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ABSTRACT

Huntingtons´s disease (HD) is devastating neurodegenerative disorder manifesting
by motor disturbances, cognitive decline and personal changes. The huge effort to find a cure
for HD has brought several promising therapeutic treatments on the scene. Each of the
prospective approaches needs to be investigated for safety, tolerability and efficacy.
Mouse and rat models were a lot helpful in examination of pathological mechanisms of HD,
but they are not sufficient for completion of pre-clinical testing.
Therefore, we aimed to generate transgenic HD minipig to overcome the gap between
rodents and humans. Minipig transgenic for the first 548 aminoacids of human mutant
huntingtin gene (TgHD) under the control of human HD promotor was manipulated
by lentiviral transduction of porcine one-cell stage embryos. Currently, six generations
of minipigs expressing single copy of N-truncated human mutant huntingtin protein (mtHtt)
with a repetition of 124 glutamines are at disposal.
The more the model simulates the disease symptoms the better it is for translational
research as the efficacy of the cure can be finer evaluated. Hence, the second aim was
to demonstrate HD-like phenotype in our model. Testicular degeneration that preceded
the clinical symptoms onset was observed as a consequence of expression of mtHtt.
Continuous age-dependent accumulation of mtHtt fragments was detected in TgHD brains.
Moreover, further age-related molecular alterations discriminative for HD brain were revealed
in TgHD brain tissues, including neuronal loss, activated microglia and demyelination.
Newly developed tests for examination of cognitive abilities and stress-induced behavior
showed decline in their performance. Furthermore, impaired gait and increased physical
activity were observed in TgHD minipigs. Manifestation of clinical symptoms at the age
of 6-7.9 years is a result of mild but ongoing brain degeneration.
Slow progression of the disease makes TgHD minipig a suitable model
for investigation of pre-clinical stage of the disease and long-term HD therapy research.
The methods and results obtained in this study will be used for longitudinal evaluation
of efficacy of the gene-lowering therapy for HD.

ABSTRAKT
Huntingtonova choroba (HCH) je devastující neurodegenerativní onemocnění,
projevující se poruchami motorických i kognitivních funkcí, a také osobnostními změnami.
Obrovské úsilí najít léčbu této nemoci přineslo na scénu několik slibných léčebných procedur.
Každý z perspektivních terapeutických přístupů však musí být prozkoumán z hlediska
bezpečnosti, snášenlivosti a účinnosti. Myší a potkaní modely byly velmi užitečné
při zkoumání patologických mechanismů HCH, ale v předklinickém testování nejsou
dostačující.
Proto, aby se překlenula biologická vdzálenost mezi hlodavci a lidmi, zaměřili jsme se
na vytvoření transgenního miniaturního prasete s HCH. Transgenní miniaturní prase kódující
prvních 548 aminokyselin lidského mutovaného huntingtinu (TgHD) pod kontrolou lidského
promotoru pro huntingtin vzniklo po lentivirové transdukci prasečích jednobuněčných
embryí. V současné době je k dispozici šest generací miniprasat exprimujících jednu kopii
N-terminální části lidského mutovaného proteinu huntingtin (mtHtt) s prodlouženou repeticí
124 glutaminů.
Čím více model simuluje příznaky nemoci, tím lepší je pro translační výzkum, protože
účinnost léčby lze vyhodnotit přesněji. Druhým cílem proto bylo demonstrovat v našem
modelu fenotyp HCH. V důsledku exprese mtHtt byla pozorována testikulární degenerace,
která předcházela nástupu klinických příznaků. V mozcích transgenních zvířat byla
detekována kontinuální akumulace fragmentů mtHtt závislá na věku. Kromě toho,
v mozkových tkáních transgenních prasat byly odhaleny další molekulární změny, které jsou
charakteristické pro mozek pacientů s HCH, včetně ztráty neuronů, aktivované mikroglie
a demyelinizace. Nově vyvinuté testy pro zkoumání kognitivních schopností a chování
v stresových situacích prokázaly pokles v jejich provedení. Navíc byla pozorována porucha
chůze a zvýšená fyzická aktivita transgenních prasat. Projevování klinických příznaků
ve věku 6-7.9 let je výsledkem mírné, ale věkem postupující degenerace mozku.
Díky pomalému rozvoji onemocnění je TgHD miniprase vhodným modelem
pro zkoumání preklinického stadia nemoci, a také pro dlouhodobý výzkum zaměřený
na nalezení terapie pro HCH. Metody a výsledky získané v této studii budou použity
pro dlouhodobé experimenty hodnotící účinnost genové terapie pro snížení hladiny exprese
mutovaného huntingtinu.
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INTRODUCTION
Huntington‟s disease (HD) is rare neurodegenerative disorder with a prevalence
of 3-10 affected persons per 100.000 individuals in Western Europe and North America [1],
[2]. This disorder is caused by the prolonged glutamine (polyQ) repetition in exon 1 of the
huntingtin gene (HTT) encoding mutant huntingtin protein (mtHtt) [3]. The polyQ repeat size
inversely correlates with the age of onset and severity of the disease [4].
Clinical symptoms manifested by personal changes together with motor and cognitive
decline are typically discerned between thirty and fifty years of age [5], [6]. HD patients
suffer from chorea, impaired gait, lack of balance coordination, and disturbed fine motor
skills

like

tongue

persistence

protrusion

and

phonatory

dysfunction

[7]–[11].

Among prominent cognitive symptoms belong impaired judgment, the inability to complete
a task, and also difficulty with tasks requiring flexibility or speed [12], [13]. The behavioral
disturbances include anxiety, and impulsive and aggressive behavior interchanging with
apathy [14]. In addition, disruption in circadian rhythm was demonstrated in HD gene carriers
[15].
Clinical symptoms are a consequence of progressive degeneration of the brain. Even if
the brain pathology is a result of harmful effect of mtHtt, reduction of endogenous huntingtin
protein (Htt) or combination of both, a hallmark of HD is a loss of medium-sized spiny
neurons [1] and formation of mtHtt aggregates tightly corresponding to the disease
progression [16]. Numerous studies indicated that aggregation is a successive process when
aggregates are assembled from N-terminal mtHtt fragments and mtHtt oligomers that trigger
cellular dysfunctions in affected tissues [17], [18]. N-terminal fragments of mtHtt accumulate
with the disease progression, and their abundance varies among tissues, which may be
consistent with cell susceptibility to HD [19]–[21]. Nuclear localization of mtHtt fragments is
connected to more severe manifestation of the disease [22]. In addition, white matter atrophy,
reduced myelination and activated microglia were observed in HD individuals [23], [24].
Various studies showed increased oxidative stress in HD [25], [26] that was suggested to
cause an inhibition of mitochondrial functions [27] since reduced activity of complexes II, III
and IV were detected in brains of HD patients [28], [29].
Even though HD is considered to be a disorder of the brain, the whole body is
affected. Severe cachexia manifesting by obvious skeletal muscle wasting and weight loss
was recognized in HD patients [30]–[33]. Furthermore, testicular abnormalities, decrease
9

in numbers of germ cells as well as abnormal morphology of seminiferous tubules were found
in HD men [34].
HD is inherited in an autosomal-dominant manner thus possessing a devastating
impact on several family generations since there is no cure available up to date. Huntingtin
protein plays a role in diverse cellular processes including transcription, RNA splicing,
vesicular trafficking, anti-apoptotic processes, endocytosis, and cellular homeostasis [35],
hence the complexity of the disease has made the HD treatment research very challenging.
Animal models constitute an important tools for appreciation of therapies
for neurodegenerative disorders. Unfortunately, a number of promising therapies with very
auspicious results in HD rodent models, failed to be beneficial in humans [22], [36]–[38].
Small brain size and differences in neuro-architecture to humans limit rodent models
for assessment of drug doses, design of the therapy, the same as for usage of medical
equipment applicable for human patients [39]. Therefore, large animal models heve been
generated with an expectation to provide better pre-clinical outcomes including safety,
tolerability, biodistribution, longitudinal investigation, and efficacy of novel therapeutic
approaches [40]. Among large animals, minipigs represent a good economical and ethical
choice [41]. Vigorous advantages of minipigs are their rather large brain that is similarly
structured as in humans, resemblance in body size, physiology, longevity of 15-20 years [42]
and not least a 96% homology between porcine and human huntingtin genes and proteins
[43].
Several different approaches can be used for transgenesis in large animal models.
Somatic cell nuclear transfer (SCNT) allowed the first genetic manipulations in large animals
[44]. However, efficacy of SCNT is very low. Therefore, transduction with lentiviral vectors
[45] was developed as an alternative to SCNT. Both approaches have their advantages and
disadvantages. The SCNT enables to transfer only genetically modified embryos into
a surrogate sow. On the other side, prenatal and neostnatal death is not such frequent when
lentiviral transduction is manipulated [46]. Recently, the CRISPR/Cas9 system has become
the most widespread approach for genetic modifications since it enables sequence-specific
targeting of genome and editting in the endogenous locuses. All of these approaches were
used for generation of HD large animal models with various impacts on created transgenic
animals and their progeny. SCNT was applied for generation of HD pigs [47], lentiviral
transgenesis was employed in generation of HD non-human primates [48], [49], HD sheep
[50] and HD minipigs [51], and lately CRISPR/Cas9 technique succeeded in generation
of HD knock-in (HD KI) pigs [52].
10

This study introduces the generation of minipig transgenic for N-truncated part
of human mutant huntingtin (TgHD) achieved by lentiviral transduction. Next, manifestation
of HD-like phenotype is demonstrated in both pre-clinical and clinical stages of the disease.
Thus, TgHD minipig could serve as a useful model for testing of therapeutic treatments
for HD.
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AIMS
All of the potential therapeutic approaches for HD need to be tested for their safety,
tolerability and efficacy. TgHD minipig could bridge the gap between rodents and humans.
AIM 1) Generation of transgenic minipig with mutant human huntingtin gene
To confirm transgenesis, determine the transgene copy number and its localization
in porcine genome. To validate the number of glutamines in polyQ repetition.
To prove the expression of transgenic mtHtt protein in porcine brain and peripheral
tissues. To produce transgenic progeny.
However, the generation of transgenic animal does not mean that the disease model was
generated. The phenotype observed in transgenic animals needs to correlate with the disease
manifestation in patients.
AIM 2) Demonstration of both pre-clinical and clinical manifestation of the disease
in transgenic minipigs
Autosomally dominant inheritance of HD enabled the production of transgenic offspring.
However, considering the periods for reaching sexual maturity and gestation time, at least one
year is needed for achieving the next generation of the progeny. Taking into account
the number 4-6 piglets in the litter, an optimal strategy for phenotype monitoring needed to be
designed, in order some of the animals could be used for observation of brain pathologies and
simultaneously, some of the animals could reach the age when clinical symptoms of the
disease are demonstrable. Therefore, we decided to assess the disease using:
AIM 2A) invasive methods
To investigate formation of mtHtt aggregates. To confirm neuronal loss in brain.
To analyze brain pathologies caused by the expression of mtHtt.
AIM 2B) non-invasive methods
To identify potential biomarkers of the disease progression in peripheral tissues.
To develop a battery of tests for monitoring of behavioral, motor, and cognitive
changes. To evaluate behavior together with motor and cognitive performances.
12
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Motivation of the study
All of the HD families crave for a cure that would not only help manage the symptoms
but also treat the disease itself. Hunting for potential therapies brought a question
of evaluation of their safety and efficacy since the results gained from rodent studies could not
be sufficiently translated to humans. There was no large animal model for HD in 2007 when
we have started with our study. Thus, we decided to generate transgenic minipig with human
mutated huntingtin. The main reasons were not only long lifespan, similar physiology
of minipigs to humans and large gyrencephalic porcine brain allowing detailed identification
of brain structures by imaging techniques, but also very large similarity between the porcine
and human huntingtin genes and proteins. The number of cytosine-adenine-guanine (CAG)
repeats in huntingtin gene varies from 6 to 37 triplets in unaffected individuals and from 37 to
180 repeats in mutated allele of HD patients. The longer is CAG tract the earlier is HD onset.
With the strategy to observe a clicical phenotype in minipig within estimated 2-4 years of age,
we decided to use a sequence of 145 glutamines (Qs) in human huntingtin gene.
Summary
Lentiviral vectors carrying the sequence of the first 548 amino acids of human
huntingtin gene including a tract of 145 glutamines under the control of human HD promoter
(HIV1-HD-548aaHTT-145Q) were created. Their transduction potential both with
the expression of the transgene were tested in porcine differentiated neural stem cells.
Next, embryos at pronuclear stage were microinjected with the vector constructs into the
perivitelline space, cultured into the blastocyst stage in vitro and then laparoscopically
transferred into the fallopian tubes of recipients sows. After standard duration of gravidity,
the first HIV1-HD-548aaHTT-145Q manipulated piglets were born. One gilt was transgenic
in a litter of 6 live newborns. Since HD is autosomally dominant inherited disorder,
we produced F1 and F2 generations of TgHD minipigs by mating of TgHD and wild-type
(WT) animals.
The first of all, we needed to confirm incorporation of the transgene into the porcine
genome, its presence at RNA level and its protein expresssion in the brain and peripheral
tissues. We were interested where the transgene was inserted, in how many copies and what
was the length of polyQ tract in transgene.
Transgenesis was confirmed by genotyping in genomic DNA from porcine skin
biopsies or skin fibroblasts. One copy of the transgene integrated to the genome was detected
by relative comparison of quantitative DNA amplification between the endogenous porcine
16

HTT and the transgenic human HTT genes. Localization of transgene with 124 glutamines
was proved on q arm of chromosome 1 (1q24-q25).
Eight minipigs at the age of 4-16 months were sacrificed and their brains and tissues
were used in biochemical and immunohistochemical examinations.
We confirmed expression of mutant Htt protein in different regions of the brain and
spinal cord the same as in peripheral tissues. No nuclear inclusions were detected in the
TgHD brain up to the age of 16 months.
One of the hallmarks of HD is a loss of medium sized spiny neurons which express
high levels of dopamine- and cAMP- regulated neuronal phosphoprotein (DARPP32).
We showed expression of DARPP32 in neostriatal neurons and neuropil. However, only
slight non-significant decrease in median number of DARPP32+ neurons per mm3 was
revealed in caudate and putamen of the TgHD minipigs.
Since the the testicular pathology in humans was related to the presence of mutant Htt
we decided to examine also semen and testicular tissues of TgHD boars. We showed
a significant decline in the median number of spermatozoa in TgHD boars and significantly
reduced number of intact WT minipig oocytes penetrated by TgHD spermatozoa what
indicated impaired penetration activity of spermatozoa in TgHD boars. Removal of the zona
pellucida markedly increased penetration rate in the WT and TgHD groups to 100% level.
We did not observe the differences in the development and behavior of the TgHD
minipigs from F0-F3 generations and no motor deficits specific for HD were evident in the
TgHD animals up to 40 months of age.
This study demonstrated successful establishment of a transgenic model of HD
in minipig. Transgenesis did not influence survival or normal development of animals through
multiple generations. Both female and male transmissions of the HD transgene were
confirmed. The lentiviral delivery did not cause mosaicism, since the expression of mutant Htt
was confirmed in both brain and peripheral tissues in F1 and F2 TgHD minipigs and
maintained the same number of glutamines. We detected slight reduction in the number
of DARPP32+ neurons in caudate and putamen of 16-month-old brain. We observed a decline
in fertility in 13-month-old boars caused by reduced sperm number and penetration rate.
No changes in behavior or motor functions were observed up to the age of 40 months.
The study was limited by the low number of animals in experimental groups as minipigs
become sexually mature at the age of 5 months, the gestation time is almost 4 months and not
all of the transgenes could be sacrificed in young ages in order to have a chance to produce
transgenic offspring and study their phenotype in older ages.
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My contribution
I isolated, cultured and characterizated the porcine neural differentiated stem cells
derived from brains of porcine 40-day-old fetuses. I transducted differentiated stem cells
by lentiviral constructs and immunocytologically tested the transduction potential of lentiviral
vectors. I designed all of the primers for genotyping, detection of mRNA and validation
of copy number variation of inserts in porcine genome. I isolated DNA, RNA and conducted
all of the PCR and qPCR reactions including those determined for the validation of glutamine
number in mtHTT polyQ tract. I prepared protein lysates and participated on western blot
(WB) analyses. I participated on modifying the protocols for processing of porcine brains
for immunohistochemical analyses. I observed the development and behavior of TgHD
animals and evaluated the rates of trangenesis and mutant huntingtin gene transmission
to next generations. I wrote a draft of the manuscript.

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

Paper II
Mutated Huntingtin Causes Testicular Pathology in Transgenic Minipig Boars.
Macakova, M., Bohuslavova, B., Vochozkova, P., Pavlok, A., Sedlackova, M., Vidinska, D.,
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and Motlik, J. (2016).
Neurodegenerative diseases 16, 245–59
IF 2.842
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Motivation of the study
Even though the most prominent phenotype in HD is degeneration of neurons in the
brain, the presence of mutant huntingtin affects also peripheral tissues, including testes.
Previosuly (Paper I), we showed reproductive failure in 13-month-old TgHD boars. Disposing
with a larger cohort of TgHD boars from F2 generation, we were interested in their
reproductive parameters. We aimed to answer a question, whether the sperm and testicular
pathology is caused by the primary effect of mutant huntingtin protein or whether it is
a consequence of hormonal changes or interruption of any coding sequence during insertion
of the lentiviral construct.
Summary
We demonstrated decreased sperm count, motility and progressivity in TgHD boars.
Reproductive failures started in the age of 13 months and persisted at a low level with ageing.
TgHD sperms showed continuous decreased ability to penetrate the oocytes. Moreover,
we revealed structural abnormalities in TgHD spermatozoa. We observed double or triple
axonemes with fused mitochondrial sheaths. Disorganized mitochondrial sheaths were
frequently associated with the proximal cytoplasmic droplets.
We noticed degenerative changes in seminiferous epithelium in the TgHD boars
at both 24- and 36-months of age. We observed apoptosis manifested by increased density and
vacuolation of cytoplasm, dilatation of endoplasmic reticulum, structural alterations of the
nuclei and swollen mitochondria in Setoli cells. Cell shrinkage, increased chromatin
condensation in the nucleus, dilatation of endoplasmic reticulum and swollen mitochondria
with defects of their internal structure were found in spermatogonia. Similar to HD patients
we

observed

reduced

numbers

of

developing

spermatocytes

and

spermatids.

Impaired spermatogenesis observed by electron microscopy was confirmed by proliferative
analysis of seminiferous tubules using the proliferative markers. 90% of TgHD seminiferous
tubules lacked primary spermatocytes even if their contained spermatogonia. Spermatogenesis
was more affected in 36-month-old TgHD boar in comparison with the age of 24 months.
As we supposed that the sperm and testicular degeneration was caused by the
expression of mtHtt, we detected the presence of mutant huntingtin protein in sperms and
testicular tisssues of TgHD boars. Next, we show no difference in levels of testosterone,
luteinizing hormone and inhibin-α levels and confirmed no direct disruption of any annotated
gene in porcine genome. Thus, we proved that demonstrated pathological phenopyte was not
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a consequence of an integration of the transgene into the porcine genome or not an effect
of altered levels of fertility-related hormones.
In conclusion, we showed that insertion of the lentiviral construct did not interrupt any
coding sequence in the porcine genome and levels of fertility-related hormones did not differ
in TgHD and WT animals. We confirmed the expression of mtHtt in degenerated sperms and
testis of TgHD boars, with a conclusion, that the decline and progressive worsening
of reproductive parameters, testicular morphological abnormalities and impaired spermatogenesis is a direct harmful consequence of the expressed mutant huntingtin protein.
My contribution
I participated on experimental design and evaluation of the data obtained in this study.
I wrote the draft of the manuscript.
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SUPPLEMETARY MATERIAL

SM 1. Pedigree diagram of the minipigs in this study. Black boxes represent transgenic
animal. Paternity is not clear in K54, K103, K104 and K162 boars. Their father is G117
or G118 TgHD boar. Date of birth (*). F1 generation (F1). F2 generation (F2).
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SM 2 Hormonal assay. Levels of Testosterone, Inhibin A, and Luteinizing hormone were
compared in TgHD boars and age-matched controls. No significant changes were found.
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Paper III
Gradual Phenotype Development in Huntington Disease Transgenic Minipig Model
at 24 Months of Age.
Vidinská, D., Vochozková, P., Šmatlíková, P., Ardan, T., Klíma, J., Juhás, Š., Juhásová, J.,
Bohuslavová, B., Baxa, M., Valeková, I., Motlík, J., and Ellederová, Z. (2018).
Neurodegenerative diseases 18, 107–119.
IF 2.785

70

Motivation of the study
Mutant huntingtin is proteolyticly cleavaged and N-terminal fragments cause
neurotoxicity consistent with the disease progression. Fragments of mtHtt cluster into
misfolded conformers and stepwise form aggregates. Aggregates instigate responses
of inflammatory an immune apparature of central nervous system represented by microglia
and astrocytes. Activated microglia predicts the onset of symptoms of HD. Hence, we were
interested in wheather we could detected mtHtt aggregates in brains of 24-month-old
minipigs. At this age, our pigs are considered to reach adult body and brain size.
Summary
We confirmed age-dependent fragmentation of endogenous as well as mtHtt in both
brain and peripheral tissues. Three of the fragments were specifically enriched only in TgHD
tissues and were mostly detectable in testes and caudate nucleus. As manifestation of HD
brings diverge in Htt and mtHtt cellular localization, with the mtHtt fragments translocated
into the nucleus, we fractionated lysates from testes and cortexes. We detected one of the
specifically enriched (71 kDa) fragments in nuclear fraction of TgHD testicular tissue but it
was not found in cortexes of 24-month-old animals. This could be attributed to the precedence
of the testicular phenotype prior the brain phenotype in the TgHD minipigs.
We did not detect a presence of mtHtt aggregates in 24-month-old TgHD brains.
We revealed significantly activated microglial cells and their modestly increased number
in the TgHD caudate nucleus.
Finally, we showed that expression of Acyl-coenzyme A binding domain containing 3
protein (ACBD3) which mediates the cytotoxicity of mtHtt, is slightly increased both
at mRNA and protein levels.
In conclusion, we observed age-related fragmentation of huntingtin in the brain and
testis. The highest fragmentation was found in testes, with mtHtt fragments noticeable even
in cell nuclei. Next, we showed upregulation of ACBD3 protein in testes, what was
in correspondance to the previously observed testicular degeneration (Paper II). Moreover,
activated microglial and slightly decreased myelination indicated proceeding pre-clinical
manifestation of HD.
My contribution
I participated on processing of the brain and tissues samples from sacrificed animals.
Next, I participated on WB analyses.
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Paper IV
A transgenic minipig model of Huntington’s disease shows early signs
of behavioral and molecular pathologies.
Askeland, G., Rodinova, M., Štufková, H., Dosoudilova, Z., Baxa, M., Smatlikova, P.,
Bohuslavova, B., Klempir, J., Nguyen, T. D., Kuśnierczyk, A., Bjoras, M., Klungland, A.,
Hansikova, H., Ellederova, Z., and Eide, L. (2018).
Disease Models & Mechanisms 11, dmm035949
IF 4.398
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Motivation of the study
Data from both patients and HD mice models showed that the elongated CAG
repetition in the mtHTT gene is genetically unstable, and gets prolonged in a tissue-specific
manner with age. Studies from mouse models demonstrated that age-correlated tissuedependent CAG mutagenesis is catalyzed by faulty DNA repair. Somatic mutagenesis
contributes to the neurodegeneration as indicated in mice models of HD. Diminished genome
integrity was observed in caudate region of post-mortem brains of HD patients. DNA repair
factors impact the alteration of mitochondrial DNA (mtDNA) upon metabolic manipulations
and mtDNA reflects modifications in mitochondrial metabolism. Mitochondrial changes were
proved in HD patient´s samples. Mutant Htt could directly inhibit mitochondrial functions by
triggering the oxidative stress. Signs of reduced mitochondrial activity were discovered in
peripheral blood mononuclear cells (PBMC) of HD patients thus making them an easily
obtainable material for studying HD progression using this biomarker.
Summary
We assessed DNA integrity, DNA repair, oxidative stress and mitochondrial capacity
in basal ganglia, frontal cortex and peripheral blood mononuclear cells (PBMC) of 24-, 36and 48-month-old TgHD minipigs. We did not detect any age-associated changes. Therefore,
we decided to pool age groups for TgHD and WT animals in order to consider the potential
impact of genotype.
The pooled samples showed no significant change in nuclear DNA damage. However,
we observed reduced level of mtDNA damage, a tendency to more mtDNA mutations and
increased mtDNA copy number in TgHD basal ganglia. Conversely, we detected decreased
mtDNA copy number in TgHD frontal cortex. No alteration in PBMC was observed.
Since the reduction in mtDNA damage observed in TgHD basal ganglia could be
an attribute of decreased mitochondrial activity and associated oxidative stress, we decided to
figure out the status of oxidative stress using 8-oxoguanine (8-oxo-G) and malondialdehyde.
Even if we observed a tendency to increased levels of 8-oxo-G in brain regions, the validation
with malondialdehyde showed no significant difference. Thus, we did not prove an evidence
of oxidative stress in TgHD brains up to 48 months of age. Since, the level of 8-oxo-G
was remarkably increased in TgHD PBMC we assesd the level of 5-hydroxycytosine and
detected no difference between TgHD and WT samples. Therefore, we supposed that the
altered 8-oxo-G level is a consequence of an altered DNA repair activity in TgHD PBMCs.
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We did not confirm changes in DNA repair activity in TgHD PBMCs, but we showed
a potential defect in DNA repair of oxidative DNA damage in TgHD brain.
The evaluation of putative impact of mitochondrial perturbation indicated normal
carbohydrate oxidation since there was no change in pyruvate dehydrogenase activity
in TgHD brains. Moreover, similar citrate synthase activity indicated no impact of mtHtt
on mitochondrial capacity in TgHD brains and PBMCs.
Next, we confirmed age-dependent elevation of expression levels of mtHtt in 24-, 36and 48-month-old brains. The different situation was observed in expression of endogenous
Htt which accumulated in age-dependent manner in frontal cortex of both TgHD and WT
animals, but the levels of endogenous Htt significantly decreased in TgHD as well as in WT
animals at the age of 48 months. Little or no mHtt fragments were expressed in PBMCs.
Lastly, we observed general tendency for reduced performance in tests monitoring
potential behavioral, motor and cognitive changes at the age of 48 months.
In conclusion, we observed altered mtDNA integrity in TgHD brains but we did not
prove the connection with oxidative stress or mitochondrial bionergetics. The different
manifestation of mtDNA damage, frequency of mtDNA mutations and mtDNA copy number
indicated different rate of mtHtt activity in basal ganglia and frontal cortex. This assumption
was supported by the different expression levels of endogenous Htt in these two brain regions
at the age of 48 months, what led to different ratios in mtHtt/Htt as the expression levels
of mtHtt increased with age. 48-month-old TgHD animals showed decline in locomotor
functions. Except of potential defect in DNA repair, we detected no changes in PBMCs,
probably due to a minimal expression level of mtHtt in these cells.
My contribution
I participated on the experimental design for monitoring of behavioral, motor and
cognitive changes. I conducted behavioral testing and processed the data obtained from tests
used for assessing the behavior and motor and cognitive performance.
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Paper V
Transgenic minipig model of Huntington's disease exhibiting gradually progressing
neurodegeneration.
Ardan, T., Baxa, M., Levinska, B., Sedlackova, M., Nguyen, T.D., Klima, J., Juhas, S.,
Juhasova, J., Smatlikova, P., Vochozkova, P., Motlik, J., and Ellederova, Z.
Submitted in Disease Models & Mechanisms; MS ID#: DMM/2019/041319
IF 4.398
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Motivation of the study
Misfolded mtHtt undergoes disease-specific enhanced proteolysis leading to mtHtt
fragmentation. Soluble mtHtt monomers, N-terminal fragments incurred by proteolysis and
mtHtt oligomers inchmeal form aggregates which are one of the main characteristics of the
brains of HD affected individuals. Inclusions associated with axonal degeneration were
confirmed in axons in HD mice. Mostly vulnerable and lost are medium-sized spiny neurons
in striatum and the pyramidal cells in the cortex. Moreover, activated microglial cells and
demyelination are associated with HD. Activated microglia induce the production of A1
astrocytes. One of the easily observable attribute of HD progression is weight loss and
decreased body mass index of HD patients. We detected a reduction of DARPP32 expression,
a selective marker of striatal medium spiny neurons, and microglial activation in 24-monthold TgHD animals (Paper III). Therefore, we were interested in how does the HD phenotype
progress in 4 to 6-year-old TgHD minipigs.
Summary
We investigated the brain tissues of 48- and 60-70-month-old TgHD minipigs and
detected the huntingtin expression mainly in spiny neurons of striatum and in cortical
pyramidal neurons. We proved severe fragmentation of mHtt in putamens of 48-month-old
TgHD minipigs but less mtHtt fragments were presented in 60-70-month-old TgHD
putamens. Moreover, WB detected smears at the high molecular weight in 60-70-month-old
TgHD putamen which could represent oligomeric structures of mtHtt. We assumed that these
findings correspond to the aggregation process, where fragments start to form oligomeric
structures. We did not prove a difference in a presence of potential Htt aggregates in TgHD
and WT minipigs by immunohistochemistry. However, specific inclusions in the neuronal
axons were detected by transmission electron microscopy in 60-70-month-old TgHD brains.
There was no change observed in neuronal bodies, but neurites disclosed a mild
neurodegeneration of TgHD brain.
We observed age-related progressive reduction of medium-sized spiny neurons
in TgHD brains with a significant relevance in putamen.
Next, we demonstrated activated microglia at 48-month-old brains, while no
significant difference in microglial activation was showed at the age of 60-70 months.
Vice versa, no activation of astrocytes was detected at 48 months while a significant increase
of activated astrocytes was observed in 60-70-month-old brains. It was showed that activated
microglia induce the production of A1 astrocytes, which fail to support neuronal survival and
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can trigger neuronal degeneration, Therefore, we supposed that activation of actrocytes at 6070 months is a respond to microglial activation at the age of 48 months. However,
a production of A1 astrocytes was not investigated in TgHD minipigs, and thus this
assumption needs to be further validated. Futhermore, it was showed that activated microglia
cause damage of oligodendrocytes what leads to demyelination of white matter in mice
models. We demonstated significantly decreased myelination of nerve fibres in striatum and
subcortical white matter of TgHD minipig at 48 months but no change was observed in 60-70month-old TgHD brains. Moreover, we confirmed significantly decreased cellularity in 6070-month-old TgHD brains, while no diference in cellularity was detected at 48 months.
These findings indicated genotype- and age-specific loss of cells in TgHD minipig brains.
Lastly, we monitored the weight of the animals longitudinally from the age of 1 to
7 years. We decided to calculate the animal body mass index (ABMI), a weight correlated by
height and length of the animal, because we faced the problem of individual and sex
variabilities. ABMI increased up to the 4 years of age. Then ABMI of sows started
to decrease and a significant weight loss was observed at the 6-7 years. ABMI of boars older
than 4 years oscilated in the same level and showed a slight non-significant decrease at 6-7
years of age.
Taken together, we confirmed the mutant huntingtin expression in striatal spiny
neurons and in pyramidal neurons of cortex. We demonstrated age-dependent loss of striatal
neurons and fragmentation of mtHtt. We showed a potential linkage of microglial activation
with demyelination of brain white matter and activation of A1 astrocytes. At 60-70 months,
we detected clusters of structures accumulating in the neurites of some neurons, a sign of their
degeneration and reduced cellularity in basal ganglia and cortex. The appearance of axonal
inclusions, age-dependent cellular degeneration and dwindled ABMI foreshadowed slow but
proceeding neurodegeneration in TgHD minipigs.
My contribution
I conducted the monitoring of weight loss of minipigs and processed the weight loss
data validation. I participated on processing of the brain samples from sacrificed animals.
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Summary statement
Longitudinal phenotyping studies of the minipig model for Huntington’s disease
demonstrated a slow and age-dependent neurodegeneration. The experimental data of the
phenotype progression form a background for effective preclinical studies of gene or disease
modifying therapy.
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ABSTRACT
Recently developed therapeutic approaches for the treatment of Huntington‟s disease (HD)
require pre-clinical testing in large animal models. Minipig is a suitable experimental animal
because of its large gyrencephalic brain, body weight of 70 – 100 kg, long lifespan,
and anatomical, physiological and metabolic resemblance to humans. The Libechov
transgenic minipig model for HD (TgHD) has been proven useful for proof of concept
of developing new therapies. However, to evaluate the efficacy of different therapies on the
disease progression a broader phenotypic characterization of the TgHD minipig is needed.
In this study, we analysed the brain tissues of TgHD minipigs at the age of 48 and 60-70
months and compared them to wild type (WT) animals. We were able to demonstrate not only
an accumulation of different forms of mutant huntingtin (mHTT) in TgHD brain, but also
pathological changes associated with cellular damage caused by mHTT. At 48 months,
we detected pathological changes including the demyelination of brain white matter, loss
of function of striatal neurons in the putamen and activation of microglia. At 60-70 months,
we found a clear marker of neurodegeneration, a significant cell loss detected in the caudate
nucleus, putamen and cortex. This was accompanied by clusters of structures accumulating
in the neurites of some neurons, a sign of their degeneration also seen in Alzheimer‟s disease,
and a significant activation of astrocytes. In summary, our data demonstrate age dependent
neuropathology with later onset of neurodegeneration in the TgHD minipigs.
INTRODUCTION
Huntington‟s disease (HD) is an inherited progressive neurodegenerative disease without
current effective treatment. It is caused by CAG triplet expansion in exon 1 of the huntingtin
gene (HTT) encoding mutant huntingtin protein (mHTT). HD patients suffer from involuntary
chorea-like movements, poor balance, cognitive dysfunction, emotional disturbances and
weight loss. HD manifests typically between thirty and fifty years of age correlating with
CAG repeat size and genetic and environmental modifiers (Genetic Modifiers of Huntington‟s
Disease (GeM-HD) Consortium et al., 2015; Gusella et al., 2014).
Even though HD is a monogenic disease, the pathogenesis is rather complicated due to the
important role of huntingtin protein (HTT) in diverse cellular processes including
transcription, RNA splicing, endocytosis, trafficking, anti-apoptotic processes, and cellular
homeostasis (Harjes and Wanker, 2003). It is believed that misfolded mHTT undergoes
disease-specific enhanced proteolysis leading to mHTT fragmentation (Mende-Mueller et al.,
2001). Soluble mHTT monomers, N-terminal fragments and mHTT oligomers, so called
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mHTT intermediates of the aggregation pathway, were described as a trigger of cellular
dysfunction in the affected tissues (Hoffner et al., 2007; Lajoie and Snapp, 2010).
The most affected organ in HD is the brain, especially vulnerable are the medium size spiny
neurons in the striatum and the pyramidal cells in the cortex (Zuccato et al., 2010). In addition
to the atrophy of medium spiny neurons, white matter atrophy, myelin breakdown and
microglia activation are connected to HD (Bartzokis et al., 2007; Paulsen, 2010). Even though
the brain pathology appears before the clinical onset of the disease, widespread neuronal loss
occurs at later stage of HD (Rosas et al., 2008).
The primary goal of HD research is to develop disease-modifying treatment that will prevent
or postpone the onset and slow the progression of clinical symptoms in HD patients.
Unfortunately, several promising therapies with powerful results in HD mouse models failed
to be efficient in humans, such as the mitochondrial coenzyme Q10 (coQ10) (Huntington
Study Group, 2001; McGarry et al., 2017) and creatine (Hersch et al., 2017). The rodent‟s
small brain size, differences in neuroanatomy relative to humans and short life span limit their
application for detailed modelling of the pathogenic features of human neurodegenerative
diseases. Therefore, large animal models are desired especially for safety, tolerability,
and efficacy tests of potential therapeutics and longitudinal studies of HD. To this end several
large animal models have been generated such as non-human primates, sheep, and pigs (Baxa
et al., 2013; Jacobsen et al., 2010; Uchida et al., 2001; D. Yang et al., 2010; S.-H. Yang et al.,
2008). The advantages of pigs, especially the minipigs, are the relatively large gyrencephalic
brain with similar neuroanatomy to humans, white to gray matter ratio (60:40) comparable to
humans, adult body weight of 70 – 100 kg, longer life span of 12 – 15 years, relatively low
cost, and lesser ethical problems (Vodicka et al., 2005). Moreover, minipigs are easy to be
maintained in controlled conditions, their litter size is usually six to eight piglets,
thus providing good experimental groups with similar genetic background.
The transgenic HD minipig (TgHD) model was generated in Libechov by the use
of a lentiviral vector expressing N-terminal part of the human mHTT (N548-124CAG/CAA)
under the control of human HTT promoter injected into one cell embryos (Baxa et al. 2013).
Pigs from subsequent generations express human mHTT in all tissues with the highest level
detected in the brain and testes (Macakova et al., 2016; Vidinská et al., 2018). Previously,
sperm and testicular degeneration, impairments of mitochondrial metabolism and glycolysis,
reduction of DARPP32, and other markers of neurological phenotype progression were
demonstrated (Askeland et al., 2018; Krizova et al., 2017; Macakova et al., 2016; Vidinská et
al., 2018).
110

The TgHD minipig model was proven to be useful in preclinical testing of HTT-lowering
gene therapy showing the wide-spread vector distribution and considerable HTT lowering
(Evers et al., 2018). Several injected TgHD animals and age-matched TgHD non-injected
controls from the following longitudinal study are still alive and are being monitored.
Therefore, a detailed characterization of TgHD minipig‟s phenotype is required to detect the
therapeutic effect of HTT lowering as well as of other therapeutic interventions.
Here, we aimed to further characterize the neuropathological phenotype as the TgHD
experimental animals age. We examined the brain tissue in terms of ultrastructure and
biochemical and histochemical manifestation of important markers of neurodegeneration
at 48 months (4 years) and 60-70 months (5-5.8 years).
RESULTS
Genotype and gender-specific weight loss in TgHD minipigs
Previously, we investigated the motor and cognitive performance of 48-month-old minipigs
and detected a general tendency for reduced performance in all tests with a significant decline
in the ability to perform the tunnel test in the TgHD minipigs (Askeland et al., 2018). Because
motor and cognitive phenotype is connected with weight loss we also measured the animal
body mass index (ABMI), a weight correlated by height and length of the animal. Animals at
the age of 1 year (Y), 2Y, 3Y, 4Y, 5Y, 6Y and 7Y were measured. In order to have enough
animals in each group to perform statistical analysis we pooled age 1-3.9Y, 4-5.9Y, and 67.9Y (Fig. 1A); the number of monitored animals, age, sex, and genotype are indicated under
the graphs (Fig.1B). The ABMI values of boars increase up to the age of 4 years. From the
age of 4 years, ABMI of boars remains on the same level. ABMI of both WT and TgHD sows
increases up to the age of 4 years. From the age of 5 years the ABMI of TgHD sows
decreases, while the change in AMBI of WT sows is minimal. While just a slight nonsignificant decrease was revealed in ABMI of TgHD compared to WT boars at 6-7 years, a
significant decrease was measured at 6-7 years old TgHD sows (6Y: p=0,0286; 7Y: p=0.0357,
6-7Y: p=0.0002) in comparison to the WT controls.
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Figure 1: The animal body mass index (ABMI) meausurement of TgHD and WT minipigs at different ages (A)
a graf of ABMI devided by sex into three groups 1-3Y (years old), 4-5Y and 6-7Y, *** p<0.001 (B) Number
of animals measured at certain age

mHTT intermediates of the aggregation pathway accumulate in age and brain regionspecific manner in the TgHD minipig model
We suppose that the changes between WT and TgHD brain tissue are caused by the
expression of mHTT. The expression of the N-terminal part of human mHTT in the TgHD
minipigs and its absence in WT minipigs was confirmed at all ages (from 1-4 years)
and different generations by us previously (Askeland et al., 2018; Baxa et al., 2013; Vidinská
et al., 2018). Here, we evaluated the expression of mHTT, endogenous HTT and its forms by
Western blot using an HTT-specific antibody in the brain of 48-month-old and 60-70-monthold minipigs. We detected an expression of mHTT, and its several smaller fragments, mainly
in 48 month-old TgHD putamen samples (Fig. 2A). Using a different percentage gel (4-12%)
we detected also smears with two bands at the high molecular weight in 60-70 month-old
TgHD putamen samples presumably showing oligomeric structures (Fig. 2B). Based on this
and our previous results we conclude that the forms of HTT change during aging.
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Figure 2: Western blot analysis of HTT forms (A). Detection of fragmented HTT in putaments from 48 and 6070 month-old minipigs using 3-8% gel and EPR-5526 anti-HTT antibody (B) Detection of oligomeric forms
of HTT in putamens from 60-70 moth-old minipigs using 4-12% gels and EPR-5526 anti-HTT antibody.
A representative blots from different TgHD and WT animals are shown.

For the identification and localization of HTT and possible inclusions/aggregates
by immunohistochemistry, the following commercially available primary antibodies were
used: BML-PW0595, EPR5526 and MW8. A majority of the huntingtin expression was
localized in the spiny neurons of striatum and in the cortical pyramidal neurons. MW8
antibody was used to reveal potential aggregates. Even when using this antibody, we detected
a few structures with various sizes in diameter in all TgHD basal ganglia, which were
comparable to aggregates observed in HD human brain. Very similar aggregate formations
were also observed in WT basal ganglia. Therefore, we were not able to draw a definitive
conclusion from these results. Since a recent manuscript (Jansen et al., 2017) shows that the
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percentage of neurons having aggregates in post-mortem HD patient brain samples does not
exceed 0.3%, it is possible that the aggregates in TgHD brain were under the detection limit.
Age and genotype-specific shift of characteristic markers of neurodegeneration (cellular
damage)
In order to recognize specific markers of cell damage, we stained brain coronal sections of
48 and 60-70 month-old minipigs with anti-Iba1, anti-GFAP, and anti-DARPP32 antibodies.
At 48 months, the ionized calcium-binding adapter molecule 1 (Iba1), a specific marker
of microglia and their activation state, revealed a more intense staining in the central part
of caudate nucleus in comparison with rather lightly stained fibre-like structures of branching
processes. The semi-quantitative image analysis of Iba1 immunostaining showed higher,
statistically significant expression in insular (p=0.0117), and somatosensory cortex
(p=0.0414) of 48-month-old TgHD minipigs compared to WT (Fig. 3). Reactivated astrocytes
and their proliferation activity were determined by glial fibrillary acidic protein (GFAP)
staining. The GFAP is an astrocyte-specific intermediate filament protein, its expression is
required for normal function of fibrous astrocytes (Liedtke et al., 1996). Of note, the majority
of protoplastic astrocytes do not express enough GFAP to stain positive with routine
immunohistochemical

(IHC)

methods

(Chen

and

Swanson,

2003;

Walz,

2000),

and consequently most astrocytes in grey matter are GFAP-negative with routine staining.
This corresponds to our finding in which astrocytes were clearly stained in the white matter
whereas the gray matter structures were less intensively labelled. The image analysis
of GFAP staining demonstrated no significant changes between WT and TgHD minipigs
in the 48-month-old brain substructures of interest (Fig.3). Last, we examined the expression
of DARPP32 in minipig striatum and cortex. DARPP32 is the selective marker of striatal
medium spiny neurons and a potent inhibitor of protein phosphatase 1, which plays
an important role in dopaminergic and glutamatergic signalling. Neurons in the striatum
exhibited very strong DARPP32 staining whereas neurons located in the cortex had a weaker
signal. The results of image analysis of DARPP32 labelling showed a reduced level
of expression in the striatum with a significant relevance in putamen (p<0.05) of TgHD
compared to WT animals (Fig.3). Since DARPP32 is a selective marker of striatal medium
spiny neurons, our finding suggests the loss of function of these neurons with consequences
on dopaminergic signalling in striatum of TgHD minipig brain.
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Figure 3: Immunohistochemical investigation of expressions of IBA-1 (A-F), DARPP32 (G-L) and GFAP (MR) in the brain sections of 48m old animals. The image analysis of the immunohistochemical staining
demonstrated significantly increased IBA-1 expression in insular and somatosensory cortex and significantly
decreased DARPP32 expression in putamen of TgHD animals (S, * significance, PUT - putamen, NC – caudate
nucleus, IC - insular cortex, SC - somatosensory cortex, MC - motor cortex). Scalebar 1 (hemispheres) – 2mm,
scalebar 2 (enlargements of brain structures) – 50µm.
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Figure 4: Immunohistochemical investigation of expressions of IBA-1 (A-F), DARPP32 (G-L) and GFAP (MR) in the brain sections of 66m old animals. The image analysis of the immunohistochemical staining
a demonstrated significantly increased GFAP expression in striatum and significantly decreased DARPP32
expression in putamen of TgHD animals (S, * significance, PUT - putamen, NC – caudate nucleus, IC - insular
cortex, SC - somatosensory cortex, MC - motor cortex). Scalebar 1 (hemispheres) – 2mm, scalebar
2 (enlargements of brain structures) – 50µm.
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At 60-70 months, the IHC brain sections staining of Iba1 indicated only a slightly increased
expression in the motor cortex of TgHD minipig brain; however, the image analysis of Iba1
immunostaining did not show any statistically significant differences between WT and TgHD
minipigs (Fig. 4). Unlike to 48-month coronal sections, we detected a significantly increased
expression of astrocyte marker GFAP in the white matter near striatum (p<0.01), and also
increased (non-significantly) expression in the somatosensory cortex in TgHD 60-70 month–
old minipigs compared to WT (Fig. 4). The image analysis of DARPP32 labelling showed
consistent significantly reduced level of its expression in the putamen (p=0.02) of TgHD
compared to WT, similar to those from 48-months old animals (Fig.4).
For the histochemical demonstration of myelin, Luxol fast blue staining was employed.
Results of this staining showed a significantly decreased myelination of nerve fibres
in striatum (p=0.003) and in the subcortical white matter (p<0.0001) of TgHD minipig
in comparison to WT at 48 months (Fig. 5), but no change in older minipigs at 60-70 months.

Figure 5: Luxol fast blue (LFB) histochemical staining of pig brains (A-L) and quantification of myelinization
in white matter on minipig coronal brain sections of 48m and 60-70m old animals (M). The significantly
decreased intensity of myelin staining was detected in a white matter of striatum (E) and somatosensory cortex
(F) of TgHD 48m old animals (*significance). No changes of myelinization were detected in 60-70 old minipigs
(G-M). Scalebar 1 (hemispheres) – 2mm, scalebar 2 (enlargements of brain structures) – 50µm.
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Altered ultrastructure and cellular loss in the brain of 60-70 months old TgHD minipigs
To visualize the ultrastructure of the striatum and cortex, all 60-70 month-old brain sections
were processed for transmission electron microscopy (TEM). An initial observation pointing
to signs of degeneration was the presence of light and dark neurons, assuming the dark ones
to be actually degenerating as previously described in HD mice (Turmaine et al., 2000).
However, these neurons were found in TgHD as well as in WT samples, and referring to the
literature, the dark cells were eventually evaluated as artefacts that arose during tissue
manipulation and processing (Jortner, 2006). Previously, TEM analysis of HD mice revealed
inclusions of huntingtin in the nuclei as well as in the cytoplasm of the neurons (dark and
light), and in the glia (Davies et al., 1997). But just as in IHC analysis, we could see a few
inclusion-like structures in TgHD as well as in WT samples. There were perhaps a few more
inclusions in the TgHD samples of the cortex, which could possibly be interpreted
as lipofuscin. We also examined the shape and structure of the nucleus. In TgHD neurons, the
folds of the nucleus were seen more often, but sometimes they were seen also in WT.
However, clusters of structures accumulating in the neurites of some neurons which are
probably a sign of their degeneration were detected only in TgHD samples (Fig.6).
These structures are morphologically identical to those detected in Alzheimer's disease
(Nixon et al., 2005). Neuronal bodies are not affected, but neurites are revealing a mild
neurodegeneration of TgHD brain.
Further, we employed toluidine blue staining for the determination of cellularity in WT
and TgHD pig‟s basal ganglia and cortex. The changes in cellularity were measured
on segmented images using an image analysis method and the cellularity was calculated as the
percentage of nuclei staining in the selected region of interest (ROI). Results of statistical
analysis, where unpaired t-test was applied, showed no significant differences in cellularity
between WT and TgHD basal ganglia at 48 months. However, it showed significantly
decreased cellularity of TgHD in both striatal areas (caudate nucleus p=0.0198 and putamen,
p=0.0245) and motor cortex (p=0.0355) at 60-70 months (Fig. 7). These results indicate
genotype and age-specific loss of cells in TgHD minipig brains.
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Figure 6: Electron microscopy of motoric cortex and caudate nucleus. Light (A, C) and dark (B, D) neurons.
Dystrophic neurite (E). Accumulation of multilamellar bodies in unmyelinated neuronal process (F). Dense
bodies in myelinated process are probably remnants of degenerated mitochondria (G). Autophagic vacuoles
in a myelinated process (H).
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Figure 7: Toluidine blue histochemical staining in hemispheres (A-D) and caudate nucleus (E-H) and
quantification of cellularity in striatum and motor cortex of minipig brain sections of both 48-month and 66month-old animals using image analysis methods (I). The significantly decreased cellularity was detected
in putamen (PU), caudate nucleus (NC) and motor cortex (MC) of TgHD 66 month-old animals (I, *
significance). Scalebar 1 (hemispheres) – 2mm, scalebar 2 (enlargements of brain structures) – 50µm.

120

DISCUSSION
The TgHD minipig is an important biomedical model primarily designated for testing
therapeutic interventions. It can overcome the gap between rodent models and human patients
to gain more preliminary knowledge before proceeding with demanding and expensive
clinical trials. For this reason, an extensive phenotypical characterization of the TgHD
minipig model is highly warranted. The previous characterization showed locomotor
functional decline together with genotype-specific effects on mitochondrial DNA (mtDNA)
damage, mtDNA copy number, and markers of a metabolic alteration that manifest
in a progressive neuropathology at 48 months (Askeland et al., 2018). In the present study,
we extended our observations and tested older animals for weight loss. Weight loss is
a hallmark of HD progression, the decrease in patients‟ body mass index (BMI) is associated
with functional, motor, and cognitive decline (van Der Burg et al. 2017). Accordingly,
we found a significant decrease in ABMI of 6-7 years old sows and a slight non-significant
decrease was revealed in ABMI of TgHD boars compared to WT boars at the same age
(Fig.1). This is also consistent with our previous data of a perturbed mitochondrial phenotype
in TgHD minipig muscle tissue starting at 36 months prior to the development
of mitochondrial ultrastructural changes and locomotor impairment beginning at the age
of 48 months (Rodinova et al., in press).
There is strong evidence that HTT is fragmented in affected individuals (Bates et al., 2015)
and the N-terminal mHTT fragments accumulate with the disease progression, translocate into
the nucleus and cause aberrant protein interaction leading to cellular dysfunction (Benn et al.,
2005; Graham et al., 2006; Saudou et al., 1998). mHTT also forms aggregates that were
initially described as being the toxic trigger in HD (Davies et al., 1997). However, the later
studies suggest also a protective role of aggregates, as they reduce the level of the toxic
soluble protein (Miller et al., 2010; Saudou et al., 1998). Thus soluble intermediates of the
aggregation pathway, oligomers forming from mHTT fragments, are described as the most
reactive harmful species (Truant et al., 2008). We previously reported tissue-specific and agecorrelated progressive HTT fragmentation in different tissues collected from animals up to
24 months (Vidinská et al., 2018). Here we show severe mHTT fragmentation at 48 months
but less fragmentation occurring at 60-70 months (Fig.2A). It can be explained by the
aggregation process, where fragments at certain point start to form oligomeric structures
(Fig.2B). This age-dependent process has been previously seen in R6/2 and knock-in HD
mice (Sathasivam et al., 2010).
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In this study we also demonstrate the age related changes in markers of neurodegeneration
in TgHD brains at two time points, 48 months and 60-70 months. Reduction of DARPP32,
an integrator of neurotransmission, has been described in different HD models well before the
onset of the behavioural phenotype (Heng et al., 2007; Woodman et al., 2007). Also in our
TgHD minipig model, we previously reported downregulation of DARPP32 at 16 and
24 months (Baxa et al., 2013; Vidinská et al., 2018). Consistently, here we report
the downregulation of DARPP32 at 48 months as well as at 60-70 months.
We also show microglial activation at 48 months. This result is in line with microglial
activation at 24 month-old TgHD minipig brain sections (Vidinská et al., 2018), together with
decreased levels of IFNα and IL-10 and increased levels of IL-8 and IL-1β in the microglial
secretome in TgHD compared to WT controls (Valekova et al., 2016). The increased levels
of IL-8 and IL-1β were also found in plasma of pre-manifest HD patients and were linked to
increased central microglial activation (Politis et al., 2015). It was recently revealed that the
activated microglia induce the production of A1 astrocytes (Liddelow et al., 2017).
In the present study, we used GFAP as a marker of astrocytes‟ activation, and we did not
detect activation of astrocytes at 48 months but a significant increase of activation at 60-70
months, which could be an effect of high microglial activation at 48 months. It was shown
that A1 astrocytes fail to support neuronal survival; in contrast, they can trigger neuronal
degeneration (Liddelow et al., 2017). Their increased number was demonstrated in HD
as well as in other neurodegenerative diseases (Hinkle et al., 2019). However, the higher
presence of A1 astrocytes specifically was not measured in TgHD minipigs. Therefore it is
just an assumption that our detection of activated astrocytes reflects a higher production
of harmful A1 astrocytes, and it needs to be further validated.
Additionally, we detected demyelination at 48 months similarly as in our previous study,
where we examined brain sections from 24 month-old TgHD animals compared to WT
(Vidinská et al., 2018). Also in different mice models the demyelination occurs before
neurodegeneration (Teo et al., 2016). Activated microglia expressing proinflammatory
mediators damage oligodendrocytes and consequently cause demyelination of white matter
(Peferoen et al., 2014). It is interesting that both microglia activation and demyelination were
significant at 48 months but not at 60-70 months, where astrocyte activation takes place.
As previously discussed, no genotype-specific aggregates were found in the brains of TgHD
minipigs by IHC. However, the TEM analysis revealed TgHD-specific inclusions in the axons
of some neurons (Fig.6). Inclusions in axons were also detected in HD mice and associated
with axonal degeneration (Li et al., 2001). Inclusions can block axonal transport and thus
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contribute to the degeneration of mitochondria and other organelles and ultimately lead to
neuronal degeneration. However, it is also possible that mHTT directly binds to synaptic
vesicles and affects synaptic transmission before forming large aggregates (Usdin et al.,
1999). We also found age and genotype-related cellular loss in basal ganglia and cortex
(Fig.7). Cellular degeneration particularly in basal ganglia and cortex is the hallmark of HD
progression (Zuccato et al., 2010). Our finding of axonal inclusions together with the agedependent cellular degeneration is one of the main findings of this study and shows slow but
progressive neurodegeneration in the TgHD minipig model with N-terminal part of human
mHTT. The slow progression observed in this model is surprising since the triplet repeat
lenght is 124 thus modelling a juvenile form of the disease. It is possible that the slow
progression is due to the CAG/CAA mix of the repeat region of mHTT. This design aimed
for a better stability of the construct when generating this TgHD minipig model in 2008 (Baxa
et al., 2013). Nevertheless, later on it was revealed that there is a dramatic striatal-specific
somatic repeat expansion in HD patients causing the striatal cells to be more vulnerable to the
effect of mHTT (Swami et al., 2009). However, the slow progression of the TgHD minipig
model with the currently and previously described HD specific biomarkers of disease
progression can serve for evaluation of HD treatment efficacy.
MATERIALS AND METHODS
Minipig material and sample collection
Transgenic minipigs with the N-terminal part of human mHTT were studied. The genotype
was determined by PCR according to Baxa et al. (2013) from DNA isolated from minipigs
skin biopsies after weaning. 48 month-old TgHD minipigs (n =6) and their WT controls
(n = 6) and 60-70 month-old TgHD minipigs (n =6) and their WT controls (n = 4) from F2
generations were perfused under deep anaesthesia with ice cold PBS. Various tissues were
isolated and stored after snap freezing in liquid nitrogen. The right hemisphere of each
perfused brain was directly fixed for immunohistochemistry. The entire study was carried out
in agreement with the Animal Care and Use Committee of the Institute of Animal Physiology
and Genetics, under the Czech regulations and guidelines for animal welfare and with
the approval of Czech Academy of Sciences, protocol number: 53/2015
The body mass index calculation
Animals are weight regularly in the same hour of the daz. Their body mass indexes (ABMI)
were calculated as follows: ABMI= m/h*l; m = weight of animal, h = height of animal
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in withers, l = length of animal from withers to tailbone.The results were evaluated using
GraphPad Prism 6 by t-test/Mann-Whitney test.
SDS-PAGE and Western blot
Tissue samples were homogenized in liquid nitrogen using a mortar and lysed in RIPA buffer
(150 mM NaCl, 5mM EDTA pH 8, 0.05% NP-40, 1% sodium deoxycholate, 0.1% SDS, 1%
Triton X-100, 50 mM Tris-HCl pH 7.4, inhibitors of phosphatases and proteases), sonicated
for 15 min, and centrifuged at 20000 g, 15 min, at 4°C. Samples (10 µg of total protein) were
loaded onto 3 – 8% or 4-12% Tris-acetate gel (#EA03758, LifeTech) and run at 150 V.
Gel was transferred onto nitrocellulose membrane, blocked in 5% skimmed milk, and probed
overnight with anti-HTT antibody diluted in 5% milk (EPR5526, Abcam, 1:3000), diluted
in 5% milk, at 4°C at 4°C. Memcode protein staining (LifeTech) was used for normalization
of loading. Secondary antibody conjugated with HRP (anti-mouse, #711-035-152, Jackson
ImmunoResearch, 1:10000 or anti-rabbit, #711-035-152, Jackson ImmunoResearch, 1:10000)
was used. The signal was revealed by chemiluminiscence (ECL, #28980926, APCzech)
and detected by The ChemiDoc XRS+system (Biorad).
Immunohistochemistry
Right hemisphere from each animal was fixed in 4% paraformaldehyde for 24 hours and then
cryoprotected with 30% sucrose containing 0.01% sodium azide. Frozen coronal sections
were prepared using tissue freezing medium (Leica, 14020108926). The free-floating sections
(three per animal) of a thickness 40 µm were sequentially treated with formic acid, 0.3%
hydrogen peroxide in MetOH and blocking serum to unmask antigens and reduce endogenous
peroxidases and unspecific binding of antibodies. The sections were incubated with the
following commercially available primary antibodies: Iba1 (AIF1, Synaptic System),
GFAP (G3893, Sigma Aldrich), DARPP32 (ab40801, Abcam), anti-HTT (BML-PW0595,
Enzo Life Science; EPR5526, Abcam; and MW8) diluted in 5% milk (all 1:250), at 4°C. The
specificity of primary antibodies was verified by Western Blot and/or comparative
immunohistochemistry of mouse WT and TgHD (R6/2, 12 weeks old) brain sections in the
previous study. After washing, sections were incubated with biotinylated donkey anti-rabbit
or sheep anti-mouse secondary antibody (both 1:400, Amersham, Buckinghamshire, UK)
followed by the incubation with avidin-peroxidase complex (1:400, Sigma-Aldrich).
The labelled sections by peroxidase were developed with DAB tablets (#4170, Kementec
Diagnostics). The specificity of secondary antibodies was confirmed by using negative
controls. The evaluation and quantification of immunoreactivity was performed using
a densitometry measurement of staining by image analysis software VS-Desktop (Olympus,
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Tokyo, Japan) and ImageJ (Rasband, W.S., U. S. National Institutes of Health, Bethesda,
Maryland, USA). According to the 3D view model of pig brain (from program 3D Slicer;
slicer.org) optical sections were divided into substructures: basal ganglia (caudate nucleus,
putamen) and cortex (motor and somatosensory and insular), in which the mean of intensity
was measured. For statistical analysis an unpaired t-test or a one-way ANOVA test with
Bonferroni‟s (or Tukey‟s) multiple comparison post-test was employed using GraphPad
PRISM software (GraphPad Software, San Diego, CA, USA).
Histochemical examination of brain tissue
For histochemical demonstration of myelin Luxol fast blue staining was employed. Toluidine
blue staining was used for the determination of cellularity in WT and TgHD pig caudate
nucleus. The changes in cellularity were measured on segmented images using image analysis
method and the cellularity was calculated as percentage of nuclei staining in selected region
of interest (ROI). Unpaired t-test was applied.
Electron microscopy (EM)
Small blocks of motor cortex and striatum were fixed in 300 mM glutaraldehyde (SigmaAldrich) in 100 mM cacodylate buffer for 2 h at room temperature (RT), washed in the same
buffer and post-fixed in 40 mM osmium tetroxide (Polysciences) in 100 mM cacodylate
buffer for 1 h at RT. After rinsing in cacodylate buffer and dehydratation in ethanol the
samples were embedded in araldite resin (Durcupan ACM, Sigma-Aldrich). 60 nm thick
sections were cut using Leica EM UC6 ultramicrotome and stained with uranyl acetate and
lead citrate. Sections were examined under FEI Morgagni 268D electron microscope (FEI
Company, The Netherlands) at 70 kV.
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Motivation of the study
We demonstrated pre-clinical HD-like phenotype in our TgHD model. Firstly,
we proved sperm and testicular degeneration (Papers I and II). Next, we showed age-related
transformation of mHtt intermediates with inclusions in the axons of some neurons, loss
of medium sized spiny neurons, activation of microglia and demyelination of white matter
(Papers III and V). Moreover, we observed changes in mtDNA integrity (Paper IV). We were
also interested in the manifestation of clinical symptoms of HD. Unsteady gait and worsened
movement coordination ability, as well as impaired tongue protrusion were observed in HD
individuals. Morover, cognitive deficits influenced an ability to learn the tasks and spatial
navigation. Next, disturbances in sleep and circadian rhythm projecting into altered physical
activity during the day were confirmed in HD patients. Therefore, we aimed to longitudinally
monitor motor, cognitive and behavioral phenotype of TgHD minipigs.
Summary
We established the tests for monitoring of potential cognitive changes and stressinduced performance. Morover, motor activity was assesed. Next, we investigated physical
activity by telemetric system adapted for minipigs. We explored a cohort of 30 animals at the
age of 4-7.9 years during the 4 following years.
We assessed the gait of minipigs on the straight dry floor as well as in the test
challenged by obstacle. Significantly decreased walking score was evident in 6-7.9-year-old
TgHD boars when they manifested different movements of hind-legs in comparison to WT
males. Conversely, we detected remarkable deceased walking score in 4-5.9-year-old TgHD
sows, while the decline was not such obvious in TgHD sows at 6-7.9 years. In Hurdle test,
age-dependent (non-significant) impairment was observed in TgHD boars while (nonsignifiant) improvement was detected in 6-7.9-year-old TgHD females. We supposed that the
different body constitution of males and females caused sex-related differences in both tests.
Morover, lower ABMI of 6-7-year-old TgHD females could facilitace their movement
performance, and therefore older TgHD sows showed similar or improved score in Walking
and Hurdle tests. Pull back test was performed to estimate the reaction of animals
to unexpected disruption of their balance. TgHD boars revealed disturbed balance and longer
corrective response to unexpected shove. The Tongue test was assesed to monitor fine motor
skills. TgHD boars reached significantly decreased score in reaching the treats from the
holeboard while TgHD sows obtained very similar score to WT ones.
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Cognitive decline was investigated by Skittles and Cover pan tests. TgHD boars
showed age-dependent diminution in cognitive performance. TgHD sows showed more effort
to perform the tests and their scores were similar to WT females.
Stress-induced tests required courage to succeed in the task. Thus, the response
to stress stimuli and a recollection of memories reflected the abilities and characters and
emotions of the individual animals. Balance beam and Seesaw tests revealed continuous agedependent decline in TgHD animals, significant in 6-7.9-year-old TgHD boars.
The physical activity was investigated by telemetric assessment in three different day
intervals: Morning, Lunch and Afternoon. We revealed non-significantly reduced physical
activity in TgHD boars of younger ages (2.6-4.5 years). However, from the age of 4.6 years
the physical activity was decreased only in the morning period while increased during the
lunch time and in the afternoon. Remarkably increased physical activity was observed
between younger and older TgHD boars what could be ascribed to the manifestation of the
disease progression.
In conclusion, all of the tests revealed perspicuous sex-related differences. Genotyperelated impairment was observed in some motor tests and tests monitoring the stress-induced
performance at the age of 6-7.9 years. We demonstated slow progression of clinical
phenotype in adult TgHD minipigs.
My contribution
I participated on experimental design. I conducted experiments monitoring behavior
and changes in motor and cognitive functions. I evaluated all of the data and interpreted
the results. I wrote the draft of the manuscript.
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ABSTRACT
Huntington´s disease (HD) is an inherited devastating neurodegenerative disease with no cure
up to date. Several therapeutic treatments for HD are in development, nevertheless their
safety, tolerability and efficacy need to be tested before translation to bedside.
The monogenetic nature of this disorder enabled generation of transgenic animal models
carrying mutant huntingtin gene (mHTT) causing HD. Large animal model reflecting disease
progression in humans would be beneficial for testing the potential therapeutic approaches.
Progression of motor, cognitive and behavioral phenotype was monitored in transgenic
Huntington's disease

minipigs (TgHD)

expressing

N-terminal

part

of human mHTT.

New tests were established to investigate a physical activity by telemetry, and to explore
stress induced behavior and cognitive changes in minipigs. The longitudinal study revealed
significant differences in the 6 - 8 year-old TgHD animals compared to WT controls
in majority of the tests. The telemetric study showed remarkable increased physical activity
of 4.6 - 6.5 year-old TgHD boars during the lunch time as well as in the afternoon.
The present phenotypic study showed progression of the disease in adult TgHD minipigs and
therefore this model can be suitable for longstanding preclinical studies.
INTRODUCTION
The clinical symptoms of neurodegenerative Huntington„s disease (HD) are motor, cognitive
and

behavioral

impairments

manifesting

typically

in mid-thirties

(Nance,

1998).

Motor problems include involuntary chorea like movement, poor balance, and disturbed fine
motor skills (Beighton and Hayden, 1981; David et al., 1987). Most prominent cognitive
symptoms include impaired judgment, the inability to initiate, sustain attention, and complete
a task, and also difficulty with tasks requiring flexibility or speed (Brandt et al., 1984; Lai et
al., 2018). The behavioral disturbances include anxiety, depression, irritability, obsessiveness,
and impulsive and aggressive behavior interchanging with apathy (Eddy et al., 2016). HD is
induced by abnormal polyglutamine elongation of the gene encoding the huntingtin
protein (HTT). Even though, the cause was discovered in 1993, HD is still incurable and
necessarily needs a suitable model for testing potential therapies. Large animal models can
provide better preclinical outcomes including safety, biodistribution, longitudinal assessment,
and efficacy of novel therapeutic approaches compared to rodents (Howland and MunozSanjuan, 2014). Therefore, large animal models such a non-human primate (Kocerha et al.,
2013; Yang et al., 2008), sheep (Jacobsen et al., 2010), and pigs or minipigs (Baxa et al.,
2013; Uchida et al., 2001; Yan et al., 2018; Yang et al., 2010), have been generated.
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Among them minipigs represent a good economical and ethical choice (Morton and Howland,
2013). Their brain is quite large and similarly structured as in humans. Their similar
metabolism, body weight, longevity of 15-20 years, and high reproduction make them suitable
for translational research (Vodička et al., 2005).
In 2009, transgenic minipig model for HD (TgHD) expressing N-terminal part of human
mutated huntingtin (mHTT, 548 amino acids, 124 Q) was generated (Baxa et al., 2013).
Generally, all tissues isolated from TgHD minipigs from different generations expressed
human mHTT as well as endogenous HTT (Macakova et al., 2016; Vidinská et al., 2018).
Broad phenotypic studies of TgHD minipigs compared to wild type (WT) siblings are
ongoing. The phenotype development of the model was rather slow and the first clear
phenotype preceding the neurodegenerative one was sperm and testicular degeneration linked
with mitochondria metabolism and glycolytic impairment starting at 13 months of age
(Krizova et al., 2017; Macakova et al., 2016). However, reduction of DARPP32, a marker
of a proper function of spiny neurons, has been detected from 16 to 70 months (Baxa et al.,
2013; Vidinská et al., 2018; Ardan et al., unpublished data). Also, other markers
of neurodegeneration such as activation of microglia, and demyelination of white matter
together with mHTT gradual fragmentation were revealed at 24 months (Vidinská et al.,
2018). Next, mitochondrial DNA damage, and marker of metabolic alternation were detected
at 48 months (Askeland et al., 2018). Furthermore, a perturbed mitochondrial function was
detected in TgHD minipig muscle tissue starting at 36 months before alternation in muscle
mitochondria ultrastructure and the first locomotor decline at the age of 48 months (Askeland
et al., 2018; Rodinova et al., 2019 in press). A TgHD genotype specific significant cellular
lost detected in striatum and cortex together with inclusions in the axons of some neurons
were detected at 60-70 months (5-5.8 years) (Ardan et al., unpublished data).
This study aimed to longitudinally monitor motor, cognitive and behavioral phenotype
of TgHD minipigs up to eight years. Gait, Hurdle and a Startbox back and forth tests using
TgHD minipigs were established in George-Huntington‟s Institute in Muenster (Schramke et
al., 2016; Schuldenzucker et al., 2017). Activity measured by telemetric system adapted
for minipigs, and cover and skittle toys for cognitive measures and balance beam and seesaw
for stress induced tests were established by us. Within the 4 following years 4 - 7.9 year-old
(4-7.9Y) TgHD minipigs (n = 8) and their WT controls (n = 10) were monitored using motor,
cognitive and behavioral tests and simultaneously, physical activity of TgHD boars (n = 6)
and their WT siblings (n = 6) at the age of 2.5 - 6.5 years was investigated by telemetry.
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RESULTS
Motor impairment
Since the clearest clinical hallmark of HD is movement detriment, unsteady gait and lack
of coordination are perceived in patients (Caron et al., 1993; Vuong et al., 2018) the gait
of minipigs was examined. The Walking test was performed on straight dry floor while
the Hurdle test was challenged with an obstacle. Walking test (Fig. 1A) revealed impairment
in TgHD animals. The decrease in walking score was significant in TgHD boars at the age
of 6 - 7.9 years (p = 0.013) and in TgHD sows at 4 - 5.9 years (p = 0.015) compared side
by side with their age matched WT controls. More evident changes in walking were observed
among TgHD boars. TgHD animals exhibited different movement of hind legs.
Tiptoes of TgHD boars tended centrically under their abdomen. Moreover, the movement
of their ankles resembled the movement copying the arc shape (Suppl. 1). Remarkable sex
related differences were observed between TgHD boars and TgHD sows in both younger
(4 - 5.9Y) and older (6 - 7.9Y) animals (p = 0.003 and p = 0.024, respectively).
Both TgHD boars and TgHD sows reached lower (non-significant) score in the Hurdle
test (Fig. 1B) related to their WT controls at the age of 4 - 5.9 years. Sex related difference
was observed between 6 - 7.9 year-old TgHD boars and sows. TgHD boars showed
continuing deterioration within ageing in comparison to WT animals while TgHD sows
showed better test score at the age of 6 - 7.9 years.
Corrective responses to externally generated force pulses were disturbed in HD patients
(Smith et al., 2000), therefore Pull back test (Suppl. 2) was introduced in minipigs. This test
simulated unexpected disruption of animal´s balance. When 6 year-old TgHD boars were
shoved in the haunch area, they lost their balance, hind legs got to slip and moved together
aside in an opposite direction from which the sudden pulse occurred. Their front legs got to
wider position in the effort to keep stability and not to fall. Control WT animals got balanced
in a fleeting moment with no problem concerning their legs.
Next, fine motor skills were investigated. Motor impersistence manifesting as a difficulty
to keep the tongue fully protruded for a few seconds was observed in HD patients (Huntington
Study Group., 1996), therefore Tongue test was introduced to monitor the protrusion
persistence of the animals. The number of reached treats test (Fig. 2A) showed significantly
(p = 0.004) decreased score in TgHD boars but very similar score in TgHD sows
in comparison to their WT controls. The Deepest reached hole test (Fig. 2B) revealed
the decreased score in TgHD boars but almost the same score in TgHD sows compared
to WT ones.
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Fig. 1 Motor impairment. A) Walking test. The impairment in gait was observed in TgHD animals. The
difference was significant in 6-7.9 year-old TgHD boars (p = 0.013) and 4-5.9 year-old TgHD sows (p = 0.015)
in comparison to their WT controls. The decline was more obvious in TgHD boars than TgHD sows. Clear sex
related differences were noticed between TgHD boars and TgHD sows of matching ages (p = 0.003 and
p = 0.024, respectively). WT ♂ 4-5.9Y n = 4, WT ♂ 6-7.9Y n = 6, TgHD ♂ 4-5.9Y n = 6, TgHD ♂ 6-7.9Y
n = 5, WT ♀ 4-5.9Y n = 8, WT ♀ 6-7.9Y n = 9, TgHD ♀ 4-5.9Y n = 8, TgHD ♀ 6-7.9Y n = 8. B) Hurdle test.
The ability to cross the barrier declined in TgHD boars with the age. TgHD sows obtained worse score at the age
of 4-5.9 years, while better score at the age of 6-7.9 years in comparison to their age matched WT controls.
The difference was observed between TgHD boars and TgHD sows at the age of 6-7.9 years. WT ♂ 4-5.9Y
n = 3, WT ♂ 6-7.9Y n = 6, TgHD ♂ 4-5.9Y n = 6, TgHD ♂ 6-7.9Y n = 5, WT ♀ 4-5.9Y n = 8, WT ♀ 6-7.9Y
n = 5, TgHD ♀ 4-5.9Y n = 8, TgHD ♀ 6-7.9Y n = 5.

Fig. 2 Tongue protrusion persistence. A) Number of reached treats test revealed notably (p = 0.004) lower
score in TgHD boars. B) The Deepest hole test showed decreased score in TgHD boars and the similar score
in TgHD sows in comparison to their WT controls. WT ♂ 6-7.9Y n = 5, TgHD ♂ 6-7.9Y n = 6, WT ♀ 6-7.9Y
n = 0, TgHD ♀ 6-7.9Y n = 7.
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Cognitive changes
Cognitive deficits emerge in HD and ordinarily influence also ability to learn the tasks, spatial
navigation and working memory. Hence, new tests for monitoring of these functions
in minipigs were developed in this study. Skittles test consisted of a pan with 7 holes
concealed by 7 different skittles. Pigs were expected to flip as many skittles as possible.
The treats were hidden under the skittles. Cover pan test consisted of a pan with 6 holes
closed by 6 different movable covers. Animals were expected to move the cover and to reach
the treat hidden under it. Skittles test (Fig. 3A) showed notable (p = 0.03) lower score
in TgHD boars in the age of 6 - 7.9 years than in their WT controls while TgHD females
showed similar results to WT ones. Similarly, 6 - 7.9 year-old TgHD males obtained lower
score in Cover pan test (Fig. 3B), while the scores of TgHD and WT females were
comparable. The decline in score was observed in TgHD animals at the age of 6 - 7.9 years.

Fig. 3 Cognitive changes. A) Skittles test. Significantly (p = 0.03) decreased score was detected in TgHD boars
compared to WT ones in the age of 6-7.9 years, but similar score among all sows. WT ♂ 4-5.9Y n = 2, WT ♂
6-7.9Y n = 6, TgHD ♂ 4-5.9Y n = 5, TgHD ♂ 6-7.9Y n = 5, WT ♀ 4-5.9Y n = 6, WT ♀ 6-7.9Y n = 9, TgHD ♀
4-5.9Y n = 6, TgHD ♀ 6-7.9Y n = 7. B) Cover pan test. Difference was revealed between 6-7.9 year-old TgHD
boars and their WT controls. The impairment of the ability to perform the test within the ageing was observed.
WT ♂ 4-5.9Y n = 2, WT ♂ 6-7.9Y n = 5, TgHD ♂ 4-5.9Y n = 5, TgHD ♂ 6-7.9Y n = 3, WT ♀ 4-5.9Y n = 6,
WT ♀ 6-7.9Y n = 9, TgHD ♀ 4-5.9Y n = 6, TgHD ♀ 6-7.9Y n = 7.

Decline in stress induced performance
HD patients have difficulties in coping of stressful situations. Therefore, the tests inducing
stress were also investigated. The Balance beam test (Fig. 4A) was previously applied in pig
model of ataxia telangiectasia (Beraldi et al., 2015). Seesaw test (Fig. 4B) was newly
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established in this study. Both tests showed lower score obtained by TgHD animals
in comparison to WT controls. Significant alterations were detected between 6 - 7.9 year-old
TgHD and WT boars in Balance beam and Seesaw tests (p = 0.033 and p = 0.004,
respectively). The impairment worsened with the age, mainly in TgHD sows performing
Seesaw test (p = 0.024). Boars obtained higher score in both tests compared to sows.

Fig. 4 Decline in stress induced performance. A) Balance beam test. Significant (p = 0.033) deterioration was
observed in TgHD boars at the age of 6-7.9 years. Both TgHD and WT sows reached notable lower score than
boars in older age (p = 0.012 and p = 0.021, respectively). The ability to pass the assessment decreased with the
age in all TgHD animals. WT ♂ 4-5.9Y n = 4, WT ♂ 6-7.9Y n = 7, TgHD ♂ 4-5.9Y n = 6, TgHD ♂ 6-7.9Y
n = 7, WT ♀ 4-5.9Y n = 9, WT ♀ 6-7.9Y n = 9, TgHD ♀ 4-5.9Y n = 8, TgHD ♀ 6-7.9Y n = 8. B) Seesaw test.
TgHD boars obtained remarkably (p = 0.004) lower score than their WT controls. The reached score decreased
within the ageing in all TgHD animals, significantly (p = 0.024) in TgHD sows. WT ♂ 4-5.9Y n = 2, WT ♂
6-7.9Y n = 6, TgHD ♂ 4-5.9Y n = 4, TgHD ♂ 6-7.9Y n = 5, WT ♀ 4-5.9Y n = 5, WT ♀ 6-7.9Y n = 9, TgHD ♀
4-5.9Y n = 4, TgHD ♀ 6-7.9Y n = 7.

Altered physical activity
People with HD tend to be less physically active in the morning while more active in the
afternoon and evening what is considered to be concerned with sleep disturbances and shifted
circadian rhythm of HD individuals (Herzog–Krzywoszanska and Krzywoszanski, 2019).
The physical activity of minipigs was investigated by telemetric assessment. TgHD boars
were monitored during one-week period in six different sessions. Physical activity was
evaluated in three different day intervals: Morning (2:30-4:30 AM, before morning feeding),
Lunch (9:40-12:00 AM, no external activity) and Afternoon (2:50-3:50 PM, before afternoon
feeding). Total acceleration computed by telemetric system was averaged in 10 minute
intervals. Evaluation of the Morning data (Fig. 5A) revealed decreased (non-significant)
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activity in TgHD compared to WT controls. During the Lunch time (Fig. 5B) the physical
activity of 2.6 - 4.5 year-old TgHD boars was comparable to WT ones while the physical
activity of 4.6 - 6.5 year-old TgHD animals was significantly (p = 0.026) increased
in comparison to WT controls. Accruement in the physical activity was notable (p = 0.003)
also

between

2.6 - 4.5 year-old

and

4.6 - 6.5 year-old

TgHD

boars.

Likewise,

in the Afternoon (Fig. 5C) the physical activity was similar in younger animals (age 2.6 4.5 years) and increased in the older animals (age 4.6 - 6.5 years). The difference in the
physical activity of TgHD animals during Lunch time and in the Afternoon was remarkably
(p = 0.003 and p = 0.002, respectively) increased with the age.

Fig. 5 Altered physical activity. A) Physical activity was lower in TgHD animals in the Morning. B) During the
Lunch time, 2.6-4.5 year-old TgHD animals had comparable physical activity to their WT controls. The activity
of 4.6-6.5 year-old animals was significantly (p = 0.026) higher than the controls. The activity notably
(p = 0.003) increased with the age of TgHD animals. C) In the Afternoon, 2.6-4.5 year-old TgHD animals had
a bit decreased physical activity in comparison to their WT controls while the activity of 4.6-6.5 year-old
animals was higher than the controls. Increase in the physical activity was notable (p = 0.002) within ageing
in TgHD animals. WT ♂ 2.6-4.5Y n = 7, WT ♂ 4.6-6.5Y n = 17, TgHD ♂ 2.6-4.5Y n = 10, TgHD ♂ 4.6-6.5Y
n = 14.

DISCUSSION
Transgenic minipigs encoding truncated human mutant (124 Q) huntingtin (Baxa et al., 2013)
were monitored in longitudinal phenotypic study utilizing motor, cognitive and behavioral
tests. Previously, no significant difference was observed between TgHD and WT sows
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up to 40 months of age (Schuldenzucker et al., 2017). A significant decline in the ability
to perform

the Tunnel

test

and

a general

tendency

(non-significant)

for reduced

accomplishment in the other motor, behavioral and cognitive tests was detected in a mixed
group of TgHD males and females at the age of 48 months (Askeland et al., 2018).
In this study Walking, Hurdle, Pull back, Tongue, Skittles, Cover pan, Balance beam, Seesaw,
and Physical Activity tests were performed with a larger groups of animals at the age
of 4 - 5.9 and 6 - 7.9 years whereas the impact of sex was taken into account. The overview
of the test´s outcomes is illustrated in Table 1. The data obtained from the 4 following years
enabled to compare the progress of the observed changes with the age of animals (age: x,
x + 1, x + 2 and x + 3 years).
Table 1 Overview of the test´s outcomes. TgHD animals were compared to their sex- and
age- matched controls. The impairment (↓), the improvement (↑) or the similarity (↔) in test
performing is illustrated. (-) the test was not performed. Significance: * p ≤ 0.05, ** p ≤ 0.01,
n = non-significant.
TgHD ♂

TgHD ♀

4-5.9Y 6-7.9Y

4-5.9Y 6-7.9Y

Walking Test

↓n

↓*

↓*

↓n

Hurdle Test

↓n

↓n

↓n

↔

Tongue Test

-

↓ **

-

↔

Pull back Test

-

↓n

-

-

Skittles Test

↑n

↓*

↑n

↓n

Cover pan test

↓n

↓n

↓n

↔

Balance beam Test

↓n

↓*

↓n

↓n

Seesaw Test

↔

↓**

↓n

↓n

Physical Activity Morning

↓n

↓n

-

-

Physical Activity Lunch

↓n

↑*

-

-

Physical Activity Afternoon

↓n

↑n

-

-

Stricken gait problems to maintain upright posture and impaired balance are obvious motor
symptoms in HD patients (Rüb et al., 2013). Contrary to humans, animal models except
of non-human primates, are tetrapods, therefore they are more stable in motion.
142

Still, Walking, Hurdle and Pull back tests showed the motor impairment in TgHD minipigs.
Worsening in Walking test was evident in TgHD boars, remarkable at the age of 6 - 7.9 years
while it was not so obvious in TgHD sows. We suppose that this fact is caused by the body
constitution of males and females. Sows are lower and wider while boars are higher, thus the
center of gravity provides an advantage to females. Center of gravity is more rostral in boars
what could make them more vulnerable to lose their balance on hind legs. Significant decline
in walking was observed in TgHD sows at 4 - 5.9 years of age. We assume that the reason
relates to lower Animal Body Mass Index (ABMI, calculated as a ratio among animal´s
weight, height and length) of TgHD sows at 6 – 7 years compared to WTs (Ardan et al.,
unpublished data). Weight loss is a prominent feature of HD and it could facilitate
the movement process of TgHD females. Similarly, worsening with age was observed
in TgHD boars in Hurdle test, even though not significant. In sows, the lower score in Hurdle
test was observed in younger (4-5.9Y) TgHD animals but improvement was detected in older
(6-7.9Y) TgHD females. Again, we assume that the decreased weight of older TgHD females
could help them to overcome the hurdle. Similar to HD patients, TgHD boars revealed
disturbed balance and longer corrective response to unexpected shove. On the other hand,
animals were able to learn from obtained experience and could predict that the shove situation
could occur what was showed by increased ability to keep their stability when the test was
repeated (data not shown). To our knowledge, these are the first impairments in motor
phenotype with adult age onset described in HD large animal models.
Concerning fine motor skills, glossomotography proved an impairment of tongue protrusion
in HD patients (Reilmann et al., 2010). Tongue tests showed that TgHD boars reached
the treats from the holes of shallower depth. Moreover, the number of reached holes was
significantly lower in comparison to WT males. A different situation was observed in TgHD
sows. The number of reached holes, and their depth, was similar to WT controls. Similarly,
no significant changes were detected in TgHD sows up to 40 months of age (Schuldenzucker
et al., 2017). We suppose that this could be an effect of housing of TgHD and WT sows
in shared cotes what could cause that WT dominate sow(s) had eaten more food and TgHD
ones felt hungrier, therefore TgHD sows were more motivated to reach the treat. Moreover,
this effect may be further supported by hyperphagia caused by attenuation of frontal lobe
(cognitive and behavioral deterioration) commonly observed in HD patients (Trejo et al.,
2004).
Similar phenomenon was observed in Skittle and Cover pan tests. These tests were assessed to
investigate next distinctive feature of HD, cognitive decline (Dumas et al., 2013).
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Age dependent diminution was observed in performance the cognitive tests in TgHD boars.
TgHD sows had results similar to WT controls, thus showing more effort to perform the tests.
Tests inquiring cognition were established in sheep, non-human primates and minipigs.
Choice discrimination tests reflecting reversal learning were used in WT sheep (McBride et
al., 2016) and TgHD minipigs (Schuldenzucker et al., 2017). No significant differences were
observed neither in choice discrimination test nor in dominance test which was used
for testing of dominant/aggressive behavior in TgHD sows up to 40 months of age
(Schuldenzucker et al., 2017).
Balance beam and Seesaw tests mirror a response to stress stimuli and a recollection
of memories. It represents tied connection between cognition and emotions (Marino and
Colvin, 2015). Stress induced tests revealed a continuous decline in TgHD animals with age,
significant in 6 - 7.9 year-old TgHD boars. All females obtained lower score in comparison to
boars. These two tests required more courage to succeed in the task. Females and TgHD boars
showed more fear to step on/pass the Balance beam/Seesaw. Thus, the impairment was
a result of the abilities and characters and emotions of the individual animals.
Overall, TgHD animals spent shorter time performing the behavioral tests and achieved lower
score for performed tasks (non-significant, data not shown), hence reflecting their reaction to
stress – fear and consternation. Cognitive and Tongue tests showed decreased scores reached
in the tests for TgHD boars which simultaneously spent shorter time by performing the tests
(non-significant, data not shown). Tests showed that obtained experience caused that TgHD
boars showed no interest to perform the task, because they realized that those were tasks
in which they had minimal success. The reached test scores were lower than in WT controls
(non-significant, data not shown). Contrarily, investigation time and achieved score were
similar in TgHD and WT sows. TgHD sows showed more effort to perform these tests (nonsignificant, data not shown). Cognitive biases in pigs, similarly to humans, are influenced
by mood and personality (Asher et al., 2016) and even if the emotions and mood are
problematically investigated in pigs (Marino and Colvin, 2015), this study revealed the impact
of pig´s emotions, personality and application of learning experiences on motor, cognitive and
behavioral manifestation, furthermore connected to HD genotype.
Perspicuous sex related differences were observed in all test performed in this study.
Even though both TgHD boars and TgHD sows had a reduced performance of the tests
compared to WT, TgHD boars showed a significant decrease in performing Walking test,
Balance test, Seesaw test and Skittles test at the age of 6 - 7.9 years, but sows did not.
The boars demonstrated more courage to fulfill the tasks. The sows were generally fatter and
144

more hesitant by nature what presumably induced results achieved in the tests. Sex commonly
modulates human behavior including many facets of human brain wide-spreading from ion
channels to brain morphology (Cahill, 2014). The pattern of structural brain changes
associated with huntingtin is strikingly different between men and women (Lee et al., 2017)
what could explain observed differences in performing the tests among TgHD boars and
sows.
Next, the automatic measurement for evaluation of the physical activity revealed nonsignificant diminution within the all day in TgHD boars of younger ages (2.6-4.5Y). But from
the age of 4.6 years the physical activity was reduced only in the morning period while
increased during the lunch time and in the afternoon. Significant accruement in physical
activity was observed between younger and older TgHD boars what could be tied with the
manifestation of the disease progression. Similarly, decreased morning activity and increased
physical activity in later hours of the day occurred in HD patients. This feature is assigned
to impaired circadian organization (Herzog-Krzywoszanska and Krzywoszanski, 2019; Kudo
et al., 2011; Morton et al., 2005).
In conclusion, gradual progression of the disease was proved in TgHD minipigs.
The outcomes correlate with the disease progression and can be applied for preclinical tests,
particularly for ongoing longitudinal AAV5-miHTT preclinical testing in minipigs after they
reach the age of phenotype manifestation. This approach was based on promising results from
the short three months-study (Evers et al., 2018). Moreover, based on these and preliminary
data of our current longitudinal experiment Food and Drug Administration as well as
European Medicines Evaluation Agency approved this approach for phase I and II clinical
trial. If here established methods and measures could prove postponing of phenotype
development in our TgHD minipigs in ongoing longitudinal AAV5-miHTT experiments,
it could together with the clinical data shorten the time for patients to receive the cure.
SUPPLEMENTAL FILES
Suppl. 1. Walking test. Video
Suppl. 2. Pull back test. Video
Suppl. 3. List of Animals in Longitudinal studies

145

MATERIALS AND METHODS
Animals
Transgenic minipigs (Sus scrofa domesticus, Linnaeus) with N-truncated human mutated
huntingtin (Baxa et al., 2013) and their WT controls were used in this study. The individual
animals were monitored by the tests during the 4 following years (2015 – 2018). 8 TgHD
(4 males, 4 females) and 10 WT control (5 males, 5 females) animals in the age of 4 – 7.9
years were monitored in motor, cognitive and behavioral tests (Suppl. 3). Battery
of behavioral tests was conducted 3 – 5 times each year. 6 TgHD minipigs and their 6 WT
siblings in the age of 2.6 – 6.5 years were used for telemetry study (Suppl. 3). Physical
activity was measured in six sessions (September 2015, December 2016, March 2017,
September 2017, December 2017 and September 2018). All experiments were carried out
according to the guidelines for the care and use of experimental animals and approved by the
Resort Professional Commission of the CAS for Approval of Projects of Experiments
on Animals (Approved protocol No. 53/2015).
Walking test
The changes in gait were observed by walking of the animal on the dry, straight floor.
The gait was video-recorded in six-month interval. Scoring was as follows: 5 points for no
visible gait problem and fluent walking, 4 points for slightly uneven weight bearing on one
or more legs, 3 points for obvious deviation in weight bearing on one or more legs, with clear
difficulties in walking, 2 points lowering of hind quarters close to the ground, placement
of hind legs under the body, 1 point if the pig is unable to move 0 points if the animal refused
to perform the test (Askeland et al., 2018).
Hurdle test
In the hurdle test (Fig. 6A) the animals were expected to pass the hurdle (height 15 cm, width
100 cm. Scoring was as follows: 5 points for passing across the hurdle without touching;
4 points for passing across the hurdle with touching of one leg; 3 points for passing across the
hurdle with touching of two legs; 2 points for passing across the hurdle with touching of three
legs; 1 point for passing across the hurdle with touching of 4 legs; 0 points if animal refused
to perform the test (Askeland et al., 2018).
Pull back test
The animals were let to walk on dry, flat floor and unexpected shove was performed to the
haunches area. The stability and reaction to sudden external force were evaluated.

146

Tongue test
Tongue test (Fig. 6B) was performed similarly as described previously (Schramke et al.,
2016; Schuldenzucker et al., 2017). Shortly, a board containing 12 holes with stepwise
increasing depth from 1 - 6.5 cm was used. Pigs were expected to pick up as many treats
(biscuits) as possible from a board. The holes were marked from 1 (the shallowest one) to 12
(the deepest one). Two parameters were analyzed and the scoring was as follows:
In the Tongue Number of reached treats test 1 point for each one hole with eaten treat, and in
the Tongue Deepest hole test the score was the same as a mark of the deepest hole from which
the treat was reached.
Skittles test
In the Skittles test (Fig. 6C) the animals were expected to flip as many skittles as possible.
Scoring was as follows: 1 point for each one tumbled skittle (1-7 points) and 0 points
if animal refused to perform the test.
Cover pan test
Cover pan (Fig. 6D) obtained a treats hidden under the 6 movable/sliding covers. Animals
were expected to move the cover and reach the treat under it. Scoring was as follows: 1 point
for each one moved cover (1-6 points) and 0 points if animal refused to perform the test.
Balance beam test
The balance beam (Fig. 6E) consists of 2.5 m long inclined plane, 3.0 m long beam and
extended plane (1.15 x 1.3 m). The animal was expected to step up to an inclined plane, cross
the beam, turn back in the extended part and return back down. Scoring was as follows:
5 points for passing across the whole beam, turning in the extended part and going back
down; 4 points for passing across the whole beam, not turning in extended part, crawfishing
back down; 3 points for stepping on (any part of the) beam; 2 points for stepping on inclined
plane with all 4 legs; 1 point for stepping on inclined plane with 2 forelegs and 0 points
if animal refused to perform the test (Askeland et al., 2018).
Seesaw test
During the seesaw test (Fig. 6F) the pig was expected to pass over the seesaw (3.0 m in length
and 0.4 m in width. Scoring: 5 points for passing across the whole seesaw; 4 points
for passing to the equilibrium position, crawfishing back down; 3 points for stepping onto and
walking on the seesaw with all 4 legs (the equilibrium position is not reached); 2 points for
stepping on the seesaw and crawfishing back; 1 point for stepping on the seesaw with only
two fore legs; 0 points if animal refused to perform the test (Askeland et al., 2018).
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Fig. 6 Motor, cognitive and behavioral studies equipment. A) Hurdle. B) Tongue board. C) Skittles pan.
D) Cover pan. E) Balance beam. F) Seesaw.

Telemetric monitoring of Physical activity
TgHD boars were monitored during one week in each session. Physical activity was evaluated
in 3 different day intervals: Morning (2:30-4:30 AM, before morning feeding), Lunch (9:4012:00 AM) and 3rd Afternoon (2:50-3:50 PM, before afternoon feeding). Telemetric system
rodentPACK2 obtained from emka TECHNOLOGIES (France) was used in the experiments.
Telemetric system consisted of small transmitters and central receivers. Every transmitter
could acquire x, y, z and total acceleration. Data were sampled at frequency 100 Hz with
resolution ± 2g. Minipig boars wore collars with transmitters during the experiments (Pokorny
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et al., 2015). PC collected and stored data from receivers using iox2 software from emka
TECHNOLOGIES. All events during the measurement sessions were recorded, e. g. time
of feeding, cleaning, veterinary and technician intervention or other activities. The first
session including no disturbing activities was used for the statistical analysis. The period
of early morning (just before staff coming after night (before morning feed)) was analyzed.
This period is hypothetically daily time with minimal external influences. Total acceleration
(gravity acceleration [g]), computed by telemetric system and representing the physical
activity of animal, was processed by our scripts for open-source tool SciLab. The total
physical activity was sampled at 100 Hz and averaged over 10 min. Generated physical
activity (mean from 10 min) from the TgHD and the WT boars were consequently averaged
and used for statistical analysis.
Statistics
Evaluators of all of the tests were blinded for the genotype of the animals. All statistics were
carried out in GraphPad Prism. Calculation of statistical significance was computed using
Student‟s t-test or Mann-Whitney test. All figures show the mean results and error bars
represent standard error of the mean (SEM). Significance was set to p≤0.05 (* p ≤ 0.05,
** p ≤ 0.01).
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Motivation of the study
Voice and speech malfunctions have been reported in many of patients with HD.
Even if humans and pigs have perceptible different anatomy of the articulation organs,
the same trends in pathophysiological processes can be assumed in both porcine grunting and
human phonation. Therefore, the main aim of the study was to design recording of grunting
from minipigs.
Summary
We performed the experiments with a cohort of 17 TgHD and 16 WT age-matched
controls. The recorder was fixed under the animal‟s belly. The microphone was then fastened
on the top of the pig‟s head, close to its ears.
Firstly, we investigated the ways how to stimulate grunting in the minipigs. We tested
both positive and negative stimulation including feeding, sound stimulation, hindering
in movement or unpleasant touch. Feedeing resulted in the best outcomes. We obtained
satisfactory grunting from 73% of animals. We chosen only rapidly-repeated or single grunts
for evaluation; high-frequency squeals were not included in analyses. Despite the fact that
no significant difference was detected in number of grunts, TgHD pigs tended to grunt more
often and accomplished rapidly repeated grunts.
My contribution
I participated on experimental design and conducted the experiments.

154

155

156

157

158

159

DISCUSSION
Large animals respresent an important biomedical models since they may provide
a powerful backgroung for testing the therapeutic interventions.
Generation of germline transgenic large animals with human mutant huntingtin gene
We generated TgHD minipig by lentiviral transduction of HIV1 vectors encoding the
N-terminal (1-548 aminoacids) part of human HTT gene which contained repetitive sequence
of 145 glutamines under the control of the human HD promoter. Vectors were microinjected
into porcine zygotes in syngamy and one TgHD founder saw was born after embryotransfer.
Genomic analyses revealed that one copy of the construct was inserted into chromosome 1
and an in-frame deletion of the expanded polyQ tract from original 145 to consequent
124 glutamines was found. The TgHD animals were not mosaics, since the expression
of mutant Htt was confirmed in all tissues tested across several generations [51]. Both female
and male transmissions of the HD transgene were proved in 6 generations of TgHD minipigs
with an almost equal number of transgenic and WT piglets in each litter. Hence, the lentiviral
construct and its integration had no influence on survival or normal development through
multiple generations. Long insert jumping library whole-genome sequencing revealed no
direct disruption any annotated gene neither no further breakpoint or integration complexity
or other genomic rearrangement caused by the transgene integration [53]. Even if the first
attempts of heterozygote TgHD matings did not result in homozygous progeny [51], currently
we dispose with several F1 homozygous TgHD minipigs, both males and females
(unpublished).
Lentiviral transduction was also used for generation of HD non-human primates
(Macaca mulatta) and HD sheep (Ovis aries). In contrast to our strategy, HD monkeys were
created by lentiviral transduction of MII arrested oocytes followed by intracytoplasmic sperm
injection [48], [49], [54]. The first HD monkey model encoded for exon 1 of huntingtin gene
(HD exon 1 monkey) and showed very high neotanal mortality. Only one from five
HD exon 1 monkey lived longer than one month [49], [55], [56]. Moreover, this one animal
had incorporated a single copy of HTT transgene with 29Qs instead of transducted 84Qs.
Thus, multiple copies of very short N-terminal part of human HTT with long polyQ sequence
could cause an early death in monkeys since the second HD monkey model that encoded for
exon 1–10 of the human HTT with 73Qs (HD exon 1-10 monkey) [48] reached adult age [55],
[57], [58]. Similar to our approach, HD transgenic sheep were created by pronuclear
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microinjection of lentiviral vectors. A proportion of the numbers of transgenic animals and
microinjected zygotes transferred to surrogate females were 1.5% in HD sheep and 3.5%
in TgHD minipigs. By contrast to our model, HD sheep carried a full length human HTT gene
with a sequence of 73 CAG repeats. Five of six transgenic lambs had transgene integrated
at a various but single genomic locus however in multiple copies. Therefore, one of the
founders was chosen for breeding to next generations (OVT73 = Kiwi line) and further
analyses [41].
Except for ours, next two HD pig models were generated by different approaches for
transgenesis. The first germline transgenic HD pigs were created by somatic cell nuclear
transfer technology. These pigs encoded for the first 208 aminoacids of human huntingtin
gene with a tract of 105 glutamines [47]. Similar to the HD exon1 monkeys, transgenic piglets
appeared normal at birth but four of five died within a month. The fifth one founder was
viable [47] but did not survive to produce the progeny [52]. Embryos encoded for 208 amino
acids of human HTT with 160Qs failed to develop [47].
Secondly, very prospective approach using CRISPR/Cas9 was applied and resulted
in HD knock-in (HD KI) pigs expressing human exon 1 with a large 150 CAG repeat [52].
The studies indicated that different approaches to transgenesis can result in large
animal models of various spieces and transgene pattern. Each one of the approaches has its
pros and cons and needs to be considered in designing of the experimental study. The length
of transgene in viral vectors is limited, what was a reason why N-truncated HD models were
created. Next, lentiviral strategy is highly random and may result in incorporation of multi
copies of transgene into various loci in the genome. Thus, the founders and offspring can
differ in manifesting symptoms because the expression levels of the transgene can be
influenced by the localization in the genome and by the transgene copy numbers. On the other
hand, SCNT leads to non-chimeric animals in the first generation what is not a certainty with
application of lentiviral technique. The rates of transgenesis and viability of offspring in pig
were higher with lentiviral delivery than with a cloning strategy [47], [59], [60]. Moreover,
SCNT in combination with CRISPR/Cas9 enables specific genetic modifications of the
endogenous genes.
In the end, several different HD large animal models were generated in various species
diverging in the lengths of human huntingtin gene and its polyQ repetition, in localization
of incorporated transgene to the genome and in copy number of inserted constructs.
Moreover, HD KI pig model expressed exon 1 of mutant human Htt at the endogenous levels
while transgenic models expressed two alleles of endogenous huntingtin plus mutant Htt
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form. A consequence of different strategies chosen for generation of HD models is different
phenotype manifestations (see below).

Sperm and testicular degeneration
Although HD is distinguished mainly by neurodegeneration, the expression of mutant
Htt leads to selective cellular dysfunction and degeneration not only in central nervous system
but also in peripheral tissues [61]. The first pathological phenotype observed in TgHD
minipigs was dysfunction of spermatozoa and degeneration of testicular tissue. This may be
not so surprising when we consider very similar gene expression patterns in brain and testis
[62].
We observed the decreased sperm number, motility and progressivity as well as
reduced ability to penetrate the oocytes with intact zona pellucida in 13-month-old boars [51].
These parameters worsened with age in both F1 and F2 generations [51], [53]. Decreased
concentration of semen and/or the changes in sperm motility may be related to notable
reduction in phosphodiesters/γATP ratio in testis of 24-month-old TgHD minipigs [63]
because phosphodiesters peak consists mainly of glycerophosphocholine [64] and there was
observed a positive correlation between the glycerophosphocholine concentration and sperm
motility [64], [65]. Next, we revealed deformed nuclei with incomplete chromatin, absence
of residual bodies and alterations in acrosome in TgHD spermatozoa. We detected changes
mainly in the mid-part of the tail manifesting by multipled axonemes often associated with
disorganized mitochondrial sheaths [53].
We demonstrated age-deteriorated changes in seminiferous epithelium of 24- and 36month-old TgHD boars. Sertoli cells and cells of spermatogenic lineage showed proceeded
apoptosis exhibiting by increased density and vacuolation of cytoplasm, dilatation
of endoplasmatic reticulum, swollen mitochondria and structural alterations of nuclei [53].
Previous data discerned apoptosis which manifested by diffuse cytoplasmic vacuolization,
condensed nuclei and electron dense cytoplasm in spermatids [66] and also by disruption
of seminiferous tubules by large vacuoles [67] in mice HD models. Testicular degeneration
was perceived also in postmortem samples from HD patients [34]. Moreover, we proved
significantly impaired spermatogenesis in 36-month-old TgHD boars [53].
To exclude the impact of fertility-related hormones on testicular degeneration,
we examined the plasma levels of luteinizing hormone, inhibin-α and testosterone. We found
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no significant difference between TgHD and control boars [53], correspondingly with
observations in HD patients [68].
We detected comparable expression levels of mtHtt in TgHD testis and central
nervous system tissues of 16-month-old animals [51]. Moreover, we revealed genotype
specific fragmentation of huntigtin protein with some fragments enriched or particularly
expressed only in TgHD tissues. The presence of these fragments was largely demonstrable in
24-, 36- and 48-month-old testes [53], [69], but they were also detected in brain tissue [70].
As we showed later, the mtHtt fragmentation in brain was age-dependent and fragments
accumulated gradually in TgHD minipigs up to 48 months [Ardan et al., 2019; submitted].
These data may elucidate the earlier pathological changes occuring in testis.
Localization of mtHtt to midpiece of spermatozoa [53], [63], colocalization of mtHtt
with mitochondrion [69] and alterations in mitochondrial sheaths [53] indicated potential
process of changes in mitochondrial metabolism. Analyses of 14 to 47-month-old
spermatozoa revealed proportionate age-dependent reduction of complex II subunit succinate
dehydrogenase A (SDHA) and aconitase 2 contents in TgHD boars [69]. The lower contents
of SDHA and succinate dehydrogenase B (SDHB) subunits were observed in striatal neurons
of HD individuals [71]. The decrease in succinate dehydrogenase (SDH) may signify an early
response to oxidative stress [69].
Little is known about reproductive features in large HD animal models. In contrary
with our findings, no significant difference in sperm viability was proved in HD macaque
model [62]. Data describing semen and testicular parameters in ovine and next porcine
models of HD were not published up to date.

Alterations in mitochondrial metabolism
Studies in HD patients and HD rodent models pointed out relation of alterations
in mitochondrial metabolism and HD pathology [72]–[74]. Deterioration of energy
metabolism was showed in the caudate, putamen and cortex of presymptomatic HD carriers
[75], [76]. These observations were supported by the localization of mtHtt to brain
mitochondria [77]–[80] which was age-dependent in HD mouse model [77] and corresponded
with the disease progression.
Disturbances of mitochondrial complex II were observed in the striatum [28], [29],
[81] and peripheral tissues [82] of HD patients. We did not prove changes neither
in mitochondrial electron transport activities nor in activities of pyruvatedehydrogenase,
citrate synthase and cytochrome c oxidase in TgHD brains up to 48 months of age [83].
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However, decreased activity of SDH in TgHD spermatozoa [69] and muscle tissue [84] could
imply that amendments in mitochondria bioenergetics appeared in these tissues prior to
modifications in brain, probably due to higher energy demands of sperms and muscles. In HD
monkey model, transcription analysis revealed longitudinal (age 5 to 39 months) significant
dysregulation of NDUFA5 gene which is a part of mitochondrial respiratory chain [48].
Data indicated that mitochondrial functions may be inhibited by induced oxidative
stress [27]. 8-hydroxydeoxyguanosine, a marker of an oxidized DNA, was showed to be
remarkable elevated in the mtDNA of caudate [28] the same as in mtDNA of parietal cortex
of HD patients. Likewise, increased 8-OHdG level was detected in HD mouse brains [25],
[85]. Even if we observed a tendency towards higher levels of 8-oxoG, comparable levels of
malondialdehyde did not confirm an oxidative stress in TgHD brains up to 48 months of age.
Furthermore, we did not detect a difference in levels of 5-hydroxycytosine (other oxidized
base lesion). We suggested that increased 8-oxoG levels were related to analtered repair
activity [83].
It was showed that elevated damage of nuclear DNA is antecedent to impaired
mitochondrial activity in peripheral blood mononuclear cells from HD patients [82]. We did
not observe differences in nuclear DNA damage in TgHD brain tissues. However, we detected
decreased levels of mitochondrial DNA damage in basal ganglia [83]. Similarly, diminished
mtDNA damage was showed in HD subjects [82]. Next, we found brain region dependent
changes in mtDNA copy number where we detected reduced mtDNA levels in frontal cortex
and increased levels in basal ganglia [83]. Thus, it seems that mtHtt expression variously
influences different brain regions. The decrease in mtDNA copy number was observed also
in brains of HD patients [86], thorough individual brain regions were not compared.

Brain pathology
We confirmed comparable mtHtt expression in different brain regions including
cortex, caudate nucleus and putamen of TgHD minipig [51]. Similarly, mtHtt protein was
expressed at equivalent levels from various parts of brains of HD sheep [87]. No brain region
specific difference in mtHtt expression was observed either in HD monkey models [55].
Conversely, dissimilar expression of mtHtt was found in cortex, striatum and cerebellum of
HD KI pigs [52].
Evidence of a presence of fragmented mtHtt was showed in the pre-symptomatic HD
gene carriers [19]. Fragments of mtHtt caused cellular toxicity, induced apoptosis [88], [89]
and their nuclear localization corresponded to the progression of the disease [90]–[92].
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We detected tissue specific accumulation of mtHtt fragments in brains of 24-month-old TgHD
animals [70]. We also showed severe mtHtt fragmentation in 48-month-old TgHD brains.
However, we demonstrated less fragmentation and presence of smears in Western blot which
possibly indicated a presence of oligomeric structures in 60-70-month-old TgHD putamen
samples [Ardan et al., 2019; submitted]. We supposed that fragments started to form
oligomeric structures which are precursors of aggregates. Similar age-dependent aggregation
process was described in R6/2 and knock-in HD mice [93]. Oligomeric mtHtt was found
in the brains of exon 1 HD monkeys which died few days after the birth [49]. The presence
of mtHtt fragments was shown in brains of HD KI pigs [52]. Neuronal intranuclear inclusions
of mtHtt were proved in sheep [87], knock-in pig [52] and in monkey [57] models of HD.
We did not confirm presence of mtHtt in nuclear fractions of brain tissues. Howeever, the
presence of mtHtt was evident in testicular nuclear fraction, hence implicated that testicular
degeneration preceded degeneration of the brain [70].
A hallmark of HD pathology is a presence of mtHtt aggregates in brain. Aggregate
formation was observed in mice [94] the same as in large HD animal models. Small mtHtt
aggregates were found in neurites and bodies of neuronal cells in brains of HD KI pigs up to
5 months of age [52]. Neuropil aggregates were detected in cortex of 18-month old HD sheep
[87]. HD monkey models resulted in genotype specific formation of aggregates when more
abundant aggregates were detected in HD exon 1 monkey with 29Qs than in HD exon 1-10
with 73 Qs monkey in the same age of 5 years [55]. Even if a repetition of 29 glutamines
in huntingtin gene does not cause HD in humans, based on a normal wild-type rhesus
macaque length of 10–11 polyQ repeats in huntingtin gene, HD exon 1 monkey was expected
to develop HD phenotype [48]. We observed inclusions in neuronal axons in TgHD cortex
at the age of 60-70 months [Ardan et al., 2019; submitted].
Striatum is the most stricken brain region in HD with extensive loss of the mediumsized

spiny

neurons

[95]

which

selectively

express

DARPP-32,

an

integrator

of neurotransmission. We revealed age-related decrease in numbers of DARPP-32 positive
cells in caudate nucleus and putamen of 16 to 70-month-old TgHD pigs [51], [70] [Ardan et
al., 2019; submitted]. Downregulation of DARPP-32 expression was observed in various HD
rodent models before the manifestation of clinical symptoms [96], [97]. Loss of neuronal cells
was confirmed in striatum of both HD KI pig [52] and HD monkey [55] models, but not
in HD sheep [87] even if Jacobsen et al. [80] reported reduction of DARPP-32 expression
in striatum of a single 7-month-old transgenic lamb.
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Ionized calcium-binding adapter molecule 1 (Iba-1) immunostaining showed
microglial activation in brains of 24-, 48- to 60-70-month-old TgHD pigs [70], [Ardan et al.,
2019; submitted] what was in consistence with elevated levels of IL-8 and IL-1β in TgHD
microglial secretome [98]. Similarly, abundance of of IL-8 and IL-1β linked to increased
microglia activation was observed in premanifest HD patients [99]. Several studies pointed on
elevated levels of specific cytokines occurring up to a decade prior to the onset of clinical
phenotype [100], [101]. Reactive astrogliosis with typical upregulation of gliar fibrillary
acidic protein (GFAP) belongs to early pathological event in HD KI mice and increase in both
GFAP and Iba-1 levels was observed in HD KI pigs brains [52], [102]–[104]. We detected
elevated GFAP levels in brains of 60-70-month-old TgHD animals [Ardan et al., 2019;
submitted]. No difference of GFAP immuno-reactivity was discerned in 6-, 18- and 36month-old HD sheep [87].
Moreover, we demonstrated age-dependent increase of demyelination from 24 months
of age [70], [Ardan et al., 2019; submitted]. Reduced myelination was observed also
in various mice models prior to neurodegeneration [104]–[106]. Likewise, demyelination was
showed in brains of HD KI pigs [52]. Our results were in compliance with a finding that
activated microglia cause demyelination of white matter [107].
Numerous MRI studies have pictured specific regional atrophy in the brain that
occurred earlier than clinical symptoms were manifested in HD gene carrriers [24], [108]–
[113]. Our MRI data showed expansion of lateral ventricles in 6-7-year-old brains of three
assessed TgHD animals [70]. Enlarged lateral ventricles and reduced size of striatum were
observed in HD KI pigs [52] at 5 months and in HD exon 1 monkey at 24 months of age
while there was not obvious atrophy in HD exon1-10 monkeys at 4 years [55] and HD sheep
at 5 years [114].
The studies suggested that the distinct structure of mtHtt inserts and lengths of polyQ
sequence determine the nature of the brain neuropathology. For example, formation of mtHtt
aggregates and proceeding apoptosis was confirmed in transgenic piglets with N-truncated
208 aminoacids mtHTT (Yang 2010). Our TgHD minipigs with N-truncated 548aa mtHTT
demonstrated slow, progressive loss of medium size spiny neurons, reduced demyelinaton,
activated microglia and reactive astrogliosis with the presence of the first axonal inclusions
at the age of 60-70 months [51], [70], [Ardan et al., 2019; submitted]. HD monkey model with
HD exon 1 showed the aggregation, decreased number of neuronal cells and enlarged lateral
ventricles at 2 years, whereas HD showed exon1-10 formation of mtHtt aggregates, a loss
of neuronal cells in striatum but no brain atrophy at the age of 5 years [49], [56], [57].
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HD sheep that expressed full length mtHtt no brain neurodegeneration except of neuropil
aggregates was observed up to 5 years of age [87]. However, HD KI pigs that encoded for full
length mutant huntingtin demonstrated the most severe neurological phenotype with the
nuclear aggregates, neuronal loss, activated microglia, elevated GFAP level, reduced
myelination and increased volume of ventricles at 5 months [52]. More robust brain
degeneration in KI pigs could be caused by the specific expression of solely two endogenous
alleles of huntingtin (one wild type + one mutant) while all of the other HD large animal
models expressed two endogenous plus one transgenic allele of huntingtin. The mtHtt location
and its copy number in genome could also affect the brain pathology. Not neglected should be
the number of CAG in polyQ stretch in mtHTT which is the highest from all large HD models
generated up to date.

Clinical symptoms manifestation
HD gene carriers had analogous growth trajectory to their controls within the
childhood [115]. Various studies presented weight loss in HD patients despite of adequate
or even increased caloric intake [116], [117]. The longer polyQ repetition the more acute loss
of the weight was observed [118]. We calculated ABMI which reflected individual parameters
of the animals (weight, height, length). ABMI trajectory was similar in TgHD and control
minipigs up to 4 years of age when ABMI started to lessen. The ABMI decrease was evident
in 6-7-year-old TgHD sows and slight non-significant decrease was observed also in 6-7-yearold TgHD boars (Ardan, 2019). Likewise, there was no difference in weight of HD and
control monkeys up to 2 years of age (4 years is considered as a young adulhood in rhesuses)
[56]. The body weights of F0 and F1 HD KI pigs were comparable up to 5 months, then
gradual loss of weight was observed up to 30 months [52]. Slowly reduced ABMI in TgHD
minipigs corresponded with mild brain neurodegeneration and late clinical symptoms onset
in this model of HD. The number of 150 CAG in polyQ tract of HD KI pigs was
in consistence with continual proportion of polyQ length and weight loss. Even if TgHD
minipig encoded for 124Qs in mtHtt, this sequence is a mix of CAG/CAA triplets which was
used to provide stable polyQ stretch. The stability of CAG/CAA tract was demonstrated
among several generations of the TgHD progeny where the number of glutamines was still the
same in different tissues [51]. Therefore, the slow decrease in AMBI may be an effect
of CAG/CAA mix in polyQ sequence in TgHD minipigs.
The most characteristic feature of HD is motor deficits. The most notable symptom is
chorea, but many patients confront inadequate walking balance [7], [8] or tongue persistence
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protrusion [9]. We observed gait and fine motor task impairment as well as altered reactions
to unexpected balance disruption in 6-7.9-year-old TgHD boars. Obversely, significant gait
decline was showed in 4-5.9-year-old TgHD sows while it was not so obvious in older
females [Baxa et al., 2019; submitted]. This contrast could be a result of various body
constitution and/or different ABMI between boars and sows. Abnormal walking pattern and
respiratory problems were demonstrated in both F0 and F1 HD KI pigs [52]. Transgenic pigs
that expressed N-terminal 208aa mtHtt died posnataly and severe chorea phenotype was
observed in some of them before death. Both different survival periods and phenotype
manifestations were supposed to be an effect of different mtHtt expression levels among the
animals [47]. Comparably, HD monkeys that expressed exon 1 died soon after the birth while
they indicated chorea, dystonia and difficulties in swallowing and breathing [49]. Special case
was HD monkey expressing an exon 1 with 29Qs that exhibited facial chorea and dystonia
at the age of 18 several episodes of seisures in 24 months [55]. HD monkeys that encoded for
exon 1-10 of mtHTT developed dystonia at 2 years of age and difficulties with a fine motor
tasks were observed at 3 years [55]. No apparent motor symptoms were seen in HD sheep
[114], [119], [120].
HD patients experience cognitive dysfunctions, too. We revealed age-dependent
decline in cognitive performance of 6-7.9-year-old TgHD boars. Cognitive deterioration was
observed in 8-month-old HD exon 1 monkey and got worse with aging [55], [56] while
the first clear cognitive changes were showed in 36-month-old HD exon 1-10 monkeys [55].
Even if a several tests for monitoring of cognitive skills in HD sheep were established [121]–
[123], no changes were observed till the age of 5 years.
A stressful environment may cause the performance of activities more difficult
for persons with HD. We showed gradual age-dependent decline in stress-induced execution
in TgHD animals, remarkable in 6-7.9-year-old TgHD boars. HD carriers have to face many
stresfull situations and it was proved that chronic stress leads to anxiety [124]. Even if the
anxiety is a direct effect of stress or only a reaction to stressful situations, a high prevalence
of anxiety was shown in both pre-symptomatic and symptomatic HD patients [125].
Similarly, HD monkeys displayed increased stress induced anxiety [58].
Disorganized day-night activity pattern was described in HD patients [15].
Abnormalities in circadian rhytm were also illustrated in mouse [15] and sheep [114] models
of HD. We revealed incrased physical activity in the afternoon in TgHD boars older than
4.5 years [Baxa et al., 2019; submitted].
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Previous studies revealed involuntary vocalization interrupting the speech melody.
Phnonatory dysfunction positively correlated with degree of disease severity [10]. We assesed
the grunting of TgHD minipigs [126] and demonstrated altered vocalization in trasnegenic
animals [Tykalova et al., unpublished].
Similar to brain neurodegeneration, the severity, frequency and onset of clinical
symptoms is related to the content of mtHTT gene, its expression level and to the polyQ
repeat length in various HD large animal models. N-truncated mtHtt pig and monkey models
indicated involuntary movements and died postnatally, except of one HD monkey which
expressed mtHtt with 29 glutamines [47], [49]. This one HD monkey exhibited seizures in the
age of 2 years and presented more acute development of dystonia and cognitive failures than
HD exon 1-10 monkeys. Considering also the fact that seizure is common in juvenile rather
than in an adult form of HD [127], [128], HD exon 1 monkey simulated juvenile HD while
the others HD monkeys recapitulated slow progression of the disease [55]. Full-length mtHtt
ovine model showed no clinical symptoms except for disruption of sleep-wake activity up to
the 5 years of age and therefore it indicated long pre-manifest stage [114], [119]. Conversely,
HD KI pigs that expressed full-length endogenous huntingtin with 150Qs developed walking
abnormalities in youg age [52]. Even though, our TgHD pigs have expressed N-truncated
mtHTT with 124 glutamines, we observed relatively mild and slowly progressive
manifestation of clinical symptoms. We have sustained this by the single copy of transgene
in porcine genome and stable CAG/CAA repetition.
In conclusion, no single HD animal model imitated the human disease phenotype
in a satisfactory manner. However, a lot can be yielded from all of the HD animal models
since they can be involved in designs for pre-clinical testing, especially for gene therapies.
Potentialities of using the monitoring and therapeutic equipments (e.g. MRI, PET, EEG) that
are applied in human conditions together with long lifespan made large animal valuable
models for predicting biodistribution, safety and efficacy of potential therapeutic treatments.
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CONCLUSIONS
We have generated transgenic minipig with N-terminal part of human mutant huntingtin
gene carrying 124 glutamines in polyQ repetition. One copy of transgene inserted into
chromosome 1 did not disrupt any coding sequence in porcine genome. We confirmed
expression of mutant huntingtin protein in the brain as well as in peripheral tissues.
Both female and male transmissions of the HD transgene were proved and development
of animals was normal through multiple generations.
The summary of phenotypic manifestation in TgHD minipig is illustrated in Figure 1.
We revealed continuos age-related accumulation of mtHTT fragments until the age
of 4 years. Oligomeric forms rather than fragmented mtHtt were observed in TgHD brains
older than 5 years. Moreover, we detected mtHtt inclusions in the neuronal axons.
We demonstrated progressive brain degeneration since age-dependent neuronal loss, activated
microglia, reactive astrogliosis and demyelination were confirmed. Neurodegenerative
changes correlated to gradual alterations of mtHtt forms.
We showed that spermatozoa cells and testis may serve as biomarkers for monitoring
of the disease progression in pre-clinical stage of the disease. Sperm and testicular
degeneration caused by expression of mtHtt was observed about 4 years prior to the
manifestation of the first clinical symptoms.
We developed new tests for monitoring the vocalization, cognitive and stress-induced
performances in TgHD minipigs. We observed age- and sex-related gait impairment as well
as decline in cognitive functions and deterioration in stress-induced functioning.
Physical activity was increased in the afternoon. Changes in clinical phenotype were
significant in 6-7.9-year-old animals thus exhibiting slow, progressive clinical phenotype
in TgHD minipigs. Remarkable changes in behavioral, motor and cognitive functions were
observed roughly two years after occurrence of significant changes in brain.
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Fig.1 HD-like phenotype manifestation in TgHD minipigs. TgHD animals were compared to their sex- and
age- matched controls. The impairment (↓), the improvement (↑) or the similarity (↔) in investigated parameters
is illustrated. * = significant results, ° = non-significant results. Decreased fertility parameters, proceeding
apoptosis and presence of mtHtt fragments were revealed in TgHD spermatozoa and testis. Testicular and sperm
degeneration was detected about 2 years earlier than significant changes in TgHD brains and about 4 years prior
to the first clinical symptoms. Age-dependent neuronal loss, reduced myelination, activation of microglia and
reactive astrogliosis as well as increasing mtHTT fragmentation up to the age of 4 years (Y) were showed
in TgHD brains. Furhermore, mtHtt inclusions were identified in the neuronal axons of 5-6-year old TgHD
animals. Brain degeneration was obvious about 2 years prior to the first remarkable clinical phenotype.
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FUTURE PROSPECTS
Gene-lowering therapy using miRNA approach showed encouraging results in TgHD
minipigs in the short three months survey [129] which followed up to longitudinal miRNA
gene-lowering investigation. Considering the results obtained in Evers´s study and
preliminary data from our ongoing research, both Food and Drug Administration
and European Medicines Evaluation Agency approved this approach for phase I and II clinical
trial. We believe that the complete data from our ongoing longitudinal study could support
the clinical trials and thus accelerate the receiving of the cure by the patients.
Next item which should be considered is the expression of two copies of endogenous
huntingtin gene as well as extra copies of mutant HTT transgene in all of the large animal
models of HD, excluding HD KI pigs. Over-expression of total huntingtin had an impact
on phenotype manifestation in HD mice models [33], [130] and may be expected in large
animals, too. Therefore, knock-in models were developed. HD KI pig encoding for human
exon 1 huntingtin with 150Qs had very rapid onset of clinical symptoms and high mortality
up to 10 months of age. Another one HD knock-in pig with prolonged endogenous porcine
huntingtin up to 85 glutamines (HD KI-85Qs) was generated at Exemplar Genetics (Sioux
City, IA; unpublished). Currently, we have established a colony of F1 generation of HD
KI-85Qs pigs. We will use information gained by this study to proceed with characterization
of this new promissing HD minipig model.
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