroblast growth factor (bFGF) was added to the modified N2 media and expanded serially as 
a monolayer culture on poly-D-lysine and fibronectin (Johe et al. 1996). Approximately 6.1 × 
10^6 total cells were obtained upon the initial dissociation of the spinal cord tissue. The 
growth medium was changed every other day. The first passage was conducted 16 days after 
plating. At this point, the culture was composed mostly of post-mitotic neurons and mitotic 
HSSCs. Mainly the mitotic cells were harvested through brief treatment with trypsin and 
subsequent use of soybean trypsin inhibitor. The cells were harvested at approximately 75% 
confluence, which occurred every 5-6 days (20 passages). At various passages, the cells were 
frozen in the growth medium plus 10% dimethyl sulfoxide at 5-10 x 10^6-10 cells/ml. The 
frozen cells were stored in liquid nitrogen. Upon thawing, the overall viability and recovery 
was typically 80-95%. A cell bank of passage 16 cells was prepared and used for this study. 
One day prior to each grafting day, one cryopreserved vial of the previously prepared cells 
was thawed, washed, concentrated in hibernation buffer, and shipped from the cell preparation 
site (Neuralstem, Inc., Rockville, MD, USA) to the surgery site (University of California, San 
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Diego, CA, USA) at 2-8°C by overnight delivery. Upon receipt the following day, the cells 
were used directly for implantation without further manipulation. Before and after 
implantation, the viability of cells was measured with trypan blue (0.4%; Sigma). Typically, a 
>85% viability rate was recorded. 

 
4.5. Cell grafting 

In our cell transplantation studies, cells were grafted via intraparenchymal injections. The 
animals were placed in the stereotactic frame and the L3 spinal cord (i.e., the dura mater) was 
then re-exposed at the previous laminectomy site in case of SCI rat and a partial T12–L1 
laminectomy was performed using a dental drill (exposing the dorsal surface of L2–L6 
segments) in 60–65 d old SOD1 rats. Injections were performed using a 33 gauge beveled 
needle and 100 µL Nanofil syringe (World Precision Instruments, Cat# NF33BV & Nanofil-
100, Sarasota, FL, USA) connected to a microinjection unit (Kopf Instruments, Cat# 5000 & 
5001, Tujunga, CA, USA) in SCI rats and using glass capillary (tip diameter 80–100 mm) in 
SOD1 rats. The duration of each injection was 45-60 sec followed by a ≥30 sec pause before 
slow needle/glass capillary withdrawal. The center of the injection was targeted intermediate 
of the ventral and dorsal horn and close to the lateral funiculus (distance from the dorsal 
surface of the spinal cord at L3 level: 0.80 mm). Twelve injections (20,000 cells/µL) were 
done; four injections (0.5 μL each, 0.8-1.0 mm apart, rostrocaudally) at each lateral boundary 
of the injury (8 in total), plus two (bilateral) injections (0.5 μL each) 1.5 mm caudal from the 
previous, most caudal injections, and two injections at the core of the epicenter (1 μL at each 
side of the dorsal vein, bilaterally). In SOD1 rats, injections of 0.5μl (10000 cells per 
injection) were made every 700–900 mm, rostro-caudally, on each side of the lumbar spinal 
cord targeting L2–L5 segments. The total number of injections ranged between 9–13 
injections per side. After the injections, the incision was cleaned with penicillin-streptomycin 
solution and sutured in two layers.  

 
4.6. Immunosuppression 

In order to achieve sufficient differentiation and demonstrate promising therapeutic 
potential immunosuppression started typically one day before grafting, methylprednisolone 
acetate (Depo-Medrol, 10 mg/kg, i.m.) was given, which was repeated thereafter 3 times with 
1 mg/kg/week i.m. Starting directly after grafting, all animals received 3 mg/kg/BID s.c. of 
Tacrolimus (Prograf/FK506, Astellas, Deerfield, IL, USA) until the end of the study. For post-
transplant days 0-10, the animals also received 30 mg/kg/day s.c. of Mycophenolate mofetil 
(CellCept, Genentech, CA, USA). Immunosuppression was also given to the non-grafted 
Sprague-Dawley or SOD1 rats (i.e., the naïve, sham operated, and all control animals). 

  
4.7. Electrophysiology 

Electrophysiology measurements were used in order to investigate the potential functional 
beneficial effect of the transplanted cells on the host neuronal circuits in the diseased/injured 
spinal cord. Measurement of muscle spasticity in SCI rats: At 1.5 weeks and 2 months post-
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injury, the presence of muscle spasticity in the lower extremities was measured using a 
previously described system (Marsala et al. 2005). Briefly, animals were placed in a restrainer 
and a hindpaw was taped to a rotational metal plate driven by a computer-controlled stepping 
motor. The metal plate is interconnected loosely to the “bridging” digital force transducer 
(LCL454G, 0–454 g range; Omega, Stamford, CT, USA). The resistance of the ankle to 
dorsiflexion was measured during stepping motor-driven ankle dorsiflexion (40°; MDrive 34 
with onboard electronics; microstep resolution to 256 microsteps/full step; Intelligent Motion 
Systems, Marlborough, CT, USA) at 3 different ankle-rotational velocities (40, 60 or 80°/sec). 
The EMG signal was recorded from the ipsilateral gastrocnemius muscle during the same time 
frame. To record EMG activity, a pair of tungsten electrodes was inserted percutaneously into 
the gastrocnemius muscle 1 cm apart. EMG signals were bandpass filtered (100 Hz to 10 kHz) 
and recorded before, during, and after ankle dorsiflexion. EMG responses were recorded with 
an alternating current-coupled differential amplifier (model DB4; World Precision 
Instruments, Sarasota, FL, USA). EMG was recorded concurrently with ankle resistance 
measurements, both with a sample rate of 1 kHz. Both muscle resistance and EMG data were 
collected directly to the computer using custom software (Spasticity version 2.01; Ellipse, 
Kosice, Slovak Republic). Hoffmann reflex recordings (H-reflex) in SOD1 rats: Animals 
were anesthetized with ketamine (100 mg/kg, i.m.). For stimulation of the H-reflex, a pair of 
needle electrodes was transcutaneously inserted into the vicinity of the tibial nerve. For 
recording, a pair of silver needle electrodes was placed into the right foot muscles. The tibial 
nerve was stimulated with increasing stimulus intensity (0.1–10 mA in 0.5 mA increments, 0.1 
Hz, 0.2ms; WPI; Isostim A320). The threshold for both the M and H waves was determined 
and Hmax/Mmax ratio calculated. Recordings were made before and at 15-min intervals after 
drug treatment (i.e. baclofen or nipecotic acid). 

 
4.8. Biochemical assays 

In our HD experiments, we have used a combination of biochemical methods to identify 
the soluble mutant human and aggregated huntingtin as well as the wild-type mouse and 
porcine huntingtin and other proteins. Prior brain removal from the scull, animals were always 
transcardially perfused with ice-cold sterile PBS in order to remove blood from vessels and to 
slow-down post-mortem enzymatic changes during the brain removal. Reproducibility of 
western blotting of high molecular weight wild-type huntingtin and posttranslationally 
modified soluble mutant huntingtin with expanded polyQ tract as well as polyubiquitin species 
was improved by using iBlot gel transfer device (LifeTech # IB301001) with appropriate set 
of membranes and buffers. Autoradiographic film (GE Healthcare #28906839) was chosen for 
signal detection.  

Primary antibodies used were selected based our previous experience and available 
published data. In addition to western blots, three high sensitive biochemical assays were used 
for detection of aggregated mutant huntingtin. As mutant huntingtin aggregates are insoluble 
and resistant to chemical extractions they can be poorly determined by polyacrylamide gel 
electrophoresis because they are retained in the loading wells (Hazeki et al. 2000). Therefore, 
SDS-agarose gel electrophoresis for resolving aggregates (AGERA) with subsequent western 
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blot analysis was employed as it represent a simple and sensitive biochemical detection 
method for quantitative and qualitative investigations of aggregate formation. Even though 
detailed investigation of aggregate growth or of aggregate composition depending on size is 
impossible by the filter-trap assay for aggregates (Scherzinger et al.1997) due to 
indiscriminate retention of all protein inclusions larger than the filter pores of the cellulose 
acetate membrane, we have used this assay as an mutant huntingtin aggregate screening 
method. Using highly specific antibodies which bind the human huntingtin (and wild-type 
huntingtins of other species) discriminating its wild-type or mutant origin (based on the fact 
that mutant huntingtin contain polyQ stretch) with special europium cryptate and D2 
fluorophores (these fluorophores enables the use of FRET in high-throughput screenings) 
(Weiss et al. 2009; Baldo et al. 2012), we performed TR-FRET quantitative analysis of soluble 
mutant human, wild-type porcine and mouse and aggregated human huntingtin. In order to 
keep the reproducibility and consistency, the protein lysates from all brain tissues were 
prepared in a way which was suitable for all biochemical analyses used and indeed, the same 
lysates (after the lysis was performed, the lysates were aliquoted and aliquots were sent to 
different labs) were used in all biochemical analyses in different laboratories which resulted in 
high correlation of achieved results. 
 
4.9. Immunofluorescence and immunohistochemistry stainings 

Immunohistochemical (or fluorescent) methods were used in all our studies. The use of 
great spectrum of specific primary antibodies allowed us to visualize (and thus to quantify in 
some instances) the presence of the mutant huntingtin and its possible interacting partners in 
mouse and brain tissues, to assess the pathology of the striatum, to discriminate specific 
endogenous cell types in brain and spinal cord, to evaluate the degree of survival of the 
transplanted HSSCs in the rat spinal cord, to inspect the HSSCs differentiation and formation 
of functional synapses with host neurons in vivo, to assess the degree of injured tissue 
regeneration (cell replacement) in the injured spinal cord and to evaluate the therapeutic effect 
of transplanted HSSCs in SOD1 rats as expressed by quantification of surviving α-
motoneurons in ventral horns of spinal cord. Antibodies specific for lymphocytes surface 
markers were used in the immunosuppressive study where we used these antibodies to 
demonstrate the presence or absence of the immune cells in the vicinity of the grafted cells in 
the spinal cord. The use of these methods was essential especially in cell grafting experiments 
where the visualization of the tissue containing the grafted cells is the only method which can 
directly show the survival, differentiation and integration of the transplanted cells in the host 
tissue. 

 

4.10. Statistical analyses 
Two-way comparisons were performed by student t-test. Multiple comparisons were 

performed using one-way analysis of variance (ANOVA) followed by Student-Newman-
Keuls or two-way group × time repeated measures, using a fixed-effect model, and a 
Bonferroni post hoc test was used in the case of multiple comparisons. All results are shown 
as mean ± standard error of mean (SEM) unless indicated. P<0.05 was considered to be 
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statistically significant. All statistical analyses were done using GraphPad Prism (La Jolla, 
CA, USA), SPSS statistics 17 (for K-Means clustering; IBM, Armonk, NY, USA), or STATA 
12 (StataCorp LP, College Station, TX, USA) and performed one or two-tailed. 
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5. RESULTS 
 
5.1.  Generation and characterization of Huntington’s disease transgenic minipig 
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5.2.  Evaluation of possible functions of UCHL1 in Ubiquitin Proteasome System 
Impairment in Huntington’s disease 
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Fig. 4 
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Fig. 6 
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6.  DISCUSSION 
 
6.1. IN VIVO MODELING OF HUNTINGTON’S DISEASE 

It is undisputable that the rodent genetic models of HD which have been available since 
1996 (Mangiarini et al. 1996) provided us with extremely valuable information about 
huntingtin function, helped us to reveal the complex mechanism of disease pathology, and 
offered us the first in vivo disease environment for validating targets and testing potential 
therapies (Cattaneo et al. 2005; Zuccato et al. 2010). It is clear, however, that the rodent 
models of HD have also limitations in modeling of the human disease (Zuccato et al. 2010; 
Yang and Chan 2011; Morton and Howland 2013). Nevertheless, genetic engineering 
technology is well advanced in mouse which has allowed generation of great number of 
mutant and/or knock-out, transgenic and knock-in mouse models which are currently available 
for neuroscience research (Morton and Howland 2013). And indeed, HD research will always 
benefit from this incredible choice of mouse models because of the potential of genetics cross-
breeding introducing (genetically) manipulated genes of interest into the HD environment to 
allow us to investigate the mechanisms of the disease, to determine possible therapeutic 
effects of overexpression of certain wild-type or modulated genes and to specifically “label” 
certain cell types and/or processes (Zuccato et al. 2010) or allow relatively simple extraction 
of mRNA from specific cell types directly from the crude lysates (Sanz et al. 2009).  

 
6.1.1. UCHL1 in HD 

Benefiting from the great numbers of mouse models available we decided to use the well 
characterized R6/2 mouse HD model to study the potential involvement of the Ubiquitin 
Proteazome System (UPS) in HD pathology by crossing it with the gad mouse model which 
lacks the expression of one of the most common protein in the brain – deubiquitinating 
enzyme UCHL1 which is exclusively expressed in neurons and gametes (Setsuie and Wada 
2007; Yi et al. 2007). The histological hallmark of the disease is the formation mutant 
huntingtin aggregates which are subsequently ubiquitinated (DiFiglia et al. 1997). Aggregates 
in HD are ubiquitinated (ubiquitinated aggregates present in HD neuronal nuclei are often 
called inclusion bodies – IBs) and therefore the formation of IBs has always been linked with 
UPS malfunction. 

UCHL1 represents one of the major deubiquitinating enzymes (DUB) in the brain (Cartier 
et al. 2009) as it is ubiquitously expressed in neurons and because it functions as a 
deubiquitinating enzyme, ubiquitin ligase and monoubiquitin stabilizer (for review see 
(Setsuie and Wada 2007)). Mutations of UCHL1 have been linked to several 
neurodegenerative diseases (for review see (Setsuie and Wada 2007)) and it has been shown 
that its potentiation can rescue amyloid β protein (Aβ) induced pathology by regulating 
BACE1 protein level, APP processing and Aβ production in vitro and in vivo (Gong et al. 
2006; Zhang et al. 2012).  

Early studies of the UPS impairment in HD suggested that polyQ aggregates could directly 
inhibit the function of 26S proteasome (Bence et al. 2001), that the degradation of polyQ 
proteins is inefficient (Holmberg et al. 2004) and that the eukaryotic proteasome is not able to 
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digest polyQ sequences of polyQ-containing proteins (Venkatraman et al. 2004). Conflicting 
results later showed that the proteasome is fully capable to degrade the expanded polyQ 
proteins (Michalik and Van Broeckhoven 2004), that the UPS impairment is not caused by 
direct choking of purified proteasomes but revealed that the UPS impairment is most likely 
global as detected both in in vitro (Bennett et al. 2005) and in in vivo studies where the 
elevated levels of polyUb chains were observed in R6/2 and HdhQ150/Q150 mouse models and 
human post-mortem HD brains (Bennett et al. 2007).  

To facilitate the assessment of the UPS activity, recombinant probes typically comprised 
of enhanced green fluorescent protein appended with a destabilizing modification (degradation 
signals) which promotes their constitutive degradation by the UPS (“GFPu” UPS reporters) 
were generated (Bett et al. 2009). In early studies of UPS activity in HD, these artificial 
reporters of UPS activity were successfully applied in in vitro cellular HD models (Bence et 
al. 2001; Bennett et al. 2005) but when translated into in vivo studies using R6/2 mouse model, 
these reporters failed to accumulate and thus failed to confirm global UPS impairment in vivo 
(Bett et al. 2009; Maynard et al. 2009). Nevertheless, in more recent study fusing of the UPS 
GFPu reporters to either postsynaptic PSD95 or presynaptic SNAP25 proteins revealed 
increased levels of GFPu reporters in the synapses of R6/2 and HdhQ150 HD mouse models 
(Wang et al. 2008) which is strikingly similar to what was observed in wild-type hippocampal 
neurons with inhibited UCHL1 activity (treated with LDN UCHL1 inhibitor) (Cartier et al. 
2009). Wang and colleagues also demonstrated that while there is no decrease in proteasomal 
activity in whole brain lysates of R6/2 mice (Bett et al. 2006; Wang et al. 2008) examination 
of the chymotrypsin-like proteasomal activity in isolated synaptosomes revealed that 
proteasomal activity was decreased in synaptosomes isolated from the cortex or striatum of 
HD mice compared with samples from wild-type. Striatal synaptosomes showed lower 
proteasomal activity than cortical synaptosomes in both wild-type and HD mice. They also 
detected an age-dependent decrease in synaptic proteasomal activity in the brain (Wang et al. 
2008). These observations suggest that the malfunction of UPS in HD could be region-specific 
rather than global. 

Generation of R6/2xgad mouse allowed us to examine the effect of the ~50% loss of 
UCHL1 in the disease environment driven directly by the exon 1 of the mutant huntingtin 
(Mangiarini et al. 1996; Sathasivam et al. 2013). Interesting functional link between UCHL1 
and HD pathology could be found in recent discoveries of UCHL1-dependent regulation of 
synaptic structure (Cartier et al. 2009) and that UCHL1 is required for maintaining the 
structure and function of the neuromuscular junction (Chen et al. 2010). UCHL1 is present in 
spines and postsynaptic densities and the main function of UCHL1 in synapses is most likely 
free mono-ubiquitin stabilization (Cartier et al. 2009). Our data showed that the reduced 
UCHL1 expression caused aggregates of mHTT to accumulate more in the neuropil of 
R6/2xgad mouse if compared to the R6/2 mouse. We also found that soluble exon 1 mHTT 
from R6/2xgad brain lysates migrate faster in the gel (Hruska-Plochan et al. 2013 in review). 
This suggests that the locally disturbed UPS in synapses in HD mouse models (Wang et al. 
2008) could be caused by decreased monoUb-stabilizing and DUB activities and possibly by 
increased ligation activity of UCHL1 which in turn may lead to deprived free monomeric 
ubiquitin pools and to accumulation of polyUb chains and increased polyubiquitation of high 
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molecular weight proteins as detected in previous works in vivo (Bennett et al. 2007; Maynard 
et al. 2009) and in R6/2xgad striatum in our experiments (Hruska-Plochan et al. 2013 in 
review). As a result, less E1mHTT could be targeted to UPS and more E1mHTT could be 
available for aggregation in R6/2xgad brain. It is not clear, however, how mHTT alters 
UCHL1 function(s) in HD. In our experiments, we observed that UCHL1 co-localized with 
both soluble mHTT and with aggregated mHTT and with wild-type huntingtin (Hruska-
Plochan et al. 2013 in review) (see Fig. 13). We therefore hypothesize that abnormal 
interaction(s) of UCHL1 with mHTT in HD could lead to impaired UCHL1 functioning or 
that the UCHL1 could be exhausted due to an ongoing clearance of mHTT by the UPS and 
autophagy. It has been shown that UCHL1 expression is regulated by the REST/NRSF (for 
review see (Day and Thompson 2010)) and because mHTT causes a reduction in the 
transcription of RE1/NRSE neuron-linked genes (Zuccato et al. 2003), mHTT could decrease 
the levels of UCHL1 indirectly. Another study showed that stimulation of NMDA receptors 
increases expression of UCHL1 (Cartier et al. 2009) and because the NMDA receptors are 
over-activated in HD (Young et al. 1988; Zeron et al. 2002; Fan and Raymond 2007; Estrada-
Sanchez et al. 2009) this could explain why we did not see decreased levels of UCHL1 protein 
in R6/2 brain. Finally, recent data suggests that oxidative modification of UCHL1 caused by 
oxidative stress in neurodegenerative diseases greatly affects UCHL1 activity (for review see 
(Setsuie and Wada 2007)). More experiments need to be performed to precisely explore the 
relations between the presence of mHTT aggregates/IBs, neuronal death and UCHL1. It will 
be important to evaluate UCHL1 enzymatic activities in the presence of exon1 and also full-
length mHTT in the complex in vivo HD settings as wells as in cell-free systems.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13 Confocal microscopy analysis of UCHL1 and mhtt. Fig 6 from author’s publication Partial 
UCHL1 depletion in R6/2 mouse model of Huntington’s Disease accelerates mutant huntingtin 
aggregation. 

   222 
 



6.1.2. tgHD minipig 

Despite their great importance in understanding of the disease mechanisms, the rodent 
models are relatively short-living animals with small lysencephalic brains and therefore will 
never accurately resemble human disease conditions (Morton and Howland 2013). The short 
life span offers just a very limited therapeutic window for the test of new potential therapies 
and the small size of brain and spinal cord limit the beneficial outcomes of such therapies 
because they are most of the times invasive (i.e. cell grafting, intraparenchymal vector 
delivery etc.) thus injuring the CNS just by simple delivery of the therapeutics. 

The miniature pig (Sus scrofa) has similarities to humans in anatomy, physiology, and 
metabolism (Vodicka et al. 2005; Lunney 2007; Swindle et al. 2012). The size and structure of 
pig brain makes it amenable to neurosurgical procedures and non-invasive high resolution 
neuroimaging methods similar to those performed in humans (such as MRI and PET) (Ishizu 
et al. 2000; Gizewski et al. 2007; Keereman et al. 2010). The lifespan of minipigs and their 
sophisticated cognitive and motor abilities also make them useful for long-term studies of 
learning, memory and behavior (Lunney 2007; Gieling et al. 2011a; Gieling et al. 2011b). 
There has been recent progress in defining the porcine genome (Jorgensen et al. 2005; 
Wernersson et al. 2005; Jiang and Rothschild 2007; Archibald et al. 2010), porcine single 
nucleotide polymorphisms (Ramos et al. 2009), microRNAome (Kim et al. 2008; Reddy et al. 
2009; Duff et al. 2010), and improved techniques for genetic modification of pigs (Hofmann et 
al. 2003; Nagashima et al. 2003; Kurome et al. 2006; Lavitrano et al. 2006). The porcine 
homologue of the huntingtin gene has a large ORF of 9417 nucleotides encoding 3139 amino 
acids with a predicted size of 345 kDa (GenBank, Accession No. AB016793). There is a 96 % 
similarity between the porcine and human huntingtin genes (GenBank, Accession No. 
AB016794). The number of CAG repeats in the porcine HTT gene is polymorphic, ranging 
from 8 to 14 units, and falls within the range of the normal human huntingtin gene 
(Matsuyama et al. 2000). Similar to humans, miniature pig possesses two HTT transcripts of 
approximately 11 and 13 kb (Lin et al. 1993; Matsuyama et al. 2000). The similarities between 
porcine and human huntingtin genes and proteins have provided further impetus to use the pig 
as a model of HD (Aigner et al. 2010; Swindle et al. 2012). Moreover, to our best knowledge, 
minipig (or pig in general) represents the only large animal with multiple transgenic models 
already in place and available for broad scientific community at the National Swine Resource 
and Research Center (NSRRC) (28 models at the time of writing) and at the Exemplar 
Genetics (ExemplarGenetics) (7 models at the time of writing). Moreover, the availability of 
different immunodeficient pig models (Ishikawa et al. 2010; Basel et al. 2012) makes pigs 
ideal for transplantation studies. Pigs are in general established model animals in biomedical 
research and the use of pigs in preclinical safety research is rapidly increasing (Hagan 2011).  

We have therefore decided to generate a minipig transgenic model of HD. Transgenic 
HD minipigs were generated using lentiviral transduction of porcine zygotes in syngamy, at 
the onset of embryonic DNA synthesis (Baxa et al. 2013). The precise timing of lentiviral 
transduction enhances incorporation of the transgene cDNA into embryos. The lentiviral 
delivery did not cause mosaicism, since the mutant HTT was revealed in all tissues tested in 
F1 and F2 tgHD minipigs and maintained the same number of glutamines. We found an in-
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frame deletion of the expanded CAG/CAA tract such that the integrated transgene encoded 
124 glutamines instead of the original 145 glutamines. Importantly, one single copy of 
exogenous HTT was found in chromosome 1 (1q24-q25) where it was maintained in F1 and 
F2 offspring. Both female and male transmission of the HD transgene with a Mendelian 
inheritance was confirmed in our tgHD minipigs. The tgHD minipigs of F0 – F2 generations 
had two alleles coding endogenous pig HTT and one allele for the N-terminal human mutant 
HTT. Mutant HTT protein expression was detected in different brain regions including cortex, 
caudate nucleus and putamen and in a variety of peripheral tissues and confirmed by both 
Western Blot analysis and TR-FRET. With one exception (hypothalamus in one of the TgHD 
minipigs), the data from WB and TR-FRET biochemical assays showed a good 
correspondence for the relative distribution of human mutant HTT in different brain regions 
and peripheral tissues (Baxa et al. 2013). 

Midbrain dopaminergic neurons play a critical role in basal ganglia circuitry and function 
including coordination of movement. Protein phosphatase 1 regulatory subunit 1B, also known 
as dopamine- and cAMP-regulated neuronal phosphoprotein (DARPP32), is highly expressed 
in caudate-putamen medium-sized spiny neurons (Walaas and Greengard 1984; Ouimet and 
Greengard 1990). Dopamine D1 receptor stimulation enhances cyclic AMP formation, 
resulting in the phosphorylation of DARPP32 (Walaas and Greengard 1984) at Thr34 by PKA 
(Hemmings et al. 1984). A loss of DARPP32 levels in medium-sized spiny striatal neurons 
was observed in several rodent models of HD (Bibb et al. 2000; van Dellen et al. 2000), and in 
the globus pallidus and putamen of 7 month old HD sheep (Jacobsen et al. 2010) probably as a 
consequence of degeneration of nigrostriatal projections of dopaminergic neurons in the 
substantia nigra (Oyanagi et al. 1989; Yohrling et al. 2003). A 16 month old tgHD minipig 
brain had a reduction compared to WT in the intensity of neuronal labeling for DARPP32 in 
the caudate nucleus and putamen suggesting that changes in DARPP32 may begin in the tgHD 
minipig brain at around 16 months of age. 

As mentioned earlier, the formation of aggregates is a hallmark of HD pathology. Nuclear 
and cytoplasmic inclusions of mutant HTT are seen in human postmortem HD brain and in 
mouse models of HD (Davies et al. 1997; DiFiglia et al. 1997). There was no evidence of 
aggregates of mHTT protein in the tgHD minipig up to 16 months of age based on 
biochemical (AGERA, filter retardation) and immunohistochemical assays with antibody to 
anti-HTT1-17 (AB1) (DiFiglia et al. 1997). This antibody detects mutant HTT inclusions in 
the human HD brain (DiFiglia et al. 1997). Other antibodies commonly used to detect nuclear 
inclusions of human HTT fragments in HD mice including MW8 and EM48 produced no 
staining in the tgHD minipigs. The absence of nuclear inclusions in the tgHD minipigs was 
consistent with the negative results for aggregation observed using the AGERA and filter 
retardations assays. Many factors influence the incidence of aggregated mHTT including 
levels of mutant protein expression, polyglutamine length, the length of the mHTT fragment, 
and age of the animal (Hackam et al. 1998; Li and Li 1998; Chen et al. 2002).  

A surprising finding was evidence for a constant decline in fertility in F1 boars caused by 
reduced sperm number and penetration rate (see Fig. 14). This phenotype can be easily 
monitored in the tgHD minipigs and therefore represents a biomarker that can be suitable for 
therapeutics. Pathology in the germinal epithelium has been documented in human HD and 
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YAC 128 HD mouse on histological sections where a decreased number of germ cells and 
reduced seminiferous tubule cross-sectional area have been observed (Van Raamsdonk et al. 
2007). The testicular pathology in humans was related to the presence of mutant HTT since 
severity was greater in patients with longer CAG repeats (Van Raamsdonk et al. 2007). The 
YAC 128 HD mouse develops testicular pathology between 9 and 12 months prior to 
significant reduction in testosterone or GnRH levels but coinciding with changes in the brain 
and the appearance of motor deficits. Unlike the tgHD minipigs, problems with sperm quality 
and fertility have not yet been reported in HD patients. 

Interestingly, reduced number of sperm cells in tgHD minipig boars and their decreased 
zona pellucida (ZP) penetration capability (Fig. 14) can be directly attributed to reduced 
activity of the proteasome as the sperm acrosome-borne proteasomes degrade the sperm 
receptor protein on the ZP that becomes ubiquitinated during oogenesis (Sutovsky 2011; 
Zimmerman et al. 2011). Moreover, inhibition of proteasomes blocks IVF (Sutovsky 2011) 
and ubiquitinated sites were identified in all the three protein components of pig ZP, i.e. ZPA, 
ZPB, and ZPC (Sutovsky et al. 2004; Zimmerman et al. 2011) further confirming the 
importance of the sperm acrosome-borne proteasomes in fertilization. It is therefore tempting 
to hypothesize that the decreased impaired penetration rate of ZP by tgHD spermatozoa could 
be caused by mutant huntingtin-impaired proteasome function. UCHL1 is uniquely expressed 
in neurons and germ cells (Setsuie and Wada 2007; Yi et al. 2007) and is present in 
spermatogonia but not in mature spermatozoa where UCHL3 is found and vice versa (Yi et al. 
2007). Given the fact that UPS is crucial for sperm quality control (Sutovsky et al. 2001) and 
that UCHL1 is required for normal spermatogenesis (Kwon et al. 2005), potential aberrant 
interaction of mutant huntingtin with wild-type UCHL1 in spermatogonia, similar to what we 
have seen in R6/2xgad mouse brain in our experiments (Fig. 13), can help to explain the 
reduced levels of spermatozoa in tgHD minipig (Fig. 14). On the other side, the complete loss 
of UCHL1 function in gad mice led to decreased apoptosis and increased number of 
spermatogonia but the weight of epididymis as well as the number of spermatozoa in it was 
reduced (Kwon et al. 2005). Neurons from gad mice were also reported to be apoptosis-
resistant (Harada et al. 2004). But, in the case of neurodegenerative diseases (lysosomal 
storage diseases), downregulation of UCHL1 was observed and overexpression of UCHL1 by 
plasmid transfection decreased caspase-mediated apoptotic cell death in the disease cell 
models suggesting anti-apoptotic function of UCHL1 (Bifsha et al. 2007). It has also been 
previously shown that the inhibition of UCHL1 in pig oocytes led to decrease of free mono-
ubiquitin and increased K63-linked polyubiquitin resulting in functional deficits which in this 
case was demonstrated by polyspermy, thus increased penetration rate through ZP (Susor et al. 
2010).  It would be therefore interesting to also examine the wild-type minipig sperm 
penetration rate into the tgHD minipig oocytes with intact ZP once sufficient female tgHD 
minipigs are available. 

As we mentioned earlier, the number of various minipig genetic models which are already 
available just underline the advantages of this large animal in modeling and research of 
different diseases. The very recently generated transgenic minipig expressing fluorescently 
tagged 20S core particles with the EGFP (fused to the proteasomal subunit α-6/ PSMA1 
(PSMA1-GFP transgene) (Miles et al. 2013) could be crossed with the tgHD minipig (Baxa et 
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al. 2013) which would allow better investigation of the proteasome dysfunction not only in the 
sperm cells but also in the brain. 

Several large transgenic models were recently produced and characterized (Morton and 
Howland 2013). A transgenic non-human primate model (Yang et al. 2008) was generated 
using a lentiviral construct expressing exon 1 of the human htt gene with 84 CAG repeats. 
Five HD transgenic macaques were generated exhibiting HD neuropathology with rapid onset 
of an HD like phenotype, though only 2/5 animals survived past 6 months. Two other large 
animal species were used to generate large animal model in HD in the past years – HD 
transgenic sheep carrying full-length human htt with 73 polyglutamine repeats under the 
control of the human promoter (Jacobsen et al. 2010) and in addition to  our tgHD minipig 
(Baxa et al. 2013), cloned transgenic HD minipigs bearing N-terminal mutant HTT (208 
amino acids and 105Q) have been generated via somatic cell nuclear transfer technology 
(Yang et al. 2010), but the extremely high expression levels of the transgene led to premature 
(3 days old) death of three of the 5 born piglets, fourth lived for only 25 days and the fifth 
founder was still viable at the beginning of 2013 (Morton and Howland 2013). The very short 
fragment of mutant huntingtin which is expressed in this pig questions its usefulness although 
no other data were published since the initial report. Considering the “pros” and “cons” of all 
large animal models which have been generated so far, the primate model of HD (Yang et al. 
2008) seems to be less likely to become widely used because of several disadvantages namely 
the public and ethical issues, the age of sexual maturity and small number of offspring, very 
high price and need of separate housing etc. Both pigs and sheeps share advantages and 
disadvantages, but it is clear that the use of just one large animal model will not lead to answer 
to all the questions we are looking forward to address and thus the full characterization and 
future use of all currently available large animal model should be pursued (Morton and 
Howland 2013). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Fig. 14 Failure of reproductive 
capacity in TgHD boars 
Fig. 10 B from author’s publication  
A Transgenic Minipig Model of 
Huntington’s Disease 
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6.1.3. HD summary 

In summary, we have developed a heterozygote tgHD minipig that expresses a human 
mutant HTT fragment throughout the CNS and peripheral tissues in a stable fashion through 
multiple generations (Baxa et al. 2013). The tgHD minipig is healthy at birth and through 
early development and does not exhibit obvious signs of abnormal movement up to 40 months 
of age. However, a decline is evident at 16 months in DARPP32 immunoreactivity in the 
neostriatum, the region most affected in HD. Thus, tgHD minipig should be valuable for 
testing long term safety of HD therapeutics. We have also have found that UCHL1 is most 
likely affected in HD as the reduction of UCHL1 expression accelerated mutant huntingtin 
aggregation and increased the levels of polyUb chains in the striatum of R6/2 HD mouse 
(Hruska-Plochan et al. 2013 in review). As UCHL1 is present in mutant huntingtin 
aggregates/IBs and both wild-type huntingtin and soluble mutant huntingtin colocalize with 
UCHL1 in the R6/2 neurons, and in addition, as the UPS is crucial for sperm quality control 
and UCHL1 is required for normal spermatogenesis, the tgHD minipig boar’s decline in sperm 
number and ZP penetration rate could therefore be a consequence of aberrant interaction of 
mutant huntingtin with UCHL1 and strongly suggest UPS impairment in tgHDminipig testes. 

 

6.2. (NEURAL) STEM CELL THERAPY IN SPINAL CORD DISORDERS AND 
INJURY 

Even though the large number of mouse models allows researchers to choose the mouse 
that is best suitable to address their questions, the small size of mouse CNS greatly 
complicates and/or hampers the use of mouse models in pre-clinical research where invasive 
approach is used to deliver therapeutic agents. For that reason the rat disease and injury 
models are superior to the mouse ones when it comes to cell grafting. In our grafting of human 
neural stem cells experiments we therefore used i) the already available transgenic rat model 
of Amyotrophic Lateral Sclerosis which carries human mutant SOD1 protein with G93A point 
mutation (SOD1 rat) and ii) we established the rat model of acute lumbar (L3) compression 
injury.  

 
6.2.1. Rationale for spinal cell-replacement therapy after spinal trauma and in ALS 

Based on the numerous grafting experiments published in recent years and on the 
characteristics and properties of neural stem cells (NSCs), the use of NSCs for acute spinal 
cord grafting after trauma serves three purposes. First, it serves to provide local trophic 
support in the areas of previous injury (provided that grafted cells are able to home and 
survive long-term once grafted into the injured spinal cord milieu) and to minimize or halt the 
process of progressive axonal/neuronal degeneration. Second, it serves to provide a cavity-
filling effect by replacing previously injured-degenerated necrotic tissue and thus prevent the 
long-term (or progressive) formation of rostro-caudal cavitations (i.e., syringomyelia) (Wirth 
et al. 2001) (Fig. 17). Third, by the development of synaptic contact with the host 
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axons/neurons above and below the injury level it can potentially lead to formation of a 
functional relay through the injury site (Fig. 16).  

Accordingly, the use of NSCs for intraspinal grafting into the ALS spinal cord serves the 
following three purposes. First, similarly as in SCI, it serves to provide local trophic support to 
the motor neurons and to certain extend, minimize neuronal degeneration. Second, it serves to 
partially replace the host cells which are affected by the mutant SOD1 expression leading to 
partial clearance of the not yet known toxic factors which are being released by the host 
diseased astrocytes and/or third, it serves to partially restore the function of the host glial cells 
– thus, to reuptake of the glutamate from the synaptic cleft and potentially to partial 
restoration of the myelin insulation of motor neurons. But in the case of ALS, it has to be 
noted, that the primary outcome of the HSSCs transplantation in human ALS patients is the 
partial improvement of function and quality of life as the life-extension is not expected based 
on the aggressive course of the disease and because the majority of the ALS patients will most 
likely receive the HSSCs grafts after the onset of the disease thus when the progressive motor 
neuron and oligodendrocyte degeneration, neuroinflammation and toxicity is already on place. 
 
6.2.2 Cell survival and differentiation 

In both studies near pure population of nestin+ human fetal spinal stem cells were grafted 
intraspinally at 3 days after contusion-induced spinal cord injury (van Gorp et al. 2013 in 
press) or at age ~65 days in SOD1 rat (Hefferan et al. 2012). Analysis of the graft survival at 2 
(SCI) or ~2.5 (SOD1) months after grafting showed a dense population of grafted hNUMA+ 
cells in grafted previously trauma-injured regions or in the central and deep gray matter 
(laminae VII–IX) with occasional extension into the white matter with slight enlargement of 
the spinal cord noted typically in the area closest to the graft in SOD1 rats (Hefferan et al. 
2012). In addition, numerous hNUMA+ cells which migrated out of the graft in distances 
ranging between 2-3 mm were also seen in SCI rats (van Gorp et al. 2013 in press) while the 
migration of HSSC in the spinal cord of SOD1 rats was limited (Hefferan et al. 2012) (even 
with 25% longer survival after grafting than in SCI animals) which can most likely be 
explained by space limitation of the relatively “intact” (i.e. without traumatic injury) spinal 
cord tissue of SOD1 rats.  

 
 
 
 
 
 
 
 
 
 
 

Fig. 15 Human spinal neural stem cells grafted into lumbar spinal cord of SOD1G93A rats show 
long term survival and preferential neuronal differentiation. Fig 1 J-L from author’s publication 
Human Neural Stem Cell Replacement Therapy for Amyotrophic Lateral Sclerosis by Spinal 
Transplantation 
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Using human-specific antibodies against NSE and synaptophysin (hNSE; hSyn, 
respectively - markers of mature neurons), we have also shown that a majority of grafted cells 
developed into a neuronal phenotype in both studies (Fig. 15). Essentially all structures within 
the graft core labeled for both hNSE and doublecortin (DCX; early postmitotic neuronal 
marker which is not present in the parenchyma of adult spinal cord) (Hefferan et al. 2012). In 
addition, quantitative analysis of the grafts in SOD1 rats demonstrated that 78±6% of 
hNUMA-positive nuclei were surrounded by a DCX+ cytoskeleton, suggesting that those cells 
were young, migrating, post-mitotic neurons. Likewise, no cells with DCX were found lacking 
a hNUMA+ nucleus. Similar to the hNSE staining pattern, fibers with doublecortin were 
found extending often more than 500 μm radially from the graft core, sometimes crossing 
through/near lamina X to the opposite side. On average 12.5±1.2% of hNUMA-positive cells 
expressed the mature neuron marker NeuN (Hefferan et al. 2012). Many hSyn+ boutons were 
found to reside in the vicinity of host neurons in both studies. Because of the nature of the 
study, many more hSyn+ bouton-like structures adjacent to the host neuronal cell body and 
associated processes (even on some persisting α-motoneurons) were found in SOD1 rats (Fig. 
15) (Hefferan et al. 2012). By examining specific neurotransmitter phenotype markers in 0.5 
μm-thick optical sections, 0.8±0.3% of hSyn+ structures were co-labeled with glutamate 
decarboxylase 65 (GAD65), a marker for γ-aminobutyric acid (GABA)-producing neurons. 
Immunostaining for each of the three vesicular glutamate transporters known to exist in the 
spinal cord (VGluT 1, 2, and 3) revealed that 1.3±0.5% of boutons with hSyn were 
glutamatergic (Fig. 15). Glycinergic boutons, identified by immunostaining for a glycine 
transporter, (GlyT2) represented 0.9±0.6% of these boutons. In the vast majority (>97%) of 
cases hSyn+ cells did not contain any differentiated cell marker, indicating a persistent 
immature phenotype at 2.5 months after grafting in SOD1 rats (Hefferan et al. 2012).  

On the contrary, analysis of the neurotransmitter phenotype in grafted cells in SCI animals 
showed only the development of putative inhibitory GABA-ergic synapses with host neurons 
(i.e. GAD65/67+; Fig. 16) (van Gorp et al. 2013 in press). This could be explained by the 
relatively shorter surviving time of the grafted cells (25%) and by the observed behavior of the 
HSSCs grafted into the injured lumbar spinal cord – we have determined that while the density 
of grafted cells is relatively low to fill the cavity-forming region, the grafted cells continue to 
proliferate after grafting to the point when a cavity is near completely filled with grafted cells 
(unpublished data). The cell proliferation is inhibited once the cavity is filled and after that the 
cells differentiate normally. That the cells do not develop into pre-neoplastic or neoplastic 
cells has been assessed in a 9-month tumorigenicity study with nude rats whose Th9 spinal 
cord segment was first injured by contusion (manuscript in preparation). Thus the delayed 
neuronal maturation/differentiation seen in SCI spinal cords was most likely caused by the 
initial period of proliferation of HSSCs which led to complete filling of the injury-induced 
cavity. 
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6.2.3. Effect of spinal grafting of HSSC on the recovery of motor function and 
muscle spasticity 

In our HSSCs transplantation studies, a combination of several motor performance tests 
were employed including open field modified BBB scoring, CatWalk gait analysis, inclined 
ladder climbing, single frame hind limb motion analysis, and myogenic motor evoked 
potentials to identify the degree of motor function recovery after cell grafting. The changes in 
muscle spasticity in lower extremities (i.e., below the level of injury) were also measured 
using a computer-controlled ankle rotational system (Marsala et al. 2005). The CatWalk gait 
analysis showed significantly improved paw placement in HSSC-injected SCI animals when 
compared to control SCI animals (van Gorp et al. 2013 in press). In addition, a significant 
suppression of otherwise exacerbated muscle spasticity response measured during ankle 
rotation was seen in cell-treated SCI animals (van Gorp et al. 2013 in press). In SOD1 
animals, Hoffmann reflex spasticity measurements revealed a higher average H-wave 
amplitude (increase in rate-dependent depression; RDD) for the HSSCs-grafted group 
compared to the media-treated animals (3.5±0.6 vs. 1.1±0.3 mV; p,0.05; t-test), indicating 
functional preservation between sensory Ia afferent, α-motoneuron and motor plate (Hefferan 
et al. 2012). However, no improvements in other functional CatWalk parameters (runway 
crossing time, hind paws base of support, regularity index/coordination, stride length, phase 
dispersions), MEPs, BBB score, single-frame motion analysis or ladder climbing test) were 
seen in the HSSC-treated SCI rats (van Gorp et al. 2013 in press). On the other hand, the BBB 
score (measured from each animal every 3–4 days) was significantly preserved at age 135–
142d in the cell grafted SOD1 animals compared with the media-treated group (Hefferan et al. 
2012).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 16 Development of putative GABA-ergic synaptic contact between HSSC and the host 
neurons. Fig 6 B from author’s publication Amelioration of motor/sensory dysfunction and spasticity 
in a rat model of acute lumbar spinal cord injury by human neural stem cell transplantation. 
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Consistent with our current data, several other studies from different laboratories have 
demonstrated a variable degree of motor function recovery after spinal grafting of rodent or 
human fetal, adult or embryonic stem-cells derived neural precursors using a variety of spinal 
injury models in mice and rat (McDonald et al. 1999; Hofstetter et al. 2005; Mitsui et al. 2005; 
Davies et al. 2006; Macias et al. 2006; Cizkova et al. 2007; Davies et al. 2008; Alexanian et al. 
2011; Boido et al. 2011; Jin et al. 2011; Lu et al. 2012). Importantly, these data together 
suggest that some degree of therapeutic effect can be achieved once cells are grafted during 
the early post-injury period (i.e., 3-7 days after spinal trauma) or in early pre-symptomatic 
stages of the disease in SOD1 rats (i.e. before the first symptoms can be clinically diagnosed). 

 
6.2.4. Grafted HSSCs into lumbar cord offered no effect on survival of SOD1 rats 

Despite the transient improvement of neurological/motor functions and local improvement 
in motor neuron survival, we found no survival benefit versus our control media-injected 
group (Hefferan et al. 2012). This was not unexpected, since for humane reasons survival in 
this animal model is defined by a loss of righting reflex (i.e., the ability of the animal to right 
itself). An intact righting reflex requires coordinated hindlimb and forelimb motor function 
and continuing functional coupling of the upper and lower motor neuron system. In deficits 
which include upper and lower motor neuron degeneration (such as seen in SOD1G93A rats), 
region-restricted treatments (as achieved after spinal segmental cell grafting) is not expected to 
significantly modify upper motor neuron degeneration and loss and the associated progressive 
decline in righting reflex (Hefferan et al. 2012). Nevertheless, using lumbar spinal grafting of 
human spinal neural stem cells similar to those of our current study, Xu et al. (2006) 
previously reported an apparent lifespan extension of SOD1G93A rats of 11 days compared to 
control animals receiving injection of dead cells (Xu et al. 2006) and even longer extension of 
survival (17 days) was achieved when the HSSCs (in this case, the same cell line as we have 
used in our study) were grafted into both cervical (C4-C5) and lumbar (L4-L5) segments of 
the spinal cord (Xu et al. 2011). Similar to our study a significantly higher number of 
persisting lumbar a-motoneurons was found in HSSCs treated animals in both studies. Given 
the robust graft survival, cell differentiation and migration seen in our study (Hefferan et al. 
2012), we speculate that the differences between ours and these prior studies may reflect the 
occurrence of natural drift in the onset of disease between different cohorts of animals (a 
feature that has been argued to necessitate >25 animals per group in order to draw statistically 
valid conclusions) (Scott et al. 2008) and/or difference in the design of the control groups (i.e., 
injections of dead cells vs. media only) and potentiation of local neuronal degeneration in dead 
cell injected animals. 

 
6.2.5. Effect of spinal grafting of HSSC on the recovery of sensory function 

In our SCI study, we assessed the sensory function below the level of injury (hind paws) 
by measuring the mechanical and thermal thresholds for supraspinally mediated escape 
behavior (van Gorp et al. 2013 in press). Using this method (in contrast to hindpaw 
withdrawal reflex methods) we did not observe SCI-induced hyperalgesia at the hindpaws 
(below-level), which is in line with observations reported from other laboratories (Hofstetter et 
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al. 2003; Baastrup et al. 2010). We did, however, find significant improvement of both SCI-
induced mechanical and thermal hypoesthesia. It is important to note that the sensory 
thresholds did not yet plateau at the end of the 2-month survival period. We speculate that an 
additional quantitative and qualitative improvement in the sensory function would likely be 
seen should a longer post-grafting interval be studied (van Gorp et al. 2013 in press).  

In addition to sensory tests, quantitative analysis of spinal parenchymal markers indicative 
of developing (spinal) hypersensitivity (i.e., CGRP/GAP43, an indicator of aberrant sprouting 
of primary sensory neurons (Ondarza et al. 2003; Macias et al. 2006), and Iba1 staining, a 
marker of microglia activation (Hains and Waxman 2006)) were studied and showed a 
significant decrease in CGRP staining intensities in HSSC-treated animals if compared to SCI 
controls (van Gorp et al. 2013 in press). This suggests that the recovery/decrease in sensory 
thresholds observed in our study is not a result of aberrant sprouting or microglia activation. 
Consistent with the observations from our study, previous studies from other laboratories have 
demonstrated similar functional and histopathologically-defined (i.e. decrease in CGRP 
staining around the injury site) improvements  after spinal grafting of fetal-tissue derived 
human or rodent neural or glial-restricted precursors in several mouse or rat spinal injury 
models (Hofstetter et al. 2005; Mitsui et al. 2005; Macias et al. 2006; Davies et al. 2008; 
Baastrup et al. 2010; Alexanian et al. 2011; Jin et al. 2011).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 17 Effective cavity-filling effect by transplanted cells in SCI HSSC-injected animals. 
Fig 4 A-D from author’s publication Amelioration of motor/sensory dysfunction and spasticity in 
a rat model of acute lumbar spinal cord injury by human neural stem cell transplantation. 
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6.2.6. Mechanism of HSSC-mediated therapeutic action in SCI and ALS 

Quantitative analysis of the host axon survival in the injury epicenter showed no 
significant sparing effect in HSSC-grafted SCI animals vs. medium-injected or untreated SCI 
animals. These data suggest that i) the majority if not all axons which succumb to pathological 
processes resulting from secondary changes post injury such as edema, ischemia were already 
lost or irreversibly damaged at 3 days after trauma (i.e., the time point when the cells were 
grafted), or ii) regional cell grafting is not therapeutically effective in providing acute 
neuroprotection. 

As we mentioned before, transplanted HSSC into the spinal cord both SCI and ALS rat 
models engrafted and differentiated into neural or glial cells with no extensive proliferation or 
tumor formation observed (Hefferan et al. 2012) (van Gorp et al. 2013 in press). Analysis of 
the neurotransmitter phenotype in grafted cells in the SCI model showed the development of 
putative inhibitory GABA-ergic synapses with host neurons (Fig.  16). These data show that 
the restoration of the local functional inhibitory circuitry by grafted cells can in part lead to the 
observed functional improvements (van Gorp et al. 2013 in press). While under specific 
pathological conditions (such as inflammatory or neuropathic pain) the spinal GABA can have 
excitatory effects due to  reduced expression of the potassium-chloride exporter KCC2) (Coull 
et al. 2003; Anseloni and Gold 2008), systematic experimental and clinical studies have 
demonstrated a potent anti-spasticity effect after intrathecal treatment with GABAB receptor 
agonist baclofen, suggesting continuing inhibitory GABAB receptor-mediated action (Rawlins 
2004; Kakinohana et al. 2006). 

 In addition, we have recently demonstrated an effective anti-spastic effect after spinal 
parenchymal GAD65 (glutamate decarboxylase) upregulation if combined with systemic 
tiagabine (GABA uptake inhibitor) treatment in animals with spinal ischemia-induced muscle 
spasticity (Kakinohana et al. 2012a). Jointly, these data suggest that the anti-spasticity effect 
observed in our current SCI study can be mediated by a synaptically coupled GABA-
inhibitory effect. Accordingly, in our previous study using the same cell line, we have 
demonstrated the development of putative GABA-ergic synaptic contacts between grafted 
neurons and persisting α-motoneurons of the host in a rat spinal ischemia model. In the same 
animals, a significant amelioration of spasticity was measured (Cizkova et al. 2007). 
Similarly, the transient anti-spastic effect of HSSCs-grafted SOD1 expressed by increased 
RDD of Hoffmann reflex can be at least partially attributed to the development of putative 
inhibitory GABA-ergic and/or glycinergic synapses (Fig. 15) with host surviving α-
motoneurons (Hefferan et al. 2012). This could have been further supported by the partially 
corrected glutamine uptake from the extracellular space/synaptic cleft by the HSSC-derived 
glial cells/astrocyte EAAT2 as it was suggested in previous work (Lepore et al. 2008). 
Furthermore, the temporary improvement of BBB score in the HSSC-treated SOD1 animals 
can be explained by “dilution” of the yet unknown host astrocyte-secreted toxic factors by the 
engrafted human neural and glial cells present in the vicinity of host motor neurons which 
most likely led to their temporary protection. The presence (although small) of the mature 
human oligodendrocytes could also helped retain the neurological and/or motor function in 
SOD1 rats by re-myelination of the axons of host motor neurons preserving their conductivity. 
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The overall improvement in the ventral horn grey matter in the HSSC-treated rats also led to 
~50% reduction of neuroinflammation (astrogliosis and microgliosis) as demonstrated by the 
reduction of total immunoreactivity for GFAP and Iba1 when compared to media treated 
SOD1 rats (Hefferan et al. 2012). In the same study using EM analysis, we have confirmed the 
development of synaptic contacts with the host neurons at 9 months after intraspinal grafting 
of HSSC in normal non-injured immunodeficient rats (Hefferan et al. 2012). Similarly, in a 
more recent study, the development of functional contacts and restoration of axon potential 
conductivity across the region of complete Th3 spinal transection by grafted HSSC was seen 
(Lu et al. 2012). Based on these transplantational experiments, we suggest that ideal cell 
lineage for spinal cord injury therapy would probably be a certain proportion of 
oligodendrocytes and neurons (Kim et al. 2007; Sabelstrom et al. 2013), and for ALS it most 
likely would include delivery of all three neural cell lineages with a high content of astrocyte 
precursors (Maragakis et al. 2005; Vargas and Johnson 2010).  

 
6.2.7. Defining the optimal TAC immunosuppressive regimen to permit long-term 
survival and maturation of spinally grafted human neural precursors in rats 

Even though we successfully used combinatory immunosuppression protocol which 
included Prograf (FK506; Astellas Pharma) in combination with Cellcept (mycophenolate 
mofetil (MFF); Roche Pharmaceuticals) in all our xenografting studies (Cizkova et al. 2007; 
Usvald et al. 2010; Hefferan et al. 2011b; Hefferan et al. 2012; Kakinohana et al. 2012b) (van 
Gorp et al. 2013 in press), we have occasionally observed graft rejection. In our HSSCs 
grafting study in SOD1 rats (Hefferan et al. 2012), hNUMA staining revealed identifiable 
human grafts in 18/22 animals. Four animals were thus graft-negative as indicated by injection 
tracks which were clearly visible, but with no human antigen detected. Moreover, in one of 
our recent studies, we demonstrated consistent cell survival for up to 2 months after spinal 
grafting of HUES7-NPCs after using 1 mg TAC/day dose delivered s.c. as a bolus in caster-oil 
preparation in SD rats with previous spinal ischemic injury. However, no cell survival was 
seen if animals were allowed to survive for total of 4 months (Kakinohana et al. 2012c). Thus, 
we decided to develop a more consistent and less labor intensive immunosuppression protocol.   

In this study, quantitative analysis of T-cells (CD8, CD4) in grafted spinal cord regions 
showed a near complete absence of this cell population in 3.4 and 5.1 mg/kg/day TAC group 
if analyzed at 77-90 days after cell grafting  (Sevc et al. 2013 in revision). Similarly, the 
analysis of CD8 and CD4 cells in circulating blood showed a significant decrease in the 5.1 
mg/kg/day TAC group if compared to non-immunosuppressed SOD1 rats. In contrast to the 
3.4 and 5.1 mg/kg/day TAC groups, a clear population of CD4/8 cells was seen in 1.9 
mg/kg/day TAC-treated and cell grafted animals. Interestingly, a substantially higher density 
of CD8 population was seen on the dorsal surface of individual grafts facing the pial 
membrane. We speculate that the presence of grafted cells in heavily vascularized but BBB-
lacking pial arterial system is more susceptible to extravasation of the circulating T-cell 
population and the resulting T-cell mediated response (Sevc et al. 2013).  We also hypothesize 
that even if a satisfactory cell survival was seen in the 1.9 mg/kg/day group at 77 days after 
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cell grafting, a progressive grafted cell rejection will likely develop should the same level of 
low level immunosuppression continue over an extended period of time.   

Independent of the daily TAC dose delivered (i.e., 1.9, 3.4 or 5.4 mg/k/day) in a form of 
TAC pellet, consistent survival of grafted ES-derived NPCs or HSSCs was seen at intervals 
30-90 days after grafting (Sevc et al. 2013 in revision). This was expressed as the presence of 
high density DCX or hNSE immunoreactive-grafted neurons in targeted spinal cord regions.  

In addition, high density neuronal processes derived from grafted human neurons 
expressing human-specific synaptophysin and projecting toward host interneurons and α-
motoneurons were identified. Comparable grafted cell survival and maturation was seen in 
both SOD1 rats and in SD rats with previous L3 contusion injury (SCI) (Sevc et al. 2013 in 
revision). In our previous experiment, we demonstrated consistent xenograft survival three 
weeks after the transplantation of HSSCs into the spinal cord in rats treated with daily i.p. 
injection of TAC (3 mg/kg/day) combined with daily i.p. injection of Mycophenolate mofetil 
(30 mg/kg) (Hefferan et al. 2011a).  
Together, these data show that the TAC dose of around 3 mg/kg/day and divided into two 12-
hr doses (if delivered as a bolus s.c injection) or in a form of continuously TAC releasing 
pellet is required for long-term effective immunosuppression to permit xenograft survival in 
rats. 
 
6.2.8. (Neural) stem cell therapy in spinal cord summary 

In summary, HSSCs transplanted into the lamina VII of the SOD1 rat lumbar spinal cord 
(L2-L5) provided local protection to the lamina IX α-motoneurons residing in the close 
proximity of the grafted cells and showed transient protection of hind-limb motor function and 
preservation of Hoffman reflex activity and decreased inflammatory responses but offered no 
protection to α-motoneuronal pools distant from grafted lumbar segments. Using the same 
GMP-grade HSSC cell line (NSI-566RSC) in immunosuppressed Spreg-Dowley rats with 
previous L3 contusion injury we demonstrated progressive and significant improvement in 
motor and sensory function, effective filling of spinal injury/trauma-induced cavity with 
grafted cells and development of putative GABA-ergic synapses between grafted and host 
neurons at 2 months after grafting. In addition, we have developed new immunosuppressive 
tacrolimus-loaded pellets which are now commercially available and provide steady drug 
release for up to 3 months, making delivery labor efficient, minimally invasive, and producing 
stabilized blood concentration levels. 

It is clear that cell replacement therapies will require effective multi-site delivery and will 
need to be supplemented by drug and/or gene therapies. Nevertheless our data demonstrated 
that transplantation of human neural stem cells represent safe and effective potential therapy 
for both neurodegenerative diseases and acute spinal cord injuries with limitations given by 
the complexity of the disease and the size of the injury. 
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6.3. GENERAL CONCLUSION 

My doctoral thesis was primarily focused on the animal disease models development and 
characterization and pre-clinical xenogeneic cell therapies focused on spinal cord disorders 
and injury. We successfully generated and characterized the first transgenic minipig model of 
Huntington’s disease which carries one copy of the human HTT transgene encoding 124 
glutamines integrated into chromosome 1 q24-q25. Our cross-breeding studies revealed 
possible role of UCHL1 in UPS impairment in HD which could be linked to relative early 
reproductive problems in tgHD boars which by one year had reduced fertility and fewer 
spermatozoa per ejaculate. As UPS is crucial for sperm quality control and UCHL1 is required 
for normal spermatogenesis, the tgHD minipig boar’s decline in sperm number and ZP 
penetration rate could therefore be a consequence of aberrant interaction of mutant huntingtin 
with UCHL1 and strongly suggest UPS impairment in tgHDminipig testes. 

Our human neural stem cells transplantation studies in rat models of ALS and spinal cord 
injury clearly demonstrated that the engraftment of HSSCs is safe, efficient and offers 
therapeutic potential which, of course, is limited by the complexity of the disease and the size 
of the injury. Transplanted HSSCs differentiated mainly into neurons and some astrocytes and 
oligodendrocytes. In addition, we observed transient protection of α-motoneurons and 
improvement of neurological/motor functions in HSSCs-treated SOD1 rats and even more 
apparent motor and sensory function improvement in SCI HSSCs-grafted rats. During our 
grafting experiments we have also developed a new immunosuppressive protocol based on 
TAC-loaded pellets which we extensively tested in our lab and which are already available for 
broad scientific community.  

Results of our work helped to expand our understanding on the potential clinical use of 
cell-replacement therapies in human patients with chronic spinal trauma and ALS. The 
development of a porcine HD model represent a critical step in large animal HD modeling 
with the primary utilization of such a model in gene-targeted and cell-replacement therapies. 
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8.            LIST OF ABBREVIATIONS 

 
• A4V   Alanine 4 changed to valine mutation 
• AchE   Acetylcholinesterase 
• ADAM10  A Disintegrin and metalloproteinase domain-containing protein 10 
• ALS   Amyotrophic Lateral Sclerosis 
• BAK   Bcl-2 homologous antagonist killer 
• BAX   Bcl-2-associated X protein 
• BBB   blood brain barrier or Basso, Beattie, and Bresnahan (BBB) scores 

(depends on the context) 
• BCL-2   B-cell lymphoma 2 
• Bdnf   Gene for brain derived neurotropic factor 
• bFGF   Basic fibroblast growth factor 
• BID   Bis in die 
• Biotin-16-dUTP Biotin-16-2’-deoxyuridine-5’-triphosphate, can be used to produce 

biotinylated DNA probes 
• BNDF   Brain derived neurotropic factor 
• bp   Base pairs 
• C9ORF72  Chromosome 9 open reading frame 72 mutation 
• CAG   CAG triplet 
• CBP   CREB-binding protein 
• CD4, CD14 etc. Cluster of differentiation no4, no14 etc. 
• CGRP   Calcitonin gene related peptide 
• ChAT   Choline acetyltransferase 
• DAPI   4',6-diamidino-2-phenylindole 
• Daxx   Death-associated protein 6 
• E1mHTT  Exon 1 of mutant huntingtin 
• EAAT2  Excitatory amino-acid transporter 
• EGF   Epidermal growth factor 
• EGF   Epidermal growth factor 
• EMG   Electromyography 
• FADD   Fas-Associated protein with Death Domain 
• FALS   Familiar ALS 
• Fas   FAS receptor (FasR), also known as apoptosis antigen 1 (APO-1 or 

APT), cluster of differentiation 95 (CD95) or tumor necrosis factor receptor superfamily 
member 6 (TNFRSF6) 

• FDA   Food and Drug Administration 
• FISH   Fluorescence in situ hybridization 
• FITC   Fluorescein isothiocyanate 
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• FK506   Tacrolimus (also FK-506 or fujimycin, trade names Prograf, 
Advagraf, Protopic) 

• FKBPS  FK506 binding protein 
• FTD   Frontotemporal dementia 
• FTLD   Frontotemporal lobe degeneration 
• FUS/TLS  FUS (fused in sarcoma) or TLS (translocation in liposarcoma) 
• G93A   Glycine 93 changed to alanine mutation 
• GABA   γ-Aminobutyric acid 
• GAP43  Growth Associated Protein 43 
• GDNF   Glial cell-derived neurotrophic factor 
• GFP   Green fluorescent protein 
• GFPu   GFP appended with a destabilizing modification (degradation 

signals) which promotes their constitutive degradation by the UPS 
• GLT1   Excitatory amino-acid transporter in rodents 
• GMP   Good manufacturing practice 
• GnRH   Gonadotropin-releasing hormone 
• H3   Histone H3 
• H46R   Histidine 46 changed to arginine mutation 
• HD   Huntington’s disease 
• Hdh promoter  Mouse huntingtin promoter 
• HEAT   Consensus sequences called huntingtin, elongation factor 3, protein 

phosphatase 2A, and TOR 1 repeats 
• hES-Ops  Human embryonic stem cell-derived oligodendrocyte progenitors 
• HSSCs   Human spinal cord-derived neural stem cells 
• i.v.   Intravenous  
• Iba1   Ionized calcium-binding adapter molecule 1 
• IBs   Inclusions (polyubiquitinated) of aggregated huntingtin 
• IETD   Caspase-8 inhibitor peptide 
• IGF-1   Insulin-like growth factor 1 
• IKK   IkappaB kinase complex 
• IT15   Interesting transcript 15 (HTT) 
• K6, K9, K15, K48, K63 Position of lysine in a protein 
• KCC2   Chloride potassium symporter 5 
• KO   Genetic knock-out 
• L3   3rd lumbar vertebrae 
• LAMP-2A  Lysosome-associated membrane protein 2 variant A, receptor for 

chaperone-mediated autophagy 
• LDN   LDN-57444 UCHL1 inhibitor 
• LMN   Lower motor neuron 
• MFF   Mycophenolate mofetil 
• MSNs   Medium spiny-sized striatal neurosn 
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• mTOR   Mammalian target of rapamycin 
• MVC   Motor vehicle collisions 
• NADPH  Reduced form of Nicotinamide adenine dinucleotide phosphate 
• NES   Nuclear export signal 
• NGF   Nerve growth factor 
• NLS   Nuclear localization signal 
• NMDA  N-Methyl-D-aspartic acid 
• NMDAR  N-Methyl-D-aspartic acid receptor 
• nNOS   Nitric oxide synthase 1 (neuronal) 
• NOX2   Subunit of NADPH oxidase 
• NR2B   Glutamate [NMDA] receptor subunit epsilon-2 also known as N-

methyl D-aspartate receptor subtype 2B 
• null mutation  Mutation of both alleles of one gene 
• P/CAF   P300/CBP-associated factor, trancriptional coactivator 
• P300   E1A binding protein p300 
• p38   p38 mitogen-activated protein kinases 
• p53   Protein 53 or tumor protein 53; is a tumor suppressor protein 
• polyQ   Polyglutamine stretch in huntingtin protein 
• polyUb  Polyubiquitin chain 
• PSD95   Postsynaptic density protein 95 
• PUMA   p53 upregulated modulator of apoptosis 
• RE1/NRSE  Repressor element 1/ also known as the neuronrestrictive silencer 

element 
• REST/NRSF  RE1-silencing transcription factor/ also known as neuronal 

restrictive silencing factor 
• ROS   Reactive oxygen species 
• s.c.   Subcutaneous 
• S13, S16, S536 Position of serine in protein 
• SALS   Sporadic ALS 
• SCI   Spinal cord injury 
• SNAP25  Synaptosomal-associated protein 25 
• SOD1   Copper/zinc superoxide dismutase 1 
• T12-L1  12th thoracic through 1st lumbar vertebrae 
• TAC   tacrolymus 
• TDP-43  43 kDa TAR DNA-binding protein 
• tgHD   Huntington’s disease transgene 
• TKX   mixture of  Tiletaminum 250 mg, Zolazepamum 250 mg, Ketamine 

10 % 3 ml, Xylazine 2 % 3 ml 
• TREG   CD4+CD25+ regulatory T (lymphocyte) cells 
• Ub   Ubiquitin 
• UMN   Upper motor neuron 
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• UPS   Ubiquitin proteasome system 
• VEGF   Vascular endothelial growth factor 
• WT   Wild type 
• αMN   α-motoneuron 
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