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ABSTRACT 

Charles University in Prague 

Faculty of Pharmacy in Hradec Králové 

Department of Biochemical Sciences 

Candidate: Bc. Gabriela Kocurová 

Supervisor: Prof. MUDr. Jaroslav Dršata, CSc. 

Title of diploma thesis: Investigation of proteolytic enzymes expression in different 

tissues at the transgenic animal model of Huntington´s disease by means of biochemical 

and immunohistochemical methods 

Background: Huntington’s disease (HD) is a neurodegenerative disorder that is caused 

by an expansion of a polyglutamine (polyQ) domain in the huntingtin (Htt) protein. 

Because it is known that mutant Htt and especially its small proteolytic fragments are 
toxic to neurons (particularly those in the striatum and cortex), it has been suggested 

that proteolysis of mutant huntingtin (mHtt) might play an important role in HD 

pathogenesis. Therefore, the aim of the present study was to examine the expression of 

endogenous and mtHtt and possible participation of the proteolytic enzymes from the 

group of caspases, matrix metalloproteinases (MMPs), kallikreins (KLKs) and calpains 

in HD pathology of brain tissue. 

Methods: In this study we used WT and TgHD minipigs for N-terminal part of the 

human mtHtt (548aaHTT-145Q, both F2 generation, age 36 months; F3 generation, age 

48 months in additional experiment), R6/2 mice were used as positive controls. Htt and 

proteases were examined immunohistochemically (IHC) and by immunofluorescence 

(IF) on cryostat sections, or biochemically by Western blotting (WB) using the 

following primary antibodies: anti-BML-PW0595, anti-EPR5526, anti-MAB2166, anti-

1C2, anti-3B5H10, anti-MW8, anti-caspase-3, anti-caspase-8, anti-MMP-9, anti-MMP-

10, anti-KLK-10, anti-calpain-5. 

Results: Endogenous and transgenic Htt was detected in the brain sections of TgHD 

minipig (F2 generation, 36m), as well as the presence of small proteolytic fragments 

was confirmed. IHC revealed formation of aggregates of mtHtt. Biochemical detection 

of proteases in the TgHD minipig brain showed higher levels of caspase-3, MMP-9 and 

its multiple proteolytic cleavage products (generated from mHtt). Using IHC and WB, 

we demonstrated significantly increased expression of caspase-3 in nucleus caudatus 

and cortex area of TgHD minipigs in comparison to WT animals. 

Immunohistochemically detected MMP-10 level was very weak in all animals studied 

(TgHD and WT) with small differences between them. Increased levels of MMP-9 were 

observed by IF in retinal pigment epithelial cells (RPE) of TgHD minipig (48m). In 

contrary to that the most proteolytic enzymes revealed the same or increased 

expressions in TgHD brains, the decreased expression of kallikrein-10 was detected in 

these brains in comparison to WT brains. 

Conclusion: Due to different expression of proteolytic enzymes in TgHD brains further 

studies are necessary to clarify the exact role of these enzymes in etiology of HD. 

Key words: proteolytic enzymes, transgenic animal model, Huntington’s disease, 

biochemistry, immunohistochemistry 
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imunohistochemických metod 

Úvod: Huntingtonova nemoc (HN) je neurodegenerativní onemocnění způsobené 

expanzí polyglutaminu (polyQ) v proteinu huntingtin (Htt). Protože je známo, že 

mutantní Htt a zvláště jeho malé proteolytické fragmenty jsou toxické pro neurony 

(hlavně ty ve striatu a mozkové kůře), proteolýza mutantního Htt (mtHtt) hraje zřejmě 

důležitou roli v patogenezi HN. Cílem této studie je proto vyšetření endogenního i 

mtHtt a možné zapojení proteolytických enzymů z rodiny kaspáz, matrix 

metaloproteináz (MMP), kalikreinů (KLK) a kalpainů v patogenezi HN. 

Metody: V této studii jsme použili WT a TgHD miniprasata pro N-koncovou část 

lidského mtHtt (548aaHTT-145Q, generace F2, věk 36 měsíců; generace F3, věk 48 

měsíců pro neplánovaný experiment), R6/2 myši byly použity jako pozitivní kontroly. 

Htt a proteázy byly zkoumány imunohistochemicky (IHC) a pomocí imunofluorescence 

(IF) na kryostatových řezech, nebo biochemicky Western blottingem (WB) za použití 

následujících primárních protilátek: anti-BML-PW0595, anti-EPR5526, anti-MAB2166, 

anti-1C2, anti-3B5H10, anti-MW8, anti-kaspáza-3, anti-MMP-9, MMP-anti-10, anti-

KLK-10, anti-kalpain-5. 

Výsledky: Endogenní a transgenní Htt byl detekován v mozkových řezech TgHD 

miniprasete (F2 generace, 36m), stejně jako byla potvrzena přítomnost malých 

proteolytických fragmentů. IHC odhalila tvorbu agregátů mtHtt. Biochemická detekce 

proteáz v TgHD miniprasat mozku prokázala vyšší hladiny kaspázy-3, MMP-9 a jejich 

mnohých produktů proteolytického štěpení (vzniklých z mHtt). Použitím IHC a WB 

jsme prokázali významně zvýšenou expresi kaspázy-3 v nucleus caudatus a kortikální 

oblasti TgHD miniprasat ve srovnání s WT zvířaty. Imunohistochemicky stanovená 

hladina MMP-10 byla velmi nízká u všech studovaných zvířat (TgHD a WT) s malými 

rozdíly mezi nimi. Zvýšené hladiny MMP-9 byly pozorovány pomocí IF v retinálních 

pigmentových buňkách (RPE) TgHD miniprasete (48m). Na rozdíl od ostatních 

proteolytických enzymů, u kterých byly potvrzeny stejné, nebo zvýšené koncentrace, 

exprese KLK-10 v mozcích TgHD prasat byly snížené oproti mozkům WT jedinců.  

Závěr: Vzhledem k rozdílné expresi proteolytických enzymů v TgHD mozcích, další 

studie budou zapotřebí pro objasnění přesné role těchto enzymů v etiologii HN.  

Klíčová slova: proteolytické enzymy, transgenní zvířecí model, Huntingtonova nemoc, 

biochemie, imunohistochemie 
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1 INTRODUCTION 

Huntington's disease (HD) is a hereditary progressive neurodegenerative disease 

with an autosomal dominant pattern of inheritance and the onset of clinical symptoms 

about 30 to 50 years. 

The earliest symptoms are changes in mood, with the development of the disease 

appears cognitive impairment, depression, disturbances of motor function with characte-

ristic choreatic movements and in subsequent stages there is an overall personality dis-

integration (Munoz-Sanjuan et al. 2011). 

Prevalence is reported to be between 3 to 10/100,000 inhabitants and is characte-

rized by geographical differences, the higher is recorded in Europe and in countries po-

pulated by Europeans (Canada, America, Australia). Nevertheless, in Japan and other 

Far Eastern countries, as well as in Africa, HD cases are also recorded. Due to problems 

with diagnosis of the disease, it may be difficult to get clear and exact statistical data. 

According to a study released by Evans et al. in 2013, more than a double increase of 

the prevalence of HD patients has appeared between 1990 and 2010 in the UK, from 5.4 

to 12.3 patients (calculated per 100,000 population), while the most significant increase 

was observed in the age group of 51-60 years. More accurate diagnosis, better treatment 

and associated prolonged life expectancy might be the factors behind the increasing 

prevalence of HD in the population. Also, a greater willingness to record HD ongoing 

electronic health cards plays a role in this increase. Exact number of patients is not 

known in the Czech Republic, but it is assumed that there are about 1000 (Harper et al. 

2002). 

1.1 Pathological features 

HD is characterized by damage of striatal projection neurons. Firstly, GABAer-

gic neurons producing enkephalins, which are stored on D2 dopamine receptors. Subse-

quently appears the degeneration of neurons with dopamine D1 receptor, producing 

besides GABA also substance P. Interneurons are not damaged so much. The cell loss is 

manifested as atrophy of the striatum, which is observable by imaging methods such as 

CT or MR. Besides striatum, demage of other structures of the brain (e.g. cerebral cor-

tex) occurs in the later stages of the disease. These lesions are often associated with an 
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increased proliferation of glial cells, indicating the onset of certain reparative processes. 

The final stage is an overall brain atrophy (Aylward et al. 2000). 

Genetic basis of the disease is a mutation of the short arm of chromosome 4, 

namely the region of the first exon of N-terminal Htt protein gene (4p16.3), which leads 

to a multiplication of CAG repeats. Subsequently, polyglutamine chain is synhesized 

and we talk about polyQ sequence. 

 

Figure 1. HTT gene located on chromosome 4p16. (Huntington's Disease 2013) 

Physiologically, there are in average from 16 to 20 repetitions in the polyQ sec-

tion. The unstable form of the gene for huntingtin (HTT) is in the case, when the num-

ber of repetitions ranges between 27 and 35 and this occurs with up to 10% risk of in-

tergenerational elongation. When the number of repetitions is 36-39, the prognosis is 

poor, clinical features do not occur, but if so, the average life expectancy is higher than 

within those with number of triplets higher than 40, where an onset of clinical manife-

stations of HD is guaranteed (Kremer B et al. 1994). In addition, apart from the exten-

sion of the section there are documented cases characterized by contraction of the num-

ber of triplets (Kovtun et al. 2004). The relationship between the number of repetitions 

and the onset of clinical manifestations of the disease has been described several times 

so far, but only for people with a very high number of triplets (over 60) and those with a 

marginal number of triplets (36-39) (Andrew et al. 1993). An increased number of trip-

lets is observed rather in persons with paternal transmission because of easy expansion 

of triplets during spermatogenesis (Wexler et al. 2004). 
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Figure 2. Expansion of a CAG-trinucleotide-repeat sequence in the HTT gene. 

(Huntington's Disease 2013) 

The number of triplets is not the only determining factor of the onset of symp-

toms, but interacting genes polymorphism associated with Htt is also the subject of dis-

cussion as a potential factor influencing the age of onset of the disease (Leeflang et al. 

1995). Several studies have shown the effect of TAA repeats in the 3 'untranslated re-

gion of the glutamate receptor gene GRIK2 (GluR6 gene). Other studies suggest S18Y 

polymorphism in gene for ubiquitin-carboxy-terminal hydrolase L1 (UCHLI) genotype 

ɛ2ɛ3 with apoliproprotein E, polymorphic (Gln-Ala) 38 repeat in the gene for the 

CA150 transcriptional coactivator and genetic variation in the subunits of NMDA re-

ceptors. 

1.2 Huntingtin protein 

Huntingtin (Htt) is a protein found physiologically throughout the body and its 

function is unknown. It belongs to ubikvitinuous proteins and is expressed in all cells of 

the body, mostly in a brain and testis (DiFiglia et al. 1995). It is found in the cytoplasm 

in neuronal cells. Htt participates in transcription processes of axonal transport and is 

involved in many interactions with other proteins (Borrell-Pagès et al. 2006). There is a 

relationship between Htt and BDNF (brain derived neurotrophic factor), which is the 

supporting factor in the development of cells within ontogenesis (Zuccato et al. 2009). 

Htt is probably also involved in apoptotic processes. It is a protein, which is completely 

indispensable for the body. Total loss of the Htt gene (called knock-out) in animal mod-
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els has led to a significant failure of neurogenesis incompatible with survival (Zeitlin et 

al. 1995). 

As mentioned above, section of CAG repeats are multiplicated, subsequent pro-

tein synthesis of long polyglutamine sextion called polyQ chain occurs and we talk 

about mutated form of Htt (mtHtt). This increase in CAG repetitions is responsible for 

the pathological protein conformation forming beta-sheet, which does not occur physio-

logically. Due to a mutation of the protein, its function is changed, which conveys toxic 

consequences. The pathogenesis associated with mtHtt is still under investigation, but 

excitotoxicity, oxidative stress, apoptotic processes, activation of microglia, mitochon-

drial dysfunction, defect in neurogenesis (Roth et al. 2009), as well as disorders of 

axonal vesicular transport, disturbances in postsynaptic signaling and transcription dis-

orders (Gil et al. 2008) are considered as the main that contribute to this process. It is 

also expected, that pathological Htt has a negative effect on ubiquitin-proteasome sys-

tem (Petrucelli et al. 2004) and lysosomal system (Ravikumar et al. 2002). The mutant 

Htt tend to aggregate due to its conformation and defects in proteolytic systems and Htt 

inclusions are found in the later stages of the disease in the nuclei of neurons, while Htt 

aggregates are found in the cytoplasm of cells. Function of aggregates still has not been 

fully understood. Despite initially presumed toxic function, the hypothesis about gain of 

function, when toxic aggregates are supposed to be created as protective elements 

against the harmful effects of free and intermediary forms of Htt, has appeared in more 

recent studies. According to some studies, neurons without inclusions and aggregates 

die faster than neurons with these formations (Saudou et al. 1998). 
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1.3 HD animal models 

When a mutation causing development of HD is inserted to the genome of vari-

ous organisms, then they can share some pathophysiological mechanisms and cellular 

processes with humans. 

Scientific research possibilities rely on the availability of suitable animal models 

that provide insight into genetics and the pathophysiology of the disease. From identifi-

cation of the gene responsible for HD, several animal models of this disease have been 

developed. Large animal models, such as domestic livestock, offer some significant 

advantages compared with rodents including bigger brain that is accessible for viewing 

and intracebral therapy, longer life, or similar morphology and organ function. But the 

most common question is, which of these models recapitulates the human disease the 

best way. 

The most frequently studied animal models are rodents, but there are also used 

non-mammalian models of HD such as Caenorhabditis elegans, Drosophila melanogas-

ter and zebrafish Danio rerio, which belong to intervertebrates and allow s rapid testing 

of specific hypotheses and new therapeutic strategies (Brignull et al. 2006). These ani-

mals recapitulate human disease in many ways and their undoubtable advantage is the 

prize and ease of their breeding, as their lifespan is quite short and allows have a large 

number of animals. However, a further evaluation of processes causing HD are essential 

for a development of new therapeutic approaches and this finally leads to a creation of 

more complex models of the disease (Ramaswamy et al. 2007). 

1.3.1 Mouse models 

The dominant character of gene mutations in HD allowed to easily create genetic 

models in several species carrying the mutation, which cause abnormal neurological 

phenotype in all animals expressing the mutation. Knock-in mouse and rat models were 

created by inserting either abbreviated or full-length forms of the mutated gene for Htt 

specifically into the gene locus for Htt, or these forms of the mtHtt were inserted ran-

domly (transgenic models). 
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Transgenic models 

R6/1 and R6/2 transgenic mice models were firstly characterized by Bates (Cart-

er et al. 1999) and they still have been the most widely used transgenic mice models 

(Mangiarini et al. 1996). Well described and the most often used model is the R6/2 mice 

model bearing 144Q. This model is characterized by progressive physical deficits, rapid 

weight loss and learning and memory disorders (Ramaswamy et al. 2007). The large 

number of repetitions in the model R6/2 corresponds to the juvenile type of HD symp-

toms in humans. For some R6/2 mice it is known that the symptoms occur by 4 weeks, 

even though the average time of onset of symptoms is from 9 to 11 weeks. The average 

lifespan of animals is about 10-13 weeks, rarely they can survive more than 14 weeks. 

Mice R6/1 carry less CAG repeats than mice R6/2, and therefore we observe milder 

symptoms, later onset of the disease (about 13 to 20 weeks) and a longer survival time, 

usually more than year. This transgenic model is not used as frequently as a model R6/2 

and that is why has not been so well described. Borchelt et al. (1999) created N171-82Q 

transgenic mice model expressing the 171 N-terminal amino acid of the human Htt un-

der control of the mouse promoter whose fragment contained 82 CAG repeats. There-

fore, the lower number of repeats, the later onset of symptoms occur (in months) and the 

individuals die around 5th month of life (Schilling et al. 1999). The lateness of the 

symptom onset and the striatal degeneration is the main advantage making this model 

attractive for studies of presymptomatic therapy. 

Knock-in models 

Creating knock-in mice involves replacing a part of the mouse gene for the Htt 

by human mHtt copy containing an expanded part of CAG repeats. These mouse mod-

els face later onset of behavioral and neuroanatomical changes. However, they do not 

have their behavioral problems so distinctive as transgenic models do (Ramaswamy et 

al. 2007). 

Conditional models 

The group of Yamamoto et al. (2000) created a conditional mouse model of HD, 

where it is possible to inactivate the mutated gene by tetracycline lodged in the diet. 

Surprisingly, the decline in Htt aggregates and the amelioration of clinical symptoms 

were observed on animals after inactivation (Yamamoto et al. 2000). The availability of 
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numbers of different mouse models of HD provides powerful tool for preclinical testing 

of therapeutical strategies as mice share the similar genetic background and the lenght 

of CAG repetitions with humans. Additionally, therapeutics could be tested on animal 

models before the onset of clinical symptoms and the data could be gained relatively 

quickly due to the short life span of mouse animal models (Rubinsztein et al. 2002). 

However, the small size of their brain and the difference in its architecture in compari-

son with humans are the reasons that do not allow use these models for detailed neuroa-

natomical characterization associated with HD (Zuccato et al. 2010). 

1.3.2 Large animal models of HD 

Huntington's disease is a late-onset disease. The short duration of life of rodents 

has resulted in very early signs and symptoms of the disease and a long-term research is 

not possible. Therefore, mammals are suitable for this particular research. With their 

long life they are great representatives for long-term monitoring of behavioral and mo-

tor changes, neuroanatomical characterization and testing of presymptomatic therapy 

(Jacobsen et al. 2010). Another advantage of the large animal models is the possibility 

of using non-invasive in vivo imaging techniques such as PET (Positron Emission To-

mography) and MRI (Magnetic Resonance Imaging) to detect anatomical changes (Ja-

cobsen et al. 2010). Currently, domestic sheep (Ovis aries L.), miniature pig (Sus scrofa 

domesticus), and primates (genus Macaca) lie under the main investigation. Phylogenet-

ically, primates are the closest relatives of humans, they have similar genomes and 

structure of the brain as humans have and therefore represent a unique animal model for 

the study of pathogenesis and progression of disease. There are only few groups han-

dling with primates as models of HD, among them Chan et. al. (unpublished) with a 

group of HD and control individuals of Macaque rhesus (Macaca mulata). They have a 

long time study of cognitive and behavioral deficits using MRI (Chan et al. unpub-

lished). Another group around J. McBride works with Macaque rhesus model holding 

one goal, searching markers and symptoms of the disease (McBride et al. unpublished). 

However, work with primates renders certain difficulties. Animals have motoric, but 

also cognitive and psychical symptoms, which could be a real ethical problem. Also, 

breeding of primates is supposed to be in a monkey colony, and this is not possible in a 

case of HD, when the disease inquire an isolation of HD individual and this altogether 

can lead to a deprivation of primates. 
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Domestic sheep is a suitable model for pharmacological testing associated with 

surgery and transplants because sheep brain is similar to human forebrain (Jacobsen et 

al. 2010). Also, sheeps share a similar body weight and body systems. It makes them a 

good model for studying of reproducion, respiratory and cardiovascular physiology, etc. 

Furthermore, sheeps have a good memory and the ability to learn and also the gene for 

Htt coincides with sheep one in 88% of nucleotides of the Htt (Jacobsen et al. 2010). 

Therefore, J. Morton and her team provided several cognitive tests, which were very 

similar to tests on humans (Morton et al. 2013). 

Great potential for the study of human disease has minipig model with short 

generation interval and larger number of offspring. Thanks to a long period of life and 

relatively undemanding breeding, this model allows study of preclinical (asymptomatic) 

stage of the disease and testing of new drugs. A brain of minipig is in its size, complexi-

ty and cognitive circuits similar to human one. Recent progress has been documented in 

defining the porcine genome (Archibald et al. 2010), porcine single nucleotide poly-

morphisms (Ramos et al. 2009), microRNAome (Kim et al. 2008) and improved tech-

niques for genetic modification of pigs (Hofmann et al. 2003). The porcine homologue 

of the HTT 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% si-

milarity between the porcine and human HTT genes (GenBank, Accession No. 

AB016794). CAG repeats have polymorphic signs in porcine HTT gene and vary from 

8 to 14 units. As well as in humans, porcine HTT consists of two trancripts of approx-

imately 11 and 13 kb (Matsuyama et al. 2000). The close similarity between porcine 

and human HTT genes and proteins is another reason for using the minipig model. Al-

together, it makes minipigs an ideal model for HD research (Swindle et al. 2012). Re-

cently, team around Yang et al. (2010) published work about generating transgenic HD 

pigs that express N-terminal (208 amino acids) of mHtt with an expanded polyQ tract 

(105Q). Primary porcine fetal fibroblast cells expressing N-terminal mutant Htt frag-

ments were used for the nuclear transfer, and pig eggs containing these nuclei were de-

veloped to early embryos that were then transferred to surrogate pigs to produce new-

born pigs.  

Although all five newborn trasgenic pigs appeared normal at birth, three of them 

were unable to gain weight and died several hours after birth. Another trangenic pig 
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lived for 25 days and then died prematurely. Only one piglet was still alive (4 moth old 

at that time, no more recent data). Interestingly, expression of mutant Htt resulted in 

more neurons with activated caspase-3 in transgenic pig brains than in transgenic mouse 

brains (Yang et al. 2010). 

Another team working with this animal model is a group around Jan Motlik at 

the IAPG of AS CR (Institute of Animal Physiology and Genetics, Academy of 

Sciences, Czech Republic) in Liběchov. 

Liběchov minipigs from IAPG 

The IAPG in Liběchov imported the first miniature pigs in 1967 from the Hor-

mel Institute at the University of Minnesota (two boars and three sows) and from the 

Institute for Animal Breeding and Genetics from the University of Göttingen (two boars 

and four sows). Subsequently, breeding, animal health and their body shape have been 

thoroughly controlled and oubreeding conditions maintained by import of several addi-

tional boars from Göttingen (Vodicka et al. 2005). The animals were bred at about 5 

months of age when they reached sexual maturity. At this stage they weigh about 12-15 

kg. In our minipig colony the life expectancy is unknown, because of maximum 8-year 

housing of animals. However, the survival of parental minipig breeds (Hormel and 

Göttingen) has been reported to be from 12 to 20 years. Animals in Liběchov breeding 

are mainly white and adults weight about 60-75 kg. 

In 2009, the IAPG of AS CR Liběchov made the first attempt to create a trans-

genic minipig as a model of HD. 

N-terminal fragment of human Htt was prepared from a plasmid comprising 

cDNA pFLmixQ145 145 CAG/CAA repetitions. The nucleotide sequence for the first 

548 amino acids including the 145 glutamines has been associated with HD promoter 

and introduced into a plasmid carrying CPPT pHIV7 (central polypurine tract) and 

WPRE (Woodchuck hepatitis post-transcriptional regulatory element) of cis-enhancing 

element. Co-transfecting HEK293T cells with this plasmid were obtained from lentivir-

al vector carrying the designation pHIV1-HD-548aaHTT-145Q. This vector was in-

jected by microinjection into single-celled embryos perivitelline space. The embryos 

were cultured in vitro to the blastocyst stage and then transferred into the oviduct of 
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sows laparoscopically. It has been shown that lentiviral construct does not affect the 

survival and development of minipigs. 

The presence of the transgene was verified by PCR (Polymerase Chain Reac-

tion) in skin cells of born piglets. Sequence-coding human HTT and WPRE area were 

amplified. Localization of incorporated transgene into the q arm of chromosome 1 was 

determined by FISH analysis (Fluorescent in Situ Hybridization) and the number of 

copies of the transgene integrated into the genome was determined by relative compari-

son between the pig’s endogenous and the transgenic human Htt by quantitative PCR. 

PCR with primers flanking the CAG/CAA repetitions also determined the number of 

glutamines in transgenic Htt. It results in pigs carrying one copy of the 548 amino acids 

long N-terminal part of the human mutated Htt HTT1-548 (124Q), which is under the 

control of the human htt promoter on the long arm of the first chromosome. 

This animal model of minipigs is able to naturally reproduce and transmit the in-

troduced gene to progeny. The first transgenic minipig was gilt Adéla (Figure 3), who 

became the founder of transgenic minipig lines with inserted HD gene (HD-transgenic 

TgHD) and nontransgenic WT (wild type). The proportion of transgenic individual lit-

ters is approximately 40%. By crossing TgHD and WT minipigs, 4 filial generations 

(F1, F2, F3, F4) arose gradually. Boars from the F1 generation were over the first year 

of life andrologically examinated, then were taken into a reproductional process and 

stay behind the formation of the second generatin F2. Currently, we have approximately 

208 minipigs, including TgHD and WT (Baxa et al. 2013). 
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Figure 3. The first transgenic minipig Adéla (TgHD) with her littermate Adam (WT). 

(Archiv of the IAPG CAS CR, Liběchov) 

The presence of the mtHtt was demonstrated in almost all tissues of transgenic 

animals with preserved number of glutamines. Expression of the mtHtt is comparable to 

the wild-type form. The rate of transmission to subsequent generations corresponds to 

the laws of Mendelian inheritance. So far, all born transgenic pigs are heterozygous for 

the mtHtt. 

Based on analyzes AGERA (Agarose Gel Electrophoresis for Resolving Aggre-

gates) and filter retardation, the formation of aggregates of mtHtt in the brain of trans-

genic minipigs was demonstrated, and in nuclei of neurons were visible inclusions as 

one of the main symptoms of the HD manifestation. Using immunohistochemistry, it 

was shown that Htt is more expressed in a gray matter than in a white one. In boars, 

formation and quality of sperm was monitored with foundings, that the transgenic pigs 

at 13 months of age have a decrease in amount of sperm and also their ability to pene-

trate into the oocyte through zone pellucida is reduced (Baxa et al. 2013). 
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1.4 Proteolysis 

One of the key mechanisms in the pathogenesis of Huntington's disease (HD) is 

a proteolysis of mtHtt. Some of the first studies revealed that small proteolytic frag-

ments have particular cytotoxic characteristics. Proteolytic cleavage as a source of these 

breakdown products was considered as an early or initial step in HD pathogenesis (Ike-

da et al. 1996; Mangiarini et al. 1996). This theory is commonly known as a toxic frag-

ment hypothesis (Goldberg 1996; Wellington and Hayden 1997). Recent studies indi-

cate that a mutated form of Htt and especially its small proteolytic fragments are highly 

toxic to neurons, which are located in the striatum and cortex, and inhibition of proteo-

lysis of mutant Htt significantly reduces neurotoxicity. Although the mechanism of ac-

tivation of proteases in HD is still under investigation, it is believed that in the early 

stages of the disease mutant form Htt sensitizes N-methyl-D-aspartate receptors 

(NMDARs) and there is an influx of Ca
2+

 ions into the intracellular space. As a result of 

the influx of calcium ions are activated Ca
2+

-dependent enzymes and talk about excito-

toxic action of mtHtt. In dysregulation of Ca
2+

 homeostasis in HD play a role not only 

ionotropic NMDARs, but metabotropic glutamate receptors (mGluRs), which are nu-

merous in the striatal cells (Fan and Raymond 2007).  

On cleavage of mtHtt involve different groups of proteolytic enzymes. HD was 

the first polyQ disease where the discovery of the caspase-mediated cleavage was made 

(Goldberg et al.1996). 

Apart from caspases, Htt is cleaved by other proteases including aspartyl pro-

teases, calpains, γ-secretase, lysosomal proteases, matrix metalloproteinases (MMPs) 

(Goldberg et al. 1996; Wellington et al. 1998; Gafni and Ellerby 2002; Lunkes et al. 

2002; Gafni et al. 2004; Kegel et al. 2010). Caspases, calpains and MMPs belong to the 

most explored ones (Goldberg et al. 1996). 
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Fig. 4: Cleavage of mtHtt by various proteolytic enzymes with production of toxic 

fragments of mtHtt.  
High concentrations of mtHtt in cell cause formation of aggregates, which undergo autophagy. 

Accumulation of small mtHtt fragments lead to a transcriptional dysregulation and many 

organelle dysfunctions. In the extracellular space, the activation of membrane-bound or 

secretory MMPs results in a cleavage of substrates involved in inflammation, which may also 

enhance the neurotoxic effect of these enzymes. (Kocurova and Ardan 2015) 
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1.5 Proteases 

A protease means, according to a basic definition, an enzyme that hydrolyzes 

peptide bonds in proteins. It is considered to be roughly 2% of the human genome or 

about 700 individual structures with proved or putative proteolytic activity (Goldberg et 

al. 1996). Proteases share some signs as an ability to catabolize proteins, but they also 

have many other attributes, which distinguished them from one another. They may dif-

fer in their size, localization, quaternary structure, and are sorted into families for sim-

plification. In human bodies, there are five groups of proteases including aspartyl, cyste-

ine, metallo, serine, and threonine proteases, and enzymes are divided into them on the 

basis of catalytic activity. Cysteine, serine, and threonine proteases use nucleophilic 

active-site residues to hydrolyze peptide bonds, aspartyl and metalloproteases to acti-

vate water molecules using active-site residues and promote nucleophilic attack (Gra-

ham et al. 2006). Some biological processes require proteolytic activity such as devel-

opment, differentiation, or the immune response (Baumgartner et al. 2009). What is 

very important in proteolysis is high regulation as it is an irreversible process. That is 

the reason why proteases are translated as inactive zymogens containing inhibitory pro-

domains. Once the protease is approved to be active, the prodomain must be removed. 

There are some proteases, which do not operate with inhibitory prodomains, and need 

another type of regulatory unit, e.g. cofactor binding or posttranslational modification. 

When the enzyme is activated, endogenous protein inhibitors change their subcellular 

localization and therefore the protease activity can be limited (Figure 5). Due to numer-

ous posttranslational modifications not only conventional proteomic and transcriptomic 

methods are used in examination of these proteins, but also their protease activity is 

measured for better understanding of their biological functions (Chen et al. 2000). 
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Figure 5. Activity-based profiling of proteases  

Proteases are often synthesized as inactive zymogens (left) that are activated by several mechan-

isms including posttranslational modifications (PTMs), cofactor binding, pH change, and pro-

teolytic prodomain removal (center). Prodomain hydrolysis (yellow stars) can occur at a ma-

cromolecular signaling complex (top), by the action of another individual protease (middle), or 

by autocatalysis (bottom). After activation, protease activity can be limited by endogenous inhi-

bitors or by degradation by the proteasome (right). (Sanman and Bogyo 2014) 

1.5.1 Caspases 

Caspases are cysteine-aspartate proteases that are involved in processes asso-

ciated with apoptosis, cell proliferation, diferentiation and migration, or inflammatory 

reactions. Caspases are involved in cell death mechanisms and the presence of cell 

death and caspase activation was observed in human HD brain as well as in mouse and 

cell models of HD (Chen et al. 2000; Hermel et al. 2004; Kim et al. 1999; Portera-

Cailliau et al. 1995; Lunkes et al. 1998; Ona et al. 1999; Li et al. 2000; Zhang et al. 

2003). 

11 genes were already found to encode 11 human caspases in the human genom. 

Caspase 1 up to caspase 10, and caspase 14. They dispose a couple of features distin-

guishable from other proteases. Caspases are synthesised as inactive proenzymes con-

sisting of a prodomain, a large (p20) and a small (p10) subunit. 

The classification is based either on their mayor function–differentianted into 

pro-apoptotic caspases subfamily and pro-inflammation subfamily, or on the length of 

their prodomains– divided into groups of initiator and exucution caspases, which cor-

respond to their positions in their apoptotic signaling cascade. Initiator caspases acti-

vated within the programmed cell death are dependent on stress and cell type and organ-

ize a highly efficient proteolytic cascade leading to the activation of caspases and sub-
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sequent execution of cell death. Initiator caspases involved in the apoptotic cascade, 

mainly in mediating cell death signaling transduction, possess long prodomains that 

contain one of the two characteristic protein-protein interaction motifs: the death effec-

tor domain (DED) or the caspase recruitment domain (CARD) and interact with the 

upstream adapter molecules. The group of initiator caspases include caspase-2, -8, -9, -

10, and to form the active dimer the activation is required. Among execution include 

caspase-3, -6, -7, and shaping the active heterodimer requires proteolytic cleavage, 

which is typically secured by upstream proteases. They perform downstream execution 

steps of apoptosis by cleaving many cellular substrates. This upstream and downstream 

relationship is not permanent and absolute and may only exist transiently in very early 

phases of apoptosis. 

 

Figure 6. Structure and domain organization of mammalian caspases. 

(a) Domain organization of caspases and the location of catalytic center loops (L1-L4). Initiator 

caspases have long prodomains, CARD or DED, whereas executioner caspases have short 

prodomains. Loops are shown in gray. The active site Cys is shown by a red line. Processing 

that separates p20 and p10 subunits occurs in L2. The resulting large subunit potion of the L2 

loop of one monomer and small subunit portion of the L2 loop of the neighboring monomer 

(L2´) are involved in loop bundle formation (band c). (b) Ribbon representation of the active 

caspase-3 structure showing the positions of the active center loops (L1-L4, L2´) based on the 

crystal structure of the complex of caspase-3 with peptide inhibitor (in pink). (c) The active site 

conformations of the caspases with known structures. Loops L1 and L3 are highly conserved, 

whereas L2 and L4 are responsible for the differences in substrate binding specificity. (Li and 

Yuan 2008) 
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Because of these distinct roles, also the activation mechanisms are different. The 

upstream caspases require proximity-based dimerization for activation and the cleavage 

of their intradomain linkers to get the stabilization of the molecule. There are various 

types of apical caspases activation and they differ depending on the pathway in which a 

particular caspase operates. For instance, caspase 2 is activated by cytotoxic stress at the 

PIDDosome, extrinsically triggered apoptosis activates caspase 8 at the death-inducing 

signaling complex (DISC), whether caspase 9 is activate during intrinsically triggered 

apoptosis at the apoptosome. Caspase 1 is activated by self-association as part of the 

“inflammasome“, which forms in response to inflammatory stimuli. In such a manner, 

many apoptotic stimuli can converge upon effector caspases to elevate proteolytic sig-

naling and apoptosis. Upstream caspases need both cleavage and dimerization for prop-

er signaling, which is one of the safety requirement how cells defend against spurious 

activation of death signaling. Among crucial regulators the apoptotic caspase pathway 

belongs X-linked inhibitor of apoptosis (XIAP), which directly binds and inhibits the 

initiator caspases 3, 7 and the executive caspase 10 activity. This way XIAP can counte-

ract an apoptotic signal by blocking both of these caspase ways of effect. On the other 

hand, the regulator protein SMAC (second mitochondrial derived activator of caspases) 

can counteract this blockade restoring the activity (Mace et al. 2014). 

Pro-inflammatory caspases (caspase-1, 4, 5) regulate cytokine maturation in in-

flammation (Li and Yuan 2008). 

It has been reported in literature that almost 400 substrates are cleaved by cas-

pases up to now. As mentioned above, one of the substrates of caspases is Htt protein 

(Lüthi and Martin 2007). It was the first neuronal protein identified as a substrate for 

caspases mediating cleavage (Goldberg et al. 1996). Cleavage of mHtt produce toxic 

polyQ fragments-containing sequence and its accumulation can lead to activation of 

other caspases and subsequent cell damage. Cleavage site is located in the N-terminal 

region between amino acids aa460 and aa600. 

Some studies have defined the Htt cleavage sites for caspase-3 at amino acids 

(aa) Asp-513 and Asp-552, for caspase-2 at aaAsp-552, and for caspase-6 at the IVLD 

aa Asp-586 site (Wellington et al.1998, 2000; Hermel et al. 2004). Caspase-6 binds to 

Htt and dominant-negative caspase-6 blocks HD striatal neuronal degeneration (Hermel 
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et al. 2004). Further, the processed form of caspase-6 can be found activated in mouse 

and human HD striatum (Hermel et al. 2004; Graham et al 2010). 

The resulting fragments are different in length and distribution in the cell. The 

fragments resulting from cleavage by caspase-2 and -3 of 75 kDa and 70 kDa are loca-

lized perinuclear, whereas highly toxic fragments formed by cleavage of a caspase-6 are 

accumulated in the nucleus. Also, TgHD murine models have shown toxicity other 

fragments: exon 1 Htt fragment (R6/2 mice) and aa171 Htt N-terminal fragment (N171-

82Q mice) (Huttenlocher et al. 1997). 

Although cleavage mtHtt probably plays an important role in the pathogenesis of 

HD, it is possible that not all fragments are toxic. 

Recent studies suggest that the cleavage of caspase-6 in the position Asp586 is 

considered especially important for the pathogenesis of HD. It was proved in a YAC128 

mouse model genetically modified to express caspase-6-resistant (C6R) whole form of 

human mHtt. Mice expressing C6R mHtt did not develop striatal neurodegenerative 

symptoms and were protected from motor deficits and the depressive phenotype ob-

served in HD mouse models. Moreover, neurotoxicity caused by multiple stressors such 

as NMDA, quinolinic acid and staurosporine was not presented (Graham et al. 2010). 

Improvement in HD mice phenotype has been found when caspase 6 is blocked, 

as well as in the case of using pharmaceuticals blocking activity of caspases. The most 

recent investigation described ED11, a novel peptide inhibitor based on the Htt caspase-

6 cleavage site (aa550-560). ED11 compete with Htt for the caspase-6 active site and 

thus reduce Htt cleavage. In experiment of Aharony et al. (2015), striatal extracts from 

BACHD mice were incubated with caspase-6 in the presence of ED11. 

Interestingly, the presence of Htt fragments is consistent with cleavage at amino 

acid Asp-586 of Htt in the BACHD Casp6−/− mouse was showed in a study by Gafni et 

al. (2012), indicating that caspase-6 activity cannot fully account for the generation of 

the Htt586 fragment in vivo. 
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1.5.2 Calpains 

Calpains are a family of Ca
2+

 -dependent intracellular cysteine proteases includ-

ing μ- and m-calpains. Both types are heterodimers consisting of a larger 80 kDa cata-

lytic and a smaller 28 kDa regulatory subunit. The large subunit differs between mem-

bers of a protein family and is active even without the small subunit. The transition to 

the active state μ-calpains sufficient levels of calcium ions in the order of micromolar, 

while the m-calpains require Ca
2+

 values in the order of millimoles. Binding of Ca
2+

 

ions leads to autolytic process and the catalytic subunit in the case of μ-calpain cleaved 

from originally 80 kD protein to a large protein of size 76 kDa, in the case of m-calpain 

subunit is cleaved to 20 kDa regions. Regulatory subunit, which is common to both 

forms of calpain, is from the original 28 kDa truncated to 21 kDa. Activation of calpain 

is mediated by many apoptotic and necrotic stimuli. Physiological function and possible 

differences between the two μ- and m-calpains are yet unclear. It is assumed their par-

ticipation in both the division and migration of cells (Kulkarni et al. 1999), and integrin-

mediated signal transduction and apoptosis (Wellington et al. 2000). While Htt is 

cleaved by caspases into fragments of molecular weight 70, 75 and 80 kDa (Graham et 

al. 2011) calpains produced smaller fragments (62, 67, 72 kDa). Extent of the cleavage 

Htt is in direct proportion to the length of polyQ chain. Calpain activation was con-

firmed in human tissues HD patients. The total amount of activated and non-activated 

calpain is increased in HD patients compared with controls (Gafni et al. 2004). Lower 

concentrations of calpain produced fragments with molecular weights 67 kDa and 62 

kDa, and in higher concentrations appear cleavage products with a length of 47 kDa. As 

mentioned above, the μ-calpains and m-calpains cleave Htt in the same places, but at 

different intracellular Ca
2+

 concentration: μ -calpain cleaves Htt in the presence of cal-

cium ions at low concentrations (3 mM) and m-calpains only at high concentrations (10 

mM). Also self-activation of calpain is influenced by Ca
2+

 homeostasis. Preincubation 

with calpain inhibitor 1 leads to complete blockage of Htt cleavage of both types of cal-

pain. By using an inhibitor of Ca
2+

/Mg
2+

-ATPase of the endoplasmic reticulum, the 

Ca
2+

 ion levels increase inside the cell and there is a higher level of 28-kDa calpain reg-

ulatory subunit. 
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Figure 7. Schematic diagram of human m-calpain. 

a, Schematic representation of the domain structure of the large and small subunits of m-

calpain. Novel Ca
2+

-binding sites in their structure of a mini-calpain, are depicted by asterisks 

and sites of autolysis by arrows. b, Ribbon drawing of m-calpain in the absence of 

calcium
6
 (Knorchid and Ikura 2002) 

Levels of Htt fragments increase after cleavage by caspase-2 and -3, 

representing about 5 % of the total number of fragments. The residue is cleaved by cal-

pain and other proteases. Gafni et al. (2002) confirmed that most of the fragments of a 

size of 72 kDa, in the case of mutant Htt length 15Q, or 82 kDa in mutant Htt with 

135Q. The cleavage site of calpain was determined by using deletion analysis at posi-

tion aa535-537 (serine-serine-serine). Once the position was deleted, there was a reduc-

tion of 72 kDa grafts. Amount of 67 kDa fragments was reduced by deletion at aa468-

470 (leucine-threonine-alanine). Although the cleavage site of Htt characteristic for the 

formation of 62 kDa fragment was not specified, it is not so significant deficiency, be-

cause such large fragments represent a minority of the total number of fragments. 

Fragments of Htt 138Q-(1-1212) were reduced compared to Htt fragments 15Q-(1-

1212) thanks to the accumulation of polyQ Htt in stacking gel. Elimination of produc-

tion of specific grafts has led to further reduction in Htt proteolysis, when the amount of 
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both low molecular weight fragments (probably arised in aspartic protease cleavage) 

and Htt aggregates was diminished (3.7× less). 

The presence of the Htt fragments in the cell nucleus correlates with the cytotox-

icity, which may be increased by activation of the cellular localization signals and de-

creased by activation of cellular export signals. The whole form of Htt contains natural-

ly occurring export signals which enable it to pass from the nucleus to the cytoplasm, 

and vice versa. Most Htt is in the cytosol (> 95%). It is noted in many studies, that the 

requirement for entry into the nucleus is fragment size lower than 50 kDa. These con-

clusions are based mainly on immunofluorescence analysis of Htt aggregates, but not 

for subcellular fractionation. It is necessary to clarify, whether the fragments can be 

transported from the cytoplasm to the nucleus, and vice versa, and whether a small per-

centage of Htt normally occurring in the nucleus also undergoes cleavage. Calpain- and 

caspase-cleaved Htt fragments accumulates in the cytoplasm and nucleus at the size of 

72/82 kDa and especially in the nucleus at 67/77 kDa. 

Characterization of calpain is not as advanced as for caspases. Three out of fif-

teen enzymes calpain family, calpain-1, calpain-2, and calpain-4, were already largely 

studied, the other three - calpain-5, 7-calpain and calpain-10 are known for their high 

expression in brain tissue, thus their role in the Ca
2+

-mediated pathogenesis is pre-

sumed, which is also confirmed by the increased level of mRNA in the R6/2 mouse 

model of HD. Both active and inactive form of calpain-2 were found primarily in the 

cytoplasmic fraction, calpain-7 and calpain-10 had its inactive form localized both in 

the nucleus and in the cytoplasm, while the active form only in the nucleus, and both 

forms of calpain-5 were present in the cytoplasm and the cell nucleus. Thapsigargin is a 

drug selectively inhibiting sarco-endoplasmic Ca
2+

-ATPase, resulting in a large increase 

in intracellular Ca
2+

. After application of thapsigargin, the regulation of calpain-

activation was confirmed. Semi-quantitative PCR revealed an increased amount of tran-

scripts calpain-5, -7 and -10. The higher levels of proteins and their active forms were 

also observed (Gafni et al. 2002). 
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1.5.3 MMPs 

Matrix metalloproteinases (MMPs) are zinc-dependent proteolytic enzymes that 

are involved in many physiological and pathological processes. Above all, they are 

known for their involvement in the degradation of extracellular proteins, but their im-

portance is much greater because the substrates find chemokines, cell receptors, cyto-

kines and growth faktors (Miller et al. 2010). Along with adamalysin, serralysins, fragi-

lysins and astacins belongs to the large family of Zn-dependent metalloproteinases 

called metzincins. Most MMPs contain a characteristic sequence HEXXH, which inte-

racts with zinc (López-Pelegrín et al. 2015). There are more than twenty MMPs, which 

occur in humans. 

 

Figure 8. Structure of the MMP-10 protein. (Emw 2009) 

An extensive study mapping the proteolytic enzymes responsible for elevated 

levels of a small 48 kDa N-terminal fragment of mtHtt was published by a group of 

Miller et al. (2010). In a screening of 514 siRNA all known human proteases, 41 pro-

teases were identified affecting accumulation of Htt fragments, while 11 of them were 

confirmed by retesting. Among the proteases were three MMPs (MMP-10, MMP-14, 

MMP-23B) (Krawitz et al. 2005). This study demonstrates an increased activity of these 

enzymes both in cell cultures and animal models of HD. MMP-10 was shown to be in-

volved in the direct cleavage of Htt, while MMP-14 and MMP-2 were not. In a subse-

quent study, the effects of MMPs on cell toxicity confirmed, that the knock-down (inhi-
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bition of gene expression) significantly reduces neuronal death in striatum. Using 

NNGH (N-isobutyl-N- (4-methoxyphenylsulfonyl) glycyl hydroxamic acid), a pharma-

cological inhibitor of MMPs, as well as endogenous inhibitors TIMP1, TIMP2, TIMP3, 

led to a blocking of Htt-mediated toxicity in Hdh111Q/111Q cells. We also recorded in 

those cells 5.7× higher incidence of cleaved forms of MMP-10 compared to Hdh7Q/7Q 

cells. Nevertheless, this did not mean that also levels of activated MMP-10 are in-

creased in cells with mtHtt, analysis using the enzyme with fluorogenic substrate was 

performed. Results of the analysis confirmed a significant increase in the activation of 

MMPs in Hdh(111Q/111Q) cells. Subsequently, YAC128 mice models of HD (full-

length of mtHtt) and R6/2 (fragment of mtHtt) were used. The results obtained in these 

mouse models confirm the 1.6 to 1.8-fold increase of MMP activity in the striatum of 

YAC128 (age 16 months), and R6/2 (age 10 weeks) compared to healthy controls. After 

precipitation and subsequent zymography increased levels of activated MMPs were 

found in cortical and striatal lysates of R6/2 mice (in a range from 50 kDa to 90 kDa). 

The 50 kDa-graft corresponds to active form of MMP-10. The graft of a size of 90 kDa 

represents MMP-9 (92 kDa), which undergoes an activation by MMP-10 (Miller et al. 

2010). 

Although MMPs can be produced in neurons and glial cells, their co-localization 

with glial (GFAP) and neuronal (NeuN) markers showed, that the most of active MMPs 

are present in neurons. To determine whether Htt is a direct substrate of MMP-10 and 

MMP-14, the cell lysate expressing mtHtt was incubated with recombinant MMPs. 

MMP-2, which has not previously been confirmed as one of the proteases inducing pro-

teolysis and cell toxicity, was used in this study as a control. Htt was determined as a 

substrate for MMP-10, but not for MMP-14 and MMP-2, in connection with finding the 

48 kDa fragment in normal Htt and 70 kDa fragment in mtHtt148Q. In vitro translation 

of Htt15Q also confirmed this fact. All these three MMPs were equally active after add-

ing the fluorescent substrate. Unlike a MMP-14 knock-down, a knock-down of MMP-

10 directly inhibited mtHtt toxicity. Compared to the caspases and calpains, MMP-10 

cleaves Htt near its N-terminus. To determine the exact cleavage site of MMP-10, 

Htt15Q(1-469) and Htt138Q(1-469) were incubated with MMP-10 in vitro. Molecular 

weight analysis of Htt15Q cleavage products specified the cleavage site at position 

aa414. Investigation of the amino acid sequence in the region and comparison with the 

known substrates of Htt showed a possible cleavage site at position aa402. The cleavage 
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site is within the sequence S/T XXGG I/L, which is conserved in multiple species (Bar-

ret et al. 2012, p775). Deletion analysis at region aa402-403 of Htt was performed to 

test this hypothesis, and resulted in reduction of proteolysis mediated by MMP-10. 

Likewise, the application of MMP-10 in the post-mortem cell lysate caused an increased 

level of 50 kDa cleavage product. 

Although most MMP is expressed as proenzymes and their cleavage to the ac-

tive form takes place outside the cell, MMP-10 cleaves Htt intracellularly. Examination 

of colocalization of endogenous Htt and MMP-10 showed, that these two proteins to-

gether highly colocalize, moreover in the cells undergoing cell death there is a signifi-

cantly higher degree of colocalization. Colocalization is not found due to the direct pro-

tein interaction as the coimmunoprecipitation of MMP-10 and Htt was negative. 

Previously known information indicates that selective inhibition of MMPs might 

potentially be an effective tool in the treatment of HD. For instance, knock-out mice for 

MMP-9 were less sensitive to cerebral ischemia, which could be directly associated 

with post-mortem analysis of brains of HD patients, where an increased concentration 

of MMP-9 was found, while in the brain of healthy people it was not (Silvestroni et al. 

2009). 

1.5.4 KLKs 

Kallikreins, or kallikrein related peptidases (KLKs) forms S1 family of 15 

(chymo) trypsin-like serine proteases (KLK1-15), which belongs to clan SA (Brix et al. 

2005) and have pleiotropic physiological roles and also participate in disease states. 

These enzymes are encoded by 15 structurally similar, steroid hormone-regulated genes 

(KLK) co-localizing to chromosome 19q13.4. This part of the genome represents the 

largest cluster of contiguous protease genes, which is not interrupted by any non-KLK 

genes. The length of a single-chain of preproenzyme encoded by each KLK gene varies 

between 244 and 293 amino acid residues and among them there is approximately 40% 

protein identity (Turk et al.2012). The nuclear signaling regulates the expression of 

most KLK genes, while the activation of zymogens is under the control of multiple pro-

teolytic cascades leading to sequential activation of multiple KLK enzymes.  
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Tissue KLKs are usually divided into two groups, classical and non-classical. 

The „classical“ KLKs group includes the first identified members (KLK1, KLK2, 

KLK3/PSA), whereas the rest of KLKs belong to the“non-classical“ group.  

Inactive preproforms (containing a signal peptide of signal 16-30 amino acid re-

sidues) are proteolytically processed and forms inactive proforms (proKLK/zymogens). 

This process is accompanied by the removal of an N-terminal propeptide of 4-9 amino 

acids, except the KLK5, where a 37-amino acid long activation peptide is reported. Ac-

tivation of proforms is executed by specific proteolytic removal of their N-terminal part 

through their own autocatalytic activity, or by another KLK zymogen, or other proteas-

es, which overall leads to a sequential activation of multiple KLK enzymes. „KLK acti-

vome” term was used to signalize participation of many KLK zymogens in an activation 

process. It has been proposed, that more than 99 proKLK/KLK pairs might constitute 

the activome due to 225 possible combinations (Yoon et al.2007, 2009). 

Invariant residues of the active-site catalytic triad (His57, Asp102 and Ser195), 

as well as a conserved Gly193 (human chymotrypsin numbering system) are characte-

ristic features of KLKs. The last mentioned Gly193 plays a role in stabilizing the oxya-

nion intermediate of the internal peptide bond during hydrolysis (Schwabish et al. 

2006).To their common features belong exon/intron organization, exon lengths and con-

served intronic intervals. 

Protein folding is enabled by five or six disulfide bonds. Two interacting β-

barrels and α-helices bridged by the active site belonging to common structural features. 

Only KLK1, KLK2 and KLK3/PSA contain characteristic loop of 9-11 amino acid resi-

dues located ahead of the active site Asp, which convey specificity for kininogenase 

activity, particularly ability to release kinin from kininogen.  

It was showed that KLK1-/- mice had an impaired renal Ca
2+

 reabsorption soli-

citing hypothesis that KLK1 could be involved in regulation of Ca
2+

 homeostasis (Dun-

can et al. 2008). Recently, KLK6 was considered to be important in pathogenesis of the 

central nervous system inflammation and multiple sclerosis. Also, KLK6 is profusely 

expressed in the EAE mouse model of multiple sclerosis, at the sites of demyelinization, 

and also in the lesions of patient brains (Turk et al.2009). Proteolysis of myelin in vitro 

supports a potential role of KLK6 in demyelination and/or remyelination (Asagiri et 

al.2007). Parkinson’s disease and other synucleinopathies seem to be also the diseases, 
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where KLK6 play a role. In a study based on foundings with cultured cells was showed, 

that KLK6 degrades α-synuclein and co-localizes with pathological inclusions such as 

Lewy bodies and glial cytoplasmic inclusions (Ceru et al. 2010). KLK6 upon cellular 

stress is released into the cytoplasm from mitochondria, where is normally stored. The 

released enzymes commence limited proteolysis of α-synuclein, which leads to inhibi-

tion of polymerization by reducing the amount of monomer. That all cause a prevention 

of the formation of aggregates, a hallmark of these pathologies (Ceru et al. 2010). 

KLK5, 7 and 14 are involved in skin diseases, especially skin desquamation and KLK2, 

KLK3, KLK5 take a part in seminal plasma liquefaction (Santos-Rosa et al. 2008). 

KLK3/PSA has been established as a mayor representant and the mostly used biomarker 

of prostate cancer for almost three decades. PSA from the beginning of the usage in 

1986 as a reccurance prediction tool remains the gold standard in defining biochemical 

relapse. The wide application of PSA screening in asymptomatic men (approved by 

FDA in 1994) led to a great decrease of the diagnosed patients with advanced disease 

(Lee et al.1990; Sol-Church et al. 2000). Although most of the studies of KLKs as bio-

markers of the disease concern human malignities, an increasing number of studies han-

dling with KLKs and their participation in non-malignant diseases, mainly in the diseas-

es of the CNS (Wiley et al. 1985; Brguljan et al. 2003). KLKs levels in serum or CSF 

(cerebrospinal fluid) are assumed to become good biomarkers for mayor CNS diseases. 

1.5.5 Cathepsins 

Among the approximately 50 characterized lysosomal proteolytic enzymes are 

particularly important aspartic, serine and cysteine proteases (Brix et al.2005). 

Cathepsins are enzymes belonging to a CA clan of cysteine peptidases, more 

specifically, they are members of a C1 family of papain-like cysteine proteases with 

unique reactive-site properties and the differing tissue-specific expression pattern (Turk 

et al. 2012). They were discovered in the first half of the 20th century hand by hand 

with the discovery of lysosomes. However, not much was known about the physiologi-

cal or pathological role of these proteases until the 1990s, when more clues of the func-

tions of cysteine proteases was provided as a highlight of the physiological roles of ca-

thepsins, as they were considered for a long time to be mainly mere scavengers (Guha et 

al.2008). Cathepsins are divided into three groups accordingly to their amino acids of 

their active sites that confer catalytic activity. It has been discovered 11 cathepsins of a 
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cysteine subfamily (the cathepsins B, C, F, H, K, L, O, S, V, X and W), two aspartyl 

cathepsins (cathepsins D and E), and serine cathepsins (cathepsins A and G) (Zhang et 

al. 2009). Human cathepsins require a lysosomal slighty acidic and reducing environ-

ment for their optimal functions. Therefore, these enzymes were initially considered as 

lysosomal/endosomal enzymes, which are responsible for the bulk proteolysis of intra-

celular and extracellular proteins. Recently, other localizations of cathepsins were 

proved, such as the nucleus, cytoplasm and plasma membrane (Turk et al. 2012). It was 

previously shown that cathepsin L variants are responsible for the proteolytic processing 

of the N-terminus of the histone H3 tail and also interact with the histones H2A.Z, H2B 

and H3 (Santos-Rosa et al. 2008; Duncan et al. 2008; Ceru et al. 2010). Also, a signifi-

cant increase was noted in activity of aminopeptidase II, cathepsin H and cathepsin D in 

the caudate tissue of HD patients (Mantle et al. 1995). Additionally, cathepsins D, B 

and L affected mHtt processing and the levels of cleavage products (cp) known as A 

and B (Kim et al. 2005). Cp A formed nuclear inclusions and therefore might be in-

volved in generating of nuclear aggregates (Lunkes et al. 2002). mHtt in vitro increases 

autophagy and the levels of lysosomal proteases cathepsin D and cathepsin L (Kegel et 

al. 2000; Qin et al. 2003). Proteasome inhibition stimulates macroautophagy in cultured 

cortical neurons and increased formation of lysosomes containing cathepsin D (Rideout 

2004). Hence, this could be a reason of elevated levels of cp A and cp B due to cathep-

sin D mediated proteolysis of mHtt (Lunkes et al. 2002). When inhibiting cathepsin D, 

B and L in clonal striatal cells, the reduce of mHtt occured, especially mHtt fragment cp 

A. mHtt was fully degraded in cathepsin-L-treated lysates but formed stable N-mHtt 

fragment under exposure to cathepsin D. It was suggested by using mutational analysis 

that cathepsin D and the protease for cp A may cleave Htt in the same region (Kim et al. 

2005). Intermediate and active forms of cathepsin D migrating at about 46 kDa and 34 

kDa both in crude nuclear fractions and supernatants from clonal striatal cells express-

ing FH400-100Q were detected by WB analysis. One prominent wild-type N-Htt frag-

ment and up to four fragments of mHtt protein were detected in the presence of cathep-

sin D. Interestingly, an increased concentration of cathepsin D also increased a forma-

tion of wild-type N-Htt, but two fragments of mHtt with the strongest signal on WB 

were stable in a condition of rising concentration of cathepsin D suggesting their resis-

tance to protease degradation. However, when the aspartyl protease inhibitor pepstatin 

A was added, all of the N-Htt fragments that appeared in the presence of cathepsin D 
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did not occur (Kim 2005). Also Ratovitski et al. (2009) mentioned short N-terminal 

proteolytic fragments named cp-1 and cp-2. Using HEK293 cells expressing the first 

511 residues of Htt were determined the cp-1 and cp-2 cleavage sites. Concerning cp-1, 

the cleavage of Htt occurred between residues 81 and 129. The finding was based on 

epitope mapping with Htt-specific antibodies and the further purification of Htt was 

performed by affinity and size exclusion chromatography. To analyse whether these 

fragments are corresponding to cp-A and cp-B previously described by Lunkes et al. 

(2002), who mapped the cleavage site of cp-A at the possition 105-114, the deletion of 

this site failed to prevent the formation of any fragment. This suggests that cp-A is dis-

tict from cp-1. Furthermore, the cp-2 fragment generated by cleavage of Htt at position 

Arg167 was detected using mass spectrometry, which was confirmed by deletion analy-

sis and specific detection with a custom-generated cp-2 site neo-epitope antibody. When 

altered these cleavage sites from Htt-N511-52Q, it resulted in a lowering of Htt aggre-

gation in neuronal cells. 
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2 AIMS 

The main aims of this study were as follows: 

a. Investigate the expression of Htt in WT and TgHD minipigs and compare them 

b. Detect by specific antibodies (EPR5526, 1C2) Htt fragments - typical cleavage 

products of proteases 

c. Try to detect  aggregates of mutant Htt in a brain of TgHD minipigs as a 

consequence of proteolytic processes  

d. Investigate the expression of caspases, MMPs, KLKs, calpains in a brain of 

TgHD and WT minipigs using immunohistochemical and biochemical methods 
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3 MATERIALS AND METHODS 

3.1 Experimental animal 

The Liběchov minipigs, model of HD carrying two alleles of porcine endogen-

ous Htt along with a single allele of the human mtHtt, were used for our experiments. 

All experimental procedures were carried out in a strict accordance with Czech legisla-

tion and approved by the Animal Ethics Committee in Prague, Czech Republic.  

The R6/2 mice were used in some experiments as possitive controls. 

3.2 WB analysis  

We examined 3 WT (K48, K64, K103) and 3 TgHD (K100, K63, K104) mini-

pigs of F2 generation (36 month old). 

3.2.1 Tissue processing 

Slaughtered pig was rinsed with ice-cold PBS (phosphate-buffered saline) the 

brain was removed and dissected into various parts, which were snap frozen in liquid 

nitrogen and stored at -80 °C for following usage in a Western blotting (WB). We had 

two options how to subsequently handle with samples. 

a. Before use, the tissue was removed from the freezer and kept for approximate-

ly one hour at a room temperature for rising the temperature up to -20 °C. Then the 

samples were prepared by cutting frozen tissue on the Cryo-cut (CM 1950, Leica) at -

20° C into 50 slices with a thickness of 10 microns, and they were lysed immediately.  

b. A piece of tissue was cut off with a scalpel and crushed in liquid nitrogen 

(N2). The resulting powder was divided into several Eppendorf tubes, returned to boxes 

with N2 and then stored until use at -80 °C. 

3.2.2 Lysis 

The prepared tissue sample was mixed with the range of 50ml (for small pellets) 

up to 300 ml (cut from large tissue) of RIPA lysis buffer (150 mM NaCl, 5mM EDTA 

(pH 8), 50mM Tris HCl (pH 7,4), 0,05% NP-40, 1% sodium deoxycholate, 1% Triton 

X-100, 0,1% SDS, inhibitors of proteases and phosphatases (Calbiotech)). Lysed tissue 

was vortexed (MACSmixTM Tube Rotator, Miltenyi Biotec) and then sonicated (Ban-

delin Sonorex Digitec, Fisher Scientific) for 10 minutes. Subsequently, lysates were 
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centrifuged at 10,000 G for 10 min in 4 °C (Allegra X-22R Centrifuge, Beckman Coul-

ter) to avoid gelification, which may occur without centrifugation.  

3.2.3 Protein concentration measurement 

After each lysis the protein concentration was measured using BCA Protein As-

say Kit 660nm (Pierce). Because RIPA buffer made some problems in measurment, a 

modified protocol was used, where samples are three times diluted in saline. Measure-

ment is performed in 96-well plates. Firstly, the blank is pipetted (5 ml of saline solu-

tion + 1 ml of RIPA buffer), then the reference series of BCA in saline solution (in the 

kit, 3 ml + 2ml of saline + 1 ml of RIPA buffer) and finally also samples (5ml of saline 

solution + 1ml of sample). RIPA buffer was pipetted into a blank and a series of refer-

ence samples should correspond to the one used in the lysis buffer (the same stock and 

inhibitors). The samples were always meausured in duplicates and then their average 

was counted. In cases where samples were too concentrated (over the span of the refer-

ence range), they were diluted in RIPA buffer and then the result was recalculated. Af-

ter pipetting of the samples, 90 ml of agent was added to each well (using a multichan-

nel pipette and the dish with a groove, reverse pipetting avoided bubbles making and 

was performed quickly in order to preserve the same incubation time for all samples).  

Consequently, the samples were incubated for 2 minutes and measured spectro-

photometrically (SynergyHT, Biotek) using program Gen5 1.05 with exporting of the 

acquired data to Excel sheet. In Excel, the reference series values were plotted in a 

graph and an equation was calculated. Then the concentration of samples was calculated 

using the equation and the diameter of each sample absorbance value. 

3.2.4 Electrophoresis 

For SDS-PAGE (Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis) 

were used NuPage 3-8% Tris-Acetate (4-12% Bis-Tris) gradient gels (Life Technolo-

gies) accordingly to the kit instructions. Gels were pulled out from the bag, washed by 

destilated water and checked for cracks (which may have spoiled the experiment). After 

tracing the wells, a comb and the white tape from the bottom were pulled out, the wells 

were rinsed by destilated water and installed in the Novex Mini-Cell tub (Invitrogen). 

Running buffer was prepared from the 20× concentrated stock of NuPAGE Tris-Acetate 

(Bis-Tris) running buffer (Life Technologies) and destilated water, which was pre-
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cooled down in a refrigerator. For analysis within one tub is needed 800 ml of buffer 

consisting of 40ml stock and the destilated water replenishing the rest of volume up to 

800 ml. Firstly, cathode buffer was poured to the tub and 500 ml of NuPAGE antioxi-

dant (Invitrogen) was added to avoid unwanted reoxidation of protein samples. Then an 

anode buffer was poured to fill the tub.  

Samples were loaded in an amount ranging from 5 to 20 µg of total protein per 

sample (calculated by measuring concentrations). Based on volume of the less concen-

trated sample which was needed, the rest of samples were supplemented with a lysis 

buffer to the certain volume. When analysing calpain-5 expression in tissue, HeLa 

Whole Cell Lysate was loaded as a positive control. The appropriate amount of 4× con-

centrated LDL Sample Buffer with 10× concentrated NuPAGE Sample Reducing Agent 

was added and samples were boiled in Cooling/Heating Thermostat (BioTech) at the 

temperature of 95 °C for 5 minutes. After cooling, the samples were centrifuged in a 

tabletop centrifuge (Micro Centrifuge, Roth) and loaded on the gel together with a 

marker (for 3-8% gels was used HiMark, for 4-12% gels marker Dual, both BioRad). 

Electrophoresis ran at 150 V for approximately one hour and half. 

3.2.5 Western blotting 

Before blotting the equipment was cooled down for about 15 minutes (PowerPac 

1000, BioRad; Fastblot B34, Biometra) using the cooling water pump (Pharmacia Bio-

tech, AP Czech). The gel was removed from the apparatus and then incubated in a blot-

ting buffer (Towbin 20% for smaller proteins, Towbin 10% for larger proteins) (25 mM 

Tris-HCl, 125 mM glycin, 0,1% SDS, 20% metanol, pH 8,1–8,4) about 15 minutes. The 

gel was remeasured and the nitrocellulose membrane 8×7 cm was cut out, described and 

the bottom left corner was cut off for later good identification. The nitrocelulose mem-

brane (BioRad) was equilibrated along with the gel in Towbin. Then two filter papers of 

the same size as a membrane were cut off and soaked in Towbin. After equilibration of 

all components, the blotting sandwich was compiled in the following order – filter pa-

per, membrane (in the right orientation), gel, filter paper. Excessive blotting buffer was 

removed with gauze, lid was carefully and properly closed with a load of about 1 liter of 

solution. Blot ran at 275 mA for 45 minutes (which was considered as enough time for 

blotting our proteins. After 45 minutes, the sandwich was dismantled, the gel and the 

membrane were further used. 
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3.2.6 Staining gels by CBBG 

The gel was removed from the apparatus and “glasses“ were separated using a 

metal spatula and gel was incubated on a shaker (Laboratory Shaker, 358S, Elpan) in a 

Coomassie Brilliant Blue (CBBG) G250 solution (400ml methanol, 100ml acetic acid, 

1g Coomasie, destilated water) in a glass dish for 20 minutes. This solution simulta-

neously fixed and stained the gel, which was consequently transferred to a destain solu-

tion (800ml methanol , 200ml acetic acid) and bleached about 2 hours with an exchange 

of solution, or left in the solution overnight in the refrigerator. After sufficient discolo-

ration, the gel was imposed into a plastic foil, sealed with a melter and stored in the 

fridge. 

3.2.7 Immunolabeling 

Primary antibody used were: 

Rabbit-derived anti-EPR5526 (Abcam, 1:50 000) 

Mouse-derived anti-3B5H10 (Sigma-Aldrich, 1:3000) 

Mouse-derived anti-1C2 (Millipore, 1:1500) 

Rabbit-derived anti-caspase 3 (Acris, 1:200) 

Mouse-derived anti-caspase 8 (Millipore, 1:500) 

Mouse-derived anti-MMP-9 (Aviva, 1:500) 

Rabbit-derived anti-MMP-10 (Aviva, 1:400) 

Rabbit-derived anti-calpain 5 (1:200) 

Goat-derived anti-KLK10 (Santa-Cruz Biotechnology, 1:200) 

Mouse-derived anti-β-tubulin (Sigma-Aldrich, 1:30 000) 

Secondary antibody used were: 

Donkey-derived anti-rabbit IgG (Jackson Laboratories, 1:10 000) 

Donkey-derived anti-mouse IgG (Jackson Laboratories, 1:10 000) 

The membrane was blocked in 5% skimmed milk in TTBS (Tris- Tween Buf-

fered Saline) (136mM NaCl, 0,0005% Tween, 2M Tris-HCl, pH 7,6) for 1 hour and 

placed in Falcon conical centrifuge tube with primary antibody diluted in 5% milk. For 
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50 ml tubes was used usually 2-5 ml of diluted antibody, however when smaller tubes 

were used, volume of diluted antibody was even 1 ml. Incubation with primary antibody 

took place on a roller (SRT1, P-LAB) in the refrigerator overnight (or at least for one 

hour on the roller at RT). After incubation, membrane was washed 3× for 10 minutes in 

approximately 15 ml of TTBS and sodium azide was added to the Falcon with the used 

antibody, which preserved it and therefore it could be used for other experiments. 

Then the membrane was incubated in secondary antibody (10 ml of the diluted 

antibody in 5% milk) at rocking platforms (the dilution ratio was 1:10,000) and washed 

3× in TTBS, 10 minutes each. 

3.2.8 Film development 

Solutions in the darkroom (developing solution, developer and fixer) have been 

pulled out of the fridge about an hour before use, to get the room temperature. Solutions 

were prepared in appropriate containers, boxes of film were placed on the table and the 

red lamp was turned on. The membrane was arranged on a glass plate and doused by 

queuing solution Amersham ECL about 1.5 ml / membrane (mixing the equal volumes 

of the two solutions, mixed by pipette and spotted on the membrane), then incubated for 

5 min and gently dried, followed by to plastic foil in the developer cartridge, position of 

foil was fixed with a scotch tape. Lower left corner of the membrane (cut off) was lo-

cated in the higher left corner of the cassette, the white light was switched off and the 

film was cut in a size covering all membrane with cutting off the lower left corner for 

good orientation recognition and localization of membrane. After that the film had been 

attached onto the same posisiton as the membrane was and the film was developed. Af-

ter removing and incubating for 1 minute in the developer (FOMA LP-T Developer 

concentrate for manual processing of X-ray films, Foma Bohemia), rinsing with water 

and incubating for about 10 seconds in fixative (FOMAFIX Concentrate rapid fixer for 

manual processing of X-ray films, Foma Bohemia), the lights were lit. According to the 

results exposure was repeated as necessary (length 1 second to 1 hour, depending on a 

signal strenght). After completion of exposure, the membrane and markers were traced 

on the film. The membrane was washed 3× in TTBS for 5 minutes and dried on a filter 

paper. The dried membranes were stored in envelopes of filter paper in a box in the re-

frigerator for further use.  
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3.2.9 Re-labeling with a loading control 

β-tubulin antibody was used as a control of loading volume and sample concen-

tration. Membrane was stripped in 30% hydrogen peroxide solution (Sigma-Aldrich), 

which provides chemical deactivation of peroxidase (Sennepin et al. 2009) and does not 

have such an harmful effect on the superficial protein layer.  

After washing from the queuing solution, membrane was incubated in a Falcon 

tube with 2 ml of 30% H2O2 over 30 minutes at the roller at RT, washed 3× in TTBS 

for 5 minutes each and blocked in 5% milk for 30 minutes. Then was incubated with 

anti-β-tubulin antibody and handled as described previously. 

3.2.10 Data scanning 

Data were scanned (Scanner GS-800, BioRad) after each analysis using the pro-

gram "Quantity One". The scanned images were saved in an original Quantity One for-

mat and were also exported to a .tif file. 

3.3 Immunohistochemistry 

In this analysis we used 3 WT (K48, K64, K103) and 3 TgHD (K100, K63, 

K104) minipigs of F2 generation (36 month old). For every tested animal we examined 

5 coronal brain sections (40 µm thickness), one coronal section was employed for the 

negative (shame) control where the primary antibody was omitted. 

3.3.1 Tissue processing 

Slaughtered pigs were rinsed with ice-cold PBS, the right hemisphere of each 

perfused brain was immersed in a fixative solution composed of 4% paraformaldehyde 

(PFA) in phosphate buffer saline (PBS, pH 7.4) for 24h and then placed into 30% su-

crose-containing 0.01% sodium azide. 40 um thick coronal brain sections were cut 

usinga clinical cryostat (Leica Biosystems, CM1950), put in a plastic tray with cryome-

dium (de olmos solution) (ethylene glycol, VWR; Fluka; sucrose, VWR; PVP, Sigma-

Aldrich; Na2HPO4 × 2H2O, VWR; NaH2PO4 × H2O; VWR) and stored at least 12h 

before staining at -17 °C (up to 3 weeks without loosing enzymatic activity). 



43 

 

 

3.3.2 Immunolabeling 

Primary antibody used were: 

Rabbit-derived anti-BML-PW0595 (Enzo Life Sciences, 1:200, 1:500, 1:1000) 

Rabbit-derived anti-EPR5526 (Abcam, 1:5000) 

Mouse-derived anti-MAB2166 (Millipore, 1:1000) 

Mouse-derived anti-1C2 (Millipore, 1:1000) 

Mouse-derived anti-3B5H10 (Sigma-Aldrich, 1:1000) 

Mouse-derived anti-MW8 (Baria, shipped as a supernatant without dilution 

needed) 

Rabbit-derived anti-caspase 3 (Acris, 1:200) 

Mouse-derived anti-caspase 8 (Millipore, 1:500) 

Mouse-derived anti-MMP-9 (Aviva, 1:500) 

Rabbit-derived anti-MMP-10 (Aviva, 1:400) 

Rabbit-derived anti-calpain 5 (1:200) 

Goat-derived anti-KLK10 (Santa-Cruz Biotechnology, 1:200) 

Secondary antibody used were: 

Donkey-derived Amersham anti-rabbit IgG biotinylated secondary antibody 

(Amersham, 1:400) 

Sheep-derived Amersham anti-mouse IgG biotinylated secondary antibody 

(Amersham, 1:400) 

Free-floating sections were washed 3× for 5 minutes each in 1× PBS. Then were 

pretreated with 90% formic acid for 30 minutes and rinse several times in PBS over 5 

minutes, while PBS was added into acid to prevent damaging of the sections, which 

occurs if slices are firstly pulled out from the acid and subsequently rinsed in PBS.The 

endogenous peroxidase activity was blocked with a solutin of 0.3% of hydrogen perox-

ide (H2O2) in 100% methanol for 20 minutes and rinsed several times in PBS over 5 
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minutes. The treatment by 0.5% freshly prepared sodium borohydride in PBS followed 

for 30 minutes with repeated rinsing in PBS over 10 minutes. And the slices were 

blocked 3× in 0,4% Triton-X-100 in PBS (PBSTx) for 10, 30 and 10 minutes. Incuba-

tion of sections in primary antibody lasted for 1-2 days. 

After incubation the sections were rinsed 4× for 5 minutes each in PBSTx and 

incubated for 1 hour in Vector biotinylated secondary antibody diluted in PBSTx. Then 

rinsing 2× for 10 minutes in PBSTx and incubation for 1 hour in Vector ABC Elite so-

lution (Vector ABC Elite reagent diluted 2 drops reagent A and 2 drops reagent B in 5 

ml of PBSTx, mixed immediately and incubated for 30 minutes before use). Subsequent 

rinsing 3× for 5 minutes each in PBSTx, 2×5 minutes each in 1× Tris-imidazole buffer 

(TI) (0,5M Tris, 0,5 imidazole), 1× for 5 minutes in 1× substrate buffer (SB) (0,6% 

nickel sulfate) were followed by incubation for 5 minutes in SB with 0,1% diaminoben-

zidine (DAB) (Sigma-Aldrich), 1 to 2 U/ml glucose oxidase (Sigma-Aldrich), 0,2% 

glucose, and 0.004% ammonium chloride. After that, the sections were rinsed with TI 

buffer and water, finally mounted with DPX Mountant (Sigma-Aldrich) and cover-

slipped. 

The specificity of primary antibodies was verified by WB and/or comparative 

IHC of mouse WT and TgHD (R6/2, 12 weeks old) brain sections. The specificity of 

secondary antibodies was confirmed by using negative controls.  

3.3.3 Image analysis 

The evaluation and quantification of immunoreactivity was performed using a 

densitometric measurement of staining by image analysis software VS-Desktop (Olym-

pus, Tokyo, Japan) and ImageJ (Rasband, W.S., U. S. National Institutes of Health, Be-

thesda, Maryland, USA). According to the 3D view model of pig brain (from program 

3D Slicer; slicer.org) optical sections were divided into substructures (caudate nucleus, 

putamen, motor and somatosensory and insular cortex), in which the mean of intensity 

was measured (Figure 9). 
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Figure 9. Model of pig brain and picture of brain segmentation into regions for intensity 

measurement. 

 

3.4 Immunofluorescence 

3.4.1 Tissue processing 

Immunofluorescence (IF) analysis was performed both on brain tissue and retin-

al pigment epithelial (RPE) cells. 

20 µm thick coronal brain sections (K64 WT and K63 TgHD minipigs, F2 gen-

eration, 36m; WT and R6/2 mouse, 12w). Tissue was processed as described above (see 

the Immunohistochemistry part). Sections were stretched on silanized glass (2% solu-

tion of 3-aminopropyl-triethoxy-silane (Sigma-Aldrich) dissolved in acetone). 

RPE cells were isolated from the eyes of experimental minipigs (K14 WT and 

K101 TgHD, F2 generation, 48months). The eyes were gently cut from the eye socket 

and cleaned from surrounding connective tissue. They were inserted into the Falcon 

tube with a little amount of PBS and immediately transported to the laboratory where 

were processed. A small amount of PBS was used just to form a humid chamber as the 

PBS reduces tonus of the eyes and hence a subsequent handling is more difficult. The 

eyes were rinsed with 1 ml of ethanol and the remaining tissue was removed. Then the 

eyes were inserted into a sterilizing solution of 10% betadine (povidonum iodiratum, 

100 mg, Egis Pharmaceuticals) in PBS. The amount of solution used was 20 ml for each 

three eyes. Sterilization took 10 minutes. 
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3.4.2 Isolation and cultivation of RPE cells 

Flow Box (L.12 Jouan) was sterilized by UV radiation for 20 minutes before 

use. Sterilized eyes were pulled out from Falcon to Petri dishes and rinsed 2× with 1 ml 

of PBS. Eyball was incised using scalpel few mM below the iris and the anterior eyeball 

segment was trimmed and the remaining eyeball was tickled on the inner side by blunt 

scissors edge. This was performed for facilitation of retina detachment when the vi-

treous floated out and therefore retina is simply attached to the vitreous and subsequent-

ly cut off from the optic nerve. If the retina remained inside the eyeball, 1 ml of PBS 

was pipetted into the eyeball, the retina was relaxed, visualized and then removed with 

forceps and cut off from the optic nerve. Retinas were frozen at -80 °C for further use in 

other analysis. Every eye was poured with 1 ml of PBS to prevent drying out of the cells 

and placed in a 12 well plate. After processing the last of the eye, PBS was taken out, 

into each eye 1 ml trypsin (Sigma-Aldrich) + EDTA (ethylendiamintetraacetic acid, 

Sigma-Aldrich)was pipetted and eyes were incubated for 20 minutes in a thermostat at 

37 °C and 5% CO2. After removal from the thermostat, trypsin was poured out from the 

globe and 1 ml of α-MEM (Minimum Essential Medium - Alpha Medium) (Life Tech-

nologies) with FBS (Fetal Bovine Serum) (Sigma-Aldrich) and gentamicin (Sigma-

Aldrich)were added to each eye, pipetted repeatedly while rinsing the inner surface of 

the globe and flushing digested RPE cells. The medium was finally released with the 

cells and transferred to sterile 1.5 ml Eppendorf tube. When the medium was aspiring, it 

is preferred not to touch the pipette tip near the nerve as it may causecontamination by 

fibroblasts and other cells. Those cells have a growth advantage compared to RPE cells, 

therefore it can complicate cultivation. 

Thereafter, cells were centrifuged in a tabletop centrifuge (Centrifugy MiniSpin 

Eppendorf, P-LAB) for 3 minutes at 300g, then the tubes were rotated by 180 °C, and 

centrifuged again for 3 minutes at 300 g (the centrifuge has a rotor angle). The superna-

tant was pipetted off and 3 ml of culture medium was added to each well. Some of this 

volume, from 500 µl to 1 ml, was used for resuspendation of the cells from the centrifu-

gated pellet of cells in an Eppendorf tube. The cells were resuspended by gentle pipet-

ting strokes, all volume was transfered to the remaining medium in the corresponding 

well of the plate and the medium was again repeteadly pipetted back and forth. When 

finished all the cells, the plate was capped and mixed by a couple of shaking from the 
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top to the bottom and from the left to the right, which guarantees, if possible,the best 

spreading of the cells on the surface of platelets. The plate was allowed to stand for 5 

minutes in a flow box, and then was placed in thermostat. The first medium exchange 

was carried out on the day 2 (day cultivation = day 0) and thereafter every second to 

third day. The cells were cultured until confluent. 

3.4.3 Cell harvesting and cultivation in Lab-Tek Chamber Slide system 

Cells were harvested using 0.5% trypsin + EDTA, counted on the VicellXR de-

vice (Beckman Coulter) and pipetted into Labtek Chamber slide 8 well (Thermo Fisher 

Scientific), in an amount of 25,000 cells per well. They were cultured in thermostat 

while exchanging medium until confluence. 

3.4.4 Immunolabeling 

Primary antibody used were: 

Mouse-derived anti-MMP-9 (Aviva, 1:500) 

Secondary antibody used were: 

Alexa Fluor® 647 goat anti-mouse (Life Technologies, 1:500) 

Material (brain sections/cells) was fixed with 4% PFA for 30 minutes at 4° C, 

briefly rinsed with distilled water and PBS for 5 minutes. Blocking solution (1% goat 

serum in 0.4% Triton-X in PBS) was pipetted onto the glass, blocking was carried out 

for 60 minutes. After removing the blocking solution, the primary antibody was added 

without rinsing the glass (200µl, antibody diluted in a blocking solution) and incubated 

for 1.5 hours at RT. After incubation, the glass was rinsed 4× with PBSTw (0.05%) for 

5 minutes and incubated with the secondary antibody for 1.5 h at RT and rinsed again 4 

times for 5 min with PBSTw and finally with distilled water for reducing the particles of 

PBSTw (salts would have precipitated and interfere with results). Glasses were dried 

and mounted in the mounting medium with DAPI covered with the cover glass and kept 

at 4 ºC. The slides were kept in dark during all the steps.  

3.4.5 Fluorescence detection 

Immunofluorescence was scanned using the virtual microscopy system VS-120 

FL equipped with Olympus VS Desktop software (Olympus, Tokyo, Japan). 
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4 RESULTS 

We investigated expression of Htt as it is a substrate for proteolytic enzymes 

participating in a cleavage processes, and also tried to detect large Htt forms - inclusions 

and aggregates. Then we focus on examination of proteolytic enzymes themselves. 

4.1 Qualitative and quantitative characterization of huntingtin 

Detection and analysis of expression of Htt was performed using antibodies 

against both N-terminal part of Htt and polyQ stretch of mtHtt protein.  

4.1.1 Characterization of huntingtin with antibodies against N-terminus 

Detection of Htt was performed using immunohistochemical and biochemical 

techniques with following primary antibodies: BML-PW0595, EPR5526, MAB2166.  

We used 3 WT (K48, K64, K103) and 3 TgHD (K100, K63, K104) minipigs of 

F2 generation (36 month old). For every tested animal we examined 5 coronal brain 

sections (40 µm thickness) (Figure 9), one coronal section was employed for the nega-

tive (shame) control where the primary antibody was omitted. The specificity of prima-

ry antibodies was verified by WB and/or comparative IHC of mouse WT and TgHD 

(R6/2, 12 weeks old) brain sections. The specificity of secondary antibodies was con-

firmed by using negative controls. The evaluation and quantification of immunoreactivi-

ty was performed using a densitometric measurement of staining by image analysis and 

statistical analysis was employed by an unpaired t-test or a one-way ANOVA test with a 

Bonferroni’s (Tukey’s) post-test multiple comparison. 
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Immunostaining with rabbit polyclonal BML-PW0595 

We detected moderate expression of Htt (endogenous and mutant) by using both 

anti-huntingtin rabbit polyclonal BML-PW0595 and rabbit polyclonal EPR5526 antibo-

dy in brain tissue of all animals (WT and TgHD) with small changes between them. A 

relatively high expression of Htt was observed in cortical pyramidal neurons in compar-

ison with other cells. 

 

 

Figure 10. Immunostaining with rabbit polyclonal BML-PW0595 antibody. Immunohisto-

chemical staining in minipig brain coronal sections. Scale bar = 2 mm, scale bar of high-

magnification = 50 µm. 
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Figure 11. Immunostaining with rabbit polyclonal BML-PW0595 antibody.  

Immunohistochemical staining in mouse brain coronal sections. Scale bar = 50 µm. Although 

we found a slightly increased expression ofHtt in TgHD brain, the quantitative analysis showed 

a significant increase mainly in somatosensory cortex of TgHD (BML-PW0595, K100, K104) 

or in some pairs of animals such as K103/K104 (EPR5526, caudate nucleus, motor and somato-

sensory cortex).  
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Figure 12. Results of Tukey´s tests. Comparison of the expression of mtHtt/Htt in the 

brain substructures (caudate nucleus, putamen, motor and somatosensory and insular 

cortex) between wild type (WT) and transgenic (Tg) minipigs. 
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Immunostaining with rabbit polyclonal EPR5526 antibody 

We detected both forms of Htt by using anti-huntingtin EPR5526 in brain tissue 

of all animals (WT and TgHD). The expression was relatively mild, accordingly to re-

sult observed in the previous analysis with BML-PW0595 antibody.  

 

 

Figure 13. Immunostaining with rabbit polyclonal EPR5526 antibody 

Immunohistochemical staining in minipig brain coronal sections. Scale bar = 2 mm, scale bar of 

high-magnification = 50 µm. 
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Figure 14. Results of Tukey´s tests. Comparison of the expression of mtHTT/HTT in the brain 

substructures (caudate nucleus, putamen, motor and somatosensory and insular cortex) between 

wild type (WT) and transgenic (TgHD) minipigs. 
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Figure 15. Immunostaining with rabbit polyclonal EPR5526 antibody. Immunohistochemi-

cal staining in mouse brain coronal sections. Scale bar = 50 µm. 

The fragments of Htt were detected by WB analysis using anti-EPR5526 antibody specific for 

N-terminal part of both endogenous and mutant Htt. As we can see, Htt undergoes the 

proteolytic processes and smaller fragments of this protein are present in TgHD and WT 

animals. The fragment of MW = 125 kDa represents inserted form of human mtHtt in TgHD 

minipig. Interestingly, we also observed smaller fragments of MW lesser than 50 kDa in TgHD, 

which are supposed to migrate into the nucleus and therefore act cytotoxically. 

 

 

 

Figure 16. WB of minipig cerebral cortex with rabbit polyclonal EPR5526 antibody. 

Fragments of mtHtt smaller than 50 kDa detected in TgHD minipig. 
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Immunostaining with mouse monoclonal MAB2166 antibody 

Immunolabeling with anti-MAB2166 antibody indicated very weak staining and 

was not evaluated by image analysis method.  

 
 

 

Figure 17. Immunostaining with mouse monoclonal MAB2166 antibody. Immunohisto-

chemical staining of aggregates in minipig brain coronal sections. Scale bar = 2 mm, scale bar 

of high-magnification = 50 µm (A) and in mouse brain coronal sections. Scale bar = 50 µm (B).  

A 

B 
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4.1.2 Characterization of huntingtin with antibodies against polyglutamine 

stretch 

We also performed IHC staining with anti-polyQ 1C2 and anti-3B5H10 antibo-

dies that exhibited an increased perinuclear immunoreactivity (localized to Golgi appa-

ratus or endoplasmic reticulum) in striatal and cortical cells of TgHD minipig brain.  

In WB analysis using anti-1C2 antibody, the small proteolytic fragments of 

mtHtt in TgHD minipig were detected, whereas no bands were observed in WT animal.  

Immunostaining with rabbit polyclonal 1C2 antibody 

 

 

Figure 18. Immunostaining with rabbit polyclonal 1C2 antibody. Immunohistochemical 

staining in mouse brain coronal sections. Scale bar = 50 µm (A). WB of minipig cerebral cortex. 

WB shows transgenic inserted form of mtHttandits smaller fragment (B). 

B 

A 
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Figure 19. Immunostaining with rabbit polyclonal 1C2 antibody. Immunohistochemical 

staining in minipig brain coronal sections. Scale bar = 2 mm, scale bar of high-magnification 

 = 50 µm. 
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Figure 20. Results of Tukey´s tests. Comparison of the expression of polyQ protein in the 

brain substructures (caudate nucleus, putamen, motor and somatosensory and insular cortex) 

between wild type (WT) and transgenic (Tg) minipigs (D). 

 



59 

 

Immunostaining with mouse monoclonal 3B5H10 antibody 
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Figure 21. Immunostaining with mouse monoclonal 3B5H10 antibody. Immunohistochemi-

cal staining in minipig brain coronal sections. Scale bar = 2 mm, scale bar of high-magnification 

= 50 µm (A). Results of Tukey´s tests. Comparison of the expression of polyQ protein in the 

brain substructures (caudate nucleus, putamen, motor and somatosensory and insular cortex) 

between wild type (WT) and transgenic (Tg) minipigs (B).WB of minipig cerebral cortex. (C). 

B 

A 

C 
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4.1.3 Detection of huntingtin large aggregated form 

We tried to detect Htt large forms with a specific antibody MW8 preferentially 

binding Htt in tissue sections when Htt is in aggregates rather than when it is in the cy-

toplasm. We probably detected the first mtHtt aggregates (5-10 µm in diameter) with 

antibody MW8 in TgHD minipig brain (K104, K63). The shape and density of aggre-

gates was similar to that we observed in TgHD (R6/2) mice (Figure 23). We did not see 

any aggregates in brain sections of WT animals (minipig and mice). 

 

Figure 22. :Immunostaining with mousemonoclonal MW8 antibody. 

Immunohistochemical staining of aggregates in minipig brain coronal sections . Scale bar = 2 

mm, scale bar of high-magnification = 50 µm and in mouse brain coronal sections (B).  

Aggregates 
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Figure 23. Immunostaining with mousemonoclonal MW8 antibody. Immunohisto-

chemical staining of aggregates in mouse brain coronal sections. Scale bar = 2 mm, 

scale bar of high-magnification = 50 µm. 

Aggregates 
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4.2 Qualitative and quantitative characterization of proteolytic enzymes 

We performed detection and quantification analysis of proteolytic enzymes with 

folowing primary antibodies: caspase-3, caspase-8, MMP-9, MMP-10, KLK-10, cal-

pain-5.  

We used the same range of experimental animals 36 month old for IHC and WB 

as described previously. In addition, we analyzed an expression of caspase-3 in cortex 

and putamen of minipig brain sections (K64 WT, K63 TgHD minipigs, 36 month, F2 

generation) (20 µm thickness), and mouse cortical WT and transgenic R6/2 part of brain 

using IF. One pair of 48 month old minipigs (K14 WT and K101 TgHD, F2 generation) 

was used for detection of MMP-9 in RPE cells isolated from the eyes of sacrificed ani-

mals by IF technique.  

4.2.1 Caspases 

IHC and WB analysis showed increased levels of caspases expression in brain 

areas of TgHD minipigs. Concerning caspase-3, there were observed increased levels 

both in the striatum (caudate nucleus, putamen) and cortex of TgHD animal by IHC 

methods, as well as increased levels of caspase-3 were detected by IF. This result was 

confirmed also by IHC and IF analysis in the WT and R6/2 mouse cortex. Anti-caspase-

3 primary antibody used for WB detected increased levels of caspase-3 proenzyme and 

its cleaved form in cortex of TgHD animals. 
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Figure 24. IHC of caspase-3 in the brain of WT and TgHD minipigs (36m) 

 

Figure 25. IF of caspase-3 in the brain of WT and TgHD minipigs (36m) and mouse brain 

(12w) 
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Figure 26. Image analysis of caspase-3 immunohistochemistry in striatum and cortex 
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Figure 27. WB of caspase-3 in cortex (36m) 

The increased level of proenzyme-8a/8b and the same levels of processed forms p43/41 and 

p26/24 in TgHD minipig cerebellum were showed by using anti-caspase-8 antibody. 

 

 

 
 

Figure 28. WB of caspase-8 in cerebellum (36m) 
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4.2.2 MMPs 

Among MMPs, there were analyzed MMP-9 and MMP-10. Increased MMP-9 

expression was detected immunohistochemicaly in the striatum and cortex of TgHD 

minipig, and also biochemically were showed increased levels of processed forms of 

MMP-9 in cortex and cerebellum of TgHD minipig. MMP-10 expression was detected 

immunohistochemically in both WT and TgHD porcine brains, when the mildly in-

creased expression was seen in the caudate nucleus of TgHD minipig. 

We also performed IF of MMP-9 expression in RPE cells of one pair of 48m old 

minipigs. The increased levels of MMP-9 were observed in these cells in TgHD animal. 

 
Figure 29. WB of MMP-9 in cortex and cerebellum (36m) 

 

.  
Figure 30. IHC of MMP-9 in the brain of WT and TgHD minipig (36m) 
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Figure 31. Image analysis of MMP-9 immunohistochemistry in striatum and cortex 
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Figure 32. IF of MMP-9 in the RPE cells of WT and TgHD minipigs (48m) 
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Figure 33. IHC of MMP-10 in the brain of WT and TgHDminipig (36m) (A) Image analy-

sis of MMP-10 immunohistochemistry in striatum and cortex (B) 

A 

B 
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4.2.3 KLKs 

In a family of KLKs, we focused on KLK-10. Using anti-KLK-10 primary anti-

body in WB analysis were showed slightly increased concentration levels of this en-

zyme in cerebellum, whereas a slightly decreased level was found in the cortex of 36m 

TgHD minipig. Immunohistochemically, a decreased expression of KLK-10 was de-

tected in the striatum and cortex of 36m TgHD minipig.  

 

 
 

Figure 34. IHC of KLK-10 in the brain of WT and TgHD minipigs (36m). 

A 

B 
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Figure 35. Image analysis of KLK-10 immunohistochemistry in striatum and cortex. 
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Figure 36. WB of KLK-10 in cortex and cerebellum of WT and TgHD minipigs (36m) 

 

4.2.4 Calpains 

The last examined protease was calpain-5, when using IHC we found wide ex-

pression of this enzyme both in WT and TgHD animals, however with no difference 

between them (data not shown). On WB we can also see similar result, calpain-5 was 

biochemically detected in 36m old minipigs at quite high concentration levels, with no 

observed differences between WT and TgHD animals. 

 
 

Figure 37. WB of calpain-5 in cortex of WT and TgHD minipigs (36m) 
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5 DISCUSSION 

A crucial step in HD pathogenesis is the cleavage of mtHtt, which is accompa-

nied by releasing smaller N-terminal fragments containing the polyQ stretch and that 

are toxic to neurons. Such fragments has been demonstrated in many studies in human 

HD brains and HD mouse models (Kim et al. 2001; Mende-Mueller et al. 2001; Wel-

lington at al. 2002; Wang et al. 2008; Landles et al. 2010). Several proteolytic enzymes 

from families of caspases, MMPs, calpains and cathepsins, have already been reported 

as actors in these proteolytic processes (Goldberg et al. 1996; Kim et al. 2001, 2006; 

Gafni and Ellerby 2002; Lunkes et al. 2002; Miller et al. 2010; Tebbenkamp et al. 

2012; Hermel et al. 2004; Ratovitski et al. 2009).  

In this study, we investigated the expression of proteolytic enzymes from the 

families of caspases, MMPs, KLKs and calpains on the transgenic minipig model of 

Huntington´s disease at the Institute of Animal Physiology and Genetics, Academy of 

Sciences in Liběchov, Czech Republic. It is known, that as a consequence of proteolytic 

processing of mtHtt, short mtHtt fragments occur in affected cells, which finally lead to 

a formation of aggregates of mtHtt. Hence, we decided to also detect and quantify ex-

pression of mtHtt and its cleavage products and evaluate aggregates formation.  

Although the studies in rodent models have helped to elucidate important path-

ways that are detrimental and contribute to the HD pathogenesis, there is a need of use 

more complex models of the disease, which correspond, or at least closely resemble, the 

physiology of humans. Pigs, and mainly minipigs, are the suitable candidates. Addition-

ally, pig brain permit detailed identification of brain structures by imaging techniques 

and the slow disease progression allows longitudinal studies. 

The Liběchov minipig was created in 2009 and information coding the sequence 

of N-terminal part of human mtHtt was transferred to subsequent generations from both 

female and male sides. The ratio of transgenic (TgHD) and wild-type (WT) newborn 

piglets was approximately equal in each litter. Up to now, 4 filial generations have 

arised (F1, F2, F3, F4) and current work of the laboratory is ongoing to characterize the 

phenotype of transgenic minipigs of F2 generation. 
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At present, a complex of non-invasive and invasive experimental approaches to 

WT and TgHD minipigs is used to elucidate pathologic pathways responsible for devel-

opment of HD symptoms.  

The latest experiments focus on behavioral tests over all generations in an at-

tempt to capture the first changes in behavior of HD animals.  

Biomarkers are, accordingly to a proper definition, some cellular, biochemical, 

or molecular characteristics that can be objectively measured and evaluated as indicator 

of normal biological processes, pathological processes, or pharmacological responses to 

a therapeutic intervention (Biomarkers Definitions Working Group 2001). The identifi-

cation of such markers is now the subject of a high interest among the HD research 

groups.  

In our laboratory, the semen, blood and cerebrospinal fluid (CSF) is continuous-

ly collected from F3 generation of WT and TgHD individuals and examinated with one 

goal to find a reproducible, sensitive and specific biomarker with such an outcome 

measure that can be used to track the disease progression in patients.  

Our work contributes to the efforts to better understand the essence of HD and 

shed a light on a characterization of mtHtt in terms of its presence in minipig brain, dif-

ferences in expression of mtHtt among striatal and cortical parts within animal, as well 

as differences in expression levels between WT and TgHD individuals of F2 generation 

of transgenic minipig model at the age of 36 months.  

We used several antibodies raised both against the N-terminal of Htt and polyQ 

stretch for qualitative and quantitative analysis of mtHtt.  

First, we used a series of antibodies directly binding N-terminus of Htt. Immu-

nohistochemically, we detected moderate levels of endogenous and mtHtt in caudate 

nucleus and somatosensory cortex, without distinctive changes between WT and TgHD 

animals, with rabbit polyclonal BML-PW0595 antibody against aa2-17 sequence of 

endogenous and mutant Htt, and also rabbit polyclonal EPR5526 antibody correspond-

ing to aa1-100 part of Htt. Interestingly, a relatively high expression of Htt was ob-

served in cortical pyramidal neurons in comparison with other cells, as was similarly 

described in cerebral cortex in humans (Gutekunst et al. 1995). 
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Although we found a slightly increased expression of Htt in TgHD brain, quan-

titative analysis revealed that the increase was mainly in somatosensory cortex of 

TgHD. Besides, in some pairs of animals a significant increase was also detected in mo-

tor cortex and mainly in caudate nucleus, which is the most affected area in HD brain. 

Immunostaing with mouse monoclonal MAB2166 antibody against epitope 

aa181-810 of Htt delivered relatively weak signal compared to previously described 

antibodies and therefore the image analysis was not performed.  

Interestingly, we successfully detected smaller fragments of Htt and mtHtt in 

WT and TgHD animal. The fragment of MW=125 kDa represents inserted form of hu-

man mtHtt in TgHD minipig. Moreover, we observed fragments with molecular mass 

less than 50 kDa in TgHD animal, which are supposed to migrate into the nucleus and 

therefore act cytotoxically. It is interesting to note, that the relationship between the 

length of the N-terminal Htt fragments and the actual size of these peptides is not as 

direct as one can presume due to some conformational constraints. That is the reason 

why we cannot determine the exact length of Htt fragments, which are undoubtedly 

considered to enter the intranuclear space and form inclusions. Therefore, a systematic 

analysis of both predicted and observed sizes of different N-terminal Htt peptides 

should be taken into consideration in efforts to get better knowledge of required size of 

mtHtt fragment, which would enter the nucleus (Milevski et al. 2015). Other factors, 

which seem to be essencial for this issue and a passive shuttle between cytoplasm and 

nucleus are the cell-type-specific limits, which has already been reported for some Htt-

derived fragments (Trushina et al. 2003). Such cell type-specific differences could be a 

possible explanation of the fact, that in R6/2 transgenic mouse models (89-150Q) is 

apparent intranuclear accumulation of Htt in striatal neurons (Davies et al. 1997). 

Second, we performed analysis of mtHtt based on detection of polyQ stretch by 

1C2 and 3B5H10 antibodies. The first work which stated that 1C2 antibody is able to 

detect intracellular inclusions as a hallmark of Huntington´s disease was from Paulson 

et al. (1997). Miller et al. (2011) used for recognizing of homomeric polyQ stretch anti-

body 3B5H10, which in their experiment on BACHD mice showed diffuse shadows in 

WT nuclear region, but stronger diffuse stain in nucleus of BACHD mouse at 12 

months. In our analysis, we also observed more distinctive signal in TgHD minipig, but 
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the increased immunoreactivity was localized to the areas next to Golgi apparatus and 

endoplasmic reticulum in striatum and cortex of TgHD minipig brains.  

The epitope of 1C2 antibody was found to be a homopolymeric glutamine 

stretch. The original immunogen TATA Box-binding protein (TBP) is the general tran-

scription factor containing a 38Q stretch (Lescure et al. 1994). Other polyQ-containing 

proteins are recognized by the 1C2, notably those involved in several human neurode-

generative diseases caused by a CAG repeat expansion (Trottier et al. 1995). For pro-

teins involved in these neurodegenerative disorders, 1C2 antibody showed remarkable 

property of detecting much better the pathological proteins that contain a polyQ expan-

sion (37Q) than WT type proteins (Trottier et al 1995). This fact was confirmed in our 

WB analysis, where use of 1C2 antibody enabled to detect small proteolytic mtHtt 

fragments in cerebral cortex of TgHD minipig, whereas no fragmentation was observed 

in WT minipig. Fragmentation of both Htt and mtHtt fragments was detected in WB 

analysis using mouse monoclonal 3B5H10 antibody, however fragmentation in TgHD 

animal was much more extensive with presence of smaller proteolytic fragments in con-

trast to WT animal. 

HD manifestation characterized by accumulation and aggreagation of mtHtt 

have had a leading role for many years. First description of abnormal neuronal mem-

brane ultrastructure in HD was described by Roizin et al. (1979) by electron microscope 

investigation of post mortem human brains. Later the aggregates were discovered in the 

brain of R6/2 experimental mice model of HD (Davies et al. 1997). To date, the puz-

zling evidence for the presence of aggregates in R6/2, but much lower evidence of the 

same in the human HD brain finally led DiFiglia et al. (1997) to a reassessment of the 

presence of aggregates in autoptic HD brains. Result of this study was fact, that the 

most common pattern was to have one aggregate per cell, but also about 5-7% of cells 

contained two or three aggregates. 

Aggregates accumulate primarily in striatum and cortex, whereas their presence 

in globus pallidus and cerebellum is less often. More recent studies suggested protective 

role of aggregates playing against the harmful effects of mtHtt (Arrasate et al. 2004). In 

contrary, soluble monomers of mtHtt and Htt oligomers were described to be toxic to 

cells and to be key factors in process of cellular dysfunction (Lajoie and Snapp 2010).  
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Htt fragment length and amount, as well as the length of polyQ are main deter-

mining factors responsible for aggregares generating. The frequency of aggregates for-

mation is higher in the presence of short N-terminal Htt fragments as biochemical anal-

ysis of nuclear and cytoplasmic inclusions showed that nuclear aggregates are com-

posed mostly by the N-terminal fragments of mtHtt. In contrary, extracellular inclusions 

contain both full-length and truncated mtHtt (Hackam et al. 1998). 

For assessment of presence of mtHtt aggregates in our transgenic minipig model 

we used IHC analysis with mouse monoclonal MW8 antibody. In previous experiments 

on 24m old minipigs have not been detected any aggregates. Notably, our analysis of 

brain sections of 36m old minipigs probably revealed the first mtHtt aggregates (5-10 

µm in diameter). The shape and density of aggregates were similar to those we observed 

in TgHD (R6/2) mice. We did not see any aggregates in brain sections of WT animals 

(minipig and mice). 

Finally, we carried out investigation of the expression of various proteolytic en-

zymes from families of caspases, MMPs, KLKs and calpains, namely caspase-3, cas-

pase-8, MMP-9, MMP-10, KLK-10 and calpain-5. As mentioned above, there are many 

research groups suggesting that the involvement of proteolytic enzymes in HD patholo-

gy is remarkable. Some of the enzymes participating in mtHtt cleavage have been al-

ready discovered, some are still under investigation, where exactly is their cleavage site 

on the mtHtt, and there are probably many more, whose role in a toxic fragmentation 

process within mtHtt remains to be elucidated. 

IHC and WB analysis were used for detection of all enzymes. In addition, the 

Immunofluorescent staining method (IF) was performed for evaluation of caspase-3.  

During this study, several minipigs from the F2 generation were sacrificed at the 

age of 48 moths. Within our longitudinal characterization of minipigs as a model of HD, 

the next step is to detect and analyse biochemical and molecular genetic changes direct-

ly at this age. Therefore, we had an opportunity to get some unique and not very easily 

obtainable cells, such as RPE cells. The RPE cells might be considered as affected by 

pathobiochemical changes in HD as Htt is a ubiquitous protein and its mutated form can 

occur throughout the body. Moreover, RPE is a monolayer of hexagonal shaped neural 

epithelial cells that have the same embryological origin as the neural retina. They ma-

ture right before the neural retina and play a key role in metabolic support of outer re-
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tinal cells. Developmentally, the non-neural RPE and the neural retina originate from 

the same structure – the optic vesicles. Hence, we performed a pilot in vitro experiment 

striving to outline the presence and potential changes in enzyme levels in these cells. 

We successfully isolated and cultivated the cells, in spite of the fact that they may be 

picky as to growing in their environment and seem to be sensitive to pH, and used them 

for detection of MMP-9 by IF.  

Analysis of caspases proved significantly increased levels of caspase-3 in TgHD 

minipig brain in IHC analysis, where the increased levels of this enzyme were found 

over the striatum (both caudate nucleus and putamen) and motor cortex of TgHD mini-

pig. This result was confirmed by IF of all tested animals and moreover of R6/2 mouse. 

By WB we detected higher levels of inactive proenzyme, as well as active form of cas-

pase-3 in TgHD minipigs. Caspase-8 expression was assessed by WB, which showed 

higher levels of the proenzyme in TgHD individual, whilst the processed form were at 

the same levels within TgHD and WT animals. 

From the family of MMPs, we focus on detection of two enzymes, MMP-9 and 

MMP-10. Increased levels of MMP-9 processed forms were found in cortex and cere-

bellum of TgHD minipigs by WB analysis, and also IHC of striatum and somatosensory 

cortex confirmed this finding and TgHD brain significantly differs from WT one in term 

of MMP-9 expression. What is more, IF of RPE cells of 48 month old minipigs showed 

increased levels of MMP-9 in TgHD individual suggesting that those cells may also be 

affected by pathogenic processes in HD. MMP-10 was detected immunohistochemically 

in brains of WT and TgHD minipigs with small changes in expression. A small increase 

of MMP-10 was detected in caudate nucleus of TgHD minipig. We supposed to obtain 

much higher difference in signal as the activation of MMP-10 was previously described 

(Miller et al. 2010). Therefore, we aim to continue with searching for changes in aging 

animals, taking into consideration that our result can be influenced by relatively low age 

of experimental animals as the lifespan of minipigs is about 20 years and the onset of 

detectable changes at the cellular or whole body levels may be more gradual in contrary 

to mice models of the disease. Also, the larger scale of experiments would be done for 

more complex analysis.  

Furthermore, the decreased levels of KLK-10 were detected in TgHD minipig 

brains compared to WT animal, which is in contrast to the other observations, where the 
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same or increased concentrations occured in TgHD individual. WB analysis suggested 

little changes in KLK-10 levels. Concretely, a slightly higher level of the enzyme in 

cortex and a slightly lower level in cerebellum of TgHD were detected.  

Calpain-5 was analysed by using both IHC and WB techniques. IHC staining of 

this enzyme confirmed its strong expression in brains of WT and TgHD animals. How-

ever, no difference was observed between them. Also, the results of WB did not show 

any differences among WT and TgHD minipigs. 

Even though the cleavage of full-length Htt releasing smaller N-terminal frag-

ments containing polyQ, which are toxic to neurons, has already been assessed as a cru-

cial step in HD pathogenesis, the cascade of proteolytic events leading to the generation 

of these toxic properties remains unclear. Commonly used theory is that the mutant 

fragments are more toxic the shorter they are (Hackam et al. 1998, Landles et al. 2010), 

however Graham et al. (2006) proposed that some proteolytic fragments are more toxic 

than the others independently of size.  

Very recently, it has also been published that there could be a possible participa-

tion of not N-, but C-terminal fragments on HD pathogenesis. El-Daher et al. (2015) 

found that C-terminal fragments induced toxicity via dilation of the endoplasmic reticu-

lum (ER) and increased ER stress. C-terminus bound to dynamin 1 and impaired its 

activity at ER membranes. They also proposed that when WT full-length Htt is proteo-

lysed, this turns the non-toxic WT Htt into a highly toxic protein. 

For future work we are aiming to extend our preliminary results of proteolytic 

enzymes expression and continue with phenotypical characterization of 36m and 48m 

old transgenic minipig model of HD, which includes better understanding of proteolytic 

processes and following drug targeting. 
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6 CONCLUSION 

a. Investigation of the expression of Htt in WT and TgHD minipigs (EPR5526, 

PW-0595 antibodies) indicated slightly increased levels (non-significant) of Htt 

in the striatum and cortex (IHC), increased levels in cortex (WB) of TgHD 

animals. 

b. We successfully confirmed cleavage processes of mtHtt and detected small N-

terminal fragments of mtHtt using specific antibodies (EPR5526, 1C2).  

c. We probably detected first aggregates of mtHtt in the brain of TgHD minipigs.  

d. Investigatiton of the expression of caspases, MMPs, KLKs, calpains showed an 

increase of caspase-3 levels in the striatum and cortex of TgHD (IHC), an 

increase in cortex of TgHD (WB), an increase in RPE of TgHD (IF), an increase 

of caspase-8 proenzyme level in the cerebellum of TgHD, a slight increase in the 

striatum and cortex of TgHD (IHC), an increase in the cortex and cerebellum 

TgHD (WB), MMP-10 was highly expressed in the striatum and cortex of Tg 

and WT animals, without significant differences (IHC), a decrease of KLK-10 

levels was found in the striatum and cortex of TgHD (IHC), a decrease in cortex 

of TgHD (WB), calpain-5 was highly expressed in the striatum and cortex of 

TgHD and WT animals without differences between them (IHC in the striatum 

and cortex, WB in the cortex). 
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7 ABBREVIATIONS 

3D  three-dimensional 

AGERA agarose gel electrophoresis for resolving aggregates 

AS Academy of Sciences 

Asp102 amino acid asparagine 102 

Asp586 amino acid asparagine  

586BACHD Casp −/−  mouse model with a caspase-6 knockout 

BCA bicinchoninic acid 

BDNF brain derived neurotrophic factor 

C1  family of papain-like cysteine proteases 

C6R  caspase-6-resistant 

Ca
2+

-ATPase calcium adenosine triphosphatase 

CAG/CAA trinucleotide repeats (cytosine, adenine, guanine / cytosine, 

adenine, adenine) 

CARD the caspase recruitment domain  

CBBG Coomassie brilliant blue 

cDNA complementary DNA 

cp cleavage products 

CPPT pHIV7 central polypurine tract pHIV7 

CR Czech Republic 

CSF cerebrospinal fluid 

Cys amino acid cysteine 

DAB diaminobenzidine 

DAPI 4',6-diamidino-2-phenylindole 

DED the death effector domain 

EAE  mouse model of multiple sclerosis 

ECL  enhanced chemiluminescence 

ED11 a novel peptide inhibitor based on the Htt caspase-6 cleavage 

site (aa550-560) 

EDTA ethylendiamintetraacetic acid 

ER endoplasmic reticulum 

F1, F2, F3, F4 first, second, third, fourth filial generation 

FH400-100Q construct used for transfection 

FISH fluorescent in situ hybridization 

GFAP glial fibrillary acidic protein, used as a marker to distinguish 

astrocytes from other glial cells 

Gln-Ala glycine, alanine 

Gly193 amino acid glycin 193  

GRIK2 (GluR6) glutamate receptor, ionotropic kainate 2 (glutamate receptor 6 

gene) 

H2O2 hydrogen peroxide 

H3, H2A.Z, H2B types of histones 

Hdh(111Q/111Q) construct used for transfection 

HEK293T transgenic mouse model of Huntington´s disease 

HEXXH sequence of matrix metalloproteinases interacting with zinc 

His57 amino acid histidine 57 

HTT huntingtin gene 
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Htt huntingtin protein 

Htt138Q(1-469) construct used for transfection 

Htt15Q(1-469) construct used for transfection 

Htt586 construct used for transfection 

Htt-N511-52Q construct used for transfection 

IAPG CR Institute of Animal Physiology and Genetics 

IVLD cleavage site at position aa586 for caspase-6 

KLKs kallikreins 

L1-L4 catalytic center loops of caspases 

m-calpains m-isoform of calpain 

mGluRs metabotropic glutamate receptors 

MMPs  matrix metalloproteinases 

MRI magnetic resonance imaging 

mRNA messenger ribonucleic acid 

mtHtt mutated form of huntingtin 

MW molecular weight 

NeuN neuronal nuclear antigen, commonly used as a marker for neu-

rons 

NMDA  N-methyl-D-aspartate receptor 

NMDARs N-methyl-D-aspartate receptors 

NNGH N-isobutyl-N- (4-methoxyphenylsulfonyl) glycyl hydroxamic 

acid 

NP-40  tergitol-Type NP-40, nonyl phenoxypolyethoxylethanol 

ORF open reading frame 

p10 small subunit of caspases 

p20 large subunit of caspases 

PBS    phosphate-buffered saline 

PBSTx  phosphate-buffered saline with Triton-X-100 

PCR polymerase chain reaction 

PET positron emission tomography 

PFA paraformaldehyde 

pFLmixQ145 plasmide comprising cDNA with 145 CAG/CAA repetitions 

pH „power of hydrogen“, numeric scale used to specify the acidity 

or alkalinity of an aqueous solution 

pHIV1-HD-548aaHTT-145Q  construct used for transfection 

PIDDosome PIDD–RAIDD–caspase-2 complex 

polyQ polyglutamine 

proKLK  inactive proforms of kallikreins 

PTMs  posttranslational modifications  

PVP polyvinylpyrrolidone 

RIPA  radioimmunoprecipitation assay buffer 

RPE retinal pigment epithelium 

S/T XXGG I/L cleavage site at position aa402 for matrix metalloproteinase 10 

SA clan of kallikreins 

SB  substrate buffer 

SDS-PAGE sodium dodecyl sulfate -polyacrylamide gel electrophoresis 

Ser195 amino acid Serine 195 

SMAC second mitochondrial derived activator of caspases 
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Substance P neuropeptide acting as a neurotransmitter and as 

a neuromodulator 

TAA repeat trinucleotide repeats (thymine, adenine, adenine) 

TBP TATA box-binding protein 

TgHD transgenic model of Huntington´s Disease 

TIMP1, TIMP2, TIMP3 tissue inhibitor of metalloproteinase 1-3 

TTBS Tris- Tween buffered saline 

UCHLI carboxy-terminal hydrolase L1 

UK United Kingdom 

WB Western blotting 

WPRE woodchuck hepatitis post-transcriptional regulatory element of 

cis-enhancing element 

WT wild-type 

XIAP  X-linked inhibitor of apoptosis  

YAC128 transgenic mouse model of Huntington´s disease 

α-MEM minimum essential medium-alpha medium 

μ-calpains μ-isoform of calpain 
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