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SUMMARY 
 
Huntington's disease (HD) is an autosomal dominant neurodegenerative disorder caused by a 
CAG-triplet repeat expansion in the mutant huntingtin gene (mHTT) (1). The pathology develops 
when more than 35 CAG repeats are carried in the HTT gene. A hallmark of HD is progressive 
neurodegeneration and the formation of intracellular mHTT inclusions (2). The striatum and 
corticostriatal pathway are predominantly affected (3-5). The events leading to neuronal pathology 
were believed to be entirely cell-autonomous. Emerging data shows that mHTT can propagate from 
one neuron to a functional, connected one, in vitro and in vivo (6-8). Healthy human neurons 
receiving mHTT have been shown to develop pathological neurodegenerative-like changes (6). 
Interestingly, mHTT inclusions have been found in neuronal tissues and peripheral ones as skeletal 
muscle (9-11). Moreover, HD skeletal muscle shows functional dysfunction already in 
presymptomatic HD carriers and undergoes severe wasting in HD patients (12-14). Taking this 
information together, we hypothesized that the constant crosstalk between neurons and muscles 
given by the neuromuscular endplate junctions creates a possible route for mHTT to escape the 
nervous system towards the periphery, where it could play a role in disease onset and / or 
progression. Therefore, we established a human-derived neuromuscular in vitro system to 
investigate whether mHTT trans-neuromuscular spreading can trigger muscle dysfunction in HD.  
Using a novel human induced pluripotent stem cells (hiPSCs)-derived neuromuscular co-culture 
method, we collected evidence supporting the hypothesis of mutant HTT fragment Exon1 with 72Q 
(HTTEx1Q72) trans-neuromuscular spreading. Indeed, we established two in vitro HD models to 
study this new potential disease pathway. We showed that HTTEx1Q72 can propagate from 
neuron-to-myotubes via functional NMJs. We observed mHTT aggregation, the hallmark of HD, in 
the myotubes (puncta staining indicates the presence of HTT aggregates but information about the 
ultrastructure or composition of these structures are not given). We also observed that trans-
neuromuscular spreading of HTTEx1Q72 causes structural and functional pathological alterations 
in myotubes at the level of the mitochondria, myotubes contraction and nuclear aggregate 
accumulation. Moreover, our data suggest the active involvement of the NMJs in this process. 
Indeed, upon increased neuronal depolarization, we observed an increase in the number of puncta 
in the myotubes. This data suggests that synaptic activity is involved in the trans-neuromuscular 
spreading of mHTT in vitro. Finally, we observed that trans-neuromuscular spreading of mHTT is 
also occurring in vivo, from the M1 motor cortex to spinal MNs and skeletal muscles. This study is 
the first one where it was shown that HTTEx1Q72 propagate from neurons-to-muscle in an in 
vitro human-related context and mice and showing that trans-neuromuscular spreading can cause 
pathological-like alterations in the myotubes. This study suggests that mHTT trans-neuromuscular 
spreading could participate in HD-related muscular pathology in HD patients as well and therefore 
be considered as a novel pathological pathway. 
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INTRODUCTION 
 

This PhD thesis is a work focused on Huntington’s disease. We will approach the main topic via a 
stepwise introduction of other fundamental arguments necessary to understand the background of 
our working hypothesis. Firstly, I will briefly discuss prions and prion diseases and the link with 
protein misfolded diseases. This will help better understand another key concept in this PhD thesis: 
the prion-like behaviour of different protein misfolded disease-associated proteins such as Tau, α-
synuclein, and mHTT. In the end, I will discuss Huntington’s disease and the various aspects of the 
pathology, from the brain to the skeletal muscles.   

 
1. Prion biology and Prion diseases 

 
Prion diseases, or transmissible spongiform encephalopathies (TSEs), are a group of 
neurodegenerative diseases affecting both humans and animals. TSEs include Scrapie (goats and 
sheep), bovine spongiform encephalopathy (BSE) in cattle, chronic wasting disease (CWD) in 
cervids, and Creutzfeldt–Jakob disease (CJD) in humans. Distinctive features of pathology 
associated with prion diseases include vacuolar spongiosis, neuronal cell death, and gliosis. These 
pathologies are caused by the misfolding of the cellular prion protein (PrPC). PrPC is a 30-35 kDa 
protein with a secondary structure enriched in α-helical and a small β-sheet component. PrPC is 
highly expressed in nerves and covers an essential role in preserving myelin homeostasis (15). The 
first one to describe the prion as a toxic proteinaceous agent able to cause scrapie (in sheep and 
goats) was Prusiner in 1982 (16). He described the “protein-only” hypothesis that is still the most 
widely accepted model to explain how prion diseases act. This hypothesis postulates that the 
scrapie prion protein (PrPSc) causes the Prion disease. PrPSc is a conformational isoform of the host 
PrPC, a protein with still unknown function typically located at the cell membrane. The difference 
between PrPSc and PrPC is their conformation status: the first one is misfolded into a β-sheet 
enriched structure with the tendency to aggregate, and PrPC is α-helical. Unfortunately, PrPC 

undergoes structural modifications in the presence of PrPSc, triggering its misfolding as well. This 
process is usually defined as seeding-based capability, and it’s a typical feature of prions that leads 
to the accumulation of the PrPSc in the cell (17). This cascade of events causes the formation of 
aggregates inside the infected tissues, for example, in the CNS and the lymphoid tissues. PrPSc 
generally enters the host through contaminated food or other sources and, via the oral tract, they 
then reach the gastrointestinal apparatus. Prions surviving the digestive phase have to cross the 
intestinal epithelium. Afterward, in many cases, prions accumulate in the secondary lymphoid 
organs, then infecting the brain. This step is called neuroinvasion. The propagation of prions within 
these tissues is essential for prions to reach the brain, where they ultimately cause the lethal 
pathology, following a sequential development of pathology in brain regions (18). Previous studies 
suggested that PrPSc spreads along established anatomical connections (18-21). Freeze and 
colleagues used a neural network model to predict the diffusion of prion pathology starting from a 
single infection event. They integrated regional diffusion-weighted MRI of patients with the structural 
connectome of healthy subjects. They observed that highly affected brain regions were the ones 
with elevated interregional connectivity. These could indicate that native brain connections are a 
route for prions to propagate in the brain (22). Interestingly, Shearin and Bessen described the 
temporal and spatial movement of prions from the brain stem along cranial nerves into skeletal 
muscle, suggesting that transsynaptic spread of prions can occur at the neuromuscular junction 
(20). However, by which mechanism prions propagate from neuron-to-neuron remains unclear. It is 
also unknown if prions can be actively transferred across synapsis. 
However, different mechanisms have been suggested to be involved in the cell-to-cell transmission 
of prions. The most accredited mechanisms involved in cell-to-cell prions propagation are:  
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synapses, tunneling nanotubes (TNTs), extracellular vesicles (EVs), and membrane-free prion 
particles (23) 
 
The deep knowledge collected by scientists involved in prion research paved the way to research 
questions in other fields. Indeed, scientists started observing a certain degree of similarity in the 
behaviour of prions and other proteins involved in, for example, Parkinson’s disease (PD), 
Alzheimer’s disease (AD), and Huntington’s disease (HD). The most significant difference resides 
in the infective nature of the prions. In our current scientific knowledge, prions can be transmitted 
among individuals, and the other abovementioned pathologies cannot. It is always important to 
carefully address the behaviour of the proteins involved in PD, AD, and HD as prion-like, because 
of the profound difference among these diseases that I just highlighted.   
 

2. Protein misfolding diseases  
 

AD, PD, and HD, together with other pathologies, share similarities in their etiology. Indeed, all of 
them are caused by the misfolding of disease-specific proteins: α-synuclein in PD, Tau, and 
Amyloid-beta (Aβ) for AD and mutant Huntingtin (mHTT) in HD. These pathologies, together with 
other pathologies, are collectively called, protein misfolding diseases (PMDs). A collection of studies 
about PMDs revealed that they also share common aspects with prion disease that I will uncover 
in the following paragraphs. 
 

2.1. Spatio-temporal progression of neurodegeneration.  
 
Clinical observations of different stages of neurodegenerative disorders have brought scientists to 
suggest a spatio-temporal progression pattern along with anatomical connections in a disease-
specific fashion. Studies supporting this view have been published on diverse PMDs like AD, PD, 
and HD (24-28). One of the first ones suggesting this in AD was Braak in 1991. In AD, some of the 
first regions affected by the presence of neurofibrillary tangles (together with amyloid plaques are 
AD’s hallmark of pathology) are the hippocampus, the basal nucleus of Meynert, and the brainstem, 
whereas the neocortex is not involved until the disease is advanced, suggesting that the tangles 
spreading follows the native connectivity of the brain (24, 29, 30). As for AD, studies about staging 
in PD-associated neurodegeneration were published. In 2004, Braak and colleagues observed that 
presymptomatic PD patients (stage 1-2) showed Lewy body pathology in the brainstem and in the 
olfactory bulb.  These pathological changes are suggested to occur years before the involvement 
of the substantia nigra (the midbrain region associated with motor dysfunction in Parkinson’s 
disease), only visible in stage 3-4 of the disease scale evaluation. This data suggests that Lewy 
body pathology and PD-associated neurodegeneration, start in specific areas, and progress 
following the anatomical connections of the brain (31, 32). 
HD's most affected brain components are the striatum and the cortical-striatal pathway (33, 34). It 
was shown that various cortical regions undergo thinning already in asymptomatic HD gene carriers 
(28). Recent longitudinal studies have demonstrated significant degeneration of the striatum and 
associated cortico-striatal white matter pathways many years before disease onset (35-38). These 
studies suggest that the cortical pathology in HD follows the native anatomical connection of the 
brain.  
 
Task-free fMRI studies from Zhou and colleagues elaborated a model that supports the spatio-
temporal progression observed in five different neurodegenerative diseases, including AD. They 
identified specific brain regions named “epicenters” where the connectivity profiles mirrored the 
atrophic pattern associated with the analysed neurodegenerative disorders. They also observed 
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that regions with the high total connectional flow and shorter functional path to the epicenter were 
the ones more prone to show higher disease-associated vulnerability (39). 
 
Several molecular mechanisms, already proposed for prions propagation, have been suggested to 
explain how spatio-temporal progression of neurodegeneration occurs in selective neuronal 
populations: 
 

i. “nodal stress” where heavy network traffic determines the onset or the progression of the 
disease (40); 

ii. “trophic failure,” where inter-nodal trophic factor support is undermined by a failure in the 
network connectivity and worsens much faster if collateral trophic sources are missing (41); 

iii. “shared vulnerability,” where the common gene or protein expression gives vulnerability to 
specific brain regions; 

iv. “transneuronal propagation,” where the disease-specific agent propagates along 
functionally connected brain regions, triggering neurodegeneration. 

 
 

2.2. Scientific evidence of prion-like propagation of proteins in PMDs 
 

2.2.1. Prion-like propagation of proteins: essential criteria  
 
To be able to be transmitted in a prion-like fashion, a non-prion protein needs to satisfy four basic 
requirements (26) : 
 

i. The cells need to release the toxic species to the external environment.  
ii. The toxic species need to be able to enter the recipient cell.  
iii. The recipient cells that received the toxic protein need to synthesize the non-aggregated 

form. 
iv. The protein must behave as “seed”: promoting aggregation via recruiting free other soluble 

healthy polypeptide-like chains and fragmenting to boost aggregation. 
 
Several studies observed that misfolded proteins involved in PMDs can cell-to-cell propagate 
following prion-like criteria and likely contribute, in this way, to pathology.  
 

2.2.2. Studies about prion-like propagation of Tau in AD: 
 

• It was observed that exogenous Tau aggregates are internalized by neurons and act like seeds, 
triggering the aggregation of other Tau proteins both in vitro and in vivo (42, 43). 

• Liu and colleagues generated a transgenic mouse expressing the human tau in the entorhinal cortex 
(EC). Signs of tauopathy were observed in subiculum, hippocampal pyramidal neurons, especially 
in CA1, and dentate gyrus granule cells in old transgenic mice (22 months). Therefore, the pathology 
propagate following the anatomical connections, starting from the EC (the epicenter of Tau 
expression) and mimicking the first stages of AD (44). 

• As Liu and colleagues, De Calignon observed that Tau pathology spreads from the epicenter to 
connected brain areas in a transgenic mouse model overexpressing human Tau in the EC. 
Moreover, they reported co-aggregation with the endogenous mouse Tau (45). 

• Wang and colleagues investigated the propagation of Tau in vitro. They established a neuron-to-
neuron model of Tau propagation using a microfluidic device (MFD). The MFD allows you to grow 
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two neuronal populations (a donor and a recipient) separated by microgrooves. They treated the 
donor population with Tau-containing exosomes. They observed the presence of Tau-exosomes 
through the microgrooves and in the recipient neurons, suggesting that Tau can propagate via 
exosomes (46). 

 

2.2.3. Studies about prion-like propagation of α-synuclein in PD:  
 

• Autoptic examination of PD patients revealed the presence of α-synuclein aggregates in a subset 
of the grafted neurons, neurons that they received in transplants years before death. These 
inclusions were characterized, and they observed features typical of the Lewy bodies (47). 

• Murine neural stem cells tagged with GFP and injected in the hippocampus of transgenic mice 
expressing human α-synuclein were positive for α-synuclein-positive inclusion bodies, suggesting 
mouse-to-mouse spreading of the human α-synuclein (48). 

• A single intrastriatal injection of synthetic α-synuclein fibrils was sufficient to trigger α-synuclein cell-
to-cell transmission and PD-like Lewy pathology in anatomically connected regions (49). 

• Another study showed that injected α-synuclein, monomeric and oligomeric, is transferred from the 
olfactory bulb to interconnected brain regions in mice (50). 

• Elfarrash and colleagues used organotypic hippocampal slice preparation from mice to show pre-
formed α-synuclein fibrils propagation upon injection in the dentate gyrus. They found the first 
neuron-to-neuron episode of spreading to CA3 and CA1 after 5 to 7 days post-injection. 14 days 
post-injection, they found Lewy body-like inclusion in CA1. On the contrary, pre-formed α-synuclein 
fibrils injection in α-synuclein knockout mice was not able to trigger aggregation. This shows that 
the aggregation process depends on the presence of endogenous α-synuclein. (51)  

 
2.2.4. Studies about prion-like propagation of mHTT in HD: 

 

• Postmortem tissues of HD patients who received intracerebral allografts of striatal tissues revealed 
the presence of mHTT aggregates approximately 10 years after the transplant. mHTT aggregates 
were observed in the extracellular matrix of the allografts (52). 

• It was observed that HEK293 cells can take up synthesized polyQ aggregates from the medium. 
Once internalized, these mHTT escape to the recipient cell cytoplasm where can trigger aggregation 
of HTT with 25 Q (<35 Q, so below the limit for aggregation). This phenotype was not observed if 
the recipient cell was engineered with other amyloids, different from HTT. This data supports the 
notion that the presence of native like-proteins is essential for prion-like proteins to propagate their 
misfolded structure (53). 

• HTTExon1 was shown to be able to spread i) from R6/2 organotypic brain slices (OTBS) to 
functionally integrated human embryonic stem cells (ESCs) and hiPSCs-derived neurons, ii) in a 
cortico-striatal slice model where R6/2 cortex and wild type striatum were resected from the original 
location and reassembled to form a mixed genotype system, iii) and along the cortical-striatal 
pathway in vivo in mouse. They observed a reduced number of 1° and 2° neurites and cell body 
diameter in human ESC-derived neurons co-cultured with R6/2 OTBS. This phenotype was 
worsening in the presence of mHTT aggregates in the human neurons after 6 weeks of co-culture 
(6). 

• Similarly, Babcock and colleagues observed that the N-terminal fragment of the human Htt gene 
containing exons 1–12 with an expanded polyQ tract of 138 repeats fused to a monomeric red 
fluorescent protein (mRFP) can spread in the Drosophila brain. Indeed, upon injection in the 
olfactory receptor neurons (ORNs), they observed that this fragment can propagate to the synaptic 
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terminals within the antennal lobe where the ORNs are projecting their axons. Over time, 
aggregates were observed in other brain regions, such as in the optic lobe and a pair of large 
neurons on the posterior side of the brain (7). 

• Jeon and colleagues injected human fibroblast or hiPSCs from HD patients (with different polyQ 
lengths) in cerebral ventricles in newborn wild-type mice. At 34 weeks post-injection and onwards, 
mice showed impaired motor behaviour in different tests. 30- and 40-weeks post-injection, they 
reported that mHTT aggregates were found inside the murine striatal neurons, together with the 
observation of striatal neuronal loss, gliosis, and inflammation. Moreover, they showed that the sole 
injection of exosomes carrying mHTT in wild-type mice was enough to trigger HD-like phenotypes 
in mice. In summary, they revealed that human-to-mouse mHTT spreading correlates with 
behavioural and physiological damage (8). 

• In 2017, Kim and colleagues showed cell-to-cell transmission of polyQ aggregates in C.elegans. 
They expressed HTT exon1 with 97Q either in the pharyngeal muscle or neighboring neurons. They 
observed, for the first time, bidirectional spreading of mHTT in C.elegans (54). 

 

In conclusion, clinical observations and several experimental findings suggested that PMDs-specific 
protein can propagate from the source (cell expressing the protein of interest or extracellular 
environment) to a recipient cell and trigger aggregation. The reported scientific evidence supports 
the notion that a prion-like behaviour of PMDs-associated proteins contributes to the propagation 
of the associated pathology to interconnected brain regions or functionally connected cells. 
Moreover, these data show that the presence of the native protein is necessary to observe the 
seeding behaviour of the PMDs-associated proteins. In general, these data suggest that PMDs-
associated proteins satisfy the criteria, that I listed before, to be considered having a prion-like 
behaviour. Like prions in prion diseases, different molecular mechanisms have been suggested to 
explain how the propagation of PMDs-associated proteins likely occurs. 
 

2.2.5. Cellular and molecular mechanisms for prion-like protein transmission  

Potential molecular mechanisms involved in prion-like transmission have been classified into 
different categories:  

i. Free-floating proteins may directly enter the plasma membrane of the recipient cell or can be 
taken up via endocytosis. It was observed that Tau, α-synuclein, and polyQ aggregates can 
enter the cells via the plasma membrane directly from the medium in vitro (43, 48, 53) 

ii. The extracellular vesicles-mediated transmission was shown to be involved in prion-like protein 
transmission. It was shown that exosomes carrying PMDs-specific proteins were able to 
propagate those proteins (8, 46, 55, 56).  

iii. Tunnelling nanotubes (TNTs) that directly connect the cytoplasm of two cells. TNTs are tunnel-
like structures forming between two cells. Different studies reported that Tau, α-synuclein and 
mHTT can propagate via these structures, found in vitro (57, 58) 

iv. Synaptic contacts and synaptic activity may favor spreading. Neuron-to-neuron spreading data 
collected so far suggested that synaptic connections and synaptic activity are taking part and/or 
facilitating this process. In this regard, Calafate and colleagues showed that knocking down the 
expression of a synaptogenic cell adhesion molecule (Nlgn1,2,3) reduced Tau aggregation in 
the recipient cells (59). Moreover, they showed that a sodium channel blocker called 
tetrodotoxin (TTX) reduced the amount of aggregated Tau in the recipient neurons, suggesting 
that synaptic activity play a major role in favoring spreading. Elfarrash and colleagues showed 
that the loss of axonal connectivity between DG and CA3, upon surgical cut post pre-formed 
fibrils injection in organotypic hippocampal slices, was sufficient to avoid the formation of 
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aggregates distal to the lesion, suggesting that synaptic connections are necessary for neuron-
to-neuron spreading (51). It was also observed that Tau-containing exosomes release was 
increased upon neuronal depolarization with high KCl treatment. This data suggests that 
synaptic activity might favor neuron-to-neuron spreading via exosome release. Moreover, the 
same group observed that Tau spreading was occurring only in the presence of synaptic 
contacts among neurons seeded in MFD. They seeded mature donor neurons [25 or 18 days 
in vitro (DIV)] in the donor chamber of MFD and immature recipient neurons (DIV4) in the 
recipient chamber. They treated the mature donor neurons with Tau-containing exosomes. No 
synaptic contact was found in this case, and no Tau spreading was observed (46). It was also 
observed that mHTT transneuronal spreading was reduced upon treatment with botulinum 
neurotoxin, a toxin known to cleave components of the SNARE complex involved in synaptic 
vesicles release. This data suggests the involvement of synaptic machinery for neuron-to-
neuron mHTT spreading (6). Babcock and colleagues also observed that mHTT spreading was 
reduced upon NSF1 knockdown, a protein involved in disassembly and recycling of SNARE 
complexes for synaptic transmission (7). Moreover, they observed that interfering with dynamin 
function, a protein involved in the endocytic-mediated uptake pathway, reduced propagation of 
mHTT aggregates (7). All these previous studies together suggest that PMDs associated 
proteins are propagating in a prion-like fashion, exploiting the synaptic machinery, and synaptic 
activity is likely favoring in the process.  

Synaptic connections are the foundations of inter-neuronal communication in the CNS, thus 
enabling complex behaviours. Similarly, neuromuscular junctions (NMJs) are a special type of 
synapsis that allow communication between motor neurons (MN) and the skeletal muscle fibers. It 
was previously described that prions can propagate from the brain stem along cranial nerves to the 
skeletal muscle of the tongue (20). Besides, Kim and colleagues in 2017 observed that HTTEx1Q97 
was able to spread from the neurons to the pharyngeal muscles (54). These previous studies 
suggest that misfolded disease propagation might not strictly correlate with brain areas' 
degeneration only. Still, it could be a more general mechanism participating in the disease 
progression of peripheral tissues. Interestingly, HD patients show a plethora of peripheral 
symptoms. Among these, skeletal muscles are severely affected.  

3. Huntington’s disease (HD) 
 

Now on, I will focus on HD. Firstly, I will introduce the disease from a general point of view, mainly 
its historical background, symptoms, genetic mutation, and effect at the protein level. Then I will 
give an overview of brain pathology. Lastly, I will concentrate on skeletal muscle pathology 
considering tissue, cellular and molecular dysfunctional aspects reported in previous literature. 

3.1. General information and history about HD  
 

HD is an autosomal dominant neurodegenerative disease characterized by disabling movement 
disorders, behavioural disturbances, and decay of intellectual functions. HD owes its name to the 
first accurate description carried out in 1872 by the American doctor George Huntington. This 
pathology is also called "Chorea," a Greek term that indicates a dance, identifying the involuntary 
movements of the limbs, face, and trunk typical for HD patients. It affects about 2.3 people per 
100,000 worldwide. The onset of the disease is variable, but usually, the symptoms appear around 
the age of 35-40 and progressively worsen until death, on average 15-20 years after the first clinical 
symptoms (60). 
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3.2. Symptoms 
 

The primary symptomatic manifestation of HD is chorea, a series of involuntary movements of the 
limbs, trunk, and face, resembling a dance. These phenomena lead to dysarthria, dysphagia, and 
loss of balance. To such disabling neurological-motor symptoms, also cognitive and behavioural 
alterations are observed. Rosenberg and collaborators conducted neuropsychological tests and 
showed that HD subjects present loss of initiative, spontaneity, inability to concentrate, and 
decreased communicativeness (61). Patients were often described as impulsive, irresponsible, and 
emotional, with difficulty organizing their daily lives (62). In some cases, they may develop psychotic 
symptoms reminiscent of schizophrenia (63). 

3.3. The HTT Gene 
 

HD is caused by the unstable expansion of the CAG sequence in the Huntingtin gene. As mentioned 
before, the pathology was described first at the end of the 19th century, but the gene was just 
identified 30 years ago. In 1993, a candidate region for the Huntington gene was identified. A group 
of 58 researchers belonging to Huntington's Disease Collaborative Research Group was successful 
in identifying the gene and the mutation responsible for the disease (64). The gene, present in the 
short arm of chromosome 4 (IT-15), is composed of 67 exons covering a region of 167kb and 
encodes the protein called HTT. At the 5' end of the gene, there is a repeated CAG trinucleotide 
sequence encoding the amino acid glutamine (Q) in the first exon. This repetition constitutes a 
polymorphic site in the population. 

Namely, the number of repetitions varies from individual to individual. Healthy individuals show a 
number of repetitions between 6 and 35 triplets, while HD patients have the polyQ tract consisting 
of more than 35 CAGs. Interestingly, the length of the expanded CAG repeats has some relation to 
the age of symptomatic onset. CAG repeat expansions of around 65 or more likely to result in 
childhood or adolescence onset (65). Repeats up to 265 CAGs have been reported in children 
affected with HD (66). Patients with a large number of repeats tend to develop symptoms earlier. 
CAG repeats larger than 60 or greater are often associated with childhood or adolescence disease 
onset (juvenile HD). Early-onset HD is associated with more rapid disease progression and 
increased severity of the symptoms. Some individuals show no symptoms but carry the 
“intermediate-sized” CAG repeats ranging from ∼27 to 35 (67).  They are at risk of transmitting the 
disease to their children because of a phenomenon known as “genetic anticipation” (68). This 
phenomenon is because the expanded CAG repeats are unstable and tend to expand through 
generations, likely via slippage of the polymerase during replication (69). 

Humans and rodents have two HTT mRNAs that are generated by alternative cleavage and 
polyadenylation of the primary transcript. This results in two variants: a long and a short 3-
untranslated region (UTR). These two variants differ for 3 kb. The long-UTR transcript is 
predominantly expressed in the brain in both organisms, while the short-UTR transcript is more 
widely expressed (70, 71). Indeed, it is known that HTT gene is expressed ubiquitously, with the 
highest levels found in the cerebral cortex. The human protein atlas (https://www.proteinatlas.org) 
summarized the HTT RNA expression levels among different organs. They combined three datasets 
and gave an overview of the values of interest in a consensus dataset. Consensus normalized 
expression (NX) values were: 32.3 NX for the cerebral cortex, 18.3 NX for basal ganglia, 10.4 NX 
for the spinal cord, and 19.1 NX for skeletal muscle. The protein expression showed that the 
cerebral cortex, basal ganglia, and spinal cord showed either HTT protein expression as healthy, 
mutated (in HD samples), or in aggregated form (72-74). Interestingly, skeletal muscles did not 
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show HTT protein expression (https://www.proteinatlas.org), but few studies observed HTT 
inclusions in human muscles or derived samples and HD mouse models (10, 11, 75). 

3.4. HTT protein function  
 

HTT is associated with subcellular organelles, including the nucleus, endoplasmic reticulum, Golgi 
complex, and mitochondrion (76-80). HTT was found within neurites and at synapses, where it 
associates with clathrin-coated vesicles, endosomal compartments or caveolae, as well as 
microtubules (73, 76, 77, 81). Its widespread subcellular localization does not facilitate the 
characterization of its function at the cellular level. 

Studies about HTT interactors helped in the identification of normal HTT function. It was found that 
HTT interacts with huntingtin-associated protein1 (HAP1), involved in intracellular transport (82). 
Another HTT interactor in huntingtin-interacting protein1 (HIP1) is implicated in cytoskeleton 
assembly and endocytosis (82-84). HTT is also known to interact with a protein of the synaptic 
complex as protein kinase C and casein kinase substrate in neurons 1 (PACSIN-1) and postsynaptic 
density95 (PSD95), showing its participation in the regulation of synaptic activity (85). Many 
transcription factors can bind HTT, suggesting its involvement in the control of gene expression. 
For example, HTT promotes brain-derived neurotrophic factor (BDNF) transcription via binding to 
its transcription repressor complex formed by repressor element-1 transcription factor/neuron-
restrictive silencer factor (REST/NRSF) in the cytoplasm (86). HTT is also involved in NeuroD 
expression, a helix-loop-helix transcription factor involved in the dentate gyrus and pancreatic islets 
development (87). 

Just after the discovery of the gene, HTT was shown to be involved in early embryonic development. 
HTT knock-out mice (Hdh - / -) are embryonically lethal, pups died before day 8.5, preceding 
gastrulation and nervous system formation (88-90). A 50% reduction in HTT levels, on the other 
hand, causes defects in the epiblast, the structure from which the neural tube derives, and 
malformations of the cortex and striatum (91, 92) (White et al., 1997; Auerbach et al., 2001). In 
developing zebrafish, morpholinos against HTT caused defects in the formation of the telencephalic 
progenitor (93). It has been observed that mHTT can compensate for the absence of the 
endogenous one in knock-out mice, determining the survival of embryos (94). These data indicate 
that HTT participates in the formation of the central nervous system in the phases following 
gastrulation, and these functions are independent of the length of the polyQ tract.  

The opposite approach, meaning HTT overexpression, lead to demonstrate its antiapoptotic role.  
A proposed mechanism to explain this HTT role involves its interaction with caspase 3. Because of 
this interaction, caspase-3 activity is inhibited (95). Further studies showed that HTT overexpression 
in YAC18 (mouse model expressing healthy human HTT) was protective against excitotoxic-
dependent apoptosis (96). Moreover, HTT overexpression protects in a dose-dependent manner 
from ischemic injury (97).  

3.5. HTT protein structure & aggregation 
 

HTT has a secondary structure, mainly α-helical, and contains three major domains, for a total 
molecular weight of 348kda. The HTT domains correspond to the amino-terminal, the carboxy-
terminal, and a smaller bridge domain.  

The main interest of the scientific community has been the amino-terminal domain of HTT, where 
the polyQ sequence is located. The presence of the expanded polyQ has been associated with 
cellular inclusions, either nuclear or cytoplasmatic. These structures were detected in HD patients’ 
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brain and mice models and, since then, considered as a hallmark of the HD pathology (98). Di Figlia 
and colleagues reported that 3-6% of the cortical neurons have aggregates in adult HD patients and 
that this percentage goes up to 38-52% in the case of juvenile HD syndrome. Aggregates were also 
observed in the medium spiny neurons (MSNs) in the striatum but to a lesser extent than cortex 
samples (99). 

Interestingly, it was shown that a different localization of the aggregates coincides with a different 
composition. Indeed, Martindale and colleagues showed the expression of a truncated form of 
mHTT (up to amino acid 548) and the full-length HTT form perinuclear aggregates (100). In contrast, 
a small huntingtin fragment corresponding to exon 1 (40 amino acids and the polyQ tract) was 
shown to form nuclear aggregates in vitro and in vivo (100, 101). Aggregate formation frequency is 
higher in the presence of short N-terminal HTT fragments (less than 224 amino acids and the polyQ) 
compare to longer mHTT fragments (more than 427 amino acids and the polyQ) (102). It is also 
known that the HTTExon1 with an expanded polyQ in mice recapitulates many aspects of the HD 
pathology (103). Moreover, transgenic mice expressing truncated forms of the mHTT show 
pathological signs earlier than mice expressing the full-length HTT, and the exhibited phenotypes 
are more aggressive (103, 104). Nuclear aggregates appear at early stages, whereas mice 
expressing the full-length HTT display nuclear aggregation only at later stages of disease 
progression (60, 105). Earlier works suggested two mechanisms for HTTEx1 fragments generation. 
Previous studies showed that HTTExon1 fragments are generated with aberrant mRNA splicing in 
HD mice models and HD patients’ brains, particularly those with early-onset disease (106, 107). 
Other studies suggested that HTTEx1 fragments are generated via proteolysis (108).  

In summary, several evidence lines strongly suggest that the N-terminal, where the Exon1 carrying 
the polyQ resides, plays a pivotal role in HD pathology. What remains still elusive is the mechanism 
by which these cellular inclusions are causing neurodegeneration.  

Extensive research has been done to elucidate the steps of the kinetic process involved in mHTT 
aggregation, and different pathways have been proposed. The starting point of the aggregation 
process is the misfolding of the structure that the mHTT fragments undergo. This event leads to 
several downstream steps in the aggregation process. 

One of the most accredited pathways involves an intermediate stage where unstable misfolded HTT 
fragments (monomers) associate in oligomers. With the variable size and degree of stability, 
oligomeric intermediates will undergo a structural rearrangement forming β-sheets rich fibrils. These 
structures will then form aggregates and inclusions, typically associated with HD pathology. Other 
studies suggested that misfolded HTT fragments can form annular aggregates, amorphous 
aggregates, or fibrils without the presence of the oligomeric stage (reviewed in (109)). Different 
studies showed that the aggregation process is influenced by the presence of an expanded polyQ 
and the Exon1 flanking domains. The polyQ is preceded by the N17 domain and followed by 2 
polyproline (polyP) domains.  

N17 domain comprises the 17 amino acids located before the polyQ. It was shown that the N17 
sequence played a role in promoting Exon1 aggregation. Indeed, it was observed that the N17 
functions as an anchor for the initiation step during HTT aggregation via the oligomeric 
pathway(109, 110). N17 absence reduced the presence of polyQ peptides oligomers intermediates, 
favouring the fibrillar aggregates formation (111). N17 was also revealed to be critical for association 
with lipid membranes (109, 112).  

Later studies showed that the polyP trait is involved in the stabilization of the polyQ. For example, 
the polyP flanking sequences have been proven to be an effective target for manipulating the 
aggregation pathway. Indeed, it was shown that polyQ region flanked by polyPs acquired a β-sheet 
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conformation with less probability than the polyQ region alone, indicating a protective effect of the 
polyP regions against Exon1 aggregation (113, 114). Moreover, previous studies showed that polyP 
domain interacts with vesicle trafficking proteins, and it may play a role in mHTT trafficking and 
sequestration into aggregates (115). 

Interestingly, the polyQ is relatively conserved in the deuterostome branch as a comparative 
analysis of the HTT homolog sequences showed (116). Notably, the appearance of the polyQ dates 
to sea urchin, where a NHQQ sequence is present and considered biochemically comparable to 
the four glutamines (QQQQ) found in fish, amphibians, and birds. The polyQ has then expanded 
gradually in mammals. On the contrary, polyP domains are only found in higher vertebrates, 
suggesting that they were a late acquisition in HTT evolution compared to the polyQ. Also, these 
evolutionary studies suggest that the polyP function might reside in the stabilization of the polyQ, 
and indeed it has appeared in concomitance with longer polyQ stretches. 

In conclusion, HTT aggregation is a very complex process that many factors can influence. 
However, a lot has still to be done to understand the role of aggregates in HD clearly. Two principal 
schools of thinking emerged about the nature of the aggregates, trying to answer the following 
question: are they toxic or protective? 

Aggregation is associated with disease progression in humans and mice models and hence they 
acquired a negative connotation (98, 103). Moreover, inclusion formation correlated with cell death 
in cultured cells (102, 117). There are also studies showing that nuclear HTT aggregates sequester 
transcription factors influencing the cell's translation mechanism of interest (118). Moreover, 
aggregates were shown to affect axonal transport (119, 120).  

On the other side, several studies showed that aggregates are a way to sequester toxic fragments 
and protect the cell health (121). Studies have also shown that aggregates are not sufficient to 
trigger brain pathology in vivo (104). 

The role of aggregates has been debated for decades, and a lot of investigation has still to be done 
to clarify their function in HD. 

4. Brain pathology in HD 
 

A prominent cell loss and atrophy in the caudate and putamen, nuclei forming the striatum, is the 
major sign of brain pathology in HD (5, 122).  A grading system was developed to evaluate the 
severity of HD. The system evaluates the pattern of striatal degeneration in the post-mortem tissue 
and classifies it in 5 different grades: from 0 (indistinguishable from normal brains) to 4 (severe 
atrophy of the striatum and 95% neuronal loss). Brain pathology is also associated with laminar 
thinning and white matter loss in the cerebral cortex (28). Other structures are affected in the late 
stages of the disease, such as the globus pallidus, thalamus, hypothalamus, subthalamic nucleus 
(STN), and substantia nigra (123, 124). At the striatal level, degeneration was observed mainly for 
GABAergic medium-sized spiny neurons (MSNs), whereas medium-sized aspiny cholinergic 
interneurons are relatively spared (4). 90–95% of striatal neurons are GABAergic projection MSNs 
and receive glutamatergic inputs primarily from the cortex and specific thalamic nuclei. Two striatal 
projection pathways were identified. Each is distinguishable by a preferential expression of specific 
dopamine (DA) receptors and neuropeptides (125). MSNs expressing DA D1 receptors, substance 
P, and dynorphin are forming the direct pathway. It projects monosynaptically to the substantia nigra 
pars reticulata and the internal segment of the globus pallidus. MSNs that express D2 receptor, 
adenosine A2A receptors, and enkephalin form to the indirect pathway. It projects to the external 
segment of the globus pallidus (126). 
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These two pathways become dysfunctional during HD giving arise to the choreic movements 
typically observed in HD patients. The traditional view wants hyperkinetic choreic movement in the 
early stages to result from the initial dysfunction of D2-enriched indirect pathway MSNs. In contrast, 
hypokinesia during the late stages results from other defects in D1-enriched direct pathway MSNs 
(127). Recently, this view has been challenged. Data obtained in HD mouse model showed that in 
the early hyperkinetic stage (1.5 months of age), more excitatory inputs reach the MSNs of the 
direct pathway than in control animals. Strikingly, indirect pathway MSNs are not as affected. In 
contrast, in the late hypokinetic stage (12 months of age), direct and indirect receive fewer inputs 
compared to controls (128). 
 
Although mutant HTT is widely expressed in the brain and body, primary neuropathology occurs in 
the striatum, as we just described, and in the cerebral cortex. Glutamatergic efferences of cortical 
pyramidal neurons (CPNs) project to the striatum. CPNs from layers III and V are the primary input 
to the basal ganglia but also to the brain stem and the spinal cord. A loss of CPNs was observed in 
HD patients. Indeed, HD post-mortem tissue has a 30% reduction in CPNs (129-131). Therefore, 
the regulation and function of the cortical-striatal pathway are compromised. Abnormal 
electrophysiological properties, dysfunctional network activity, and interneurons properties have 
been associated with the dysregulation of the cortical-striatal pathway (3)  
 
Numerous possible mechanisms leading to neurodegeneration in HD have been proposed. A list of 
putative mechanisms comprises: excitotoxicity and cortical dysfunction, defects in proteolysis, 
dysfunction of the autophagic pathway, BDNF loss, transcriptional deregulation (60). 
 

5. Whole-body pathology in HD 
 

As I already mentioned, HTT is expressed ubiquitously in the body (74, 132, 133). This expression 
pattern suggested that HD is not only a brain pathology. Indeed, many research studies pointed out 
the importance of considering HD as a whole-body syndrome and treating it consequently (14, 134, 
135). HD patients show several non-neurological features as impaired glucose tolerance due to 
pancreas dysfunction (136), higher rate cardiac failure (137), reduced testosterone levels (but no 
infertility) (138), osteoporosis(139), transcriptional and functional alterations in blood cells  (140),  
weight loss (141). Interestingly, as the hallmark of HD neuropathology, several peripheral tissues 
revealed the presence of mHTT aggregates (142, 143).  

5.1. Skeletal muscle pathology in HD 
 

Among the peripheral tissues, skeletal muscles are heavily affected. As well as other peripheral 
tissues, muscular samples from HD patients showed granular deposits, HTT inclusions were 
detected in human muscles, and HD mouse models (10, 11, 75, 143). Ciammola and colleagues 
observed that myoblasts from pre-symptomatic and symptomatic HD patients showed a 
homogenous HTT staining in the cytosol, whereas HTT immunoreactive inclusions were found only 
in the cytosol of HD patients’ myotubes (11). HTT positive aggregates were mainly located in the 
perinuclear zone and the periphery of the muscle fibers in the R6/2 mouse model (144, 145). 
Nuclear inclusions were also observed in myocytes from 22 months of age HdhQ150/Q150 (142). 
Interestingly, nuclear inclusions started to be observed at 6 weeks in R6/2, and their number 
increased with age, meaning with disease progression (10).  

Clinical observations revealed that HD patients suffer from reduced muscle strength, muscular 
weakness, and progressive muscle wasting (13, 14, 146). R6/2 mice showed reduced muscle 
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strength as well (147). Interestingly, Kosinski and colleagues reported a case of a pre-symptomatic 
HD marathon runner who developed the first signs of muscle pain, fatigue, and mild myopathy years 
before appearance of other neurological symptoms. At more advanced stages of the disease 
progression, a muscle biopsy coming from this patient displayed isolated degenerated muscle fibers 
(13).  

Another typical skeletal muscle sign of pathology correlating with HD is muscle atrophy, and it was 
mainly observed in HD mice models. Muscle atrophy was observed in different HD mice models at 
different stages of the disease. R6/1 mice showed reduced muscle fibers diameter at 15 months 
(143). R6/2 mice, the HD mouse model is known for showing a fast HD progression, showed muscle 
atrophy already at 6 weeks and worsens with disease progression (143). This correlates with the 
severity of the disease induced in R6/1 and R6/2: R6/2 shows a faster and more aggressive 
pathology compared to R6/1. Interestingly, Ribchester and colleagues showed that neuromuscular 
junctions’ abnormalities were observed only in late-stage R6/2 mice, suggesting that atrophy 
observed already at 6 weeks is not correlating with abnormal NMJs functionality that appears only 
later.  In detail, anomalies in the end plates and motor unit responsiveness were found only in 5% 
of the elements analysed in different muscles and became more pronounced (20%) only at 18 
weeks that is a very late stage of disease progression for R6/2 estimated to be around 50% survival 
rate at 16 weeks (10). Rozas and colleagues showed that R6/1 mice presented enhanced 
neurotransmitter release at the NMJs without signs of terminal nerve degeneration (148). Moreover, 
Rozas and colleagues observed that only R6/1 mice expressed high levels of HTT at the NMJs 
(though not in a homogenously distributed fashion). In parallel, they noticed that HTT expression 
was correlating with increased synaptobrevin 1/VAMP1, synaptobrevin 2/VAMP2 and CSP-α, and 
the SNARE protein SNAP-2, three well-known synaptic vesicles proteins (148). In the same way as 
Rozas work, Khedraki and colleagues did not observe denervation in R6/2 but measured depressed 
synaptic transmission and reduced vesicles released sites instead (149). They suggested that this 
mechanism could counterbalance hyperexcitability observed in R6/2 muscles (150, 151). 

It is still matter of discussion among researchers whether muscle pathology is a primary muscular 
defect or a consequence of nerve degeneration in HD. However, previous reports showed that 
muscle HD-related pathology occurs without signs of denervation or these are occurring very late 
in relation to the HD mouse model life span (10, 148). 

5.2. Muscle pathology at the molecular level 
 

5.2.1. Mitochondria 
 

Mitochondria have a fundamental role in preserving metabolic homeostasis and cell survival. 
Mitochondria undergo fusion and fission processes. Mitochondrial fusion helps the exchange of 
metabolites, proteins, and DNA between two mitochondria, for repairing each other. Mitochondrial 
fission allows the segregation of damaged mitochondria from the healthy ones. Mitochondrial fusion 
is regulated by two proteins called mitofusins 1 and 2 (MFN1 and MFN2), located at the outer 
mitochondrial membrane, and by optic atrophy 1 (OPA1) located at the inner membrane. The fission 
process is mediated by the GTPase dynamin-related protein-1 (Drp-1) (152).  

Drp-1 was found to form a complex with mHTT and HTT wild-type and a more stable one with mHTT 
though in HD patients and mouse brain and lymphoblasts (153-155). Moreover, increased 
mitochondria fragmentation correlated with increased Drp-1 enzymatic activity. R6/2 quadriceps 
showed higher expression of Drp-1 and reduced levels of MFN2 (a pro-fusion factor) (156, 157). 
HD patients' muscles showed mitochondrial alterations even before the onset of the muscle 
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symptoms (158). Comparing HD patients, homozygous rather than heterozygous deltoid muscle 
showed more pronounced mitochondria morphology alterations (159). 

Deficits in energy metabolism were reported too. Previous literature revealed that muscles from HD 
patients show a reduction in the phosphocreatine to inorganic phosphate ratio (160). A decreased 
maximal rate of ATP production was also observed in symptomatic patients. Interestingly, a reduced 
ATP/ (phosphocreatine + inorganic phosphate) ratio was found in both pre-symptomatic and 
symptomatic HD patients (12). This data suggested that impairment in the muscle energetic 
metabolism of HD patients could be a first sign of muscle pathology observable in HD. HD mice 
models recapitulated some HD-associated phenotypes. For example, NLS-N171-82Q HD mice 
showed reduced levels of ATP at 26 weeks of age (161). R6/2 and HdhQ150 knock-in mice showed 
a reduced phosphocreatine/creatine ratio in the extensor digitorum longus, tibialis anterior, and 
soleus muscles (162). 

Energy metabolism impairment and alterations of the mitochondrial structure are usually coupled to 
functional anomalies of oxidative phosphorylation. Indeed, complex I, complex II-III activity showed 
a reduction in HD patients’ muscles (158, 163). Normal complex I and III activities were also found, 
but a significant reduction in complex IV activity was measured (13). Pre-symptomatic HD patients’ 
muscles did not show any impairment in the mitochondrial electron transport chain (164). Similarly, 
results on muscle coming from HD mice models revealed no change in the mitochondrial electron 
transport chain activity or a reduction in activity for complex IV and/or I (156, 165, 166). Differences 
in the methodology, analysed muscle, and disease progression stage could have created a bias in 
these studies.  

5.2.2. Gene expression  
 

Once again, similarities have been found in phenotypes associated with HD in the brain and muscle. 
One of the first comparative studies about gene expression in HD compared brain and skeletal 
muscles samples finding interesting results. They found that, as in brain, mRNAs involved in cellular 
stress response transprotein (e.g. ubiquitin-conjugating enzymes and multiple DNA-repair 
enzymes), metabolic enzymes (e.g. creatine kinase, enolase and aldolase) and signal transduction 
molecules (e.g. phosphatidylinositol glycan, cAMP-specific phosphodiesterase and Neu-associated 
kinase), were increased in muscle, too (167). 

A few years later, Strand and colleagues focused their gene expression study on HD muscles, 
comparing HD patients and HD mice samples (168). They found that the HD samples showed a 
reduced glycolytic enzyme and ‘fast’ myofibrillar mRNAs in mice and humans. In contrast, increased 
expression was found for lipid metabolism and ‘slow’ myofibrillar mRNAs. This observation is in line 
with other studies where a fast-to-slow muscle fibers transition was observed (169). 

Other cellular pathways are affected by gene transcription deregulation in HD muscles. For 
example, the apoptotic pathway is affected by altered transcription. R6/2 and HdhQ175 skeletal 
muscles showed upregulation in the genes encoding for caspases 3 and 8 (170). Caspase 8 
transcripts were found to be highly expressed also in several muscles from the R6/2 and HdhQ150 
knock-in mice (162). Moreover, not only caspase transcription is affected but also their activity. 
Indeed, in the hindlimb muscle from 12 months old YAC128 and in 12 weeks old R6/2 mice showed 
increased caspase-6 activity. This data correlates with the observation done in post-mortem muscle 
tissues from HD patients where an increased fragmentation of Lamin-A was observed, a known 
Caspase 6 substrate (171). 
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Interestingly, it was shown that R6/2 skeletal muscle show hyperexcitability due to alterations in 
gene expression involved in the regulation of the membrane potential of muscle fibers, namely CIC-
1and Kir2.1 channel. In detail, they observed a reduced expression of the ClC-1 channel, due to 
aberrant splicing and downregulation of its mRNA levels. Equally, the mRNA levels of Kir2.1, Kv1.5, 
and Kv3.4 K+ channels were significantly reduced (150, 151). 

Alteration of gene expression levels was also found in genes involved in skeletal muscle 
differentiation. Luthi-Carter and colleagues reported that genes involved in terminal muscle 
differentiation were expressed to a lesser extent in R6/2 mice than wild-type controls (167). 
Transcriptomics data revealed that muscles cells derived from HD human embryonic stem cell lines, 
did not show any differences in the expression levels of genes involved in different stages of muscle 
differentiation (172). It was described that HD myoblast was proliferating as the control ones, but 
their differentiation process was slower than the controls (11). On the contrary, it was observed that 
myoblasts from R6/2 were faster in differentiation compared to wild-type (157). A common 
conclusion has not been found, so it is not yet clear if mutant HTT affects myotubes differentiation. 
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HYPOTHESIS 
 

Conventionally, HD research focused on neurological symptoms and brain pathology. HD 
pathophysiology is constituted by a plethora of cellular and molecular mechanisms whose precise 
role in pathogenesis has not yet been fully elucidated. Most of those mechanisms are associated 
with the autonomous expression of mutant Huntingtin (mHTT). Recently, new studies showed that 
mHTT can play a role in a non-cell-autonomous way. Indeed, it was observed that mHTT can 
propagate among neurons via synapsis in a mouse-to-human context (and vice versa) and in 
drosophila (6-8). Moreover, it was shown that mHTT can form aggregates in the recipient cells and 
affect their health (6). Different mechanisms have been proposed to take part in transneuronal 
spreading of mHTT. Among these, the synaptic vesicle fusion machinery seems to play a role in 
favouring this phenomenon because its impairment affects transneuronal spreading efficiency (6, 
7). Interestingly, HTT is expressed in the brain and throughout the body (74, 132, 133). Indeed, HD 
was shown to be associated with abnormalities in peripheral tissues, too (14, 134). Among the 
peripheral tissues, muscles are affected during the disease (14). mHTT aggregates have been 
found in skeletal muscle tissues of HD mouse models and human muscles (10, 11, 75). In the light 
of previous findings, we hypothesized that the synaptic cross-talk between neurons and muscles 
given by the neuromuscular endplate junctions (NMJs) could be a possible route for mHTT to 
escape the nervous system towards the periphery and eventually contribute to muscle pathology in 
HD patients. 
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AIM 
 

The main aim of my PhD thesis was to establish a new in vitro model to reveal whether mHTT can 
propagate across the NMJs and, via this route, can trigger non-cell-autonomous pathophysiological 
changes in the myotubes. My PhD project was structured as a collaborative project among two 
laboratories. The laboratories involved were the one led by my PhD supervisor Prof. Dr. Eline 
Pecho-Vrieseling at the department of Biomedicine (DBM) in the University of Basel and the group 
managed by Dr. Matthias Müller at Novartis Institute for Biomedical Research (NIBR) in Basel. The 
expertise gained in both the university and pharmaceutical company gave me the chance to learn 
and develop my project. You will read the results of this collaboration in the following chapters, 
forming my PhD dissertation. Chapter One describes the neuromuscular co-culture methodology 
that is at the base of the work reported in the next chapters. This chapter is also part of a manuscript 
in preparation. Chapter Two describes the hiPSCs lines we generated and the groundwork 
necessary to obtain the main scientific findings we reported in the following chapter. Chapter Three 
is the manuscript we uploaded in Biorxiv on the 29th of July 2021 and summarizes our major findings 
regarding trans-neuromuscular spreading of mHTT. Chapter Four comprises supplementary data 
we obtained intending to improve the neuromuscular co-culture in vitro system. 
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RESULTS 
 

6. CHAPTER ONE 
 

6.1. hiPSCs as a tool to study NMJs. 
 

After the publication of the Yamanaka team’s work about the fibroblast reprogramming to induced 
pluripotent stem cells (iPSCs), the scientific community quickly understood the potentiality of this 
tool (173, 174). The scientific effort devoted to this field of research has been increasing year by 
year. This finding brought the scientists to develop many protocols to differentiate human iPSCs 
(hiPSCs) in a large variety of cell types, including different neuronal subtypes (i.e., motor neurons, 
(MN)) and myotubes. To obtain cells with MN- and muscular-like phenotypes, scientists established 
differentiation protocols using mainly two different approaches: one based on treatments with 
growth factors/small molecules, or one based on key transcription factor (TF) overexpression. 
Growth factor-driven differentiation protocols have the disadvantage that they take a very long time, 
hence very expensive. Many protocols to differentiate MN have been developed, and many of them 
can last up to 55-75 days (175-180). Other labs obtain MN via overexpression of key TF involved 
in MNs specification. For example, Neurogenin2 (Ngn2) is a proneural basic helix–loop–helix 
(bHLH) transcription factor. Ngn2 is involved in cortical differentiation and MN specification. It was 
previously shown that the unbalance between Ngn2 and Olig2 protein levels is a crucial event for 
cell cycle exit and motor neuron lineage commitment. In detail, Ngn2 stimulates HB9, along with 
the LIM homeobox gene Isl1 and LIM homeobox 3 (Lhx3), suppressing interneuron fate while 
promoting the motor neuron specification (181). Knowing Ngn2 role, Thoma and colleagues further 
investigated its potential and showed that ectopic Ngn2 expression was sufficient to induce mouse 
embryonic stem cells differentiation in mature neurons (182). One year later, Zhang and colleagues 
showed that NGN2 overexpression was a valid approach to obtain functional neurons in vitro, 
starting from human ESC or iPSC (183). In 2013, Mazzoni and colleagues showed that Ngn2 and 
Islet 1 and Lhx3 expression successfully drive differentiation to MN phenotype. Instead, Liu and 
colleagues converted human fibroblast into cholinergic neurons with MN-like features using NGN2 
only and two small molecules, forskolin and dorsomorphin (184). 

A similar approach was applied to obtain myotubes in vitro. For example, Chal and colleagues 
managed to get human pluripotent stem cells (PSCs)-derived myocytes via the addition of small 
molecules (185). Nevertheless, a widely used strategy was key factors overexpression as well 
(186). Key factor overexpression to obtain PSCs-derived myotubes often involved MyoD. MyoD, 
also known as myoblast determination protein1, is a skeletal bHLH transcription factor activated in 
early development. It promotes myogenesis supporting the muscle lineage commitment. It interacts 
with Myf5, myogenin, and MRF4 (187). MyoD and Myf5 are known to have a redundant role. Mice 
harbouring single mutations of either MyoD or Myf5 were viable and did not have overt muscle 
phenotypes. This data suggested that MyoD and Myf5 have considerably overlapping roles (188, 
189). MyoD, however, was strikingly more effective than Myf5 at inducing differentiation-phase 
target genes (190). For these reasons, MyoD was extensively used to force differentiation of PSCs, 
leading towards the successful formation of cells with features typical of the skeletal muscle lineage 
in vitro (186, 191, 192). 

Successful generation of hiPSCs-derived MNs and myotubes paved the way to establishing more 
sophisticated cell culture systems where the two populations were able to form functional NMJs in 
vitro. Indeed, the NMJs had been a very extensively studied synapsis because of their large size 
and accessibility compared to the synapsis located in the brain. Furthermore, NMJs malfunctions 
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are at the basis of many human pathologies as congenital myasthenic syndrome or myasthenia 
gravis (193). Therefore, establishing in vitro tools to understand further the normal and pathological 
development of the NMJs has been essential in the last years. Neuromuscular co-culture protocols 
to obtain NMJs in vitro have been reported previously. hiPSC-derived NMJs can be obtained with 
the implication of growth factors and small molecules (194-197). On the other side, Demestre and 
colleagues generated NMJs in vitro upon co-culture of sorted PAX 7+ hiPSC-derived myotubes and 
hiPSCs-derived (without TFs overexpression) or primary rat MNs (198). Our study integrates in the 
current literature with a new approach where both hiPSCs populations involved in the co-culture 
had been genetically modified to promote and speed up their differentiation to the cell type of 
interest. Specifically, NGN2 and MYOD were the transcription factors selected to obtain isogenic 
hiPSCs-derived MNs and hiPSCs-derived myotubes, respectively. As described in the following 
paragraphs, the combination in a co-culture system led to the formation of a functional 
neuromuscular system where bungarotoxin-sensitive NMJs were formed. Moreover, being a fast 
and user-friendly protocol made it a suitable candidate for application in automated environments 
and drug screening studies.  

6.2. A 2-steps protocol to mimic NMJs establishment in vitro. 
 

To generate NMJs in vitro, we established a protocol where hiPSC-derived MNs and hiPSC-derived 
myotubes were differentiated independently and then co-culture together following what we defined 
as a 2-steps protocol. The two cell lines were genetically modified to express NGN2 or MYOD under 
the control of a Tet-On system. Indeed, the first step of the protocol included doxycycline (Dox) 
treatment of 3 days to activate the transgene expression carried by the two hiPSC populations. 
Upon Dox treatment, we obtained hiPSC-derived induced neurons day3 (iND3) from hiPSCs-NGN2 
in an EGF, FGF supplemented medium as previously described (199) (Fig. 1a). Dox was applied to 
hiPSCs-MYOD, as well, generating hiPSC-derived induced myoblasts day 3 (iMD3) (Fig. 1a). Upon 
replating, iMD3 were treated with a 3 days FGF-driven amplification phase because FGF signaling 
is known to be involved in myoblast proliferation (200). In the last step of myotubes formation, we 
applied molecules known to promote myotubes fusion and differentiation. Indeed, we supplemented 
the medium with CHIR99021, Dorsomorphin, and cAMP for 7 days obtaining induced myotubes day 
13 (iMD13) (201-203). Finally, we started step 2 of the protocol. We seeded iND3 on top of iMD13, 
thus marking the beginning of the co-culture (day of co-culture 0) (Fig. 1a).  

We sustained the maturation of the neuromuscular co-culture supplementing the medium with glial 
cell line-derived neurotrophic factor (GDNF), brain-derived neurotrophic factor (BDNF) and 
Neurotrophin-3 (NT3) supplemented medium. GDNF, BDNF, and NT3 are widely used in neuronal 
differentiation protocols because of their essential role in neuronal survival and differentiation. They 
are also known to promote MNs' survival and maturation (204-206). The neuromuscular co-culture 
was maintained in this medium until the day of co-culture (DCC) 29. We constantly monitored the 
co-culture with brightfield (BF) microscopy. The different phases of the cell morphology changes 
were reported in Fig. 1b. In detail, we could observe the typical rounded-shaped morphology of 
hiPSCs and their assembly in colonies as previously described (173). This morphology was 
gradually lost in favor of an elongated and fusiform shape, occurring with dox induction of MYOD 
and myotubes fusion promoting medium as represented in Fig.1b (middle image). After 29 days of 
co-culture, the field of observation resulted enriched in neuronal connections laying on a compact 
myotube layer as observable in Fig.1b (right image).  
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6.3. Morphological and molecular characterization of the two cellular 
populations. 

 

To characterize the hiPSC-derived neurons and myotubes implicated in this co-culture system, we 
focused on molecular and functional approaches. Thanks to previous studies, we selected cell-type-
specific markers to evaluate the maturation level of the two cell populations involved here. In detail, 
we performed Western blot (WB) for acetylcholine transferase (ChAT) a marker expressed by 
cholinergic neurons, Islet1 (ISL1) a transcription factor involved in MN specification  at DCC 1, 7, 
14, 21, 28 (175). We detected Isl1 starting from DCC1 and ChAT from DCC7 while myotubes alone 
were not showing bands for these markers at any of the analysed timepoints (Fig. 2a). We also 
confirmed ChAT expression overlapping with TUJI (neuron-specific class III β-tubulin) staining at 
day in vitro (DIV) 30, indicating the cholinergic nature of the neuronal cells (Fig. 2b).  In parallel, we 
selected muscular-specific markers. In detail, we performed immunocytochemistry on myotubes at 
DIV 28. We selected the following markers: myosin heavy chain 3 (MHC3) indicating the presence 
of embryonic MHC, myosin heavy chain 8 (MHC8) for post-natal isoform of MHC and α-actinin a 
cytoskeletal actin-binding protein essential for the skeletal muscle contractile apparatus (Fig. 3) 
(207). These data indicated that the basic requirements for the formation of a functional contractile 
apparatus were expressed in hiPSC-derived myotubes. In summary, these results showed that the 
two cellular counterparts involved in the neuromuscular co-culture system could express the cell-
type-specific markers.  

 

6.4. hiPSCs can form hiPSC-derived NMJs. 
 

NMJs were identified in vivo and in vitro as well. NMJs are chemical synapsis located at the interface 
of MNs and muscles (208). MNs axons branch profusely and contact the muscle fibers. The 
neurotransmitter involved in NMJs transmission is acetylcholine (Ach). At the level of the NMJs, the 
post-synaptic surface is enriched in nicotinic Ach-receptors (nAchR), responsible for transducing 
the chemical signal into an electrical one to the muscles. nAchR is composed of five subunits α, β, 
δ and ε subunits in the case of adult muscle and α, β, δ and γ for fetal or denervated muscle, 
arranged symmetrically around a central pore (209). Ach binds to the α subunit and triggers to the 
opening of the pore. A well-known Ach antagonist is α-bungarotoxin (BgTx), which binds the α 
subunit and impairs neuronal transmission (210-212). Scientists had exploited this, and BgTx was 
extensively used for functional assays or for NMJs detection via immunofluorescence. We 
performed BgTx treatment on neuromuscular co-culture to study the morphology of the BgTx 
clusters in our in vitro system. We selected DCC22 for the analysis because we observed 
neuromuscular co-culture sensitivity to BgTx as reported in Fig. 5d. We analysed confocal z-stacks 
with Imaris software (Oxford Instruments) and selected the Imaris surface function to measure and 
quantify BgTx clusters. Following a classification based on BgTx clusters morphology previously 
published by Lutz and colleagues, we classified BgTx clusters for their volume and sphericity (213). 
We identified 4 different classes of BgTx. In detail, we found small&elongated (volume<20µm3; 
sphericity<0.6), small&round (volume<20µm3; sphericity>0.6), big&elongated (volume>20µm3, 
sphericity<0.6) and big&round (volume>20µm3, sphericity>0.6) clusters (Fig. 4b). To identify which 
clusters were the ones associated with the functional maturation of the system, we looked 
specifically at BgTx clusters associated with Bassoon (distance <0.1um). Bassoon, a presynaptic 
scaffolding protein, is also present in the pool of the active zone proteins at the level of the NMJs 
(214, 215). Bassoon was also detected in neuromuscular co-culture in vitro by Demestre and 
colleagues (198). Our data showed that BgTx clusters associated with Bassoon were predominantly 
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overrepresented in the big&round and big&elongated categories suggesting that these are the 
functional clusters in our system (Fig. 4c. % w/ Bassoon vs % w/o Bassoon: 27.75% vs 3.78% in 
“Big&round” class and 15.84% vs 2.39% in “Big&elongated” class. c2 test on the 4 classes w/ or w/o 
Bassoon gave p< 0.001. N=3). In summary, we showed that hiPSCs-derived NMJs formed in our 
neuromuscular co-culture in vitro system. The next question to answer is: are these NMJs functional 
and able to induce myotubes contraction? If yes, is myotube contraction reduced upon BgTx 
treatment in live assay? 

 

6.5. hiPSC-derived myotubes mimic muscle contraction in vitro. 
 

We evaluated the functionality of the neuromuscular co-culture monitoring myotubes' contractile 
capability. Measurement of myotubes contraction in vitro was used to study the functionality of 
cultures of this type to understand if they were able to mimic muscle contraction. We used the optical 
flow approach to measure contraction in our neuromuscular co-culture system. The optical flow is 
a well-known image analysis approach that aims to capture both the magnitude and direction of 
individual pixels between consecutive observation frames  (216-220). Recent publications used this 
approach on BF images, especially to quantify cardiomyocyte contractility (221, 222). We used a 
dense formulation (216, 217) of the optical flow method to enforce a global regularization on the 
motion vectors instead of a local smoothness assumption (218). We applied a numerical threshold 
on the magnitude of the motion vectors to eliminate noise and vibration artifacts and obtain a reliable 
binary image map of the region-of-contraction. We then computed the union of all such pixels over 
all motion frames in the time series and used it as the final region-of-contraction map for 
comparative analysis between cell lines or treatments (Fig. 5a, c). In this way, we quantified hiPSCs-
derived myotubes contractility at DCC2, 8, 15, 22, 29 and in absence of neurons, observing an 
increase in % total contracting area normalized to well area only in neuromuscular co-culture 
(results are listed here as mean ± s.e.m. DCC2: 0.0125±0.007; DCC8: 0.05467 ± 0.01231; DCC15: 
0.2290 ± 0.05515; DCC22: 0.4947 ± 0.1116; DCC29: 0.5758 ± 0.08392). Interestingly, 
monocultures of myotubes did not show any dramatic increasing contracting area over the time 
points analysed (results are listed as mean ± s.e.m. DCC2: 0.007333 ± 0.000333; DCC8: 0.004333± 
0.001886; DCC15: 0.007778 ± 0.004075; DCC22: 0.0161 ± 0.0119; DCC29: 0.0154 ± 0.0110) (Fig. 
5b, left graph). Previous studies showed that PSC-derived myotubes can contract in vitro without 
the involvement of neuronal transmission (185, 223). In this regard, we observed only small, 
random, and sparse contractions in myotubes monocultures as reported in Fig. 5b. Moreover, we 
used a second parameter that we defined as the number of images where a movement was 
detected (% active images/well). We observed increased activity in the neuromuscular co-culture 
over time but minimal in myotubes monocultures. It mirrored what we described for % total 
contracting area normalized to well area (Fig. 5b, right graph. Results are listed as mean ± s.e.m. 
Neuromuscular co-culture - DCC2: 3.333 ± 1.537; DCC8: 9.583 ± 1.405; DCC15: 22.92 ± 3.411; 
DCC28: 35.56 ± 4.245. Myotubes monocultures – DCC2: 2.500 ± 0.000; DCC8: 1.389 ± 0.6054; 
DCC15: 1.111 ± 0.4392; DCC22 1.111 ± 0.6054; DCC29: 0.833 ± 0.4167). As discussed above, 
BgTx was used to identify NMJs and for functional assays. We used BgTx in our contractility assay 
to prove that hiPSC-derived neurons and myotubes were functionally connected, and hence this 
connection was BgTx sensitive. We acquired BF images at DCC22, treated the co-cultures with 
BgTx for one hour at 37 ̊C, and repeated the BF acquisition. We observed a statistically significant 
reduction of the % total contracting area normalized to well area. This result showed that the 
hiPSCs-derived neurons were functionally connected to the myotubes. Moreover, the contraction 
was driven via BgTx-sensitive NMJs (Fig. 5d) (Results are listed as mean ± s.e.m. WT control 0.563 
± 0.0598; WT after BgTx 0.0825 ± 0.0504; Wilcoxon matched-pairs signed rank test, p = 0.0005). 



Chapter One 
 

 

25 
 

In summary, we showed that the neuromuscular co-culture system that we established expresses 
cell-type-specific markers typically found in their in vivo counterparts. Moreover, we showed that 
the two populations in the dish are functionally connected, and we measured that via monitoring the 
contraction capability of the myotubes in the dish weekly.  

 

6.6. Discussion 
 

We established a 2D protocol to derive NMJs in vitro upon co-culture of hiPSC-derived MN (MN) 
and myotubes from the same (isogenic) hiPSCs donor. We independently characterized the two 
populations observing both morphological and functional differentiation in a time-dependent 
manner. Both cell populations showed cell-type-specific markers as ChAT and ISL1 by WB and/or 
immunocytochemistry, typical markers for MN identification in vivo. Interestingly, ChAT expression 
increased over time, as observed by Goto and colleagues in 2017(224). Indeed, they also obtained 
MNs upon specific transcription factors overexpression (Ngn2, Islet1, LIM/homeobox protein 3) 
which showed an increase of ChAT mRNA (and other markers) from DIV 0 to 14 of their protocol. 
We also checked mRNA expression levels to detect an increase of the ChAT transcript over time 
(data not shown). Similarly, hiPSCs-derived myotubes showed the expression of different myosin 
heavy chain isoforms. We observed morphological maturation of the hiPSCs-derived myotubes to 
a fetal/postnatal stage due to the expression of MHC3 and 8 expressions (embryonic and postnatal 
isoforms of MHC, respectively). Moreover, we also observed striation in the MHC staining, and this 
mimics the organization that MHC has in myofibers in vivo (207). Lastly, we found that NMJs were 
formed in our co-culture system, and we classified them into 4 categories as found previously by 
Lutz and colleagues (213). We found that the majority of the BgTx clusters were small and round. 
Interestingly, when we assessed the association of these four categories of clusters with the 
presynaptic marker bassoon, the majority of the BgTx clusters were of the big categories. Therefore, 
we assume that these are the functional NMJs.  

The next question was related to the functionality of the neuromuscular co-culture system. We 
showed that only the presence of neurons was able to increase myotubes contraction over time 
(DCC29 0.5758% total contracting area/well). On the contrary, myotubes in monoculture developed 
only minimal contractility (DCC29 0.0154 % total contracting area). This suggests that myotubes 
contraction is favoured by the presence of the neurons in the dish.  

However, it was previously observed that PSC-derived myotubes can contract in a dish in the 
absence of neurons (185, 223). We can’t correctly compare our findings with previous literature 
because the myotube contraction was not quantified in those previous publications. We can just 
hypothesize that the difference with our data could reside in a different medium formulation. Indeed, 
Shelton and colleagues used both the N2 supplement and Neurobasal, other than growth 
factor/small molecules, to drive the cells towards myotube differentiation. Similarly, Chal and 
colleagues added N2 and B27 as well to their medium. Important to note that N2, B27, and 
Neurobasal are widely used as basal medium in many neuronal differentiation protocols. Therefore, 
the presence of these components could have partially mimicked the presence of neurons in culture, 
favouring the appearance of contractions as they showed. It would be interesting to compare the 
effect of different media formulations in parallel, to understand to which extent the medium 
formulation can influence the behaviour of the myotubes seeded alone in the dish.  

Importantly, we demonstrated that the contraction in the dish was sensitive to BgTx, a known toxin 
able to block synaptic transmission at the NMJs via binding to the AchR. This proves that the 
myotube contractions we measured were driven by NMJ activity.  
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Transcription factors overexpression is a quite well-accepted approach to drive cell differentiation 
to the desired phenotype, and it was largely adopted in previous literature already (191, 192). Our 
system brings quite some advantages if compared with other differentiation protocols already 
available in the literature. For example, the presence of the Tet-On system to boost the expression 
of NGN2 and MYOD (to boost neuronal and muscular fate, respectively) significantly speeds up the 
entire neuromuscular differentiation process. Following this type of approach, we reached the 
differentiation step of interest in a shorter time window than other known 2D protocols for NMJs in 
vitro (197). Indeed, Puttonen and colleagues differentiate NMJs in vitro using a small molecules 
approach (no overexpression involved). This protocol took up to 6 weeks to be completed. They 
reported myotubes contraction at 6 weeks of differentiation. Other protocols reported a faster time 
of differentiation as, for example, Lin et al., and Picchiarelli et al., (194, 196). Lin and colleagues 
develop a 2D in vitro model of NMJ co-differentiating neurons and myotubes starting from a single 
source of cells in the same dish. They also showed the presence of NMJs but, differently to our 
system, the myotubes contractions were not occurring spontaneously (194). Picchiarelli and 
colleagues also reported a co-culture duration of 3weeks and finely characterized the NMJs in the 
dish (196). Interestingly, they adopted PAX7 (transcription factor involved in myogenesis) 
overexpression to speed up the myotubes differentiation for co-culture. Moreover, they showed that 
without PAX7 overexpression, the time taken by the myotubes to get mature would be 8 weeks. A 
similar approach was applied by Demestre and colleagues in 2015, where PAX7 overexpressing 
myotubes were co-cultured with MN-enriched neurospheres or primary rat MN (198). This data 
clearly shows the power of an overexpression-based approach and the wide diffusion of the method. 
More recently, Mazaleyrat and colleagues reported an efficient 2D method to differentiate NMJs in 
vitro. Differently from previous publications, Mazaleyrat and colleagues reported the observation of 
myotubes contractions already at days 19-21 (195). Our work showed, for the first time, a method 
where neurons and myotubes are both genetically modified to speed up their differentiation process. 
This approach led to their independent differentiation before the neuromuscular co-culture step. We 
showed that these new lines were able to integrate themselves in a functional network where 
myotubes contraction increases, in a time-dependent manner, already at DCC2 until DCC 28, and 
NMJs are morphologically and functionally characterized.  

It is important to notice that other protocols for modelling NMJs in vitro are available. Differently 
from our, and the ones mentioned above, they rely on primary animal MNs co-cultured with PSCs 
derived myotube or vice versa. Moreover, also 3D protocols for NMJs formation in vitro were 
published (225). The 3D structure should promote a better functional maturation of the system since 
it is better at mimicking the native tissue structure. It would be interesting to adapt our system to a 
3D differentiation protocol and evaluate likely improved NMJs functional maturation, correlating with 
an increase in myotubes contractility.   

In conclusion, we established a new neuromuscular co-culture system suitable for medium (and 
eventually large) scale screening. Since its functional characterization (NMJs morphology and 
myotubes contraction), it represents a valid tool for further applicative studies where, for example, 
NMJs disease pathologies are involved. Furthermore, this system could also be adopted for NMJs 
developmental-related questions since we showed its gradual functional maturation over time. 
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6.7. Figures  
 

Figure 1 

 

Figure 1: A 2-step protocol to obtain a 2D neuromuscular co-culture model. a) Schematic of the 
steps involved in the differentiation protocol used throughout this PhD work. hiPSCs MYOD and 
hiPSCs NGN2 are treated with dox and growth factors/trophins to guide their fate to muscular- and 
neuronal-like phenotypes, respectively. In detail, KSR is added to the medium to support the culture 
with an FBS-free formulation medium. FGF is necessary for the amplification of the iMD3 population 
(5%KSR + FGF). CHIR99021, Dorsomorphin, and cAMP are required for sustaining myotubes 
differentiation (called Medium C). EGF and FGF are added to the cell culture medium to support 
neuronal specification. BDNF, GDNF, and NT3 are added to the cell culture medium to support 
neuronal maturation. The co-culture starts on Day13, with iND3 plating on iMD13. The co-culture is 
then maintained in a BDNF, GDNF, NT3 supplemented medium. b) Brightfield images of the 
morphological changes the cells are showing over the differentiation steps. In detail, hiPSCs show 
the typical growth in colonies lost when the differentiation to myotubes occurs (iMD12). The last 
timepoint shows how the co-culture looks after 29 days of co-culture. Abrr: EGF: epidermal growth 
factor, FGF: fibroblast growth factor; Dox: doxycycline; BDNF: Brain-derived neurotrophic factor; 
GDNF: Glial cell-derived neurotrophic factor; NT3: Neurotrophin-3; iND3: induced neurons day 3; 
KSR: Knock-out serum replacement; cAMP: cyclic AMP; iMD3: induced myotubes day 3; iMD12: 
induced myotubes day 12. hiPSCs: human induced pluripotent stem cells; DCC: days of co-culture. 
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Figure 2 

 

Figure 2: differentiation of hiPSCs NGN2 towards a motorneuron-like fate. a) Left panel, Western 
blot membranes are showing timepoints of neuromuscular co-cultures samples collected at DCC 1, 
7, 14, 21, 28. Right panel, Western blot membranes are showing timepoints of myotubes cultures 
samples collected in parallel to those in the left panel. The two sets of samples were checked for 
ISL1 and ChAT expression, typical motorneuron markers (GAPDH was used for normalization). 
Myotubes alone do not express markers typically expressed by motor neurons.  b) 
Immunocytochemistry of hiPSCs derived neurons at DIV30 showing expression of ChAT and TUJI. 
Abrr. DCC: days of co-culture. DIV: days in vitro. 
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Figure 3 

 

Figure 3: evaluation of the differentiation of hiPSCs MYOD towards a muscular-like phenotype. a) 
Assessment of muscular markers expression in hiPSCs MYOD after 28 days of in vitro 
differentiation. Immunocytochemistry with α-actinin, MHC3, and MHC8 was performed, and it 
showed the presence of markers involved in the contractile machinery in muscles. Images acquired 
with Operetta high-throughput imaging system (Perkin Elmer). Abrr. DIV: days in vitro. 
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Figure 4 

 

Figure 4: hiPSCs derived neuromuscular junctions are formed in neuromuscular co-culture. a) 
Upper panel, immunocytochemistry performed on neuromuscular co-cultures at DCC2. BgTx 
clusters and their association with Bassoon was assessed. 4 BgTx clusters classes were identified 
upon volume and sphericity, in detail: small&elongated (volume<20µm3; sphericity<0.6), 
small&round (volume<20µm3; sphericity>0.6), big&elongated (volume>20µm3, sphericity<0.6) and 
big&round (volume >20µm3, sphericity>0.6). Representative images per each class are shown. 
Bottom panel, via Imaris surface function and applying filtering for the four classes, we selected 
representative examples of BgTx clusters associated with Bassoon (association was established 
as distance < 0.1µm). b) The plot shows volume against sphericity of the BgTx clusters based on 
Imaris surface measurements. The red dotted lines indicate thresholds used to define four cluster 
classes - 20 μm3 for the volume and 0.6 for the sphericity. Blue points indicate the BgTx cluster 
associated with Bassoon (distance <0.1µm). c) Stacked bar plot showing the distribution of the 
BgTx clusters per each of the 4 classes in relation to their association to Bassoon (values expressed 
in %). N on top of each bar represents the number of events found in that class. c2 test, **** = p< 
0.001). 
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Figure 5 

 

Figure 5: hiPSCs derived myotubes mimic contractile behaviour in vitro upon co-culture with 
neurons only. a) Graphic representation of myotubes contraction at DCC 28 in presence or absence 
of neurons. b) Left graph, quantification of the % total myotube contracting area normalized to the 
well area (results for neuromuscular co-culture are listed here as mean ± s.e.m. Neuromuscular co-
culture - DCC2: 0.0125±0.007; DCC8: 0.05467 ± 0.01231; DCC15: 0.2290 ± 0.05515; DCC22: 
0.4947 ± 0.1116; DCC29: 0.5758 ± 0.08392. Myotubes - DCC2: 0.007333 ± 0.000333; DCC8: 
0.004333± 0.001886; DCC15: 0.007778 ± 0.004075; DCC22: 0.0161 ± 0.0119; DCC29: 0.0154 ± 
0.0110). Right graph, % of images with myotube contractions obtained from 1-well of a 96-well 
plate, at increasing DCC (results are listed as mean ± s.e.m. Neuromuscular co-culture - DCC2: 
3.333 ± 1.537; DCC8: 9.583 ± 1.405; DCC15: 22.92 ± 3.411; DCC28: 35.56 ± 4.245. Myotubes – 
DCC2: 2.500 ± 0.000; DCC8: 1.389 ± 0.6054; DCC15: 1.111 ± 0.4392; DCC22 1.111 ± 0.6054; 
DCC29: 0.833 ± 0.4167 (3 independent experiments). c) Graphic representation of myotubes 
contraction at DCC22 before and after BgTx treatment (2.5µM, 1hour @ 37 ° C). d) quantification 
of the % total contracting area normalized to well area at DCC 22, before and after treatment with 
BgTx (results are listed as mean ± s.e.m. before BgTx 0.563 ± 0.0598; after BgTx 0.0825 ± 0.0504; 
*** = p=0.0005 Wilcoxon matched-pairs signed rank test). Abrr. DCC: day of co-culture; BgTx: 
bungarotoxin.  
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7. CHAPTER TWO 
 

7.1. The -Cre lines as a new way to visualize protein spreading. 
 

The first step of this work was to generate plasmids carrying fusion proteins to establish a model 
for mHTT trans-neuromuscular spreading in vitro. To visualize the spreading of mHTT, we designed 
new constructs of fusion proteins that made use of the well-established Cre-lox system. The Cre-
lox technology is a known and widely used technology for gene expression in a cell-type regulated 
manner. Briefly, the gene of interest transcription is prevented by a lox-stop-lox sequence located 
upstream of the starting codon. The Cre recombinase enzyme can excise the stop sequence via its 
recognition site lox, resulting in the expression of the downstream gene (226). In the context of this 
PhD project, we fused the Cre recombinase sequence to the human HTT Exon1 bearing a 
pathological expansion with 72 glutamines (Q) (HTTEx1Q72-Cre). To mimic HD, we selected 
HTTEx1Q72 because Exon1 is known to be able to recapitulate some HD features in vivo in mice 
models (103). As controls, we selected the non-pathological 25Q exon 1 (HTTEx1Q25-Cre) or a 
smaller V5 tag (V5-Cre). Previous studies used HTTEx1Q25 as a control sequence (227, 228). The 
used Cre recombinase lacks the nuclear localization signal (NLS). We removed the NLS to prevent 
that this sequence would interfere with the natural mobility of the Exon1 protein, and thus potentially 
with its ability of trans-cellular spread. The reporter gene located downstream of the lox-stop-lox 
sequence was the GFP sequence. All our constructs were cloned into a PiggyBac (PB) vector, and 
via a PB transposon system, they were integrated into the hiPSCs genome (229).   

This was the starting point of our innovative model to study mHTT spreading. We generated three 
donor hiPSCs NGN2 lines carrying the Cre constructs and a recipient hiPSCs MYOD line 
expressing the lox-stop-lox-GFP (LoxP-GFP). The neuromuscular co-culture of the two cell types 
of interest would allow us to generate a model to study trans-neuromuscular spreading in vitro. 
Indeed, we expected to visualize GFP positive cells in the myotubes population upon spreading of 
HTTEx1Q72-Cre from the donor cells, namely the neurons. Therefore, we proceeded with the 
characterization of the newly generated lines to be able to assess their fusion protein expression 
level, the ability of differentiation, and the study of the trans-neuromuscular spreading phenomenon.  

 

7.2. Visualization of the fusion proteins of interest in hiPSCs. 
 

We selected two antibodies to validate the presence of the proteins of interest and quantify the 
fusion protein expression levels in the new hiPSCs lines. In detail, we chose Mab5492 directed 
against 1-82aa of HTT and an anti-Cre to detect the Cre recombinase. We performed WB and 
quantified the bands of interest in hiPSCs. Mab5492 identified two clear bands for HTTEx1Q25-Cre 
and HTTEx1Q72-Cre as shown in Fig.1a (results for band intensity Mab5492/β-actin are listed as 
mean ± s.e.m. HTTEx1Q25-Cre: 0.454 ± 0.0644; HTTEx1Q72-Cre: 0.411 ± 0.0563. Unpaired t-test 
gave a non-significant result). We also detected the bands of interest related to the fusion proteins’ 
expression with the Cre antibody (red asterisks, Fig. 1b). Upon band intensity analysis, we found 
that HTTEx1Q25-Cre clone #3 (Q25-Cre #3) and HTTEx1Q72-Cre clone #12 (Q72-Cre #12) 
hiPSCs were expressing comparable levels of the two proteins (results for band intensity Cre/β-
actin are listed as mean ± s.e.m. Q25-Cre #3 0.0445 ± 0.0227; Q72-Cre #12 0.123 ± 0.0144. 
HTTEx1Q25-Cre vs. HTTEx1Q72-Cre ns; one-way ANOVA, post-hoc Tukey’s multiple 
comparisons). On the contrary, V5-Cre clone #51 (V5-Cre #51) hiPSCs expressed statistically 
significant higher levels of the protein of interest as shown in Fig. 1b (results for band intensity 
Cre/b-actin are listed as mean ± s.e.m. V5-Cre #51 0.357 ± 0.0890. V5-Cre #51 vs Q25-Cre #3 p= 
0.0148; V5-Cre #51 vs Q72-Cre #12 p= 0.0494; one-way ANOVA, post-hoc Tukey’s multiple 
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comparisons test). Given these results, we checked V5-Cre protein levels in other clones. WB data 
revealed that all the four V5-Cre clones (#51, #52, #53, #54) were expressing similar levels 
compared to V5-Cre #51 as observed in Fig. 2a, b (results for band intensity Cre/b-actin are listed 
as mean ± s.e.m. Clone #51 0.239 ± 0.0448; clone #52 0.285 ± 0.0259; clone #53 0.252 ± 0.0635; 
clone #54 0.141 ± 0.0267. Kruskal-Wallis test and Dunn’s post-hoc test gave ns results). We did 
not identify a second V5-Cre clone with a similar Cre expression to HTTEx1Q72-Cre clone #12. 
Seen these results, we decided to invest our effort in generating a new Q72-Cre clone with the goal 
of getting one with a higher expression of the fusion protein. We took this decision in relation to the 
importance of this fragment in HD pathology, and hence we focused on this line only. Thus, we 
generated a new clone expressing HTTEx1Q72-Cre named Q72-Cre #23 (Fig. 2c). WB revealed 
that the new Q72-Cre #23 expressed similar protein levels to Q72-Cre #12 (Band intensity Cre/β-
actin for HTTEx1Q72-Cre #12: 0.41; HTTEx1Q72-Cre #23: 0.47). We could not identify a new clone 
with a higher HTTEx1Q72-Cre expression. Therefore, we selected HTTEx1Q72-Cre #12 as HD line 
to study spreading in this in vitro neuromuscular co-culture system. 

 

7.3. Validation of the lox-stop-lox sequence. 
 

The second counterpart of our in vitro system is the myotubes population. We generated a new 
reporter line expressing the LoxP-GFP sequence, as previously mentioned. Before co-culture with 
neurons, we tested the functionality of the LoxP-GFP sequence through a double nucleofection of 
the MYOD;LoxP-GFP hiPSC with Cre carrying plasmid (Fig. 3a). Then we performed FACS analysis 
to evaluate the expression of GFP.  We measured the GFP fluorescence intensity (FI) and the % of 
GFP+ cells per each clone (clone #22, #25 and #26) (Fig. 3b). We found that clone #26 was showing 
the best results in both the parameters we analysed (results are listed as median GFP FI and % 
GFP+ cells per each clone. Clone #22: 613, 40.7%; clone #25: 343, 28.6%; clone #26: 916, 49.1%). 
Therefore, we selected this clone for our neuromuscular co-culture experiments.  

 

7.4. Characterization of the hiPSCs-derived neurons and myotubes. 
 

Next, we assessed the differentiation of the newly generated lines towards the correct fate we 
expected in relation to the transgene they were carrying (NGN2 or MYOD). We differentiated 
hiPSCs-derived V5-Cre #51 neurons (Neu V5-Cre #51), hiPSCs-derived Q25-Cre #3 neurons (Neu 
Q25-Cre #3), hiPSCs-derived Q72-Cre #3 neurons (Neu Q72-Cre #12), and hiPSCs-derived LoxP-
GFP myotubes (Myo LoxP-GFP), following the neuromuscular co-culture protocol described in 
Chapter One. We co-cultured the following cellular populations: Neu V5-Cre #51/ Myo LoxP-GFP; 
Neu Q25-Cre #3/ Myo LoxP-GFP; Neu Q72-Cre #12 / Myo LoxP-GFP. We selected two markers to 
evaluate the correct differentiation of the two populations involved in the neuromuscular co-cultures. 
After DCC28, we checked for TUJI expression as a marker of neuronal differentiation. As shown in 
Fig. 4a, Neu V5-Cre #51, Neu Q25-Cre #3, and Neu Q72-Cre #12 were expressing TUJI. We 
quantified fluorescence intensity and positive area for TUJI, and we did not observe statistically 
significant differences (Fig. 4b) (one-way ANOVA, Tukey’s post-hoc test gave non-significant 
results). We quantified MHC (Myosin heavy Chain) expression at DCC28, as a marker of myotubes 
differentiation. Similarly, we measured MHC positive area and intensity of fluorescence. The 
obtained data did not reveal any difference in the considered parameters among Neu V5-Cre #51 
and Neu Q72-Cre #12 co-cultures. This suggests that Neu Q72-Cre #12 were not affecting the 
differentiation of the LoxP-GFP myotubes (Myo LoxP-GFP) in neuromuscular co-culture (Fig. 5) 
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(one-way ANOVA, Tukey’s post-hoc test gave non-significant results). Previously, Wang and 
colleagues observed that the overexpression of Q74 Exon1 (clone in length to our polyQ) in Hela 
cells was increasing the number of dead cells compared to the control situation (230). Therefore, 
we counted the number of nuclei per well and observed similar counts suggesting that Neu Q72-
Cre #12 did not affect the number of cells in the dish (Fig. 4b, right graph. Non-significant results, 
one-way ANOVA, Tukey’s post-hoc test). We also observed a reduction in MHC positive area in 
Neu Q25-Cre #3 co-cultures compared to Neu V5-Cre #51 (p=0.0281, one-way ANOVA, post-hoc 
Tukey’s). We speculated that the difference was most likely due to the lower quality of the clone 
Q25-Cre #3, since the polyQ length of this construct is in the healthy range. Taken all these data 
together, we found that Neu Q72-Cre #12 were able to differentiate towards a neuronal fate as the 
control line (Neu V5-Cre #51) and not influence the number of cells in co-culture. Therefore, we 
concluded that Neu Q72-Cre #12 can be used for neuromuscular co-culture experiments.  

 

7.5. Trans-neuromuscular protein spreading occurs in neuromuscular co-
culture. 

 

With the generation and characterization of the cell lines, we prepared the ground for the 
establishment of the neuromuscular co-culture to prove our initial hypothesis. To pursue our goal, 
we applied the neuromuscular co-culture protocol (as described in Chapter One) to build a trans-
neuromuscular model of mHTT spreading in vitro. We co-cultured Neu V5-Cre #51 / Myo LoxP-
GFP; Neu Q25-Cre #3 / Myo LoxP-GFP; Neu Q72-Cre #12 / Myo LoxP-GFP. We designed a live 
imaging assay to monitor the presence of GFP+ cells over a time window of 28 days. We adopted 
Operetta, a high-throughput imager (Perkin-Elmer), to scan the well area in the presence of 5%CO2 
and 37 ̊C. Once collected all the time points of interest, namely the day of co-culture (DCC) 4, 15, 
and 28, we manually counted the GFP+ cells. We detected GFP+ cells in the presence of Neu V5-
Cre #51, Neu Q25-Cre #3, and Neu Q72-Cre #12 neurons and observed a steeper increase 
between DCC4 and 15, afterward the curve acquired a stable profile (Neu V5-Cre #51 and Neu 
Q72-Cre #12 DCC4 vs. 15 p< 0.0001, ns DCC15 vs. 28, Neu Q25-Cre #3 DCC4 vs. 15 p=0.0005, 
ns DCC15 vs. 28, Kruskal-Wallis and Dunn’s post-hoc test per each individual line) for all three lines 
(Fig. 6e). The tightness of the lox-stop-lox sequence in front of GFP was checked in the presence 
of wild-type hiPSC-derived neurons or in monocultures of Myo LoxP-GFP. We did not detect any 
GFP+ cells in these co-culture conditions, suggesting that the LoxP-GFP sequence was stable over 
time (Fig. 6b).  

In the light of these data, we decided to continue our studies focusing mainly on Neu Q72-Cre #12 
features due to the important role that Exon1 fragments play in HD pathology (103). The two control 
lines behave similarly to Neu Q72-Cre #12, so we decided to use only one of the two as control, 
namely Neu V5-Cre #51 as you will read in the next paragraph. 

 

7.6. Conditioned medium from Neu Q72-Cre #12 was not sufficient to recapitulate 
trans-neuromuscular spreading. 

 

As previously observed, Cre can be transferred via the medium (231). Briefly, Will and colleagues 
added synthesized Cre recombinase to the medium of a reporter cell line and observed the 
expression of the reporter gene. We designed a similar experiment to mimic their approach. We 
differentiated Neu Q72-Cre #12 for 3 weeks and collected their medium. We administrated the Neu 
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Q72-Cre #12 conditioned medium to a reporter neuromuscular co-culture composed of WT NGN2 
neurons and Myo LoxP-GFP at DCC14. We monitored the co-culture for 8 days, upon treatment, 
with Operetta (Perkin Elmer) scanning the treated wells (Fig. 7). No GFP+ cell was detected upon 
this treatment in the selected time window. We repeated the same experiment with a conditioned 
and concentrated medium, and the results remained unaltered. This data suggested that a more 
complex mechanism of transmission is required to observe trans-neuromuscular spreading. 

 

7.7. GFP+ cells showed myotube-like morphology, expressed MHC and formed 
NMJs. 

 

After DCC28, we analysed the morphology and evaluated muscle-like features of the GFP+ cells to 
determine their nature in Neu Q72-Cre #12 / Myo LoxP-GFP co-culture. We observed an elongated 
morphology typical of muscle cells. Moreover, the muscular-like phenotype of the GFP+ cells was 
confirmed via MHCI staining. Indeed, all the GFP+ cells were also positive for MHCI (Fig. 8a, 
Biological replicates, N=2). Assessed the muscular-like phenotype, we evaluated the presence of 
functional connection with the neuronal counterpart, namely the NMJs. We hypothesized that trans-
neuromuscular spreading occurs via functional NMJs as well, mirroring the transneuronal spreading 
that mHTT showed to have. Indeed, previous data revealed that one of the possible mechanisms 
behind transneuronal mHTT spreading was via synaptic machinery (6, 7). We treated the cultures 
with bungarotoxin (BgTx) at DCC28 as described in methodological Chapter One. BgTx is known 
to be able to bind to acetylcholine receptors located at the NMJs, allowing morphological studies of 
NMJs in vitro and in vivo. Therefore, we performed confocal laser scan microscopy after Bgtx 
staining to evaluate the presence and the features of NMJs clusters in myotubes (in neuromuscular 
co-culture) upon spreading. After DCC28, we found that all the GFP+ myotubes were positive for 
BgTx clusters (Biological replicates, N=3). We classified BgTx clusters for their volume and 
sphericity, as described in Chapter One.  In this way, we identified 4 different classes of BgTx. In 
detail, we found small&elongated (volume<20µm3; sphericity<0.6), small&round (volume<20µm3; 
sphericity>0.6), big&elongated (volume>20µm3, sphericity<0.6) and big&round (volume >20µm3, 
sphericity>0.6) clusters (Fig. 8). We focused on BgTx clusters on GFP+ myotubes and compared 
them to the others in the field of acquisition. We did not observe any difference in the distribution 
per class of the BgTx clusters in GFP+ myotubes (Fig. 8c, c2 test on the 4 classes of distribution, 
non-significant). Previous studies focused on NMJs in HD mice models without revealing major 
effects on NMJs. For example, Ribchester and colleagues observed anomalies only in a small % of 
NMJs in 14weeks R6/2 mice, considering that the survival rate is around 50% at 16 weeks (10). So 
even in aggressive HD mice models, where mHTT expression is present in a cell-autonomous way, 
NMJs did not show a massive corruption of their functionality or morphology. Taking our findings 
and previous observation together, we propose that HTTExQ72-Cre requires NMJs for spreading. 
The finding showed that all the GFP+ myotubes were also positive for BgTx clusters, suggesting 
their functional connection to the neuronal counterpart. This data suggests that mHTT can spread 
through NMJs, a chemical synapsis connecting neurons to muscles, as it does through neuron-to-
neuron synapsis. These findings align with the results shown in paragraph 7.6, where we observed 
that the sole conditioned medium was not enough to trigger GFP expression. Most likely, mHTT 
spreading occurs via functionally connected cells, in this case between hiPSCs-derived neurons 
and myotubes. 
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7.8. mHTT puncta were found in GFP+ myotubes upon HTTEx1Q72-Cre 
spreading.  

 

mHTT is known to aggregate, and this was observed in different HD models and human patients 
and is a hallmark of HD as previously mentioned (98, 99, 103). Aggregates are mainly found in 
neuronal tissues(98, 99). Earlier studies showed that, to a lesser extent, muscles from HD mice 
models and HD patients show mHTT aggregates (10, 11). A long list of commercial antibodies for 
HTT detection is available. EM48 (Mab5374) is widely used to detect HTT aggregates, giving a 
punctate staining (puncta) (232). Comparative studies showed that results obtained with EM48 were 
consistent in different HD mice models (232). We stained Neu Q72-Cre #12 / Myo LoxP-GFP and 
Neu V5-Cre #51 / Myo LoxP-GFP (as negative control) co-cultures with EM48 at DCC28. After 
performing confocal laser scan microscopy of GFP+ myotubes in both co-cultures, we analysed 
them with Imaris software (Oxford Instruments) to evaluate the presence of EM48+ puncta (analysed 
puncta with a volume > 0.02µm3). We observed that 71% of cells in Neu V5-Cre #51/Myo LoxP-
GFP compared to 45% in Neu Q72-Cre #12/Myo LoxP-GFP were negative for EM48+ puncta. 
However, we found that GFP+ myotubes in Neu Q72-Cre #12 /Myo LoxP-GFP showed a higher 
number of EM48+ puncta compared to the ones in Neu V5-Cre #51/Myo LoxP-GFP co-culture as 
shown in Fig. 9b (Results are listed as mean ± s.e.m. Neu Q72-Cre #12/Myo LoxP-GFP: 2.032 ± 
0.5670; Neu V5-Cre #51 /Myo LoxP-GFP: 0.5806 ± 0.2695. Paired t-test, * = p = 0.0499. Biological 
replicates N=3, 31 cells per co-culture were analysed). Secondly, we focused on the puncta volume. 
We observed that the puncta found in Neu Q72-Cre #12/Myo LoxP-GFP were, on average, bigger 
than the ones identified in Neu V5-Cre #51/Myo LoxP-GFP (Paired t-test * = p=0.0432) (Fig. 9a, c). 
In summary, our data suggest that the presence of HTTEx1Q72-Cre, upon spreading, in myotubes 
increased the number and puncta volume in comparison to the control situation. 

 

7.9. Establishment of a second trans-neuromuscular spreading model: a 
different tag. 

 

With the purpose of establishing a second in vitro model to study transcellular spreading, we 
designed a new construct. We substituted the Cre sequence with mCherry. We generated a new 
cell line carrying HTTEx1Q72-mCherry in an NGN2 background. In this way, the mCherry 
fluorescence was used to follow HTTEx1Q72 spreading, as explained in Chapter Three extensively. 
Upon generation of three new clones (Q72-mCherry #71, Q72-mCherry #72, Q72-mCherry #75), 
we evaluated the fusion protein expression in hiPSCs (Chapter Three, Supplemental Fig. 1b) and 
upon 6 days of differentiation (Neu, Fig. 10). We compared Neu Q72-mCherry #72 and Neu Q72-
mCherry #75 to Neu Q72-Cre #12. We found that the selected clones were expressing higher levels 
of Q72Exon1 compared to Neu Q72-Cre #12 (results of the band intensity Mab5497/GAPDH are 
listed as mean ± s.e.m. Neu Q72-Cre #12 0.506 ± 0.173; Neu Q72-mCherry #72 0.912 ± 0.288; 
Neu Q72-mCherry #75 5.03 ± 0.206). In parallel, we obtained a new stable line with MYOD 
background carrying HTTEx1Q72-mCherry construct. We picked 4 different clones (Q72-mCherry 
#92, Q72-mCherry #93, Q72-mCherry #94, Q72-mCherry #95) and evaluated HTTEx1Q72-
mCherry expression by WB (Fig. 11). We analysed also the mCherry/Hoechst (mean fluorescence 
intensity) on hiPSCs MYOD Q72-mCherry, differentiated into myotubes at 18 and 28 days in vitro 
(DIV). We found that the mCherry/Hoechst of Myo Q72-mCherry #93 compared to the others at DIV 
18 and 28 was higher, as showed in Fig. 12b, c (left graphs). In parallel, we measured 
mCherry/Hoechst (area), and again we found that the positive mCherry area was higher in Myo 
Q72-mCherry #93 cultures (Fig. 12b, right graph). We found that both parameters were significantly 
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higher for Myo Q72-mCherry#93 than Myo Q72-mCherry#94 and Myo Q72-mCherry#95 (Fig. 12b 
and c). Interestingly, we observed the increase of the mCherry+/Hoechst (area) between DIV 18 
and DIV 28 only for Myo Q72-mCherry #94 and Myo Q72-mCherry #95 but not for Myo Q72-
mCherry #93. These observations suggested that our construct encoding for the fusion protein 
HTTEx1Q72-mCherry is accumulating inside the cells, shown by the increase in positive area for 
mCherry. Increased mCherry positive area suggested that bigger puncta were forming in myotubes 
(Fig. 12). In parallel, we stained with MHCI antibody to evaluate differences in the maturation 
process among the clones. Previously, it was observed that R6/2 skeletal muscles expressed fewer 
transcripts of genes involved in terminal muscle differentiation (167). Moreover, human HD 
myoblasts showed a slower maturation compared to controls (11). Myo Q72-mCherry #93 showed 
a different behaviour compared to Myo Q72-mCherry #94, #95, and the WT line. Indeed, we found 
that MHCI+/Hoechst (area) measured for WT line, Myo Q72-mCherry #94 and #95 remained stable 
between DIV 18 and 28 (respectively 3.407 vs. 3.1417 for WT; 3.1493 vs. 3.5214 for Myo Q72-
mCherry #94; 4.1089 vs. 4.8462 for Myo Q72-mCherry #95). On the contrary, the MHCI+/Hoechst 
(area) decreased between DIV 18 and 28 for Myo Q72-mCherry #93 (2.3335 vs. 1.2292). This data 
suggests that the presence of HTTEx1Q72-mCherry (and its high expression) affected the MHCI 
expression. All these data together helped us to choose the Myo Q72-mCherry #94 to perform our 
experiments. We chose this clone over the others because of its lower mCherry expression. In this 
way, we will have a longer time window to observe pathological signs in myotubes, eventually 
correlated to trans-neuromuscular spreading. On the contrary, we used both Q72-mCherry clones 
(#72 and #75) we characterized here to also assess the effect of a different protein load on 
spreading and how this could affect the recipient cells (myotubes). Therefore, neuromuscular co-
culture experiments involving Myo Q72-mCherry #94, Neu Q72-mCherry #72, and Neu Q72-
mCherry #75 will be described in Chapter Three. 

 

7.10. Discussion 
 

Upon the characterization of the in vitro system, we upgraded it to test the trans-neuromuscular 
spreading of mHTT, to address the main hypothesis of this PhD thesis. mHTT was shown to 
propagate among anatomically connected brain regions and functionally connected neurons (6, 7). 
This phenomenon was observed for Tau and α-synuclein, too (44, 50, 233). Moreover, Kim and 
colleagues in 2017 showed that HTT exon1 with 97Q can be transferred from neurons 
and neighboring pharyngeal muscles in C. elegans (54). It was not the first time that trans-
neuromuscular spreading of disease-related proteins was reported. Indeed, Shearin and Bessen 
described brain stem-to-skeletal muscle spreading of prions in 2014 (20). Taking all these studies 
together, we hypothesized that the trans-neuromuscular spreading of mHTT could also occur in a 
human-related context and, therefore, be considered a novel pathway for HD skeletal muscle 
pathology. 
 
We generated the hiPSCs lines discussed in this PhD thesis to establish two independent in vitro 
systems to study trans-neuromuscular spreading of HTTEx1Q72. We generated hiPSCs NGN2 
lines expressing 3 different -Cre constructs (V5-Cre #51, Q25-Cre #3, Q72-Cre #12). We found that 
V5-Cre #51 was expressing 2.9-fold higher than Q72-Cre #12. Therefore, we repeated the 
generation of the Q72-Cre line to get a higher expression, similar to V5-Cre #51. Unfortunately, this 
did not happen. This result could be due to technical variability or also to the intrinsic difference 
between the two constructs. V5-Cre sequence is shorter compared to Q72-Cre because V5 is a tag 
with only 9 amino acids, and this could have influenced the insertional probability of the construct. 
Thus, the V5 sequence could be intrinsically favored from this point of view.  On the contrary, we 
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got very high expressing clones carrying HTTEx1Q72-mCherry (with NGN2 or MYOD background). 
Here, the biggest advantage of this construct was the fluorescence. It was easier to pick the clones 
with the highest and/or different expression protein levels. Conversely, picking the clones with the -
Cre constructs was always a blind selection. Therefore, we assume that the V5-Cre higher 
expression, as I previously mentioned, was likely due to the sum of its insertional 
probability and bad luck due to the blind selection.  
 
We observed that the average number of GFP-positive myotubes per well was low compared to the 
number of seeded cells. This is likely not due to inefficiency of trans-neuromuscular spreading of 
HTTEx1Q72 because we showed that trans-neuromuscular spreading of HTTEx1Q72-mCherry 
was, per se, a very efficient process in this system (Chapter Three of this thesis). Interestingly, 
these observations are correlating with the expression levels of the two fusion proteins. Indeed, Neu 
Q72-mCherry #75 expresses almost 10 times more fusion protein then Q72-Cre #12, and Neu Q72-
mCherry expresses 1.8-fold higher compare to Neu Q72-Cre #12. Moreover, to visualize 
HTTEx1Q72-Cre transmission it has to enter nucleus where it can exert its excision function of the 
lox-stop-lox sequence. This step might be a limiting factor in this system, together with the low 
expression of the fusion protein carried by the Neu Q72-Cre #12, were likely influencing the 
efficiency of spreading of HTTEx1Q72-Cre, resulting in low number of GFP+ cells.  
 
Interestingly, we detected spreading of V5-Cre and HTTEx1Q25-Cre similarly to HTTEx1Q72-Cre. 
Will and colleagues observed that Cre recombinase, if added to the medium, can be taken up by 
the cells in culture and trigger the expression of the reporter gene (231). Moreover, polyQ 
aggregates can be taken up by the cells, too (53). Therefore, we treated our WT NGN2 neurons 
and Myo LoxP-GFP neuromuscular co-culture with conditioned medium obtained from Neu Q72-
Cre #12. In our system HTTEx1Q72-Cre trans-neuromuscular spreading was not occurring via the 
medium because we did not observe GFP fluorescence in the myotubes. The difference with Will 
et al., and Ren et al. works could reside in the approach. Indeed, they added Cre recombinase or 
synthetic polyQ fibrils directly to the medium.  Therefore, their approach likely brought into the 
medium a higher amount of protein compared to the one in the conditioned medium used in our 
work.  
 
As I already mentioned, V5-Cre #51 and Q72-Cre #3 differ in fusion protein expression levels. The 
2.9-fold higher expression of V5-Cre, compared to HTTEx1Q72-Cre, found in V5-Cre #51 neurons 
could have masked a difference in trans-neuromuscular spreading of these proteins.  We also 
showed that with the Q72-mCherry clones that the fusion protein expression level influences the 
probability of spreading (Chapter Three).  As stated before, we also observed HTTEx1Q25-
Cre spreading in neuromuscular co-culture. HTTEx1Q25 was used as control sequences before 
(227, 228). However, its scientific relevance can be questionable. It can be considered an artificial 
fragment since it was not found in humans or HD mouse models. On the contrary, N-terminal mHTT 
fragments were found in HD postmortem brains (98). Moreover, HTTExon1 mRNA was found in HD 
brains and mice models, not in wild-type samples (106, 107). Finally, we can’t exclude a phenotype 
coming from HTTQ25Ex1 overexpression, and therefore it is not the best control for assays where 
we want to assess pathological phenotypes. Even though the scientific relevance of HTTQ25Ex1 
and its translation to human studies remain questionable, we can still learn from this fragment, and 
therefore, we decided to use it in our spreading study. In this regard, Kim and colleagues showed 
that HTTEx1Q97 was spreading with higher efficiency compared to HTTEx1Q25 in C.elegans (54). 
Our results did not show a higher propensity for spreading related to the length of the polyQ as in 
Kim et al. This difference is most likely attributable to the different promoter that is regulating the 
HTTEx1Q25 expression. Indeed, we used a general and strong promoter (CAG), and Kim and 
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colleagues used a neuron-specific one for C. elegans (Pflp-21). Related to this, our lab's 
unpublished in vivo data show that HTTEx1Q25 spreading is less efficient than HTTEx1Q82 in mice 
(both under synapsin1 promoter), corroborating the observation done by Kim and colleagues. This 
suggests that the strength of the promoter could have masked the differences between 
HTTEx1Q25-Cre and HTTEx1Q72-Cre spreading in our in vitro system. In conclusion, further 
studies are necessary to elucidate the behaviour of HTTEx1Q25, keeping in mind that the 
translatability to human studies might be limited (with the actual knowledge).  
 
Our data showed that HTTEx1Q72-Cre is triggering the formation of EM48+ puncta in myotubes 
upon spreading. On the contrary, the aggregation found in GFP+ myotubes in the presence of Neu 
V5-Cre was very low. This observation suggests that even though both proteins can propagate from 
neurons-to-myotubes, only the construct carrying the polyQ is able to trigger aggregation. We also 
observed that 45% of the GFP+ myotubes in Neu Q72-Cre #12/Myo LoxP-GFP co-cultures were 
negative for EM48+ puncta at DCC28. This suggests that HTTEx1Q72-Cre trans-neuromuscular 
propagation occurs likely via smaller species, and aggregation occurs in the myotubes. Taking all 
these data together, we show that trans-neuromuscular spreading of HTTEx1Q72 occur in a 
human-related context in vitro and makes it a good candidate as a novel pathway for HD muscle 
pathology progression to be further investigated.  
 
Previous studies showed that mHTT transneuronal propagation can trigger pathological 
neurodegenerative-like changes in healthy human neurons receiving mHTT (6). Interestingly, 
Ribchester and colleagues reported morphological changes of NMJs in HD mice models but only in 
the late stage of the disease (10). Therefore, we selected DCC28, as a late-stage time-point in our 
system, to evaluate the presence of eventual morphological changes in NMJs upon HTTEx1Q72-
Cre spreading. We did not identify a change in NMJs morphology between GFP+ and 
GFP- myotubes. This could be explained by the fact that Ribchester et al., used a severe HD mouse 
model (R6/2) and found NMJs abnormalities only in the late stage of the disease. Most likely, our 
system cannot replicate these findings because it is an in vitro model with a low expression of the 
HTTEx1Q72. Moreover, it is important to highlight  the fact that it is not known if NMJs morphological 
changes are occurring in HD patients, the work published so far was done on HD mice models 
exclusively (14).  
 
Another important point to discuss is the controversial question about the presence of HTT in the 
muscles. As I already mentioned in the introduction of this thesis, previous studies reported that 
HTT as protein was not detected in human skeletal muscles but only its mRNA (Tissue expression 
of HTT - Summary - The Human Protein Atlas). Interestingly, other studies reported the presence 
of inclusion bodies or aggregates in skeletal muscles samples from the human and HD mice model 
(10, 11, 75). Ribchester and colleagues defined the presence of inclusions in R6/2 muscles 
(extensor digitorum longus, EDL) as infrequent up to 12 weeks of age but by 16 weeks they were 
present in ≈ 20% of EDL muscle fibers. However, with the actual knowledge, we cannot establish 
the exact origin of these aggregates/inclusion bodies, and more specifically the one found in human 
skeletal muscles. A non-cell-autonomous origin of these aggregates would explain the absence of 
the protein but the presence of the aggregates in humans. Even though, further studies are needed 
our HD models indicate that the transneuromuscular transmission of mHTTEx1could be a potential 
explanation for the observation mHTT aggregates in HD patients’ skeletal muscles.  
 
We also generated hiPSCs Q72-mCherry clones (Q72-mCherry #93, Q72-mCherry #94, Q72-
mCherry #95) with different expression levels of the fusion protein. Picking clones with different 
fusion protein expression levels allowed us to establish an in vitro model to study the impact of 
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different levels of HTTEx1Q72 expression on myotube differentiation. Indeed, it was interesting to 
observe that a high expression of HTT Ex1Q72 (in clone #93) affected the differentiation process 
and resulted in a reduction of MHCI expression. The previous literature about HD myotubes 
differentiation is still quite controversial. Indeed, Luthi-Carter and colleagues reported that terminal 
differentiation genes involved in muscle maturation were less expressed in R6/2 mice (167). On the 
contrary, Ooi and colleagues did not find differences in gene expression of myotubes derived from 
HD patients and the isogenic WT line (172). This difference among previous studies could be 
correlated to the fact that Luthi-Carter et al., used a severe HD mouse model and Ooi and 
colleagues used HD patient-derived iPSCs.  If mHTT is affecting the differentiation, a different level 
of expression of the mHTT could have caused the difference among the results found in R6/2 and 
human cells. In the light of our and previous data, it would be interesting to evaluate other genes 
involved in myotubes differentiation in our system to understand better the effect of HTTEx1Q72 
expression in myotubes. 
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7.11. Figures 
 

Figure 1 
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Figure 1: validation of the fusion protein expression levels in the newly generated hiPSCs clones. 
a) Western blot membrane where HTTEx1Q25-Cre and HTTEx1Q72-Cre were detected with 
Mab5492, an antibody against aa1-82 of the Exon1 of HTT (β-actin was used for normalization). 
Right graph represents the values obtained in three independent experiments (N=3, Unpaired t-
test, non-significant statistical differences were found). b) Western blot membrane where V5-Cre, 
HTTEx1Q25-Cre, and HTTEx1Q72-Cre were detected with an antibody against Cre (β-actin was 
used for normalization). Right graph represents the values obtained in three independent 
experiments. (N=3, V5-Cre #51 vs Q25-Cre #3, * = p= 0.0148; V5-Cre #51 vs Q72-Cre #12, * = p= 
0.0494; one-way ANOVA, post-hoc Tukey’s multiple comparisons test). Abrr: hiPSCs: human 
induced pluripotent stem cells. 
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Figure 2 

 

Figure 2: comparison of the fusion protein expression levels among different hiPSCs clones. a) 
Western blot membrane where different clones of the hiPSCs V5-Cre line were compared to Q72-
Cre #12 with an antibody against Cre (β-actin was used for normalization). Right graph represents 
the values obtained in three independent experiments (N=3, Kruskal-Wallis test and Dunn’s post-
hoc test, non-significant statistical differences were found). b) Western blot membrane where Q72-
Cre #23, a new Q72-Cre clone, was compared to previously generated lines. (* red asterisks 
indicate the WB bands corresponding to the proteins of interest. β-actin was used for normalization). 
(Band intensity Cre/β-actin for Q72-Cre #12: 0.41; Q72-Cre #23: 0.47). Abrr. hiPSCs: human 
induced pluripotent stem cells.  
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Figure 3 

 

Figure 3: assessment of the LoxP-GFP sequence functionality in hiPSCs. a) Fluorescent 
microscopy images of three different clones of LoxP-GFP MYOD hiPSCs nucleofected with -Cre 
plasmids to excise the lox-stop-lox sequence and allow GFP expression to validate the functionality 
of the system (images acquired with EVOS microscope, 10x magnification objective). b) Histograms 
represent the x-axis of the GFP IF (intensity of fluorescence) and the y-axis the count of the GFP 
cells. (median GFP FI and % GFP+ cells per clone. Clone #22: 613, 40.7%; clone #25: 343, 28.6%; 
clone #26: 916, 49.1%). Note that the negative control has a single peak histogram located around 
100 as the value of GFP IF.  
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Figure 4 

 

Figure 4: evaluation of the three neuronal -Cre line differentiation towards neuronal phenotype in 
neuromuscular co-culture. a) Immunocytochemistry of neurons in Neu V5-Cre #51/ Myo LoxP-GFP; 
Neu Q25-Cre #3/ Myo LoxP-GFP; Neu Q72-Cre #12 / Myo LoxP-GFP at DCC28. The 
neuromuscular co-cultures were stained with TUJI and Hoechst 33342 (Images were acquired with 
Operetta from Perkin Elmer with a 20x objective 0.75NA). b) Left and central graphs show the 
quantification of the mean intensity and of the area of TUJI normalized on Hoechst 33342, 
respectively. Right graph shows the n° nuclei counted per well. Each point on the graphs indicates 
one well. Analysis was performed with Harmony software version 4.1. (N=6, one-way ANOVA, 
Tukey’s post-hoc test non-significant differences were found). Abrr. DCC: day of co-culture. 
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Figure 5 

 

Figure 5: assessment of the differentiation of the Myo LoxP-GFP towards a muscular phenotype 
upon co-culture with the -Cre neuronal lines. a) Immunocytochemistry against MHC in Neu V5-Cre 
#51 / Myo LoxP-GFP; Neu Q25-Cre #3 / Myo LoxP-GFP; Neu Q72-Cre #12 / Myo LoxP-GFP 
neuromuscular co-culture at DCC28 (Images were acquired with Operetta from Perkin Elmer with 
a 20x objective 0.75NA). b) Graphs show the quantification of MHC mean intensity and area 
normalized on Hoechst 33342, respectively. Analysis was performed with Harmony software 
version 4.1. (N=5, MHC/Hoechst area: Neu Q25-Cre #3 vs Neu V5-Cre #51 *= p=0.0281, one-way 
ANOVA, Tukey’s post-hoc). Abrr. DCC: day of co-culture. 
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Figure 6 

 

Figure 6: trans-neuromuscular spreading of -Cre fusion proteins. a,c) schematic of the 
neuromuscular co-culture where WT neurons or -Cre neurons are co-culture with Myo LoxP-GFP. 
b,d) representative live-cell fluorescent images obtained with Operetta high-throughput imaging 
system of the different co-culture genotypes combination: WT neurons/ Myo LoxP-GFP; myotubes 
alone; Neu V5-Cre #51 / Myo LoxP-GFP; Neu Q25-Cre #3 / Myo LoxP-GFP; Neu Q72-Cre #12 / 
Myo LoxP-GFP.  e) Quantification of the number of GFP+ cells at DCC 4, 15, and 28 for the three -
Cre lines involved. (the results are listed as mean ± s.e.m. Nr GFP+ cells in Neu V5-Cre #51/ Myo 
LoxP-GFP co-culture: DCC4 6.05 ± 0.898; DCC15 23.6 ± 2.02; DCC28 24.5 ± 1.77. Neu Q25-Cre 
#3/ Myo LoxP-GFP co-culture: DCC4 4.31 ± 0.825; DCC15 29.8 ± 2.97; DCC28 33.1 ± 2.82. Nr 
GFP+ cells in Neu Q72-Cre #12# 12/ Myo LoxP-GFP: DCC4 3.59 ± 0.449; DCC15 29.1 ± 3.68; 
DCC28 32.5 ± 3.73. N=6 biological independent experiments, each dot represents one well) (Neu 
V5-Cre #51 and Neu Q72-Cre #12 DCC4 vs. 15 p< 0.0001, ns DCC15 vs. 28, Neu Q25-Cre #3 
DCC4 vs. 15 p=0.0005, ns DCC15 vs. 28, Kruskal-Wallis and Dunn’s post-hoc test per each line). 
Abrr. DCC: day of co-culture. 
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Figure 7 

  

Figure 7:  HTTEx1Q72-Cre is not transferred to Myo LoxP-GFP via medium. a) Images acquired at 
different time points upon addition of Neu Q72-Cre #12 conditioned medium to Neu WT NGN2 / 
Myo LoxP-GFP at DCC14. No GFP+ cells were observed over the selected time window of 
observation. b) The treated co-culture was monitored +1, 2, 3, 4, 8 days after the treatment (until 
DCC22) with Operetta high-throughput imaging system (Perkin Elmer). Abrr. DCC: day of co-
culture. 
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Figure 8 

 

Figure 8: GFP+ cells show muscular-like phenotype and form bungarotoxin (BgTx) clusters in Neu 
Q72-Cre #12 / Myo Lox-P GFP co-cultures. a) Confocal laser scan microscopy image of a GFP+ 
myotube at DCC28 showing muscular-like morphology and expressing MHC. b) BgTx staining of 
neuromuscular co-culture at DCC28. The BgTx clusters overlapping with GFP+ myotubes are 
identified with Imaris surface function. c) Data are shown as % BgTx clusters in the 4 identified 
classes: small&elongated (volume<20µm3; sphericity<0.6), small&round (volume<20µm3; 
sphericity>0.6), big&elongated (volume>20µm3, sphericity<0.6) and big&round (volume >20µm3, 
sphericity>0.6). (N=3, c2 test, non-significant statistical differences were found). Abrr. DCC: Days 
of co-culture. 
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Figure 9 

 

Figure 9: EM48+ puncta are found in GFP+ myotubes upon Q72-Cre. a) Representative orthogonal 
view of GFP+/EM48+ myotubes in Neu Q72-Cre #12 /Myo LoxP-GFP and Neu V5-Cre #51/Myo 
LoxP-GFP co-cultures. b) Quantification of the number of EM48+ puncta per GFP+ myotubes 
identified at DCC28. Statistical analysis revealed that GFP+ myotubes upon HTTEx1Q72-Cre 
spreading carry more puncta per cell (Paired t-test, * = p = 0.0499). c) Quantification of the EM48+ 
puncta volume. Paired t-test, * = p = 0.0432). N=3. Abrr. DCC: day of co-culture. 
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Figure 10 

 

Figure 10: evaluation of HTTEx1Q72-mCherry protein expression levels in hiPSCs derived neurons. 
a) WB of Neu Q72-mCherry #72, Neu Q72-mCherry #75 vs. Neu Q72-Cre#12 to evaluate 
HTTEx1Q72 expression (GAPDH was used for normalization). b) the graph represents the results 
of the ratio between Mab5492/GAPDH band intensities. Abrr. iND6: neurons day 6, DIV: days in 
vitro. 
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Figure 11 

 

Figure 11: assessment of HTTEx1Q72-mCherry protein expression levels in newly derived hiPSCs 
MYOD. a) Western blot membrane of hiPSCs MYOD clones expressing HTTEx1Q72-mCherry 
(clone #92, #93, #94) and hiPSCs Q72-Cre #12. Abrr: hiPSCs: human induced pluripotent stem 
cells. 
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Figure 12 
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Figure 12: differentiation of hiPSCs MYOD Q72-mCherry clones. a) Representative images of 
immunocytochemistry performed on WT MYOD, Q72-mCherry #93, Q72-mCherry #94 and Q72-
mCherry #95 myotubes. MHCI and Hoechst33342 stainings were performed at day in vitro (DIV) 18 
and 28. b) Graphs show the quantification of MHCI mean intensity and area normalized on Hoechst 
33342 at DIV 18, respectively. DIV 18 mCherry/Hoechst (mean Int.): #93 vs #94 **** = p<0.0001; 
#93 vs #95 *** = p=0.0004. DIV18 mCherry/Hoechst (area); #93 vs #94 **** = p<0.0001; #93 vs #95 
**** = p<0.0001. one-way ANOVA, Tukey’s post-hoc test c) Graphs show the quantification of MHCI 
mean intensity and area normalized on Hoechst 33342 at DIV 28, respectively. DIV 28 
mCherry/hoechst (mean int.); #93 vs #94 *** = p= 0.0002; #93 vs #95 *** = p=0.0003. DIV 28 
mCherry/Hoechst area: #93 vs #94 *** = p= 0.0003, #93 vs #95 *** = p=0.002. d) Graphs show the 
quantification of MHCI mean intensity and area normalized on Hoechst 33342 at DIV 18 vs DIV28 
per each clone #94 * = p-value= 0.0402. mCherry+/Hoechst (area) at DIV18 vs 28 for clone #93 p-
value= 0.0588, #94 *** = p=0.0002; #95 **** = p<0.0001, Unpaired t-test). Analysis was performed 
with Harmony software version 4.1. N=4, Abrr. DIV: days in vitro. 
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8. CHAPTER THREE 
 

Mutant huntingtin crosses the neuromuscular junction and causes transmission-
selective pathological alterations in huntingtin expressing myotubes 
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8.1. Abstract 
 

Skeletal muscle dysfunction, wasting, and synaptic pathology is a hallmark of Huntington’s disease 
(HD). Similar to the nervous system, the pathological lesions and clinical symptoms progressively 
worsen with the disease course. Cell-to-cell transmission of toxic mutant huntingtin (mHTT) has 
been shown to occur and could be a potential explanation for the progressive accumulation of 
pathological lesions and clinical symptoms in time. However, the mechanism and contribution of 
mHTT cell-to-cell transmission to pathology in an environment of ubiquitous expression of the 
mutant protein is not well understood. Here, we show that the HD-associated mHTT exon 1 
(mHTTEx1) is transmitted from human induced pluripotent stem cell- (hiPSC-) derived motor 
neurons (MNs) to isogenic hiPSC-derived myotubes across functionally active neuromuscular 
junctions (NMJ) and in vivo in wild-type mice from the M1 motor cortex to spinal MNs and skeletal 
muscles. Increased synaptic connectivity and activity enhance transmission. Also, our data reveal 
that transmission happens prior to aggregate formation and that aggregation occurs progressively 
with continuous transmission across weeks at the myotube surface. Furthermore, we provide 
evidence that mHTTEx1 derived from MNs causes defragmentation of mitochondria and 
exacerbates nuclear aggregation, the latter in the presence of myotube autonomous mHTTEx1. 
Finally, we find that mHTTEx1 transmission results in decreased myotube contractions; in contrast, 
myotube autonomous expression causes a hyperexcitable-like phenotype. Altogether, our data 
suggest that mHTTEx1 neuromuscular transmission contributes to skeletal muscle dysfunction in 
HD, via continuous transmission of the toxic protein already at early preclinical stages of HD and 
thereby contributes to an increasing accumulation of toxic protein in skeletal muscle, eventually 
leading to a highly selective phenotype resulting in a decline of skeletal muscle function. Since 
multiple studies support a role of synaptic transmission of diverse misfolded proteins, including tau 
in Alzheimer’s, α-synuclein in Parkinson’s, mHTT in HD, tdp-43 in Amyotrophic lateral sclerosis and 
frontotemporal lobar dementia, in the central nervous system, this process likely represents a 
common synaptic-linked pathobiological pathway for most neurodegenerative protein misfolding 
diseases.   
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8.2. Introduction 
 

Neurodegenerative protein misfolding diseases (PMDs) are a group of unrelated illnesses, including 
Alzheimer’s-, Parkinson’s-, Huntington’s disease, Amyotrophic lateral sclerosis, and frontotemporal 
lobar dementia. They are all characterized by misfolding and aggregation of a disease-specific 
protein, cell-type-specific vulnerability to degeneration, and progressive loss of structure and 
function of the nervous system. The disease process is already active for years, prior to revealing 
itself mostly around mid-age with initially discrete neurobehavioral and neuropsychiatric symptoms, 
which progressively worsen into cognitive impairment(234). Currently, no therapies are available to 
cure or at least slow down the progression of these devastating illnesses.  

Recently, it has been suggested that cell-to-cell transmission of the toxic misfolded protein 
species might be a potential explanation for the spatiotemporal propagation of the pathological 
lesions through the brain. A causal link between the transcellular spreading of misfolded prion 
proteins (PrP scrapie or PrPSc) and pathology has been demonstrated in prion diseases(16). For 
the other neurodegenerative PMDs, it has been by now firmly demonstrated that tau (AD), α-
synuclein (PD), mutant huntingtin (mHTT), and tdp-43 (ALS, FTLD) are transmitted between cells 
and functionally connected brain regions in animal and cell culture models (for review see(235, 
236)). This transmission is accompanied by the appearance of protein aggregates in the acceptor 
cells, and also a decline of cognitive and motor behaviour has been observed in the region- or cell-
type-specific misfolded protein-expression models of neurodegenerative PMDs (8, 44, 49, 228, 
233).  

Although the cellular mechanism responsible for cell-to-cell transmission of misfolded 
proteins has not been identified, it has been shown that synaptic connectivity and increasing 
neuronal activity enhance neuron-to-neuron transmission of Tau, and prevent synaptic vesicle 
release alters the neuron-to-neuron transmission of mHTT(6, 7, 46, 59). Together, with the 
observations that tau, α-synuclein, mHTT, and tdp-43 are transmitted between functionally 
connected brain regions in vivo in mice and drosophila, this strongly suggests a transsynaptic 
transmission pathway of misfolded proteins(6-8, 44, 45, 49, 50, 233, 237). Synaptic connections 
are not only present in the CNS, but these structures also allow transcellular communication 
between the CNS and the periphery, as for example, the neuromuscular junction (NMJ) between 
spinal motor neurons and skeletal muscles. mHTT expressed in either the skeletal muscle or brain 
in Caenorhabditis (C.) elegans has been shown to travel between the central nervous system and 
skeletal muscles(54). Thus, the transmission of misfolded proteins could represent a systemic 
disease pathway affecting not only the CNS, but also contributing to a progressive deterioration of 
peripheral systems.  

Patients with HD suffer from a decline in skeletal muscle function, which progressively 
worsens with disease course(14, 163). HD is an autosomal dominant disorder that develops with a 
hundred percent penetrance when the number of CAG triplets in the HTT gene exceeds 35 repeats. 
This is translated into a pathogenic polyglutamine stretch in the exon1 of the protein(64). Incomplete 
mRNA splicing of the mHTT results in the very toxic exon 1 fragment of the protein, which is highly 
prone to aggregation, and it aberrantly translocates to the nucleus, where it interferes with 
transcription(107, 121, 238). Human neuronal cell lines expressing only the HTT exon 1 (HTTEx1) 
develop intra-nuclear inclusions and mitochondrial dysfunction(239). These pathologies are also 
observed in skeletal muscles of HD patients and animal models, together with skeletal muscle 
wasting and fatigue(9, 11, 12, 14, 144, 169, 240).  

Using an isogenic human induced pluripotent stem cell- (hiPSC-) neuromuscular (NM) 
model combined with high-throughput live-cell imaging, functional analysis, and microfluidic 
systems, we addressed whether mHTTEx1 cell-to-cell transmission can occur across the 
neuromuscular junction and how synaptic activity and density could influence this process. We also 
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examined whether mHTT NMJ transmission can contribute to skeletal muscle pathology, including 
conditions resembling ubiquitous expression of mHTTEx1. We show that mHTTEx1 is transmitted 
from neurons to myotubes across the NMJ and that transmission is elevated by increased NMJ 
density and enhanced activity. Moreover, our data reveal that transmission occurs independent of 
mHTTEx1 aggregation, already during NMJs assembly, and is enhanced during their functional 
maturation. Furthermore, our data discloses that mHTTEx1 transmission results in fragmented 
mitochondria, a functional decline of the NMJ, and increased intra-nuclear aggregates in the 
presence of cell-autonomous mHTTEx1 in myotubes. Finally, we show that mHTTEx1 transmission 
expressed specifically in the pyramidal neurons in the M1 motor cortex in vivo in mice is transmitted 
to the spinal motor neurons and triceps and biceps muscles. Our findings, therefore, suggest that 
mHTTEx1 cell-to-cell transmission occurs between the central nervous system and the periphery 
and might contribute to pathological alterations of the NM system already at early, preclinical stages 
of the disease. More broadly, our findings also support the notion that cell-type-specific vulnerability 
might be determined by the level of functional synaptic connectivity in combination with 
transsynaptic transmission of the misfolded proteins.   

 

Results 
 

8.3. Characterization of an in vitro NM co-culture using hiPSC-derived neuronal 
and muscle cell lines to study the mechanisms and pathological 
consequences of trans-neuromuscular transmission of pathogenic HTT.  

 

To assess whether mHTT transmission can contribute to skeletal muscle pathology in HD patients, 
we designed an in vitro, isogenic hiPSC-derived neuromuscular co-culture system, using two 
transgenic cell lines, one bearing a doxycycline- (dox)-inducible pro-neuronal transcription factor, 
neurogenin 2 (NGN2) transgene(241) and a second one bearing a Dox-inducible pro-skeletal 
muscle transcription factor, myoblast determination protein 1 (MYOD) transgene. We generated 
four isogenic hiPSC NGN2 and one hiPSC iMYOD line, isogenic to the NGN2 lines, to establish the 
following two NM-co-culture systems: 1) a NGN2 line expressing the exon1 of the HTT gene, with 
72 (pathogenic) triplets encoding for glutamine, fused to a Cre sequence without the additional 
nuclear localization signal (iNGN2;HTTEx1Q72-Cre) and a MYOD hiPSC line with a LoxP-GFP 
construct (iMYOD;LoxP-GFP; Supplemental Fig. 1a). The Cre-Lox system allows us to follow 
HTTEx1Q72-Cre transmission to LoxP-GFP myotubes by myotubes turning green and can be used 
for high-throughput, low-resolution, live-cell imaging to follow transmission and NM-activity in the 
same culture over weeks (Fig. 1a); 2) a HTTEx1Q72 fused to a mCherry (iNGN2;HTTEx1Q72-
mCherry; Supplemental Fig. 1a). The mCherry-tag allows following more precisely the HTTEx1Q72 
transmission to myotubes over time at the protein level. Once a LoxP-GFP myotube is expressing 
GFP, further transmission of HTTEx1Q72 cannot be visualized. In contrast, a change in mCherry 
labeling will reveal the dynamics of this process, and it will allow correlating the amount of 
transmitted protein with pathology. Importantly, comparing the transmission of HTTEx1Q72 fused 
to different tags serves as a control to determine that transmission is independent of the tag.  
Successful expression of the HTTEx1Q72-Cre and HTTEx1Q72-mCherry constructs in iPSCs was 
determined by western blot (WB) analysis using an antibody against HTT exon 1 (MAB5492) 
(Supplemental Fig. 1b). Comparing the expression levels between the lines revealed that we had 
clones with different levels of HTTEx1Q72-mCherry expression (Band intensity HTTEx1Q72 / β-
actin = clone#71 0.26, clone#72 0.22, and clone#75 1.53). The HTTEx1Q72-Cre line expressed the 
lowest compared to HTTEx1Q72-mCherry clones because to visualize the band on the gel we had 
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to expose the gel much longer (Supplemental Fig. 1b). To assess whether the different protein 
expression levels result in a distinct propensity to aggregation, we differentiated the hiPSC lines 
into neurons. After the day of co-culture (DCC) 1, we observed a decrease in Oct4 expression, 
meaning that the cells are losing pluripotency as expected (Supplemental Fig. 1c). The neurons 
were labeled after 7 and 21 days of differentiation with the HTT-specific antibody, EM48, which has 
a high affinity for the aggregated form. This revealed that aggregation increased with the increasing 
expression level of the HTTEx1Q72 protein, with HTTEx1Q72-Cre showing the lowest and clone#75 
HTTEx1Q72-mCherry the highest EM48 values in the neurons (Supplemental Fig. 1d).      
To test the Cre-lox system, we electroporated iMYOD;LoxP-GFP iPSCs with the HTTEx1-Cre 
construct and the iNGN2;HTTEx1Q72-Cre iPCSs with a LoxPP-mCherry plasmid. This resulted in 
GFP and mCherry expressing cells, resp. In the absence of Cre we never observed GFP expression 
in the iMYOD;LoxP-GFP hiPSCs (n = 3; Supplemental Fig. 1e). Altogether, these analyses 
demonstrate a successful generation of four hiPSC-lines, which can be used to study the cell-to-
cell transmission of HTT by the appearance of either GFP positive myotubes or mCherry+ 
assemblies (puncta) in myotubes.   
 

8.4. Formation of functional neuromuscular junctions in co-cultures of Neu Q72-
Cre with Myo LoxP-GFP. 

 

In the next step, we established from these new lines NM-co-cultures using a two-step differentiation 
protocol (Supplemental Fig. 2a). To induce differentiation into either neurons or myoblasts (myocyte 
precursors) the hiPSCs were exposed for 3-days to dox. After these 3 days, the myoblasts were 
seeded and cultured for additional 10 days in myotube (fused myocytes) promoting media. The 
precursor neurons were seeded directly after the 3-day dox treatment on top of the myotubes, and 
the culture medium was changed to a motor neuron promoting type (Supplemental Fig. 2a). 
Maturation of the myotubes and neurons in co-cultures was assessed by WB at DCC 1, 7, 14, 21, 
and 28, using myotube-specific antibodies (myotube heavy chain embryonic and postnatal isoform 
(MHC3 and MHC8, resp.) and neuronal (doublecortin (DC; neuronal precursor marker) and motor 
neuron, specific antibodies (Islet 1 and choline acetyl transferase (ChAT)) (Fig. 1b). In co-cultures, 
protein levels of MHC3 decreased, and MHC8 increased from DCC 1 to 28.   DC decreased, and 
ChAT increased from DCC 7-28. This demonstrates a molecular maturation of the two cell types, 
hereafter referred to as Neu Q72-Cre #12 for the neurons and Myo LoxP-GFP for the myotubes. To 
assess whether NMJs are formed between Neu Q72-Cre #12 and Myo LoxP-GFP, we performed 
immunofluorescence antibody staining (IF) on the co-cultures and observed close appositions of 
the neuronal presynaptic active zone marker bassoon and the acetylcholine receptor (AChR) 
marker α-bungarotoxin (α-BgTx) on myotubes (which represent the postsynaptic structure of the 
NMJ; Fig. 1c). Patch-clamp recordings from Neu Q72-Cre #12 revealed functional maturation of a 
current-induced action potential firing pattern from a mixed phasic / adaptive at DCC7 to a mainly 
tonic pattern at DCC 21 (Fig. 1d, Supplemental Fig. 2b). To assess whether these neurons can 
induce myotube contractions, we performed live-cell imaging of the co-cultures and visualized 
myotube contractions at DCC 15 (movie 1). To reveal that these contractions are induced by the 
neuronal activity, we recorded these contractions at DCC 21 in the absence and presence of the 
NMJ-activity blocker α-BgTx. Myotube contractions were present in the absence of α-BgTx (% total 
contracting area / well area = 0.35± 0.099, mean ± s.e.m.) and disappeared upon its addition to the 
co-culture (0.047 ± 0.018, mean ± s.e.m.). These data demonstrate the establishment of functional 
NMJs between Neu Q72-Cre #12 and Myo LoxP-GFP. To gain better insight into the temporal 
development of these NMJs we followed myotube contractions for 29 days. Recordings were 
performed from the same wells and analysed for “total myotube activity” and “total myotube 
contracting area.” We compared co-cultures with monocultures of Myo LoxP-GFP. This revealed a 
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temporal increase in both myotube activity and contracting area only in co-cultures (Fig. 1e). In 
addition, we analysed the variability of these parameters within one culture well. The variability 
significantly decreased from DCC 15 onwards in co-cultures, but stayed high in monocultures 
(Supplemental Fig. 2c). Spontaneous myotube contractions occur randomly, while neuron-induced 
contractions are triggered. Interestingly, the decrease in variability occurs at a time point when the 
myotube contracting area steeply increases (DCC 15 to 22, p = 0.004), and in parallel with the 
maturation of neuronal properties allowing a more active AP firing pattern establishment (DCC 14 
to 21, tonic firing from 14% to 80%) (Fig. 1d, e). These data together demonstrate the establishment 
of functional NMJs between Neu Q72-Cre #12 and Myo LoxP-GFP in this NM-co-culture system 
and validate it for addressing the question of whether HTTEx1Q72-Cre can be transmitted from 
motor neurons to myotubes across functional NMJs.         
 

8.5. Trans-NM transmission of HTTEx1Q72-Cre occurs with time and in the 
absence of puncta in the neurons. 

 

Next to assessing myotube contractions, we performed high-throughput live-cell fluorescent 
imaging from the same wells from DCC 4 to 28. At DCC 4, first GFP+ myotubes appeared, and their 
number increased with co-culture time until day 14, after that the number stayed stable (Fig. 1f, g) 
(DCC4 2.94±0.42; DCC7 10.50±1.27; DCC14 21.18±1.80; DCC21 24.27±3.35; DCC28 24.81±1.94; 
mean ± s.e.m). Based on EM48 staining at DCC 7 and 21 (Supplemental Fig. 1d), we did not 
observe the aggregated form of HTT in HTTEx1Neu Q72-Cre. When we stained the co-culture at 
DDC 28 we detected the presence of EM48 positive assemblies (puncta staining) selectively in 
GFP+ myotubes (Fig. 1h). Transmission thus likely occurs in a non-aggregated form, and 
aggregation takes place in the myotubes.     
To prove that Q72-Cre NM transmission requires direct cell-cell contact and is not transferred via 
the culture media, we placed a two-chambers cell culture insert w/o bottom in one dish to allow the 
physical separation of Neu Q72-Cre #12 from Myo LoxP-GFP, while the medium was shared. The 
dish surface surrounded by one chamber was coated with Poly-L-lysine and laminin to support 
neuronal attachment, and here Neu Q72-Cre #12 were seeded. The surface delimited by the 
second chamber was coated only with laminin to support myotube attachment, and here myotubes 
were seeded. The surface between the inserts was not coated to prevent the movement of the cells 
and the extension of the axons to the myotubes. At DCC 1 the inserts were removed, and the 
cultures were screened for GFP+ myotubes until 21 DCC (Supplemental Fig. 3a). In these co-
cultures, we never observed GFP+ myotubes (Supplemental Fig. 3b).  
Taken together, the NM-co-culture system allows following pathogenic HTTEx1 cell-to-cell 
transmission over weeks with high-throughput, low-resolution live-cell imaging. This is important 
because the transmission of misfolded proteins is likely a continuous process. Furthermore, with 
the expression of GFP in Myo LoxP-GFP we demonstrated that transmitted HTTEx1Q72-Cre can 
enter the cytosol and the nucleus.  Finally, the low number of puncta present in GFP+ myotubes 
strongly suggests that spreading occurs prior to aggregate formation. 
 

8.6. NM-co-cultures in microfluidic devices reveal HTTEx1Q72 transmission 
across the NMJs. 

 

To further demonstrate that HTTEx1Q72 is transmitted across the NMJ and assess whether these 
structures play a role in determining the efficiency of pathogenic HTT transmission, we established 
NM-co-cultures in microfluidic devices (MFDs). These devices allow to co-culture two cell 
populations in two isolated fluidic compartments. The compartments are connected with 
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microgrooves of 450 µm length, through which axons can grow and reach the other compartment 
(Fig. 2a, upper panel). This setup assures that the only contact between neurons and myotubes 
can be via the presynaptic side of the axons, which terminate on the myotubes to form the NMJ. To 
study the efficiency of HTTEx1Q72 NM transmission, we used here the Neu Q72-mCherry 
clone#75. We first assessed whether NMJs are formed between Neu Q72-mCherry and Myo LoxP-
GFP (we kept using this myotube line, but to prevent confusion in this article, we will refer to it as 
Myo when we describe the experiments performed in co-culture with Neu Q72-mCherry). The 
mCherry labeling of the Q72-mCherry expressing neurons showed that these projected their axons 
from the presynaptic neuronal compartment to the postsynaptic myotube compartment (Fig. 2a, 
lower panel). In the myotube compartment, NMJs were established, as visualized with IF staining 
of Bassoon and AChR appositions at DCC21 (Fig. 2b). In a study by Lutz et al., 2020(213), it has 
been shown that the AChR clusters, labeled with α-BgTx, on the surface of myotubes can be 
classified based on their shapes. We performed a detailed shape analysis of these clusters at 
DCC21 and detected four different types in our cultures, which we classified as small&elongated, 
small&round, big&elongated, big&round (Supplemental Fig. 4a-c). When we compared the clusters 
of mono Myo with co-cultures of Neu Q72-mCherry and Myo, we found that even though the 
small&round cluster type is the majority in both cultures, there was a significant increase in the 
density of both types of big clusters in the co-cultures compared to the mono Myo cultures 
(Supplemental Fig. 4d,e). The big-cluster types are thus likely those constituting the NMJs. 
Supporting this notion, we found that big cluster types were over-represented among those 
associated with the presynaptic marker Bassoon, compared to the clusters w/o Bassoon (Fig. 2c). 
With these analyses, we demonstrate the presence of structural NMJs in the co-cultures grown in 
MFDs.  To judge whether Neu Q72-mCherry clone#75 neurons are able to trigger myotube 
contractions potentially we performed patch-clamp recordings and found that these cells develop 
from DCC 7 to 21 a more active pattern of current-induced action potential firing pattern from mainly 
phasic at DCC 7 to mainly adaptive at DCC 21 (Fig. 2d).  
Next, we assessed whether Q72-mCherry protein is present in the myotubes in the postsynaptic 
compartment. IF labeling of the myotubes indeed revealed transmission of Q72-mCherry from the 
neurons in the presynaptic compartment to the myotubes (Fig. 2e). Similar as for the Q72-Cre and 
Myo LoxP-GFP co-cultures, we found that the transmission of Q72-mCherry to Myo across the NMJ 
occurs over time. In contrast to reaching a plateau at DCC 21 that we observed for Neu Q72-Cre 
#12, for the Neu Q72-mCherry we revealed a continuous increase from DCC 7 to DCC 28 of Q72-
mCherry puncta in the myotubes, with the steepest increase occurring between DCC 15 and 21 
(Fig. 2f; DCC7 1±0.2; DCC15 15±3; DCC21 78±12; DCC28 124±15; mean ± s.e.m.; n=45 images 
for each time point). We analysed the volume of Q72-mCherry puncta over time and found that with 
co-culture time there developed a distribution in size, which we divided into four groups (size in µm3: 
≤ 1, > 1 ≤ 5, > 5 ≤ 10, > 10; Fig. 2g). From DCC 14 to 21 there was a large increase in the number 
of puncta of ≤ 1 µm3 (DCC 14: 77 and DCC21: 2921). Together with this, the amount of bigger 
puncta also increased with time (DCC 14 vs. DCC21: > 1 ≤ 5: 47 vs. 534, > 5 ≤ 10: 15 vs. 66, > 10: 
6 vs. 25), suggesting both arrivals of new small aggregates and aggregation of protein to form bigger 
size puncta. Thus, we could show that spreading occurs i) when the axons provide the only possible 
connection between neuronal and muscle cells and ii) regardless of the tag fused to the exon1. 
  

8.7. The load of Q72-mCherry puncta correlates to increasing neuromuscular 
connections.  

 
A pathology already present at presymptomatic stages in HD patients is a loss of functional neuronal 
connectivity in white matter pathways. This pathology arises first in the cortico-striatal pathway and 
then progresses to cortical and other subcortical brain regions(35-38, 242). Interestingly, the most 
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vulnerable brain regions are so-called ‘rich club’; these are brain regions that are more highly 
connected to each other, forming a selective network with higher connectivity than other brain 
regions(243). These are brain nuclei that receive a particularly high number of synaptic connections. 
It has been suggested that transsynaptic neuron-to-neuron transmission of mHTT could be a 
potential underlying pathobiological mechanism for the early loss of synaptic connections(38). To 
assess whether a higher density of NMJ connections leads to more Q72-mCherry puncta in 
myotubes, we divided the postsynaptic myotube compartment into 3 bins. Bin 1 was closest to the 
microgrooves and Bin 3 furthest away. The Axonal area normalized to the myotube area was 
highest in bin 1 and decreased from bin 1 to 3 (in µm2: Bin 1 0.079±0.008; Bin 2 0.029±0.004; Bin 
3 0.013±0.003; mean ± s.e.m.; n=15 images; Fig. 3a, b). We further found that the number of Q72-
mCherry puncta in myotubes at DCC21 was highest in bin 1 and steeply decreased from bin 1 to 3 
(in µm2: Bin 1 155.6±22.93; Bin 2 70.33±8.31; Bin 3 8.067±1.42; mean ± s.e.m.; n=15 images; Fig. 
3a, c). Interestingly, when we quantified the number of puncta from DCC7 to 28 we observed a 
similar but delayed increase in the number of puncta in bin  2 compared to bin 1 (Supplemental Fig 
5a). Axons will arrive slightly later in bin 2 than bin 1, and thus the formation of NMJ is expected to 
be slightly delayed in bin 2 compared to bin 1, which likely explains this temporal delay in Q72-
mCherry puncta accumulation in myotubes. Although minor transmission occurred to bin 3, the 
temporal pattern was similar to bin 1 and 2, with the highest number of Q72-mCherry puncta at 
DCC 28 (Supplemental Fig 5a). Since we assumed that Q72-mCherry proteins reach the myotubes 
via the NMJs, we next compared the number of Q72-mCherry puncta in myotubes to the density of 
NMJs. We found a positive correlation between the density of NMJs and the number Q72-mCherry 
puncta in myotubes (Fig. 3d, e). Thus, these analyses reveal that a higher density of NM-
connectivity results in more Q72-mCherry puncta in myotubes and thus strongly suggest a trans-
NMJ path of transmission.  
 

8.8. Q72-mCherry puncta mainly associate with big AChR clusters.  
 
Previously we showed that mHTT is transmitted from mouse cells to human stem cell-derived 
neurons (h-neurons) in co-cultures of HD-derived mouse organotypic brain slices (OTBS) with h-
neurons. In this system, transmission occurred mainly between week 2 and 4 of co-culture. During 
this time period mHTT co-localized with the pre- and postsynaptic markers synaptophysin and post-
synaptic density protein-95 (PSD-95) in neurons, resp.(6). In the NM-co-cultures we also observed 
around 25% of Q72-mCherry puncta to be associated with the postsynaptic AChRs (Supplemental 
Fig. 4b). Interestingly, around 70% of the AChR cluster types associated with Q72-mCherry puncta 
were of the big-type, while among those w/o Q72-mCherry puncta, only around 12 % were big (Fig. 
3f). The big clusters are likely representing those incorporated in the NMJ, since this type increased 
in the presence of neurons and also in association with the presynaptic marker Bassoon 
(Supplemental Fig. 4e, Fig. 2 c). Since we observed a much higher increase in Q72-mCherry 
transmission between DCC 15 and 21 (30-fold) compared to DCC 7 and 15 (10-fold) (Fig. 2f), we 
propose that Q72-mCherry is transmitted most efficiently via established NMJs.  

 
8.9. Increasing neuronal activity results in higher NM transmission of Q72-

mCherry.  
 

Neuron-to-neuron transmission of mHTT in the OTBS – h-neuron co-cultures and also in vivo in 
drosophila has been shown to be vastly blocked by preventing SNARE-dependent fusion of synaptic 
vesicles to the presynaptic membrane(6, 7). This impairs the release of synaptic vesicles content 
from the presynaptic membrane. On the contrary, depolarization of neurons results in increased AP 
firing, which triggers synaptic vesicle release(244). To test whether an increase in neuronal activity 
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affects Q72-mCherry NM transmission, we depolarized the Neu Q72-mCherry Clone#72 by 
exposing them for 10 minutes to an artificial cerebrospinal fluid (ACSF) solution with high KCl 
concentration (10mM) and kept them after this acute treatment for 2 hours in ACSF with 2.5mM KCl 
(Fig. 4a). We chose to use clone#72 for this experiment because of its lower expression of Q72-
mCherry, which makes it a more appropriate line to detect changes in transmission upon 
manipulations. The exposure to 10mM KCl resulted in more Q72-mCherry puncta in myotubes 
compared to those co-cultures which were exposed to 2.5mM KCl (67±10 with KCl 10mM, 
compared to 37±6 with 2.5mM KCl, n=12 images) (Fig. 4b, c). The volume of Q72-mCherry puncta 
in myotubes was slightly smaller after KCl treatment (ctr = 0.69 ± 0.11 µm3, KCl = 0.57 ± 0.10 µm3; 
Fig. 4d) and significantly more puncta were found deeper inside the myotubes (measured as a 
distance from the MHC1 surface created by Imaris; ctr = -0.20 ± 0.03 and KCl 10 mM = -0.051 ± 
0.03 µm from the surface, p = 0.0001) (Fig. 4e). This may indicate a more active internalization and 
distribution of the aggregates in myotubes during increased trans-synaptic activity.   
 

8.10. Q72-mCherry puncta accumulate at the myosin surface.  
 
Our results so far demonstrate a trans-NM pathway of HTTEx1Q72 transmission. To reveal a 
potential pathology that the transmitted HTTEx1Q72 can cause, we first assessed the intracellular 
localization of this protein in the myotubes in co-culture with Neu Q72-mCherry clone#75, from DCC 
7 to 28. In particular, we analysed the localization of the Q72-mCherry puncta at the cellular surface. 
We used the surface function of the Imaris software (Oxford Instruments) to define the surface of 
myotubes based on MHC1 staining. By visual inspection of images, we observed a striking 
localization of puncta to and partially passing through the MHC1+ myotube surface (Fig. 5a, b). 
Based on a quantification, at DCC 7 the Q72-mCherry puncta both localized at the myotube surface 
(at the surface = within 0 – 0.05 µm from the myotube surface) and inside the myotube (inside = > 
0.05 µm away from the myotube surface) and were mostly small (majority below 4 µm3) (Fig. 5c, d). 
At DCC 15 more Q72-mCherry puncta accumulated at the surface compared to inside, from DCC 
21 this gradually shifted to more puncta inside the myotubes (Fig. 5c, d). Furthermore, as we found 
before, Q72-mCherry puncta with larger volume were observed with increasing co-culture time and 
growing number of Q72-mCherry puncta (Fig. 5c). It has been shown that mHTT has high affinity 
for bioengineered lipid membranes and that insertion of these proteins into these membranes 
triggers their aggregation (Marquette, A. and Bechinger, B. bioRxiv 2020). Our analysis also 
revealed that the largest Q72-mCherry puncta were localized at the myotube surface (Fig. 5c). 
Indeed, when we selectively looked at the localization of puncta with a volume larger than 5 µm3, 
we found that at DCC 7 and 28, 50 and 48% resp. and at DCC 15 and 21, 95 and 93% resp. were 
at the myotube surface (Fig. 5e).   
 

8.11. Neuronal expression of Q72-mCherry induces and aggravates 
pathological alterations in myotubes. 

 

An important open question in the field of misfolded protein transmission is whether the transmitted 
pathology can aggravate the pathology caused by the cell-autonomous presence of the toxic 
protein. This question is crucial to address, because it will reveal whether toxic protein transmission 
is an important novel disease pathway in neurodegenerative PMDs. Therefore, we assessed HD-
specific pathological alterations in myotubes in the following Neu Myo co-culture combinations: 1) 
Neu control (ctr)/Myo ctr (Myo ctr are the Myo LoxP-GFP used throughout this publication. For 
clarity, we refer here to this line as ctr. Control means no expression of the pathogenic HTTEx1Q72), 
2) Neu ctr/Myo Q72-mCherry (cell-autonomous), 3) Neu Q72-mCherry/Myo ctr (transmission) and 
4) Neu Q72-mCherry/Myo Q72-mCherry (transmission + cell-autonomous).  
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Mitochondrial dysfunction is a characteristic observed in skeletal muscle obtained from HD patients 
and animal models(14). Typically, a disbalance in the fission and fusion events occur, which lead 
to more fragmented structures and a reduced filamentous network (144, 245). To assess the effect 
of cell-autonomous and transmitted HTTEx1Q72 on structural aspects of mitochondria we analysed 
mitochondrial length, area weighted form factor and form factor in control co-cultures and compared 
these parameters with those measured in cell-autonomous and transmission co-cultures. We used 
MFDs to avoid contamination with mitochondria coming from the neurons. In this particular 
experiment, we did not analyze cell-autonomous + transmission co-cultures because the expression 
of the mCherry reporter in both cell types would not allow us to discriminate between myotubes that 
received Q72-mCherry from neurons from those which did not.  We observed a significant reduction 
in all three parameters when HTTEx1Q72-mCherry was expressed in myotubes and when the 
myotubes received HTTEx1Q72-mCherry from the neurons (clone#75) (Fig. 6a). Fragmentation of 
the mitochondrial filamentous network due to altered structural mitochondrial dynamics is very likely 
to impair mitochondrial and cellular function. For example, in HD patients' skeletal muscles, a 
reduction in ATP production has been observed, and patients suffer from exercise-induced muscle 
fatigue already at the preclinical stages of the disease(12, 240). Therefore, we assessed whether 
the presence of HTTEx1Q72 also has an effect on myotube contraction. We recorded the 
contraction activity and area of myotubes in the different mixed-genotype co-cultures and observed 
a larger myotube contraction activity and area in cell-autonomous compared to control co-cultures 
at DCC 15 and 22 (Fig 6b). When HTTEx1Q72 (clone#75, high expression) was present in neurons, 
either in transmission or in transmission + cell-autonomous co-cultures there was a complete loss 
of myotube contractions, despite the fact that these neurons displayed AP firing upon current 
injections (Fig. 6b, 2d). In transmission co-cultures with Neu Q72-Cre #12 (low expression) the 
contraction parameters were not different from control cultures, but in transmission + cell- 
autonomous co-cultures the activity was significantly increased at DCC 15 and 22 compared to 
control, but not anymore at DCC29 (Fig. 6b). The contracting area was only significantly increased 
at DCC15 compared to control (Fig. 6b). The contracting parameters were significantly larger in 
transmission + cell-autonomous compared to transmission co-cultures from DCC 15 onwards (Fig. 
6b). Interestingly, compared to cell-autonomous expression alone, cultures that had transmission 
always had significantly lower contraction parameters from DCC 15 and these differences increased 
with higher expression of Q72 (compare line Neu Q72-Cre #12 with Q72-mCherry). There was no 
difference in contraction parameters between monocultures of Myo Q72-mCherry (Cre) and Myo 
Ctr (data not shown). Thus, neuromuscular communication is weakened by the expression of 
HTTEx1Q72 in neurons in a dose-dependent manner, but not when its expression is restricted to 
myotubes. In contrast, expression of HTTEx1Q72 in myotubes alone results in increased myotube 
contraction activity and area compared to ctr cultures.    
We decided to have a closer look at the myotubes and analysed the extend of nuclear accumulation 
of HTTEx1Q72-mCherry puncta. An increase of nuclear aggregates correlates with a worsening of 
skeletal muscle pathology in the R6/2 mouse models of HD(9). Moreover, previously we showed 
that mHTTEx1 transmitted from mouse cells to human stem cell-derived neurons first appeared as 
cytoplasmic aggregates, and with time aggregates appeared in the nucleus. Nuclear aggregation 
correlated with the time when pathological changes occurred in the human neurons(6). In the co-
cultures of mixed genotypes, we observed the lowest number of nuclear puncta in transmission co-
cultures (4.59±0.9; mean ± s.e.m.), this number slightly increased when the protein was expressed 
cell-autonomously in myotubes (9.17±0.94; mean ± s.e.m.) and significantly increased in the 
concurrent presence of cell-autonomous expression and transmission from neurons (19.9±2.32; 
mean ± s.e.m.) (Fig. 6c).  
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8.12. Mutant HTTEx1 is transmitted from the motor cortex to skeletal 
muscle in vivo in mice 

 

With the in vitro experiments, we so far demonstrated that mutant HTTEx1 is transmitted across the 
NMJ from neurons to muscle cells and that this induces pathological changes in the receiving 
myotubes. To understand whether this phenomenon is also likely to occur in patients, we studied 
the transmission of mutant HTTEx1 from the motor cortex to the skeletal muscles in vivo in mice. 
To this end, we designed adeno-associated viruses carrying a LoxPPed HTTEx1Q138-v5 plasmid 
(AAV_LoxP-Q138-v5). We chose a longer (138) CAG repeat since mice are more resistant to CAG 
repeat expansion than humans. In order to further confirm that the longer mCherry and Cre reporter 
tags that we used in in-vitro experiments are not the driving force of the mutant HTTEx1 cell-to-cell 
transmission, we used in this experiment a 9 amino acid long v5 reporter tag. The AAV_LoxP-Q138-
v5 was injected in the motor cortex M1 of mice expressing Cre selectively in pyramidal neurons 
(nex-cre mice). We observed Q138-v5 expression in the motor cortex (Fig. 7a). After 6 months, we 
analysed the brachial spinal cord and the Triceps and Biceps forelimb muscles and found Q138-v5 
positive puncta in spinal motor neurons and both muscles (Fig. 7b, c).  
In skeletal muscle of healthy human subjects, mHTT mRNA is detected, but no HTT protein(246). 
We performed WB analysis from wild-type mouse whole brain, cortex, and skeletal muscle tissue 
and used an antibody against the full-length (fl) endogenous protein (MAB2166). We found fl-HTT 
in both whole-brain and cortex samples but not in samples from skeletal muscles (Fig. 7d).    
 
    

8.13. Discussion  
 

Despite the genetically unrelated cause of the different PMDs, they show some striking 
commonalities, which strongly suggests a common underlying pathobiological mechanism. In all of 
these disorders, the disease-associated proteins transmit through the brain similarly to the 
propagation of pathological lesions (235, 247). The brain regions with the highest connectivity are 
most vulnerable, and the loss of functional connectivity occurs prior to neurodegeneration(39, 248, 
249). Whether cell-to-cell transmission of mHTTEx1 is regulated by functional synaptic connectivity 
and can contribute to disease in an environment of ubiquitous expression of the mutant protein is, 
to date, not well understood. Here, we established an in-vitro hiPSC derived neuro-muscular co-
culture system to study the role of neuromuscular connections in the development of HD-related 
skeletal muscle pathology. We provide evidence that trans-neuromuscular transmission of 
mHTTEx1 can occur across the neuromuscular synapse, likely already at early preclinical stages 
of the disease, and contributes to skeletal muscle pathology. Furthermore, our findings suggest that 
mHTTEx1 transmission is more efficient when synaptic activity and density are increased. Finally, 
we show that mHTTEx1 is transmitted along the corticospinal pathway to skeletal muscles in vivo 
in mice. 

 
N-terminal mHTTEx1 transmission across the neuromuscular synapse  
In our study, we evaluated the transmission of N-terminal mHTTEx1 through the NMJ. 
As we previously showed, the protein is transmitted in co-cultures of HD organotypic brain slices 
with healthy hSC-derived neurons starting at a time point coinciding with the establishment of 
functional synapses and is being enhanced in the following weeks(6). Similarly, in our current study, 
we show that transmission of HTTEx1Q72-Cre, visualized by the appearance of GFP+ myotubes 
(Myo LoxP-GFP), mainly occurs at a time point when functional NMJs are established. We further 
confirmed this data in the MFD system, which restricts the neuron and muscle contact to the axonal 
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connections. In order to visualize the morphological establishment of NMJ in this system, we 
performed an in-depth analysis of the AChR clusters (post-synaptic muscular part of NMJ) on the 
myotubes. AChRs are found diffused throughout the myotubes and are organized into complex 
clusters in the progress of development, leading to a formation of platforms for NMJ formation (213, 
250). Those clusters that were in close contact with bassoon (pre-synaptic neuronal protein of NMJ) 
were in the majority of large and round or large and elongated types, in contrast to small clusters 
that represent the diffused AChRs. The large clusters were also those that increased in number 
upon addition of neurons to the muscular cultures, strongly suggesting they represent functional 
NMJs. These are the AChR clusters that we also found more frequently associated with 
HTTEx1Q72-mCherry puncta. Patch-clamp recordings from Neu Q72-mCherry in these cultures 
showed that neurons had reached a higher frequency of action potential firing at the time point when 
transmission peaked (DCC21). Thus, both experimental systems support that mHTTEx1 is 
transmitted across functional established NMJs. These in-vitro findings we could validate in-vivo in 
mice by showing that HTTEX1Q138-v5 was transmitted from the M1 motor cortex to spinal motor 
neurons and to the triceps and biceps muscles. Similar, kim et. al., expressed non-pathogenic (Q25) 
and pathogenic (Q97) HTTEx1 in both neurons and muscles of the pharyngeal system in C. elegans 
and found that cell-to-cell transmission occurred bidirectional, with significantly higher efficiency for 
Q97 compared to Q25(54).  
In line with a transsynaptic pathway of mHTTEx1 transmission, our work provides evidence that 
synaptic density and activity regulate cell-to-cell transmission of mHTTEx1. First, we showed that 
in the region of the MFD with the highest number of axonal projections, there were more Q72-
mCherry puncta found in muscle cells than in regions with fewer axonal projections. Furthermore, 
we quantified the density of Bassoon and AChR associations (morphological NMJs) and found them 
to positively correlate with the number of Q72-mCherry puncta in the myotubes. Second, we found 
that depolarization of neurons by KCl, led to increased transmission of puncta from neurons to 
muscles. Interestingly, synaptic density and neuronal depolarization also elevate cell-to-cell 
transmission of Tau(59). Therefore, a transsynaptic transmission pathway might cause a continuous 
increase in toxic protein concentration, and thus the presence of a high number of synaptic 
connections in the nervous and skeletal muscle system might make these structures particularly 
vulnerable to disease(38, 248).   
We further have assessed NM transmission of mHTTEx1Q72 with three different neuronal clones, 
each expressing the transgene at different levels. Co-cultures with the lowest expressing line (Neu 
Q72-Cre #12) showed no EM48+ puncta in the neurons at time-points of NM transmission DCC 7 
to 21. Only very few EM48+ puncta could be detected at DCC28 in GFP+ myotubes. This thus 
strongly suggests that the misfolded mHTTEx1 is transmitted in a non-aggregated form, potentially 
as smaller mono- or oligomeric structures. Pointing in the same direction was the temporal analysis 
of puncta size in muscles co-cultured with HTTEx1Q72-mCherry neurons. Large puncta with 
volume above 1mm3 provided a minor fraction at DCC7 (11%) and increased to 46% at DCC 14. At 
DCC21, there was an increase in puncta size above 5mm3 suggesting gradual aggregation. At the 
same time, the largest increase in absolute numbers at all-time points was for puncta with volumes 
below 1mm3, suggesting that small mHTTEx1 assemblies are the major transmitted form. 
Furthermore, we found that transmission gradually increases with higher expression levels of Q72-
mCherry (comparison between co-cultures with Neu Q72-mCherry Cl#72 (low) and #75 (high)), 
which suggests that protein concentration drives transmission. Thus, the efficiency of transmission 
is dependent on multiple factors, including cell-to-cell connectivity, neuronal activity, toxic protein 
concentration and as shown by Kim et. al. polyQ length(54). A progressive decline of structure and 
function of the nervous and skeletal muscle system together with an increase in toxic protein 
aggregation might make this pathway particular relevant to earlier, preclinical stages of the disease. 
In clinically late-onset neurodegenerative diseases, like HD, a potentially low-level, but across many 
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years’ continuous transmission of mHTTEx1 might importantly contribute to the formation of 
intracellular aggregates at later stages of the disease.  

 
Pathological consequences of trans-neuromuscular transmission of N-terminal mHTTEx1  
An important question in the field is the contribution of the misfolded protein transmission to disease 
pathology. Misfolded proteins like tau, α-synuclein, and mHTT have a high affinity for lipid 
membranes. The interaction of these proteins with the membrane accelerates their aggregation and 
might cause decreased mobility and mislocalization of membrane receptors important for cell 
signaling and neuro- and neuromuscular transmission(110, 251-255). Using the Imaris surface 
model applied to muscle cells, we revealed that at DCC15 and 21, more than 50% of puncta 
localized to the surface, and for puncta with volume above 5mm3 it was nearly 100%. Thus, 
mHTTEx1 transsynaptic transmission might cause a local increase in mHTTEx1 concentration at 
the cellular surface, which creates an aggregation nucleation side(251). Interestingly, Harjes and 
Wanker, 2013 have described the localization of mHTT to several subcellular compartments in 
neurons, including the dendritic plasma membrane(255). The dendritic plasma membrane contains 
the postsynaptic side of a neuronal synapse, as is the myotube surface in a neuromuscular synapse. 
When we increased the influx of aggregates to the muscles by depolarization of neuronal cells with 
KCl we observed 2 hours after the treatment proportionally fewer puncta in proximity to the surface 
compared to inside, suggesting that there is an intracellular turnover of aggregates. We may 
speculate that the entrance of mHTTEx1 into the cells facilitates their interaction with the cell 
membrane, where pathological aggregation with time takes place. It remains to be further 
investigated what kind of mechanism is regulating intracellular localization of aggregates and what 
pathological consequences aggregates may have for the membrane permeability and functionality. 
Next, we assessed the pathological effect of mHTTEx1 NM transmission on myotubes in both the 
presence and the absence of autonomous mHTTEx1 expression in myotubes. To do so we 
compared the cell-autonomous versus non-cell-autonomous (transmission) effect of mHTTEx1 on 
mitochondria structure, myotube contraction parameters, and formation of nuclear aggregates. 
Muscular mitochondria morphology was more affected when myotubes were co-cultured with Q72-
mCherry neurons compared to myotubes autonomously expressing the toxic construct and 
resembling mitochondrial fragmentation. In HD patient brains, mitochondrial fragmentation is 
believed to be caused by an association of stabilized HTT oligomers with mitochondrial proteins 
resulting in defective axonal transport of mitochondria and synaptic degeneration(153, 256). 
Furthermore, mitochondrial dysfunction in HD results in reduced ATP levels and likely contributes 
to muscle fatigue measured in HD patients already at preclinical stages of disease(12, 240). We 
found that myotube contraction activity and total area was from DCC15 onwards reduced in co-
cultures where mHTTEx1 was expressed in neurons (transmission), compared to cell-autonomous 
expressing co-cultures and that the reduction was increased with higher expression levels of the 
mHTTEx1 protein in neurons. Interestingly, Myo Q72 showed larger contraction parameters than 
Myo control. This together suggests that synaptic transmission affects different cellular properties 
than the cell-autonomous expression of mHTTEx1, resulting in a transmission-selective and cell 
autonomous-selective functional phenotype. Neu Q72-Cre #12 and Neu Q72-mCherry, cl#75 both 
developed a repetitive AP firing pattern, therefore the reduced contraction parameters in co-cultures 
with transmission compared to those w/o suggests that mHTTEx1 transmission impairs NMJ 
function. In three studies by Waters et. al., 2013, Miranda et. al., 2017 and Khedraki et. al., 2017 
they observed in R6/2 mice a hyperexcitable muscle phenotype and reduced neuromuscular 
transmission in the absence of obvious nerve denervation(149-151). They suggest that the 
hyperexcitable muscle phenotype might develop to compensate for the reduced NMJ transmission. 
Our study reveals now that these two phenotypes are likely developing independently from each 
other. Cell-autonomous expression versus transmission of toxic proteins might both result in a local 



Chapter Three 
 

 

67 
 

intracellular increase of toxic protein, each targeting different subcellular compartments; this could 
explain the occurrence of selective functional phenotypes as observed in our study.    
Potentially, the impairment in NMJ function found in our study is caused by an identified here 
association between the larger HTTEx1Q72-mCherry puncta and the AChRs in NMJs. In contrast, 
cell-autonomously expressed mHTTEx1 may have a more prominent cytoplasmic and/or nuclear 
localization and possibly affects gene transcription resulting in altered expression of for example, 
chloride and potassium inward rectifying channels, which mRNA levels have been found to be 
reduced in R6/2 mice(150).  
As a third HD-related pathology, we analysed the extend of nuclear aggregates. N-terminal 
fragments of HTT have been found in nuclear inclusion bodies in HD patients and represent a 
hallmark of HD(121). We found that nuclear localization of puncta was increased in co-cultures 
where both neurons and muscles expressed mHTTEx1, compared to co-cultures with expression 
selectively in either neurons or myotubes. 
Taken together, the above data provide evidence that HTTEx1Q72 trans-NMJ transmission results 
in pathological alterations in muscle cells, which aggravates in the presence of myotube 
autonomous HTTEx1Q72 and with increased HTTEx1Q72 protein concentration in neurons. The 
latter might be relevant to disease because due to for example, a decline in the protein clearing 
machinery and cell-to-cell transmission of the toxic proteins, the pathogenic protein concentrations 
are likely to increase with disease progression.   
Last but not least, it is important to mention that even though HTT is generally considered to be 
ubiquitously expressed in the body, the human protein data bank shows that skeletal muscles of 
healthy subjects do not express the HTT protein, despite the presence of HTT mRNA(246). We also 
did not detect full-length HTT protein in skeletal muscle in contrast to its presence in whole brain 
and cortex tissue samples of wild-type mice. Bringing a possibility that the transmitted mHTTEx1 
considerably contributes to the muscle pathology in HD. However, it might also be that aberrant 
translation of the mRNA occurs in HD muscle, resulting in cell-autonomous mHTT protein.   
Altogether, our in vitro and in vivo data support the hypothesis that a slow, but continuous 
neuromuscular transmission of mHTTEx1 in HD patients might result in a steady increase in toxic 
protein load in muscle cells, which likely will gradual worsen muscle function in HD patients. In a 
broader context, the transsynaptic transmission of misfolded proteins, including mHTT, tau, α-
synuclein, and tdp-43 is likely the main pathway through which these toxic species spread through 
the brain and thus, this mechanism might also contribute to a decline of neuronal function over time. 
Therefore, a better understanding of the molecular mechanism is of high importance for the 
development of novel therapeutic strategies with the goal to delay and / or slow down dysfunction 
of both the peripheral skeletal muscles and the central nervous system.  
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8.14. Figures 
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Figure 1: Transmission of HTTEx1Q72 from neurons to muscle cells in hiPSC-derived 
neuromuscular co-cultures. a) Schematic of the experimental approach to follow in parallel, for 
multiple weeks, the development of functional neuromuscular junction activity and transmission of 
HTTEx1Q72-Cre expressing neurons to Myotubes bearing a LoxP-GFP sequence by live-cell, high-
throughput imaging. b) Western blot showing the expression of developmental markers for 
myotubes (MHC3 = embryonic myosin, MHC8 = postnatal myosin) and for motor neurons (DC, 
Islet1 and ChAT) at increasing DCC. c) IF images visualizing the morphological presence of 
neuromuscular synapses (depicted in top right image: orthogonal view of presynaptic active zone 
marker Bassoon in close apposition to the postsynaptic marker BgTx (labels the AChRs on 
myotubes) in Neu Q72-Cre #12 / Myo LoxP-GFP co-cultures at DCC21. NFM labels the axons and 
MHC1 is a pan-myosin marker. d) Graph displays percentage of Neu Q72-Cre #12 with either a 
phasic, adaptive or tonic type of current-induced AP firing pattern or no AP firing (none) under 
voltage-clamp of the neurons at -70mV, at DCC 7, 15 and 21. e) Quantification of the percentage 
of images with myotube contractions (left graph) and total myotube contracting area obtained from 
1-well of a 96-well plate, at increasing DCC (n=3) (% of total myotube contracting area was 
measured at each time point and the values are here listed as mean ± s.e.m. Neu Q72-Cre #12 / 
Myo Ctr, DCC2: 0.033 ± 0.01; DCC8: 0.054 ± 0.016; DCC15: 0.149 ± 0.018; DCC22: 0.553 ± 0.145; 
DCC29: 0.761 ± 0.153 and Myo Ctr, DCC2: 0.007 ± 0.0003; DCC8: 0.004 ± 0.001; DCC15: 0.007 
± 0.004; DCC22: 0.016 ± 0.011; DCC29: 0.015 ± 0.011. % of active images was calculated at each 
time point and the values are here listed as mean ± s.e.m. Neu Q72-Cre #12 / Myo Ctr, DCC2: 
8.333 ± 2.386; DCC8: 10.00 ± 1.713; DCC15: 20.00 ± 2.261; DCC22: 30.56 ± 5.283; DCC29: 35.00 
± 2.132 and Myo Ctr, DCC2: 2.5 ± 0; DCC8: 1.389 ± 0.6054; DCC15: 1.111 ± 0.439; DCC22: 1.111 
± 0.605; DCC29: 0.833 ± 0.416. f) A live-cell fluorescent image obtained with the Operetta high-
throughput imaging system revealing GFP+ myotubes at DCC 4 and 28 (Arrowhead indicating a 
GFP+ myotubes at DCC4). g) Quantification of the number of GFP+ myotubes in a Neu Q72-Cre 
#12 / Myo LoxP-GFP co-culture at increasing DCC. h) Orthogonal view of an IF image showing an 
EM48+ HTT puncta in the cytoplasm of a GFP+ myotube. Hoechst (blue) labels the nuclei. Abbr: 
AChRs = acetylcholine receptors; BgTx = α-bungarotoxin (used to label the AChRs throughout the 
paper) ; ChAT = choline acetyltransferase; DC = doublecortin; DCC = days of co-culture; IF = 
immunofluorescence; MHC = myosin heavy chain; NFM = neurofilament M.   
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Figure 2 
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Figure 2: Transmission of HTTEx1Q72 across the neuromuscular junction in Neu Q72-mCherry 
cl#75 / Myo co-cultures in MFDs. a, upper panel) Schematic of MFD depicting the co-culture 
setting. Neu Q72-mCherry (white with red dots) are plated in the presynaptic chamber and Myo 
(green) are plated in the postsynaptic chamber. Neurons extend their axons through the 
microgrooves to the myotubes. a, lower panel) IF image of mCherry (shown in white) in MFD 
visualizing Neu Q72-mCherry in presynaptic chamber and extension of their axons to the 
postsynaptic compartment. b) IF images visualizing the morphological presence of neuromuscular 
synapses (depicted in top right image: orthogonal view of close apposition between Bassoon and 
BgTx) in Neu Q72-mCherry / Myo co-cultures in MFD at DCC21. c, left, upper panels) IF Images 
depicting the four different types of AChR clusters identified on Myo co-cultured with Neu Q72-
mCherry. c, left lower panels) Shows Myo surface (green) and Bassoon surface (white) created in 
Imaris from the IF images shown in top panels. c, right panel) Distribution of AChR cluster types 
in percentage, found on Myo when associated with (+) or w/o (-) Bassoon. c2 test. d) Percentage of 
Neu Q72-Cre #12 with either a phasic, adaptive or tonic type of current-induced AP firing pattern 
under voltage-clamp of the neurons at -70mV, at DCC 7, 15 and 21. e) IF images of Myo 
compartment at DCC 7 showing presence of Q72-mCherry+ axons and at DCC21 showing presence 
of Q72-mCherry+ axons and Q72-mCherry puncta in MHC1+ Myo. f) Quantification of the number 
of Q72-mCherry puncta in Myo at DCC 7 – 28. One data point corresponds to one image (at least 
45 images analysed per time point, from 1 experimental set). g) Volume of individual Q72-mCherry 
puncta localized in Myo at DCC 7 – 28. Displayed are the numbers of puncta in groups 
corresponding to volume ranges, indicated in the legend. Quantified are puncta found in Myo across 
all images from a given time point. *** = p ≤ 0.004 (Kruskal-Wallis). 
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Figure 3 
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Figure 3: Trans-neuromuscular transmission of HTTExQ72 is enhanced by increasing NMJ density. 
a) IF image showing NFM+ axons and Q72-mCherry in bin 1, bin 2 and bin 3 of Myo compartment 
in co-cultures with Neu Q72-mCherry cl#75 at DCC21. b) Quantification of the NFM area normalized 
to the total MHC1 area in each bin. c) Quantification of the number of Q72-mCherry puncta in Myo 
in each bin. One data point corresponds to one image (12-15 images analysed per one bin, from 1 
experimental set). d) IF image showing Q72-mCherry puncta in MHC1+ Myo with AChR clusters in 
the absence of close appositions to Bassoon (upper panel) or in the presence of close appositions 
between AChR and Bassoon (lower panel) in co-cultures with Neu Q72-mCherry cl#72. e) 
Correlation between number of NMJs (identified as AChR with Bassoon appositions on MHC1+ 
Myo) and number of Q72-mCherry puncta in Myo in co-cultures with Neu Q72-mCherry cl#72. f, 
left panels) IF Images depicting the AChR clusters in close proximity (+) (within 0.05 mm) or 
absence (-) (> 0.05 mm distance)  of Q72-mCherry puncta. f, right panels) Distribution of AChR 
cluster types in percentage when associated (within 0.05 mm) with (+) or w/o (-) Q72-mCherry at 
DCC 7 – 28.  c2 test and Fisher’s exact test (for DDC 7 and 15 with expected frequencies below 5).  
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Figure 4 
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Figure 4: Neuronal depolarization enhances transmission of HTTEx1Q72 from neurons to myotubes 
in co-cultures with Neu Q72-mCherry cl#72 at DCC 21. a) Schematic outline of experimental 
approach in MFDs. ACSF with 2.5 mM KCl was added to both the neuronal and myotube 
compartment for 30 minutes (left schematic). ACSF with 10 mM KCl was added to only the neuronal 
compartment for 10 minutes (middle schematic). ACSF with 10 mM KCl was changed back to ACSF 
with 2.5 mM KCl (right schematic). Cultures were fixed after 2 hours. b) IF images depicting Q72-
mCherry puncta in MHC+ Myo in cultures exposed to 2.5 mM KCl (control, left panel) and 10 mM 
KCl (right panel). The inserts correspond to zoom of a representative region. c) Quantification of 
the number of Q72-mCherry puncta in MHC1+ Myo in control co-cultures and KCl 10 mM treated 
co-cultures. One data point corresponds to one image (15 images analysed per condition, from 1 
experimental set). d) Quantification of the volume of Q72-mCherry puncta in control and KCl 10 mM 
treated co-cultures. e) Quantification of the distance of the Q72-mCherry puncta from the MHC1+ 
surface (created with Imaris surface function) in control and KCl 10 mM treated co-cultures. The 
number (n) above the (d) and (e) graphs indicates the number of puncta found in MHC1+ Myo across 
analysed images.  **** = p < 0.0001. Significant difference based on one-way ANOVA.    
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Figure 5 

 

Figure 5: Overrepresentation of large Q72-mCherry puncta at the MHC1+ myotube surface. a) 
Overview image of a transparent MHC1+ Myo surface (grey) with Q72-mCherry puncta surface of 
those associated with (yellow) and those not associated with (magenta) the MHC1+ surface in co-
cultures with Neu Q72-mCherry cl#75. b, left panel) Zoom-in image of (a) showing a yellow puncta 
penetrating the MHC1+ surface and a magenta puncta not in contact with the surface. b, right 
panel) Same image as in “b, left panel”, but now with closed (non-transparent) MHC1+ surface 
visualizing only the yellow puncta on the outside of the MHC1+ surface. c) Graphs plotting the 
distance of Q72-mCherry puncta to MHC1+ surface against their volume at DCC 7 – DCC 28. d) 
Quantification of the percentage of the number of Q72-mCherry puncta at the MHC1+ surface and 
inside the MHC1+ surface at DCC 7 – 28. The numbers (n) indicate the total number of puncta 
analysed. e) Quantification as in (d) for puncta with a volume larger than 5 µm3.    
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Figure 6 
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Figure 6: HTTEx1Q72 trans-neuromuscular transmission causes structural and functional 
pathological alterations in myotubes in a dose-dependent manner. a) Images showing mitochondria 
marker TOMM20 mask outlining the mitochondria in myotubes in: control (Neu Ctr / Myo Ctr), Myo 
cell-autonomous (Neu Ctr / Myo Q72-mCh) and transmission (Neu Q72-mCh / Myo Ctr) co-cultures. 
Associated graphs show the quantification of structural parameters of the mitochondria in these 
mixed-genotype co-cultures. b) Quantification of myotube contraction parameters measured in: 
control, transmission (with Q72-mCherry cl#75 and Neu Q72-Cre #12), cell autonomous and 
transmission + cell autonomous co-cultures at DCC 2 – 29 (Significant difference in the % of active 
images was observed between the following genotype co-cultures: DCC8: “Neu Ctr/ Myo Ctr and 
Neu Q72-mCh / Myo Ctr” (p = 0.0017), “Neu Ctr/ Myo Ctr and Neu Q72-mCh / Myo Q72-mCh” (p = 
0.0008). p < 0.0001 for: “Neu Q72-mCh / Myo Ctr and Neu Ctr / Myo Q72-mCh”, “Neu Ctr / Myo 
Q72-mCh and Neu Q72-mCh / Myo Q72-mCh”, “Neu Q72-mCh / Myo Ctr and Neu Q72-Cre #12 / 
Myo Ctr”, “Neu Q72-mCh / Myo Q72-mCh and Neu Q72-Cre #12 / Myo Q72-mCh”. DCC15 and 22: 
p < 0.0001 for all cultures except between “Neu Ctr/ Myo Ctr and Neu Q72-Cre #12 / Myo Ctr” no 
significant difference. DCC 29: Between all different co-cultures < 0.0001, except between “Neu 
Ctr/ Myo Ctr and Neu Ctr / Myo Q72-mCh” p = 0.0014 and no significant difference between: “Neu 
Ctr/ Myo Ctr and Neu Q72-Cre #12 / Myo Ctr”, “Neu Ctr/ Myo Ctr and Neu Q72-Cre #12/ Myo Q72-
mCh”. Significant difference in the % of total myotube contracting area was observed between 
the following genotype co-cultures: DCC15: “Neu Ctr/ Myo Ctr and Neu Q72-Cre #12/ Myo Q72-
mCh” p = 0.045, “Neu Q72-mCh / Myo Ctr and Neu Ctr / Myo Q72-mCh” p = 0.0036, “Neu Ctr / Myo 
Q72-mCh and Neu Q72-mCh / Myo Q72-mCh” p = 0.0010, “Neu Q72-mCh / Myo Q72-mCh and 
Neu Q72-Cre #12 / Myo Q72-mCh” p = 0.0001. DCC22: Between all different co-cultures < 0.0001, 
except between “Neu Ctr/ Myo Ctr and Neu Q72-Cre #12/ Myo Ctr”, “Neu Ctr/ Myo Ctr and Neu 
Q72-Cre #12/ Myo Q72-mCh” no significant difference. DCC 29: Between all different co-cultures < 
0.0001, except between “Neu Ctr/ Myo Ctr and Neu Q72-Cre #12/ Myo Ctr” p = 0.0039, and no 
significant difference between: “Neu Ctr/ Myo Ctr and Neu Q72-mCh / Myo Ctr”, “Neu Ctr/ Myo Ctr 
and Neu Q72-Cre #12/ Myo Q72-mCh”. c) IF images of: cell autonomous, transmission and 
transmission + cell autonomous co-cultures at DCC 21 showing Q72-mCherry labeling in dapi (blue) 
labelled myotubes. The graph represents the quantification of the percentage of myotube nuclei 
with Q72-mCherry puncta in in the different genotype co-cultures. * = p ≤ 0.05; ** = p ≤ 0.01; *** = 
p ≤ 0.004; **** = p ≤ 0.0001. Significant difference based on one-way ANOVA.    
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Figure 7 

 

Figure 7: HTTEx1Q72 is transmitted from the motor cortex M1 to spinal motor neurons and skeletal 
muscles. a, upper panel) Image showing stereotactic injection of AAV_LoxP-Q138-v5 in mice 
expressing Cre specifically in projection neurons, including cortical pyramidal neurons. a, lower 
panel) IF image of Q138-v5 staining at the injection site in the M1 motor cortex. b) Q138-v5 puncta 
in ChAT+ motor neurons in the brachial spinal cord. c) Q138-v5 puncta in the biceps and triceps 
forelimb skeletal muscles stained with MHC1. d) Western blot showing the expression of full-length 
huntingtin protein recognized with MAB2166 antibody in 100 µg of muscle samples (hindlimbs and 
forelimbs) and brain and cortex from p7 mice. GAPDH was used as a loading control.  
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8.15. Supplemental Figures 
 

Supplemental Figure 1 
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a, left panel) Schematic of plasmid map used for generating the three proneuronal HTTEx1 
expressing iNGN2 hiPSC lines. a, right panel) Schematic of plasmid map used for generating the 
promuscle reporter (LoxP-GFP) iMYOD hiPSC line. The iMYOD line is isogenic to the iNGN2 line. 
b) Western blot showing the expression of HTTExQ72 in hiPSCs of HTTEx1Q72-mCherry 
clone#71, 72 and 75. To visualize expression of HTTEx1Q72 in the hiPSC HTTEx1-Q72-Cre line 
exposure time of the western blot had to be increased (right). (n=3) c) Western blot showing the 
expression of the pluripotent marker Oct4 in iNGN2; HTTEx1Q72-Cre hiPSCS and precursor 
neurons at day in vitro 1 (n=2) d) Quantification of EM48 fluorescent intensity in neurons at DCC7 
and 21 (5 pictures from 3 independent experiments). e) IF images visualizing absence of GFP 
expression in iMyo;LoxP-GFP hiPSCs when the cells are not transfected with HTTExQ72-Cre 
plasmid (left image) and presence of GFP expression when the cells are transfected with 
HTTExQ72-Cre plasmid (middle image) For expression of mCherry when the hiPSC 
iNGN2;HTTEx1-Cre are transfected with a LoxP-mCherry plasmid (right image; n = 3). Abbr: Int. 
density = integrated density. 
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Supplemental Figure 2 
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a) Diagram showing the 2-step protocol used to establish the neuromuscular co-culture. Step 1: 
iMYOD and iNGN2 hiPSCs are prior to assembly separately cultured and differentiated by exposing 
them for 3 days to DOX, into myoblasts and precursor neurons, resp. Myoblasts are prior to co-
culture seeded and cultured in myotube promoting media to allow further differentiation and 
maturation of the myoblasts into myotubes. After 10 days the precursor neurons are seeded on top 
of the myotubes. This we indicate as DCC0. The co-culture is grown in motor neuron promoting 
media. b) Voltage traces showing examples of the different current-induced AP firing patterns 
recorded in Neu Q72-cre #12 when voltage clamped at -70 mV. c) Quantification of the variability 
in the number of active images (= images with myotube contractions) (left graph) and the variability 
in contracting area (right graph) between the four different fields recorded in one well at progressive 
days of co-culture (n = 3) (%variability in activity between fields was measured at each time point 
and the values are here listed as mean ± s.e.m. Neu Q72-Cre #12 / Myo Ctr, DCC2: 52.8 ± 16.98; 
DCC8: 53.45 ± 5.944; DCC15: 20.26 ± 3.386; DCC22: 24.04 ± 5.541; DCC29: 19.83 ± 2.562 and 
Myo Ctr. DCC2: 100 ± 0.00; DCC8: 89.43 ± 10.58; DCC15: 100 ± 0.00; DCC22: 100 ± 0.00; DCC29: 
100 ± 0.00. % variability in total contracting area between fields was calculated at each time point 
and the values are here listed as mean ± s.e.m. Neu Q72-Cre #12 / Myo Ctr, DCC2: 51.62 ± 15.45; 
DCC8: 53.36 ± 6.292; DCC15: 32.17 ± 2.967; DCC22: 36.22 ± 7.690; DCC29: 37.75 ± 4.008 and 
Myo Ctr, DCC2: 100 ± 0.00; DCC8: 89.75 ± 10.25; DCC15: 100 ± 0.00; DCC22: 100 ± 0.00; DCC29: 
100 ± 0.00. Abbr: DCC = days of co-culture; Dox = doxycycline. 
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Supplemental Figure 3 
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a) Time-line of co-culture experiment where Neu Q72-Cre #12 and Myo LoxP-GFP are seeded in 
separate inserts which are placed in the same well to avoid physical contact between the two cell 
lines, but ensure exposure of the two cell lines to the same culture medium. b, top schematic) 
Depicting 1 well with the inserts. The bottom of the insert in which neurons are cultured is coated 
with PLL and Lam and the one where myotubes are seeded with Lam. The space between the 
inserts is not coated to avoid movement and attachment of the cells to this region. b, bottom, left 
panels) Bright-field image showing physical separation of Neu Q72-Cre #12 and Myo LoxP-GFP 
cells (left). Panel to the right shows the absence of GFP+ myotubes in these cultures at DCC4 - 21 
(n=4 devices). b, bottom, right panel) IF images to show expression of the neuron-specific marker 
NF200, myotube-specific marker MHC1 and the nuclear marker Hoechst. Abbr: PLL = Poly-L-
Lysine; Lam = Laminin.    
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Supplemental Figure 4  
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a, left image) IF labeling of neuromuscular co-culture in MFD to visualize the NMJs (close 
appositions between α-BgTx (labels the AChRs) and Bassoon between Neu Q72-mCherry cl#75 
and Myo LoxP-GFP. The Image is taken from the myotube compartment. a, middle image) Same 
image as in left, but then with a transparent surface for MHC1, and a closed surface for AChRs and 
Bassoon. The surface was created with the ‘surface’ function in Imaris. a, right image) Zoom-in of 
middle image to visualize the AChR clusters, and an apposition of an AChR cluster with Bassoon 
(yellow arrowhead). b) Volume against sphericity of the AChR clusters based on Imaris surface 
measurements. The red dotted lines indicate thresholds used to define four cluster classes - 20 µm3 
for the volume and 0.6 for the sphericity. Data points for clusters with close appositions between 
AChRs and Bassoon (<0.05 µm distance between the surfaces) are colored in blue.  c) Pie chart of 
the proportions of four cluster classes based on data in panel (b) (Data from 12 images of Neu Q72-
mCherry cl#72 and Myo LoxP-GFP co-cultures in MFD.). d) Distribution of four AChR cluster types 
in percentage, found on Myo when cultured with or without neurons. e) Comparison of the numbers 
of AChR clusters in four classes found on Myo when cultured with or without neurons. Number 
normalized to muscle volume (based of MHC1 surface). One data point corresponds to one image 
(12 images analysed per condition, from 1 experimental set). ** = p ≤ 0.01;  **** = p < 0.0001. 
Significant difference based on t-test.    
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Supplemental Figure 5  

 

a) Graph showing the number of Q72-mCherry puncta in myotubes counted at DCC 7 – 28, in bin 
1, 2, and 3 in the myotube compartment of a MFD (n=15 pictures per bin from 1 experimental set). 
b) Percentage of Q72-mCherry puncta associated with and percentage of those not associated with 
AChR clusters at DCC 7 – 28. The total number of puncta analysed is written above each bar (n).      

     

 

 

 

 

 

 

 

 



Chapter Four 
 

90 
 

9. CHAPTER FOUR 
 

9.1. Importance of GDNF in neuromuscular co-culture  
 

GDNF was first discovered in glial cells and supported dopaminergic neurons of the central nervous 
system (257). GDNF is one of the most potent survival factors for motor neurons (MNs) during the 
period of developmental cell death (258). Indeed, GDNF is a widely used neurotrophic factor to 
supplement neuronal medium (257). Moreover, the expression of GDNF has been found in a variety 
of tissues outside of the central nervous system, including skeletal muscle (258-260). GDNF is 
secreted by skeletal muscles, preferentially binds its receptor GFR1α, and activates RET, at the 
MN level. GDNF-GFRα1-RET complex triggers intracellular signaling pathways that promote 
neuronal survival (261). Previous studies showed that loss of GDNF KO mice showed impaired 
motor nerve projection (262, 263). Moreover, it was shown that immortalized human myoblasts 
differentiated into striated myotubes in co-culture with rat MNs, could secrete GDNF as well (264). 
Taking all this information together, we hypothesized that our neuromuscular co-culture should be 
able to express GDNF as well and self-sustain itself. As an exploratory experiment, we performed 
a neuromuscular co-culture experiment in the absence of GDNF and compared it to our full 
supplemented co-culture medium (GDNF, BDNF, NT3) (Fig. 1a). We measured contractility 
parameters as described in paragraph 6.5. We did not find a statistically significant difference 
among the two treatments over time, in terms of % total contracting area normalized to well area 
and % active images/well (Fig. 1b) (results for % total contracting area normalized to well area are 
listed as mean ± s.e.m. GDNF – DCC2: 0.03300 ± 0.0148; DCC8: 0.05467 ± 0.01660; DCC15: 
0.1499 ± 0.01871; DCC22: 0.5532 ± 0.1459; DCC29: 0.7613 ± 0.1537. No GDNF – DCC2: 0.01483 
± 0.004430; DCC8: 0.05971 ± 0.02026; DCC15: 0.2158 ± 0.04397; DCC22: 0.8413 ± 0.1926; 
DCC29: 0.9913 ± 0.1245. Results for %active images/well are listed as mean ± s.e.m. GDNF – 
DCC2: 8.333 ± 2.386; DCC8: 10.00 ± 1.713; DCC15: 20.00 ± 2.261; DCC22: 30.56 ± 5.283; DCC29: 
35.00 ± 2.132. No GDNF – DCC2: 4.583 ± 0.7683; DCC8: 8.750 ± 2.272; DCC15: 26.46 ± 4.134; 
DCC22: 42.22 ± 2.900; DCC29: 39.58 ± 1.335). These data together indicated that the absence of 
GDNF in the medium was not influencing the contraction parameters of the myotubes in the 
neuromuscular co-culture. Therefore, this suggests that the neuromuscular co-culture can self-
sustain itself. This experiment could be the starting point of a simplification of the differentiation 
protocol we established upon characterization of the two cell populations involved and of the BgTx 
clusters in the two conditions (-/+ GDNF). 

 

9.2. Mimicking a more physiological environment: neuronal co-culture with 
astrocytes.  

 

Astrocytes are known for secreting factors that promote neuronal survival, synapse formation, and 
plasticity (265). In addition, astrocytes are important during synapse development. For example, 
neurons grown in the absence of astrocytes produce fewer functional synapses than neurons grown 
either with astrocytes or with astrocyte-conditioned medium, suggesting that factors secreted by 
astrocytes are necessary for synaptic development (266, 267). Moreover, embryonic stem cells 
derived neurons accelerated the onset of synaptic currents if put in co-culture with primary 
astrocytes (268). Seen the importance of astrocytes in vivo and their effect in vitro co-cultures, we 
performed an exploratory experiment and performed a co-culture of primary astrocytes and hiPSCs-
derived neurons to evaluate the beneficial effects on our hiPSCs-derived neurons. In order to do 
so, we performed an electrophysiological analysis of hiPSCs-derived neurons at DCC 24 and 43 to 
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evaluate their functional maturation. Membrane potential recordings were obtained via whole-cell 
patch-clamp recordings. By injecting current steps via the recording pipette, we evaluated the 
development of the Input resistance (Ri) of the cells and their firing properties. (see Fig. 2A).  

We observed larger voltage deflections of the intensity-voltage (IV) curve at DCC 24 compared to 
DCC 43, indicative of higher input resistance (Ri) at the earlier time point (Fig. 2b). We quantified 
the Ri at the steady-state when applying a current step of -100pA. Indeed, Ri at DCC 24 was 
statistically significant higher compared to DCC 43 (mean± s.e.m. DCC 24 1.017 GΩ ± 0.081 vs 
DCC 43 0.888 GΩ ± 0.123. Unpaired t-test, p=0.0216, Fig. 2c). The reduction of Ri is a typical 
feature of maturating neurons, as previously reported (269, 270).  

Then we focused on basic properties of the action potential (APs) at DCC 24 and 43 and 
summarized them in Fig. 2d. AP amplitude did not show a statistical difference among the two 
timepoints. Interestingly, both AP duration and AP duration at half-max values were decreased. 
Reduction of AP duration suggests that the neurons are getting more mature over time, and this is 
a known behaviour of developing neurons (271, 272).  

By examining the amplitude of the APs during sustained firing activity (i.e., trains of at least five 
APs) we observed a partial AP inactivation at DCC24, which was absent at DCC43 (Fig 2E). Indeed, 
it is known that the maturation of neurons aligns with the stability of the amplitude of the APs, and 
we observed this behaviour mainly at DCC43 compared to DCC24. In summary, we showed that 
our hiPSCs-derived neurons are recapitulating in vitro some functional aspects and APs properties 
known to be typical of neurons developing in vivo. Therefore, this data showed that hiPSCs-derived 
neurons were differentiating and getting more mature in time, making them a robust tool for 
functional assays. Our data also showed that co-culture with primary astrocytes allowed the 
extension of the co-culture time duration up to approximately 45 days.  

 

9.3. Discussion 
 

We explored the role of GDNF in our neuromuscular co-culture. We found that the absence of the 
compound GDNF from the medium was not dramatically affecting the functionality of the myotubes 
in neuromuscular co-culture. Indeed, we did not find an overt effect on the % total contracting area 
normalized to well area and % active images/well. This suggests that the myotubes in co-culture 
kept the property of regulating the expression of genes precisely to their needs or the need of the 
system to be established to self-sustain themselves. This also opens up to the possibility that a 
simplification of the differentiation protocol we established could be possible. This simplification 
would make it even more user-friendly and cheaper. This modification could be implemented just 
upon characterization of the two cell populations involved and of the BgTx clusters in the two 
conditions (-/+ GDNF) in order to be sure that the treatment is not affecting other features of the 
system.  

In the end, we started exploring alternatives to improve our protocol. As we showed in this chapter, 
the co-culture with astrocytes supports neuronal differentiation until approximately day 45. In the 
future, astrocytes could be implemented even in the MFD system we discussed previously. The 
presence of the astrocytes in the neuronal chamber would most likely help in the sustainment of the 
neuronal network. This should contribute to extending the time window for phenotypical observation 
in eventual future experiments.  
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9.4. Figures 
 

Figure 1 

 

Figure 1: GDNF absence does not influence contractile ability of myotubes in neuromuscular co-
culture. a) Schematic representation of the performed treatment and assay on the neuromuscular 
co-culture. +/- GDNF co-cultures are run in parallel. b)  Left graph, quantification of the % total 
myotube contracting area normalized to well area (results are listed as mean ± s.e.m. GDNF – 
DCC2: 0.03300 ± 0.0148; DCC8: 0.05467 ± 0.01660; DCC15: 0.1499 ± 0.01871; DCC22: 0.5532 ± 
0.1459; DCC29: 0.7613 ± 0.1537. No GDNF – DCC2: 0.01483 ± 0.004430; DCC8: 0.05971 ± 
0.02026; DCC15: 0.2158 ± 0.04397; DCC22: 0.8413 ± 0.1926; DCC29: 0.9913 ± 0.1245). Right 
graph, quantification of the % of active images/well (results are listed as mean ± s.e.m. GDNF – 
DCC2: 8.333 ± 2.386; DCC8: 10.00 ± 1.713; DCC15: 20.00 ± 2.261; DCC22: 30.56 ± 5.283; DCC29: 
35.00 ± 2.132. No GDNF – DCC2: 4.583 ± 0.7683; DCC8: 8.750 ± 2.272; DCC15: 26.46 ± 4.134; 
DCC22: 42.22 ± 2.900; DCC29: 39.58 ± 1.335. N=3, Abrr. DCC: days of co-culture. 
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Figure 2 

 

Figure 2: Electrophysiological properties of hiPSCs derived neurons in co-culture with murine 
primary astrocytes. a) Example of whole-cell recordings (from the soma) at DCC 24 (upper trace) 
and 43 (bottom trace) of hiPSCs derived neurons in co-culture with murine primary astrocytes. 
Action potentials (APs) are generated upon depolarizing current steps of 100pA.     : steady-state 
@ -100pA. b) Intensity-Voltage (IV) curve of recordings performed at DCC 24 and DCC43. c) Input 
resistance (Ri) measured at the steady-state at DCC24 vs DCC 43 (Unpaired t-test, * = p= 0.0216). 
d)  Summary table of the evaluated APs properties. e) APs amplitude (%) measured in the first 5 
APs at DCC 24 and 43. 
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10. GENERAL DISCUSSION & TAKE-HOME MESSAGES 
 

PMDs are a group of pathologies caused by the misfolding of disease-associated proteins. For 
example, AD, PD, and HD are considered PMDs. Spatio-temporal propagation of PMD-associated 
proteins was observed before in several studies (24, 26-28, 32). It was observed that the first signs 
of pathology start in a disease-specific brain area, called epicenter, and then propagate to other 
brain regions anatomically connected to the epicenter (24, 32, 35, 36, 39). Recently, it has been 
suggested that neuron-to-neuron propagation of misfolded proteins could explain the spatio-
temporal propagation of pathology in PMDs. Neuron-to-neuron propagation was reported for Tau 
(for AD), α-synuclein (for PD) and mHTT (for HD) (6-8, 44, 49, 50). The mechanism for neuron-to-
neuron propagation of PMD-associated proteins has not been fully elucidated yet. One of the 
proposed mechanisms involves the synaptic connection. Indeed, it was shown the involvement of 
the synaptic vesicle release machinery and synaptic activity in trans-neuronal spreading (6, 7, 46, 
59). More recently, Kim and colleagues demonstrated that HTT exon1 with 97Q can propagate from 
neurons to neighboring pharyngeal muscles in C. elegans, too (54). Taking all this information 
together, we hypothesized that trans-neuromuscular spreading of mHTT could also occur in a 
human-related context and play a role is HD skeletal muscle pathology (10, 143, 146). In this PhD 
thesis, we provide evidence that HTTEx1Q72 trans-neuromuscular spreading occurs in two different 
neuromuscular co-cultures systems and in mice in vivo. Additionally, our data show that synaptic 
activity favours HTTEx1Q72 trans-neuromuscular spreading.  

Interestingly, we also observed a correlation between the protein expression levels and trans-
neuromuscular spreading. Indeed, we saw lower spreading and aggregation of HTTEx1Q72-Cre 
compared to the Q72-mCherry clones. Thanks to our temporal analysis of puncta volume, we 
showed that HTTEx1Q72 trans-neuromuscular spreading occurs gradually and correlates with the 
puncta volume increase in the myotubes. Moreover, we saw an increase in absolute numbers for 
assemblies with volumes below 1µm3 in each analysed time-point, suggesting that trans-
neuromuscular spreading is mainly driven by small protein species. This aligns with the observation 
that 55% of the GFP+ myotubes were showing EM48+ puncta at DCC28, and 45% were found 
negative. Furthermore, we found that the EM48+ puncta in GFP-positive cells were on average 
smaller (Volume as mean ± s.e.m = 0.416 ± 0.071µm3) then the ones found upon Q72-mCherry 
spreading. All these findings together suggest that HTTEx1Q72 spreading occurs mainly in the form 
of small protein species, not detectable with confocal laser scan microscopy, and that fusion protein 
expression levels can influence efficiency of cell-to-cell spreading as well. 

Therefore, our study shows that puncta are formed upon mHTTEx1 spreading in both in vitro model 
and in vivo. An open question in the field concerns the role of aggregates in HD pathology. Several 
studies proposed a toxic nature, meanwhile others suggested a protective nature for the cell (103, 
104, 120, 121). Interestingly, it is also known that transgenic mice expressing truncated forms of 
the mHTT show pathological signs earlier than mice expressing the full-length HTT, and the 
exhibited phenotypes are more aggressive (60, 103-105). So, it is not only a matter of presence or 
absence of the aggregates but also their composition matters. It would be interesting to generate 
different neuronal lines, expressing diverse mHTT fragments with a different length. This would 
cause the formation of aggregates with a different composition of fragments in relation to the ones 
expressed by the cell. With this approach, we should be able to reveal if i) how different length of 
mHTT species is influencing spreading in a different way, ii) a diverse nature of the species 
composing the aggregates is influencing trans-neuromuscular spreading. Interestingly, this 
experiment would add knowledge about the impact of different species length on spreading and 
consequently the effect of a different aggregate composition on spreading.  
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It is known that signalling molecules and extracellular vesicles (for example exosomes) are released 
by developing neurons and at the NMJs site (273, 274). PMDs-related proteins were also found to 
be associated with exosomes and this was shown to contribute to transneuronal spreading, as well 
(8, 46, 55, 56). Interestingly, we observed the first rare GFP-positive cells appearing at DCC4. This 
could be explained by the release of the protein via exosomes from the axonal growth cones at 
developing NMJs. However, our data show that the number of GFP positive cells increases over 
time and peak around DCC15 where we also showed a more active action potential firing pattern 
and increased myotubes contractility, suggesting that the functional maturation of the system 
increases the probability and efficiency of HTTEx1Q72 trans-neuromuscular spreading. These 
findings are clearly supported by the observation that Q72-mCherry spreading to MHC+ myotubes 
occurred in the MFD, where the only contact point between the neurons and the myotubes is the 
NMJs. These findings align with previous literature which also support a transsynaptic route of cell-
to-cell spreading of PMDs-associated proteins (6, 7, 51, 59). To gain more insight into the role of 
synapsis in this process, we investigated the role of synaptic activity and synaptic vesicle release 
in our system. Depolarization of the neurons resulted in an increased number of puncta in MHC+ 
myotubes. These data suggest that trans-neuromuscular spreading of HTTEx1Q72 occurs in vitro, 
already during the phase of synapse assembly, and becomes more efficient with functional 
maturation of the NMJ. In this regard, we could speculate that trans-neuromuscular spreading of 
HTTEx1-Q72 could occur already in early phases of development. This would suggest that HD is 
not only a neurodegenerative disorder, with mid-life onset, but the process that led, in decades, to 
death starts already in the earliest phases of life. Spreading would contribute to a slow but 
continuous process, that with time would cause an irreversible unbalance of protein load in the 
recipient cells. Aging would then worsen the status of the cells with likely slower or dysfunctional 
proteolysis that would further promote the formation of aggregates.  
 
Our data clearly suggest that trans-neuromuscular spreading is favored by synaptic activity and 
synaptic density and this was similarly observed in neuron-to-neuron spreading studies of PMDs 
associated proteins (6, 7, 46, 59). This brings up the possibility for trans-neuromuscular spreading 
to be used to increase the knowledge of the transneuronal propagation of these proteins. This would 
be a huge advantage in case of human studies, because of the accessibility of the samples. 
Moreover, having NMJs and synapsis a similar function would also help in eventually finding 
common mechanisms to intervene on both spreading phenomena and eventually extend these 
findings to other PMDs pathologies.   
 
mHTT neuron-to-neuron spreading was correlated with a reduced number of 1° and 2° neurites and 
cell body diameter in human ESC-derived neurons co-cultured with R6/2 OTBS. Moreover, this 
phenotype was worsening in the presence of mHTT aggregates in the human neurons after 6 weeks 
of co-culture (6). As I previously mentioned, skeletal muscles in HD patients and HD models were 
shown to be affected (143, 146). In the light of the involvement of skeletal muscles in HD pathology, 
we investigated potential pathology associated with HTTEx1Q72 cell-autonomous expression and 
with its trans-neuromuscular spreading. To do so, we studied pathology considering different types 
of co-cultures to cover three potentially different levels of pathological severity: cell-autonomous 
(myotubes expressing HTTEx1Q72-mCherry), non-cell-autonomous (neurons expressing 
HTTEx1Q72-mCherry), or the combination of both (neurons and myotubes both expressing 
HTTEx1Q72-mCherry). Firstly, we observed an increase in mitochondrial fission in the presence of 
cell-autonomous expression of HTTEx1Q72-mCherry (clone #94) and even more upon neuron-to-
myotube spreading of HTTEx1Q72-mCherry, compared to control cultures (245).  Secondly, we 
focused on nuclear aggregation. mHTT aggregates composed of small N-terminal HTT fragments 
(as the mHTTEx1) were found to be primarily located in the nucleus and were associated with more 
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severe pathology (9, 10, 102). Interestingly, we observed that HTTEx1Q72-mCherry neuron-to-
muscle spreading was affecting nuclear aggregation. We detected nuclear aggregation of 
HTTEx1Q72-mCherry upon spreading to control myotubes and increased in co-cultures where both 
populations (neurons and myotubes) were expressing HTTEx1Q72. Lastly, we found that myotube 
contraction activity and total contracting area were reduced in co-cultures where HTTEx1Q72 was 
expressed in neurons (transmission), compared to co-cultures where the expression was limited to 
myotubes (cell-autonomous). In summary, our data show that trans-neuromuscular spreading of 
HTTEx1Q72 correlates with pathological signs previously associated with HD. Our work supports 
that transmission is a pathway which can contribute to pathology and thus deserve further attention 
for the development of early therapeutic interventions. Hence, HD should be considered as a whole-
body pathology and treated consequently, as previously suggested (134, 135). From a therapeutic 
point of view there are no real effective treatments. Being aware that HD is not only a cell-
autonomous disorder but there is also a non-cell-autonomous component to take in consideration 
to have the whole picture of the HD-potential treatment. Moreover, a ubiquitous expression of HTT 
is not helping scientists to find a therapy that could slow down or delay HD progression. As of today, 
a huge effort has been involved in the development of strategies to tackle HD and, with it, other 
neurodegenerative disorders. Among them, there are antibody-based therapies. They have been 
considered for a vast range of tauopathies and synucleinopathies and they are now being 
considered as a potential way to treat also monogenic neurodegenerative diseases like HD. 
Interestingly, Denis and colleagues suggest that a combination of therapies would be a potential 
candidate to tackle both the cell-autonomous and the non-cell-autonomous aspect of the 
pathology(275). They propose to combine an antibody-based therapy to an antisense 
oligonucleotides (ASO). Gene-based methodologies as ASO or miRNA-based compounds act to 
lower the intracellular level of HTT mRNA and hence its translated product meaning HTT protein. 
However, this approach does not consider that the mHTT is also present in cerebrospinal fluid, the 
plasma and the extracellular matrix, hence not only in the intracellular environment. This, together 
with accumulating evidence for the spreading and seeding capacities of mHTT in neurons and also 
in peripheral tissue as we showed in this work, add another variable to the already complicated HD 
global picture. Moreover, a gene-based therapy would not be able to act against fragmented protein 
species, that are present in the cell. Therefore, as Denis and colleagues suggested, it may indeed 
be essential to target the protein both intracellularly and extracellularly. Bringing it back to our 
approach, we could investigate the potentiality of this combined approach in our trans-
neuromuscular model exploiting the MFD setup. MFD system could also be used to singularly test 
ASO/miRNA based therapy, antibody-based or a combination of the two. This could be the starting 
point to evaluate the effect of the three approaches and eventually build a platform to perform drug 
screening in a larger scale.  

In conclusion, this study highlights the importance that trans-neuromuscular spreading could have 
in HD patients and together with that it brings up several other questions like: what is the exact 
mHTT specie responsible for spreading? Are monomers and / or oligomers involved? Is trans-
neuromuscular spreading a common mechanism to other PMDs? If this is a common mechanism 
to other PMDs, could we think about a therapeutic strategy to delay or slow down these pathologies? 
Could we think about a therapeutic strategy that could delay or slow down both transneuronal and 
trans-neuromuscular mHTT spreading? 
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11. OUTLOOKS FOR FUTURE EXPERIMENTS  
 

• Generate new constructs where the expression of the fusion proteins is driven by, for example, Isl1 
promoter. We showed it to be expressed throughout the differentiation process of the neurons. This 
should allow us to have a higher resolution of protein spreading compared to the actual promoter 
(CAG, a strong promoter). This approach will likely reveal if HTTEx1Q25-Cre has less propensity 
to propagate compared to HTTEx1Q72-Cre as Kim and colleagues showed, using a neuronal-
specific promoter to drive the expression of their constructs (54). 

• Establish a neuromuscular co-culture system where R6/2 derived MNs are co-culture with hiPSC-
derived myotubes and evaluate the presence of aggregates in the recipient cells, namely the 
myotubes. The establishment of this type of co-culture with a known HD mouse model would further 
sustain our findings.  

• In alternative, a neuromuscular co-culture system entirely derived from HD patient-derived hiPSC. 
This would be the first time that trans-neuromuscular mHTT spreading is shown in an HD patient-
based model. Furthermore, the MFD setup could contribute to establishing the model. Still to be 
clarified is the presence of mHTT aggregates in HD patient-derived hiPSCs. The presence of mHTT 
aggregates in HD-patients derived hiPSCs is still a matter of debate in the field (276, 277). 

• A 3D co-culture approach should contribute to ameliorating the maturation and functionality of our 
system. The ameliorated functionality could correlate with an increased amount of NMJs formed 
between neurons and myotubes. In principle, if the functionality/number of NMJs is improved, we 
should be able to visualize spreading with an increased rate, for example, a higher number of GFP-
positive cells. This would recapitulate similar findings where it was shown that a higher number of 
synaptic connections was increasing the amount of Tau transferred to the recipient cells (59).  
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12. MATERIALS AND METHODS  
 

iPSC culture and characterization  

hiPSCs were previously generated from healthy adult human dermal fibroblast lines from a 32-year-
old female from Invitrogen (C-013-5C), as described before (31). In brief, hiPSCs were maintained 
on Matrigel (354277, Corning) coated dishes with mTeSR 1 medium (05851, Stemcells 
Technologies) supplemented with Pen/Strep 1% (15070-063, ThermoFisher). Before differentiation, 
hiPSCs were confirmed to be pluripotent by western blot with OCT4 pluripotency marker 
(Supplementary Fig. 1c). 

 

Generation and differentiation iND3 Neurons: 

Neuronal differentiation protocol is described in Russell et al. (31) with smaller modifications. Briefly, 
iPS cells were plated on matrigel in proliferation medium composed of DMEM/F12 with Glutamax 
(10565-018, Gibco) supplemented with 2% B27(17504-044,ThermoFisher) and 1% N2 (17502-
048,ThermoFisher), 1% Pen/Strep (15070-063, ThermoFisher) supplemented with 10 ng/ml hEGF 
(PHG0315, ThermoFisher), 10 ng/ml hFGF (CTP0263, Invitrogen), with 10 µM Rock inhibitor (RI) 
for 1 day and 1 µg/ml doxycycline for 3 days, then progenitors were kept frozen in Cryostor freezing 
medium (07930, STEMCELL technology) or replated for immediate experiments. 

   

Generation of MYOD hiPSCs and differentiation to iMD3 myoblasts: 

Human MYOD cDNA was synthesized using sequence information from the Ensembl database 
(Accession number NM_002478) and cloned under the control of TRE tight (Tetracycline Response 
Element) promoter in a PiggyBac/Tet-On all–in-one vector (Lacoste 2009). This vector contains a 
CAG rtTA16 cassette allowing constitutive expression of Tet-On system and an Hsv-tkNeo cassette 
for generation of stable IPS clones. Generation of MYOD iPS was performed following a previously 
published protocol (Russell 2018). Briefly, 1 × 106 iPS cells were nucleofected by Amaxa nuclefector 
device using Human Stem Cell Nucleofector® Kit 1 (VPH-5012, Lonza ) and program B-016 with 
4 μg of MYOD plasmid and 1 μg of the dual helper plasmid. Subsequently cells were replated on 
matrigel plates with NutriStem medium containing 10 μM of Rock inhibitor. Antibiotic selection 
(G418 0.1 mg/ml) was applied after 48 hours. Stable clones appear within 1 week.  

MYOD iPS cells are seeded on 5µg/ml laminin-521-coated (Biolamina) in 5% KSR medium 
composed of Alpha-MEM (12571-063, Gibco), 5% KSR (10828028, Gibco), 1% Pen/Strep (15140-
122, Gibco), 100µM β-Mercaptoethanol (21985-023, Gibco) + 1µg/ml DOX + 10 µM RI for 1 day. 
Medium change with 5% KSR medium + 1µg/ml Dox was done 24h later. 3 days after seeding, cells 
were frozen in Cryostor freezing medium or replated. Here, they are named iMD3 (iPS-derived 
myoblasts Day 3).  (Supplementary Fig. 2a). 

 

Primary astrocyte preparation 

Primary murine astrocytes were obtained from P2 mice pups. The cortices were separated from the 
rest of the brain and triturated with a syringe with first a 18G needle, 21G and then with a 25G (5 
passages per needle). The final cell suspension is plated on poly-D-Lysin (P0899, Sigma) coated 
flasks in filtrated astrocytes medium. The astrocytes medium is composed of DMEM (D5671, 
Sigma), 10% v/v Fetal Bovine Serum (previously heat inactivated for 30’ @ 56°C) (16000044, 
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Gibco), and P/S (P4333, Sigma). After 5 day, a wash with PBS and the first medium change are 
done. Medium is then replaced every 3 to 4 days. When 90% confluency is reached, astrocytes can 
be used for co-culture with neurons.  

  

Plasmids generation   

The human Huntingtin Exon1 carrying pathological 72 glutamines is fused to the Cre recombinase 
sequence (HTT_Ex1Q72-Cre) or mCherry (HTT_Ex1Q72-mCherry) under the CAG promoter in a 
PiggyBac (PB) plasmid. A second PB plasmid is designed to carry a lox-stop-lox_GFP sequence 
(under the same CAG promoter). HTT_Ex1Q72-Cre, HTT_Ex1Q72-mCherry, lox-stop-lox_GFP 
contructs were obtained by gene synthesis and cloned into PB backbone by Life Technology Europe 
BV.The three PB plasmids were nucleofected in iPS NGN2 or iPS MYOD as described next. 

 

Generation of Cre-, mCherry and LoxPP- stable lines 

A single-cell suspension of iPS is collected upon Tryple Express Enzyme (12604-013, Gibco) 
detachment (5’ at 37°C). 1 × 106 cells were resuspended in 100 μl of the nucleofection hESC 
solution 1 (Human Stem Cell Nucleofector® Kit 1/ Lonza #VPH-5012) where 5 μg of plasmids were 
added previously: 4 μg PB construct 1 μg Dual helper (expressing transposase). Nucleofection was 
performed using program B-016 on the Amaxa nucleofector II. Cells were immediately seeded after 
transfection into 6cm matrigel-coated dishes containing mTESR1 medium supplemented with 10 
μM RI. 1µg/ml Puromycin selection is started 48-72h later. Clones were picked after 10 days. The 
clone was seeded in a new matrigel coated-35mm dish to amplify the new stable lines.  

The stable lines were tested by temporal transfection with either the Q72-Cre construct in LoxP-
GFP cell line and vice versa. Fluorescence was monitored daily with EVOS microscope to check 
their functionality. In parallel, the presence of HTTEx1Q72-Cre or HTTEx1Q72-mCherry was 
checked via Western blot using Mab5492 antibody.   

 

FACS 

Upon double nucleofection, cells were detached with Tryple for 5’ @37C and resuspended in PBS. 
The cell suspension was then checked with FACS for GFP fluorescence. We used FACS Attune 
NxT Acoustic Focusing Cytometer. We analysed selected the population of interest based on 
forward-scatter and side-scatter, excluding debris. Then we analysed a sample of 10k cells, 
evaluating the GFP intensity fluorescence and the number of positive GFP cells. The analysis was 
performed via Flow Jo.  

 

From iMD3 to neuromuscular on-top co-culture for live imaging 

iMD3 cells were thawed (or replated) on laminin521- coated plates with 5% KSR medium+20ng/ml 
hFGF (CTP0263, Invitrogen) + 10µM RI for 3days with a seeding density of 2.5 × 106 cells per 
laminin-521-coated 10cm dish. Medium change was done 24h later without RI. After 3 days from 
seeding, the 10cm dish was confluent. Cells were detached with Tryple Express Enzime (12604-
013, Gibco), counted and seeded in medium C composed of DMEM F12-Glutamax + 5% FBS 
(SH30070.02, HyClone)+ 0.35% BSA  (A1595, Sigma)+ 1%Pen/strep+ ITS 1:500 (354351, BD)+ 
2µM CHIR99021  (1046, Sigma)+ 1µM Dorsomorphin (04_0024, Stemgent)  + 1mM Dibutyryl-cAMP 
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(BS0062, Biotrend) + 1µg/ml DOX  + 10µM RI , and 2 × 105  cells per well  were seeded on laminin-
521-coated 96 well IBIDI μ-plate (89626, IBIDI).   RI and DOX was removed after 1 day. Medium 
was changed every other day until day 7 after seeding.  

iND3 are thawed and seeded on top of the myotubes culture. 1.8 × 105 iND3 are plated in neuronal 
differentiation medium composed of Neurobasal Medium (21103049, Thermofisher) + B27 with Vit. 
A (17504-044, Invitrogen) + N2 supplements (17502-048, Invitrogen) + Pen/Strep/Glutamax 1% 
supplemented with BDNF, GDNF, hNT3 (all from R&D at 10 ng/ml). Starting from day 2 of co-
culture, medium change was done every other day. 

Neuromuscular co-cultures were imaged at days 4, 7, 14, 21, 28 with Operetta (Perkin Elmer) in 
live-cell imaging (37 °C, 5% CO2) with 10x (NA 0.4) objective. GFP-positive cells were counted 
manually.  

 

Electrophysiology 

Neuromuscular co-cultures were established on glass in 24-well plates with a density of 3 × 105 

hiPSC-derived iNGN2 (control, Neu Q72-Cre #12 or Neu Q72-mCherry cl.#75) neurons and 
1.5 × 105 Myo LoxP-GFP. The whole-cell patch-clamp technique was used to record action 
potentials of neurons at day of co-culture 7, 14 and 21. Co-cultures were taken from the incubator 
and transferred to the recording chamber with artificial cerebral spinal fluid (ACSF) containing (in 
mM): 125 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 2 MgCl2, 2.5 CaCl2 and 11 glucose, pH 7.4, 
constantly bubbled with 95% O2 and 5% CO2; 315–320 mOsm. The cells were kept at 30 - 32 °C 
and allowed to adapt for 20 minutes prior to recordings. Neurons were visualized with a LNScope 
(Luigs & Neumann) equipped with an oblique illumination condenser, a 60x objective (LUMPplanFI, 
NA 0.9) and a reflected illuminator (Olympus). Patch electrodes (5–7 MΩ) were pulled from 
borosilicate glass tubing and filled with an intracellular solution containing (in mM): 125 K-gluconate, 
20 KCl, 10 HEPES, 10 EGTA, 2 MgCl2, 2 Na2ATP, 1 Na2-phosphocreatine, 0.3 Na3GTP, pH 7.2 
(with KOH); 312.3 mOsm. Current-induced action potentials were recorded (with a holding potential 
of −70 mV) using a Multiclamp 700B amplifier (Molecular Devices) and digitized at 10 kHz. 
Recordings were performed at 30 – 32 °C in oxygenated ACSF. Igor Pro software (version 6.3, 
Wavemetrics) was used for both data acquisition and off-line analysis.  

Cell culture inserts 

Culture-Insert 2 Well from IBIDI (81176) were used to seed iND3 and iMD3 in spatially separated 
areas of the well. Cell densities were adapted to this format. iND3 were seeded on Poly-L-lysine 
(P1524, Sigma) and laminin-521, iMD3 were seeded on laminin-521. Cells were monitored with 
EVOS M7000 microscope at days 1, 4, 8, 15 after the removal of the culture insert to check for the 
presence of GFP cells.  

 

Contractility assay in on-top co-culture 

The primary readout for the amount of contraction in any on-top co-culture was captured as the total 
amount of motion within any given field of view over time. The Yokogawa CV7000 microscope with 
a 10x objective (NA 0.3) was adopted for this assay. The raw images were acquired as a series of 
2560x2180 16-bit grayscale brightfield images with a frequency of 2 Hz., for a total amount of 
60 images per field with 4 fields of view in each well. This assay was performed in live cell-imaging 
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conditions (37°C, 5%CO2). At least 3 wells per experimental condition were acquired 
and analysed.  

For each consecutive pair of image frames, a motion field was computed which provides, for each 
pixel location, a direction and magnitude of projected spatial motion. Thus, for N image frames, 
we obtained N-1 motion frames. A numerical threshold on the magnitude of the motion 
vectors was applied to eliminate possible noise and vibration artifacts and to obtain a reliable binary 
image map of region-of-contraction. The union of all such pixels over all motion frames in the time 
series was computed and used as the final region-of-contraction map for comparative analysis 
between cell lines or treatments. These values were used to describe the on-top co-culture 
functionality as follows:   

• Total contracting area normalized to well area (%): sum of moving pixels normalized to the acquired 
fields area (namely, sum of the pixels occupied by the 4 fields of view)  

• Active images per well normalized to total number of images (%) where active image are images 
for which a pixel movement was detected   

 

Antibodies and dyes: 

For western blot: 1:500 Embryonic myosin (MHC3) (F1.652, DHSB), 1:500 Postnatal myosin 
(MHC8) (N3.36, DSHB), 1:1000 Islet 1(AF1837-SP, R&D), 1:2000 Doublecortin (DC) (4604, Cell 
signaling), 1:1000 Choline acetyltransferase (ChAT) (AB144P, Merck) 1:250 Oct4 (09-0023, 
Stemgent), 1:5000 GAPDH (ab9485, abcam), 1:5000 β-actin (A5441, Sigma), 1:5000 MAB5492 
(MAB5492, Sigma-Aldrich),  

For immunofluorescence: Hoechst 33342, 5µg/ml α-bungarotoxin (B1196, Thermofisher), 1:2000 
Bassoon (141 013, Synaptic Systems), 1:1000 Neurofilament M ( 171 204, Synaptic systems); 
1:1000 Myosin Heavy Chain 1 (05-716, Millipore), 1:5000 mCherry (ab205402, Abcam) 1:500 
TOMM20 (ab186735, Abcam), 1:500 EM48 (MAB5374, Merck) , 1:100 ChAT (AB144P, Merck), 
1:2000 Map2 (ab5392, Abcam), 1:800 V5 (D3H8Q, Cell Signaling) , 1:40 NF2H3 
(AB2314897, DSHB).All the secondary antibodies were Alexa conjugated and used 1:1000 for 1 h 
at RT. 

 

Immunocytochemistry for GFP+ cells 

Cells were fixed in 4% paraformaldehyde (PFA) at room temperature for 7 min, followed 3 DPBS 
(14190, Sigma-Aldrich) washings, five minutes each. DPBS supplemented with 0.1% Triton X-100 
(for permeabilization) and 1% BSA (blocking) was used for primary antibodies labelling, overnight 
at 4°C . After three washing steps with DPBS, cells were incubated for 1h with secondary antibodies 
(Invitrogen). Afterwards, cells were washed in DPBS and incubated with Hoechst 33342 in ddH2O 
for 10min. Ibidi mounting medium (50001, IBIDI) is added to the wells and stored at 4°C. Images 
were acquired with LSM900 microscope with Plan-Apochromat 63x/1.40 Oil DIC M27, using Zen 
3.2 (Blue edition) software. 

 

Western Blot 
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IPSC-derived neurons, myotubes or co-culture cells were harvested at different time points, washed 
twice with ice-cold PBS, and subsequently lysed in RIPA buffer supplemented with complete EDTA-
free protease inhibitor mixture (11873580001, Roche). Lysates were incubated on ice for 15 min 
and cleared via centrifugation (10,000 × g) for 10 min at 4 °C. Supernatants were collected, and the 
protein concentration was determined using a BCA assay kit (Thermo Scientific Pierce, 23227). 
Lysates were resolved using standard SDS-PAGE gels and after blocking, blots were incubated 
with primary antibodies overnight at 4 °C. After washing, blots were incubated with secondary 
antibodies and visualized using SuperSignal Femto chemiluminescent detection kit (Thermo 
Scientific) in Odyssey Infrared Imager (LiCor, 9120). ImageJ was used for densitometry 
measurements.  

 

Immunofluorescence on coverglass culture 

Cells on glass coverslips (in format 24 well plate with 300,000 myotubes and 300k neurons density) 
were fixed for 5 min in 4% PFA/4% sucrose at RT, permeabilized with PBS+/+ (D8662, Sigma, 
supplemented with 1 mM MgCl2 and 0.1 mM CaCl2)/Triton-0.1%, blocked with 5% BSA in PBS+/+ 
and labeled with primary antibodies in PBS+/+ (D8662, Sigma) and 5% BSA overnight at 4°C and 
secondary antibodies for 1h RT. PBS+/+ washes were performed after each antibody incubation. 
Coverslips were mounted on glass slides in Prolong (P36930, Invitrogen). 

 

Microfluidic devices (MFD) culture. 

We used XonaChips XC450 devices from Xona Microfluidics. iMD3 cells were growth in 5%KSR 
medium (Alpha-MEM (12571-063, Gibco); 5% KSR (10828028, Gibco); 1% Pen/Strep (15140-122, 
Gibco); 100µM β-Mercaptoethanol (21985-023, Gibco), supplemented with 1µg/ml doxycycline 
(D1822, Sigma) and 20ng/ml FGF (300-112P, Gemini Bio). At DIV 3 the cells were seed in final 
format for differentiation: In myocytes side, 300,000 cells were seed and in the neuronal side, 1.5 
× 105 cells in 5 µl medium, were seeded to give support to the MNs. The myotubes growth for 7 
days in “Differentiation medium” (DMEM F12-Glutamax (10565-018, Gibco); 5% FBS (SH30070.02, 
HyClone); 1:500 ITS (354351, BD); 0.1% BSA (A1595, Sigma); 1% Pen/Strep, supplemented with 
2µM CHIR99021 (1046, Sigma); 1 µM Dorsomorphin (04_0024, Stemgent); 1mM Dibutyryl-cAMP 
(BS0062, Biotrend). Then, 300,000 neurons were seeded in the neuronal compartment and the 
culture growth in “neuronal medium” (Neurobasal TM Medium; B27 (17504-044, Invitrogen); N2 
supplement (17502-048, Invitrogen) 1% Pen/Strep/Glutamax; and BDNF, GDNF, hNT3 (all from 
R&D). 

For immunofluorescence experiments, the culture was fixed at different time points for 10 min in 4% 
PFA/4% sucrose at RT, then the immunofluorescence protocol was followed. 

 

Mitochondrial Morphology Quantification 

Mitochondrial shape parameters were quantified using the open-source software package ImageJ 
and as previously described (Merrill R.A., Flippo K.H., Strack S. (2017) Measuring Mitochondrial 
Shape with ImageJ. In: Strack S., Usachev Y. (eds) Techniques to Investigate Mitochondrial 
Function in Neurons. Neuromethods, vol 123. Humana Press, New York, NY. 
https://doi.org/10.1007/978-1-4939-6890-9_2) Briefly, images were background-subtracted (rolling 
ball radius = 50 pixels) and uneven labeling of mitochondria was improved through local contrast 
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enhancement using contrast-limited adaptive histogram equalization (“CLAHE”). To segment 
mitochondria, the “Tubeness” filter was applied. After setting an automated threshold, the “Analyze 
Particles” plugin was used to determine the area and perimeter of individual mitochondria and the 
“Skeletonize” function was used to measure mitochondrial length. 

Three parameters were assessed: 

- Mitochondrial length: the length reports the mitochondrial length or elongation in pixel, after the 
mitochondria are reduced to a single-pixel-wide shape (“Skeletonize” function on ImageJ). 

- Form factor (FF): The FF value describes the particle’s shape complexity of the mitochondria, as 
the inverse of the circularity. 

- Area-weighted form factor (AWFF):  a variant of FF with a bias towards larger mitochondria or 
mitochondrial networks. AWFF provides more realistic results in cases where highly elongated 
mitochondria are overlapping 

 

Animal husbandry 

Adult NEX-Cre were kindly provided by Dr. Sandra Goebbels (Max-Planck-Institute of Experimental 
Medicine, Goettingen, Germany). All mice were housed in temperature (22°C) and light-controlled 
environment on a 12-light dark cycle and had access to food and water ad libitum.  

All experimental procedures were carried out according to Basel University animal care and use 
guidelines. They were approved by the Veterinary Office of the Canton of Basel-Stadt, Switzerland. 

 

Delivery of viral vectors  

Four-week old female NexCre mice were anaesthetized by the administration of 4% isoflurane, 
were maintained under isoflurane anesthesia (1-2%) and kept warm with a heating pad (53800, 
Stoeling). The head was fixed to a stereotaxic frame (Kopf Instruments) with ear bars and the skin 
was disinfected with 70% ethanol and polyvidone iodine. The skin was cut with surgical scissors to 
expose the skull, allowing the identifications of bregma and lambda. Using a borosilicate glass 
pipette and a pressure ejection system (Eppendorf) 250 nL of the self-complementary AAV-9/2-
DIO-mHTTExon1Q138-V5 (VVF, Zürich) were injected in the layer V of the primary motor cortex, 
using the following coordinates AP (anterior-posterior): + 1.18, ML (medial-lateral): + 2.00, DV 
(dorsal-ventral): + 2.00, according to the Paxinos and Franklin mouse brain atlas (Paxinos and 
Franklin, 2019). The mice were placed in a recovery cage to awaken before returning to their home 
cage. 6 month old female mice were anesthetized by the administration of 4% isoflurane and were 
fast decapitated. 

 

Immunohistochemistry for spinal cord and muscle samples. 

The spinal cord, biceps and triceps were dissected on ice and embedded in low-melting agarose 
(16520050, ThermoFisher Scientific). Samples were sliced in 100µm thick sections using a 
vibratome (VT1200, Leica) and then fixed in 4% paraformaldehyde (PFA) at room temperature for 
10 min, followed by 3 DPBS (14190, Sigma-Aldrich) washings, 10 minutes each. DPBS 
supplemented with 0.1% Triton X-100 (for permeabilization) and 1% BSA (blocking) was used for 
primary antibodies labeling for at least 2 days at 4°C. After three washing steps with DPBS, cells 
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were incubated for 3h with secondary antibodies (diluted 1:800, Invitrogen). Afterward, cells were 
washed in DPBS for 3 times. Sections were then mounted on glass slides using ProLong Gold 
(P10144, ThermoFisher Scientific) and acquired with LSM800 with 40x objective (ZEISS, EC Plan-
NEOFLUAR 40X/1,3 Oil)  

 

Image acquisition and analysis  

Fluorescence signals in “on top” culture for iPSC-derived co-culture were imaged with Zeiss LSM-
700 system with a Plan-Apochromat 40 × /NA 1.30 oil DIC, using Zen 2010 software. For bin 
analysis in MFD, section of 0-160, 160-320 and 320-480 µm were taken in the using Zeiss LSM-
800II inverted system with a Plan-Apochromat 40 × /NA 1.30 oil DIC, using Zen blue 2.6 software. 
Whole-cell, 16-bit stacks images with 0.33-μm step size were acquired (15–30 planes). Immersion 
oil with 1.518 refractive index at room temperature was applied to the lens. Coverslips were 
mounted with ProLong Gold anti-fade reagent (P36930, Thermofisher) with a refractive index of 
1.46. All images were acquired with identical microscope settings within individual experiments. 
Brightness and contrast were adjusted equally for all images, and cropped insets were generated 
in the same manner among all the experiments to facilitate the visualization of representative cells. 
Saturation was avoided by using image acquisition software to monitor intensity values. For any 
image adjustment, identical settings were always applied to all cells, irrespective of genotype. Cells 
that were clumped or overlapping were excluded from quantification. For quantification, values were 
averaged over multiple cells from at least three independent culture preparation.  

Quantification of HTTEx1Q72 mCherry was done using Image J software. Images were background 
subtracted and after setting an automated threshold, the “Analyze Particles” plugin was used to 
determine the number and area of puncta localized in MHC+ staining. Arbitrary, were considered 
aggregates “puncta” between 0.2-5 µm2. 

Quantification of nuclei (Dapi staining) containing HTTEx1Q72 mCherry were done using Image J 
software. Images were background subtracted and after setting an automated threshold, the 
“Analyze Particles” plugin was used to determine the number of nuclei. Round nuclei in MHC1 
negative staining were considered from neurons and were not considered for quantification. 

The integrated density of EM48/MAP2+NF staining was done using Image J software. Images were 
background subtracted and after setting an automated threshold, integrated density was measured 
in the full image, to consider EM48 staining in the soma and neurites of the neurons. The values 
were normalized to the neuronal market MAP2 and NF. 

AChR clusters were analysed using Imaris Software (v.9.6.0; Oxford Instruments) based on 
immunofluorescent images acquired by Confocal microscope. 3D reconstruction of AChR and 
Bassoon structures were done using Imaris surface function. Automatically generated values for 
volume and sphericity were used to characterize the clusters. Only structures with volume above 
0.02 and below 20 µm3 were analysed for Bassoon and only structures above 0.024 µm3 for AChR. 
Distances between the surfaces provided by Imaris software were used to identify AChR cluster 
and Bassoon association. Association was defined as distance below 0.05 µm.  

Puncta volume was analysed by Imaris surface function and volume measurement based on 
mCherry fluorescence staining. Puncta with volume above 0.02 and below 30 µm3 and localized 
within the surface generated based on MHC1 staining or inside GFP positive myotubes were 
analysed.  
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Intracellular localization of puncta was analysed using distances between surfaces generated based 
on mCherry staining for puncta and MHC1 staining for muscle by Imaris software. Localization at 
the surface was defined as distance between 0 and 0.05 µm.  

Multiple images were analysed using Imaris Batch function. The data on volume, sphericity and 
distances between the surfaces were exported and further analysed using R (v.4.0.5;https://www.R-
project.org/) and RStudio software (v.1.4.1106,  https://www.rstudio.com/).  

 

Statistical analysis 

Data analysis was performed with GraphPad Prism version 8.0 (GraphPad Software, La Jolla, CA) 
and using R software (v.4.0.5; https://www.R-project.org/). Individual data sets were tested for 
normality with the   Shapiro-Wilk, D’Agostino & Pearson or Kolmogorov-Smirnov test. Statistical 
significance of differences between groups was assessed by unpaired two-tailed Student’s t-test or 
ANOVA as indicated. For data with non-normal distribution the non-parametric Mann–Whitney or 
Kruskal-Wallis tests were used. For comparison on group proportions Chi square test or Fisher’s 
exact test (for samples with expected frequencies below 5) were used. p-values < 0.05 were 
considered significant. Data are presented as mean ± standard error of the mean (s.e.m.). 
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